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Executive summary 


1 Collision Risk Models (CRM) are used to assess impacts on seabird populations in all offshore wind 


farms Environmental Impact Assessments (‘EIA‘) and Habitats Regulations Appraisals (‘HRA‘) in the UK. 


Existing models are unable to properly incorporate uncertainty in the input parameters into calculations 


of uncertainty in the collision prediction and consequently are not expressed in the outputs.  


2 Uncertainty in predicted collision has resulted in the delayed deployment of offshore wind projects, 


with projects being reduced in size or even cancelled. Not incorporating uncertainty when it is known 


to occur may be failing to meet the requirement from the European Court of justice to use, “…the 


best scientific knowledge in the field…”. 


3 This project aimed to create a CRM that incorporates variability in input parameters correctly into a 


predicted collision impact with estimated variability. In order to produce a model that was fit for 


purpose, stakeholders were consulted through a questionnaire-based survey. 


4 The survey results section was in seven parts, each asking about different aspects of the CRM. These 


were: CRM concept, user experience, CRM inputs, CRM operation, CRM outputs, CRM error checking 


and CRM improvements. 


5 The survey, while taking in to account the scope of the project, resulted in the following changes 


requested by stakeholders:  


• Create a user-friendly interface for non-R users; 


• Speed up the code; 


• The number of turbines should be a user input; 


• Output predicted collision probability data; 


• Seasonal (as well as monthly & annual) assessment (default + user defined); 


• Error checking inputs and collision probability; and, 


• Monthly or seasonal flight height inputs. 


6 The new stochastic CRM (sCRM) was based on the code written by Masden (2015), but had to be 


compatible with the Band (2012) offshore CRM. Testing showed that the predictions of the Masden 


(2015) code matched the predictions of the Band (2012) Excel spreadsheets for Option 1, but that 


differences in outputs for Options 2 and 3 arose because of a calculation error in Masden (2015) code. 


Consequently, the sCRM was based on an updated, and streamlined, version of the Masden (2015) code. 


The new sCRM was produced in two forms: Firstly, a Shiny app based on the R-code, available as an 


online tool, which can be run from: 


https://dmpstats.shinyapps.io/avian_stochcrm/ 


Secondly, the Shiny app can be downloaded as a package and run locally in a browser. It can be 


downloaded from: 


https://github.com/dmpstats/stochCRM  


  



https://dmpstats.shinyapps.io/avian_stochcrm/

https://github.com/dmpstats/stochCRM
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1 Introduction 


7 Collision Risk Models (‘CRMs‘) have been used to assess impacts on bird populations in all offshore 


wind farms Environmental Impact Assessments (‘EIA‘) and Habitats Regulations Appraisals (‘HRA‘) in 


the UK since 2009. These types of models have also been used in onshore wind farm EIA and HRA 


since the early 2000s, with further models being produced since then to address various issues (Masden 


& Cook 2016). They have become a de facto requirement of Environmental Statements and Appropriate 


Assessments (‘AA‘) in the United Kingdom.  


8 CRMs as an impact assessment tool began with the production of the Scottish Natural Heritage (‘SNH’) 


(Band 2000, Band et al. 2007) model, which is an application of the concept first published by Tucker 


(1996). It is a simple mechanical model that calculates the probability of a bird of a certain size moving 


at a set speed through a wind turbine rotor, being struck by a turbine blade of a certain size and moving 


at a set speed. Since it is a simple mechanical model of two bodies in motion it does not account for 


bird behaviour in avoiding the wind farm, or a turbine or the rotor blade itself. These elements of bird 


behaviour (as well as any errors in the calculation) should, hypothetically, be taken into account by 


applying an avoidance rate (typically 95% or higher). The Band (2000) model was designed for onshore 


wind farms where data on bird flight activity is collected by observers carrying out behavioural 


observations prior to the wind farm be constructed. However, the data required to characterise the 


ornithological interest in an offshore wind farm makes use of very different data. Boat based or digital 


aerial surveys are undertaken to estimate species density. It was therefore necessary to adapt the SNH 


(2000) model to use this type of data.  


9 This was undertaken by Bill Band (the original author of the SNH (2000) model), for The Crown Estate 


Strategic Ornithological Support Services (‘SOSS’), under the Round 3 enabling actions. This new model, 


like the SNH (2000) model, was provided in Microsoft Excel spreadsheets and was deterministic (Band 


2012). While the guidance to the Band (2012) model did suggest an approach to incorporate variation 


around input data, the method was not statistically valid as it assumed that each variable was 


independent (Masden 2015), and there were errors in the assumed levels of variability around some 


input values. 


10 The limitation of the Band (2012) model in incorporating input value variability and uncertainty led to 


Masden (2015) developing a stochastic version of the Band (2012) model. In addition to incorporating 


data uncertainty in to the model, the Masden (2015) version also coded the calculations in to R code 


(http://www.r-project.org ). However, while Masden (2015) successfully achieved the coding of the Band 


(2012) model and incorporating uncertainty, users have noted various flaws in running this code. This 


culminated in a review of the Masden (2015) version of the model by Trinder (2017). 


11 The main findings of Trinder (2017) were that the Masden (2015) coded version of Band (2012) has the 


following constraints: 


• The use of only normal distributions or truncated normal distribution for all variables 


was inappropriate; 


• Turbine parameters are modelled with uncertainty, which does not meet the 


requirement to follow a ‘Rochdale envelope‘ approach to consenting; 


• The Masden (2015) code did not allow bird aerial densities to exceed two birds per km2, 


which was unrealistic; 



http://www.r-project.org/
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• The model always uses the generic wind speed, rotor speed, blade pitch relationship 


provided, and this cannot be ’switched off‘; and, 


• The method used to generate a range of proportions of birds at collision risk height can 


generate negative values. 


12 In most circumstances, the deterministic outputs from the SOSS CRM have been sufficient for 


determining no likely significant effect on the environment, for EIA, or no adverse effect on site integrity, 


for an AA. In most cases, for most species, it can be clear that, even with a worst-case scenario used 


as input parameters, the predicted impacts are relatively small. Uncertainty in CRM can have large 


impacts on the deployment of offshore wind projects; e.g. the Docking Shoal project was refused 


consent in July 2012 based on the outputs of CRM, and subsequent population modelling, and it is 


therefore essential that models are able to be relied upon by developers, regulators and advisers. As 


the number of developments increases this will be applied increasingly via cumulative impact 


assessments. 


13 However, there have been increasingly frequent situations where CRM predictions have come very 


close to significant impacts. In these situations, an over-reliance on a single-value CRM prediction can 


lead to problems, even when a worst-case scenario is presented. Thus, an understanding of the 


variability around input values and their effects on the potential range of output values can be very 


important. Existing case law suggests that the approach using a single, precautionary, value may not be 


wholly compatible with the purpose of the European nature directives.  


14 The European Court of Justice (‘ECJ‘) Case C-127/02 states that an appropriate assessment should be 


made, “…in light of the best scientific knowledge in the field.”. It could be argued that a deterministic 


CRM is not making use of the “best scientific knowledge” as it is known that input values are variable, 


and the only approach to use in these situations is potentially unrealistic worst-case scenarios. A 


stochastic CRM would not have these problems, as it would incorporate the variability in the data and 


present a result with levels of uncertainty. Thus, worst case scenarios can be avoided and the best 


scientific knowledge in the field can be used appropriately. Outputs from a stochastic CRM can then be 


used as a mortality input, with known variability, for stochastic population models. These can be used 


for predicting the importance of the impact on populations for either EIA or HRA. 
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2 Aims of this project 


15 The research aim of this project was to develop a stochastic version of the Band (2012) collision risk 


model in R that would incorporate the gaps identified by industry and statutory agencies, providing a 


more robust and transparent method of accounting for uncertainty in the estimation of seabird collision 


rates. 


2.1 Objectives 


16 The research objectives for this project were: 


• Identify current gaps in Band (2012) model and Masden (2015) code to be addressed in 


an R-based stochastic version. 


• Produce an R-based stochastic version of Band model, tested against the existing Excel 


version, with R code independently validated. 


• Provide advice on the most appropriate parameterisation of the model produced, 


accounting for limited information that may be available for some variables and the 


rapidly evolving wind turbine generator technologies. 


• Consider end-users’ needs and ensure that outputs presented from the model were in 


an appropriate form. 
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3 Stakeholder engagement 


17 Positive stakeholder management and consultation is the identification, analysis, planning and 


implementation of actions to allow clear and open engagement with stakeholders. In this instance 


stakeholders were individuals or groups with an interest in the project, ‘A stochastic collision risk model 


for seabirds in flight’, because they are involved in work on this topic or may be affected by the outcomes 


from the consultation process. 


18 Stakeholder management, and management of aspirations there-in, is a challenging aspect with any 


consultation. The overall project can be undermined if there are significant areas of confusion with poor 


stakeholder commitment and a lack of clear engagement, emphasising the need for clear documented 


communication. 


19 The final draft pro-forma questionnaire was therefore fully discussed with the Project Steering Group 


(‘PSG’) prior to distribution, with several changes being made. 


3.1 Questionnaire 


20 A stakeholder questionnaire was designed to capture responses on all the current CRM inputs and 


outputs, where there are limitations and how stakeholders think these should be addressed. 


Questionnaires were provided as PDF forms (see Appendix 1), that could be printed and completed by 


hand or electronically, or via an online survey using Google Forms. Stakeholder responses were also 


followed up with a telephone interview for a cross-section of stakeholders (Appendix 2).  


21 Responses were analysed using descriptive statistics and qualitative analysis, to determine the gaps in 


existing CRMs and stakeholder needs. 


22 Data collected from respondents was anonymised and analysed to determine the key changes needed 


to be made to the current CRM.  


23 Analysis of pro-forma data involved quantitative descriptive statistics and qualitative analysis of free text 


responses. This included analysis of the response rate, most important concerns about input data, most 


common concerns about outputs and the most common requested changes to the CRM. These were 


analysed as a whole for all respondents. Free text was summarised and descriptive assessment of 


common themes undertaking using word clouds. 


24 In addition to the questionnaire a selection of stakeholders were invited to participate in a follow up 


interview by telephone. This was to ensure that the questionnaire was capturing all of the responses 


from stakeholders necessary to identify the needed improvements in a stochastic CRM. 


 


3.1 Survey results 


25 Survey results were split into seven sections, each asking about different aspects of the CRM. These 


sections were: 


• CRM concept; 


• User experience; 


• CRM inputs; 


• CRM operation; 


• CRM outputs; 
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• CRM error checking; and, 


• CRM improvements. 


 


3.1.1 CRM concept 


26 There was only one question, Question 1, in this section. 


27 Question 1 was in two parts. The first part of the question, 1a, asked, “Do you think that CRM is a 


useful method for assessing potential impacts from offshore wind farms?”  


28 This question was to determine if stakeholders thought that collision risk modelling was a useful method 


when used for impact assessments. In addition, it provided important context to a stakeholder’s views 


that could affect their responses to other questions. 


29 Stakeholders were provided with three possible responses: 


• Yes; 


• No; and, 


• Don’t know. 


30 All responses were “Yes”, though two responses provided qualification on their response. One 


stakeholder noted that there was too much emphasis on CRM results and that they tended to be taken 


too “literally”. The other response was similar, noting that the value of CRM output depends on how 


they are used; if as an absolute measure of risk to birds, CRM was not considered useful, but as a 


relative measure it was considered useful.  


31 The second part of question 1 was a free text option, “If you answered "Yes" to Question 1a, please 


describe the benefits of CRM. If you answered "No", please describe why you think that CRM is not a 


useful method.” 


32 Most responses were positive (56%) and were mostly in relation to the existing CRM being quantitative, 


transparent and consistently applied. Many positive responses highlighted the CRMs value in providing 


relative impact between turbine scenarios or between projects. Its value as a cumulative impact tool 


was also mentioned several times. 


33 A large proportion of responses (40%) provided comments containing both positive and negative 


comments. Negative comments were focused on issues around too much use of absolute, rather than 


relative, impact calculations. Many stakeholders were concerned that CRM outputs tended to be 


considered as more accurate a measure than the input data suggest. Only one comment (4%) was wholly 


negative. 


34 Analysis using a word cloud (Figure 1) highlights that responses were not entirely positive or negative. 


The words “provides” and “potential” were common, as were “data”, “impacts” and “risk”. This 


matches the findings that more comments were positive, and that they were focused on CRM being 


useful for assessing potential impacts on birds.  
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Figure 1 Word cloud analysis results of responses to Question 1b. 


3.1.2 User experience 


35 There were four questions in the section on user experience. This was split between questions about 


experience using the Band (2012) and Masden (2015) models, and general use of R-code.  


36 Question 2 was also in two parts. The first part of the question, 2a, asked, “How would you describe 


your primary role in using the Band (2012) CRM for offshore wind farms? (Tick both user and 


interpreter boxes if appropriate)”  


37 This question was asked to determine stakeholders’ level of understanding of collision risk modelling 


and their ability to knowledgably answer questions or provide feedback.  


38 Stakeholders were provided with two possible responses 


• Model user; and, 


• Model output interpretation. 


39 Valid responses were either of these options or both. The field was not mandatory, so users could 


provide no response. Stakeholders were then given further options depending on which of the above 


options they chose. For model users, there were four possible responses: 


• Expert; 


• Occasional; 


• Basic; and, 


• None. 


40 For model output interpretation, there were three possible responses: 


• Supervisory; 







  


  


 


  


 


12 OF 59 


DOCUMENT NUMBER: HC0010-400-001   


DATE: 06 April 2018 


ISSUE: 1 


 


• Reviewer; and, 


• None. 


41 Those that chose “None” were asked to describe their use of the Band (2012) model. Most 


stakeholders described themselves as both model users and model output interpreters (Figure 2). There 


were slightly more stakeholders that described themselves as only undertaking model output 


interpretation (20%), than only model use (12%). Only 2 stakeholders (8%) did not provide a response.  


Figure 2 Relative proportion of stakeholder responses to question 2a, Part I. 


42 The responses to this part of Question 2 indicated that most stakeholders responding to the survey 


were well aware of the Band (2012) CRM in some capacity and were therefore likely to provide useful 


feedback.  


43 Among those that described themselves as model users, the majority (46%) described themselves as 


“Expert” users (Figure 3). Small proportions described themselves as “occasional” or “basic”. A 


relatively large proportion (25%) did not provide a response, but these were mostly stakeholders that 


described their experience as only with model output interpretation.  
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Figure 3 Relative proportion of stakeholder responses to question 2a, Part II. 


44 Of those stakeholders that described themselves as being involved with model output interpretation, 


almost half (48%) were reviewers only of model outputs (Figure 4). Almost one third (28%) were either 


only supervising model output interpretation or were involved in both reviewing and supervising model 


output interpretation. Three stakeholders provided the response “other”, and three did not provide a 


response, but these had not selected “model output interpretation” as a response. The free text 
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responses from three stakeholders only provided confirmation of their status from the categorical 


responses, so did not provide any further relevant information.  


Figure 4 Relative proportion of stakeholder responses to question 2b.  


45 Question 3 was a single part question, “What level of R user do you consider yourself to be?”. This 


question aimed to determine stakeholders’ level of understanding of the coding language to be used for 


the stochastic CRM and their ability to knowledgably answer questions or provide feedback. 


46 Stakeholders were provided with five possible responses: 


• Expert; 


• Regular; 


• Occasional; 


• Never; and, 


• Other. 


47 Those that chose “other” were asked to provide further information in a free text box. The most 


common response from stakeholders was that they had no experience of using R (44%), with a relatively 


high proportion only using it occasionally (24%) (Figure 5). Almost a quarter of responses (24%) were 


from stakeholders that described themselves as expert or regular users of R. 
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Figure 5 Relative proportion of stakeholder responses to question 3. 


48 This made it clear that most stakeholders that responded were unlikely to make a lot of use of an R-


code only version of a new stochastic CRM. 


49 Question 4 was also a single question, “Have you ever used the Masden (2015) stochastic CRM (or 


another stochastic CRM) in R?” 


50 This question was also to determine stakeholders’ level of understanding of CRMs in R, rather than 


only in Excel, and their ability to knowledgably answer questions or provide feedback. Stakeholders’ 


were provided with four possible responses: 


• Yes (Masden (2015) CRM); 


• Yes (another stochastic CRM); 


• No; and, 


• Other. 


51 Responses were divided between a majority (60%) that had never used the Masden (2015) CRM, and a 


large minority (40%) that had. No stakeholders had used any other stochastic CRM, and there were no 


“other” responses (Figure 6). 
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Figure 6 Relative proportion of stakeholder responses to question 4. 


52 Question 5 was also a single question, “Have you ever experienced issues running the Masden (2015) 


stochastic CRM (or another stochastic CRM) in R?” This question aimed to draw out any currently 


unknown problems with the Masden (2015) version of the CRM. 


53 Stakeholders were provided with three possible responses: 


• Yes; 


• No; and, 


• Don’t know. 


54 A free text box was provided asking those who responded “Yes” to provide further information. 


55 While the majority of responses (Figure 7) were either “Don’t know” or “No response” (36% and 28% 


respectively), most responders with a known response had experienced problems with the Masden 


(2015) version of the CRM (28%).  
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Figure 7 Relative proportion of stakeholder responses to question 5 


56 Free text responses were often in relation to bugs in the code, the probability distributions used for 


count data, the way that the number of turbines is calculated, the assumed relationship between wind 


speed, rotor speed and blade pitch and the speed to run the model. Useful other comments included 


issues with selecting appropriate proportions at collision height, variation being present of fixed 


parameters (e.g. blade length will effectively have no variation around it) and the difficulty experienced 


when trying to run multiple turbine parameters. 


57 Word cloud analysis (Figure 8) of the free text responses agreed with the above assessment with 


“code”, “input” and “parameters”, and “problems” being commonly expressed.  
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Figure 8 Word cloud of the free text component of question 5 


3.1.3 CRM inputs 


58 There was only one question in the section on CRM inputs, Question 6. 


59 Question 6 was also a single part question, “Are there any Band (2012) input values for birds (e.g. wing 


span, length, flight speed, nocturnal activity) that you think should be changed, improved or added?” 


60 This question aimed to ensure that as many improvements as possible were included in the new model. 


Stakeholders were provided with three possible responses: 


• Yes; 


• No; and, 


• Don’t know. 


61 A free text box was provided asking those who responded “Yes” to provide further information. There 


was a strong, positive, response from stakeholders (76%) to this question (Figure 9). With only 12% 


stating that there were no changes needed to the bird input parameters.  
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Figure 9 Relative proportion of stakeholder responses to question 6 


62 The free text responses from those that stated “Yes” were commonly in relation to flight speed data 


and nocturnal activity data. Responses suggested that existing data were of poor quality (small sample 


sizes) or poor resolution (broad categories for nocturnal activity) or both. Other useful comments 


centred around the lack of behavioural responses in the model (e.g. changes in bird speed, height, etc. 


in relation to weather). There were also comments that the model is unrealistic in dismissing the effect 


of different angles of approach to the rotor, though one stakeholder commented that this was not really 


a bird input parameter issue, but a model calculation issue. 


63 Word cloud analysis confirmed much of the above assessment, with “flight”, “values”, “bird” and 


“nocturnal” the commonest words used. “Activity”, “speed”, “model” and “data” were also commonly 


used. 
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Figure 10 Word cloud of the free text component of question 6 


3.1.4 CRM operation 


64 There were three questions in the section on CRM operation. These were related to how the CRM 


does, or should, predict the number of collisions. 


65 Question 7 was also a single part question, “Should the new stochastic CRM retain all of the model 


Options (1, 2, 3 & 4) described by Band (2012)?” 


66 This question aimed to gauge whether stakeholders wish to see changes in the approach used for 


modelling the different options. Stakeholders were provided with three possible responses: 


• Yes; 


• No; and, 


• Don’t know. 


67 A free text box was provided asking those who responded “No” to provide further information. There 


was a clear response from stakeholders, with 64% wanting to retain the four model Options available 


in the Band (2012) CRM (Figure 11). Roughly the same number of stakeholders responded “No” as 


“Don’t know”. 
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Figure 11 Relative proportion of stakeholder responses to question 7 


68 While the questionnaire asked for further information only if the stakeholder responded “No”, two of 


the six responses were from stakeholders who responded “Yes”. Both responses noted that all options 


should be retained for making comparisons with older assessments, so these responses were still very 


useful. There was no consistent response from stakeholders, with some wanting to drop Option 3 & 4 


(extended model), and some wanting only Options 1 & 3. One comment was that if the model is to be 


stochastic, then only the extended model should be used, as this is the most realistic calculation, as it 


takes into account the skewed flight height distribution of most seabirds. 


69 Question 8 was also a single part question, “The Masden (2015) CRM includes the relationship between 


wind speed, rotor speed and blade pitch. Given the commercial sensitivity of this information, should a 


precautionary generic approach be used or should turbine specific data be used for consent 


applications?” 


70 There has been criticism of this approach (particularly the access to suitable turbine data at a pre-


consent phase). So was considered important to ask the wider community of stakeholders the 


implications of either not including this approach, or the potential uncertainties in using generic data. 


71 Stakeholders were provided with four possible responses: 


• Precautionary generic approach; 


• Turbine specific approach; 


• Don't know; and, 


• Other. 


72 A free text box was provided asking for any further information on why the stakeholder gave the 


response they did. 







  


  


 


  


 


22 OF 59 


DOCUMENT NUMBER: HC0010-400-001   


DATE: 06 April 2018 


ISSUE: 1 


 


73 There was roughly an equal split between “precautionary generic approach”, “turbine specific approach” 


and “other”. A relatively small proportion (8%) of stakeholders responded “don’t’ know” (Figure 12). 


 


Figure 12 Relative proportion of stakeholder responses to question 8 


74 Free text responses were very helpful, with most comments asking for both options to be available, 


even when stakeholders had selected either a precautionary generic approach or a turbine specific 


approach. Comments were also provided to highlight the issues around the commercial sensitivity of 


these data at a pre-construction stage, both from a developer’s perspective, and a turbine 


manufacturer’s perspective. Several comments received were about the need to provide these data and 


how these assessments should be undertaken, were beyond the scope of this project and were issues 


for regulators and their advisors to consider (e.g. Rochdale envelope approach to a generic or specific 


approach).  


75 In this case, word cloud analysis (Figure 13) did not provide much useful additional value, as most of the 


commonly used words were from the question itself. 
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Figure 13 Word cloud of the free text component of question 8 


76 Question 9 was also a single part question, “Do you think that the Band (2012) model (& Masden (2015) 


model) correctly calculates the probability of collision BEFORE avoidance rates are applied?” 


77 It has been suggested, several times, in the past that the basic model calculations should be carefully 


checked by persons with a good understanding of mathematics. This may have been done, so it could 


be valuable to ask stakeholders this, in case someone has undertaken this check. 


78 Stakeholders were provided with three possible responses: 


• Yes; 


• No; and, 


• Don’t know. 


79 A free text box asked stakeholders that responded “No” why they think that the model does not make 


the correct calculation. 


80 Almost half (48%) of the responses were “No”, that stakeholders did not think that the model made 


the correct calculation for the probability of collision (Figure 14). Only 16% responded that the model 


did make this calculation correctly, and more than a third (36%) did not know. 
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Figure 14 Relative proportion of stakeholder responses to question 9 


81 Many of the free text responses commented that the calculation is a simplification and that as it is “just 


a model” it is by definition, likely to be wrong. Several other comments stated that the model was the 


best available, so within the assumptions made by the model it was making the correct calculations. 


Comments also included issues with the assumed 90o angle of approach, the lack of bird behaviour 


aspects and weather influences captured by the model. One comment suggested that the model flux 


calculation was likely to be incorrect as it’s unbounded (in comparison to flow calculations). Overall, 


most comments, and the categorical responses, suggest that the question was inappropriately worded, 


as it was intended to draw out issues with the underlying mathematics, rather than other issues, such 


as available inputs. 
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Figure 15 Word cloud of the free text component of question 9 


3.1.5 CRM outputs 


82 Question 10 was the only question in the section on CRM outputs. 


83 Question 10 was also a single part question, “Are there any outputs from the Masden (2015) model 


not currently provided that may be useful to include in a future model? (A description of the outputs is 


provided in paragraph 6 of the introduction)” 


84 This was an open question to gather information on outputs that have not been considered to date. 


Stakeholders were provided with three possible responses: 


• Yes; 


• No; and, 


• Don’t know. 


85 A free text box asked stakeholders that responded “Yes” to provide the outputs that they considered 


useful. 


86 Almost half of stakeholder responses were “Don’t know” (48%), which is likely a reflection of the 


relatively small proportion of stakeholders who had used the Masden (2015) model. The remaining half 


of responses were approximately evenly split between “Yes” (24%) and “No” (28%) responses. All 


those that responded “Yes” provide some free text responses, and some “Don’t know” responses also 


provide free text responses. The “Yes” responders requested improved outputs that include tabular 


data on probabilistic collision outputs (that are currently only provided as plotted data), improved box 


plot outputs (to include 95% confidence intervals), summarised input information and the predicted 


number of birds that do not collide in addition to the predicted number that do collide. The “Don’t 


know” responses were limited to a request for probabilistic outputs rather than a single value (which 


the Masden (2015) model already does), and for sensitivity testing of the new stochastic CRM. 
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Figure 16 Relative proportion of stakeholder responses to question 10 


87 The analysis of free text using a word cloud was not useful for Question 10, as response were too 


variable to find common themes. 


3.1.6 CRM error checking 


88 The only question in the section on error checking was Question 11. 


89 Question 11 was also a single part question, “The current Band (2012) and Masden (2015) models do 


not provide any error checking. Is there any turbine specific error checking that would be useful to 


include in an updated Stochastic CRM?” 


90 This question was particularly aimed at developers, hence the focus on turbine error reporting. It was 


agreed that there was sufficient ornithology expertise within the project steering group to provide 


advice on matters relating to the bird parameters in the model, but effectively no technical wind turbine 


experience. Stakeholders were provided with three possible responses: 


• Yes; 


• No; and, 


• Don’t know. 


91 A free text box asked stakeholders that responded “Yes” to provide examples of useful error checking. 


Almost two thirds (60%) of stakeholders responded, “Don’t know”, which was likely a reflection of the 


nature of the question being turbine specific (Figure 17). About one quarter (28%) of respondents 


responded “Yes” and only 12% responded “No”. 







  


  


 


  


 


27 OF 59 


DOCUMENT NUMBER: HC0010-400-001   


DATE: 06 April 2018 


ISSUE: 1 


 


 


Figure 17 Relative proportion of stakeholder responses to question 11 


92 Free text responses included requests for the model to flag up when parameters appear out of range, 


checking the numbers of birds estimated to pass through the rotor with the available population as a 


sense check and responses that indicated that the question did not provide an adequate explanation of 


its intended purpose to stakeholders’. 


3.1.7 CRM improvements 


93 There were two, free text only, questions in the section on CRM improvements, which were asking 


general questions and allowed stakeholders to provide any feedback they wished. 


94 Question 12 was a single part question, with free text only, “What would be the main improvements 


you would like to see to a stochastic CRM? Please provide your order of preference/importance (highest 


first).” This question aimed to draw out practical changes that stakeholders think may be valuable from 


a new stochastic CRM.  


95 There were eight areas where more than one stakeholder provided feedback on possible 


improvements. There were an additional eight areas where only one stakeholder provided feedback. 


The most common responses to question 12 were focused on model inputs. While many of these 


responses were regarding the need for better empirical data on model input values for birds (which 


was beyond the scope of this project), several were asking for the model to output a summary of the 


input values used in the model. There were also requests for default values to be provided in the model, 


but also that users should be able to change these. 


96 The second most common comment to question 12, was for a user-friendly approach to modelling. It 


was clear from other responses that few stakeholders had much experience with using R, and a model 
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only being available in R could reduce the uptake of the approach among stakeholders. There were also 


a few appeals for the model to be available as R-code. The next most common response was related to 


model outputs. There were several recommendations for output summaries, as well as for outputs that 


provide the error around the estimate and also the probability distribution from the stochastic output. 


97 The fourth most common set of recommendations from stakeholders were based around turbine 


information. Of all the comments provided on turbine inputs or outputs, only one was made by more 


than one stakeholder. This was in relation to the ability of the Masden (2015) model to use the 


relationship between wind speed, rotor speed and blade pitch of the turbines. If this element was to be 


retained in the model, stakeholders expressed a strong preference that default values should be used 


unless turbine specific parameters are publicly available.  


98 A few comments were received about the lack of weather related effects on bird input parameters, 


though, since the purpose of this project is to create a working stochastic version of the Band (2012) 


model, this is not within the scope of this project. Similarly, there were a couple of comments regarding 


avoidance rate data that are used in the model, and this is also not within the scope of this project to 


address. There were requests for better flexibility in the application of seasonality within the model, 


though this is relatively easily addressed by users for the point estimates, as predicted collisions are 


additive, though errors are not. 


99 Two comments were also provided regarding the slow speed running the Masden (2015) model, and 


requests for improved model running speed to be addressed. There were approximately eight different 


comments that were provided by single stakeholders, which varied greatly. These included comments 


about the calculations of flux of birds through the wind turbine, use of the oblique approach of birds to 


the turbine rotor, separate model runs for upwind and downwind flights (which can be done by users 


anyway) and for model validation.  


100 Word cloud analysis (Figure 18) picked up on the multiple recommendations for stakeholders for better 


bird input values (beyond the scope of this project) and for the model to provide summaries of the 


model inputs. The requests for different model outputs were also reflected in the word cloud analysis. 


The word cloud did not pick up on the requests for a user-friendly version of the model, perhaps due 


to the way that stakeholders described this without using common terms. “Variation” was a relatively 


common word, which was related to both input values and to outputs. “Speed” was also found relatively 


frequently, which was related to both model speed, and bird flight speed as a user input. 
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Figure 18 Word cloud of the free text question 12 


101 Question 13 was a general free text response question, “Are there any other comments you would like 


to make about collision risk modelling?”, designed as a catch all to ensure that stakeholders were able 


to provide any other feedback they wished.  


102 Responses to question 13 were more variable than other questions, which was expected given the 


broad question asked. There were few comments made by more than one stakeholder. There were a 


few comments that the model should be transparent, and related to this a request that the R-code 


should be freely available. There were also several comments that the CRM is only a model, and there 


is often both too much precaution used in parameterising it, and too much faith placed in the results, 


that are often treated as more accurate a prediction than is likely to be true. Other useful comments 


included a request that single value outputs are no longer used and that only probabilistic outputs are 


considered, a recommendation is provided for the number of runs needed to produce a useful 


stochastic output, and that data from the ORJIP project could be used to sense check some of the 


model calculations. A request was made that care is taken to ensure terms are clear and consistent. 


103 There were several other comments that, while useful, were out of scope for this project. These 


included more use of tracking data to inform bird input parameters, a better understanding of bird aerial 


density data and more consideration of the difference in weather conditions during surveys with the 


likely weather conditions when turbines are operational. 


104 Word cloud analysis showed that there were many commonly used words (Figure 19), but due to the 


broad basis for the question there were no key messages that could be better elucidated from the word 


cloud.  
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Figure 19 Word cloud from the free text question 13.  


3.1.8 Telephone interviews 


The telephone interviews were intended to be short (30 – 60 mins) and allow for discussion and 


exchange of ideas in order to capture any useful additional information. There were four questions: 


• Question 1: Did the questionnaire allow you to provide all the feedback you would wish to 


give? If not, what was missing and what feedback would you want to give?; 


• Question 2: When the stochastic CRM is produced do you think you will use it? (If the 


interviewee is a developer or consultant, then ask: would the new sCRM need to be 


recommended by the relevant regulator and their SNCB for you to use it?); 


• Question 3:  Assuming the stochastic CRM is produced and works, what are the next new 


developments in CRM you would like to see? Are there any other comments you want to make 


about the survey or CRM for offshore wind farms?; and 


• Question 4:  How do you think you would implement the results from a stochastic CRM in to 


an impact assessment and a population model? 


105 A total of eight interviews were conducted. Most were with environmental consultants (5), two with 


developers and one with an NGO. Overall the responses only underlined the comments made in the 


questionnaire itself. 


106 In response to question 1, all of the stakeholders interviewed agreed that the survey was sufficient to 


allow all the feedback they wished to give. Several provided additional feedback at this stage, with the 


two most common comments relating to the slow speed of the Masden (2015) model, and the need to 


provide a user-friendly version as well as a coded version of the model. There were also comments on 


the value of the outputs including a tabulated summary of the inputs used. 


107 Responses to question two all agreed that regulator, and SNCB, approval would be needed to use the 


model in consent application. However, several consultants noted that they would evaluate the model 
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anyway and would advise clients accordingly on the value, or otherwise, of the stochastic CRM. One 


stakeholder noted that the opinion of the RSPB on the model would also have some importance. 


108 The most common responses to question three were the need to improve the empirical data on birds 


used as inputs, and the need to better incorporate information on bird behaviour in relation to weather. 


There were mixed messages from consultants and developers on the use of the relationship between 


wind speed, rotor speed and blade pitch. Some consultants noted that they had been provided with 


these data when asked, while developers noted that under Contracts For Difference (‘CFD’), such 


information would not be readily shared in a public domain, highlighting the need for a generic approach. 


109 Responses to question four were the most variable. Issues with the use of a mean and confidence 


interval around it were noted as problematic for regulators, and that guidance from SNCBs will be 


needed. One consultant noted that the existing models can give very precise outputs, that is far more 


than the accuracy of the model, so requested that outputs are always rounded up to the nearest whole 


bird (at least). Only one stakeholder requested tabular outputs of the collision probability from the 


model, to be used as an input to a stochastic population model. There were several comments about 


the CRM and population models being only model, so comparisons being of the most use. 


110 Finally, the results of the telephone interviews, while not adding to any stakeholder requested changes 


to the CRM, did highlight the key messages from the survey.  


 


3.2 Stakeholder requested changes 


111 The results of the survey, while taking in to account the scope of the project, results in the following 


changes that have been requested by stakeholders:  


• Create a user-friendly interface for non-R users; 


• Speed up the code; 


• The number of turbines should be a user input; 


• Output predicted collision probability data; 


• Provide summary of input values as an output; 


• Seasonal (as well as monthly & annual) assessment (default + user defined); 


• Error checking inputs and collision probability; and, 


• Monthly or seasonal flight height inputs. 
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4 Comparison of Band (2012) and Masden (2015)  


112 The Band CRM is implemented in two distributed forms: a deterministic version in Excel, based on 


macros and cell-to-cell calculations (Band 2012); and a version with stochastic elements, coded in R (R 


Core Team, 2016) by Masden (2015).  


113 A comparison is presented here, based on general properties and on the outputs when both versions 


are run for the same scenario. The scenario considered was for a single species (gannet Morus bassanus) 


at a Scottish offshore location. The two implementations will be referred to as the Band and Masden 


implementations hereafter. 


 


4.1 High level comparison 


114 The interfaces to the two models are fundamentally different. The Band implementation is an Excel 


workbook, with all parameters and data presented cell-wise over numerous spreadsheets. There are 


effectively no checks on inputs (other than failure to compute), although some elements are protected 


from alteration. Being a spread-sheet, there is little in the way of an audit trail for presented outputs. 


115 Interaction with the Masden implementation is via a main R script file, for high-level parameters, and a 


series of input files (comma-separated-value: CSV) for data and various parameter sets. Users require 


an installation of R, appropriate packages and some familiarity with running R code. There are effectively 


no checks on inputs other than failure to compute i.e. general warnings and errors from R. 


116 The data/parameter requirements for the Masden implementation are larger, in keeping with its 


additional stochastic components e.g. bootstrapped flight heights, parameters governing statistical 


distributions on CRM parameters. The format of these files, such as column names, must be exactly as 


expected by the code, so templates need to be followed precisely. 


117 Outputs from the Band implementation are tables and graphics within the Excel workbook. Outputs 


from the Masden implementation are files: CSV for tables and PNG graphics. The input data are also 


outputted from Masden, giving an audit trail for a particular set of outputs. 


118 Calculations using the Band implementation are reasonably fast, on the order of a few seconds to run 


the imbedded macro for Option 3. However, the spreadsheet requires reconfiguring for each species 


and speculative turbine configurations. In contrast, the Masden calculations take substantive time. For 


example, a single species with 1000 Monte-Carlo iterations (a common modest number) might require 


an hour on a mid-range computer. This scales linearly with the number of species and turbine 


configurations e.g. two turbine configurations and 10 species might require almost a day of computer 


time. However, the species-turbine scenarios can be specified in advance, after which the program will 


iterate over all consecutively. 
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4.2 Output comparison 


119 The principal output from both implementations is the predicted numbers of bird collisions – by month 


and a yearly total. These are presented for different avoidance rates, large-array corrections, species 


and “options” for the treatment of bird flight height distributions. The fundamental difference in outputs, 


is that Masden provides uncertainty in estimates. The uncertainty in collision risk is determined via 


Monte-Carlo (i.e. resampling of parameter values from statistical distributions on inputs) and expressed 


by standard deviations, coefficients of variation, inter-quartile ranges, box-plots, etc.  


120 The calculations from Band and Masden implementations were compared by using identical inputs for 


common components and the suppression of Monte-Carlo variability, i.e. the stochastic Masden 


implementation was forced to provide deterministic predictions for comparability with the Band 


implementation. This allowed comparison of the basic calculations underpinning both. 


121 Using Option 1 (the ‘basic’ Band model), the risk estimates for the Band and Masden models were 


deemed to be the same, within mild rounding errors. This indicated that the core functions for collision 


risk were providing effectively identical results. 


122 In contrast, Options 2 & 3 (different treatments for flight height distributions) provided different results, 


with the Masden collisions estimates being somewhat higher and more consistent with Bands estimates 


with lower avoidance e.g. Masden’s 95% avoidance estimates were similar to Band’s 98% avoidance 


estimates. 


123 The difference in results was mainly attributable to an apparent error in the Masden code, whereby the 


height of the turbine is incorrectly calculated when relating to the bird flight height distributions – 


effectively lifting the turbine higher. There may be further, more subtle, differences due to the bespoke 


visual basic ‘interpolate’ function found in Band, this being implemented differently in Masden. 


 


4.3 Overview 


124 Neither implementation is user-friendly, and both are prone to user errors. The current Masden code 


provides systematically different risk assessments for Option 2 & 3 calculations compared to the Band 


implementation – which is considered the standard here. 


125 The Band implementation benefits from transparency of inputs, but a large, complex interface. There is 


little to check the validity of inputs, unintended alterations to the spreadsheet are opaque and there is 


effectively no audit-trail linking inputs to purported outputs. 


126 In contrast, the Masden implementation might be considered more direct and efficient in user 


interaction, but requires interaction with R and is slow to calculate. There is similarly little to check the 


validity of inputs, but there is a reasonable audit trail linking the code run to the outputs presented. 


Failure of the code will produce esoteric R errors and would require modest R capabilities to resolve 


e.g. an error in the input parameter or data files. 
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5 Coding a new stochastic CRM 


5.1 Code review 


127 The Masden code was subject to a line-by-line evaluation. Broadly the following was found: 


• There is a lack of consistency of coding, suggesting multiple authors, given markedly non-


standard approaches. 


• The code is inefficient, relying on multiple nested loops for its calculations, rather than 


vectorised approaches. Related to this, there is a repetition of objects which creates 


confusion due to synonyms.  


• Scoping is poorly conceived in places, where functions rely heavily on global objects. 


128 The code benefitted from substantial re-writing for efficiency, consistency and clarity. 


 


5.2 Recoding 


129 The Masden code was recoded, with the main goals of improving usability (including speed), 


transparency and robustness – as well as bug fixes and alterations in light of recent reviews of the code 


(Trinder 2017 and our detailed code review). These were achieved by creating a user-friendly Graphical 


User Interface (GUI) to interact with the code and progressively streamlining and improving the 


structure of the underlying code. 


130 The code was moved to a version control system (GIT) and improved in stages. This provides a detailed 


audit-trail of modifications and reversion to any state is possible. Other developers can collaborate or 


take over future development relatively seamlessly.  


131 There has been vectorisation of many elements to improve speed and readability. Coding consistency 


has been improved and redundant objects removed. Revised distribution options have been provided 


for the Monte-Carlo to address the points raised in Trinder 2017.  


132 Default parameter values are provided and the inputs are either constrained or flagged to the user if 


unreasonable. Data can be provided directly through the GUI or from the uploading of template data 


files. Pop-up help text is provided throughout along with guidance for use. 


133 The GUI has been developed in Shiny, a set of R tools that create HTML interfaces to R code. This has 


many benefits: 


• It provides a user-friendly GUI that users access through a standard web-browser – all R code 


is invisible and no direct code interaction is required; 


• It is free and open-source, there is no vendor lock-in; 


• The underlying R code is maintained on a remote server that all users connect to. Any 


alterations are immediately realised for all users. No installation or maintenance of R is 


required by users; and 


• There is a wide-range of ways that input and output can be specified, to suit users. 
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5.3 GUI implementation 


134 General information about Shiny can be found on https://shiny.rstudio.com/. The current version of the 


GUI can be found at https://dmpstats.shinyapps.io/avian_stochcrm/ and the following gives a brief 


indication of its use. 


135 The workflow is broken into four main steps. In the first instance we set turbine parameters for the 


wind-farm. The GUI provides sliders and fields for all parameters and plots the implied parameter 


distribution in each case (Figure 20). Default values are presented and where appropriate field values 


are constrained e.g. counts are non-negative. In addition, ranges of plausible parameter values were 


solicited from the Project Steering Group (PSG). Entry of values that are not impossible, but outside 


expected ranges may elicit warning messages. 


 


 


 


Figure 20 The GUI introduction page. Turbine parameters 


 



https://shiny.rstudio.com/

https://dmpstats.shinyapps.io/avian_stochcrm/
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136 Additional options have been added for flexibility in portraying relationships between wind-speed and 


the turbine’s rotor pitch and speed. 


 


 


Figure 21 The GUI introduction page. Turbine parameters 


 


137 After setting the turbine parameters, noting there may be several proposed turbine setups (Figure 22), 


the species of interest are selected. Currently these are pre-defined, as there are limited datasets stored 


for the flight-height distributions, as described in Masden (2015). Further species can be added if 


equivalent data is available. 


 


 


Figure 22 There are four basic steps – defining turbine parameters, species to consider, species 


parameters, then the size of simulation, before results. 
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138 Each of the species have parameter sets that are defined (Figure 23). As before, parameters for the 


stochastic components are set and the implied distributions are plotted. Entries are constrained to 


avoid impossible values and offers warnings if entered values are outside expectations, as per the PSG 


opinions. 


139 A number of modifications have been made with respect to bird densities and their stochastic treatment, 


in line with the findings of the review by Trinder (2017). The previous default treatment by truncated 


Normal is retained, but with the upper truncation value removed. Further, users may offer an estimate 


and confidence bounds or a general series of reference points for whatever distribution they think 


applies. 


140 Bird flight height distributions similarly have a range of options: a single flight height distribution as 


previously held in the Masden code, or one of the user’s choosing; alternatively, bootstrap flight height 


distributions as previously held in the Masden code, or a set of the user’s choosing. Templates can be 


downloaded from the app to ensure conformity of input data when uploaded. 


  







  


  


 


  


 


38 OF 59 


DOCUMENT NUMBER: HC0010-400-001   


DATE: 06 April 2018 


ISSUE: 1 


 


 


 


 
Figure 23 The interface is similar throughout – interactive parameter setting then a graphic 


showing what is implied. 
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141 The simulation is set in motion – the amount of time required being proportional to the number of 


turbines, species and simulation iterations (Figure 24). 


 


 


Figure 24 The final step is setting the number of iterations and large-scale corrections. 


  


142 Outputs are extensions of those of Masden, albeit rendered in HTML and available as downloads (Figure 


25).  
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Figure 25 The results are tables and plots similar to those in Masden, rendered in the GUI. 


There are download options. 
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6 Testing of new stochastic CRM code 


143 The new code was tested by its conformity with Masden 2015 outputs and the point estimates of Band 


2012. Where disagreement was found between Masden and Band, the Band results were assumed 


correct and the new CRM code conforms to this.  


144 The GUI was further tested by the presentation of extreme and corrupt inputs (including data-files) to 


ensure sensible behaviour.  
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7 Conclusions 


146 To address the identified need for improved modelling of stochastic variation in collision risk modelling 


of seabirds for offshore wind farm development applications a stakeholder survey was used to inform 


the changes needed to create a new stochastic CRM. 


147 The stakeholder survey identified seven key changes needed to the currently available CRMs. These 


included a user-friendly interface, full data outputs, seasonal inputs and assessments, error checking and 


flexibility for users to change default values. 


148 These changes were implemented by experienced R-code developers through the updating and 


streamlining of the existing Masden (2015) code. The key changes requested by stakeholders were 


implemented, along with the recommendations of Trinder (2017). 


149 A user-friendly interface was developed by coding these models into a Shiny app in R (app version 2.2.1 


at time of reporting found at https://dmpstats.shinyapps.io/avian_stochcrm/) that allowed users to easily 


input values for turbines and birds and incorporated default values and guidance to reduce human error. 


Flexibility was maintained by allowing users to use non-default values. 


150 There are two variants of the revised stochastic CRM, both coded in R. Both provide the full GUI 


interface via shiny as outlined. The online version runs on the Shiny server, while a downloadable version 


will run locally on the computer it is installed on, using the internet browser on that computer. It can 


be downloaded from https://github.com/dmpstats/stochCRM.  


151 Data outputs from the Shiny are provided both graphically and as a data download. This provides end 


users with all the information needed to interpret the collision risk values, and their uncertainty. 


152 Both the R-code variants of the sCRM are a highly flexible, stochastic model that provides a prediction 


of seabird collisions with a correctly calculated error estimate for use in Environmental Impact 


Assessments. 


  



https://dmpstats.shinyapps.io/avian_stochcrm/

https://github.com/dmpstats/stochCRM
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Summary 
 


• The EU Birds Directive requires Member States to classify Special Protection Areas 
(SPA) for birds listed on Annex I to the Directive and for regularly occurring migratory 
species. The little tern is both migratory and on Annex I to the Directive.  


 
• In the UK, there are currently 28 breeding colony SPAs for which little tern is an 


interest feature, 23 of which are in England, four in Scotland and one in 
Wales/England. 


 
• The breeding population size in Great Britain was estimated at 1,900 pairs and that in 


Ireland at 210 (Mitchell et al 2004). The biogeographic population (Europe) is 19,500 
(Mitchell et al 2004). 


 
• Little tern is categorised as being of “least concern” under the IUCN Red List, and as 


an “Amber” species in Birds of Conservation Concern 3 (Eaton et al 2009). 
 


• In Great Britain, the long term trend has been upward, with a 22% increase between 
censuses in 1969-70 and 1999-2002 (Mitchell et al 2004). There has been a 
decrease of nearly 9% between 1999 and 2011 (JNCC 2012).  
 


• This report describes work undertaken between 2009 and 2013 to quantify usage of 
the marine environment by little tern around its breeding colony SPAs in the UK 
where these remain regularly occupied (14 colony SPAs).  Up to three years of 
targeted data collection were carried out per SPA at 13 colony SPAs. In addition, 
data were included from one SPA where little terns bred recently, but not regularly. 
 


• Boat-based and shore-based surveys were undertaken, to quantify foraging extent; 
the former predominantly to estimate seaward extent, the latter largely to estimate 
alongshore extent. Results of earlier radio-tracking studies (Perrow & Skeate 2010) 
were also assessed. 
 


• Field surveys yielded variable amounts of data across study colonies.  Five SPA had 
good seaward and alongshore data, seven lacked seaward and/or alongshore data 
and two have no usable data. Tern ecology suggests that previously un-occupied 
locations may become colonised in future and that colony SPAs currently without 
regularly occurring little terns may be re-occupied. 
 


• Hence the goal of this work was to develop and apply methods that can estimate sea 
usage at colonies where there are no direct survey data or where shore or sea data 
are deficient (“generic” method), or where there are good data for both (“site-specific” 
method).  
 


• The analyses found that colony size and density had a weak effect on foraging range, 
and so methods were developed to pool data across study sites.  Analyses 
considered the cumulative proportion of observations against distance from colony 
alongshore and out to sea.  Simple metrics derived from the overall data set were 
compared with cumulative proportion in order to judge which metric provided the best 
option for objectively setting limits to little tern foraging areas. 
 


• The metric which best represented site-specific seaward extent of foraging was found 
to be mean of the maximum extents of observations from repeat surveys at that site; 
site-specific alongshore extent was taken as the maximum extent of alongshore 
distribution at a site.  The metric which best represented generic seaward extent was 







 


 
 


found to be the mean of the mean maximum extent obtained for each site; the 
generic alongshore extent was taken as the mean of the maximum alongshore 
extents at other sites. 
 


• Data constraints prevented the application of more sophisticated methods for 
quantifying sea use such as those used for larger tern species (Wilson et al 2013) or 
for similar transect and shore based surveys used for inshore divers ducks and 
grebes (O’Brien et al 2012). 
 


• The quality of the data available for the study locations was assessed and 
recommendations made on whether to apply site specific or generic metrics for 
seaward and alongshore extent.  
 


• The outputs from this work may be used to inform the conservation of little terns in the 
marine environment, including the identification of marine SPAs, marine planning and 
environmental impact assessments.  Parallel work to quantify the marine foraging 
areas for larger terns is reported separately (Wilson et al 2013). 
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1. Background 
 
There are five species of tern breeding in Great Britain (GB), all of which are colonial 
ground-nesters. In order of abundance they are: Arctic tern Sterna paradisaea (52,613 
pairs), Sandwich tern S. sandvicensis (10,536 pairs), common tern S. hirundo (10,134 pairs), 
little tern Sternula albifrons (1,927 pairs) and roseate tern Sterna dougallii (52 pairs) (Mitchell 
et al 2004). The latter two species are among the rarest seabirds breeding in GB and all five 
species of tern are listed on Annex 1 of the EU Birds Directive (EU 2009). The EU Birds 
Directive requires Member States to classify Special Protection Areas (SPA) for birds listed 
on Annex I of the Directive and for regularly occurring migratory species. In the UK, there are 
currently 28 breeding colony SPAs for which little tern is an interest feature (Stroud et al 
2001). These breeding birds are protected both at their breeding colony SPA and while they 
are at sea through implementation of the Habitats Regulations1


 


. However the Birds Directive 
is widely interpreted to require additional suitable areas for terns at sea to be identified and 
designated as marine SPAs. Such areas may be extensions to existing SPAs and/or 
completely separate areas.  


This report describes work undertaken between 2009 and 2013 to quantify usage of the 
marine environment by little tern around its breeding colony SPAs in the UK. The outputs 
from this work may be used to inform conservation of little tern in the marine environment, 
including the identification of marine SPAs, marine planning and environmental impact 
assessments. Parallel work to identify marine foraging areas for larger terns Sterna spp. is 
reported in Wilson et al (2013). 
 
2. Status and Ecology of little tern 
 
Little tern is the smallest of the five tern species that breed in the UK, with a body length of 
22-24cm and a wingspan of 48-55cm (BWPi 2006) and nests solely on the coast, on sand or 
shingle beaches, islets and spits (Pickerell 2004).  
 
Little tern is categorised as being of “least concern” under the IUCN Red List, and as an 
“Amber” species in Birds of Conservation Concern 3 (Eaton et al 2009). 
 
The breeding population size of little tern in Great Britain was estimated at 1,900 pairs and 
that in Ireland at 210 (Mitchell et al 2004). Its distribution is wide within the UK but with a 
concentration of larger colonies in S and SE England and none in the far SW of England and 
most of Wales. Of the 28 breeding colony SPA in the UK where little tern is a feature, 23 are 
in England, one in England/Wales and four are in Scotland. The biogeographic population 
(Europe) is 19,500 (Mitchell et al 2004). In Great Britain, the long term trend has been 
upward, with a 22% increase between censuses in 1969-70 and 1999-2000 (Mitchell et al 
2004). There has been an increase of 13% between 2000 and 2012 (Eaton et al 2013).  
 
The foraging range of little tern – related to its body size - is smaller than that of the larger 
tern species (Thaxter et al 2012; Eglington 2012); this dictates that it nests close to shallow 
coastal waters with a supply of small shoaling fish such as sandeels and clupeids and 
invertebrates which comprise its diet (Taylor & Roe 2004; Bertolero et al 2005; Paiva et al 
2008). Maximum foraging range from the colony from the literature is 11km, mean maximum 
range = 6.3±2.4, mean = 2.1km (Thaxter et al 2012), although the authors give low 
confidence to this assessment, due to the small number of studies. Eglington (2012), in a 
literature review of foraging ecology of terns, concluded that most studies, including those 


                                                
1 The term ‘Habitats Regulations’ refers to a suite of UK legislation transposing the EU Habitats Directive into 
national law. Currently the test of Likely Significant Effect (which if positive would lead to an Appropriate 
Assessment) is applied to features of any SPA which could potentially be adversely affected, even if a plan or 
project is not within the SPA (e.g. if the plan or project is within foraging range of a breeding colony SPA). 







Quantifying foraging areas of little tern around its breeding colony SPA during chick-rearing 
 


2 
 


citing anecdotal information, reported a foraging radius less than 4km from the colony. 
Significant variation in foraging range occurs between colonies and between years 
(Eglington 2012). Within colonies, ranges have been found to be significantly greater during 
incubation (April-May ~1.6–2km) than during chick rearing (June-July ~1-1.2km) when 
foraging ranges would have been constrained by chick feeding duties (Paiva et al 2008). 
Diet may also change according to chick age, with smaller individuals of the same prey 
species being brought to younger chicks (Davies 1981; Bogliani et al 1994; Phalan 2000; 
Paiva et al 2006). 
 
Population decline has been attributed to reductions in breeding success rather than to 
emigration or changes in adult survival (Pickerell 2004). Human disturbance, primarily as an 
unintentional result of recreation activity, is thought to have been a major cause of reduced 
breeding success in the past but now most colonies are wardened and cordoned off, greatly 
reducing such disturbance. More significant now is predation from foxes, kestrels , carrion 
crows and magpies, which are widely reported to cause colony failure or at least severe 
reduction to breeding success, and although fox control in particular has been effective, 
control of aerial predators remains a challenge (Pickerell 2004). Natural erosion and 
encroachment of vegetation have in many places reduced the area of suitable nesting 
habitat. Because little terns habitually nest very close to the high water mark, tidal inundation 
during storm surges if a frequent cause of nest loss; given predictions of future seal level rise 
and increase in storminess, these threats would be expected to become increasingly 
prevalent (Pickerell 2004). 
 
3. Methods 
 
Overview: 
 


• This study collected data by shore observations of little terns foraging at sea 
at regular points along shore (to estimate alongshore extent) and from boat 
based transects (used primarily to estimate the seaward extent). 


• Surveys were timed to coincide as far as possible with chick rearing, the 
period of greatest energetic demand to the species during the breeding 
season and therefore critical to the maintenance of the population. 
Furthermore, sample size was expected to be maximised during this period; 
as some colonies were very small, this was an important consideration. 


• The study aimed to provide three years of colony specific data for all regularly 
occupied SPAs with little tern as a qualifying species.  However logistics, 
colony failure at some locations, and other factors meant the coverage of data 
available for each colony varied. 


• The study pooled data from colonies and tested a range of simple metrics 
against an analysis of the proportion of birds seen compared with distance 
from their colony of origin. 


• The effect of breeding colony size on foraging extent was examined. 
 


3.1 Study colonies 
 
The 28 SPA in the UK for which little tern is a feature (Stroud et al 2001) are shown in Table 
1 and Figure 1. This study sought to identify foraging areas adjacent to ‘recently occupied’ 
terrestrial little tern colony SPAs. Recent occupation was defined where the mean of peaks 
of the most recent five years of  data equalled or exceeded the UK SPA selection guideline 
of 1% of GB population (19 pairs). Of the 28 SPA in the UK with little terns as a feature, 14 
passed the test for regular occupation set (Table 1; Figure 1) and were therefore selected for 
survey. Colony counts were provided by the Seabird Monitoring Programme 
(www.jncc.defra. gov.uk/page-1550) and direct from site managers. Table 2 and Figure 1 



http://www.jncc.defra/�
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show the sites at which boat transect surveys and shore-based surveys were conducted, out 
of all those sites judged to be regularly occupied. Details of the surveys and survey effort are 
provided in Appendix 1, A and B for boat-based and shore-based surveys, respectively. 
  
There is considerable annual variation in breeding success, numbers and location of 
colonies from year to year (JNCC 2012), this being an inherent feature of the ecology of this 
species. Recent data on the number of Apparently Occupied Nests (AON) at each of the 
little tern colony SPAs are presented in Table 3 in order to provide information on recent 
occupancy at each of the sites.  Despite some colonies having passed the occupancy test at 
the time of assessment, breeding numbers there during the subsequent survey period were 
low. 
 
Table 1. SPA in the UK for which little tern is a feature and whether these are regularly occupied. 
 


Name Country Regularly occupied 
Alde–Ore Estuary England x 
Benacre to Easton Bavents England x 
Blackwater Estuary (Mid-Essex 
Coast Phase 4) 


England x 


Chesil Beach & The Fleet1 England x 
Chichester & Langstone 
Harbours 


England  


Colne Estuary (Mid-Essex 
Coast Phase 2) 


England x 


Dee Estuary Wales/England  
Dungeness to Pett Level England x 
Firth of Tay & Eden Estuary Scotland x 
Foulness (Mid-Essex Coast 
Phase 5) 


England x 


Gibraltar Point England  
Great Yarmouth North Denes England  
Hamford Water England  
Humber Estuary England  
Lindisfarne England  
Medway Estuary & Marshes England x 
Minsmere–Walberswick England  
Monach Isles Scotland x 
Morecambe Bay England  
North Norfolk Coast England  
Northumbria Coast England  
Pagham Harbour England x 
Solent & Southampton Water England  
South Uist Machair & Lochs Scotland x 
Teesmouth & Cleveland Coast England  
Thanet Coast & Sandwich Bay England x 
The Wash England x 
Ythan Estuary, Sands of Forvie 
& Meikle Loch 


Scotland  


Note: 1: Chesil Beach and The Fleet was not judged to be currently occupied but as data were 
already available there, this site contributed to the analyses of generic extent. 
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Table 2: Currently occupied SPA at which boat transect surveys and shore-based surveys 
were conducted. Numbers in parentheses are the number of separate surveys undertaken 
each year. 


SPA Boat data Shore-based 
data 


Chichester & Langstone 
Harbours 


- 2012 (3) 
2013 (3) 


Dee Estuary 2010 (1) 
2011 (1) 


2009 (4) 
2010 (2) 
2011 (2) 


Gibraltar Point - 2013 (1) 
Great Yarmouth North 
Denes 


2013 (2) 2013 (3) 


Hamford Water 
2012 (3) 
2013 (2) 


2013 (3) 


Humber Estuary - 2012 (3) 


Lindisfarne 
- 2012 (3) 


2013 (3) 
Minsmere–Walberswick - - 


Morecambe Bay 
- 2012 (2) 


2013 (3) 
North Norfolk Coast 2012 (2) 2012 (3) 


Northumbria Coast 


2011 (2) 2009 (2) 
2010 (5) 
2011 (2) 


Solent & Southampton 
Water 


2012 (2) 
2013 (1) 


2013 (3) 


Teesmouth & Cleveland 
Coast 


2012 (3) 
2013 (2) 


2011 (3) 
2013 (3) 


Ythan Estuary, Sands 
of Forvie & Meikle Loch 


2011 (2) 2009 (5) 
2010 (3) 
2011 (2) 
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Table 3. Little tern Apparently Occupied Nests (AON) at each of the study colonies. Data taken from 
the JNCC Seabird Monitoring Programme and from site wardens. 
 


 
Name of little tern colony SPA 


 
No. breeding pairs at colony  


SCOTLAND 


Ythan Estuary, Sands of 
Forvie & Meikle Loch  


27 (2012) 
31 (2011) 
37 (2010) 
36 (2009) 


WALES 


The Dee Estuary 
125 (2012) 
126 (2011) 
120 (2010) 
115 (2009) 


ENGLAND 


Northumbria Coast  
40 (2012) 
38 (2011) 
31 (2010) 
31 (2009) 


Lindisfarne  
14 (2013) 
3 (2012) 
8 (2011) 
5 (2010) 


Teesmouth & Cleveland  
65 (2013) 
110 (2012) 
84 (2011) 


Humber Estuary 
 


23 (2012) 
25 (2011) 


Gibraltar Point  
2 (2013) 
0 (2012) 
12 (2011) 
32 (2010) 


North Norfolk Coast  


Blakeney  
 
 
 
Holkham   
 
Scolt Head  
 


140 (2012) 
160 (2011) 
75 (2010) 
116 (2003) 
114 (2012) 
144 (2011) 
220 (2012) 
105 (2011) 
169 (2010) 
90 (2003) 


Minsmere & Walberswick  
0 (2013) 
0 (2012) 
0 (2011) 
30 (2010) 


Hamford Water  
30 (2013) 
40 (2012) 
45 (2011) 
45 (2010) 


Chichester & Langstone 
Harbour  


14 (2013) estimate 
40 (2012) 
60 (2011) 


Solent & Southampton Water 
26 (2013) estimate 
30 (2012) 
0 (2011) 
28 (2010) 


Morecambe Bay  
25 (2013) estimate 
44 (2012) 
62 (2011) 
35 (2010) 


Great Yarmouth North Denes 


North Denes 0       Winterton 171 (2013) 
North Denes 5       Winterton 230 (2012) 
North Denes 5       Winterton 38   (2011) 
North Denes 0       Winterton 45   (2010) 
North Denes 339   Winterton 87   (2009) 
North Denes  350  Winterton  9   (2008) 
North Denes 261   Winterton 83   (2007) 
North Denes 369   Winterton 0     (2006) 
North Denes 214   Winterton 9     (2005) 
North Denes 17     Winterton 149 (2004) 
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Figure 1: Location of SPA in the UK in which little tern is a feature, currently occupied 
colonies and the data collected at each. 


 
3.2 Boat transect surveys 
 
The objective of the boat transect surveys was to provide information on the seaward 
distribution of little terns around the breeding colony. Importantly, boat transect counts 
enable estimation of the seaward extent of foraging areas (as well as the distance along the 
coast from the colony). 
 
The survey design varied slightly between years as in 2009-2011 survey also incorporated 
data collection on the distribution of the larger tern species in addition to little tern data, while 
the 2012-13 surveys were designed specifically to target little tern distribution. The boat 
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transect surveys were based on a parallel line transect design created within the Distance 
programme (Thomas et al 2010); Distance was used solely as a convenient tool to establish 
transect design, not to adjust observations according to any detection function. Surveys 
tracks extended on average 5.5km seaward which, with the additional 300m range ahead of 
the survey vessel, extends an average of 5.8km offshore to encompass the approximate 
expected maximum extent as revealed from the literature (e.g. Thaxter et al 2012) and from 
preliminary JNCC observations.  
 
Two methods of recording little terns along a transect line were employed: 
 
(i) Instantaneous counts undertaken systematically at pre-determined points (between 
300m-1800m apart, see Appendix 1A for details of each survey). The instantaneous count 
area was a 1800 arc either ahead of, or off one side of, the boat depending on viewing 
conditions. All birds seen within this arc (out to a maximum estimated distance of 300m) 
were recorded, along with the distance and bearing of the sighting and information on 
behaviour where this did not compromise the ability to detect other little terns. The spacing 
of the instantaneous counts and the speed of travel of the vessel varied between survey 
areas, due to logistical rather than methodological imperatives. This was judged not to 
significantly affect the results since the key objective was to determine the seaward extent of 
observations, not to estimate tern density. However, the ‘granularity’ of results from the two 
sites with larger intervals would be slightly greater (500m interval rather than 300m), though 
the results from surveys with the greatest interval – Ythan Estuary, at 1.8km -  yielded just 
one observation of little tern, which was discarded from the analyses. The preferred option 
was to travel at a constant speed of between 9-12knots and to undertake instantaneous 
counts at 300m intervals. On approach to the instantaneous count points the vessel slowed 
down so that the instantaneous counts were carried out while the vessel was travelling at 
c.9-12knots. 
 
(ii) Continuous counts of any little terns observed between the instantaneous points were 
also recorded to provide an index of relative abundance. Although observers recorded 
behaviour (foraging/flying), restricting the analysis to just foraging observations would have 
limited the sample size. Therefore, all records (foraging and not foraging) were included in 
the analyses. 


 
Surveys were aimed at the chick-rearing period as it was considered that energetically this 
represents the most critical period for seabirds. Surveys were conducted at a range of tidal 
states; indeed, due to the duration of surveys, both low and high water – and states in 
between – could be included within one survey.  
 
3.3 Shore-based surveys 
 
The shore-based surveys aimed to assess utilisation of the coastal strip (out to as far as the 
eye can see) by little terns either side of their breeding colony. Land-based counts are not 
ideal for marine species as individuals beyond 2km from the coast will not be counted (Webb 
& Reid 2004). However, for little terns land-based counts are the best method for assessing 
their numbers and distribution along the coast. The objectives of the shore-based survey 
were to: 
 


i. Assess how the numbers of little terns within the coastal strip declined with distance 
from the breeding colony. 


ii. Assess the relative utilisation of this coastal strip for foraging and for commuting to 
foraging sites. 


 
Observation points with an unobstructed view to either side (resulting in a 180° arc) were 
chosen at 1km intervals either side of the colony centre, up to a distance of 6km in either 
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direction along the coast, according to the mean maximum distance indicated by the 
literature. If birds were observed at 6km then additional count points were added if feasible. 
The shore based counts recorded passage rate and foraging use and if possible snapshot 
counts at one minute or two minute intervals were also recorded. The aim of the snapshot 
counts was to provide information on the intensity of foraging at each observation point. 
Ideally observation points were recorded concurrently; however, this varied according to the 
number of observers available. Failure to achieve concurrent sampling of observation points 
would increase the likelihood of potentially introducing bias to a survey. This might occur if, 
for example, sample points most distant (or nearest) from the colony were only sampled at a 
particular tidal state. However, such potential bias was reduced by ensuring that where two 
or more observers worked concurrently they spaced themselves as far apart as possible (in 
order to sample near and far areas at the same time). Possible bias was further reduced by 
ensuring as far as was possible that repeat surveys of each colony visited particular count 
points at a range of tidal states.  
 
The method employed a count duration of at least 30 minutes at each observation point (if 
there was more than one observer this could be extended up to 60 minutes). This time is 
based on the mean foraging trip duration for little terns lasting 16–29 minutes according to 
Perrow et al (2006). However, in some cases this was not possible due to time constraints 
and/or logistical difficulties. In order to account for this difference in effort between 
observation points the shore-based count data was standardised to the number of birds 
observed per minute at each observation point. Further information on the observation effort 
for each survey is provided in Appendix 1 B 4. All little terns within 300m along the shore 
from the observation point were recorded, with care being taken not to double count 
individuals that were lingering in the area rather than passing through. For each bird 
observed, the time of the observation was recorded along with the direction of travel and 
behaviour (e.g. foraging, fish-carrying) of the bird(s).  
 
To ensure that the data were comparable between sites the samples were analysed as a 
proportion of the total birds counted (per minute) at the first count point (usually 1km) in 
either direction alongshore from the centre of the colony (the graphs of shore data are 
presented in this way throughout the report). Each side of the colony was analysed as a 
separate sample. This approach assumes that 100% of birds leaving the colony in a 
particular direction reach the first count point, and that all birds reaching subsequent count 
points have passed through (and had been counted at) point one on their way. This is likely 
to be true for most colonies, although there are examples where this might not be the case 
(for example non-linear coast lines, where birds might fly directly over land to reach count 
points at 2km or 3km).  
 
Observations indicated that little terns forage both in the intertidal zone and subtidal 
zone, so the landward limit of foraging extents should be taken to Mean High Water.  
 
3.4 Data analysis 
 
The density of little terns within each survey area was relatively small, leading to small 
numbers of observations within boat transects and shore based count points. This was 
particularly evident at the colonies with fewer breeding pairs. Given this, there are constraints 
on the type of analyses it was appropriate to undertake to quantify foraging range areas for 
little terns, compared with techniques successfully used for other seabird and waterfowl 
species (e.g. O’Brien et al 2012). For larger terns in a parallel study (Wilson et al 2013) tern 
observations were compared with environmental covariates (e.g. distance to colony, 
chlorophyll concentration, water depth, substrate, sea surface temperature) in order to 
generate models of predicted usage of the sea.  The available environmental covariate data 
sets provide consistent data over large areas but typically do not cover the area very close to 
the shore, which is where most little terns forage. In addition, even in cases where covariate 
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information is available close inshore, the small range of little terns provides a 
correspondingly small range of environmental covariates with which to model a relationship.  


 
For inshore ducks divers and grebes observations gained from systematic transect surveys 
can be interpolated into density predictions using methods such as kernel density estimation 
(KDE; e.g. O’Brien et al 2012), and using distance techniques to correct for decreasing 
detectability of birds the further they are from the transect line (Thomas et al 2010).  Given 
the relative scarcity of observations of little terns on transect surveys, distance correction 
functions would be unreliable, with wide confidence intervals.  Therefore, density prediction 
methods were not used. In addition, KDE would be unlikely to provide a useful smoothed 
density surface, again due to this zero-inflated dataset.  
 
The application of the technique of maximum curvature (as used in O’Brien et al 2012) on 
cumulative alongshore abundance with distance was considered to potentially provide an 
objective method for determining alongshore extent. Maximum curvature identifies the point 
where there is a change in the rate of increase in cumulative number of birds with increasing 
distance from the colony. However, as the shore count points were distributed at c.1km 
intervals, and in some cases the distribution of the birds was limited to 2km (two input points 
would be insufficient to identify a ‘point of change’ in maximum curvature analysis) this 
method was not suitable for all sites. 
 
Given these constraints, the analyses concentrated on comparing a range of simple 
summary metrics to data pooled across all study colonies, in order to inform the selection of 
metrics that would best quantify the alongshore and seaward limits of tern foraging from a 
colony. 
 
3.4.1 Comparing metrics for setting the limits of foraging areas 
 
Whilst it is not possible - due to data limitations - to compare little tern observations with 
factors such as prey availability and quality, nor to proxies of them such as chlorophyll, water 
depth, etc., the data available do allow an analysis of whether there are density related 
effects influencing foraging range. Analyses compared colony size with mean maximum 
seaward extent at that colony, correcting for colony density and survey effort.  Mean 
maximum extent was used to take account of the fact that on a given day there are relatively 
few survey data available and additional sampling effort could extend the observed 
maximum range further towards the outer limits of the survey extent; the mean of these 
values attempted to account for the variability of extents between samples. 
Further analysis compared the proportion of birds observed (in all surveys combined for all 
colonies) with distance from shore, and distance alongshore from colonies.   
The ultimate aim of the analyses was to find a set of objective metrics that could be easily 
derived from the available data, which would provide a reliable estimate of the foraging 
extent of little tern at a given colony. 
 
A number of candidate metrics were devised. These seek a solution that balances a 
precautionary approach (i.e. favouring a larger range but accepting a greater likelihood that 
a significant proportion of that range would be little used) with a conservative approach (i.e. 
favouring a smaller range but a greater likelihood that a significant proportion of the foraging 
area would not be included).  
 
Both ‘foraging’ and ‘non-foraging’ observations were included in the analysis as birds 
recorded as ‘not actively foraging’ may have been en-route to a foraging location and were 
therefore no less likely to be chick rearing/from the breeding colony SPA than a bird that was 
recorded as foraging. The risks of attempting to identify site boundaries based on one year 
of data or few data were considered and incorporated into the options we put forward. 
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Options were: 
 
3.4.1.1 Site-specific seaward extent of foraging 


 
• Mean of the maximum extents of little tern observations from repeat 


surveys at that site. This is considered a moderately conservative 
approach; within a given survey day maximum extent is proposed because 
we have relatively few survey data available and additional sampling effort 
would likely extend the observed maximum range. The mean of these 
maximum extents was proposed in order to express the variability of extents 
between samples.  A more precautionary option would be the maximum 
seaward extent of observations at a site.  
 


• Maximum extent of observations at a site. This approach is a 
precautionary option that could be applied given that we have relatively few 
survey data available; as outlined above it is likely that additional sampling 
effort may extend the observed maximum range further.  
 


• Seaward distance that encompassed x% (e.g. 95%) of observations. 
This would probably under-estimate likely range because of the low number 
of repeat surveys at a site; further surveys would probably reveal the true 
range to be larger. 


 
3.4.1.2 Site-specific alongshore extent of foraging  
 


• Maximum extent of alongshore distribution at a site (the distribution 
either side of the colony would be assessed separately). This represents a 
precautionary approach, but could be justified on the basis that there would 
be relatively few repeat survey data for some sites, indicating that further 
surveys would probably extend the estimates of range. 
 


• Mean of the maximum extents of little tern observations from repeat 
surveys at that site. This is a more conservative option; however given the 
expected variability between surveys it is possible that this may under 
estimate the full extent of usage at a site. 


 
• Distance from the colony that encompasses x% of observations. An 


arbitrary percentage would need to be selected if this method was applied.  
 
3.4.1.3 Generic seaward extent  (for sites without sufficient boat survey data) 


 
• Mean of the mean maximum extent obtained for each site. Overall, this 


represents a moderately conservative approach, combining as it does 
precautionary elements (using the maximum extent per individual survey) 
with more conservative elements (using the mean across surveys to 
estimate site-specific extent; using the mean across sites rather than the site 
with the greatest mean maximum extent).  


 
• Seaward distance identified from the site with the furthest mean 


maximum seaward extent. The risks with this measure would be that it 
may be overly precautionary and would be reliant on data from just one site. 


 
 
 







Quantifying foraging areas of little tern around its breeding colony SPA during chick-rearing 
 


11 
 


3.4.1.4 Generic alongshore extent (for sites without sufficient shore count data) 
 


• Mean of the maximum alongshore extents at other sites. This represents 
a moderately conservative approach, combining as it does a precautionary 
element (maximum extent at a site rather than the mean) with a 
conservative element (using the mean of the values across sites, rather than 
the maximum. 
 


• Maximum alongshore extent of any site. This would clearly represent a 
very precautionary approach and would risk including areas at some sites 
that would be not used at all or used only to a small extent.   


 
The above options were then compared with the proportional seaward and alongshore 
usage relationships in order to define an appropriate metric to best describe foraging extent 
at a given colony. 
 
4. Results 
 
4.1 Boat and shore based surveys 
 
At only one site – Minsmere to Walberswick – were no data at all collected (due to no 
breeding having occurred there in 2011-13; Table 3).  
 
In accordance with their habit for moving location from one year to another, little terns within 
the Great Yarmouth North Denes SPA showed a redistribution within the two principal 
constituent colonies in 2010 (Table 3). This affected the number and distribution of 
observations from shore- and boat-based surveys that were undertaken at this SPA, though 
additional, high quality data from radiotracking data were available from an earlier study 
(Perrow & Skeate 2010). 
 
Table 4 shows a summary of the seaward extents as estimated from boat-based transect 
surveys. Options for a measure of generic seaward foraging extent, as set out in 3.4.1.3, are 
shown. Predation occurred during surveys at Teesmouth and Cleveland Coast in 2012 and 
at Humber Estuary in 2012 (leading to the cancelling of planned boat surveys).  Boat 
surveys at Teesmouth in 2012 were included in the analyses on the basis that: we have no 
good evidence to suggest foraging range would be atypical as a result of predation; because 
we have no way of knowing whether particular observations of birds in any of the surveys 
(during predation events or not) are breeders, failed breeders or non-breeders; and because 
predation is an inherent feature of little tern ecology so to exclude data on that basis could 
bias results.  
 
Table 5 shows a summary of the maximum alongshore extents as estimated from shore-
based surveys. Options for a generic alongshore extent that may be applied to colonies with 
insufficient site-specific data, as set out in as set out in 3.4.1.4, are presented 
 
It is possible that density-dependent effects may influence foraging extent if, for example,  at 
large colonies foraging birds on average dispersed further from the colony in order to avoid 
interference or other forms of competition with other individuals (Lewis et al 2001). This is 
theoretically possible, given that little terns are visual foragers and foraging efficiency would 
be expected to be related to the presence of conspecifics. Figure 2 shows that there is a 
weak relationship (R2=0.135) between seaward extent (corrected for survey effort) and 
breeding colony size (corrected for a proxy of density by dividing total numbers in the SPA 
by the number of discrete colonies therein). The strength of the relationship is, given the 
relatively small number of colonies sampled, heavily dependent upon a small number of 
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possible outliers; for example, if the colony with the greatest deviation from the regression 
line in Figure 2 were to be removed from the analysis the R2 value would increase to 0.697. 
However, we can identify no reason to consider that data point to be atypical It should be 
remembered that the number of colonies comprising such a comparison is low and therefore 
the analysis is susceptible to factors other than colony size (or density) having significant 
influence over effective seaward extent. For example, differences in habitat availability or 
prey density between colonies are likely to have important effects upon seaward extent.  
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Table 4. Summary of seaward extent as estimated from boat-based transects.  
 


Boat Survey 


Maximum 
seaward extent 
(m) 


Mean of maximum seaward 
extent at each SPA (m) 


Teesmouth & Cleveland Coast  
26/06/2012 1564   
Teesmouth & Cleveland Coast 
27/06/2012 5661   
Teesmouth & Cleveland Coast 
28/06/2012 4504   
Teesmouth & Cleveland Coast 
10/07/2013 1357   
Teesmouth & Cleveland Coast 
18/07/2013 4153 3448 
Solent & Southampton Water 
19/06/2012 492   
Solent & Southampton Water 
28/06/2013 1620 1056 
North Norfolk Coast 30/06/ - 01/07/2012 2077   
North Norfolk Coast 16/07/ - 17/07/2012 2129 


 North Norfolk Coast (Allcorn et al 2003) 
25/06 & 08/07/2003 1946 2051 
Hamford Water 25/6/2013 2487   
Hamford Water 15/7/2013 1065 1776 
Great Yarmouth North Denes 
 
2004 Radiotracking (Perrow & Skeate 
2010)1 
2005 Radiotracking (Perrow & Skeate 
2010)1 
2006 Radiotracking (Perrow & Skeate 
2010)1 
2004-6 Radiotracking (Perrow & Skeate 
2010)2 


 
2013 (21/6) boat transects2 
2013 (05/7) boat transect2 
 


800 
 
3120 
 
3770 
 
1390 
 
1730 
3780 
 


 


 
 
2430 
 
 


Northumbria Coast   23/06/2011 2185   
Northumbria Coast  27/06/2011 3011 2598 
Dee Estuary  18/06/2010 1674   
Dee Estuary   03/07/2011 2070 1872 
Mean of mean maximum seaward 
extents (see 3.4.1.3) 


 
2176 (CV=0.345) 


Site with the furthest mean maximum 
seaward extent (see 3.4.1.3) 


 
3400 (rounded from 3448)  


Mean of the maximum seaward extents 
from all surveys                    2390 (CV=0.55) 


Footnotes: 
1. Derived from birds breeding at the North Denes colony; 85% kernel contours. 
2. Derived from bird breeding (radiotracking; 85% kernel contours) or assumed to be breeding (boat transects) at 
Winterton colony. 
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Table 5. Maximum alongshore extents as estimated from shore-based counts.  
 


SPA site 
Maximum 
alongshore 
extent (km) 


Direction Extent of survey points 


Ythan Estuary, Sands of Forvie 
& Meikle Loch SPA 


2 North 0.55km-2.5km N 
5.35 South 1.35km-6km S 


Dee Estuary SPA 3 West 1km-6km W 
3 East 1km-4km E 


Northumbria Coast SPA  
5 (from boat 
survey) North 0.5km-6km N 
6 South 1.5km-6km S 


Humber Estuary SPA 6 North 1km-8km N 
6 South 1km-6km S 


North Norfolk Coast SPA  7 West 1km-7km W 
7 East 1km-9km E 


Teesmouth & Cleveland Coast 
SPA 


5 North 1km-5km N 
5 South 1km-5km S 


Gibraltar Point 
2 North 1km-6kmN 
NA South not surveyed 


Great Yarmouth North Denes 
5 North 1km-6km N 
4 South 1km-6km S 


Minsmere to Walberswick 
NA North   
NA South   


Hamford Water 


4 
 


North 
 


1km-5km N 
 


3.5 (from boat 
survey) 


South 1km-6km S 
 


Solent & Southampton Water  
1 
 


West 
 


1-3km W 
 


NA East NA 


Morecambe Bay SPA 7* West 2km-9km W 
2* East 1.5km-7km E 


Lindisfarne SPA 3 North 3km N 


 4 South 1km-4km S 


Chesil Beach & The Fleet SPA  
1 West 1km-6km W 
0.5 East 1km-5km E 


Not considered currently 
occupied 1 South 1km-4km S 


Chichester & Langstone 
Harbours SPA difficult to compare due to geography of site 


Mean of maximum extent (see 
3.4.1.4) 3.9km (CV=0.50) 


Maximum alongshore extent 
(see 3.4.1.4)  7.0km 
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Figure 2 Relationship between mean maximum seaward extent of little terns - as estimated from boat 
surveys - and breeding colony size. Seaward extent adjusted for survey effort; colony size corrected 
for density (using proxy of number of constituent colonies within an SPA). 
 
In relation to options for a generic alongshore extent, to apply to colonies with no or 
insufficient data, Figures 3 and 4 present an analysis of alongshore and seaward usage, 
respectively, across a number of colonies. One outlier was excluded from the alongshore 
analysis (a record from Northumberland Coast of 4.0 on y-axis at 4km); this was considered 
a valid exclusion because the magnitude of the recorded value is so much greater than 
comparable values at this distance from the colony – recorded from the same and other 
colonies. Its exclusion is balanced by the inclusion of other data points at this distance, albeit 
with more moderate values, so that the resultant form of the relationship (Figure 2) is as 
expected. Also excluded were data from colonies within harbours, where geography of the 
site makes comparison with others problematic. These graphs demonstrate the nature of the 
relationship of decreasing cumulative usage with increasing mean distance from colony 
(although sample sizes declined, too). For alongshore (Figure 3) approximately 0.86 of all 
usage occurred within 3.9km from shore, which represents the mean of maximum extents at 
other sites (see 3.4.1.4); at 7km from shore ( i.e. the maximum extent of any site, see 
3.4.1.4) approximately 1.0 of usage was encompassed. For offshore extent, approximately 
0.97 of usage was encompassed by the "mean of mean maximum extent” metric, at 2.18km, 
while the metric of “site with furthest mean max extent”, at 3.4km, encompassed 0.99 of all 
usage. 
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Figure 3. Mean proportion and cumulative mean proportion of little terns at increasing distances 
alongshore from the colony. Passage birds shown, which includes a variable proportion of known 
foragers. Each point represents the mean proportional usage at each distance band from the colony 
across colonies listed in Table 2. Proportion at each colony expressed relative to the number at the 
1km mark. Mean proportion of birds at 1km is less than 1.0 because, in a few cases, no birds were 
observed at 1km. 
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Figure 4. Mean proportion and cumulative mean proportion of little terns at increasing seaward 
distances from mean high water mark. Feeding and non-feeding records shown. Each point 
represents the mean proportional usage at each distance band from the colony across colonies listed 
in Table 2, plotted in the mid-point of 0.5km range bins. 
 
5. Discussion  
 
The aim of this study is to quantify usage of the marine environment by little tern around its 
breeding colony SPAs in the UK. 
 
The foraging extents identified in this study derive from information gathered over multiple 
years using site-specific information where possible. Most information derives from data 
collected between 2009-2013, a combination of shore-based observation (to determine the 
alongshore extent of use) and boat-based transect surveys (to establish the seaward 
extent). At one SPA - Great Yarmouth North Denes – these data were supplemented by 
information from radiotracking, collected in 2003-6 (Perrow & Skeate 2010). 
 
Data collection was targeted at chick-rearing, as during this period adults are required to 
provision their chicks at a rate which allows sufficient growth for fledging and survival in the 
immediate post fledging period. Field data collection did indeed span chick-rearing activities 
– confirmed by information relayed by site wardens, and although egg hatching is relatively 
synchronous at a colony, there was inevitably a spread of stages at any given time a colony 
was studied, for example birds still incubating while others fed chicks. 
 
Tidal state is likely to play a significant role in determining the foraging locations of terns, as 
it determines water depth (little terns favour shallow waters in which to forage) and probably 
prey behaviour.  However, no attempt was made to account for tidal state in the analyses.  
This would have required a considerably larger dataset, increasing survey and analytical 
costs but probably without concomitant changes to the estimates of foraging range. In 
practice, given the long duration of observation on a given day, a range of tidal states would 
be covered in a survey, therefore helping to reduce possible bias. 
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It is possible that bird behaviour could have been influenced by the presence of observers 
(during shore-based surveys) or survey vessel (during boat-based surveys), though we have 
no evidence that this occurred and we would expect any effects not to introduce systematic 
bias in terms of seaward extent. 
 
We demonstrated little evidence for a density-dependent effect (Figure 2) i.e. a negligible 
correlation between breeding colony size and the maximum distance out to sea little terns 
travel; we conclude there is little empirical justification to scale generic seaward extent with 
colony size.  
 
Collection of site-specific data was attempted at most currently occupied SPA, though in 
many cases data on seaward or alongshore extent could not be collected and at others no or 
few usable data were collected, either due to colony failure (caused by tidal inundation, 
predation or disturbance) or simply too few breeding pairs for sufficient observations to be 
detected by surveys (Table 3). 
 
Therefore, methods are required which aim to quantify foraging extent under a range of 
cases of data availability: where there are no site-specific survey data; where data on 
seaward and/or alongshore extent are deficient; and where there are good data for both 
parameters. For the first two cases, a method to derive generic extents is proposed, based 
on data collected at other colonies. This aimed to weigh the risks of being overly 
precautionary (over-estimate foraging extent) or overly conservative (under-estimate 
foraging extent). Plots of mean usage across colonies (Figures 3 & 4) provide a measure 
against which to judge the degree of precaution that should be applied. Of the two options 
being considered for each parameter, there is a considerable difference in mean distance 
from shore between the options – 3.1km for alongshore and 1.2km for seaward. The gain in 
terms of the proportion of bird observations included within each rises from 0.86 to 1.0 for 
alongshore and from 0.89 to 0.96 for seaward extent.  It would seem to be overly 
precautionary for an estimate of foraging extent to encompass all or nearly all observations, 
given that at any one site this would probably result in significant areas of vary low tern 
usage being included in the estimate. Therefore, we propose that the smaller of the two 
options be adopted for a generic estimation of foraging extent, that is the mean of the 
maximum alongshore extents at other sites (for alongshore extent) and mean of the mean 
maximum extent obtained for each site (for seaward extent). These are likely to encompass 
areas of high to moderate use while excluding areas which are likely to have very low usage. 
 
For colonies with sufficient data on either or both alongshore and seaward extents, we 
propose to use the following site-specific measures. For seaward extent we propose the 
mean of the maximum extents of little tern observations from repeat surveys at that site (see 
3.4.1.1). Using the mean of repeat surveys aim to represent average usage and is therefore 
moderately conservative, but avoids the risk of outliers having a large influence on extent, as 
would be the case if the alternative – maximum extent observed at a site – were used. For 
alongshore extent we propose the maximum extent of alongshore distribution at a site, on 
the basis that because there are relatively few survey data at each site, and the tendency for 
furthest count points to have received slightly less effort on average, further survey would 
probably extend the estimates of range. Because of this, we judge that choosing the 
maximum extent at a site would not be excessively precautionary nor would the influence of 
outliers pose significant risk of over-estimation of extent. 
 
Table 6 summarises, for each SPA assessed as currently occupied, the quantity and quality 
of data on foraging extent available and gives our assessment of sufficiency, making 
suggestions as to whether a site-specific or generic extent would be justified. Data 
sufficiency was categorised at each location by separately assessing the number of 
observations of little terns along with survey effort, measured by the number of surveys 
undertaken.  Judgement was applied rather than strict adherence to numerical thresholds for 
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quantity of data. A simple “traffic light” categorisation of data sufficiency was adopted: red for 
insufficient data and therefore the need for generic approach; amber for intermediate; green 
for sufficient data and therefore justification for applying site-specific measures of foraging. 
The presence of additional independent data sources, such as those from radiotracking 
(Perrow & Skeate 2010), was also considered. In some SPA, such as Lindisfarne (Table 6), 
despite moderate numbers of bird observations having been made, access to all parts of the 
possible extent was not possible, so a generic extent for alongshore extent was judged 
appropriate.  
 
The colony SPAs selected for study were those assessed to be currently occupied. This, 
however leaves a number of SPA where little tern is a feature, where it was judged that little 
terns are no longer regularly breeding (as well as those currently occupied SPA where no or 
few data could be collected). The assessment of occupation may change with time; indeed, 
during this study, colonies which were originally calculated not to be regularly occupied may 
now qualify as occupied. If the SNCBs wish to consider foraging extents for such SPA, this 
study has provided generic extents that could be applied to them. 
 
The methods to estimate foraging extents that are presented in this report derive from field 
surveys and analyses of a nature appropriate to the data and the ecology of the little tern. 
Habitat modelling, such as that undertaken for the larger tern species (Wilson et al 2013) is 
not appropriate for the little tern, due to the combined effects of their more restricted inherent 
foraging range and the availability of habitat data at a suitable resolution or location. This 
assumption led to the approach detailed here.  
 
The use of bird-borne telemetry devices is an intensive and resource-demanding method to 
obtain bird distribution information, and has not been extensively adopted for little terns for 
SPA identification in the UK. Perrow and Skeate (2010), however, provide radio tracking 
data for the Great Yarmouth North Denes SPA, which has enabled a synthesis of 
information of various methods.  
 
The foraging extents of little tern estimated in this study fall within the range identified for 
little tern in a recent review of foraging ranges (Thaxter et al 2012). That study identified the 
mean extent of the three studies included in the review as 2.1km, with the mean of maxima 
across studies as 6.3km. Our study, on a larger number of colonies, gave a mean maximum 
extent of 2.4km, with a range of 1.1-3.4km (for seaward extent) and a mean maximum of 
3.9km, with a range of 0.5-7km (for alongshore extent). Eglington (2012), in a literature 
review of foraging ecology of terns, concluded that most studies, including those citing 
anecdotal information, reported a foraging radius less than 4km from the colony, which 
accords with our results. 
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Table 6. Summary of basis for draft foraging extent at each site and of the supporting evidence base 
in each in terms of: i) seaward extent a) numbers of little terns recorded at sea and b) number of 
separate estimates of seaward limits of usage from boat data, ii) for alongshore extent a) the number 
of terns observed on surveys and b) the number of surveys done. Green indicates a judgement of 
sufficiency of data to justify site specific approach, red indicates insufficient data and therefore the 
need for generic approach and yellow is intermediate.  *=includes 4 radio-tracking surveys from 
Perrow and Skeate (2010); **=includes 3 radio-tracking surveys from Perrow and Skeate (2010). 
 
Site Seaward 


extent 
Boat 
survey 
(n 
terns) 


Number of 
estimates of 
seaward 
extent from 
boat 
surveys 


Alongshore 
extent 


Shore-
based 
surveys (n 
terns) 


Number of 
shore-
based 
surveys of 
alongshore 
extent 


Ythan Generic 2 - Site-specific 204 10 
Dee Estuary Site-


specific  
45 2 Site-specific 792 8 


Northumbria 
Coast 


Site-
specific 


22 2 Site-specific 518 9 


Lindisfarne Generic - - Generic 53 6 
Teesmouth & 
Cleveland 


Site-
specific  


102 5 Site-specific 656 6 


Humber Generic - - Site-specific 455 3 
Gib Point Generic - - Generic 3 1 
N Norfolk 
Coast 


Site-
specific  


344 2 Site-specific 2917 3 


Minsmere & 
Walberswick 


Generic - - Generic - 0 


Hamford 
Water 


either 
possible 


51 5 Either 
possible 


123 3 


Chichester & 
Langstone 


Generic - - Generic 58  7 


Solent & 
Southampton 


Either 
possible  


14 3 Either 
possible 


62 3 


Morecambe 
Bay 


Generic - - Generic 154 (but 
only 1 tern 
seen in the 
3 surveys 
in 2013) 


5  


Great 
Yarmouth & 
N Denes 


Site-
specific 


202 6* Site-specific 937 7** 
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Appendix 1.  Summary information from (A) boat surveys 
2010-13 and (B) shore-based surveys 2009-13 
 
A:  Summary of the boat surveys undertaken at each of the little tern colony SPA. Point count 
intervals were variable, according to the size of the survey area to be covered and other logistical 
constraints.  
 


Name of little 
tern colony 
SPA  


Year 
No. of 
completed 
surveys 


Survey 
dates 


Boat 
count 
total 
no. 
little 
terns 


Point count intervals Transect 
spacing 


No. of 
Apparently 
occupied 
nests 


SCOTLAND        
 
Ythan Estuary, 
Sands of  
Forvie & Meikle 
Loch  
 


2011 2 


8  June 
2011 1 


1.8km1 1.8km 31 
10 June 
2011 0 


WALES        


Dee Estuary  
2011 1 3 July 


2011 18 
500m1 1km 


126 


2010 1 18 June 
2010 27 120 


ENGLAND        


Northumbria 
Coast  2011 2 


23 June 
2011 20 


500m1 1km 38 27 June 
2011 2 


Teesmouth & 
Cleveland  


2012 3 


26 June 
2012 19 


Continuous effort count and 
instantaneous counts every 
300m  


600m 110 27 June 
2012 27 


28 June 
2012 11 


2013 2 


10 July 
2013 27 Continuous effort count and 


instantaneous counts every 
300m 


600m 65 18 July 
2013 18 


North Norfolk 
Coast 2012 2  


28 June 
2012 188 Continuous effort count and 


instantaneous counts every 
300m 


600m 


 
474 sum of 
3 colonies 16-17 July 


2012 156 


Great Yarmouth 
North Denes 2013 2 


21 June 
2013 57 Continuous effort count and 


instantaneous counts every 
300m 


600m 171 (all at 
Winterton) 5 July 


2013 145 


Hamford Water  


2012 3 


16 July 
2012 0 


Continuous effort count and 
instantaneous counts every 
300m 


1.2km  


40 17 July 
2012 0 600m 


19 July 
2012 0 1.2km 


2013 2 


25-26 
June 2013 38 Continuous effort count and 


instantaneous counts every 
300m 


600m 30 15-16 July 
2013 13 


Solent & 
Southampton 
Water  


2012 2 


18 June 
2012 0 Continuous effort count and 


instantaneous counts every 
300m 


600m 30 19 June 
2012 5 


2013 1 28 June 
2013 9 


Continuous effort count and 
instantaneous counts every 
300m 


600m 
 
26 


Footnote: 1. Boat transects for these sites undertaken primarily under a bespoke survey programme for larger 
terns; in these cases snapshots were the primary source of little tern locations, whereas at other sites continuous 
effort counts were used as the source of location information. 
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B: Summary of the shore based survey data. This table is provided as a summary and for reference 
purposes, but it should not be used to compare between sites or survey dates as the survey effort in 
respect of distance from the colony is not comparable in this format.   
 


SPA site Year 
No. of 
completed 
surveys 


Survey 
dates 


Shore 
count 
total 


Total 
observation 
time in 
minutes 


No. of 
Apparently 
occupied nests Comments 


SCOTLAND        


Ythan 
Estuary, 
Sands of 
Forvie & 
Meikle Loch 
SPA 


2011 2 


23 June 
2011 36 270 


31  28 June 
2011 23 300 


2010 3* 


3  June 
2010 23 265 


37  


10 June 
2010 1 115 


17 June 
2010 28 240 


02 July 
2010 12 240 


2009 5* 


15 June 
2009 16 80 


36  


18 June 
2009 5 100 


23 June 
2009 30 150 


26  June 
2009 30 220 


WALES        


Dee Estuary 
SPA 


2011 2 


30 June 
2011 5 160 


126   6 July 
2011 26 160 


2010 2 


2 June 
2010 135 100 


120  30 June 
2010 34 140 


2009 4* 


16 June 
2009 0 150 


115  


18 June 
2009 197 180 


20 June 
2009 174 180 


30 June 
2009 159 180 


02 July 
2009 62 180 


ENGLAND        


Northumbria 
Coast SPA 


2011 2 


18 & 19 
June 
2011 


68 480 


38  25, 26 & 
30 June 
2011 


16 480 


2010 5* 


20 May 
2010 134 520 


31  


23 May 
2010 21 240 


24 May 
2010 10 240 


25 May 
2010 46 480 


18 June 
2010 36 160 


20 June 
2010 18 360 


21 June 
2010 72 240 


22 June 
2010 16 180 


23 June 
2010 12 60 
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2009 2* 
19 & 21 
June 
2009 


69 630 31  


Lindisfarne 
SPA 


2013 3 


3 July 
2013 6 350 


14 


Low numbers at 
colony and 
correspondingly few 
at-sea observations 
 
 
 


9 July 
2013 2 350 


22 July 
2013 0 350 


2012 3* 


11 July 
2012 10 55 


3 Low numbers at 
colony 


13 July 
2012 24 110 


20 July 
2012 11 145 


Teesmouth & 
Cleveland 
SPA 


2013 3 


4 July 
2013 13 360 


65 


Major egg-theft 
incident 18 June 
leaving c. 40 pairs on 
eggs; hedgehog 
predation reduce this 
number further soon 
after. Some relayed 
though expected no 
chicks fledged. 


13 July 
2013 72 360 


26 July 
2013 140 360 


2011 3 


20 June 
2011 53 194 


110 
Depredation occurred 
at the colony during 
the survey period. 


27 June 
2011 168 184 


11 July 
2011 210 200 


Humber 
Estuary SPA 2012 3 


27 June 
2012  48 180 


23  


30 June 
2012  61 180 


10 July 
2012 167 210 


11 July 
2012 83 200 


12 July 
2012 43 180 


13 July 
2012 53 180 


Gibraltar Point 2013 1 24 June 
2013 3 360 2 


Very low numbers of 
observations and 
breeding pairs 


North Norfolk 
Coast SPA 2012 3 @ each of 


the 3 sites 


26 - 27 
June 
2012  


753 1065 


474 


AON (474) is the sum 
of colony counts at 
Scolt, Blakeney and 
Holkham 


2 & 3 
July 
2012 


1079 1160 


12 & 13 
July 
2012 


1085 953 


Great 
Yarmouth 
North Denes 


2013 
1at 1 site 
and 3 at the 
other 


21 June 
2013 138 360 


171  


25 June 
2013 181 360 


12 July 
2013 518 360 


20 July 
2013 100 360 


Minsmere-
Walberswick 


2009-
13 0 - - - Mean of 12 pairs 


Very low numbers (0 
in 2011-2013, 30 
pairs in 2010 and 
2009 


Hamford 
Water 2013 3 


24 June 
2013 54 360 


30  11 July 
2013 36 360 


19 July 
2013 33 360 


Chichester & 
Langstone 2013 3 29 June 


2013 0 380 14 No birds recorded on 
shore surveys. Low 
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Harbours SPA 8 July 
2013 0 380 breeding numbers. 


16 July 
2013 0 380 


2012 3 


11  July 
2012 9** 360 


40 


11 July 
unrepresentative due 
to poor weather. Few 
observations & low 
numbers at colony 


18 July 
2012 32 331 


25 July 
2012 (a) 0 281 


25 July 
2012 (b) 17 271 


Solent & 
Southampton 
Water 


2013 3 


30 June 
2013 40 420 


26 
Fox predation meant 
unlikely any chicks 
were fledged. 


9 July 
2013 22 420 


17 July 
2013 0 420 


Morecambe 
Bay SPA 


2013 3 


2 July 
2013 1 360 


25 
Just one bird seen on 
surveys. Low 
breeding numbers. 


15 July 
2013 0 360 


19 July 
2013 0 360 


2012 2 


30 June 
2012 151 900 


44 Colony failure – tidal 
flooding 7 July 


2012 2 900 


Chesil Beach 
& The Fleet 
SPA 


2010 3* 


20 May 
2010 34 360 


12 Not considered 
currently occupied 


28 May 
2010 9 340 


25 June 
2010  13 360 


2 July 
2010 18 320 


 
* Some observation points at these sites had more repeat counts, but the minimum number is presented here in 
the table. 
** Unrepresentative count due to poor weather conditions. 
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Summary 
 
• There are five species of tern breeding in Great Britain: Arctic tern Sterna paradisaea, 


Sandwich tern S. sandvicensis, common tern S. hirundo, little tern Sternula albifrons and 
roseate tern Sterna dougallii. The latter two species are among the rarest seabirds 
breeding in Great Britain and all five species of tern are listed on Annex 1 of the EU Birds 
Directive. 
 


• The EU Birds Directive requires Member States to classify Special Protection Areas 
(SPA) for birds listed on Annex I to the Directive and for regularly occurring migratory 
species. In the UK, there are currently 57 breeding colony SPAs for which at least one of 
the five species of tern is an interest feature; 41 of these have one or more of the larger 
tern Sterna species as a feature.  
 


• This report describes work undertaken between 2009 and 2013 to quantify usage of the 
marine environment by the four larger tern Sterna species around their breeding colony 
SPAs in the UK where these remain regularly occupied (32 colony SPAs). Up to three 
years of targeted data collection were carried out (largely during chick rearing) around ten 
colony SPAs from 2009 to 2011 using visual tracking, a non-invasive method for 
quantifying the use of the marine environment by breeding terns of known provenance 
(colony of origin). Additional visual tracking data were also collated for two colony SPAs 
through a data-sharing agreement.  
 


• For each study colony, the environmental characteristics at the foraging locations were 
compared with those for a control sample of locations across the maximum potential 
foraging range to quantify the habitat preferences of each species. Generalised Linear 
Models (GLMs, a type of regression technique), were used to model habitat preference 
relationships and to generate estimates of usage across the entire potential foraging 
range of each species around each SPA colony. 
 


• Phase 1 of the project developed colony-specific models for each species for colonies 
where data were available. Selection of the final model was based on a standard 
approach which trades off model complexity with goodness-of-fit to the underlying data, 
but also incorporated measures of the repeatability of covariate selection and 
considerations of biological plausibility. We used cross-validation to test the ability of the 
models to predict validation data from different individuals and from different years and 
found that overall models performed well in their predictive ability. 
 


• Phase 2 involved pooling data across colonies to generate a generic model for each 
species, which was applied to colonies where we had little or no data. Selection of the 
final model was based on cross-validation which assessed the ability of a model to 
correctly predict validation data from another colony, and confirmed that Phase 2 models 
performed well in their predictive ability. 
 


• The resulting models were relatively simple, with most containing only two or three 
covariates and all except one containing distance to colony. There was high consistency 
in the covariates selected in the final models across SPAs both within and between 
species, with distance to colony, bathymetry and salinity in spring being selected in a third 
of Phase 1 models for all species. 
 


• The outputs from this work may be used to inform conservation of terns in the marine 
environment, including the identification of marine SPAs, marine planning and 
environmental impact assessments. Parallel work to identify marine foraging areas for 
little terns will be reported separately. 
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1 Background and aims 
 
There are five species of tern breeding in Great Britain (GB), all of which are colonial 
ground-nesters. In order of abundance they are: Arctic tern Sterna paradisaea (52,613 
pairs), Sandwich tern S. sandvicensis (10,536 pairs), common tern S. hirundo (10,134 pairs), 
little tern Sternula albifrons (1,927 pairs) and roseate tern Sterna dougallii (52 pairs) (Mitchell 
et al 2004). The latter two species are among the rarest seabirds breeding in GB and all five 
species of tern are listed on Annex 1 of the EU Birds Directive (EU 2009). In terms of 
biogeographic context, GB hosts 2-7% of the European population of Arctic, common and 
roseate terns and 14-16% of the European population of Sandwich terns (Mitchell et al 
2004). The EU Birds Directive requires Member States to classify Special Protection Areas 
(SPA) for birds listed on Annex I of the Directive and for regularly occurring migratory 
species. In the UK, there are currently 57 breeding colony SPAs for which at least one of the 
five species of tern is an interest feature (Stroud et al 2001); 41 of these have one or more of 
the larger tern Sterna species as a feature1.  At the time of designation, the seaward 
boundaries of these colony SPAs ended at the mean low water mark2,3


 
. 


JNCC has been working with the four Statutory Nature Conservation Bodies to identify 
important marine areas around the UK that may be suitable for designation as marine SPAs 
to complement the existing terrestrial suite. The aim of the work reported here was to 
provide evidence that could help support the identification of marine SPAs for terns. As such, 
this report describes work undertaken between 2009 and 2013 to quantify the use of the 
marine environment by the four larger tern Sterna species around their breeding colony 
SPAs in the UK, by studying their foraging distribution (mainly during the chick-rearing 
period). While the main aim of this work was to inform the identification of marine SPAs, the 
outputs from this work may also be used to inform conservation of terns in the marine 
environment more widely, such as marine planning and environmental impact assessments. 
Parallel work to identify marine foraging areas for little terns will be reported separately 
(Parsons et al in prep.) as the more restricted foraging ranges of little terns (Thaxter et al 
2012) warrant a different approach. For completeness, little terns are included in the 
following review of tern ecology and conservation.  
 
1.1 Tern ecology and conservation 
 
Arctic terns breed mainly in coastal areas in the north and west of the GB with almost 80% of 
the population occurring in Shetland, Orkney and the Outer Hebrides. Common terns 
frequently nest inland, with small colonies occurring along the large river valleys of south-
east and central England and also scattered along rivers in south-east Scotland and on islets 
in the freshwater loughs of Ireland. However, they also have a widespread coastal 
distribution around most of GB. Sandwich terns breed exclusively along the coast in 
relatively few, often large, colonies with an almost complete absence around Shetland, the 
west coast of Scotland and to the south-west of GB. Little terns occur around much of the 
coastline, but around 79% of the GB population breed on the east and south coasts of 
England (from Northumberland to Dorset), where low-lying sandy coastlines (their preferred 
habitat) predominate. Roseate tern breeding range is restricted to the coast of north-east 
England and south-east Scotland, with outlying pairs in Norfolk and Hampshire. Almost the 
entire GB population breeds on Coquet Island (Northumberland), with the remaining colonies 


                                                
1 This includes Copeland Islands SPA and Imperial Dock Lock SPA, which have been designated since Stroud et 
al 2001. In addition there are three SPAs for Sandwich terns during passage. 
2 Mean low water springs in Scotland. 
3 Note that seaward extensions of up to 4km into the marine environment have since been designated for some 
seabird colony SPAs, including some for which terns are interest features. The extensions were identified on the 
basis of capturing areas adjacent to the colony that are important for essential resting and maintenance activities 
for seabird species other than terns (see McSorley et al 2003; McSorley et al 2008). However all interest 
features, no matter their activity, benefit from the extended spatial protection. 
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being small and often ephemeral; the Republic of Ireland (particularly Rockabill, Co. Dublin) 
hosts 93% of Britain and Ireland’s roseate tern population (Mitchell et al 2004). 
 
Observations at selected colonies suggest that the GB populations of Arctic and common 
have declined since the last complete seabird census (‘Seabird 2000’, Mitchell et al 2004) 
was carried out between 1998 and 2002, while the population of roseate terns has increased 
(though almost entirely confined to Coquet Island, Northumberland), little terns have 
increased and Sandwich terns have changed little (JNCC 2013). A large proportion of terns 
nest on mainland beaches, spits or near-shore islets where they are vulnerable to 
mammalian/avian predation, human disturbance and flooding. Predation can cause 
complete breeding failure, and colonies will often be attacked in successive years until the 
terns abandon the site, causing a high occurrence of switching colony between (and 
sometimes within) years (Mitchell et al 2004).  
 
Large gulls can compete for breeding space with terns (Thomas 1972; Kress et al 1983, 
Kress 1997) causing displacement and disturbance to nesting attempts, and prey upon the 
eggs and chicks (Fuchs 1977; Yorio & Quintana 1997). Inter-specific competition can cause 
population declines (Hannon et al 1997) and has also resulted in little terns nesting closer to 
the high water mark (Pickerel 2002). Nesting habitat or entire breeding sites can be lost to 
erosion or flooding by winter storms (Thomas 1982; Brown & McAvoy 1985; Visser & 
Peterson 1994) or become overgrown with rank herbage or scrub (Brown & McAvoy 1985; 
Brindley 1998).  
 
Terns are long distance migrants, wintering along the coasts of West Africa, or in the case of 
Arctic tern, the oceans of Antarctica (Cramp 1985; Egevang 2010). Factors that affect 
survival in the wintering areas will also influence subsequent population trends observed in 
the UK. Such factors include food availability (Cramp 1985, Dunn & Mead 1982) and 
mortality, mainly of first year Sandwich, common and roseate terns captured for sport and 
food (Dunn & Mead 1982; Ntiamoa-Baidu et al 1992; Mead 1978; Ratcliffe & Merne 2002; 
Wendeln & Becker 1999).  
 
Threats to terns in the marine environment largely stem from changes in prey availability. 
Arctic terns breeding in Orkney and Shetland are almost entirely dependent on sandeels 
during the breeding season, and their productivity is strongly affected by the size of the 
sandeel stock (Monaghan et al 1989; Suddaby & Ratcliffe 1997). Poor food availability, such 
as during the sandeel stock declines from 1983 to 1990 has been associated with breeding 
failure, reduced growth and survival of chicks for this species (Monaghan et al 1989; 
Monaghan et al 1992) but also had an indirect effect on common terns, which were heavily 
depredated by gulls and skuas that switched their diet from predominantly fish to seabirds 
(Uttley et al 1989). In addition, general food shortage can be exacerbated by black-headed 
gull Chroicocephalus ridibundus kleptoparasitism (Stienen & Brenninkmeijer 2002a, b). 
Another potential threat to terns in the marine environment comes from renewable 
developments, although direct evidence of this is limited given the relative infancy of the 
industry (though see Everaert & Stienen 2007 and Stienen et al 2008). Direct effects could 
occur through collision, displacement and disturbance while indirect effects on prey 
availability can potentially compromise survival (Huddleston 2010).  


Terns lay a clutch of between one and four eggs and normally rear one brood per season 
from May to June. Incubation and chick rearing is performed by both parents who may 
spend up to 80% of their time foraging. The area over which breeding terns can forage is 
constrained by their need to return to the nest to relieve their mate or feed their chicks (i.e. 
they are central place foragers). Rate of chick provisioning varies among species but can be 
as high as 12 feeds per day for common terns (Becker et al 1993). The most recent 
published maximum foraging ranges are 11km (little tern); 30km (Arctic, common and 
roseate); and 54km (Sandwich tern) (Thaxter et al 2012).  
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Terns are specialist foragers largely dependent on dense shoals of clupeids and sandeel 
within foraging range of their colonies, although common terns have a more generalist diet 
compared with the other species (Stienen et al 2000; Cramp 1985; Gochfeld et al 1998; 
Shealer 1999, Fasola et al 2002). The smaller species also pick small aquatic and marine 
invertebrates from water surfaces in flight (Fasola et al 2002). Terns usually forage by 
plunge-diving after hovering and are shallow divers, catching prey close to, or at, the sea 
surface. More details can be found in a literature review of tern foraging ecology which was 
commissioned by JNCC as part of this project and is available as a separate contract report 
(Eglington & Perrow 2014). 
 
2 Methods 
 
The project relied primarily on data collected using visual tracking, a technique specifically 
developed by Perrow et al (2011) for quantifying the use of the marine environment by terns 
of known provenance (colony of origin). The alternatives of bird-borne radio-tags and GPS 
tracking devices were not feasible: the larger tern foraging ranges exceed the detectable 
range (from land) of the radio signal, and at the time the project started, GPS devices were 
unsuitable for terns (they are now available due to advances in the technology making the 
devices smaller). Existing aerial and boat transect4


 


 data were collated and a small number of 
boat transect surveys were also carried out as part of the project but these are not included 
in this report. Data from those transect surveys did not allow the origin of individuals to be 
identified. 


Logistics, resources and timescale of the project precluded surveying around all SPA 
colonies of interest and instead a habitat modelling approach was adopted incorporating 
surveys around selected colonies. Habitat modelling can establish statistical relationships of 
the environmental preferences of terns which, if applied spatially, not only provides a spatial 
surface of relative distributions within a surveyed area (i.e. interpolating, or filling in the gaps, 
between the recorded observations), but also allows predictions to be made by geographical 
extrapolation to unsurveyed areas (provided the required environmental information is 
available for the unsurveyed areas). For the modelling analysis aspect of the project, JNCC 
worked collaboratively with Biomathematics and Statistics Scotland (BioSS)5


 
. 


The project was delivered in two phases, in accordance with data coverage: Phase 1 
developed colony-specific models for each tern species of interest for colonies where 
surveys had been carried out and sufficient data had been obtained, while Phase 2 
developed generic models using combined data across surveyed colonies which was then 
used to make geographically extrapolated predictions to unsurveyed colonies or data-poor 
colonies.  
 
2.1 Data collection 
 
Data collection to assess the foraging distribution of the large tern species was carried out or 
commissioned by JNCC over three years from 2009 to 2011 using visual tracking. The visual 
tracking method involved using an easily manoeuvrable boat capable of speeds up to 40 
knots (such as a rigid-hulled inflatable boat (RIB)) to follow individual terns from their 
breeding colony out to sea and back. An on-board GPS recorded the boat’s track, which was 
used to represent the track of the bird. The RIB was kept c.50-200m from the bird so that 
one observer could maintain constant visual contact with the bird and another observer 
could record behaviours, along with their associated timings. We took care to observe any 
                                                
4 Transects are lines across a survey area along which observations are recorded. If designed appropriately, 
transect surveys allow estimation of population sizes and their distributions. 
5 BioSS are one of the Main Research Providers for strategic research in environmental, agricultural and 
biological science funded by the Scottish Government’s Rural and Environment Science and Analytical Services 
Division. 
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changes in behaviour, such as evasive flying, which might indicate an adverse reaction of 
the birds to the presence of the vessel and if so, increased the distance of the RIB from the 
bird. Behaviours were assigned to locations based on the common time field between 
observations and the GPS track log. Observers were given operational definitions of the 
different behaviours, which were categorised as continuous behaviours (different types of 
flight) and instantaneous behaviours (different types of foraging events) (see Table 1). In 
addition, any foraging associations with other individuals of the same or other species were 
recorded. 
 
We could not confirm the breeding stage of any of the birds we followed6


 


; this could only be 
implied from the date of data collection combined with timing-of-breeding information 
collected at the colony, the availability/quality of which varied between colonies. Timing of 
survey varied between colonies and years (see Results for details). In 2009, surveys were 
restricted to the chick-rearing period. In 2010 the feasibility of extending coverage to include 
incubation was piloted. However, surveying over the two periods stretched resources, such 
that fewer data were obtained within each period and overall i.e. data collection was less 
efficient. Continuing data collection across the two breeding periods risked compromising 
sample sizes so in 2011 the focus of data collection was again during chick-rearing. Thus 
overall, timing of survey was largely concentrated during chick-rearing. This period was 
prioritised for data collection as it is a highly demanding part of the life-cycle, with breeding 
adults required to make frequent foraging trips to provision their chicks as well as 
themselves; available foraging areas are likely to be more restricted than at other times in 
the life-cycle due to central-place foraging constraints (see Orians & Pearson 1979). 
Therefore, it is important to identify the foraging areas used during this period to inform any 
marine conservation management measures. This does not necessarily mean that 
vulnerability to threats during incubation is inconsequential, but our prioritisation was based 
on the more restricted ability of birds to buffer against any pressures experienced during 
chick-rearing. 


Table 1.  Definitions of various continuous or instantaneous behaviour categories applied by JNCC 
during visual tracking surveys from 2009-2011. 


Behaviour 
category 


Continuous 
behaviour or 
instantaneous event 


Description 


Direct flight Continuous Clear and consistent direction, usually fast, often 
adopted when flying back to the colony with a fish. 


Transit 
search Continuous 


Slower than direct flight, direction can change but 
not erratically, head can be down, as though 
opportunistically searching while in transit. The 
usual flight type when not actively searching. 


Active 
search Continuous 


Actively searching for food: head down, erratic flight 
course, lower flight speed, hovering, swooping 
and/or circling around; includes instantaneous 
foraging behaviours of diving and surface feeding. 


Plunge dive Instantaneous Diving from a height, head first. All or mostly 
submerged. 


Surface dip Instantaneous Diving from close to the water surface, sometimes 
‘feet first’. Partially submerged. 


Surface 
peck Instantaneous Picking item from the surface with bill, no 


submerging. 


                                                
6 There was the odd exception to this when observers were able to view the contents of the nest from which the 
individual was seen to depart. 
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2.1.1 Study colonies 
 
Terns regularly move between different nesting sites from year to year and breeding success 
often varies markedly between colonies, and between years within colonies (Mitchell et al 
2004)7. Several of the 41 colony SPAs for which one or more of the larger tern species are a 
feature currently have very low numbers (or in some cases none) of the relevant tern 
species, so we focussed on quantifying the use of the marine environment for the tern 
interest features which recently regularly occupied their colony SPAs. Recent regular 
occupation was defined as the mean of peak numbers over the five most recent years for 
which data are available being ≥25 Apparently Occupied Nests (AON). Count data were 
taken from JNCC’s Seabird Monitoring Programme (SMP) database. A limit of five years 
was chosen to be consistent with the UK practice of using five year peak means to assess 
populations (e.g. Musgrove et al 2011) and data were collated spanning the period from 
2000-20108


Figure 1


 to ensure that at least five years of data were available. It has been the Statutory 
Nature Conservation Bodies’ long-standing practice to require at least 50 individuals to be 
regularly present on a site before that area is considered for site selection (see Stroud et al 
2001). Although this ‘minimum 50 rule’ has its origins in the context of wintering waterbirds, 
this provided a useful baseline against which an assessment could be made as to whether a 
tern colony SPA can be considered as still being occupied. The normal metric used to 
assess tern breeding population sizes is AON rather than individuals, thus the minimum 
number in this context would be 25 AONs, given that each nest is assumed to represent one 
pair. The tern interest features for the 32 SPA colonies deemed to be recently regularly 
occupied and for which analysis was undertaken are shown in . Table 2 shows the 
17 features within 17 SPAs which fell outwith the scope of the project due to no longer being 
recently regularly occupied. Note that the assessment of recent occupancy was only to allow 
prioritisation of survey effort and not to revisit the selection of colony SPAs. 
 
Visual tracking was carried out or commissioned by JNCC at ten of these 32 colony SPAs. 
When choosing how to prioritise our survey resources there were several considerations. 
For selecting the survey colonies we aimed to maximise geographical coverage across each 
species’ range, even if this meant only one year of survey was possible for some areas. This 
was based on the assumption that variation (in the relationships of tern foraging distribution 
with local environmental conditions) between colonies was likely to be greater than variation 
between years within a colony, and it would be important to capture this variation if we were 
to use data from more than one colony to make predictions to data-poor colonies. However, 
we also aimed to get two or three years of data from several colonies to allow investigation 
of consistency in environmental preferences between years. Other factors affecting 
allocation of survey resources included prioritising colonies that: had little or no existing data 
(e.g. from aerial surveys or other visual tracking studies); were logistically easier to work at; 
or maximised likely sample sizes (e.g. larger/multi-species colonies with recent successful 
breeding seasons). In addition to JNCC’s surveys, visual tracking data were made available 
to the project for two colony SPAs via a data sharing agreement with ECON Ecological 
Consultancy Ltd. These data were for the North Norfolk Coast SPA, and Ynys Feurig, 
Cemlyn Bay and The Skerries SPA (see Perrow et al 2011 for methods). 
 
 
 


                                                
7 This was taken into account at the time the breeding colony SPAs were designated, such that a site where 
contemporary numbers were very low (below the qualifying threshold) could still be designated where there was 
a history of occupancy and/or where a site was known to be part of a large complex of nesting areas (Stroud et al 
2001). 
8 The assessment of recent occupation was made in 2010. 
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Figure 1. Tern colony SPAs and the relevant tern species (A = Arctic, C = common, R = roseate tern 
and S = Sandwich) which were considered within the project. 
 
Table 2. The tern species within tern colony SPAs which were considered no longer regularly 
occupied and fell outwith the scope of the current project. 
SPA name Arctic Common Roseate Sandwich 
Alde–Ore Estuary    X 
Morecambe Bay    X 
Foulness (Mid-Essex Coast Phase 5)    X 
Solent and Southampton Water   X  Farne Islands   X  North Norfolk Coast   X  Firth of Forth Islands   X X 
Loch of Strathbeg    X 
Monach Isles  X   Sumburgh Head X    West Westray X    Cromarty Firth  X   Inner Moray Firth  X 


  Ythan Estuary, Sands of Forvie and Meikle Loch  X   Lough Neagh and Lough Beg*  X 
  Larne Lough   X  Ynys Feurig, Cemlyn Bay and The Skerries   X  


*Recent data from www.loughneagh.com which is not in the SMP database suggests that c.50 pairs may be 
present. However, the SPA is well inland and not suitable for our modelling approach. 



http://www.loughneagh.com/�
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2.1.2 Collation of environmental covariates 
 
Environmental data to use as predictor covariates in our habitat models were subsequently 
collated from various sources, rather than collected concurrently with the tern data. Data 
sets with coverage extending across the UK were required for the UK-wide application of 
generic models in Phase 2. Environmental covariates were chosen for their potential to 
explain the variation in our tern distribution data and based on this be used as predictors for 
foraging distribution. The most direct explanatory covariate is likely to be the distribution of 
prey. Unfortunately, our knowledge on the types and distribution of prey consumed by each 
tern species breeding at each colony of interest is limited, especially for prey consumed at 
sea by adults. Existing studies of terns in the UK show that they rely to varying extents on 
clupeids, zooplankton and, in particular, sandeels as their primary prey source (Cramp 
1985). However, there was a lack of prey distribution data at a useful resolution or level of 
coverage for our project. Instead we aimed to inform models with a variety of other 
environmental covariates that could either act as proxies for prey distribution, or relate to the 
availability of prey to the terns.  
 
The at-sea distributions of central-place foragers such as breeding seabirds, is known to be 
constrained by the energetic costs of travelling to a particular location from the central place 
(e.g. the breeding colony) (Gaston 2004). Therefore distance to the colony was offered to 
the models as a proxy for these energetic costs. Euclidean (straight-line) distance was used 
rather than biological distance (defined as the minimum path length required to get from one 
point to another while avoiding obstacles such as land, as per Matthiopoulos (2003)). This 
was because our own observations showed that although terns tended to fly along 
coastlines, they did not necessarily avoid flying over low-lying islands and peninsulas. 
Generating biological distances would therefore require case-by-case judgements on what 
constitutes a land barrier to a tern. For the most part we felt that our study sites generally did 
not present major land barriers and that Euclidean distance was, on the whole, sufficiently 
representative as a proxy for the energetic costs of travel. 
 
The other candidate environmental covariates offered to the models were: depth; 
temperature stratification; chlorophyll concentration; sea surface temperature; sea surface 
salinity; sediment type; current energy; wave energy; probability of a front9; seabed slope 
and aspect (see Table A1.1 in Appendix 1 for more details)10


 


.  Some of these covariates are 
dynamic and their values may vary over time; where possible, we averaged data over time 
for the dynamic variables (see Appendix 1 for more details). For some areas, the chlorophyll 
concentration and sea surface temperature covariates had a much higher proportion of 
missing data than other covariates (as they are based on satellite data and satellites may 
have difficulties taking readings in coastal areas due to cloud cover), so for some colonies 
they were excluded altogether as candidate covariates. Distance to nearest shore was also 
offered as a covariate because this is likely to be correlated with missing environmental 
information which might drive tern foraging distributions.  


                                                
9 Earlier work also explored the use of the standard deviation of the probability of a front, but there was 
insufficient understanding on how this might explain variation in our data and was therefore removed 
10 Before analysis, extreme values of sea surface temperature were excluded (for April this is interpreted as less 
than 6°C, for May as less than 8°C, and for June as less than 9.3°C) and chlorophyll concentrations, slope and 
wave and current shear stresses were log-transformed. Where necessary, a small constant was added to 
variables prior to log transformation to avoid taking logs of zero values. Before making the final predictions data 
points with values of log chlorophyll greater than 2.5 were also excluded. 
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2.2 Data analysis 
 
The project used logistic11 regression analysis, a statistical process which estimates the 
relationship between a dependent or ‘response’ variable (e.g. density of foraging locations) 
and one or more independent or ‘predictor’ variables (environmental covariates). The logistic 
regression models were used to generate predicted foraging distributions on a data grid 
extending out to the maximum foraging range around the colonies of interest. The maximum 
foraging range was taken from Thaxter et al 2012 and was either 30km (Arctic, common and 
roseate terns) or 54km (Sandwich terns) 12,13


 


. Model predictions were made to the centre 
points of grid cells of 500m x 500m resolution. For analysis we used R (v. 2.15.2) and 
ArcGIS (v. 10.1). 


Only the records of foraging locations (both active search and foraging events) were used for 
the analysis of habitat preference. We felt that data from commuting periods of flight might 
mask some of the habitat preference relationships; although terns may show directed travel 
along the track during commuting, we were unsure whether this would be linked with the 
underlying environmental covariates. Restricting the analysis to only foraging locations 
maximised the chances of identifying the habitat preference relationships from the response 
(tern case/control) data. Accordingly, tracks which did not contain any observations of 
foraging behaviours were not used in the analysis. All records of instantaneous foraging 
events were retained but for computational reasons, the continuous records of active search 
(one record per second) were thinned by 90% (using every 10th record) before analysis – 
this is equivalent to retaining one record for every ten seconds of active search so it is still 
very high resolution data (it was not necessary to thin data provided from ECON Ecological 
Consultancy Ltd as these were already summarised at one minute intervals).  
 
2.2.1 Assessing sample size sufficiency 
 
The modelling assumes that a representative sample of terns for each species/colony was 
tracked and that the outputs will be representative of the population as a whole. A separate 
analysis was commissioned to investigate the sufficiency of our sample sizes and is reported 
in Harwood & Perrow (2014). 
 
2.2.2 Model development 
 
The analysis included a model development phase, which is described in several contract 
reports (Brewer et al 2012a-c, Potts et al 2013a)14


i


; here we describe the key points and refer 
the reader to the relevant report(s) for more detailed information. Model development was an 
iterative process but consisted broadly of three main steps (1) developing the application of 
a case-control approach, to allow comparison of the areas used with those which were 
available but not used for foraging (Section ); (2) Exploring different types of regression 
analysis to determine which was most suitable (Section ii) and (3) Investigating whether 
various additional complexities were required (Sections iii - v). The final approach was then 
applied separately to Phase 1 and 2, using appropriate model selection methods for each. 
 


                                                
11 Logistic regression is a type of non-parametric regression analysis used for predicting the outcome of a 
categorical (a variable that can take on a limited number of categories, in our case either 0 or 1) dependent 
variable based on one or more predictor variables. 
12 A 1km buffer was added to this because initially covariate values were averaged within a 1km x 1km grid; the 
buffer allowed this average to be calculated more accurately at the edge of the foraging range. A point approach 
was later adopted (where the actual value of the environment at the tern location point was extracted) but the 
1km buffer was retained. 
13 Note that for earlier work (Brewer et al 2012a) a maximum of 60km had been used for Sandwich terns, based 
on an earlier draft of Thaxter et al (2012) 
14 Model development did not include data from ECON Ecological Consultancy Ltd. 
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i Case-control approach 
 
Tracking data provides information about the locations of individual birds, but no explicit 
information about which areas are unused. Such presence-only data can be analysed using 
a case-control approach where the observed locations (cases) are matched with control 
points that are selected according to an appropriate null model (see below), and which 
represent locations which are available to the animal but where the animal was absent at 
that time (Aarts et al 2008). Control data were generated by relocating the observed ‘case’ 
tracks (foraging locations only) randomly throughout the maximum potential foraging range15


 


 
from the colony for each species. Each control track was assigned its starting location based 
on a random distance and angle from the colony so that our null model assumed terns were 
central place foragers with no foraging location preference. Twelve control tracks were 
generated for each track; exploratory work found that this number was sufficient to ensure 
model stability (i.e. the estimates of the regression slope parameters are stable regardless of 
which random selection of the twelve control tracks was chosen). 


By comparing the environmental characteristics between the observed and control locations, 
a logistic regression model can be used to quantify tern habitat preferences which are then 
adjusted to provide estimates of relative usage (see Box 1). The estimates of relative usage 
are equivalent to predicted relative densities of foraging locations (expressed as a 
proportion). 
 
Box 1.  Quantifying habitat preference and relative usage 
 


 
Estimating habitat preference 


Following Aarts et al (2008), we define habitat preference as the ratio of the use of a habitat 
over its availability, conditional on the availability of all habitats. If there was no preference 
for particular habitats, the odds ratio (which is a particular way of looking at relative 
probabilities of two mutually exclusive events, such as the probability of a presence or 
absence) would be equal to the ratio of the number of observations to the number of 
controls. 
 
Logistic regression is used to model a response variable which takes the value 1 for the 
observations and 0 for the control (available environment) points. So in our case, the 
logistic regression approach models the probability that a point is a foraging location. 
Because the number of controls per observation is user-defined, this probability has no 
physical meaning and tends to zero as the number of control points increases; it is the 
intensity (or density) of the presences rather than the probability of occupancy that is of 
interest. It has been shown that the exponential function of the linear predictor (i.e. the odds 
ratio; (probability / (1 - probability)) is proportional to the expected density of presences 
(Aarts et al 2008). Multiplying this by the number of controls per observation then accounts 
for the unequal number of cases and controls selected, and provides a valid estimate of 
preference. i.e.: 
 
Preference = number of controls x (probability / (1 - probability)) 
 


 
Estimating usage from preference 


The null model used to generate the controls assumed that the frequency distribution of 
control points was uniform with respect to distance to colony up to the maximum foraging 
range. However, due to the laws of geometry (i.e. the size of an area increasing as a 


                                                
15 Although all control ‘start points’ were generated within the maximum foraging range, it was possible that 
control points from the rest of the track could fall beyond the maximum foraging range. In practise this occurred 
relatively rarely but where it did occur, those points were deleted. 
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function of the circle’s circumference), the density of control points per unit area is higher at 
distances close to the colony compared to further away. The null model can therefore be 
seen as making the assumption that accessibility declines with increasing distance from the 
colony (in a two dimensional sense), so the model outputs are estimates of preference and 
need to be adjusted to provide estimates of actual usage. 
 
To make this adjustment, we need to know the density of control points at a particular 
distance; this depends on the circumference of a circle at that distance which is 
proportional to the radius. So the density of our control points is in proportion to 1/distance 
from the colony, coming from the equation for circumference of a circle (C=πd). To then 
convert the resulting preference outputs from the model into usage we multiply by 
1/distance-to-colony. i.e.: 
 
Usage = (probability/1-probability) x no. of controls / distance to colony 
 
Since the model is based on a random sample of controls, the cumulative estimated usage 
over all space will usually deviate from unity and will need to be normalized (Aarts et al 
2008). So the output was multiplied by a scale factor which ensures that the probabilities 
sum to one. This means that the final values, which we call ‘relative usage’, represent 
relative densities of foraging locations, expressed as a proportion. 
 
Note  that had we had generated controls with a (two dimensional) uniform distribution in 
space, so that the density of points was the same everywhere, this would mean that the 
model outputs would provide direct estimates of usage and no correction would have been 
needed to go from preference to usage. 
 
Usage values were then multiplied by 1000 for mapping purposes (the value for each cell 
would otherwise be extremely small due to the need for them to sum to one across a very 
large number of cells). It would be possible to instead multiply by the number of birds at sea 
to obtain a bird density estimate. The number of birds at sea could be approximated based 
on the number of breeding pairs at the colony and the proportion of time they spend at the 
colony (to account for the fact that not all individuals forage at the same time). i.e.: 
 
Bird density = Usage * (pairs*2/(1-colony attendance)) 
 
However, this would assume that (i) the density of foraging locations is proportional to the 
density of foraging birds and (ii) all birds at sea are foraging (as opposed to commuting). 
Coupled with this, there is relatively little information on colony attendance patterns and 
they are likely to vary between colonies and seasons. So we did not convert our usage 
estimates to bird densities as it would add a level of uncertainty into the estimate which 
would be difficult to quantify. 


 
ii Type of regression 
 
Two different types of regression were explored for modelling the data under Phase 1; 
Logistic Generalised Linear Models (GLMs, McCullagh & Nelder 1989) which only allow 
linear relationships between the response and predictor variables, and logistic Generalised 
Additive Models (GAMs, Hastie & Tibshirani 1990; Wood 2006) which also allow non-linear 
relationships. We explored three different methods of model selection on the basis of AIC 
(Akaike’s Information Criterion); BIC (Bayesian Information Criterion); and significance of 
individual terms via likelihood ratio tests (LRTs) (see Brewer et al 2012a for more details). 
The exploratory analysis showed that most relationships were linear (only eight out of the 40 
relationships in the GAM models were non-linear and all were simple, broadly linear 
relationships). Thus the added complexity of GAMs was unwarranted and GLMs were used 
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for the final Phase 1 models. For Phase 2, we only considered GLMs as we wanted to avoid 
complex models when making geographical extrapolations. 
 
iii Assessing effects of year and breeding period 
 
As part of the model development phase, we checked for consistency of the environmental 
covariate effects across different years for those species/colony SPAs for which we had 
more than one year of data (n=8). This was done by fitting year as an interaction term within 
the GLM model and concluding effects were not temporally consistent if the interaction is 
significant. We found that covariate effects were consistent between years for all datasets 
except one, where the effect was only just significant at p=0.049. On the basis of these 
results, and to maintain a consistent approach across all of our datasets, data from all years 
were combined for the final models.  
 
Although we were unable to confirm the breeding status of most of the birds tracked, our 
surveys were timed to focus on breeding birds largely during the chick-rearing period, so the 
proportion of ‘likely incubators’ was small. This very uneven split was not conducive to 
modelling the effects of breeding stage; logistic models tend to need larger datasets overall 
to add in fixed effects, especially when they include several covariates. Thus, there were 
insufficient data to include an interaction term within the model, or model distributions 
separately, for different breeding periods. In the absence of being able to confirm breeding 
status for a large proportion of the data, we felt that combining data offered the best solution.  


 
iv Addressing repeated measures and between-individual variation 
 
The modelling needs to take account of the fact that locations along a given track are not 
independent (i.e. they are repeated measures16


 


), as birds generally move only a short 
distance from one observation to the next. As the time, and therefore the distance, between 
successive foraging locations can be short, and as the environmental covariates are spatially 
auto-correlated (values closer together in space are more similar to each other than with 
those further away), foraging locations from the same track tend to occur in similar 
environmental conditions. Failure to account for the lack of independence between foraging 
locations within a track (a form of pseudoreplication) leads to underestimation of the 
variance of parameter estimates and might therefore result in some environmental 
covariates being wrongly regarded as significant. The simplest way to deal with this is to 
weight each foraging location by the reciprocal of the length of the observed track. This has 
the effect of treating each track as a single sampling unit, instead of treating the individual 
observation as the sampling unit. In addition, the weighting process avoids biasing the 
results towards the longer tracks (another form of pseudoreplication) and ensured the results 
were not dictated by a small number of data-rich individuals.  


Existing methodological approaches fit mixed effects models (e.g. GLMM or GAMM) to 
account for between-individual variation. However, it is non-trivial to deal with the control 
points when specifying the random effects as it is unclear what the analogue is for the tracks 
in the case data (see Brewer et al 2012a). We considered several approaches but felt that 
none were appropriate, essentially because our data set consisted of only one (known) track 
recorded per individual. Multiple tracks per bird would be needed to investigate differences in 
individual preferences between birds, in which case mixed models would then be 
appropriate. Thus we report results using fixed effects-only models, and we combined data 
across all individuals for analysis.  
 


                                                
16 They are also auto-correlated; this is addressed in Section 2.2.2.v 
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v Accounting for residual autocorrelation 
 
We explored whether environmental covariate selection in the models was biased by any 
residual spatial autocorrelation (i.e. the remaining autocorrelation after the effect of the 
environmental covariates has been accounted for). Not accounting for this autocorrelation 
can lead to underestimation of the standard errors for parameter estimates, and this in turn 
implies some variables may wrongly be declared significant as a consequence; for more 
detail see Beale et al (2010).   
 
We applied a Bayesian modelling approach using Integrated Nested Laplace Approximation 
(INLA, Rue et al 2009) to fit full spatial models which accounted for spatial autocorrelation. 
The approach fits a weighted regression model as before, but allows for dependence 
between the residuals. This residual dependence structure is defined via a ‘mesh’ (or 
‘network’), itself estimated by the procedure, which encapsulates the spatial autocorrelation 
structure based on the locations of the observations; one observation is linked via the mesh 
to a small number of its closest neighbours, and the modelling is able to relate the 
correlation between residuals to these between-neighbour distances; a longer link in the 
mesh corresponds to a lower correlation, and vice versa. The key here is that the mesh 
provides a computationally efficient (but complex) way of encoding the spatial 
autocorrelation. We compared the results from these models with those which did not 
account for residual autocorrelation to explore the extent to which covariates may have been 
selected as a consequence of residual autocorrelation (see Brewer et al 2012a). We found 
that residual autocorrelation led to only a small amount of bias in covariate selection in the 
models; of the five (out of twelve) model comparisons which identified issues, these were 
limited to seven out of a total of 48 covariates across the models; as a result we decided to 
use results from the (far simpler) weighted GLM analyses. Although the effect of not 
accounting for residual autocorrelation was only investigated using the GAM models, it is 
unlikely that the scale of this would substantially differ from the GLM models given all 
relationships were broadly linear. 
 
vi Cross-correlated covariates 
 
High correlation17


ii


 between covariates affects parameter estimates and standard errors, and 
therefore estimates of statistical significance. If model selection is based on significance 
testing then some variables may be excluded when they are actually important predictors. 
Although its presence affects the ability of a model to explain distributions (identifying 
statistically significant associations), it is unlikely to be a serious issue for making predictions 
at the colony for which the model was built (Schmueli 2010).  However, cross-correlation 
may pose problems if the model is used to make predictions at other colonies, where the 
correlations between covariates may differ. In such cases, if a model has been based on 
covariates which are not causally related to the response variable, it is not likely to perform 
well outside the sample on which it is based. However, in the absence of knowledge of the 
true causal relationships, it then falls to judgement as to which variables to omit or include. 
Instead of making such judgements, we selected the covariates in the models used for 
geographic extrapolation based on their predictive performance at new colonies (see ). We 
also incorporated existing biological knowledge within our model selection methods thus 
reducing the potential for including spurious relationships caused by cross correlations 
between covariates. 


                                                
17 e.g. pair wise correlations with r >c.0.8 (A. Zuur, Highland Statistics, pers. com.), although there is no agreed 
level 
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2.2.3 Phase 1: generating site-specific models 
 
In Phase 1 of the project, colony-specific models for each species were generated for each 
colony where data were available. Following the model development phase (Section 2.2.2), 
the final models applied to the case-control data were weighted binomial GLMs. Model 
selection (identifying which explanatory environmental covariates to retain in the model) for 
Phase 1 was based on a stepwise search for the model which minimised the AIC. The AIC 
value (lower is better) offers a relative estimate of model quality by looking at the trade-off 
between model complexity and goodness-of-fit to the underlying data (Burnham & Anderson 
2002). Often, a search for the model which minimises AIC identifies a number of models with 
very similar AIC values close to the minimum and a rule of thumb is that two models are 
essentially indistinguishable if the difference in their AIC value is less than two (Burnham & 
Anderson, 2002). So there is merit in choosing an essentially equivalent model (∂AIC ≤ 2) to 
the minimum AIC model if there is reason to believe it is more robust and/or biologically 
meaningful. 


We investigated how robust our models were by using a bootstrapping approach 
(resampling the dataset with replacement) to quantify the repeatability of covariate selection 
within the models. For each species/colony, the stepwise model selection procedure was 
repeated 100 times with the case-control dataset being sampled with replacement (i.e. 
bootstrapping). By counting the number of times each variable was selected across the 
resulting 100 minimum AIC models, this allowed us to assess how consistently covariates 
were selected, indicating their robustness to the influence of individual bird’s preferences.  
 
We recognised that some environmental covariates may be more useful to predict foraging 
tern distributions than others. This could be due to a number of reasons relating to the 
degree to which the proposed biological mechanism is realistic and of direct importance in 
governing the birds’ use of the habitat, and also depending on the quality of our covariate 
data. We therefore ranked our covariates based on the biological meaningfulness of the 
proposed biological mechanism, while taking account of how good the data may be for 
making predictions (e.g. quality of data measurement, predictability of the variable, its 
resolution and coverage) (see Appendix 1). 
 
For the final model we used the model with the lowest AIC18


 


, but where this contained 
covariates that were selected in less than half of the 100 models derived from the 
bootstrapping and / or ranked low on biological mechanism or data measurement quality 
(corresponding to a biological ranking >5), we investigated whether removal of these 
covariates provided an equivalent (∂AIC ≤ 2) model. If so we used the equivalent, but more 
robust and/or biologically meaningful, model.  


i Assessing model performance 
 
We used cross-validation to assess the performance of the final Phase 1 models.  Cross-
validation involves omitting a sub-set of data (the validation set), and refitting the chosen 
model to the training set (the remaining data). Predictions based on each training set are 
then compared with the validation set. Comparisons can be done by various scoring 
methods; we used three to avoid reliance on a single method (see Box 2). The validation 
process was performed several times to ensure all data points were omitted at some stage 
during the process. We assessed Phase 1 model performance in two ways by investigating 


                                                
18 In cases where sea surface temperature or chlorophyll concentration were available as candidate covariates 
but were not selected in the potential lowest AIC models, the stepwise search was rerun with the exclusion of 
these variables to ensure a more reliable AIC statistic (more reliable because covariates which are unable to 
make predictions to some grid cells due to incomplete datasets are excluded). By excluding these covariates, 
additional grid cells can be included in the analysis: the dataset is not identical to that for a model where those 
grid cells have been excluded to allow inclusion of these covariates, and therefore the AIC score may differ. 
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how well the model predicted (i) validation data for individuals and (ii) validation data for 
years. 
 
Model performance in predicting validation data for individuals 
 
This analysis was carried out for any species/colonies with at least 50 tracks. For each 
colony and species we formed 100 bootstrap samples for each of 10, 20 or 30 tracks in the 
training set. In each case we held back 30 tracks sampled randomly without replacement for 
use as a test set and then sampled 10, 20, or 30 tracks randomly with replacement from the 
training set, together with the corresponding control tracks. The covariates that were 
included in the final model were used to fit a model to the training set samples and model 
performance assessed with the test set. More details are available in Potts and Brewer 
2013. 
  
Model performance in predicting validation data for years 
 
This analysis was carried out for any species/colonies with more than one year of data with 
at least five tracks in each. The test set comprised an individual year of data and the 
corresponding controls, with the remaining year(s) forming the training sets. A model was 
fitted containing the covariates that were included in the final model to each training set and 
model performance assessed with the test set. This process is repeated with a different year 
of data used as the test set, until all years of data had been used as a test set once.   
 
2.2.4 Phase 2: Generating models for geographic extrapolation 
 
i Determining input datasets for model building 
 
When generating models for use in geographical extrapolation, an important consideration is 
which colony datasets to include in the models, to ensure that the data used are as 
representative as possible for the unsurveyed area. One option is to use all available data 
for that species to generate a single, broadly applicable model that aims to overcome site-
specific factors and identify over-arching habitat preferences. Another option is to use a sub-
set of available data that might be considered more representative of the area to which 
predictions will be made. We considered sub-setting the data based on ecological groupings, 
for example there might be variation between colonies in terms of the type of prey 
consumed, and therefore environmental preferences might differ. However, there is a lack of 
information to inform such ecological groupings so instead we used judgements based on 
geographic similarities (e.g. whether the colony was on an island or within a sheltered inlet) 
or regional groupings (e.g. colonies bordering the Irish Sea). In addition, we explored sub-
setting the data based on similarities in the covariate data, between the colony to which 
models are being extrapolated and the colonies for which data are available to the model. 
We compared the covariate data between colonies in two ways: (i) comparing simple boxplot 
summaries for each environmental covariate in turn; (ii) using a principal component analysis 
(PCA) to study the combination of information from all covariates simultaneously. PCA takes 
a set of variables and replaces them with a smaller number of new variables (the principal 
components) in such a way that as much as possible of the information in the original 
variables is retained in the new ones. This allows us to plot the data in a concise way, for 
example by plotting the second principal component (PC2) against the first principal 
component (PC1). Colonies which are close together in this plot will be similar in terms of the 
original set of environmental covariates. These exploratory analyses informed the selection 
of suitable subsets of colonies which shared environmental, geographic or regional 
similarities. 
  
To determine which grouping (all colonies or the various sub-sets of colonies identified) was 
likely to be most appropriate for making geographically extrapolated predictions to each 
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unsurveyed area, we compared the predictive abilities of models generated from each 
grouping using cross-validation. This involved omitting data from each colony in the grouping 
in turn to assess the ability of a model built using data from the remaining colonies in that 
group to predict to the colony omitted. The results of the cross-validation exercise (Brewer et 
al 2013b) showed that model performance was generally better when data from all available 
colonies for that species are combined.  
 
Therefore, for the final Phase 2 models, we pooled data across all available colonies for 
each species. As with Phase 1, a weighted binomial GLM was applied. For extrapolating to 
new colonies, we aimed to identify relationships which were consistent across colonies and 
which were most biologically plausible. So for the final Phase 2 models, for each species we 
limited the candidate covariates to those which were selected in at least one third of all 
Phase 1 models for that species, and which had a biological ranking of ≤5 (see Appendix 1) 
(recognising that model selection may then further reduce the covariates within the models). 
Boxplots were used to compare the range of values for the shortlisted candidate covariates 
at the colonies for which predictions were required with those for which data were available, 
to confirm that there was overlap in these values between the colonies in Phase 1 and 2; this 
is important for extrapolation purposes. 
 
ii Model selection and assessing model performance 
 
Our main concern for Phase 2 was ensuring the models performed well when extrapolated 
to new areas. Therefore model selection for Phase 2 was based on the ability of models to 
predict data from new colonies. The predictive ability of models consisting of all 
combinations of the candidate covariates was tested using cross-validation, by omitting each 
colony in turn and developing a model using data from the remaining colonies. Three scores 
were used to compare the predictive ability of the models in the cross-validation (see Box 2). 
For each scoring method, the scores omitting each colony in turn were then averaged to give 
an overall score. For common and Sandwich terns, the cross-validation exercise was 
repeated excluding the salinity in spring covariate so that North Norfolk tern data could be 
included (salinity in spring data were not available for this area). The covariates chosen for 
the final model (which would be built using data from all colonies) were those contained 
within the model was that supported by two of the three scoring methods (based on the 
average score from each), except where there were extrapolation issues (see Results), in 
which case the next best model was chosen. As well as providing a tool for model selection, 
the cross-validation exercise provided an indication of the predictive ability of the final model 
chosen, and therefore our confidence in its performance. 
 
Box 2. The three scores used for cross-validation exercises to assess predictive ability of 
each model. 
 


(1) The Brier score or mean squared error 
21 )( iin py −∑  


where y is the binary variable indicating foraging behaviour and p is the predicted 
probability.   
This represents the mean squared difference between the actual outcome (1 for presence 
or 0 for a control point) and the predicted probability of presence; lower values indicate a 
better model. 
 
(2) A logarithmic score related to the log-likelihood ))1log()1()log((1


iiiin pypy −−+= ∑  
 This score means that the best model is the one which gives the highest predicted 
probability to the data; higher values of this score indicate a better model. 
 
(3) The area under the curve (AUC), representing the area under the receiving operating 
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characteristic (ROC) curve. This is equivalent to the Wilcoxon signed-ranked test (Mason & 
Graham 2002) and was calculated by this method using the function roc.area in the R 
package ‘verification’.  If the model provided a perfect separation of the presences from the 
control points the AUC score would be 1, whereas it is 0.5 for a model with no 
discriminatory power.  
 
The AUC is a widely used statistic for assessing species distribution models, but has been 
criticised for a number of reasons, including the fact that it is insensitive to transformations 
of the predicted probabilities that preserve their ranks (Lobo et al, 2008; Jiménez-Valverde 
2012) and reliance on AUC as a single measure of model performance has therefore been 
questioned (Austin 2007). The Brier and logarithmic scores have similar properties but 
there is no clear criterion for preferring one over the other (Machete 2013). 


 
2.2.5 Application of Phase 1 and 2 models 
 
The intention is to use the model outputs from this project as part of the evidence base for 
any possible marine SPAs for the larger tern species. As such, further analyses (not 
reported here) are being undertaken using the maximum curvature technique (O’Brien et al 
2012) to delineate possible boundaries based on the intensity with which foraging terns are 
predicted to be using the marine environment. For two of the Phase 1 colony-specific models 
(Sandwich terns at Farne Islands SPA and Larne Lough SPA) these analyses failed to find a 
point of maximum curvature, most likely due to the predicted output values containing a very 
high proportion of very small values. As an alternative, we applied generic models (under 
Phase 2), which were amenable to maximum curvature analysis. It is these Phase 2 models 
which are presented here for these two particular cases. 
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3 Results 
 
3.1 Data coverage overview 
 
Visual tracking proved to be a successful non-invasive data collection technique across all 
four larger tern species and to our knowledge this is the first time it has been undertaken on 
roseate terns. It is important that the behaviour and welfare of sampled birds is not adversely 
affected by the survey method and we found that birds appeared to generally ignore the 
presence of the vessel with observers recording very few instances of birds visibly reacting 
to the RIB, consistent with Perrow et al (2011). However, one of the difficulties with visual 
tracking is that it can be difficult to maintain constant visual contact with a bird and around 
63% of terns tracked were lost before they completed their foraging trip (Table 3), for 
example because they flew faster than the RIB could follow; they were lost within flocks; or 
tracking had to cease due to safety issues such as areas of shallow reef. 
 
The total number of tracks obtained was 1005 including 55 (6%) for roseate tern (2 SPAs), 
184 (18%) for Arctic tern (6 SPAs, 1 non-SPA), 381 (38%) for common tern (7 SPAs, 1 non-
SPA) and 385 (38%) for Sandwich tern (5 SPAs, 1 non-SPA), with multiple years of data 
collected at five of the ten JNCC study colony SPAs. In addition, visual tracking data were 
obtained through a data-sharing agreement with ECON Ecological Consultancy Ltd for two 
SPAs: Ynys Feurig, Cemlyn Bay and The Skerries SPA (136 Sandwich, 2 common and 1 
Arctic tern track, all collected in 2009) and North Norfolk Coast SPA (108 Sandwich and 24 
common tern tracks collected 2006-2008). This gives a total of 1276 tracks available to the 
project, although not all data were used in the modelling (see below). An overview of sample 
sizes obtained for each colony is given in Figure 2. The raw tracking data and analyses 
outputs for each colony SPA are detailed in the relevant colony SPA sections below. The 
vast majority of the data (c. 95%) were collected during a period timed to coincide with the 
chick-rearing period. The maximum foraging ranges that we recorded for each species at 
each colony are given in Table 4 along with the mean maximum across colonies. The most 
recent published mean maximum estimates available (Thaxter et al 2012, also shown in 
Table 4) fell within the range of mean maximum values we recorded, though it is important to 
note that the Thaxter et al 2012 estimates are largely based on data collected using methods 
other than visual-tracking.  
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Figure 2. Data coverage and sample sizes for the relevant colony SPAs of interest, for each of 
the four larger tern species. The mean number (and range) of Apparently Occupied Nests (AON) 
are given as calculated using JNCC’s Seabird Monitoring Programme database in 2010 (see 
Methods), except for South Shian and Glas Eileanan where data were kindly provided by C. 
Craik. Boxes are colour-coded according to whether models were developed under Phase 1 (site-
specific) or Phase 2 (generic).  Note that some data were collected that were not used in the 
modelling (see Results). 
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Table 3. The number and percentage of complete tracks compared to the total number (complete and incomplete), for each tern species per SPA per year, for 
data collected by JNCC. 


SPA  


Total 
no. of 
tracks 


complete 
tracks 


Total 
no. of 
tracks 


complete 
tracks 


Total 
no. of 
tracks 


complete 
tracks 


Total 
no. of 
tracks 


complete 
tracks 


n % n % n % n % 
2009 


 
Arctic tern common tern roseate tern Sandwich tern 


Ynys Feurig, Cemlyn Bay and The Skerries 2 1 50 30 9 30 0 0 - 112 25 22 
Copeland Islands 1 0 0 0 0 - 0 0 - 0 0 - 
Coquet Island 47 13 32 37 10 27 21 8 38 49 16 33 
Imperial Dock Lock 0 0 - 114 48 42 0 0 - 0 0 - 
Larne Lough 0 0 - 18 9 50 0 0 - 10 4 40 
Outer Ards 6 5 83 4 2 50 0 0 - 9 2 22 
2010 


 
Arctic tern common tern roseate tern Sandwich tern 


Copeland Islands 2 0 0 0 0 - 0 0 - 0 0 - 
Coquet Island 14 7 50 13 8 50 1 0 0 8 2 25 
Farne Islands 42 20 48 3 0 0 0 0 - 37 11 30 
Imperial Dock Lock 0 0 - 23 7 30 0 0 - 0 0 - 
Larne Lough 0 0 - 2 1 50 1 0 0 13 7 54 
Outer Ards 1 1 100 0 0 - 0 0 - 8 1 13 
Forth Islands 10 5 50 2 1 50 0 0 - 0 0 - 
2011 


 
Arctic tern common tern roseate tern Sandwich tern 


Copeland Islands 10 6 60 0 0 - 0 0 - 0 0 - 
Coquet Island 49 22 45 42 18 43 31 15 48 71 12 17 
Larne Lough 0 0 - 29 13 45 1 0 0 15 7 47 
Mull, Glas Eileanan 2 0 100 48 29 60 0 0 - 0 0 - 
Mull, South Shian 0 0 - 15 0 0 0 0 - 0 0 - 
Outer Ards 4 1 25 1 0 0 0 0 - 2 2 100 
Sands of Forvie 0 0 - 0 0 - 0 0 - 51 26 51 
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Table 4. Maximum foraging ranges recorded (regardless of whether the track was complete or 
incomplete) for each species at each colony and the mean maximum across all colonies. 
 Maximum foraging range (km) recorded 
Colony Arctic Common Roseate Sandwich 
Blakeney Point, North Norfolk  12.29 (n=24)  42.5 (n=58) 
Cemlyn Bay  12.18 (n=31)  34.75 (n=248) 
Cockle Island, Outer Ards 46.01 (n=11) 19.88 (n=5)  36.89 (n=19) 
Copeland Islands 39.56 (n=13)    
Coquet Island 22.8 (n=104) 17.89 (n=92) 18.68 


(n=53) 27.61 (n=124) 


Farne Islands 20.66 (n=42)   20.23 (n=37) 
Glas Eileanan  13.68 (n=48)   
Larne Lough (Blue Circle 
Island and Swan Island)  30.38 (n=49)  17.25 (n=38) 


Imperial Dock Lock  
21.04 


(n=137)   
Sands of Forvie    22.89 (n=51) 
Scolt Head, North Norfolk    54 (n=48) 
South Shian  21.55 (15)   
Mean Maximum Foraging 
Range 32.26 (n=4) 18.61 (n=8) 18.68 


(n=1) 32.02(n=8) 


Mean Maximum from Thaxter 
et al (2012) 24.2 (4) 15.2 (6) 16.6 (6) 49 (2) 


 
The number of tracks for each colony/species is given in parenthesis. Data considered 
potentially unrepresentative were excluded (Firth of Forth data; datasets with fewer than five 
tracks; any tracks where birds were picked up offshore rather than adjacent to the colony as 
was the case for some of the ECON Ecological Consultancy Ltd data)  The most recent 
published mean maximum estimates available (Thaxter et al 2012) are shown for 
comparison. 
 
3.2 Model results overview 
 
The results from the model development phase of the project are available in the relevant 
contract reports (Brewer et al 2012a, c and Potts et al 2013a for Phase 1, and Brewer et al 
2012b for Phase 2) and are not repeated here. Instead we focus here on the final models 
applied in the project (described in Potts et al 2013b, c and Potts & Brewer 2014). Table 5 
summarises the final Phase 1 models for each species and colony, along with the sample 
sizes of the data underlying the models; model selection details can be found in Appendix 2 
and the final model equations can be found in Appendix 3. 
 
For Phase 2, the candidate covariates that were short-listed for input into model building 
were those which were selected in at least one third of the Phase 1 models and had a 
biological ranking ≤5 (see Appendix 1). These are shown in Table 6. Model selection using 
cross-validation was then carried out on models containing different combinations of these 
covariates. The detailed results of the cross-validation using the three different scoring 
methods (see Methods) are given in Potts et al (2013c) and summarised in Table 7. For 
Arctic terns the preferred model involved distance to colony and bathymetry and was 
supported by all three scoring methods (Table 6). Boxplots showed that there were no 
extrapolation issues for bathymetry (i.e. there was overlap in the range of values at the 
colonies for which predictions were required with those for which data are available) (see 
Potts et al 2013c). For common terns the preferred model involved distance to colony, 
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distance to shore and bathymetry. This model was chosen by all three scores except by the 
AUC score when applied to models using the full candidate covariate dataset (i.e. excluding 
Blakeney Point tern data but including salinity, see Methods); in the latter case the preferred 
model involved only distance to colony (Table 6). As with Arctic terns, there were no 
extrapolation issues for bathymetry. For Sandwich terns three different models were each 
supported twice across the six evaluation methods applied (Table 6). When North Norfolk 
data are excluded (to allow salinity in spring to be included, see Methods), the best model 
according to the likelihood score is one involving distance to colony, distance to shore and 
bathymetry, while the best model according to the other two scores is one involving distance 
to colony, distance to shore and salinity in spring. When North Norfolk data are included the 
model involving distance to colony, distance to shore and bathymetry is again selected, this 
time by the mean squared error score, although the model that involves just distance to 
colony and bathymetry is selected by the other two scores. As there are extrapolation issues 
with salinity in spring (due to the different ranges that this variable takes at different colonies 
and because this variable is not available for the Greater Wash area), the recommended 
model is therefore one involving distance to colony, distance to shore and bathymetry; these 
covariates were consistently selected across the short-list of models identified by the 
different evaluation methods. 
 
Table 8 shows the covariates selected in the final models for each species under Phase 2, 
along with the sample sizes for the data underlying the models, and the list of colonies to 
which predictions were made with the models. The final model equations can be found in 
Appendix 3. 
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Table 5. Covariates selected in the final models for each species and colony under Phase 1, along with the sample sizes for the data underlying the models. 
Only tracks containing foraging records were used in the modelling. 


Species SPA 
No. 
tracks 
available 


No. 
tracks 
used in 
model 


No. 
years 
of data 


Covariates in the final Phase 1 model 


Arctic tern 


Farne Islands 42 32 1 Distance to colony, salinity in spring 


Coquet Island 104 91 3 Distance to colony, chlorophyll concentration in 
June, bathymetry 


Outer Ardsa  11 24 
 


3 
 


Distance to colony, shear stress current 
 Copeland Islandsa 13 


Common 
tern 


Coquet Island 
 
 


90 75 3 
Distance to colony, chlorophyll concentration in 
June, bathymetry, sea surface temperature in 
April 


North Norfolk Coast 24b 20 1 Distance to colony, shear stress wave 
Ynys Feurig, Cemlyn Bay and The Skerries 32b 19 1 Distance to colony, salinity in spring 


Larne Lough 49 32 3 Distance to colony, distance to shore, 
bathymetry, slope 


Imperial Dock Lock 137 118 2 Distance to colony, slope, salinity in spring, 
distance to shore, bathymetry 


Glas Eileanan 63c  49 1 Distance to colony, distance to shore, slope 
Roseate 
tern Coquet Island 53 40 3 Distance to colony, sea surface temperature in 


May, chlorophyll concentration in June 


Sandwich 
tern 


Coquet Island 127 90 3 Distance to colony, distance to shore 


North Norfolk Coast 108 b 88 3 Distance to colony, distance to shore, shear 
stress wave, bathymetry 


Ynys Feurig, Cemlyn Bay and The Skerries 248 b 72 1 Distance to colony, distance to shore, salinity in 
spring 


Ythan Estuary, Sands of Forvie and Meikle 
Loch 51 51 1 bathymetry, stratified temperature 


a Data from Outer Ards and Copeland Islands were combined to build a single model which was then applied separately to each SPA 
b includes data kindly provided by ECON Ecological Consultancy Ltd 
c includes data from South Shian 
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Table 6. The short-list of candidate covariates for each species for input into the Phase 2 models. 
Species Candidate covariates used for Phase 2 model building 
Arctic tern distance to colony, bathymetry, salinity in spring, chlorophyll concentration 


in June 
Common tern distance to colony, bathymetry, salinity in spring, distance to shore  
Sandwich tern distance to colony, bathymetry, salinity in spring, distance to shore 


 
Table 7. The summary results of model selection for Phase 2 using cross-validation. The models 
shown are those which were optimal according to each of the three different cross-validation scores 
(see methods). For common and Sandwich terns, cross-validation was carried out separately, both 
including and excluding salinity in spring (see Methods). The final model chosen is shown in bold.  
  Optimal model according to different  


cross-validation scores 
Species Model Likelihood MSE AUC Likelihood MSE AUC 
Arctic tern Distance to colony, 


bathymetry 
      


  Including salinity Excluding salinity 
Common 
tern 


Distance to colony, 
distance to shore, 
bathymetry 


      


Distance to colony       
Sandwich 
tern  


Distance to colony, 
distance to shore, 
bathymetry 


      


Distance to colony, 
distance to shore, 
salinity in spring 


      


Distance to colony, 
bathymetry 
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Table 8. Covariates selected in the final models for each species under Phase 2, along with the sample sizes for the data underlying the models, and the list of 
colonies to which predictions were made with the models. Only tracks containing foraging records were used in the modelling. 


Species SPAs (and track sample sizes) 
used to build model Model SPAs to which predictions were made 


Arctic tern 


Farne Islands (n = 32) 
Distance to colony, 
bathymetry  


Ynys Feurig, Cemlyn Bay and The Skerries; 
Strangford Lough; Fetlar; Mousa; Papa Stour; Foula; Fair Isle; 
Auskerry; Papa Westray; Rousay; Pentland Firth Islands; Firth of 
Forth Islands 


Coquet Island (n = 91) 
Outer Ards (n = 11) 
Copeland Islands (n = 13) 


Common tern 


Coquet Island (n = 75) 


Distance to colony, 
distance to shore, 
bathymetry 


Firth of Forth Islands; Farne Islands; The Wash; Breydon Water; 
Foulness; Dungeness to Pett Level; Solent and Southampton 
Water; Poole Harbour; Ynys Feurig, Cemlyn Bay and The 
Skerries; The Dee Estuary; Ribble & Alt Estuaries; Carlingford 
Lough; Strangford Lough  


North Norfolk Coast (n = 20) 
Larne Lough (n = 32) 
Imperial Dock Lock (n = 118) 
Glas Eileanan (n = 49a) 
Farne Islands (n = 3) 


Sandwich tern 


Coquet Island (n = 90) 


Distance to colony, 
distance to shore, 
bathymetry 


Duddon Estuary; Carlingford Lough; Strangford Lough; Farne 
Islands; Larne Lough; Solent and Southampton Water; 
Chichester and Langstone Harbours 


Ynys Feurig, Cemlyn Bay and The 
Skerries (n = 72) 
Larne Lough (n = 30) 
Ythan Estuary, Sands of Forvie and 
Meikle Loch (n = 51) 
Farne Islands (n=34) 


  
a Includes data from South Shian 
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3.3 Results by colony SPA 
 
The final Phase 1 and 2 models documented above were used to make predictions for each 
species around all the colonies of interest which are shown as mapped outputs of relative 
usage (see Box 1, Section 2.2.2.i) in the following sections for each colony SPA. The spatial 
extent of the usage predictions around each colony is defined by a radius equal to the 
species-specific global maximum foraging range (see Section 2.2). The usage values 
displayed in the maps represent predicted relative densities of foraging locations and are not 
absolute values. Mapping of quantities, such as relative distributions or densities, can look 
very different depending on how the data are grouped (binned). The bin categories used for 
the model outputs presented here were based on natural groupings inherent in the data 
(‘natural jenks’). These were determined automatically in ArcMap, which identified break 
points that best grouped similar values and maximized the differences between classes. The 
bin category colours therefore cannot be compared on a like for like basis between species 
and between colonies. 
 
As usage values are expressed as proportions which sum to one across the maximum 
foraging range, the values for each grid cell could potentially become very small due to the 
fine resolution (500m x 500m) of our spatial grid (i.e. large numbers of grid cells). Hence, for 
mapping purposes, usage values were multiplied by 1000. 
 
3.4 English colony SPAs 


 
3.4.1 Farne Islands SPA 
 
For the Farne Islands SPA, the species of interest for the project were Arctic, common and 
Sandwich terns. A total of 81 tern tracks was obtained for these species over a single survey 
season in 2010, with two separate periods of tracking carried out timed to coincide with 
incubation (mid May) and chick-rearing (mid June) (Table 9); these are shown in Figure 3. 
The distribution of Arctic tern tracks tended to radiate out to the northeast, east and 
southeast from the islands. Only three common terns were tracked from the Farnes Islands 
(one of which was lost soon after leaving Inner Farne). Sandwich terns tracked from Inner 
Farne all headed towards the coast (with some then heading up or down the coast); one of 
these headed north to Holy Island before it turned back and went to Brownsman Island 
within the Outer Farnes group (rather than return to Inner Farne).  Only one Sandwich tern 
was tracked from the Outer Farnes group.  
 
Table 9. Sample sizes of tracks obtained for tern species breeding at Farne Islands SPA. 
Species No. of tracks 2010 


(Inner Farne) 
No. of tracks 2010 


(Outer Farnes) 
Total 


16-23 
May 


15-22 
June 


16-23 May 15-22 June 


Arctic tern 5 15 11 11 42 
Common tern 1 1 1 0 3 
Sandwich tern 18 18 0 1 37 
Total 23 32 12 14 81 
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 (a) 


 


(b) 


 


(c)  


 


 
 


Figure 3. Tracks of (a) Arctic, (b) common and (c) Sandwich terns tracked from the Farne Islands 
SPA during 2010.  
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A site-specific model (under Phase 1) was generated for Arctic terns but due to the very low 
sample size of tracks, no site-specific model was generated for common terns and instead a 
generic model (under Phase 2) was used. Initially we generated a site specific model for 
Sandwich terns (under Phase 1) but this was not amenable to the further analyses (not 
reported here) we wished to apply to delineate possible SPA boundaries. As an alternative, 
we applied a generic model (under Phase 2) which is reported here (see Methods, Section 
2.2.5).  
 
For Arctic terns the results of the bootstrapping and the model selection process are given in 
Appendix 2. Details of model selection for the Phase 2 models for common and Sandwich 
terns are given in Potts et al 2013c. The final models selected are shown in Table 10. 
Distributions of predicted usage were made for Inner Farne and the Outer Farnes Group 
(centred on Brownsman Island) (Figure 4). These closely matched the underlying data for 
Arctic tern, while for Sandwich tern the predicted usage closely matched the underlying data 
around Inner Farne and also identified a hotspot around the Outer Farnes from where we 
were only able to track a single individual. As there were only data for three tracks for 
common terns, we do not compare this with the modelled prediction. 
 
Table 10. The final models selected for each species for the Farne Islands SPA.  
Species Model Terms  
Arctic tern Site-specific distance to colony, salinity in spring 
Common tern Generic distance to colony, distance to shore and 


bathymetry 
Sandwich tern Generic distance to colony, distance to shore and 


bathymetry 
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(a) 


 


(b) 


 


(c)  


 


(d)  


 


Figure 4. Predicted relative usage of the waters around Inner and Outer Farne Islands for Arctic (a, b) 
and common terns (c, d). Usage values are relative and binned using natural groupings inherent in 
the data (natural jenks, which reduce the variance within classes and maximize the variance between 
classes, determined within ArcMap v10.1).  
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(e) 


 


(f) 


 


Figure 4 (cont). Predicted relative usage of the waters around the Inner (e) and Outer Farne 
Islands (f) for Sandwich tern. Usage values are relative and binned using natural groupings inherent 
in the data (natural jenks, which reduce the variance within classes and maximize the variance 
between classes, determined within ArcMap v10.1). 
 
3.4.2 Coquet Island SPA 
 
For Coquet Island SPA, the species of interest for the project were Arctic, common, roseate 
and Sandwich terns. A total of 374 tern tracks was obtained for these species over three 
survey seasons from 2009-2011 (Table 11). Tracking work was timed to coincide with the 
chick-rearing season, except in 2010 when data were also collected during the incubation 
period in May. The distribution of Arctic and common tern tracks tended to radiate out in all 
directions from the colony, while those for roseate terns tended to be confined to Alnmouth 
Bay northeast of Coquet Island, and those for Sandwich terns were concentrated in a 
coastal strip from just north of Alnmouth Bay down to Druridge Bay (Figure 5). 


Table 11. Sample sizes of tracks obtained for the four tern species breeding at Coquet Island SPA. 
Species No. of tracks 


 2009 
(3-26 June) 


2010 
(19-21 May;  
17-23 June) 


2011 
(7 June- 1July) Total 


Arctic tern 41 14 49 104 
Common tern 35 13 42 90 
Roseate tern 21 1 31 53 
Sandwich tern 48 8 71 127 
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 (a) 


 


(b) 


 


(c)  


 


(d) 


 


Figure 5. Tracks of (a) Arctic, (b) common, (c) roseate and (d) Sandwich terns tracked from Coquet 
Island SPA from 2009-2011.  
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The results of the bootstrapping and model selection process are given in Appendix 2. The 
final models selected are shown in Table 12. Distributions of predicted relative usage closely 
matched the underlying data and are shown in Figure 6. The exception to this is that the 
predicted distribution for roseate terns was more widespread than the recorded observations 
from visual tracking. It was not possible to generate predictions for many of the grid cells 
which were between c.1-2km adjacent to the coast for Arctic or common terns. This is due to 
missing data in one or more of the covariates selected in the final model. Missing values 
close to the coast are common for the chlorophyll concentration and sea surface 
temperature covariates as these are derived from satellite imagery, which is prone to 
inaccurate measurement close to the coast due to cloud cover. 
 
Table 12. The final models selected for each species for Coquet Island SPA.  
Species Model Terms  
Arctic tern Site specific distance to colony, chlorophyll concentration in June, 


depth 
Common tern Site specific distance to colony, chlorophyll concentration in June, 


depth, sea surface temperature in April 
Roseate tern Site specific distance to colony, temperature stratification 
Sandwich tern Site specific distance to colony, distance to shore 
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(a) 


 


(b)


 


(c) 


 


(d)


 


Figure 6.  Predicted relative usage of the waters around Coquet Island for (a) Arctic, (b) common, (c) 
roseate and (d) Sandwich terns. Usage values are relative and binned using natural groupings 
inherent in the data (natural jenks, which reduce the variance within classes and maximize the 
variance between classes, determined within ArcMap v10.1). 
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3.4.3 The Wash SPA 
 
For The Wash SPA the species of interest for the project was common tern. No visual 
tracking data were available so a generic model was applied (Table 13). Details of model 
selection for this Phase 2 model are given in Potts et al 2013c. Predictions of relative usage 
were made around Freiston Shore and Snettisham, the only two notable common tern 
colonies within The Wash SPA (the only other common tern colony in within The Wash SPA 
is Frampton Marsh, with a mean of 10 AON between 2009-2013). These are shown in 
Figure 7. The predicted distributions were highest around each colony and decreased with 
distance from each colony; the foraging areas of birds from each colony did not tend to 
overlap. 
 
 Table 13. The final model selected for The Wash SPA.  
Species Model Terms 
Common tern Generic Distance to colony, distance to shore, bathymetry 


 
(a) 


 


(b) 


 


Figure 7.  Predicted relative usage of the waters around Freiston Shore (a) and Snettisham (b) within 
The Wash SPA for common terns. Usage values are relative and binned using natural groupings 
inherent in the data (natural jenks, which reduce the variance within classes and maximize the 
variance between classes, determined within ArcMap v10.1). 
 
3.4.4 North Norfolk Coast 
 
For the North Norfolk Coast SPA, the species of interest for the project were common and 
Sandwich terns. Data were kindly provided to the project by Econ Ecological Consultancy 
Ltd. A total of 132 tern tracks were available for the two species; Sandwich terns were 
tracked from both Scolt Head and Blakeney Point over three survey seasons from 2006 to 
2008 while common terns were tracked from Blakeney point during 2008 (Table 14).  
Tracking work was generally timed to coincide with the chick-rearing season, except in 2007 
when data were also collected during the incubation period in May. The distribution of 
Sandwich tern tracks tended to radiate out to sea in all directions out to sea from both Scolt 
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Head and Blakeney Point, while those for common terns tended to be confined in a coastal 
strip just north and north-east from Blakeney Point (Figure 8). 


Table 14. Sample sizes of tracks obtained for North Norfolk Coast SPA. 


Species 


No. of tracks 
Scolt 
Head 


Blakeney 
Point 


Scolt 
Head 


Blakeney 
Point 


Total 
2006 


 
(2-17 
June; 


2-25 July) 


2007 
 


(17 May; 
12-18 June; 
9-10 July) 


2007 
 


(13-19 
June; 12-
23 July) 


2008 
 


(4-14 July) 


Common tern - -  24 24 
Sandwich tern 32 34 16 26 108 
      
(a) 


 


(b) 


 


Figure 8. Tracks of (a) common and (b) Sandwich terns tracked from North Norfolk Coast SPA from 
2006-2008. Common terns were only tracked from Blakeney Point, while Sandwich terns were tracked 
from both Scolt Head and Blakeney Point. 
 


The result of the bootstrapping and model selection process are given in Appendix 2. The 
final models selected are shown in Table 15. Common terns were only tracked from 
Blakeney Point so we used the common tern model generated from Blakeney Point data to 
extrapolate usage predictions to Scolt Head (around 20km along the coast). Common terns 
at Scolt Head were treated this way rather than being considered under Phase 2 because 
the Scolt Head colony is within the same SPA complex as Blakeney Point.  Predictions of 
relative usage were made around both Blakeney Point and Scolt Head and are shown in 
Figure 9. Predicted usage was highest around the colony, generally decreasing with 
distance from the colony. However both common tern and Sandwich tern predicted usage 
from Scolt Head show a particular section of the usage surface to the north west of the 
colony where predicted usage does not change in the smooth pattern seen elsewhere. This 
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is attributable to the underlying shear stress wave data, which forms one of the covariates of 
both these models. At that particular section, the shear stress wave values change abruptly. 
 
Table 15. The final models selected for North Norfolk Coast SPA.  
Species Model Terms 
Common tern Site specific distance to colony, shear stress wave 


Sandwich tern Site specific distance to colony, distance to shore, shear stress 
wave, bathymetry 
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(a) 


 


(b) 


 


(c)


 


(d)


 
Figure 9. Predicted relative usage of the waters around North Norfolk Coast SPA for common terns 
around Scolt Head(a) and Blakeney Point (b) and for Sandwich terns around Scolt Head (c) and Blakeney 
Point (d).  Usage values are relative and binned using natural groupings inherent in the data (natural 
jenks, which reduce the variance within classes and maximize the variance between classes, determined 
within ArcMap v10.1). 
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3.4.5 Breydon Water 
 
For Breydon Water SPA the species of interest for the project was common tern. No visual 
tracking data were available so a generic model was applied (Table 16). Details of model 
selection for this Phase 2 model are given in Potts et al 2013c. Distributions of predicted 
relative usage (Figure 10) radiated out from the colony, generally declining with distance to 
colony and shore. 
  
Table 16. The final model selected for Breydon Water.  
Species Model Terms 
Common tern Generic Distance to colony, distance to shore, bathymetry 


 


 


Figure 10. Predicted relative usage of the waters around Breydon Water for common terns. Usage 
values are relative and binned using natural groupings inherent in the data (natural jenks, which 
reduce the variance within classes and maximize the variance between classes, determined within 
ArcMap v10.1). 


 
3.4.6 Foulness (Mid-Essex Coast Phase 5) 
 
For Foulness (Mid-Essex Coast Phase 5) SPA the species of interest for the project was 
common tern. No visual tracking data were available so a generic model was applied (Table 
17). Details of model selection for this Phase 2 model are given in Potts et al 2013c. 
Distributions of predicted relative usage (Figure 11) radiated out from the colony, generally 
declining with distance to colony. 
 
Table 17. The final model selected for each species at Foulness (Mid-Essex Coast Phase 5) SPA. 
Species Model Terms 
Common tern Generic Distance to colony, distance to shore, bathymetry 
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Figure 11. Predicted relative usage of the waters around Foulness for common terns. Usage 
values are relative and binned using natural groupings inherent in the data (natural jenks, which 
reduce the variance within classes and maximize the variance between classes, determined within 
ArcMap v10.1). 


 
3.4.7 Dungeness to Pett Level 
 
For Dungeness to Pett Level SPA the species of interest for the project was common tern. 
No visual tracking data were available so a generic model was applied (Table 18). The 
details of model selection for this Phase 2 model are given in Potts et al 2013c. Predictions 
of relative usage were made around the colony at Rye Harbour and are shown in Figure 12. 
Predicted distributions were highest around the colony, generally declining with distance to 
colony.  
 
Table 18. The final model selected for Dungeness to Pett Level SPA. 
Species Model Terms 
Common tern Generic Distance to colony, distance to shore, bathymetry 
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Figure 12. Predicted relative usage of the waters around Rye Harbour within  Dungeness to Pett 
Level SPA for common terns. Usage values are relative and binned using natural groupings 
inherent in the data (natural jenks, which reduce the variance within classes and maximize the 
variance between classes, determined within ArcMap v10.1). 
 
3.4.8 Chichester and Langstone Harbour 
 
For Chichester and Langstone Harbours SPA, the species of interest for the project was 
Sandwich tern. No visual tracking data were available so a generic model was applied 
(Table 19). Details of model selection for this Phase 2 model are given in Potts et al 2013c. 
Predictions of relative usage were made separately to Chichester Harbour and Langstone 
Harbour and are shown in Figure 13. Predicted distributions radiated out from each colony, 
generally declining with distance to each colony. The pattern of predicted usage extended 
towards the north eastern coastline of the Isle of Wight. 
 
Table 19. The final model selected for Chichester and Langstone Harbours SPA. 
Species Model Terms 
Sandwich tern Generic Distance to colony, distance to shore, bathymetry 
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 (a) 


 


(b) 


 


Figure 13. Predicted relative usage of the waters around (a) Chichester Harbour and (b) Langstone 
Harbour for Sandwich terns. Usage values are relative and binned using natural groupings inherent in 
the data (natural jenks, which reduce the variance within classes and maximize the variance between 
classes, determined within ArcMap v10.1). 
 
3.4.9 Solent and Southampton Water 
 
For Solent and Southampton Water SPA the species of interest for the project were common 
and Sandwich terns. No visual tracking data were available so generic models were applied 
(Table 20). Details of model selection for these Phase 2 models for common and Sandwich 
terns are given in Potts et al 2013c. Predictions of relative usage were made to North Solent 
NNR and to Pitts-Deep-Hurst for Sandwich tern, and to Pitts-Deep-Hurst for common tern 
(Figure 14). Predicted distributions were highest around each colony, generally decreasing 
with distance from each colony. 
 
Table 20. The final model selected for each species at Solent and Southampton Water SPA. 
Species Model Terms 
Common tern Generic Distance to colony, distance to shore, bathymetry 
Sandwich tern Generic Distance to colony, distance to shore, bathymetry 
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(a)


 


(b) 


 


(c) 


 


 


Figure 14. Predicted relative usage of the waters around (a) North Solent NNR and (b) Pitts-Deep-
Hurst for Sandwich terns and around Pitts-Deep-Hurst (c) for common terns. Usage values are 
relative and binned using natural groupings inherent in the data (natural jenks, which reduce the 
variance within classes and maximize the variance between classes, determined within ArcMap 
v10.1). 
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3.4.10 Poole Harbour 
 
For Poole Harbour SPA the species of interest for the project was common tern. No visual 
tracking data were available so a generic model was applied (Table 21). Details of model 
selection for this Phase 2 model are given in Potts et al 2013c. Distributions of predicted 
relative usage are shown in Figure 15. The predicted distributions were highest around the 
colony and decreased with distance from the colony. 
 
Table 21. The final model selected for each species at Poole Harbour SPA. 
Species Model Terms 
Common tern Generic Distance to colony, distance to shore, bathymetry 


 


 


Figure 15. Predicted relative usage of the waters around Poole Harbour for common terns. Usage 
values are relative and binned using natural groupings inherent in the data (natural jenks, which 
reduce the variance within classes and maximize the variance between classes, determined within 
ArcMap v10.1). 
 


3.4.11 Ribble and Alt Estuaries 
 
For Ribble and Alt Estuaries SPA the species of interest for the project was common tern. 
No visual tracking data were available so a generic model was applied (Table 22). Details of 
model selection for this Phase 2 model are given in Potts et al 2013c. Predictions of relative 
usage were made to the colony at Ribble Marshes and are shown in Figure 16. Predicted 
distributions were highest around the colony, decreasing with distance from the colony. 
 
 Table 22. The final model selected for each species at Ribble and Alt Estuaries SPA. 
Species Model Terms 
Common tern Generic Distance to colony, distance to shore, bathymetry 
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Figure 16. Predicted relative usage of the waters around Ribble Marshes for common terns. Usage 
values are relative and binned using natural groupings inherent in the data (natural jenks, which 
reduce the variance within classes and maximize the variance between classes, determined within 
ArcMap v10.1). 
 


3.4.12 Duddon Estuary 
 
For Duddon Estuary SPA the species of interest for the project was Sandwich tern. No visual 
tracking data were available so a generic model was applied (Table 23). Details of model 
selection for this Phase 2 model are given in Potts et al 2013c. Distributions of predicted 
relative usage are shown in Figure 17. Predicted distributions were highest around the 
colony, decreasing with distance from the colony and from the shore. 
 
Table 23. The final model selected for each species at Duddon Estuary SPA. 
Species Model Terms 
Sandwich tern Generic Distance to colony, distance to shore, bathymetry 
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Figure 17. Predicted relative usage of the waters around Duddon Estuary for Sandwich terns. 
Usage values are relative and binned using natural groupings inherent in the data (natural jenks, 
which reduce the variance within classes and maximize the variance between classes, determined 
within ArcMap v10.1). 
 


3.5  English/Welsh colony SPAs 
 
3.5.1 The Dee Estuary 
 
For The Dee Estuary SPA the species of interest for the project was common tern. No visual 
tracking data were available so a generic model was applied (Table 24). Details of model 
selection for this Phase 2 model are given in Potts et al 2013c. Predictions of relative usage 
were made to the colony at Shotton Pools are shown in Figure 18. Predicted distributions 
were highest around the colony, decreasing with distance from the colony. The predicted 
areas of usage did not extend beyond The Dee Estuary SPA. 
  
Table 24. The final model selected for each species at The Dee Estuary SPA. 
Species Model Terms 
Common tern Generic Distance to colony, distance to shore, bathymetry 
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Figure 18. Predicted relative usage of the waters around Shotton Pools for common terns. Usage 
values are relative and binned using natural groupings inherent in the data (natural jenks, which 
reduce the variance within classes and maximize the variance between classes, determined within 
ArcMap v10.1). 
 
3.6 Welsh colony SPAs 
 
3.6.1 Ynys Feurig, Cemlyn Bay and The Skerries 
 
For Ynys Feurig, Cemlyn Bay and The Skerries SPA, the species of interest for the project 
were Arctic, common and Sandwich terns. A total of 157 tern tracks was obtained, all 
collected for birds located at the colony at Cemlyn Bay (Table 25). Data were collected over 
a single survey season in 2009 (Table 11) and were timed to coincide with the chick-rearing 
period. The distribution of common tracks radiated northwards from Cemlyn Bay, whereas 
Sandwich tern tracks tended to radiate mainly to the north and north-east out from the 
colony at Cemlyn Bay, predominantly running eastwards along the northern coast of 
Anglesey, with multiple tracks running as far as the east coast of Anglesey (Figure 19). Only 
three Arctic terns were tracked (Figure 19). 
 
Table 25. Sample sizes of tracks obtained for Ynys Feurig, Cemlyn Bay and The Skerries SPA. All 
data were collected at Cemlyn Bay. 
Species No. of tracks 


 Collected by JNCC 
(9 June – 6 July 


2009) 


Collected by Econ 
Ecological Consultancy Ltd 
(28-29 May; 10-11, 24 & 26 


June; 9-10 July 2009) 


Total 


Arctic tern 2 1 3 
Common tern 30 2 32 
Sandwich tern 112 136 248 
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(a) 


 


(b) 


 
(c) 


 


 


Figure 19. Tracks of (a) Arctic, (b) common and (c) Sandwich terns tracked from Ynys Feurig, 
Cemlyn Bay and The Skerries SPA from 2009. Includes data kindly provided by Econ Ecological 
Consultancy Ltd.  All birds were tracked from Cemlyn Bay, except for one Arctic and one common 
tern tracked by ECON Ecological Consultancy Ltd which were tracked from further offshore.  
 
The results of the bootstrapping and model selection process are given in Appendix 2 for the 
Phase 1 models generated and applied to Cemlyn Bay for common and Sandwich terns. 
Due to the low sample size for Arctic terns, a Phase 2 model was used for this species at 
Cemlyn Bay. Phase 2 models were applied to the other two colonies within the SPA for 
which no data were available for common and Arctic terns (Ynys Feurig and The Skerries). 
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Sandwich terns do not regularly occupy either Ynys Feurig or The Skerries so no models 
were applied in these cases. Details of model selection for the Phase 2 models are given in 
Potts et al 2013c. The final models selected are shown in Table 26. Distributions of predicted 
relative usage are shown in Figure 20 and closely matched the underlying data where data 
were available. Predicted distributions for Arctic terns were highest around each colony, 
decreasing with distance from each colony. A similar pattern was predicted for common 
terns at The Skerries and Ynys Feurig (using generic models). The distributions of common 
terns predicted around Cemlyn Bay, using the site-specific model, again predicted highest 
usage around the colony which decreased with distance from the colony, but this decline 
with distance to colony was more gradual to the east of the colony. Predicted distributions for 
Sandwich terns around Cemlyn Bay (using the site specific model) showed highest usage 
around the colony, declining with distance from colony but extending eastwards along the 
northern coast of Anglesey. 
 
Table 26. The final models selected for each species for Ynys Feurig, Cemlyn Bay and The Skerries 
SPA. See Appendix 2 for details on the model selection. 
Species Colonies Model Terms  


Arctic tern 


Ynys 
Feurig Generic Distance to colony, bathymetry 


The 
Skerries Generic Distance to colony, bathymetry 


Cemlyn 
Bay Generic Distance to colony, bathymetry 


Common tern 


Ynys 
Feurig Generic Distance to colony, distance to shore, bathymetry 


The 
Skerries Generic Distance to colony, distance to shore, bathymetry 


Cemlyn 
Bay Site specific Distance to colony, salinity in spring 


Sandwich 
tern 


Cemlyn 
Bay Site specific Distance to colony, distance to shore, salinity in 


spring 
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(a) 


 


(b) 


 


(c) 


 


(d) 


 


Figure 20. Predicted relative usage of the waters around (a) Ynys Feurig, (b) The Skerries and (c) 
Cemlyn Bay for Arctic terns; and around (d) Ynys Feurig for common terns. Usage values are 
relative and binned using natural groupings inherent in the data (natural jenks, which reduce the 
variance within classes and maximize the variance between classes, determined within ArcMap 
v10.1). 
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 (e) 


 


(f) 


 


(g) 


 


 


Figure 20 (cont). Predicted relative usage of the waters around (e) The Skerries and (f) Cemlyn 
Bay for common terns; and around (g) Cemlyn Bay for Sandwich terns. Usage values are relative 
and binned using natural groupings inherent in the data (natural jenks, which reduce the variance 
within classes and maximize the variance between classes, determined within ArcMap v10.1). 
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3.7  Northern Ireland colony SPAs 
 
3.7.1 Larne Lough 
 
For Larne Lough SPA, the species of interest for the project were common and Sandwich 
terns. A total of 87 tern tracks was obtained for these species over the three survey seasons 
from 2009-2011 with the vast majority of tracks obtained from Blue Circle Island (Table 27). 
Two tracks were also obtained for roseate terns. Tracking work was timed largely to coincide 
with the chick-rearing season, although four Sandwich terns and one roseate tern tracked on 
2 June in 2010 were thought to be incubating. The distribution of common tern tracks tended 
to largely concentrate immediately north-east of Larne Lough, although in 2009, two tracks 
also radiated out eastwards, and another one southwards of Larne Lough, whilst in 2011, 
birds also showed distribution inside the Lough itself and as far out as 20km northeast of the 
colony (Figure 21). In contrast, Sandwich tern tracks were concentrated along a coastal strip 
north and south of the colony, and within Larne Lough itself (Figure 21). Of the two tracks of 
roseate terns, one track went north of the colony, whilst the other remained within the Lough 
itself (Figure 21).  
 
Table 27. Sample sizes of tracks obtained for Larne Lough SPA. 


Species 


No. of tracks 
Swan Island Blue Circle Island 


Total 2009 
(26 June) 


2011 
(27 June) 


2009 
(2 June-
16 July) 


2010 
2 June; 
9 July) 


2011 
(2 June-1 


July) 
Common 
tern 0 1 18 2 28 49 


Sandwich 
tern 2 0 8 13 15 38 


Roseate 
tern 0 0 0 1 1 2 
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a) 


 


(b) 


 


(c) 


 


 


Figure 21. Tracks of (a) common, (b) Sandwich and (c) roseate terns tracked from Larne Lough SPA 
from 2009-2011.  
 
Data from Swan Island and Blue Circle Island (a few hundred metres apart) were pooled to 
generate a single model for Larne Lough for each species of interest (common and 
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Sandwich terns). Predictions were made using Blue Circle Island as the colony location. 
Initially we generated a site specific model for Sandwich terns (under Phase 1) but this was 
not amenable to the further analyses (not reported here) we wished to apply to delineate 
possible SPA boundaries.  As an alternative, we applied a generic model (under Phase 2) 
which is reported here (see Methods, Section 2.2.5).  
 
The results of the bootstrapping and model selection process for the Phase 1 common tern 
model is given in Appendix 2. Details of model selection for the Phase 2 model are given in 
Potts et al 2013c. The final models selected are shown in Table 28. Relative distribution of 
both common and Sandwich terns (Figure 22) matched the underlying data well, although for 
Sandwich terns predicted usage extended into Belfast Lough, where no birds were tracked. 
Due to the absence of underlying environmental data, usage predictions could not be 
generated for the most southern part of Larne Lough. 
 
Table 28. The final models selected for Larne Lough SPA. See Appendix 2 for details on the model 
selection. 
Species Model Terms  
Common tern Site specific Distance to colony, distance to shore, bathymetry, slope 
Sandwich tern Generic Distance to colony, distance to shore, bathymetry  


 
(a) 


 


(b)


 


Figure 22. Predicted relative usage of the waters around Larne Lough for (a) common and (b) 
Sandwich terns. Usage values are relative and binned using natural groupings inherent in the data 
(natural jenks, which reduce the variance within classes and maximize the variance between 
classes, determined within ArcMap v10.1). 
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3.7.2 Outer Ards SPA 
 
For Outer Ards SPA, the species of interest for the project was Arctic tern. A total of 11 
Arctic tern tracks was obtained over three survey seasons from 2009-2011; visual tracking 
data were also collected for common and Sandwich terns (Table 29). All data were collected 
from Cockle Island. Tracking work was generally timed to coincide with the chick-rearing 
season, but three Sandwich terns and one Arctic tern tracked on 16 June 2010; and two 
Sandwich terns and one Arctic tern tracked on 21 June 2011 were thought to be incubating. 


The distribution of Arctic tern tracks tended to radiate out in a north/north-eastern direction, 
with a single track in 2011 also running eastwards, across the Irish Sea to near the southern 
coast of the Rhins peninsula, Scotland, where the bird was lost (Fi). The common tern tracks 
showed a northern direction distribution, whilst the Sandwich tern tracks radiated out 
westwards into Belfast Lough, as well as in a north/north-easterly direction. For Sandwich 
terns, tracks from multiple years went across to the Rhins peninsula, Scotland, and a single 
track in 2010 was found to go southwards along the Ards coastline, but the bird was lost 
before its return (Fi). 


Table 29. Sample sizes of tracks obtained for Outer Ards SPA. All birds tracked were from Cockle 
Island.  


Species 
No of tracks 


2009 
(22 June-
15 July) 


2010 
(16 June; 
20 July) 


2011 
(20-21 
June) 


Total 


Arctic tern 6 1 4 11 
Sandwich tern 9 8 2 19 
Common tern 4 0 1 5 
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a) 


 


b) 


 


c)


 


 


Figure 23. Tracks of a) Arctic, b) Sandwich and c) common terns tracked from Cockle Island within 
Outer Ards SPA from 2009-2011. 
 
The data for Arctic terns was combined with those collected from Copeland Islands SPA 
(see section 3.3.17) to develop a single model which was then applied separately to both 
Outer Ards SPA and Copeland Island SPA. This approach increased the number of samples 
available to the model and was deemed appropriate due to the very close proximity of the 
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two colonies from the two SPAs, with tracks from the two SPAs showing substantial overlap. 
The results of the bootstrapping and model selection process are given in Appendix 2. The 
final model selected is shown in Table 30. Distributions of predicted relative usage identified 
hotspots around both Cockle Island and the Copeland Islands, with predicted usage 
generally declining with distance from these colonies (Figure 24). Although the model has 
been applied to Cockle Island, it identifies a hotspot around the Copeland Islands due to 
high values of the shear stress current covariate in that area. It was not possible to generate 
predictions for many of the grid cells which lay between  c.1-3km from the coast and most 
grid cells within Larne Lough, due to missing data of shear stress current in that area. 
 
Table 30. The final model selected for Outer Ards SPA. See Appendix 2 for details on the model 
selection. 
Species Model Terms  
Arctic tern Site specific 


(using data from both 
Outer Ards SPA and 
Copeland Islands SPA) 


Distance to colony, shear stress current 


 


 


Figure 24. Predicted relative usage of the waters around Outer Ards SPA for Arctic terns from 
Cockle Island. Usage values are relative and binned using natural groupings inherent in the data 
(natural jenks, which reduce the variance within classes and maximize the variance between 
classes, determined within ArcMap v10.1). 


 
3.7.3 Copeland Islands SPA 
 
For Copeland Island SPA, the species of interest for the project was Arctic tern. A total of 13 
tracks was obtained over the three survey seasons from 2009-2011 (Table 31). Tracking 
work was generally timed to coincide with the chick-rearing season, but one Arctic tern 
tracked on 21 June 2011 was thought to be incubating. Similar to track distributions from the 
Outer Ards SPA, Arctic tern tracks from Copeland Islands SPA tended to radiate out in a 
north/north-eastern direction, with a single track in 2011 also running eastwards, across the 
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Irish sea to near the southern coast of the Rhins peninsula, Scotland, where the bird was 
lost (Figure 25).  


Table 31. Sample sizes of tracks obtained for Copeland Islands SPA. 


Species 
No of tracks 


2009 
(23 June) 


2010 
(16 June) 


2011 
(20-21 June) Total 


Arctic tern 1 2 10 13 
 


 


Figure 25. Tracks of Arctic terns tracked from Copeland Islands SPA from 2009-2011. 
 


The data for Arctic terns was combined with those collected from Outer Ards SPA (see 
section 3.3.16) to develop a single model which was then applied separately to both Outer 
Ards SPA and Copeland Island SPA. This approach increased the number of samples 
available to the model and was deemed appropriate due to the very close proximity of the 
two colonies from the two SPAs, with tracks from the two SPAs showing substantial overlap. 
The results of the bootstrapping and model selection process are given in Appendix 2. The 
final model selected is shown in Table 32. Predicted usage was highest around the colony, 
decreasing with distance from the colony (Figure 26). It was not possible to generate 
predictions for many of the grid cells which lay between  c.1-3km from the coast and most 
grid cells within Larne Lough, due to missing data of shear stress current in that area. 
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Table 32. The final model selected for Copeland Islands SPA. See Appendix 2 for details on the 
model selection. 
Species Model Terms  
Arctic tern Site specific (using data 


from both Outer Ards SPA 
and Copeland Islands SPA) 


Distance to colony, shear stress current 


 


 
Figure 26. Predicted relative usage of the waters around Copeland Island SPA for Arctic terns. Usage 
values are relative and binned using natural groupings inherent in the data (natural jenks, which 
reduce the variance within classes and maximize the variance between classes, determined within 
ArcMap v10.1). 
 


3.7.4 Strangford Lough 
 
For Strangford Lough SPA the species of interest for the project were Arctic, common and 
Sandwich terns. No visual tracking data were available so generic models were applied 
(Table 33). Details of model selection for these Phase 2 models are given in Potts et al 
2013c. Predictions of relative usage were made to the colony at Dunsy Rock and are shown 
in Figure 27. Predicted usage was highest around the colony, decreasing with distance from 
the colony for all three species. For common and Sandwich terns predicted usage extended 
beyond the peninsula. 
 
Table 33. The final model selected for each species at Strangford Lough SPA. 
Species Model Terms 
Arctic tern Generic Distance to colony, bathymetry 
Common tern Generic Distance to colony, distance to shore, bathymetry 
Sandwich tern Generic Distance to colony, distance to shore, bathymetry 
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(a) 


 


(b) 


 


(c) 


 


 


Figure 27. Predicted relative usage of the waters around Dunsy Rock within Strangford Lough SPA 
for (a) Arctic, (b) common and (c) Sandwich terns. Usage values are relative and binned using 
natural groupings inherent in the data (natural jenks, which reduce the variance within classes and 
maximize the variance between classes, determined within ArcMap v10.1). 
 
 
 







Quantifying usage of the marine environment by terns Sterna sp. around their breeding colony SPAs  
 


59 


3.7.5 Carlingford Lough 
 
For Carlingford Lough SPA the species of interest for the project were common and 
Sandwich terns. No visual tracking data were available so generic models were applied 
(Table 34). Details of model selection for these Phase 2 models are given in Potts et al 
2013c. Predictions of relative usage were made to the colony at Green Island and are shown 
in Figure 28. Predicted usage was highest around the colony, decreasing with distance from 
the colony for both species. 
 
Table 34. The final model selected for each species at Carlingford Lough SPA. 
Species Model Terms 
Common tern Generic Distance to colony, distance to shore, bathymetry 
Sandwich tern Generic Distance to colony, distance to shore, bathymetry 


 
(a) 


 


(b)


 


Figure 28. Predicted relative usage of the waters around Green Island within Carlingford Lough 
SPA for (a) common and (b) Sandwich terns. Usage values are relative and binned using natural 
groupings inherent in the data (natural jenks, which reduce the variance within classes and 
maximize the variance between classes, determined within ArcMap v10.1). 
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3.8 Scottish colony SPAs 
 
3.8.1 Fetlar 
 
For Fetlar SPA the species of interest for the project was Arctic tern. No visual tracking data 
were available so a generic model was applied (Table 35). Details of model selection for this 
Phase 2 model are given in Potts et al 2013c. Distributions of predicted relative usage are 
shown in Figure 29. Predicted usage was highest around the colony, decreasing with 
distance from the colony. 
  
Table 35. The final model selected for Fetlar SPA. 
Species Model Terms 
Arctic tern Generic Distance to colony, bathymetry 


 


 
Figure 29. Predicted relative usage of the waters around Fetlar SPA for Arctic terns. Usage values 
are relative and binned using natural groupings inherent in the data (natural jenks, which reduce the 
variance within classes and maximize the variance between classes, determined within ArcMap 
v10.1). 
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3.8.2 Mousa 
 
For Mousa SPA the species of interest for the project was Arctic tern. No visual tracking data 
were available so a generic model was applied (Table 36). Details of model selection for this 
Phase 2 model are given in Potts et al 2013c. Distributions of predicted relative usage are 
shown in Figure 30. Predicted usage was highest around the colony, decreasing with 
distance from the colony and extended over to the west coastline of Shetland mainland. 
 
 Table 36. The final model selected for Mousa SPA. 
Species Model Terms 
Arctic tern Generic Distance to colony, bathymetry 


 


 
Figure 30. Predicted relative usage of the waters around Mousa SPA for Arctic terns. Usage values 
are relative and binned using natural groupings inherent in the data (natural jenks, which reduce the 
variance within classes and maximize the variance between classes, determined within ArcMap 
v10.1). 
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3.8.3 Papa Stour 
 
For Papa Stour SPA the species of interest for the project was Arctic tern. No visual tracking 
data were available so a generic model was applied (Table 37). Details of model selection 
for this Phase 2 model are given in Potts et al 2013c. Distributions of predicted relative 
usage are shown in Figure 31. Predicted usage was highest around the colony, decreasing 
with distance from the colony. 
  
Table 37. The final model selected for Papa Stour SPA. 
Species Model Terms 
Arctic tern Generic Distance to colony, bathymetry 


 


 
Figure 31. Predicted relative usage of the waters around Papa Stour SPA for Arctic terns. Usage 
values are relative and binned using natural groupings inherent in the data (natural jenks, which 
reduce the variance within classes and maximize the variance between classes, determined within 
ArcMap v10.1). 
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3.8.4 Foula 
 
For Foula SPA the species of interest for the project was Arctic tern. No visual tracking data 
were available so a generic model was applied (Table 38). Details of model selection for this 
Phase 2 model are given in Potts et al 2013c. Distributions of predicted relative usage are 
shown in Figure 32. Predicted usage was highest around the colony, decreasing with 
distance from the colony. 
 
Table 38. The final model selected for Foula SPA. 
Species Model Terms 
Arctic tern Generic Distance to colony, bathymetry 


 


 
Figure 32. Predicted relative usage of the waters around Foula SPA for Arctic terns. Usage values 
are binned relative and using natural groupings inherent in the data (natural jenks, which reduce the 
variance within classes and maximize the variance between classes, determined within ArcMap 
v10.1). 
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3.8.5 Fair Isle 
 
For Fair Isle SPA the species of interest for the project was Arctic tern. No visual tracking 
data were available so a generic model was applied (Table 39). Details of model selection 
for this Phase 2 model are given in Potts et al 2013c. Distributions of predicted relative 
usage are shown in Figure 33. Predicted usage was highest around the colony, decreasing 
with distance from the colony. 
 
Table 39. The final model selected for Fair Isle SPA. 
Species Model Terms 
Arctic tern Generic Distance to colony, bathymetry 


 


 
Figure 33. Predicted relative usage of the waters around Fair Isle SPA for Arctic terns. Usage values 
are relative and binned using natural groupings inherent in the data (natural jenks, which reduce the 
variance within classes and maximize the variance between classes, determined within ArcMap 
v10.1). 
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3.8.6 Auskerry 
 
For Auskerry SPA the species of interest for the project was Arctic tern. No visual tracking 
data were available so a generic model was applied (Table 40). Details of model selection 
for this Phase 2 model are given in Potts et al 2013c. Distributions of predicted relative 
usage are shown in Figure 34. Predicted usage was highest around the colony, decreasing 
with distance from the colony. 
 
Table 40. The final model selected for Auskerry SPA. 
Species Model Terms 
Arctic tern Generic Distance to colony, bathymetry 


 


 
Figure 34. Predicted relative usage of the waters around Auskerry SPA for Arctic terns. Usage values 
are relative and binned using natural groupings inherent in the data (natural jenks, which reduce the 
variance within classes and maximize the variance between classes, determined within ArcMap 
v10.1). 
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3.8.7 Papa Westray (North Hill and Holm) 
 
For Papa Westray (North Hill and Holm) SPA the species of interest for the project was 
Arctic tern. No visual tracking data were available so a generic model was applied (Table 
41). Details of model selection for this Phase 2 model are given in Potts et al 2013c. 
Predictions of relative usage were made to the colonies at North Hill on Papa Westray and to 
Holm of Papay and are shown in Figure 35. Predicted usage for both colonies was highest 
around the colony, decreasing with distance from the colony, with overlap in the predicted 
areas used by birds from each colony. 
  
Table 41. The final model selected for Papa Westray (North Hill and Holm) SPA. 
Species Model Terms 
Arctic tern Generic Distance to colony, bathymetry 


 
(a) 


 


(b)


 


Figure 35. Predicted relative usage of the waters around (a) Holm of Papay and (b) North Hill, 
Papa Westray for Arctic terns. Usage values are relative and binned using natural groupings 
inherent in the data (natural jenks, which reduce the variance within classes and maximize the 
variance between classes, determined within ArcMap v10.1). 
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3.8.8 Rousay 
 
For Rousay SPA the species of interest for the project was Arctic tern. No visual tracking 
data were available so a generic model was applied (Table 42). Details of model selection 
for this Phase 2 model are given in Potts et al 2013c. Distributions of predicted relative 
usage are shown in Figure 36. Predicted usage was highest around the colony, decreasing 
with distance from the colony. 
  
Table 42. The final model selected for Rousay SPA. 
Species Model Terms 
Arctic tern Generic Distance to colony, bathymetry 


 


 
Figure 36. Predicted relative usage of the waters around Rousay SPA for Arctic terns. Usage values 
are relative and binned using natural groupings inherent in the data (natural jenks, which reduce the 
variance within classes and maximize the variance between classes, determined within ArcMap 
v10.1). 
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3.8.9 Pentland Firth Islands 
 
For Pentland Firth Islands SPA the species of interest for the project was Arctic tern. No 
visual tracking data were available so a generic model was applied (Table 43). Details of 
model selection for this Phase 2 model are given in Potts et al 2013c. Predictions of relative 
usage were made to Muckle Skerry and to Swona and are shown in Figure 37. Predicted 
usage was highest around the colony, decreasing with distance from the colony, with overlap 
in the predicted areas used by birds from each colony. 
  
Table 43. The final model selected for Pentland Firth Islands SPA. 
Species Model Terms 
Arctic tern Generic Distance to colony, bathymetry 


 
(a) 


 


(b)


 


Figure 37. Predicted relative usage of the waters around (a) Muckle Skerry and (b) Swona within 
Pentland Firth Islands SPA for Arctic terns. Usage values are relative and binned using natural 
groupings inherent in the data (natural jenks, which reduce the variance within classes and 
maximize the variance between classes, determined within ArcMap v10.1). 


 
3.8.10 Ythan Estuary, Sands of Forvie and Meikle Loch 
 
For Ythan Estuary, Sands of Forvie and Meikle Loch SPA, the species of interest for the 
project was Sandwich terns. A total of 51 tracks was obtained over a single survey season in 
2011 (Table 44). Birds were tracked from the Sands of Forvie colony, at the mouth of the 
Ythan Estuary. Tracking work was timed to coincide with the chick-rearing season. The 
distribution of Sandwich tern tracks tended to be confined to coastal waters from Aberdeen 
Bay north to Cruden Bay (Figure 38). 
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Table 44. Sample sizes of tracks obtained for Ythan Estuary, Sands of Forvie and Meikle Loch  SPA. 
Birds were tracked from Sands of Forvie. 


Species No. of tracks 
2011 (6-30 June) Total 


Sandwich tern 51 51 
 


 
Figure 38. Tracks of Sandwich terns from Ythan Estuary, Sands of Forvie and Meikle Loch SPA from 
2010. Birds were tracked from Sands of Forvie. 
 


The results of the bootstrapping and model selection process are given in Appendix 2. The 
final model selected is shown in Table 45. This is the only model in the project which does 
not contain distance to colony; this might be because in this area stratified temperature is 
highly correlated (r2 = 0.86) with distance to colony. Distributions of predicted relative usage 
closely matched the underlying data, with distributions confined to coastal waters and are 
shown in Figure 39. It was not possible to generate predictions for a few of the grid cells 
which were between c.1-2km adjacent to the coast for Sandwich terns. This is due to 
missing data in one or more of the covariates selected in the final model. 
 
Table 45. The final model selected for Ythan Estuary, Sands of Forvie and Meikle Loch  SPA. 
Species Model Terms  
Sandwich tern Site specific bathymetry, stratified temperature 
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Figure 39. Predicted relative usage of the waters around Ythan Estuary, Sands of Forvie and Meikle 
Loch SPA for Sandwich terns. Usage values are relative and binned using natural groupings inherent 
in the data (natural jenks, which reduce the variance within classes and maximize the variance 
between classes, determined within ArcMap v10.1). 
 
3.8.11 Imperial Dock Lock 
 
For Imperial Dock Lock SPA, the species of interest for the project was common tern. A total 
of 137 tracks were obtained over two survey seasons from 2009 to 2010 (Table 46).  
Tracking work was timed to coincide with the chick-rearing season, except in 2010 when 
data were also collected during the incubation period in May. The distribution of common 
tern tracks tended to radiate out in all seaward directions from the colony, with 
concentrations of tracks within this area in a wide band stretching north of the colony up to 
the Fife coastline from Kinghorn to Kirkcaldy and south-east from the colony along the 
coastal waters down to Portobello (Figure 40). 


Table 46. Sample sizes of tracks obtained for common tern species breeding at Imperial Dock Lock 
SPA. 


Species 
No. of tracks 


 
2009 


(16 June – 10 July) 
2010 


(26/31 May; 25/26 June; 13 July) 
Total 


Common tern 114 23 137 
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Figure 40. Tracks of common terns tracked from Imperial Dock Lock SPA from 2009 to 2010.  
 
The results of the bootstrapping and model selection process are given in Appendix 2. The 
final model selected is shown in Table 47. Distributions of predicted relative usage closely 
matched the underlying data, with usage being highest around the colony and generally 
decreasing with distance from the colony (Figure 41). However there is a particular section 
of the usage surface to the north of the colony where predicted usage does not change in 
the smooth pattern seen elsewhere. This is attributable to the underlying salinity in spring 
data, which forms one of the covariates in this model. At that particular section, the salinity in 
spring values change abruptly along a line running east-west. 
 
Table 47. The final model selected for common terns.  
Species Model Terms 


Common tern Site specific distance to colony, seabed slope, sea surface 
salinity in spring, distance to shore, bathymetry  
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Figure 41. Predicted relative usage of the waters around the Imperial Dock Lock SPA for common 
terns. Usage values are relative and binned using natural groupings inherent in the data (natural 
jenks, which reduce the variance within classes and maximize the variance between classes, 
determined within ArcMap v10.1). 
 
3.8.12 Forth Islands 
 
Forth Islands SPA consists of a series of islands supporting the main seabird colonies in the 
Firth of Forth and include the islands of Inchmickery, Isle of May, Fidra and Long Craig. For 
the Forth Islands SPA the species of interest for the project were Arctic terns (Isle of May) 
and common terns (Isle of May and Long Craig). A total of 12 tracks was obtained from the 
Isle of May over a single survey season in 2010 (Table 48, Figure 42) with two separate 
periods of tracking carried out timed to coincide with incubation (early June) and chick-
rearing (late June). Terns on the Isle of May had a very poor season in 2010, with few birds 
attempting to breed (seven common terns incubating by end of May, rising to 52 pairs by the 
last week of June, equally split between common and Arctic terns) and chicks suffered gull 
predation soon after hatching. We felt that the likelihood that our tracked individuals were 
non-breeders or failed breeders was very high compared to our other study colonies, and 
considered the data potentially unrepresentative. Therefore those data were discarded and 
instead, a generic model was applied for Forth Islands SPA (Table 49). Details of model 
selection for these Phase 2 models are given in Potts et al 2013c. Distributions of predicted 
relative usage are shown in Figure 43. For both species, predicted usage was highest 
around the colony, decreasing with distance from the colony. 
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Table 48. Sample sizes of tracks obtained for tern species breeding at Isle of May colony. Note that 
these data were not used in the modelling analysis as they were considered unrepresentative. 


Species 
No. of tracks 


2010 
(1-3 June; 26 June) 


Arctic tern 10 
Common tern 2 


 
(a) 


 


(b) 


 
Figure 42. Tracks of (a) Arctic and (b) common terns tracked from the Isle of May within the Forth 
Islands SPA in 2010. 
 


Table 49. The final models selected for Forth Islands SPA. 
Species Model Terms 
Arctic tern Generic Distance to colony, bathymetry 
Common tern Generic Distance to colony, distance to shore, bathymetry 
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(a) 


 


(b)


 


(c)


 


 


Figure 43. Predicted relative usage of the waters for (a) Arctic and (b) common terns around the 
Isle of May and for (c) for common terns around Long Craig. Usage values are relative and binned 
using natural groupings inherent in the data (natural jenks, which reduce the variance within 
classes and maximize the variance between classes, determined within ArcMap v10.1). 
 
 







Quantifying usage of the marine environment by terns Sterna sp. around their breeding colony SPAs  
 


75 


3.8.13 Glas Eileanan 
 
For Glas Eileanan SPA, the species of interest for the project was common tern. A total of 63 
common tern tracks was obtained over a single survey season in 2011, and two Arctic terns 
were also tracked (Table 50). Tracking work was timed to coincide with the chick-rearing 
season. Birds were tracked from both Glas Eileanan itself, and South Shian around 20km to 
the east where birds breed on artificial rafts. There is some evidence from ringed birds that 
there has been some movement of birds between these two colonies (C. Craik, pers.com.). 
The distribution of common tern tracks radiated out into the Sound of Mull, Firth of Lorne and 
into Loch Linnhe around Lismore. The two tracked Arctic terns remained within the Sound of 
Mull, eastwards of the colony (Figure 44).  


Table 50. Sample sizes of tracks obtained for the four tern species breeding at Glas Eileanan SPA. 
Species No. of tracks 


Glas Eileanan South Shian Total 
2011  


(20-29 June) 
2011  


(24-28 June) 
Common tern 48 15 63 
Arctic tern 2 0 2 


 
 (a)  


 


 (b) 


  
 


Figure 44. Tracks of (a) Arctic terns tracked from Glas Eileanan SPA and (b) common terns tracked 
from Glas Eileanan SPA and South Shian. 


 
The results of the bootstrapping and model selection process are given in Appendix 2. The 
final model selected is shown in Table 51. Distribution of predicted usage for common terns 
matched the underlying data from Glas Eileanan reasonably well, although it failed to predict 
the high observed usage along the south coast of Lismore and overestimated the use off the 
east coast of Mull (Figure 45). It was not possible to generate predictions for a small number 
of the grid cells which lay between c.1-2km from the coast and for most of the grid cells 
within Loch Stunart, due to missing data for the seabed covariate in that area. 
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Table 51. The final model selected for Glas Eileanan SPA.  
Species Model Terms  
Common tern Site specific Distance to colony, distance to shore, slope 


 


 
Figure 45. Predicted relative usage of the waters around Glas Eileanan for common terns. Usage 
values are relative and binned using natural groupings inherent in the data (natural jenks, which 
reduce the variance within classes and maximize the variance between classes, determined within 
ArcMap v10.1). 
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4 Assessing model performance 
 
The cross-validation results for testing the ability of the Phase 1 models to predict validation 
data from individuals are shown in Table 52, while the results for testing the ability of the 
models to predict validation data from other years are shown in Table 53. The likelihood and 
mean square error scores are only relative to the other models in the test set, but the AUC 
score represents the discriminatory ability of a model as follows: >0.9, excellent; 0.8-0.9, 
good; 0.7-0.8, moderate; 0.6-0.7, poor; and 0.5-0.6, unsuccessful (Swets 1988). Of the 
Phase 1 models tested, five models performed moderately well, seven were good and nine 
were excellent in their ability to predict validation data for individuals (Table 52). Of those 
tested for their ability to predict validation data for years, based on the average AUC  score, 
one performed poorly, two performed moderately well, three were good and two were 
excellent (Table 53). The cross-validation results for the Phase 2 models are summarised in 
Table 54. They showed that, when predicting data from new colonies, the final Arctic tern 
generic model performed moderately well, the common tern generic model was good, and 
the Sandwich tern generic model was excellent. For all species, the final Phase 2 models 
performed better than simple models containing only distance to colony, but only marginally 
so. 
 
Table 52. The results of cross-validation, testing the ability of the models to predict validation data 
from individuals. Three scores of cross-validation were used. The average score for each for the 
bootstrap samples of 10, 20 or 30 tracks (see Methods) are shown. 


SPA Colony Bootstrap 
Sample Size 


Average 
Likelihood 
Score 


Average Mean 
Squared Error 
Score 


Average 
AUC 


Arctic tern 


Coquet Island 
10 -0.225 0.056 0.791 
20 -0.213 0.055 0.801 
30 -0.213 0.056 0.795 


Common tern 


Coquet Island 
10 -0.232 0.059 0.838 
20 -0.197 0.056 0.848 
30 -0.193 0.056 0.849 


Imperial Dock Lock 
10 -0.305 0.086 0.734 
20 -0.294 0.084 0.744 
30 -0.291 0.084 0.744 


Sandwich tern 


Coquet Island 
10 -0.213 0.059 0.915 
20 -0.192 0.059 0.913 
30 -0.193 0.059 0.917 


North Norfolk 
10 -0.215 0.053 0.883 
20 -0.199 0.052 0.886 
30 -0.201 0.053 0.884 


Ynys Feurig, Cemlyn 
Bay and The Skerries 


10 -0.205 0.055 0.934 
20 -0.193 0.053 0.940 
30 -0.176 0.051 0.943 


Ythan Estuary, Sands of 
Forvie and Meikle Loch 


10 -0.104 0.030 0.989 
20 -0.085 0.027 0.990 
30 -0.082 0.026 0.991 
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Table 53. The results of cross-validation, testing the ability of the models to predict validation data 
from a different year of survey. Three scores of cross-validation were used (see Methods). 


SPA 
colony 


Test Year  
(no. tracks) 


Training years 
(no. tracks) 


Like-
lihood  


Mean 
squared 
error  


AUC Average 
AUC 


Arctic tern 


Coquet 
Island 


2009 (36) 2010 (13) -0.45 0.11 0.62 0.71 
2009 (36) 2010, 2011 (55) -0.2052 0.055 0.816  
2009 (36) 2011 (42) -0.43 0.11 0.59  
2010 (13) 2009 (36) -0.35 0.1 0.59  
2010 (13) 2009, 2011 (78) -0.2472 0.0692 0.7947  
2010 (13) 2011 (42) -0.69 0.16 0.45  
2011 (42) 2009 (36) -0.18 0.05 0.84  
2011 (42) 2009, 2010 (49) -0.1594 0.0418 0.8227  
2011 (42) 2010 (13) -0.16 0.04 0.84   


Outer 
Ards 


2009 (7) 2010, 2011 (17) -0.3814 0.1015 0.604 0.72 
2009 (7) 2011 (14) -0.43 0.11 0.59  
2011 (14) 2009 (7) -0.18 0.05 0.84  
2011 (14) 2009, 2010 (10) -0.2009 0.053 0.8343   


Common tern 


Coquet 
Island 


2009 (29) 2010 (13) -0.21 0.06 0.87 0.84 
2009 (29) 2010, 2011 (46) -0.2085 0.0626 0.8647  
2009 (29) 2011 (33) -0.21 0.63 0.86  
2010 (13) 2009 (29) -0.26 0.08 0.79  
2010 (13) 2009, 2011 (62) -0.2651 0.0777 0.7632  
2010 (13) 2011 (33) -0.28 0.08 0.74  
2011 (33) 2009 (29) -0.16 0.05 0.89  
2011 (33) 2009, 2010 (42) -0.1587 0.0478 0.8919  
2011 (33) 2010 (13) -0.17 0.05 0.89   


Imperial 
Dock 
Lock 


2009 (97) 2010 (21) -0.2922 0.086 0.7315 0.68 
2010 (21) 2009 (97) -0.3318 0.0898 0.624   


Larne 
Lough 


2009 (12) 2011 (19) -0.21 0.06 0.89 0.87 
2011 (19) 2009 (12) -0.24 0.07 0.84  
2009 (12) 2010, 2011 (20) -0.2116 0.0575 0.8885  
2011 (19) 2009, 2010 (13) -0.2251 0.0628 0.8465   


Roseate tern19


Coquet 


 
2009 (14) 2010, 2011 (26) -0.182 0.050 0.919 0.90 
2011 (25) 2009, 2010 (15) -0.342 0.073 0.882   


  


                                                
19 The cross-validation analysis for Roseate terns was carried out by BioSS (see Potts & Brewer 2014) 
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SPA 
colony 


Test Year  
(no. tracks) 


Training years 
(no. tracks) 


Like-
lihood  


Mean 
squared 
error  


AUC Average 
AUC 


Sandwich tern 


Coquet 


2009 (36) 2010 (8) -0.14 0.04 0.92 0.92 
2009 (36) 2010, 2011 (54) -0.1683 0.0552 0.9184  
2009 (36) 2011 (46) -0.13 0.04 0.92  
2010 (8) 2009 (36) -0.31 0.1 0.9  
2010 (8) 2009, 2011 (82) -0.235 0.0837 0.8987  
2010 (8) 2011 (46) 0.18 0.06 0.91  
2011 (46) 2009 (36) -0.13 0.04 0.93  
2011 (46) 2009, 2010 (44) -0.1509 0.0502 0.9391  
2011 (46) 2010 (8) -0.12 0.04 0.92   


Larne 
Lough 


2009 (9) 2010 (10) -0.02 0.01 1 0.98 
2009 (9) 2011 (11) -0.05 0.02 1  
2010 (10) 2009 (9) -0.13 0.04 0.97  
2010 (10) 2011 (11) -0.1 0.04 0.97  
2011 (11) 2009 (9) -0.34 0.05 0.98  
2011 (11) 2010 (10) -0.14 0.05 0.98  
2009 (9) 2010, 2011 (21) -0.034 0.0087 0.9968  
2010 (10) 2009, 2011 (20) -0.093 0.0329 0.9687  
2011 (11) 2009, 2010 (19) -0.2251 0.0574 0.9798  
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Table 54. Cross-validation results based on the AUC score for Phase 2 models for (a) Arctic, (b) 
common and (c) Sandwich terns. For common and Sandwich terns, results are shown for when the 
salinity in spring covariate was excluded as this allowed inclusion of North Norfolk (salinity in spring 
data were not available for this area). For each species the final model chosen (based on three 
different cross-validation scores, see Methods) is shown in bold. In addition, a model containing only 
distance to colony and (if different), the model which maximised the AUC score are shown for 
comparison. For the cross-validation results for all the other models tested, and for all three scores, 
see Potts et al 2013c.  
(a) Arctic terns AUC score for each test colony 
Model Coquet Island Farne Islands Outer Ards Average AUC 
Distance to colony 0.790 0.753 0.700 0.747 
Distance to colony, bathymetry  0.789 0.755 0.713 0.752 


 
(b) Common terns AUC score for each test colony (excluding salinity) 


Model 


North 
Norfolk 


Coquet 
Island Cemlyn Larne 


Lough 


Imperial 
Dock 
Lock 


Glas 
Eileanan 


Average 
AUC 


Distance to colony 0.923 0.801 0.916 0.819 0.655 0.746 0.810 
Distance to colony, 
bathymetry, 
distance to shore 


0.931 0.813 0.913 0.788 0.665 0.761 0.812 


 
(c) Sandwich terns AUC score for each test colony (excluding salinity) 


Model 


North 
Norfolk 


Coquet 
Island 


Larne 
Lough 


Sands 
of 


Forvie 


Farne 
Islands Cemlyn Cockle Average 


AUC 


 Distance to colony 0.877 0.850 0.963 0.898 0.889 0.866 0.842 0.884 
 Distance to colony, 
bathymetry 0.878 0.899 0.979 0.962 0.956 0.907 0.856 0.920 


 Distance to 
colony, 
bathymetry, 
distance to shore 


0.821 0.911 0.979 0.973 0.970 0.907 0.850 0.916 
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5 Discussion 
 
This project has collected and collated a substantial amount of data on the distributions of 
terns at sea and to our knowledge represents the largest available resource of tracking data 
for breeding terns; tracking of individual terns of known provenance has rarely been 
undertaken and never before on the scale of this study. The visual tracking method allowed 
this to be achieved at a time when bird-borne devices, such as GPS tags, were still 
unsuitable for deploying on terns. A major benefit of visual tracking compared to remote 
tracking is the certainty and accuracy with which the spatial location of foraging events can 
be recorded thus eliminating the need to infer these from characteristics of the track such as 
speed or sinuosity. The data collected/collated consisted of up to three years of survey 
around eleven colony SPAs. Datasets from ten of these colony SPAs were suitable for 
analysis (the Isle of May dataset had to be discarded as the data were considered potentially 
unrepresentative) and a total of almost 1300 tracks were available to the project across the 
four species. Geographical coverage across the UK was maximised within the constraints of 
the time, logistics and resources available. This ensured that data were obtained across a 
large range of covariate values, and that inter-colony variation could be captured as much as 
possible for the generic models. 
 
A thorough model development exercise explored and addressed the key analytical issues 
presented by our tracking data and found that weighted binomial GLMs were the most 
suitable means of creating predictive foraging distribution models. Their application allowed 
the development of site-specific models for 16 species/SPAs as well as generic models for 
each species that were used to extrapolate geographically for 30 species/SPAs. Thus the 
project delivered predictions of relative distributions of the larger tern species around the full 
complement of 32 colony SPAs in the UK which were found to be recently and regularly 
occupied (46 species/SPA models in total). 
 
All of our models predicted highest usage around the colony, with usage generally declining 
with distance from the colony, which accords well with what we might expect for central 
place foragers. For Arctic and common terns, the pattern of usage generally radiated out 
from the colony in all directions out to sea. For Sandwich terns, usage was in most cases 
confined to a relatively narrow coastal area either side of the colony. Foraging grounds were 
rarely discrete from the colony (Imperial Dock Lock was the sole exception), indicating that 
areas used for commuting between the colony and the foraging grounds are likely to have 
been captured despite commuting data being excluded from the analyses. In all cases, there 
was negligible use of areas distant from the colony; in general around over three-quarters of 
the maximum potential foraging range was predicted to be virtually unused; for example, 
95% of usage was contained within 5% (Sandwich) – 18% (Arctic) of the total available area 
within the maximum foraging range around Coquet Island. Consequently, the majority of 
usage was confined to an area less than that encompassed by the mean maximum foraging 
ranges (as recorded in this study as well as those in Thaxter et al (2012)). So although a 
simple approach such as applying a mean maximum foraging range radius around the 
colony, would correctly identify areas being used (and be a simpler method to explain), it 
would also include large areas of relatively low importance and be rather precautionary. Our 
habitat modelling approach, although complex, provides more realistic estimates of the 
relative importance of the areas within the maximum and mean maximum foraging ranges. 
 
Distributions predicted by the Phase 1 models generally matched the underlying data well, 
but also occasionally identified areas of use which were not captured by our tracking data. 
This is one of the key advantages of using a habitat modelling approach as it allows 
extrapolation into areas which were not sampled, but which are predicted to be used based 
on the suitability of the environment. Interpolation based only on raw data would risk 
overlooking the potential importance of some areas if they had not happened to be used at 
the time of tracking by the individuals that were sampled. However, birds might be absent in 
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areas that are predicted to be important because of the effects of an environmental variable 
that is not available for use in the model, or for behavioural reasons. Behavioural reasons 
might include benefiting from social feeding elsewhere, or avoiding competition, either with a 
neighbouring colony or within the same colony. Indeed, analysis of our 2011 tracking data 
from Coquet Island indicated that roseate terns may minimise inter-specific competition with 
the morphologically similar Arctic and common terns by partitioning foraging areas, as well 
as diet (Robertson et al 2014). Such behavioural influences on choice of foraging area are 
likely to be complex and variable, both temporally and spatially, and incorporating these 
factors within our models was beyond the scope of our project. 
 
In the absence of independent datasets for assessing model predictive ability, the re-
sampling technique of cross-validation has become a popular tool for validation of predictive 
models (e.g. Elith et al 2006; Schwemmer et al 2009) and was used extensively in this 
project. We used an AIC approach, supplemented with bootstrapping and considerations of 
biological plausibility (Phase 1), and cross-validation (Phase 2) to provide a robust basis for 
model selection. All of the final models were relatively simple, with most containing only two 
or three covariates and all except one (Sandwich terns at Ythan Estuary, Sands of Forvie 
and Meikle Loch SPA) containing distance to colony; however for that area distance to 
colony is highly correlated with one of the covariates in the final model. There was high 
consistency in the covariates selected in the final models across SPAs both within and 
between species, with distance to colony, bathymetry and salinity in spring being selected in 
a third of Phase 1 models for all species. These covariates have previously been shown to 
influence tern distributions (Garthe 1997; Schwemmer et al 2009). Cross-validation 
exercises confirmed that our models performed well in predicting the distributions of 
individuals from validation datasets within a colony (Phase 1), as well as performing well 
when extrapolating to new colonies (Phase 2).  
 
A habitat modelling approach allowed us to apply generic models which benefit from pooling 
data across multiple colonies, gaining strength from increased sample sizes which are able 
to identify broad, consistent preference relationships across multiple colonies. However, if 
there are differences in habitat preference between the sampled and unsampled colonies 
there is a risk that generic models might not accurately capture important areas at the 
unsampled colonies. One notable gap in data coverage was the Northern Isles which is 
where the vast majority of the UK Arctic tern population breed, and there is a risk that there 
might be regional differences in habitat preferences between birds breeding in the Northern 
Isles compared to those breeding at the sampled colonies further south. To minimise this 
risk, we focussed on identifying general, consistent habitat preference relationships across 
the sampled colonies and based model selection for the generic models on the ability of 
models to predict to unsampled colonies; the cross-validation results lend confidence to our 
decision to combine data across sites. We also compared the underlying environmental 
covariate data between sampled and unsampled colonies (based on box-plots and Principal 
Component Analysis) to confirm that there overlaps in the range of habitat (as quantified by 
our covariates) available. 
 
During visual tracking, around 64% of terns tracked were lost before they completed their 
foraging trip and this might be expected to cause an underestimation of the maximum 
foraging range. In this context, it is useful to compare our foraging ranges with those in the 
published literature, although it is important to note that these may not have been collected 
using comparable methods and may suffer from their own biases. We found that our mean 
maximum foraging ranges were in fact greater than the most recent published estimates 
(Thaxter et al 2012) for Arctic, common and roseate terns. Our mean maximum foraging 
range recorded for Sandwich terns was around two-thirds of that recorded in Thaxter et al 
2012. The value in Thaxter et al 2012 was based on only two datasets, both of which were 
used within our project (available through a data-sharing agreement with ECON Ecological 
Consultancy Ltd). Given that the mean maximum foraging ranges we recorded for the other 
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species were slightly greater than those recorded in Thaxter et al (2012), we feel that the 
lower mean maximum foraging range that we recorded for Sandwich terns is likely to reflect 
the fact that it better incorporates the true variation between colonies rather than being a 
significant underestimate (e.g. due to the survey method).  
 
An important consideration in our study was that the data underlying our models were as 
representative as possible of the breeding populations of the colonies. We found that birds 
appeared to generally ignore the presence of the vessel and conclude the foraging 
behaviour of the sampled birds was unlikely to have been adversely affected by our survey 
method. We selected individuals at random as they departed from the colony and ensured 
we captured birds departing the colony from all directions out to sea. A separately 
commissioned analysis as part of the project based on a subset of our data found that our 
tracking data for Arctic, roseate and Sandwich terns from Coquet Island SPA and for 
common terns from Imperial Dock Lock SPA captured an estimated 71 - 74% of the core 
areas of use of those colonies (Harwood & Perrow 2014). The datasets, on which this 
analysis was based, sampled 8-14% of the total colony population for Arctic, common and 
Sandwich terns; and 61% for roseate terns. Although the Harwood and Perrow (2014) 
assessment is only applicable to the conditions pertaining to the time the samples were 
collected, it provides reassurance that, even when a relatively small proportion of the colony 
population is sampled, our data are likely to represent the core areas used by the colony 
population as a whole. 
 
Tern distributions might be expected to vary between years, for example if the distribution of 
their prey changes. Therefore we were careful to obtain multiple years of data from a 
selection of our study sites. Of the 16 site-specific models, nine (56%) are based on three 
years of data, one (6%) is based on two years, and six (38%) are based on one year. 
Analysis (based on including year as an interaction term in the GLM models) showed there 
was little evidence to suggest any differences between years in environmental preferences, 
with only weak evidence of the relationship with distance to shore varying between years for 
Sandwich terns around Coquet Island SPA and no evidence of other relationships varying 
between years. However, there is a possibility that a lack of statistical power in the data (due 
to large variation/small sample sizes) prevented detection of significant differences between 
years. In other words, variation between years may be small relative to variation between 
colonies or between individuals. In addition, it is important to note that the dynamic covariate 
data were gathered over a different time period than our tern distribution data, so we were 
not assessing real-time relationships. Cross-validation showed that our models performed 
well in predicting validation data from other years, in all cases bar one, suggesting that 
overall our models were able to capture relationships that were consistent between the years 
of survey. 
 
Our surveys were timed and targeted to focus on breeding birds, largely during the chick-
rearing period. The collection of a relatively small proportion of data was timed to coincide 
with the incubation period but we were unable to confirm the true breeding status of most of 
the birds tracked, so data collected during the incubation period may have included birds 
which were rearing chicks, and birds tracked during the chick-rearing period may have been 
incubating. Therefore we combined data across the incubation and chick-rearing period for 
analysis. Foraging ranges might be expected to be greater during incubation as birds are 
less constrained to return to their colony so frequently (because they do not have to regularly 
feed chicks several times a day). Indeed the foraging ranges of roseate terns have been 
found to be greater during courtship and incubation than during the chick-rearing period 
(Newton & Crowe 2000). Shorter foraging tracks for Sandwich terns at North Norfolk during 
chick-rearing might be linked to seasonal inshore movements of prey as well as the imposed 
constraints of chick provisioning (Eglington & Perrow 2014). Thus, incubating birds may be 
exposed to different or additional levels of pressures during incubation. Inclusion of 
incubating birds might lead to elevated estimates of usage in areas more distant from the 
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colony than they would have been had we used only chick-rearing data, but we expect that 
any difference would be marginal due to the relatively small proportion of our sampled birds 
likely to have been incubating. So the models are unlikely to fully capture areas of 
importance during incubation. Foraging ranges might also vary within different stages of the 
incubation and chick rearing period. A separate analysis of the Coquet Island 2011 tracking 
data for common, Arctic and roseate terns, using home range analysis found that Arctic and 
common tern core foraging areas moved closer to the colony and were smaller during late 
chick-rearing compared to early chick-rearing, corresponding with an increased provisioning 
rate of Arctic Terns observed at the colony (Robertson et al 2014). 
 
Any survey method can provide information only about distributions during the conditions 
experienced at the time of survey. The visual tracking method is constrained by weather 
conditions and becomes difficult to undertake in sea states greater than three and/or during 
rainfall. Therefore the data may not capture areas that are important during poor weather if 
these differ from those used during favourable survey conditions. Tern foraging success has 
been shown to vary between different weather conditions, with success generally lower in 
windier and/or wetter conditions (see Eglington & Perrow (2014) and references therein). 
Such conditions may make prey less available to terns but it is not clear whether or how it 
might affect their spatial use of the marine environment; Steinen et al (2000) speculated that 
Sandwich terns may switch to foraging in more sheltered areas during windy weather. 
 
The analytical approach we used in our study applied logistic regression modelling to our 
foraging location data by comparing it with a generated control dataset which represented 
available but unused locations (a use-availability design, Keating & Cherry 2004). This type 
of approach has recently been applied to seabird tracking data (Langston et al 2013; 
Wakefield et al 2011). But there is now an increasing variety of alternative species 
distribution modelling techniques designed to deal with presence-only data (see Elith et al 
2006). ‘Maximum Entropy’ in particular is becoming increasingly popular in this respect (Elith 
et al 2006, 2011; Phillips et al 2006). Although there have been comparisons of different 
modelling methods (mainly for terrestrial species e.g. Brotons et al 2004; Elith et al 2006, but 
see Oppel et al 2012 for a seabird example) conclusions are mixed and it has been argued 
that the literature on species distribution modelling is not yet mature enough to provide clear 
guidance for selecting relevant methods (Elith & Graham 2009). Indeed, given different 
model methods have their own strengths and weaknesses, and may provide different 
predictions based on the same input data, some studies combine different modelling 
techniques within an ensemble or model-averaging approach (e.g. Oppel et al 2012; 
Marmion et al 2009; McGowan et al 2013, Lavers et al  2014). 
 
The development of techniques for analysing presence-only data is rapidly expanding and 
becoming more sophisticated (e.g. Aarts et al 2012, 2013). It is apparent that spatial point 
process modelling methods are likely to become more common place particularly as 
solutions to provide increased computing efficiency evolve (e.g. Johnson et al 2013). In the 
meantime, our model development exercise used one of the more common and well 
accepted regression approaches to analyse and predict distributional patterns from 
presence-only data (MacDonald et al 2013) as it provided a solid basis to develop pragmatic 
and practical solutions to the various complexities and issues presented by our data.  
 
Until relatively recently, spatial statistics were rarely used to analyse seabird distributions at 
sea and link them with oceanographic variables (Tremblay et al 2009). Traditional analysis of 
tracking data has tended to be restricted to simple descriptions of distributions (e.g. Le Corre 
et al 2012), often based on interpolation or smoothing of the data such as home range 
analysis (e.g. DeLord et al 2014). Habitat modelling allows a better understanding of the 
distribution patterns and habitat associations, and allows predictions both spatially and 
temporally (into the future), all of which are invaluable for effective conservation planning. 
Coupled with major advancements in the quantity and resolution of both seabird distribution 
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and environmental data (Tremblay et al 2009), this has resulted in habitat modelling being 
increasingly used as a basis to inform the locations of marine protected areas for seabirds 
(e.g. Amorim et al 2009; Lascelles et al 2012; Lavers et al 2014; Louzao et al 2006, 2009, 
2011). The importance of habitat modelling as a powerful tool to predict patterns of species 
occurrence is particularly recognised within the context of identifying marine Important Bird 
Areas (IBAs) (e.g. Arcos et al 2009; Fric et al 2012; Ramirez et al 2008; Birdlife 2011 and 
Oppel et al 2012). Our project developed a novel application of an established approach 
(though only recently applied within a seabird context) and represents one of the few multi-
colony habitat modelling studies carried out at a national level for multiple species. 
Moreover, to our knowledge this is the first example where habitat modelling of tracking data 
has been applied to make geographically extrapolated predictions for unsampled areas. We 
have shown that, though logistically challenging, such an approach is feasible and 
invaluable for informing conservation of terns in the marine environment, including the 
identification of marine SPAs, marine planning and environmental impact assessments. 
Moreover, it can contribute to our overall understanding of factors affecting seabirds at sea 
at different spatial scales. The outputs from this work form a useful and valuable resource 
given the increasing political, environmental and legal imperatives to identify protected areas 
at sea for the conservation of seabirds.  
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7 Appendix 1 Candidate covariates and their rankings 
 
This appendix describes the candidate covariates used in the modelling. All of the covariates 
for the tern modelling were chosen based on whether they might represent potential 
biological mechanisms which might influence tern distributions (as well as what was available 
to us with coverage at a UK level). In almost all cases, the proposed mechanisms were 
indirect (e.g. potentially acting on primary productivity or prey availability). Some covariates 
may be more useful to predict tern distributions than others. This could be due to a number 
of reasons relating to the degree to which the proposed biological mechanism is realistic, and 
the quality of our covariate data. We therefore undertook a ranking exercise to indicate which 
covariates are most biologically plausible and this was used to inform the model selection 
process to ensure that the final models were as biologically plausible as possible (see 
Section 2.2.3 and Appendix 2). The table below ranks the covariates based on their relative 
merits, i.e. the robustness of the proposed biological mechanism, while taking account of 
how good the data may be for making predictions (e.g. whether the data are static, measured 
directly, their resolution and coverage). 
  
Procedure used to determine ranks 
Firstly, for each covariate, different characteristics were categorised as ‘high’, ‘med’ or ‘low’. 
Note that these categories are only relative within this covariate dataset. They do not imply 
for example, that a covariate is the best or worst available. Secondly, covariates were given 
an overall rank based on the rankings of the characteristics. 
 
1. Covariate characteristics 


 
(i) Potential biological mechanism: 
Without direct experimental evidence, we can only infer what the biological mechanisms 
might be using informed judgement. This category was ranked according to whether there 
was a clear mechanism in principle, and the degree of evidence which supports this (i.e. 
whether the covariate, or a similar measure of it, has been previously shown in the scientific 
literature to have a relationship with the distributions of terns and / or their principle prey 
species (e.g. sandeels)). 
 
High = potential mechanism acting on the terns, supported by literature; 
Med = potential mechanism acting on prey abundance and/or availability, supported by 
literature; 
Low = potential theoretical mechanism acting on prey abundance and/or availability, but no 
support from literature 
 
(ii) Predictability of covariate: 
Our tern models aim to predict areas which are consistently important for terns (rather than 
temporarily important e.g. due to ephemeral oceanographic conditions). Thus covariates 
which best represent long-term conditions are most useful. 
 
High = static covariate; 
Med = dynamic covariate, but data averaged over time, including at least one of the tern 
survey years; 
Low = dynamic covariate, data very restricted in time or based on years outwith tern survey 
period. 
 
(iii) Data measurement: 
How the data are derived will affect how representative it is of what it is aiming to represent. 
 
High = direct measurement; 
Med = indirect measurement, or modelled; 
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Low = derived from indirect measurement or derived from another model (i.e. additional data 
treatment involved) 
 
(iv) Resolution: 
For model input, each tern/control observation is matched with covariate values which are 
nearest to the observation location. Our model outputs are at a 500m2 resolution. 
  
High = <500m; 
Med = 0.5-1km; 
Low = >1km. 
 
(v) Coverage: 
We cannot use any tern observations which do not have underlying covariate values and we 
cannot predict to those locations without covariate values (if that covariate has been chosen 
in the model). 
 
High = complete coverage within and across sites; 
Med = incomplete coverage within a site (data missing close to shore); 
Low = complete coverage within sites but data missing for some other sites. 
 
2. Overall Covariate Ranks: 


 
Covariates were given an overall rank using the individual rankings of their constituent 
characteristics, as follows. The main aim of the ranking exercise is to help ensure the 
robustness of our final models by indicating which covariates (and ultimately which models) 
are most biologically plausible, therefore ‘potential biological mechanism’ is given highest 
priority. We recognise that even if there is a sound biological basis for a covariate, if it has 
not been measured accurately, then its relationship with our tern data may not be apparent. 
Therefore the characteristic of how the data are derived is given second priority. The extent 
of coverage for each covariate is given lowest priority. This is because it will be considered 
as part of the modelling process, both within a site (covariates with insufficient coverage will 
not be used within site-specific models in Phase 1) and across sites (covariates which lack 
coverage across different sites will not be used within Phase 2). It is still useful to retain it 
however, in case it is useful to distinguish between equally ranked covariates. Of the two 
remaining characteristics (predictability and resolution), ‘predictability of covariate’ is given 
third priority as one of our key aims for the modelling is to predict consistently important 
areas. In addition, we have already restricted the covariates to only those which are around 
1km2 resolution, so we have already aimed to minimise resolution issues. 
 
Thus, covariates were given an overall rank (see Table A1.1) using the individual rankings of 
their characteristics, in this order of priority: 
 
1) Biological plausibility (High>Med>Low):  
2) Data measurement (High>Med>Low) 
3) Predictability of covariate (High>Med>Low):  
4) Resolution (High>Med>Low) 
5) Coverage (High>Med>Low) 
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Table A1.1. Details of the candidate covariates used in the modelling in order of biological plausibility rank, based on potential biological mechanism, and various 
aspects of data quality. 


Rank  Covariate Potential biological mechanism Data measurement  Predictability 
of variable 


Resolution 
 


Coverage 
 


1 Distance to 
colony 


High: 
Clear mechanism acting on central place foraging energetic 
constraints on terns (Gaston 2004) – distance to colony 
directly related to this; 
Distance to colony almost always shown to be important 
across seabird literature, including terns (e.g. Schwemmer et 
al 2009). 


High: 
Directly measured 
(straight-line distance) by 
JNCC within GIS. 
 


High: 
Static variable 
 


High: 
Resolution of a few 
metres 


High: 
Complete 
coverage 


2 Depth 
 


Med: 
Biological production is higher in shallow water  
Sandeels prefer shallow waters, given favoured sediment 
requirements (Wright et al 2000) 
Terns forage more often in shallow waters  (Birdlife foraging 
factsheets and references therein) 
 


High: 
Directly measured, by 
triangulation with linear 
interpolation. From 
Defra’s Digital Elevation 
Model. 
 


High: 
Static variable 
 


High: 
Resolution of 30-180m2 


High: 
Complete 
coverage 


2 Distance to 
shore 
 


Med: 
No clear biological mechanism, but likely to act as a proxy for 
several of our covariates (and possibly others) acting on prey 
abundance/availability (e.g. depth) because of colinearity.  
Distance to shore often shown to be important across seabird 
literature 


High: 
Directly measured by 
JNCC within GIS. 
 


High: 
Static variable 
 


High: 
Accurate to a few 
metres 


High: 
Complete 
coverage 


3 Temp 
stratification 
(difference in 
temp between 
surface and 
seabed) 
 


Med: 
Stratification and tides affects primary production 
Some evidence of sandeels preferring more stratified waters 
(van der Kooij et al 2008) 


Med: 
Modelled simulation; 
sourced from Proudman 
Oceanographic 
Laboratory 
 


Med: 
Dynamic 
variable, but 
based on 10 
year simulation, 
2006-2010, so 
includes two of 
the survey years 


Low: 


Resolution of 0.012 
decimal degrees GCS 
WGS 1984 (c. 500-
700m or 1.1km?) 


 


High: 
Complete 
coverage 
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Rank  Covariate Potential biological mechanism Data measurement  Predictability 
of variable 


Resolution 
 


Coverage 
 


4 Chlorophyll 
concentration 
April, May, 
June: 
 
 


Med: 
Primary productivity acts as a proxy for prey abundance; 
But potential for spatio-temporal mis-match between trophic 
levels; April or May values may make more sense as they 
allow for temporal lag 
Mixed results in seabird studies with some showing 
relationships while others not– may depend on how Chl data 
are presented (Suryan et al 2012; Scott et al 2010) 


Med: 
Based on satellite 
imagery; sourced from 
Plymouth Marine 
Laboratory 
 


Med: 
Dynamic 
variable; 
Only one year of 
data, but this  
matches one of 
our survey years 
(2009) 
 


Low: 
Images taken at 1.2km2 


Med: 
Complete 
coverage 
across 
sites, but 
accuracy 
low close to 
coast within 
sites 


4 SST 
April, May, June 
 
 


Med: 
Copepod and sandeel abundance and distribution influenced 
by temperature 
But potential for spatio-temporal mis-match between trophic 
levels;  April or May values may make more sense as they 
allow for temporal lag 


Med: 
Based on satellite 
imagery of SST, sourced 
from Plymouth Marine 
Laboratory 


Med: 
Dynamic 
variable; 
averaged across 
2006-2010, so 
includes two of 
the survey years 
 


Low: 
Images taken at 1.2km2 


Med: 
Complete 
coverage 
across 
sites, but 
accuracy 
low close to 
coast within 
sites 


5 Sea Surface 
Salinity 
-Spring 
-summer 
 


Med (although conflicting evidence): 
Sandeel abundance greater with higher surface salinity (van 
der Kooij et al 2008) 
Terns favour low salinity in the north Sea (Garthe 1997) 


Med: 
generated from 10 year 
simulation model of 
POLCOMS; sourced from 
Proudman Oceanography 
Laboratory 
 


Low: 
Dynamic 
variable, but 
based on 10 
year simulation 
(years unknown, 
assume doesn’t 
include survey 
years) 


Low: 


Resolution of 0.012 
decimal degrees 


GCS WGS 1984 (c. 500-
700m or 1.1km?) 


Low: 
Missing in 
East Anglia 


6 Sand (seabed 
sediment) 
 


Med: 
Acts as a proxy for sandeel habitat. 
Sandeel abundance related to sediment grain size and 
sediment types (Holland et al 2005). 
 


Low: 
% of different sediment 
types (from samples), 
simplified into BGS 
DigSBS250 Folk 
categories, supplemented 
by additional data and 
further reduced to binary 
variable for model. 


High: 
Static variable, 
based on 
seabed samples 


Low: 
Categorical variable (5 
types); very coarse 
resolution  
 


Vector dataset 


GCS WGS 1984 


High: 
Complete 
coverage 
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Rank  Covariate Potential biological mechanism Data measurement  Predictability 
of variable 


Resolution 
 


Coverage 
 


7 Shear-stress 
currents 
(peak seabed 
current kinetic 
energy) 
 


Med: 
Stronger currents could increase prey abundance and 
availability at the surface.  
Tidal currents influence suspended particles in water and 
therefore turbidity (water clarity). Turbid waters provide more 
food for small fish and reduce detection of predators.  Terns in 
North Sea prefer turbid waters (Garthe 1997) Forster’s tern 
prefers turbid waters (REF)  
Relationship between tern foraging locations and tidal cycle 
(Schwemmer et al 2009) 
Temporal and spatial pattern of foraging in common terns 
shown to be caused by the tide-related fluctuations of food 
availability (Becker et al 1993) 


Low: 
Inverse distance weighted 
interpolation of UK 
SeaMap 2010 data, 
derived from National 
Oceanography Centre 
current model 
(‘POLCOMS’ model);  
‘ss_current’ is also an 
indirect measure of 
current speed.  


Low: 
Dynamic 
variable, 
modelled for 
2000-2004, so 
does not include 
our survey years 
 


High 


Resolution: 0.0032 
decimal degrees 


GCS WGS 1984 (c. 
300m) 
 


High: 
Complete 
coverage  


8 Probability of 
front 
-Spring -
Summer 
Probability of a 
frequent thermal 
front.  


Med: 
Prey, and therefore seabirds might accumulate at 
oceanographic fronts (where there is a strong spatial gradient 
in thermodynamic characteristics) (Schneider 1990) 


Low: 
Based on satellite 
observations of SST, 
converted to ratio of 
strong thermal fronts to 
observations; sourced 
from Plymouth Marine 
Laboratory 


Low:  
Dynamic, and 
averaged over 
1998-2008, so 
does not include 
our survey 
years.  


Low: 


Resolution: Approx 
1.2km2 


Perhaps likely to operate 
at larger spatial scales 
than what we are 
looking at. 


High: 
Complete 
coverage 


9 Seabed slope (º 
incline between 
adjacent grid 
cells) 
 


Low: 
Seabed slope may interact with energy layers to influence how 
water column is mixed, and the extent to which items are 
carried to the surface 


Med: 
Derived from Defra digital 
elevation model data by 
JNCC using Spatial 
Analyst tool in ArcGIS. 


High: 
Static variable 


High: 
Resolution to c.30m2 


High: 
Complete 
coverage 


9 Aspect 
-Eastness 
-Northness 
 


Low: 
Seabed aspect may interact with energy layers to influence 
how water column is mixed, and the extent to which items are 
carried to the surface 


Med: 
Derived from Defra digital 
elevation model data, 
then converted by JNCC 
into ‘eastness’ and 
‘northness’ 


High: 
Static variable 


High: 
Resolution to c.30m2 


High: 
Complete 
coverage 
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Rank  Covariate Potential biological mechanism Data measurement  Predictability 
of variable 


Resolution 
 


Coverage 
 


10 Shear Stress 
wave (Peak 
seabed wave 
kinetic energy, 
Nm2)  
 


Low: 
Stronger wave energy could increase prey abundance and 
availability at the surface, and influence suspended particles in 
water and therefore turbidity (water clarity). 
No evidence from the literature of relationships with wave 
energy. 


Low: 
Inverse distance weighted 
interpolation of UK 
SeaMap 2010 data, 
derived from National 
Oceanography Centre 
ProWAM wave model 
(12.5km resolution) and 
DHI Spectral Wave model 
(100-300m resolution) 


Low: 
Dynamic 
variable, 
modelled for 
2000-2004, so 
does not include 
our survey years 
 


Low: 


Resolution: 300m-
12.5km 


High: 
Complete 
coverage 
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8 Appendix 2 Results of model selection for Phase 1 
colonies 


 
Please refer to Section 2.2.3 for more detail on model selection methods, and Section 8 
(Appendix 1) for details on covariate ranks. For some species at some colonies it was not 
possible to use all the covariates due to large amounts of missing data, especially close to 
the coast (see colony/species specific sections for more details). 
 
Here we present all of the short-listed models that we considered according to our model 
selection criteria. Note that the number of models considered varies between sites/species 
and in some cases our model selection criteria meant that only the model with the lowest 
AIC was considered.  
 
8.1 Model selection for Farne Islands models 


 
8.1.1 Arctic terns 
 
The minimum AIC model (distance to colony, salinity in spring and probability of a summer 
front) did not include the covariates of chlorophyll concentration or sea surface temperature. 
As these have a lot of missing data compared to other covariates we re-ran the stepwise 
search for minimum AIC with these covariates removed as candidates to ensure a more 
reliable AIC statistic.  
 
Table A2.1 shows the frequency with which covariates were selected in the minimum AIC 
models from 100 bootstrap samples of the tracking dataset, while Table A2.2 shows the 
recalculated minimum AIC model using the full tracking dataset, along with other models 
considered.  
 
The minimum AIC model (using the recalculated AIC statistics) now contained distance to 
colony and probability of a spring front. Removing probability of a spring front (because it 
has a biological plausibility rank of >5 and was selected <50% of the time in the bootstrap 
samples (Table A2.1)) increased the AIC by >2 (Table A2.2).  
 
In comparison, the previous minimum AIC model containing distance to colony, salinity in 
spring and probability of a summer front had an AIC of 186.58 which was an increase of <2 
from the recalculated min AIC model (Table A2.2). When probability of a summer front was 
removed (because it was selected <50% of the time (Table A2.1) and has a biological 
plausibility rank of >5), then the AIC was 185.67, while when salinity in spring was removed 
(because it was selected <50% of the time (Table A2.1)), the AIC was 186.55. As salinity in 
spring has a lower rank (more biologically plausible) than either probability of a spring front 
or summer front, and was selected more frequently, the final model chosen therefore 
contained distance to colony and salinity in spring. 
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Table A2.1. Frequency with which covariates were selected in the minimum AIC models from 100 
bootstrap samples of the tracking dataset for Arctic terns at the Farne Islands, using all candidate 
covariates except chlorophyll concentration and sea surface temperature variables. 
Variable Count 
dist_col 73 
dist_shore 42 
sal_spring 41 
sand 37 
strat_temp 30 
sal_summ 28 
bathy_1sec 27 
spring_front 27 
ss_current 22 
ss_wave 22 
summ_front 11 
eastness_1s 8 
slope_1s_deg 8 
northness_1s 6 


 
Table A2.2. Shortlisted models and AIC statistics for Arctic terns at the Farne Islands. A model 
containing only distance to colony is shown for comparison. The proposed final model is indicated in 
bold. 
Terms AIC 
dist_col 187.9 
dist_col, sal_spring, summ_front 186.58 
dist_col, summ_front 186.55 
dist_col, sal_spring 185.67 
dist_col, spring_front 185.62 


 
8.2 Model selection for Coquet Island models 
 
8.2.1 Arctic terns 
 
Table A2.3 shows the frequency with which covariates were selected in the minimum AIC 
models from 100 bootstrap samples of the tracking dataset, while Table A2.4 shows the 
minimum AIC model using the full tracking dataset, along with other models considered.  
 
The model obtained by the stepwise search for a minimum AIC model included distance to 
colony, chlorophyll concentration in June, bathymetry, sea surface temperature in May and 
shear stress current, and had an AIC value of 416.47. Only one of the covariates (shear 
stress current) has a biological plausibility rank of >5, and the results of the bootstrapping 
exercise show that all but one of these covariates were selected >50%, with sea surface 
temperature in May only having been selected 38% of the time (Table A2.3). When either 
sea surface temperature in May or shear stress current were removed from the model, the 
change in AIC value was <2 but was greater than the change when both were removed 
together (Table A2.4). Thus, the final model contained distance to colony, chlorophyll 
concentration in June and bathymetry. 
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Table A2.3. Frequency with which covariates were selected in the minimum AIC models from 100 
bootstrap samples of the tracking dataset for Arctic terns at the Coquet colony, using all candidate 
covariates. 
Variable Count 
dist_col 99 
chl_june 62 
ss_current 55 
bathy_1sec 52 
sal_spring 50 
sst_april 46 
chl_may 42 
dist_shore 41 
sal_summ 40 
sst_may 38 
strat_temp 29 
sst_june 28 
spring_front 27 
ss_wave 27 
sand 23 
chl_apr 20 
summ_front 11 
slope_1s_deg 10 
northness_1s 8 
eastness_1s 4 


 
Table A2.2 Shortlisted models and AIC statistics for Arctic terns at Coquet Island. A model containing 
only distance to colony is shown for comparison. The proposed final model is indicated in bold. 
Terms AIC 
dist_col 418.38 
dist_col, chl_june, bathy_1sec, sst_may 417.84 
dist_col, chl_june, bathy_1sec, ss_current 416.91 
dist_col, chl_june, bathy_1sec 416.63 
dist_col, chl_june, bathy_1sec, sst_may, ss_current 416.47 


 
8.2.2 Common terns 
 
Table A2.5 shows the frequency with which covariates were selected in the minimum AIC 
models from 100 bootstrap samples of the tracking dataset, while Table A2.6 shows the 
minimum AIC model using the full tracking dataset, along with other models considered. 
 
The model obtained by the stepwise search for a minimum AIC model included distance to 
colony, chlorophyll concentration in June, bathymetry, sea surface temperature in April and 
sea surface temperature in June, and had an AIC value of 317.9. All of these have a 
biological plausibility rank of ≤5, and all except sea surface temperature in June were 
selected >50% of the time in the bootstrap samples (Table A2.5). When sea surface 
temperature in June was removed, the difference in AIC was <2 (Table A2.6). Thus, the final 
model contained distance to colony, chlorophyll concentration in June, bathymetry and sea 
surface temperature in April. 
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Table A2.5. Frequency with which covariates were selected in the minimum AIC models from 100 
bootstrap samples of the tracking dataset for common terns at Coquet Island, using all candidate 
covariates. 
Variable Count 
dist_col 90 
chl_june 71 
sst_april 61 
bathy_1sec 58 
summ_front 37 
chl_may 36 
sal_spring 36 
sand 34 
dist_shore 33 
sst_june 31 
ss_wave 29 
strat_temp 27 
ss_current 24 
sst_may 20 
sal_summ 19 
chl_apr 17 
slope_1s_deg 14 
spring_front 11 
eastness_1s 2 
northness_1s 2 


 
Table A2.6. Shortlisted models and AIC statistics for common terns at Coquet Island. A model 
containing only distance to colony is shown for comparison. The proposed final model is indicated in 
bold. 
Terms AIC 
dist_col 326.84 
dist_col, chl_june, bathy_1sec, sst_april 318.48 
dist_col, chl_june, bathy_1sec, sst_april, sst_june 317.9 


 
8.2.3 Roseate terns 
 
For roseate terns at Coquet Island, sand, sea surface temperature and chlorophyll 
concentration were removed as candidate covariates at the outset due to the high amount of 
missing data. Table A2.7 shows the frequency with which covariates were selected in the 
minimum AIC models from 100 bootstrap samples of the tracking dataset, while Table A2.8 
shows the minimum AIC model using the full tracking dataset, along with other models 
considered. 
 
The AIC model obtained by the stepwise search for a minimum AIC model included distance 
to colony, temperature stratification, shear stress current and eastness. Although both 
eastness and shear stress current were selected >50% of the time in the bootstrap samples 
(Table A2.7), they both have a biological plausibility ranking >5. Removal of either eastness 
or shear stress current, or both together, increased the AIC by <2. When temperature 
stratification was then removed (because it was selected in <50% of the time in the 
bootstrap samples) from the most parsimonious of these alternative modes, the AIC 
increased by >2.  The final model chosen was therefore one involving distance to colony and 
temperature stratification.  . 
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Table A2.7. Frequency with which covariates were selected in the minimum AIC models from 100 
bootstrap samples of the tracking dataset for roseate terns at Coquet Island, using available 
candidate covariates. 
Variable Count 
dist_col 85 
ss_current 83 
dist_shore 66 
eastness_1s 61 
sal_spring 59 
sal_summ 51 
spring_front 47 
summ_front 46 
strat_temp 45 
bathy_1sec 19 
slope_1s_deg 16 
ss_wave 16 
northness_1s 13 


 
Table A2.8. Shortlisted models and AIC statistics for roseate terns at Coquet Island. The proposed 
final model is indicated in bold. 
Terms AIC 
dist_col, strat_temp, eastness, ss_current 169.80 
dist_col, strat_temp, ss_current 171.57 
dist_col, strat_temp, eastness 170.77 
dist_col, strat_temp 171.35 
dist_col 212.09 


 
8.2.4 Sandwich terns 
 
The model obtained by the stepwise search for a minimum AIC model (distance to shore, 
distance to colony, chlorophyll concentration in April and chlorophyll concentration in June) 
did not include any sea surface temperature variables. As these have a lot of missing data 
compared to other covariates we re-ran the stepwise search for minimum AIC with sea 
surface temperature covariates removed as candidates. This was to ensure the analysis 
involved a more complete grid coverage, and hence, a more reliable AIC statistic, because  
grid cells which covariates fail to make predictions to due to incomplete datasets are  
automatically removed from the analysis. 
 
Table A2.9 shows the frequency with which covariates were selected in the minimum AIC 
models from 100 bootstrap samples of the tracking dataset, while Table A2.10 shows the 
recalculated minimum AIC model using the full tracking dataset, along with other models 
considered.  
 
The minimum AIC model (using the recalculated AIC statistics) now involved distance to 
colony, distance to shore and chlorophyll concentration in May, all of which have biological 
plausibility ranks of ≤5. The results of the bootstrapping exercise shows that both chlorophyll 
concentration in May and distance to shore were selected <50% of the time (Table A2.8).  
When chlorophyll concentration in May was excluded, the difference in AIC was <2 but when 
distance to shore was excluded the difference was >2 (Table A2.10). Removing both these 
covariates increased the AIC by >2 (Table A2.10). Therefore the model containing distance 
to colony and distance to shore was chosen as the final model.  
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For comparison the original minimum AIC model when sea surface temperature was 
included is also shown, together with the AIC statistics when chlorophyll concentration in 
May and in June were removed from this model (because they were selected <50% of the 
time) (Table A2.10). 
 
Table A2.9. Frequency with which covariates were selected in the minimum AIC models from 100 
bootstrap samples of the tracking dataset for Sandwich terns at Coquet Island using all candidate 
covariates except the sea surface temperature variables. 
Variable Count 
ss_wave 65 
bathy_1sec 62 
dist_col 62 
chl_may 48 
strat_temp 44 
chl_june 39 
ss_current 39 
dist_shore 36 
sal_summ 22 
sand 19 
summ_front 19 
sal_spring 18 
chl_apr 16 
slope_1s_deg 16 
eastness_1s 13 
spring_front 12 
northness_1s 10 


  
Table A2.10. Shortlisted models and AIC statistics for Sandwich terns at Coquet Island. The 
proposed final model is indicated in bold. 
Terms AIC 
dist_col 319.30 
dist_col, chl_may 304.47 
dist_col, dist_shore, chl_apr  282.38 
dist_col, dist_shore, chl_apr, chl_june 282.31 
dist_col, dist_shore 280.44 
dist_col, dist_shore, chl_june 280.36 
dist_col, dist_shore, chl_may 280.26 


 
 
8.3 Model selection for North Norfolk models 
 
8.3.1 Common terns 
 
For common terns at Blakeney Point, sand, sea surface temperature and chlorophyll 
concentration for April were removed as candidate covariates at the outset due to the high 
amount of missing data. Salinity data was not available for this area.  
 
Table A2.11 shows the frequency with which the remaining covariates were selected in the 
minimum AIC models from 100 bootstrap samples of the tracking dataset, while Table A2.12 
shows the minimum AIC model using the full tracking dataset, along with other models 
considered. 
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The minimum AIC model included distance to colony and shear stress wave, and had an 
AIC value of 52.19. Shear stress wave has a biological plausibility rank of >5 and was 
selected <50% of the time in the bootstrap sample (Table A2.11). However, the removal 
shear stress wave resulted in an increased AIC value of >2 and, thus, distance to colony and 
shear stress wave were chosen as the final model.   
 
Table A2.11. Frequency with which covariates were selected in the minimum AIC models from 100 
bootstrap samples of the tracking dataset for common terns at Blakeney Point colony, using available 
candidate covariates. 
Variable  Count  
bathy_1sec  68 
dist_shore  57 
strat_temp  57 
dist_col  55 
chl_june  38 
ss_wave  36 
ss_current  31 
chl_may  28 
spring_front  21 
slope_1s_deg  18 
summ_front  15 
eastness_1s  12 
northness_1s  12 


 
Table A2.12. Shortlisted models and AIC statistics for common terns at Blakeney Point. The 
proposed final model is indicated in bold. 
Terms AIC 
dist_col 58.26 
dist_col, ss_wave 52.19 


 
8.3.2 Sandwich terns 
 
For Sandwich terns at Scolt Head and Blakeney Point, sand, sea surface temperature and 
chlorophyll concentration for April were removed as candidate covariates at the outset due to 
the high amount of missing data. There was no salinity data available for this area.  
 
Table A2.13 shows the frequency with which the remaining covariates were selected in the 
minimum AIC models from 100 bootstrap samples of the tracking dataset, while Table A2.14 
shows the minimum AIC model using the full tracking dataset, along with other models 
considered. 
 
The minimum AIC model obtain by the stepwise selection included distance to colony, 
distance to shore, chlorophyll concentration in May, shear stress wave, bathymetry and 
northness, and had an AIC value of 371.82. Of these, distance to colony, distance to shore 
and bathymetry have biological plausibility ranks of ≤5 and were selected >50% of the time 
in the bootstrap samples (Table A2.13). To find the most robust model the three remaining 
covariates (chlorophyll concentration in May, shear stress wave and northness) were 
removed in varying combinations. 
 
Removal of northness and chlorophyll in May either individually or together resulted in 
models with an AIC score of ≤2 from the minimum AIC model (Table A2.14). The most 
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parsimonious of these (i.e. removal of both covariates) was chosen as the final model and 
involved distance to colony, distance to shore, bathymetry and shear stress wave.  
 
Table A2.13. Frequency with which covariates were selected in the minimum AIC models from 100 
bootstrap samples of the tracking dataset for Sandwich terns at Scolt Head and Blakeney Point 
colony, using available candidate covariates. 
Variable Count 
dist_col  100 
dist_shore  93 
ss_wave  71 
bathy_1sec  56 
chl_june  56 
ss_current  23 
chl_may  16 
summ_front  15 
slope_1s_deg  11 
northness_1s  10 
spring_front  9 
strat_temp  9 
eastness_1s 5 


 
Table A2.14. Short-listed models and AIC statistics for Sandwich terns at Scolt Head and Blakeney 
Point. A model containing only distance to colony is shown for comparison. The proposed final model 
is indicated in bold. 
Terms AIC 
dist_col  402.89  
dist_col, dist_shore, bathy_1sec  389.38  
dist_col, dist_shore, chl_may, bathy_1sec  388.22  
dist_col, dist_shore,bathy_1sec, northness  385.95  
dist_col, dist_shore, chl_may, bathy_1sec, northness  385.18  
dist_col, dist_shore,ss_wave, bathy_1sec  373.44  
dist_col, dist_shore,ss_wave, bathy_1sec, northness  372.87  
dist_col, dist_shore, chl_may, ss_wave, bathy_1sec  372.11  
dist_col, dist_shore, chl_may, ss_wave, bathy_1sec, northness  371.82  


8.4 Model selection for Ynys Feurig, Cemlyn Bay and The Skerries 
models 


 
8.4.1 Common terns 
 
Table A2.15 shows the frequency with which covariates were selected in the minimum AIC 
models from 100 bootstrap samples of the tracking dataset. The minimum AIC model 
(distance to colony and salinity in spring) found by the stepwise search did not include either 
sea surface temperature or chlorophyll concentration variables, both of which have extensive 
missing data. Model selection was therefore re-run with these variables removed (to obtain 
more accurate estimates of AIC).  
 
The recalculated minimum AIC model contained distance to colony, salinity in spring and the 
probability of a spring front, and had an AIC value of 66.622. Removal of the probability of a 
spring front variable (because it has a biological plausibility rank of >5 and was selected 
<50% in the bootstrap samples) increased the AIC value by <2 (Table A2.16). Therefore we 
chose this as the final model. Thus, regardless of whether sea surface temperature and 







Quantifying usage of the marine environment by terns Sterna sp. around their breeding colony SPAs  
 
 


108 


chlorophyll concentration covariates were included as candidate covariates, the final model 
was distance to colony and salinity in spring. 
 
Table A2.15 Frequency with which covariates were selected for 100 bootstrap samples for common 
terns at the Cemlyn colony, using all candidate covariates. 
Variable Count 
dist_col 100 
sal_spring 84 
spring_front 31 
bathy_1sec 27 
chl_may 27 
sst_may 23 
summ_front 22 
strat_temp 18 
sal_summ 15 
chl_apr 14 
dist_shore 14 
northness_1s 14 
chl_june 12 
ss_wave 12 
eastness_1s 11 
sst_april 11 
ss_current 10 
sst_june 3 


 
Table A2.16 Shortlisted models and AIC statistics for common terns at the Cemlyn colony excluding 
chlorophyll and SST variables; the proposed final model is indicated in bold. A model containing only 
distance to colony is shown for comparison. 
Terms AIC 
dist_col 79.044 
dist_col, sal_spring 67.157 
dist_col, sal_spring, spring_front 66.622 


 
8.4.2 Sandwich terns 
 
For Sandwich terns at Cemlyn Bay, probability of a spring front, probability of a summer 
front, sea surface temperature and chlorophyll concentration were removed as candidate 
covariates at the outset due to the high amount of missing data. 
 
Table A2.17 shows the frequency with which the remaining covariates were selected in the 
minimum AIC models from 100 bootstrap samples of the tracking dataset, while Table A2.18 
shows the minimum AIC model using the full tracking dataset, along with other models 
considered.   
 
The minimum AIC model found by the stepwise search included distance to colony, distance 
to shore and salinity in spring, and had an AIC value of 297.53. All three variables have a 
biological plausibility rank of ≤5 and were selected more than 50% of the time in the 
bootstrap samples (Table A2.17). Therefore, the minimum AIC model was used as the final 
model. 
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Table A2.17. Frequency with which covariates were selected for 100 bootstrap samples for Sandwich 
terns at the Cemlyn colony, using available candidate covariates. 
Variable Count 
dist_col 100 
dist_shore 91 
sal_spring 82 
ss_wave 49 
bathy_1sec 35 
ss_current 35 
sal_summ 30 
eastness_1s 28 
slope_1s_deg 25 
northness_1s 18 
strat_temp 16 
sand 8 


 
Table A2.18. Shortlisted model and AIC statistic for Sandwich terns at the Cemlyn colony; the 
proposed final model is indicated in bold. A model containing only distance to colony is shown for 
comparison. 
Terms AIC 
dist_col 414.09 
dist_col, dist_shore, sal_spring 297.53 


 
8.5 Larne Lough 
 
8.5.1 Common terns 
 
For common terns at Larne Lough, sand was removed at the outset due to large amounts of 
missing data. 
 
Table A2.19 shows the frequency with which covariates were selected in the minimum AIC 
models from 100 bootstrap samples of the tracking dataset. The minimum AIC model 
obtained by the stepwise search (distance to colony, distance to shore and bathymetry) did 
not include sea surface temperature or chlorophyll concentration variables, both of which 
have extensive missing data. We therefore re-ran model selection with these variables 
removed to obtain a more accurate estimate of AIC. The resulting minimum AIC model using 
the full tracking dataset, along with other models considered, is shown in Table A2.20. 
 
The recalculated minimum AIC model found by the stepwise search contained distance to 
colony, distance to shore, bathymetry, seabed slope and shear stress wave, and had an AIC 
value of 90.104. Both shear stress wave and seabed slope have a biological plausibility rank 
of >5, and seabed slope was selected <50% of the time in the bootstrap samples (Table 
A2.19). Removing shear stress wave increased the AIC value by <2 but removing seabed 
slope increased it by >2 (Table A2.20). The removal of both (which would result in the 
original minimum AIC model) also increased the AIC value by >2 (Table A2.20). The final 
model chosen therefore included distance to colony, distance to shore, bathymetry and 
seabed slope.  
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Table A2.19. Frequency with which covariates were selected for 100 bootstrap samples for common 
terns at the Larne Lough colony, using available candidate covariates. 
Variable Count 
dist_col 99 
bathy_1sec 96 
ss_wave 68 
dist_shore 67 
sal_summ 34 
chl_apr 31 
sal_spring 28 
spring_front 22 
sst_june 22 
strat_temp 19 
northness_1s 15 
slope_1s_deg 15 
sst_may 14 
chl_june 13 
eastness_1s 13 
ss_current 9 
chl_may 7 
sst_april 5 
summ_front 2 


 
Table A2.20. Shortlisted models and AIC statistics for common terns at the Larne Lough colony with 
chlorophyll and SST variables excluded; the proposed final model is indicated in bold. A model 
containing only distance to colony is shown for comparison. 
Terms AIC 
dist_col 117.55 
dist_col,dist_shore,bathy_1sec 93.743 
dist_col,dist_shore,bathy_1sec,ss_wave 92.53 
dist_col,dist_shore,bathy_1sec,slope 90.369 
dist_col,dist_shore,bathy_1sec,slope,ss_wave 90.104 


 
8.6 Outer Ards 
 
8.6.1 Arctic terns 
 
Table A2.23 shows the frequency with which covariates were selected in the minimum AIC 
models from 100 bootstrap samples of the tracking dataset. The minimum AIC model 
(distance to colony and chlorophyll concentration in June) found by the stepwise search did 
not include any sea surface temperature variables. As there are a lot of missing data for 
these variables compared to other covariates, we re-ran model selection with sea surface 
temperature removed as candidate covariates. The resulting minimum AIC model, along with 
other considered models, is shown in Table A2.24.  
 
The minimum AIC model obtained by the stepwise search now contained distance to colony 
and shear stress current, and had an AIC value of 114.53. Shear stress current has a 
biological plausibility rank of >5 and was selected <50% of the time (Table A2.23). The 
removal of shear stress current increased the AIC value by >2 (Table A2.24).  
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For comparison, the original minimum AIC model when sea surface temperature was 
included is also shown, together with the AIC statistics when chlorophyll concentration in 
June was removed from this model (because it was selected <50% of the time (Table 
A2.23)). The resulting AIC value was reduced by <2 but was still much greater than that of 
the model containing distance to colony and shear stress current only (Table A2.24). Thus, 
the final model included distance to colony and shear stress current. 
 
Table A2.23. Frequency with which covariates were selected for 100 bootstrap samples for Arctic 
terns at the Outer Ards colony, using all candidate covariates. 
Variable Count 
dist_col 74 
dist_shore 58 
chl_apr 57 
chl_june 46 
sal_spring 44 
chl_may 28 
sal_summ 27 
ss_wave 24 
strat_temp 24 
sst_april 21 
bathy_1sec 19 
sand 17 
sst_june 17 
summ_front 15 
sst_may 11 
eastness_1s 8 
ss_current 6 
pring_front 5 
northness_1s 1 
slope_1s_deg 1 


 
Table A2.24. Shortlisted models and AIC statistics for Arctic terns at the Outer Ards colony when SST 
variables are excluded; the proposed final model is indicated in bold.  
Terms AIC 
dist_col, chl_june 123.39 
dist_col 121.41 
dist_col, ss_current 114.53 


 
8.7 Ythan Estuary, Sand of Forvie and Meikle Loch 
 
8.7.1 Sandwich terns 
 
Sand, sea surface temperature and chlorophyll concentration were removed as candidate 
covariates at the outset due to the high amount of missing data.  
 
Table A2.25 shows the frequency with which remaining covariates were selected in the 
minimum AIC models from 100 bootstrap samples of the tracking dataset, while Table A2.26 
shows the minimum AIC model using the full tracking dataset, along with other models 
considered. 
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The minimum AIC model obtained from the stepwise search involved temperature 
stratification, shear stress current and bathymetry, and had an AIC of 89.376. Dropping 
shear stress current (because it has a biological plausibility rank of >5) increased the AIC by 
<2 (Table A2.26). Removing bathymetry (because it was selected <50% of the time in the 
bootstrap sample (Table A2.25)) and removing both bathymetry and shear stress current 
together resulted in an increase of the AIC value by >2 (Table A2.26). Therefore the final 
model chosen contained bathymetry and temperature stratification.  
 
Table A2.25. Frequency with which covariates were selected in the minimum AIC models from 100 
bootstrap samples of the tracking dataset for common terns at the Sand of Forvie colony, using 
available candidate covariates. 
Variable Count 
ss_current 67 
ss_wave 54 
strat_temp 53 
dist_col 46 
slope_1s_deg 44 
sal_spring 43 
bathy_1sec 37 
dist_shore 27 
spring_front 22 
sal_summ 18 
northness_1s 12 
eastness_1s 3 


 
Table A2.26. Shortlisted models and AIC statistics for Sandwich terns at the Forvie colony; the 
proposed final model is indicated in bold. A model containing only distance to colony is shown for 
comparison. 
Terms AIC 
dist_col 201.07 
strat_temp 169.78 
ss_current,strat_temp 162.58 
bathy_1sec, strat_temp 90.462 
bathy_1sec,ss_current,strat_temp 89.376 


 
8.8 Model selection for Imperial Dock Lock models 
 
8.8.1 Common terns 
 
For common terns at Imperial Dock Lock, sea surface temperature and chlorophyll 
concentration were removed as candidate covariates at the outset due to the high amount of 
missing data.  
 
Table A2.27 shows the frequency with which the remaining available covariates were 
selected in the minimum AIC models from 100 bootstrap samples of the tracking dataset 
while Table A2.28 shows the minimum AIC model using the full tracking dataset, along with 
other models considered. 
 
The minimum AIC model obtained by the stepwise search included distance to colony, 
seabed slope, salinity in spring, distance to shore, bathymetry and probability of a spring 
front, and had an AIC value of 653.98. All of these were selected >50% of the time in the 
bootstrap samples (Table A2.27), but probability of a spring front and seabed slope have a 
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biological plausibility rank of >5. When probability of a spring front was removed, the 
difference in AIC was <2, while removal of seabed slope increased the AIC value by >2 
(Table A2.28). Removal of both these covariates together increased the AIC value by >2 
(Table A2.28). Thus the final model contained distance to colony, seabed slope, salinity in 
spring, distance to shore and bathymetry.  
 
Table A2.27. Frequency with which covariates were selected in the minimum AIC models from 100 
bootstrap samples of the tracking dataset for common terns at Imperial Dock Lock SPA, using 
available candidate covariates. 
Variable  Count 
dist_col  100 
dist_shore  95 
bathy_1sec  90 
spring_front  81 
slope_1s_deg  80 
sal_spring  63 
sal_summ  42 
summ_front  34 
ss_current  31 
sand  30 
northness_1s  11 
ss_wave  10 
eastness_1s  8 
strat_temp  4 


 
Table A2.28. Shortlisted models and AIC statistics for common terns at Imperial Dock Lock SPA. A 
model containing only distance to colony is shown for comparison. The proposed final model is 
indicated in bold. 
Terms AIC 
dist_col  685.82  
dist_col,dist_shore,sal_spring,bathy_1sec  658.61  
dist_col, slope_1s_deg, sal_spring, dist_shore, bathy_1sec  
dist_col, sal_spring, dist_shore, bathy_1sec, spring_front  


655.46  
656.46  


dist_col, slope_1s_deg, sal_spring, dist_shore, bathy_1sec, spring_front  653.98  
 
8.9 Model selection for Glas Eileanan models 
 
8.9.1 Common terns 
 
For common terns at Glas Eileanan, it was decided to remove sand, sea surface 
temperature and chlorophyll concentration covariates at the outset due to the high amount of 
missing data.  
 
Table A2.29 shows the frequency with which remaining covariates were selected in the 
minimum AIC models from 100 bootstrap samples of the tracking dataset, while Table A2.30 
shows the minimum AIC model using the full tracking dataset, along with other models 
considered 
 
The minimum AIC model obtained from the stepwise selection contained distance to colony, 
distance to shore, eastness and seabed slope, and had an AIC value of 282.88. All these 
covariates were selected in >50% of the bootstrap samples (Table A2.29), but eastness and 
seabed slope both have a biological plausibility rank of >5. When eastness was removed, 
the difference in AIC was <2 (Table A2.30). When seabed slope was removed, the 
difference in AIC was >2 (Table A2.30). Equally, the removal of both eastness and seabed 







Quantifying usage of the marine environment by terns Sterna sp. around their breeding colony SPAs  
 
 


114 


slope together also increased the AIC by >2 (Table A2.30). Therefore, the final model 
selected contained distance to colony, distance to shore and seabed slope. 
 
Table A2.29 Frequency with which covariates were selected for 100 bootstrap samples for common 
terns at Glas Eileanan, using available candidate covariates. 
Variable Count 
dist_col 100 
slope_1s_deg 83 
eastness_1s 70 
dist_shore 68 
strat_temp 23 
ss_wave 21 
sal_summ 19 
bathy_1sec 17 
sal_spring 14 
ss_current 14 
northness_1s 12 
summ_front 12 


 
Table A2.30. Shortlisted models and AIC statistics for common terns at Glas Eileanan; the proposed 
final model is indicated in bold. A model containing only distance to colony is shown for comparison. 
Terms AIC 
dist_col 290.24 
dist_col, dist_shore 289.52 
dist_col, dist_shore, eastness 287.85 
dist_col, dist_shore, slope 283.94 
dist_col, dist_shore, eastness, slope 282.88 
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9 Appendix 3 Equations for the final GLM models 
 
Colony SPA Species Model equation  
Coquet Island Arctic Usage = -3.74 - 0.22(dist_col) + 1.53(chl_june) - 0.04(bathy_1sec) + Ɛi 
Farne Islands Arctic Usage = 5218 - 0.27(dist_col) - 148.82(sal_spring) + Ɛi 
Outer Ards Arctic Usage = -1.59 - 0.11(dist_col) + 0.93(ss_current) + Ɛi 
Generic Arctic Usage = -0.96 - 0.22(dist_col) - 0.01(bathy_1sec) + Ɛi 
Coquet Island Common Usage = -16.11 - 0.24(dist_col) + 2.97(chl_june) - 0.05(bathy_1sec) + 1.42(sst_april) + Ɛi 
Larne Lough Common Usage = 0.22 -0.45(dist_col) + 0.54(dist_shore) + 0.03(bathy_1sec) + 0.64(slope_1s_deg) + Ɛi 
Glas Eileanan Common Usage = -2.15 - 0.16(dist_col) + 0.45(dist_shore) + 0.37(slope_1s_deg) + Ɛi 


Imperial Dock Lock Common  Usage = -724.88 - 0.21(dist_col) + 0.03(bathy_1sec) - 0.29(dist_shore) + 20.66(sal_spring) + 
0.19(slope_1s_deg) + Ɛi 


North Norfolk Common Usage = -5.71 - 0.48(dist_col) + 1.61(ss_wave) + Ɛi 
Cemlyn Bay Common Usage = -3888.32 - 0.81(dist_col) + 113.26(sal_spring) + Ɛi 
Generic Common Usage = -0.74 - 0.19(dist_col) - 0.001(bathy_1sec) - 0.10(dist_shore)  + Ɛi 
Coquet Island Roseate Usage = -79.24 - 0.21(dist_col) + 1.81(chl_june) + 8.13(sst_may) + Ɛi 
Coquet Island Sandwich Usage = 0.37 - 0.08(dist_col) - 0.51(dist_shore) + Ɛi 
Farne Islands  Sandwich Usage = -2.071e+04 - 4.124e-01(dist_col) - 1.958e+00(dist_shore) + 5.904e+02(sal_spring) + Ɛi 
Larne Lough Sandwich Usage = -4677.47 - 0.43(dist_col) - 3.35(dist_shore) + 133.89(sal_spring) + Ɛi 
Ythan Estuary, Sands of 
Forvie and Meikle Loch Sandwich Usage = 4.06 - 2.38(strat_temp) + 0.26(bathy_1sec) + Ɛi 


North Norfolk  Sandwich Usage = -4.19 - 0.17(dist_col) + 0.09(dist_shore) + 0.06(bathy_1sec) + 1.16(ss_wave) + Ɛi 
Cemlyn Bay Sandwich Usage = -1.717e+03 - 2.770e-01(dist_col) - 3.661e-01(dist_shore) + 5.001e+01(sal_spring) + Ɛi 
Generic Sandwich Usage = 0.28 - 0.09(dist_col) + 0.03(bathy_1sec) - 0.20(dist_shore) + Ɛi 
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10 List of Annexes 
 
Annex 1 
 
Contract report of work carried out to develop and apply modelling techniques to visual-
tracking data to produce site-specific (Phase 1) models for 13 species/colony SPAs. The 
mapped outputs are from the GAM models. 
 
BREWER, M.J, POTTS, J. M., DUFF, E. I. & ELSTON, D. A. 2012a. To carry out tern 
modelling under the Framework Agreement C10-0206-0387. Contract Report to JNCC, 
March 2012. 
 
A separate Results Appendix provides the text and graphical output from the analysis of the 
main report. 
 
Annex 2 
 
Contract report of work carried out to extend the modelling techniques developed in Brewer 
et al 2012a for application in a geographic extrapolation (Phase 2) context for 14 
species/colony SPAs for which little or no visual tracking data were available. Analysis was 
restricted to GLMs. 
 
BREWER, M.J., POTTS, J. M., DUFF, E. I. & ELSTON, D. A. 2012b. Prediction of new 
colonies – seabird tracking data (under Agreement C10-0206-0387). Contract Report to 
JNCC, November 2012. 
 
A separate Results Appendix provides the text output for the principal component analysis of 
Section 5.1 of the main report. 
 
Annex 3 
 
Contract report to re-run GAM models developed in Brewer et al 2012a for the four larger 
tern species at Coquet Island SPA after removing outliers and transforming environmental 
covariates where necessary.  
 
BREWER, M.J., POTTS, J. M., DUFF, E. I. & ELSTON, D. A. 2012c. Additional Work 
Coquet Colony – Seabird Tracking Data (under Agreement C10-0206-0387). Contract 
Report to JNCC, December 2012. 
 
Annex 4 
Contract report to re-run GAM models developed in Brewer et al 2012a for the four larger 
tern species at all other Phase 1 colonies (except Coquet Island, covered in Brewer et al 
2012c) after removing outliers and transforming environmental covariates where necessary.  
 
POTTS, J. M., BREWER, M. J., DUFF, E. I. & ELSTON, D. A. 2013a. Additional Work Other 
Colonies – Seabird tracking data (under Agreement C10-0206-0387). Contract Report to 
JNCC, March 2013. 
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Annex 5 
 
Contract report of work re-running GLM models for Phase 1, incorporating more robust 
approach to model selection and generating confidence intervals for the predictions. These 
are the final Phase 1 models used. 
 
POTTS, J. M., BREWER, M. J., & DUFF, E. I. 2013b. Refinements of tern Sterna sp. 
tracking data modelling (Phase 1) (under Agreement C10-0206-0387). Contract Report to 
JNCC, September 2013. 
 
Annex 6 
 
Contract report of work re-running GLM Phase 2 models based on a revised shortlist of 
candidate covariates resulting from the Potts et al 2013b (Annex 5) work. Included clearer 
audit of model selection based on three different scores of cross-validation. These are the 
final Phase 2 models used. 
 
POTTS, J. M., BREWER, M. J., & DUFF, E. I. 2013c. Refinements of tern Sterna sp. 
tracking data modelling (Phase 2) (under Agreement C10-0206-0387). Contract Report to 
JNCC, October 2013, Revised December 2013. 
 
Annex 7 
 
Contract report of cross-validation work carried out on Phase 1 models. 
 
POTTS, J. M., BREWER, M. J. 2014. Cross-Validation of tern Sterna sp. tracking data 
modelling (Phase 1) (Under Agreement C10-0206-0387). Contract Report to JNCC, 
December 2013. Revised January 2014 
 
Annex 8 
 
Contract report of a literature review of tern foraging ecology. 
 
EGLINGTON S. & PERROW, M. R. 2014. Literature review of tern Sterna sp. foraging 
ecology. Report to JNCC, under Contract ref. C13-0204-0686 
 
Annex 9 
 
Contract report analysing a subset of the JNCC visual tracking data to determine sufficiency 
of sample sizes for estimating foraging ranges of the colony population. 
 
HARWOOD A. J. P. & PERROW, M. R 2014. Analysis of JNCC visual tracking data. Report 
to JNCC, under Contract ref. C13-0204-0686 
 
Annex 10 
 
Contract report revising the roseate tern model for Coquet Island, excluding covariates with 
extensive missing values. 
 
POTTS, J. M.&  BREWER, M. J. 2014. Revised model for roseate terns (Under Agreement 
C10-0206-0387). Contract Report to JNCC, May 2014 
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USING A COLLISION RISK MODEL TO 
ASSESS BIRD COLLISION RISKS FOR 
OFFSHORE WINDFARMS 
 


 
                          MARCH  2012 


Bill Band 
 
 
 
 
 
 


This guidance has been prepared for The Crown Estate as part of the 
Strategic Ornithological Support Services programme, project SOSS-
02.  It provides guidance for offshore wind farm developers, and their 
ecological consultants, on using a collision risk model to assess the bird 
collision risks presented by offshore windfarms. 
 
The guidance has been extended in this March 2012 version to make 
use of flight height distribution data, where that data is available and 
robust; and to include a methodology for considering birds on migration, 
for which survey data on flight activity may be limited. 
 
The guidance is accompanied by 


• a Collision Risk Spreadsheet, which enables the calculations 
required to be undertaken and presented in a standardised manner 


• a Worked Example, to illustrate the process 


• a Tidal Variation spreadsheet, for use only when tidal effects may be 
significant  
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PURPOSE OF GUIDANCE 
 
1. Offshore windfarms may have a number of effects on bird populations: 


• Displacement – birds may partially or totally avoid a windfarm and hence be displaced 
from the underlying habitat.  


• Barrier effects – birds may use more circuitous routes to fly between, for example, 
breeding and foraging grounds, and thus use up more energy to acquire food. 


• Habitat effects – birds may be attracted or displaced by changes in marine habitats and 
prey abundance as a consequence of the windfarm. 


• Collision risk – birds may be injured or killed by an encounter or collision with turbines or 
rotor blades. 


 
This guidance relates to the last of these, collision risk.    


 
2. An environmental statement for an offshore windfarm should include a quantitative 


estimate of collision risk for all bird species present on the site for which the level of 
risk has the potential to be important.  The environmental statement should provide a 
view on the significance of that collision risk on the respective bird populations. 


 
3. The aim of this guidance is to promote a standardised approach to collision risk assessment 


for offshore windfarms, to increase the transparency of calculations, and hence promote 
greater confidence in the results; to enable estimates from different windfarms to be more 
easily compared and combined so as to facilitate cumulative assessment; and hence enable 
collision risk assessment to be used as a tool in selecting the best areas for offshore windfarm 
development. 


 
4. The guidance describes the information needed, and how to use that information, to arrive at 


an estimate of collision risk.   It is accompanied by a spreadsheet which enables the 
necessary calculations to be performed in a standardised way. 


 
INFORMATION NEEDED 
 
5. Figure 1 shows the information needed to estimate collision mortality:   


• information derived from bird survey - on the number of birds flying through or around 
the site, and their flight height 


• bird behaviour - prediction of likely change of behaviour of birds, eg in avoiding, or being 
attracted to, the windfarm 


• turbine details - physical details on the number, size and rotation speed of turbine blades 


• bird details - physical details on bird size and flight speed 
 
6. This guidance sets out how that information should be presented and used within a collision 


model, and how the outputs from that model should be expressed – ie the components in the 
dashed ‘box’ in Figure 1.   The guidance does not cover:    


- bird survey methods - for which there are various advisory sources.   


- bird behaviour - while it outlines how an avoidance rate factor should be used in the 
collision risk calculation, the guidance leaves it to other sources, where possible based on 
actual monitoring of bird collisions at windfarms, to advise on what avoidance rates should 
be used.   


 
Figure 1 also indicates the key outputs from the collision model – the collision risk, expressed 
in terms of the likely number of birds per month or per year which will collide with the 
windfarm, and the range of uncertainty surrounding that estimate.  These should be 
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accompanied by a clear statement of the assumptions on avoidance made in arriving at that 
estimate, as such assumptions are often be critical to the magnitude of the collision estimate.  
This guidance includes advice on how these outputs should be presented.   


7. Note that the collision risk model stops at an assessment of collision risk.  Where collision risk 
is not negligible, a developer will need to further consider the significance of the predicted 
mortality - which will depend on the sensitivity of the bird population, and the degree of 
protection afforded by legislation and any protected sites in the vicinity which may be 
designated for that species.    
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Fig 1: Role of collision risk model 
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COLLISION RISK MODEL 
 
8. The approach adopted follows in general terms that developed by Band (2000)i and Band et 


al (2007)ii and promoted in guidance published by Scottish Natural Heritage, but it has been 
updated to facilitate application in the offshore environment.  The offshore approach differs 
from onshore mainly in the methods used to gather and present information on flight activity, 
given that direct observations of birds from key vantage points are not usually possible in the 
marine environment.   The approach is described below in six stages:  


Stage A assemble data on the number of flights which, in the absence of birds being 
displaced or taking other avoiding action, or being attracted to the windfarm, are 
potentially at risk from windfarm turbines;   


Stage B use that flight activity data to estimate the potential number of bird transits through 
rotors of the windfarm; 


Stage C calculate the probability of collision during a single bird rotor transit;  


Stage D multiply these to yield the potential collision mortality rate for the bird species in 
question, allowing for the proportion of time that turbines are not operational, 
assuming current bird use of the site and that no avoiding action is taken;  


Stage E allow for the proportion of birds likely to avoid the windfarm or its turbines, either 
because they have been displaced from the site or because they take evasive 
action; and allow for any attraction by birds to the windfarm eg in response to 
changing habitats; and 


Stage F express the uncertainty surrounding such a collision risk estimate. 


 
9. The basic model has recently (March 2012) been extended to make use, where it is 


available, of data on the distribution of bird flight heights; in particular to enable use of the 
data on flight heights of birds at sea compiled for SOSS by Cook et aliii.  This ‘extended 
model’ is described following Stage D, as within that model Stages B, C and D become 
merged in a single calculation.  Another addition is Annex 6, which describes use of the 
model when assessing the collision risk to birds on migration, where there may be limited bird 
survey information on flight activity.  


 
General features 
 
10. Risk is turbine-based.  Risk in this model is calculated directly from the rotor parameters and 


the flight activity in the airspace surrounding each turbine.  Some practitioners have used an 
approach which considers the risk to each bird passing through a windfarm, taking account of 
the layout and spacing of turbines to calculate the likelihood of encountering one or more 
turbines and the resulting risk.  This is unnecessary if one focuses, as in this guidance, on the 
risk resulting from each turbine operating within its own airspace within which there is a known 
(or projected) level of flight activity.   


 
11. Relationship to previous guidance.  The approach to quantifying and expressing flight activity 


in this guidance differs from that set out in the earlier Band papers.  These papers offered two 
alternative approaches for calculating the likely number of flights through turbines: the first 
using observations of bird flux passing through a vertical ‘risk window’ enveloping the 
turbines; and the second assessing the ‘bird occupancy’ of the volume of airspace occupied 
by the windfarm as a whole.  Both these methods are mathematically equivalent to the 
method described below and in the attached spreadsheet, in which the core measures of flight 
activity used are the density of flying birds per unit horizontal area of the windfarm, and the 
proportion flying at turbine height.   The current approach leads to the same results and 
avoids the need to identify arbitrary risk windows or to define an arbitrary windfarm boundary.  
The basic model and spreadsheet used to calculate the risk for a single bird flight through a 
rotor are also as in the earlier papers (though subject to minor refinement).  Thus, collision 
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risk estimates resulting from application of the basic model in this guidance should not differ 
substantively from those deriving from correct application of the earlier Band papers. 


 
12. Oblique approach simplified.  There is a simplification involved in separating out Stages B and 


C, in assuming that the probability of collision for any bird passing through a rotor is the same 
regardless of the direction of flight.  In fact, the collision risk depends to some extent on a 
bird’s angle of approach, determined by the direction of its flight and the orientation of the 
turbine blades.  A bird approaching a turbine at an oblique angle is exposed both to a reduced 
probability of flying through the rotor, because the rotor presents an elliptical rather than 
circular cross-section, and an increased risk of collision if it does so.  The model adopted for 
use here assumes that these two factors exactly offset each other, such that all bird transits 
can be treated as if making perpendicular approach to the rotor.  This enables Stages B and 
C to be undertaken sequentially.  A more exact approach would require estimating the 
number of flights from each direction, applying the collision probability for that direction, and 
summing the probability over all directions.   Annex 1 provides a fuller explanation of this 
issue and the justification for adopting the simplified approach.  It should be recognised that 
this simplification leads to some underestimation of collision risk, which may be as much as 
10% for large birds.   


 
13. Taking account of bird flight height distribution.  Seabirds mostly fly at relatively low heights 


over the sea surface.  The height distribution varies from species to species and may depend 
on the site and its ecology and related bird behaviour.  The basic model considers the risk 
only to birds flying at risk height (above the minimum and below the maximum height of the 
rotors) and of these, only those which pass through the rotors.  However within these limits it 
assumes a uniform distribution of bird flights.  There are three consequences of a skewed 
distribution of flights with height:  


• the proportion of birds flying at risk height decreases as the height of the rotor is 
increased; 


• more birds miss the rotor, where flights lie close to the bottom of the circle presented by 
the rotor; and 


•  the collision risk, for birds passing through the lower parts of a rotor, is less than the 
average collision risk for the whole rotor.    


This guidance now includes, in addition to the basic model, an extended model (March 2012) 
which enables flight height distributions to be incorporated in the calculation, for use in 
circumstances where flight height data is available and adequately robust. 


 
14. Best estimate not worst-case.  This guidance does not recommend use of ‘worst case’ 


assumptions at every stage.  These can lead to an overly pessimistic result, and one in which 
the source of the difficulty is often concealed.  Rather, it is recommended that ‘best estimates’ 
are deployed, and with them an analysis of the uncertainty or variability surrounding each 
estimate and the range within which the collision risk can be assessed with confidence.  In 
stating such a range, the aspiration should be to pitch that at a 95% confidence level, that is, 
so that there is 95% likelihood that the collision risk falls within the specified range.   However, 
given the uncertainties and variability in source data, and the limited firm information on bird 
avoidance behaviour, it seems likely that for many aspects the range of uncertainty may have 
to be the product of expert judgement, rather than derived from statistical analysis. 


   
15. Spatial exploration of risk.  While this guidance, and the attached spreadsheet, is written 


around quantifying the collision risk from an entire windfarm, it can equally well be applied at 
the level of a subgroup of turbines or even an individual turbine.  If the data on flight activity is 
sufficiently robust to allow such discrimination, this facilitates the examination of risk on a 
spatial basis.  Collision risk is directly proportional to flight activity which is dependent on bird 
density at rotor risk height.   Siting windfarms, or groups of turbines, in areas of lower bird 
density is likely to yield a proportionately lower collision risk. 
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16. Use for onshore windfarms.  The approach described here could equally well be applied to 
onshore as to offshore windfarms, using vantage point or other land-based survey or radar to 
generate the required data on bird density (see paragraph 19).   


 
 


STAGE A -  FLIGHT ACTIVITY 
 
17. The aim of this stage is to estimate the number of flights which, in the absence of birds being 


displaced or taking other avoiding action, or being attracted to the windfarm, would potentially 
be at risk from the windfarm turbines.   This requires field data to determine levels of flight 
activity within the proposed windfarm. 


 
How flight activity is expressed 
 
18. Flight activity may be expressed in a variety of ways. 
 


• Bird density is a measure of how many birds (of any given species) are in flight at one 
time.  It may be expressed in terms of birds per m3 (cubic metre) of air space (the ‘true 
density’ Dv ).  However, more commonly, reflecting the use of boat-based or aerial survey 
techniques, it may be expressed on an area basis as the total number of birds in flight at 
any height at a given point of time, per m2 (square metre) or per km2 (square kilometre), 
as viewed from the air, DA.   


 
• Bird occupancy applies to a given volume of airspace, and is simply the number of birds 


on average occupying that volume.  Thus, in a volume of air for which the bird density is 
uniform, bird occupancy (birds) = true density (birds/ m3) x volume (m3).   The concept of 
‘bird occupancy’ is not used in this guidance, but is referred to here to facilitate 
comparison with the Band (2000) model1. 


 
• Bird flux is the number of birds crossing an imaginary surface within the airspace, 


expressed as birds/sec or birds/sec per m2 of that surface.  It is commonly measured in 
the field in terms of a Mean Traffic Rate which is the number of birds flying per hour 
across an imaginary horizontal line of length 1km.   If all birds crossing that imaginary line, 
as viewed from above or below, are recorded at any flight height up to height h metres, 
then the Mean Traffic Rate is the total number of birds N birds/km/hour crossing that line.  
MTR must be divided by 3600 (seconds in an hour) and 1000 (metres in a km) to express 
bird flux in birds/sec per metre of baseline, and divided further by the height h to get the 
bird flux in birds/ sec /m2. 


 
Bird flux is directly related to bird density, but depends on the speed of the birds (if they 
were stationary, there would be no flux).  If the total bird flux (flights at any height, in either 
direction) across the baseline is FL birds/sec per metre of baseline, then the bird density 
DA per m2 is 


 
   DA  = (π/2) FL  / v       


 
where v is the speed of the birds in m/sec: see Annex 2 for the derivation of this formula 
and fuller information on converting between flux and bird density..  Flux is directional – for 
a given density of birds moving in random horizontal directions, a vertical ‘window’ will 
intercept more birds flying perpendicular to the area than birds flying at an oblique angle, 
to which the window will appear narrower.  The (π/2) factor takes account of this angle-
dependence.   


                                                 
1 In the Band (2000) model, bird occupancy is expressed in ‘bird-seconds per year’ as a convenient way of expressing 
low levels of bird occupancy.  An occupancy of 31.6 x 106 bird-seconds per year means that on average, within the 
specified volume, there is one bird throughout the year, 31.6 x 106 being the number of seconds in a year. 
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19. How flight activity is expressed in output from surveys often reflects the type of survey method 


deployed:   
 


• Boat-based surveys, where the boat follows a transect through the site, and records are 
taken at intervals of birds in flight, provide a ‘snapshot’ of the number of birds in flight 
within the range of observation (see diagram) which is usually 300m.  If a snapshot has N 
birds (at any flight height) within an observation square of side a from the boat then the 
bird density per unit area of sea is N / a2 (see Fig 2).  Some surveyors record flights on 
both sides of the boat, thus covering two such squares, such that the density is  
N / ( 2 a2 ).  Other surveyors record flights over a quadrant area of sea of radius a, in 
which case the density is N / (πa2/4). 
 
Boat-based survey can also provide information on flight heights, such as to enable an 
estimate of the proportion of flights which fall within the rotor risk height (from the lowest 
point to the highest point of a rotor, a height equal to twice the rotor radius.  Cowrie 
guidance on boat-based survey methods is provided in Camphuysen et al (2004)iv. 
 


 
• Aerial survey methods, whether photographic or not, provide a direct sampling measure of 


the density of birds in flight per unit area of sea, provided that birds in flight can be 
discriminated from those on the sea surface, and that species can be identified at an 
adequate level.   


 


Square within which 
birds at any flight 
height are recorded. 


Direction of sail 
along transect 


Observer 
a 


Fig 2:  Boat-based survey – 
snapshot counts of birds in 
flight 


a 







10 


• Radar survey methods which observe bird transits across a radar platform provide a 
measure of bird flux, ie the number of birds crossing an imaginary vertical surface, defined 
by a horizontal line between two points and the vertical surface extending from the sea 
upwards through that line.   In practice, vertical radar typically allows most effective 
scanning of birds crossing two vertical windows of base around 500m, which may be 
divided into altitude bands (see diagram).  Observations both at close range and at large 
distances, where detection rates degrade, are discarded.   Adding the birds crossing each 
of these windows gives the bird flux across an imaginary baseline of 1km length (eg see 
report for Bureau Waardenburg, Krijgsveld et al. (2008)v). 


• Vantage point survey methods which record all bird flights in a defined volume of the 
windfarm airspace from a key vantage point lead to a measure of bird occupancy in that 
volume.  Such survey is not normally practicable at sea unless a semi-permanent 
observation platform is installed, or if the relevant sea area can be observed in its entirety 
from shore.  Bird occupancy is readily converted to bird density (per m2) by dividing by the 
area scanned from the vantage point (see paragraph 18). 


 
Density of birds in flight and at risk 
 
20. For the purpose of estimating collision risk, this guidance starts from measurements, derived 


from survey information, of bird density, and of the proportion of birds flying at risk height (ie 
between the lowest and highest points of the rotors) or, if more detailed observations are 
available, of the distribution of bird density with height.  The calculations set out later use that 
information to calculate the flux of birds through each rotor (using the simplifying assumption 
that flight direction is perpendicular to the rotors). 


 
21. The most useful way to present information on bird density is on an area basis, ie the total 


number of birds in flight at any height at a given point in time, per square kilometre (km2).    
Stating the bird density per unit area provides a better basis for comparison of risk 
assessments, and for cumulative risk assessment, than would be the case if only bird flight 
density at rotor height were stated.  It also provides a level of data which can be re-interpreted 
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in the future, for example if a new generation of larger turbines came available.  Such overall 
bird density information does not embody assumptions or uncertainties relating to flight height 
distribution.   Where survey information is based directly on measurements of flux (eg from 
use of radar survey methods) then these should be translated, using the formula in paragraph 
18, to estimates of bird density.  
 


22. An Environmental Statement should clearly state the bird density used in collision 
calculations, expressed in terms of  birds per km2 across the site, counting birds flying 
at all heights.  It should also state the proportion of birds estimated to be flying within 
the risk height band – ie between the lowest and highest points of the rotors.  Where a 
bird flight height distribution is used in the calculation, the Environmental Statement 
should state the distribution used and its source.  Where survey information leads to a 
range of perspectives on bird density (eg including or excluding data for buffer areas), the 
Environmental Statement should make clear which survey data has been used, and why.   
Paragraphs 25-31 describe how information on flight heights should be presented.   


 
23. The number of birds of any one species passing through a rotor is, among other factors, 


proportional to the density of flying birds in the vicinity of the rotor, and hence so too is the 
collision risk to which they are exposed.  Therefore, where one of the aims of a collision risk 
assessment is to choose a windfarm location and design so as to minimise bird collision risks, 
the starting point should be to select those areas with the lowest density of the bird species 
vulnerable to collision.  For large sites, or for consideration of collision risks at a strategic 
level, it may be possible to discriminate between different zones of the site or areas with 
different bird densities.  Such information will be helpful in identifying preferred zones for 
development.  However care should be taken to ensure that any differences are statistically 
significant.  For most development sites, the statistical variation in the data derived from 
survey is likely to mask any within-site variations in bird density. 


 
24. While the approach to collision risk in this guidance does not require definition of a windfarm 


boundary, and the area of the windfarm area does not feature in the calculations, it is 
important to be clear as to the boundary within which an estimate of bird density applies.  
Survey recommendations usually recommend survey wider than the windfarm itself so as to 
ensure that any bird density estimates for the wind farm site are adequately representative of 
the marine area as a whole.   


 
Flight heights 
25. There is only a risk of collision with turbine blades at flight heights between the lowest and 


highest points of the rotors, a total height 2R, twice the length of a blade.  Therefore an 
important parameter to estimate is the proportion Q2R of birds flying within that risk height 
band.  The data on bird density should be accompanied by an estimate of the proportion of 
birds flying within the risk height band for the proposed windfarm.   


 
26. If data is available on the distribution of bird flight density with height, that enables the 


calculation to be refined to allow for the fact that most flights within this risk height are at a 
height where the chance of passing through the rotor is low, and the actual risk of collision if 
they do is also lower than for an average rotor transit.  Most seabirds spend a high proportion 
of their flight time quite close to the sea surface, and therefore any collision risk tends to be 
concentrated in the lower parts of the rotorvi. 


 
27. Accurate data on flight heights is difficult to capture.  In boat-based surveys, it relies on 


observers being able to estimate flight heights, and the accuracy of such estimates decreases 
with height.  While aerial survey in the past has not normally yielded flight height information, 
high definition digital photography systems are now available which provide increasingly 
accurate information on flight height.  


 
28. For some species, survey information at a site may be insufficient to provide a reasonably 


precise figure for the proportion of birds flying at risk height.  Where this is the case, it may be 







12 


better to use a generic view of flight height behaviour, obtained by combining flight height 
information gathered from surveys at different sites – for which a detailed report has been 
compiled by Cook et al (BTO) for SOSSiii.  In combining results from different surveys, care is 
needed to place greatest weight on those with the most robust data, which may imply 
discarding data with poor levels of precision.  The generic information should be reviewed, 
assessing whether it provides more precise information than the site-based data, and whether 
the site-based data, if limited, is nonetheless compatible with the generic information.  If so, 
then the generic information should be used.  Care must however be taken not to mask any 
feature of flight behaviour at the site in question which could reflect a genuine difference of 
behaviour due to environmental variables or the specific use of the site made by the birds.  
For some species typical flight heights are dependent on the season, and in such a case it will 
be best to use seasonally dependent typical flight heights in assessing collision risk for each 
month, rather than average flight heights across the year.  


 
29. Often, at the time of undertaking field survey, the actual turbines to be used have not been 


selected, and turbine models may vary in their risk height.  Estimates of the proportion of birds 
flying at risk height should reflect the range of turbine heights which potentially may be used. 
Survey methods should be designed to ensure that data are available to inform all potential 
turbine options. Guidance on the extent to which the details of a scheme may be kept flexible 
during the environmental assessment process is published by the Infrastructure Planning 
Commission (2011)vii. 


 
30. The central estimate of the proportion of birds flying at risk height should be based on a 


straightforward analysis of flight height survey data, without any ‘margin of uncertainty’ added 
to the risk height range.  In addition, alternative +/- estimates should also be presented, 
reflecting the possibility of a higher or lower proportion of birds flying at risk height.  
Confidence intervals on flight height data should be used where these are available from the 
survey information.   Otherwise, a realistic view should be taken of the potential for mis-
estimation and error in flight height observations by field observers.  Confidence intervals 
should be aimed at around 95% confidence that the true result lies within that range.  In some 
circumstances, this may be no more than an expert view based on an understanding of the 
limitations of the survey techniques.   


 
31. For the purpose of estimating collision risk, the ES should state 


• the proportion of birds estimated to be flying within the risk height band – ie 
between the lowest point of the rotors and the highest point of the rotors – based 
on survey information at the site; 


• any flight height distribution derived from combining wider survey data for the 
species in question, and the proportion of birds thereby assumed to fly at a height 
exposed to collision risk; 


• which of the above is used in the collision risk estimate, and why. 
 
Daylight hours and nocturnal activity 
32. For obvious reasons, most bird survey is undertaken by day, and it is generally assumed that 


such sampled levels of flight activity persist throughout daylight hours.   Daylight hours 
depend both on time of year and on latitude.  Forsythe et al (1995)viii  provide a ready 
reckoner for daylight hours which is reproduced in Sheet 7 (Daylight and night hours) of the 
attached spreadsheet.  Input of the latitude of the site in Sheet 1 (Input data) triggers the 
calculations in Sheet 7 (Daylight and night hours) which in turn populates Sheet 2 (Overall 
collision risk) with the appropriate number of daylight and night hours in each month.  


33. There is considerable uncertainty about levels of bird flight activity by night.   Garthe and 
Hüppop (2004) ixoffer an expert view on levels of nocturnal flight activity for a range of marine 
bird species, expressed in terms of a 1-5 ranking of the likely level of nocturnal activity in 
comparison with observed levels of daytime activity.  A rating of 1 represents hardly any flight 
activity at night, and 5 much flight activity at night.  King et al (2009) (Appendix 7)x provides a 
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more comprehensive table with rankings on a similar expert basis for a wider range of 
seabirds. 


34. Figures used in the collision model should take both day and night flights into account.  Where 
there is no night-time survey data available, or other records of nocturnal activity, for the 
species in question, (or for other sites if not at this site), it should be assumed that the Garthe 
and Hüppop/ King et al 1-5 rankings apply.  These rankings should then be translated to 
levels of activity fnight which are respectively 0%, 25%, 50%, 75% and 100% of daytime 
activity.  These percentages are a simple way of quantifying the rankings for use in collision 
modelling, and they may to some extent be precautionary.  For some species, there are no 
such expert rankings available.   Levels of activity may vary from season to season, and 
activity at sea may in any case differ from the levels of activity in breeding colonies for which 
the rankings have been formulated.  Some species are particularly active during dawn and 
dusk or extended twilight periods, or in locations where there is ambient windfarm lighting.  
When expressing the output of the collision risk assessment, the uncertainty surrounding flight 
activity should reflect the degree of confidence (or lack of confidence) in the flight activity 
information.   


 
35. Flight activity estimates should allow both for daytime and night-time activity.  Daytime 


activity should be based on field survey.  Night-time flight activity should be based if 
possible on night-time survey; if not on expert assessment of likely levels of nocturnal 
activity.  


 
 
STAGE B - ESTIMATING NUMBER OF BIRD FLIGHTS THROUGH ROTORS 
 
36. In the basic model, this stage is straightforward, but one which often causes some difficulty.  It 


can be addressed in the following steps: 
 


(i) Start with the observed bird density on an area basis, expressed per unit area, DA.   
Convert if needed to units of birds/ m2.  If the survey data is expressed in birds/km2  then 
divide by 106 .   


 
(ii) Multiply by the proportion Q2R of birds flying at risk height to get only those birds at risk in 


a column of air of unit area base and 2R high (ie from bottom to top of the rotor) – see 
Figure 4.    


Fig 4: Birds flying at risk height 
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(iii) Calculate the true bird density per unit volume DV =(DAQ2R)/2R, expressed in birds per m3 


(birds per cubic metre). 
 


(iv) Now calculate the flux of birds through a rotor within an airspace of true bird density DV, 
noting that we are making the simplifying assumptions that all birds are flying 
perpendicular to the rotor, and that they are all flying with a single flight speed v.  Also, the 
rotor may be assumed to face the wind at all times.   It is also, for simplicity, assumed that 
there are equal numbers of birds flying upwind as are flying downwind, which is important 
as the collision risk when flying upwind is greater than for downwind flight2.    
 
Consider the area of the rotor A = πR2.  If the birds fly at speed v m/sec, then within one 
second, all birds within a distance v on one side  and flying towards the rotor will pass 
through the area A.   At any one time, half the birds will be travelling upwind and half 
downwind.  Thus, referring to Figure 5, at any time there will be ½ Dv  A v birds flying 
downwind towards the rotor and, on the other side of the rotor, ½ Dv  A v birds flying 
upwind towards the rotor.  


   
 


Thus bird flux     F = ½ Dv (πR2) v     upwind plus   ½ Dv (πR2) v     downwind   


=  v Dv (πR2)   in total        = v (DA/2R)  (πR2)   Q2R       ..  (1) 
 


This is expressed in birds/second passing through the rotor. 
 


(v) Now multiply by the appropriate number of seconds during which the birds are potentially 
active – usually the daylight hours in the month t day plus an allowance if appropriate for 
nocturnal activity f tnight, multiplied by 3600 to convert to seconds.  
 


(vi) Multiply by the number T of turbines.  Each turbine in a windfarm, if it is surrounded by an 
airspace with the same bird density, and if all turbines are of the same size, will 
experience the same number of bird transits and will therefore contribute the same 
collision risk to the overall total.  If the windfarm includes turbines of different sizes, or 
zones of differing bird densities, then the calculation should be broken down into 
subgroups of wind turbines where turbine size and bird density is constant within each 
subgroup. 


 
 


37. The result is an estimate of the total number of bird transits through rotors of the wind farm in 
the specified period.  In the spreadsheet provided, the entry for ‘bird transits’ calculates the 
total number of bird transits for each month, taking account of the proportions of flights 
deemed to be upwind and downwind.  It calculates the result on the basis of the values 
entered for DA, Q2R, R, v, T , time for which birds are active, ie the calculation includes all of 
stages (i) to (vi) above. 


 
 


                                                 
2 If the collision model is applied specifically to migration flights, or to flights in adverse weather conditions, it may be 
that a majority of flights will be downwind, in which case the proportions of bird flux should be altered as appropriate 
from the ½ upwind and ½ downwind assumption made here. 


Fig 5:  Bird flux due to 
bird density 
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Total number of bird transits = 
 


v (DA / 2R)  (T πR2)  (tday +  fnight  tnight)      x          Q2R   .. (2) 
 


    flux factor              x   proportion at risk height 
 


38. A key output within the collision risk assessment should be a clear statement of the 
potential number of bird transits per month, and per year, through the windfarm 
turbines, assuming birds take no avoiding action.  The collision risk is directly 
proportional to the potential number of bird transits. 


 


  


Box 1:  Converting from bird density to rotor transits (basic model) 
 
Worked example: 
 
v Bird flight speed   10.5  m/sec 
 
DA Bird density per unit area  0.1128  birds/km2 
 50% upwind, 50% downwind        = 0.1128x10-6 birds/ m2 
 
R Rotor radius    63  m (metres) 
 
T Number of turbines   150 
 
TπR2 Frontal area of all rotors  1870345 m2 


 
t Hours active in June   480  hours 
    (tday + fnight tnight)       = 1.728x106 seconds 
 
F Flux factor  v (DA / 2R)  (T πR2)  t 30380 
 
Q2R Proportion flying at risk height 28.1% 


 
Total bird transits through turbines 8537     50% upwind, 50% downwind 
 in June 
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STAGE C – PROBABILITY OF COLLISION FOR A SINGLE ROTOR TRANSIT 
 
39. This stage begins with the model described in the earlier Band (2000) and Band et al (2007) 


papers which uses information on the size and speed of the turbines, and physical details on 
the size and speed of the bird, to compute the risk of collision for a bird flying through a 
rotating rotor.  Annex 3 is an extract from Band (2000) outlining the core of the model and its 
derivation. 


 
40. A bird is simplified in shape to a flying cross with length, wingspan, and speed, and always 


flying perpendicularly towards the rotor.  A bird may be ‘gliding’ ie with the arms of the cross 
fixed, or ‘flapping’ ie with the arms of the cross flapping so as to occupy a space similar to that 
of a spinning top, with the length of the bird being the axis of spin.  ‘Gliding’ flight has a 
marginally lower collision risk than ‘flapping’ flight – notably for passage at points level with 
the rotor hub, where the wings lie parallel with potentially colliding blades.  However the 
difference is rarely sufficient to warrant detailed consideration of different bird behaviours; the 
flight type used should be that which best typifies most flights for the species in question. 


 
41. Rotor blades are assumed to be laminar (ie with zero blade thickness) but they have length, a 


chord width which varies along the length of the blade tapering towards the tip, and a pitch 
angle (the angle between the blade and the rotor plane) which also varies along the length of 
the blade.  Due to commercial sensitivities by blade manufacturers, some of this detailed 
information may not be readily available for each make/model of blade and hence generic 
information may have to be used. 


 
42. With these simplifications, the model calculates the risk of actual collision between the bird 


and the rotor blades.   Such a model has a number of important limitations: 
 


• Stationary infrastructure -  it is assumed that birds can avoid stationary infrastructure, so 
no account is taken of the turbine towers, nor the blades when stationary;  While this may 
be a valid assumption in clear daylight conditions it may not be wholly true at night or in 
conditions of poor visibility.   Onshore, for example, there are records of gamebird species 
colliding with turbine towers.  In this respect, the model may underestimate collision risk. 


 
• Turbulence - no account is taken of the effects on a bird’s flight of turbulence in the wake 


of a blade.  Observers have seen birds ‘knocked out of the sky’ by turbulence, and there is 
potential for this to increase mortality through disorientation or impact with the sea surface.  
The model only takes account of the potential for physical contact between the bird and 
the turbine blades.   In this respect, the model may underestimate collision risk. 


 
• Slipstream - however, it is also the case that the model does not take account of any 


‘slipstream’ effects whereby the air rushing over the surface of a blade may carry a bird 
clear of the blade when otherwise it was on a collision course.   In this respect, the model 
may over-estimate collision risk. 


 
• Bird shape - real birds are larger than represented by a flying cross, though a cross should 


represent the main extremities.  In this respect, the model may underestimate collision 
risk. 


 
• Flight height distribution -   the basic collision model evaluates the probability of a bird 


colliding if it passes at random at any point through the rotor disk on a flight path 
perpendicular to the rotor plane.  In practice, the points of passage of seabirds through the 
rotor are not distributed uniformly across the rotor.  Survey data for seabirds has made 
clear that typical flight heights for many species are relatively low, such that much of the 
bird flux through a rotor, and the associated collision risk, will relate to the lower parts of 
the rotor plane.  Since it averages risk over the entire rotor including higher-risk areas 
close to the hub, the basic model will overestimate the collision risk for seabirds whose 
flight passages are more concentrated towards the lower part of the rotor plane.  Where 
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data are available on the distribution of bird density with height, an extended calculation 
may be undertaken which takes account of this variation with height.  This extended model 
is described following stage D, in paragraphs 61-75. 


 
• Perpendicular approach assumption – as outlined in Annex 1, the model used assumes 


that the collision probability for oblique angles of approach is the same as for 
perpendicular approach.  In fact, some increase in collision risk should be expected, 
which, taking account of both upwind and downwind flight, may be of order 10% for large 
birds.  In this respect, the model may underestimate collision risk. 


 
43. The model uses a probability p of collision for a bird flying through a rotor, at a point in the 


rotor plane defined by coordinates r, ϕ : 
                 
  p(r, ϕ) = ( bΩ/2πv ) [    | ± c sinγ + α c cosγ |   +     max ( L,  WαF  )   ]           … (3) 
                          
       where   


r      = radius of point of passage of bird 
ϕ =   angle within rotor plane (relative to vertical) of point of passage of bird 


  ie ϕ=0 is top, ϕ=π is bottom, etc 
 
 b     = number of blades in rotor 


Ω  = angular velocity of rotor (radians/sec) 
c    =    chord width of blade 
γ    =   pitch angle of blade 
R   = outer rotor radius 


L     = length of bird 
W    = wingspan of bird 
β     = aspect ratio of bird ie   L / W 
v     = velocity of bird through rotor 
α = v/rΩ 
F    =  1 for a bird with flapping wings (no dependence on ϕ);  F = cos ϕ for a gliding bird 


 
This probability is then averaged, by integrating over the entire rotor area, to yield the 
average collision risk for a bird making a single flight through the rotor at any point through 
the rotor. 


 
44. By way of explanation, there are three terms in equation (3) within the square brackets. 


• The first  [ c sinγ ] relates to the time taken for the bird to clear the depth of the blade, 
which increases with pitch γ. 


• The second [α c cosγ ] relates to the probability of the bird striking the front face of the 
blades.  Note that the appearance of α cancels any dependence of this term on rotor 
angular velocity Ω and bird speed v. 


• The final term [ the greater of L, or WαF ] relates to the time taken for the full length and 
wingspan of the bird to clear the sweep of the rotors, for which the geometry depends on 
the relative speed of bird and blade.  Where the bird’s aspect ratio β > α, the bird length is 
the limiting parameter.  However if  β > α  the wingspan is the limiting parameter.  For a 
flapping bird, p( r) not dependent on ϕ and F is set to 1.  For a gliding bird, the effective 
wingspan depends on ϕ, reducing to zero at  ϕ = π/2 or 3π/2 where the wings lie parallel to 
the rotor blade; thus F = cos ϕ .   


45. Because of the geometry of the blades in relation to the flight direction, the collision risk for 
upwind flight is higher than for downwind, even if the bird’s flight speed v relative to the 
ground is taken to be the same.  This is expressed in the alternate sign in the first term, which 
is + for upwind flight, - for downwind.  In practice, birds will fly more slowly in upwind flight 







18 


than downwind, further widening the difference in risk between upwind and downwind flight 
(see paragraph 51).  If both upwind and downwind flights are equally likely, it is appropriate to 
take an average of upwind and downwind collision probabilities. 


46. The basic model assumes that bird flights may occur with equal probability at any point 
through the rotor disc.  Having ascertained the collision risk p(r,φ) at different points r,φ of the 
rotor, the basic model then calculates an average of p(r,φ) over the entire area of the rotor 
disc, firstly summing over φ, then summing (integrating) over successive concentric rings, 
taking account of the area of each ring which increases with radius ( = ring circumference 2πr 
times thickness of ring dr).  Finally this sum is divided by the overall disk area to get the 
average collision probability: 


 R    R     R           1 


paverage = ∫  p(r) (2πr) dr /   ∫   (2πr) dr     = ∫  p(r) (2πr) dr / πR2  =  2 ∫ p(r) (r/R) d(r/R)     …(4) 
         0                   0  0        0 


47. Sheet 3 (Single transit collision risk) of the spreadsheet accompanying this guidance provides 
a collision risk calculator for a single passage through the rotor, evaluating p(r) for a series of 
twenty radii from r/R=0.05 to r/R=1, and undertaking the above integration numerically to 
evaluate paverage, the average collision risk for a passage at any point across the rotor.    This 
is essentially the same as the spreadsheet referred to in Band (2000)i but with refinements to 
the numerical integrationxi. 


 
Wind turbine speed 
 
48. Wind turbines currently available are designed to operate at a range of speeds.  Typically they 


do not operate below a cut-in speed (usually between 3 and 4 m/sec), then increase in speed 
with wind speed up to an operating wind speed (which may be around 12 m/sec).  Thereafter, 
they maintain a constant operating speed by altering the pitch of the blades until, in extreme 
conditions, the turbine is shut down for safety.   
 


49. Collision risk should be evaluated using the turbine rotational speed for an operating 
turbine.  Where turbines operate with a range of rotational speeds, the calculation 
should be done using a mean operational turbine speed.   The mean used should be a 
mean over time, using an analysis of wind data to enable the likely frequency 
distribution of turbine speeds to be determined.  Allowance is made elsewhere in the 
calculation (at Stage D) for the proportion of time that a turbine is non-operational, either 
because of low wind speeds or for maintenance.  The mean turbine speed should thus be a 
mean over operational time only, not including times when the turbine is idling or stationary.  
Within the typical range of operating turbine speeds, collision risk varies almost linearly with 
turbine speed, so that use of a mean turbine speed is adequate in order to yield a mean 
collision risk – see Fig 6 for a turbine with a maximum operating speed of 12.1rpm.   If a 
frequency distribution of turbine speeds is not available, then collision risk may be evaluated 
using the maximum operating turbine speed, but acknowledging that this will result in a 
collision risk which is an upper bound rather than a mean. 
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Accuracy of model 
 
50. Having regard for the various simplifications in the model, and the potential sources of under- 


and over-estimation described above, it is judged that this stage of the model, calculation of 
no-avoidance collision risk for a single transit, should be regarded as indicative of collision 
probability within around ±20%.   If the flight height distribution is strongly skewed towards the 
low edge of the rotor, the basic model is likely to overestimate collision risk by more than this 
margin, while there should be no such overestimation if the extended model is used.  These 
uncertainties are in addition to any uncertainty due to variance in flight activity and other input 
data (Stage A), or due to uncertainties in avoidance rates (Stage E).    


 
Possible refinements 
 
51. The spreadsheets are set up so that the average collision risk from the ‘Single transit collision 


risk’ calculation is copied over to the ‘Overall Collision Risk’ sheet and used, as described in 
the next section, to calculate projected collision mortality.  However two refinements may be 
made at this stage. 


• The ‘Single transit collision risk’ sheet assumes that the bird speed for both upwind and 
downwind flight is the same, derived from standard references.  In fact, it is likely that 
ground speed downwind will be greater, and ground speed upwind, less than this value.  If 
good data are available, either from field survey or from the literature, to support the use of 
different up/downwind ground speeds, then this spreadsheet may be run once for each, 
taking the average of the respective ‘upwind’ and ‘downwind’ outputs to copy over to the 
‘Overall Collision Risk’ sheet. 


• In taking an average for upwind and downwind flights, the ‘Single transit collision risk’ 
sheet uses the relative proportion of upwind and downwind flights to weight the respective 
collision probabilities.  By default the proportion should be set to 50% upwind (and thus 
50% downwind).  However there are some circumstances, eg migration flights, in which 
downwind flights may dominate, though flight directions are often far from regular.  If field 
data support the use of differing proportions of upwind and downwind flight, then the 
proportions may be changed by altering the ‘Proportion of flights upwind’ field in the Input 
Data sheet. 


 
 


Fig 6:  No-avoidance collision risk as a function of turbine 
speed for a 5MW turbine and bird (gannet) 
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STAGE D – MULTIPLYING TO YIELD EXPECTED COLLISIONS PER YEAR 
 
Basic model – assuming uniform flight density 
 
52. If the basic model is used, multiplying by the number of bird flights through the rotor is nearly 


trivial.  Stage A has estimated the level of flight activity at potential risk; Stage B has 
estimated the likely number of flights through rotors across the windfarm; Stage C has 
calculated the risk of collision for a single bird transit through a rotor.    In the present stage, 
Stage D, these are multiplied together to yield an estimate of total potential collision risk, 
including a factor to allow for the proportion of time that the wind turbines are operational 
(before considering avoidance behaviour, which is stage E).   
 
Expected collisions =   


   Flux factor    x     Q2R    x      Average probability of collision     x       Qop        …(5) 
    
   No of transits    Single transit collision risk       Proportion of time operating  


 
Units 
53. Whichever model is used, there is a need for care with units.  In the spreadsheet, flight 


activity becomes expressed as rotor transits per month and hence the collision risk is in 
predicted collisions per month.    


 
Non-operational time 
 
54. Turbines do not operate all of the time.  Typically a turbine may be at rest or idling for a 


considerable proportion of time, eg 20%, because the wind is too weak to generate power, or 
(exceptionally) because the turbines have been closed down to avoid damage in high wind.   
There is also a requirement for some downtime for maintenance.  This non-operational time is 
accounted for in equation (5) by the factor Qop representing the proportion of time the turbine 
is operational.  If data is available, this factor may be stated on a monthly basis to reflect the 
different proportions of non-operational time at different times of year – for example reflecting 
differing wind conditions across the year and increased access for maintenance during the 
summer.  


 
 
Large turbine arrays 
 
55. The model assumes that risks are additive, ie that a windfarm with 200 turbines will have 200 


times the risk of a single turbine.  Where a bird passes successively through two or more 
turbines, it is exposed to the same risk for each rotor transit.  While it is possible that a bird 
encountering its first turbine may deviate so as to pursue a safer course through (or above or 
around) the windfarm, this is avoidance behaviour and therefore properly taken into account 
at Stage E rather than here.  Stages A - D simply work out the consequences of birds taking 
no avoiding action3.   Thus, if two turbines ‘overlap’ in the sense that the bird passes through 
both turbines in a single passage, no allowance is made for that overlap, the collision risk is 
the sum of the risk from each rotor passage. 


 
56. More strictly, for large windfarms where the overall probability of a bird colliding is relatively 


high, it may be appropriate to take account of the fact that a declining proportion of the birds 
will survive passage through early rows of turbines and will thus be exposed to collision risk in 
later rows.  This adjustment is only likely to be of any significance for large arrays of turbines. 


                                                 
3 This position was somewhat confused by a reference in Band et al (2007) to making a 50% allowance for overlapping 
turbines.  It is now preferred that any amendment to collision risk resulting from avoidance behaviour should be built 
into the avoidance rate applied at the end of the calculation. 
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57. Annex 4 sets out how such a correction may be made for a windfarm with approximately n 


rows of turbines.  Very often the layout of a windfarm is not known at the time of collision risk 
assessment, so an exact value for n is not known; and in any case the collision risk has to 
account for birds entering the windfarm from all directions.  Sometimes the layout of the 
windfarm is irregular, lacking in clearly defined rows; but the principle remains that a declining 
number of birds will be exposed to collision risk if a proportion have already been killed by 
collision with earlier rotors as they pass through the windfarm.  A reasonable and simple 
approximation is to use n = √ T  ie the square root of the total number of turbines.  


 
58. If the probability of collision for a single bird passage through the windfarm is C, based on the 


purely additive approach elsewhere in this guidance, then it may be adjusted to allow for 
depletion of bird density in later rows of the windfarm by multiplying by a ‘Large array 
correction factor’ 


 
  CLA  / C =  1  -  ((n-1)/ 2n ) C  + ((n-1)(n-2) / (6 n2)  C2  …            …(6) 


plus further negligible terms of powers of C 


 


59. If realistic avoidance rates have been taken into account in the collision model, such ‘large 
array corrections’ are typically small and can be ignored; typically it is only worth making 
corrections for values of C > 0.1.    
 


60. See Annex 4 for a derivation of this ‘large array factor’, and a worked example.  Sheet 8 – 
‘Large array correction’ in the spreadsheet provides a calculator for this factor.  The 
spreadsheet applies this correction factor to the output of Sheet 2 – ‘Overall collision risk’ by 
multiplying each projected collision rate, for each of the various avoidance rates, by the 
correction factor.  In most circumstances it will be evident that the difference is minimal. 


 
 
EXTENDED APPROACH TAKING ACCOUNT OF FLIGHT HEIGHTS 
 
Effects of taking flight height into account 
 
61. Seabirds tend to fly at relatively low altitude over the sea surface.  If the flight height 


distribution is skewed towards low heights in this way, there are three ways in which taking 
account of flight height is important to the calculation of collision risk: 


(i) The proportion Q2R of birds flying at risk height will decrease with the height of the 
rotor above the sea surface.  This is accounted for in the basic model if the parameter 
Q2R is adjusted, but the way in which Q2R changes with height can only be known if a 
flight height distribution for the species in question is available.   


(ii) If most of the birds flying at risk height (ie above the minimum level of the rotor) do so 
at a level not far above the bottom edge of the rotor, the probability of passing through 
the rotor disc is relatively small, simply because the rotor circle occupies less width at 
that level than, for example, at the midpoint of its diameter.  Therefore the expected 
number of rotor transits is reduced.  For some species the reduction may be 50% or 
more, reducing the collision risk in proportion. 


(iii) Finally, if the birds flying through the rotor do so close to the extremity of the blades, 
the single-transit probability of collision there is rather less than for passages closer to 
the hub.  This is a smaller effect, but may typically account for a reduction of around 
10%.  


For these reasons, if the data is adequate to support an extended analysis taking account of 
flight heights, it is well worth doing so. 
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When to use generic flight height distribution data 
62. Normally, the bird survey data available for a particular site is insufficient to provide a full 


flight height distribution.  However it may provide some insight into typical flight heights at the 
site, and it should provide information on the proportion of birds flying at risk height ie above 
minimum rotor height.  The Crown Estate SOSS group has commissioned a compilation of 
flight height data from windfarm sites across the UK (Cook et al 2012iii).  That paper contains 
generic flight height distributions for a number of seabird species. 


63. Caution is needed in deploying this generic data.  It is entirely possible that the ecological 
circumstances of a particular site differ from those in the sites used to generate the generic 
data, and hence bird behaviours and flight heights may not be well represented by the 
generic data.  Before using generic data, consideration should be given to whether 


• is the site survey data compatible with the generic data?  Does it indicate that the generic 
data reasonably represents the observations at this site? 


• are there particular ecological circumstances which might be expected to lead to non-
standard behaviour, eg proximity to breeding sites? 


64. A collision risk assessment for a specific site should not be based solely on the use of 
generic data.   Where generic data is used, it is recommended that the collision risk for three 
different options is stated: 


• Option(i) - using the basic model, ie assuming that a uniform distribution of flight 
heights between lowest and highest levels of the rotors; and using the proportion of 
birds at risk height as derived from site survey. 


• Option (ii) - again using the basic model, but using the proportion of birds at risk height 
as derived from the generic flight height information. 


• Option (iii) - using the extended model, using the generic flight height information. 


The spreadsheet supporting this guidance provides for the calculation of all three options.  If 
site survey information is sufficient to generate a flight height distribution, this should be used 
as an Option (iv) as well. 


 
Supporting text should then discuss and justify which of the options is most likely to 
characterise the collision risks at this site.  


 
The hard stuff (ie maths) 
 
65. This section extends the basic model, and the calculations in Stages B-D, to enable the 


distribution of flight heights to be taken into account.  The basic model calculates the number 
of transits through rotors, then multiplies these by the average collision probability for a single 
transit (see equation (5) in paragraph 52): 


 
No of collisions = number of transits x probability of collision 


The extended approach is underlain by this same equation.  However, in this extended 
model, both bird flux and the probability of collision may vary over the area of the disc, such 
that their product must be summed over the whole area of the rotor disc.   


  
66. The bird flux through an element of rotor area δA is   


v Dv δA 


as in equation (1) in paragraph 36, but applying it to a small area δA rather than the full rotor 
area A.  As before there is a need to consider the proportions of flights upwind and 
downwind; we shall assume (for example) 50% upwind, 50% downwind.   


 
In this extended model, Dv may vary with height Y – this is the flight height distribution Dv(Y) 
in birds/m3 at height Y metres. 
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67. The collision risk for a single transit through this element δA is p(X,Y), which is the same as 


p(r,φ) except that X-Y coordinates, with origin at the rotor hub, are used to reference the point 
of transit instead of r-φ coordinates; the relationship between these two coordinate sets are 


  X = r sin φ,   Y = r cos φ   or conversely    r = √(X2+Y2) ,    φ = tan-1(X/Y) 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


The collision rate through this small element δA (take it as a small rectangle of width dX and 
height dY) is thus  


 
v  Dv(Y) p(X,Y) dX dY 
 


The total collision rate for flights through the whole rotor disc is then obtained by integrating 
this over the whole area of the disc: 
 


   Max rotor height   +√(R2-Y2) 


Collision rate  = v        ∫   Dv(Y)         ∫   p(X,Y)  dX dY                                    … (7) 
           Min rotor height            -√(R2-Y2) 
 


The limits ±√(R2-Y2) to the integration over X define the outer limits of the rotor circle, and the 
limits to the integration over Y are the minimum and maximum rotor heights respectively. 


 
68. With this approach, it is not easy to think in terms of there being a defined bird flux, and an 


average probability of collision, which are then multiplied.  The bird flight density varies with 
height Y, the breadth of the circle (and therefore the number of birds flying through the circle) 
varies with height Y, and the collision risk too depends on height Y, as it varies with both r 
and φ.  Hence all these factors are expressed and multiplied within the integral, and the 
integration yields the collision rate. 
 


69. As with the basic model, to translate this into collisions per month in the windfarm, this must 
be multiplied by the number of seconds the birds are active, and the number of turbines, and 
by the factor making allowance for non-operational time. 
 


70. For computational purposes, it is best to translate the factors into dimensionless units, within 
which the rotor has a radius of 1, by using the parameters x = X/R, y=Y/R; and using a 
dimensionless flight height distribution    d(y) = R Dv(Y)/DA.     Using these factors, and adding 
in the other factors (number of turbines, etc), equation (6) becomes 


  


 


Fig 7:  Relationship between r,φ 
and X,Y coordinates 
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        1     + √(1-y2) 


 Collisions   =    v DA R   ∫        ∫  d(y)   p(x,y) dx dy    x    No of turbines T   x  Time active t      … (8) 
    -1    - √(1-y2)    x Proportion of time operational 
 
   
                             1     + √(1-y2) 


 =     v (DA/2R) TπR2 t     x (2/π)   ∫       ∫  d(y)   p(x,y) dx dy         x     Qop                …  (9) 
                     -1    - √(1-y2)     


 
  Flux factor  Collision integral Proportion of time operational 
 


It is written in this way for comparability with equation 5 above; the ‘flux factor’ and Qop are the 
same as used in the basic model.   The ‘Collision integral’ is a dimensionless quantity.  If we 
apply this to the earlier scenario in which a proportion Q2R of birds fly at risk height, and are 
distributed uniformly at all heights within that zone, we then have d(y) = Q2R/2, a constant.  
The Collision integral is then Q2R times the average of p(x,y) over the rotor disc; in that case 
equation (9) reproduces equation (5). 


 
71. The total bird flux passing through the rotors is similar to equation 9 but with p(x,y) set to 1, ie 


   
                         1    + √(1-y2) 


Flux  =     v (DA/2R) TπR2 t  x  (2/π)   ∫      ∫  d(y)    dx dy     x     Qop       (10) 
                -1    - √(1-y2)     
 
  Flux factor    Flux integral  Proportion of time operational 
 
 
72. The average collision probability is just the ratio Collisions /Flux.  However it should be noted 


that this ‘average probability’ is conditioned both by the shape of the circle (more flux at 
greater height) and by the skewed distribution of flights (ie more flux at lower height), so it is 
not a very meaningful parameter. 
 


73. Note that the factor  Q2R does not appear explicitly in the above equations, as the proportion 
of birds flying at various levels is included within the distributional data d(y).  However, for 
comparison with the basic model, a value Q’2R is readily calculated from the distribution data, 
as     +1 


              ∫ d(y).  dy  =  Q’2R 
   -1   


The symbol   Q’2R is used to differentiate this calculated figure from the figure for Q2R input 
earlier based on bird survey data. 
         


Annex 5 provides a more detailed derivation of these equations.    
 
The easy stuff (how to do the calculation) 
 
74. Calculating a collision estimate using equation (9). and the number of transits through rotors 


using equation (10), can be done simply using Sheet 4 ‘Extended model’ which computes 
both the Collision integral and the Flux integral, if an appropriate flight height distribution is 
input.  The flux factor remains as calculated in Stage B for the basic model, and Qop,  the 
proportion of time turbines are operational, as in Stage E. 


 
(i) Start, as in Stage B of the basic model, with the observed bird density on an area basis, 


expressed per unit area, DA.   Convert if needed to units of birds/ km2; the spreadsheet 
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divides this by 106 so as to work in birds/m2.   As with the basic model, multiply by the total 
cross-sectional area of the rotors  TπR2 , and the number of seconds t during which birds 
are active, to get the Flux factor.  There is no need however to deploy Q2R.  


(ii) Data on the flight height distribution must be available as a table showing the relative 
frequency of bird flights at different heights.  This data should be normalised, that is the 
sum of all the relative frequencies across all heights should be 1.    Relative frequency is 
Dv(Y) / DA, and the sum of Dv(Y) across all heights is just DA, the total bird density per km2 
,so the sum of all relative frequencies is 1.  Frequency is in units of ‘per metre of height’.  
 


(iii) Sheet 5 of the spreadsheet ‘Flightheights’ contains generic data from Cook et aliii for a 
number of species.  These give flight height relative frequencies at 1m intervals; only the 
data up to 150m height is shown in the spreadsheet.  Columns A and B are the ‘master 
data’ ie these columns contain the data which are used in the calculations of Sheet 3.  To 
use a new data table (eg for other species, copy the appropriate flight height column for 
this species and paste the column into column B (note, don’t cut and paste, just copy, so 
as to leave intact a copy of the data outwith the master columns.   The entire column 
should be copied and pasted, as it includes the name of the species and the number of 
points in the table, as well as the table of frequencies itself. 
 


(iv) Normally, the hubheight of wind turbines is measured from Highest Astronomical Tide 
(HAT), to help ensure navigational clearance requirements are satisfied.  However, bird 
flight heights are measured relative to sea level, which may be 2-3 metres or more lower.   
Mean sea level (Z0) and HAT are normally stated relative to Chart Datum (CD).   The 
calculation allows for a tidal offset to be added to the hubheight, to allow for this additional 
height above mean sea level.  The tidal offset should be entered in the Input Data sheet.  
This offset can make a substantive difference to the calculated collision risk, reducing the 
estimate of risk by 25-30% for some species. 
 


(v) Sheet 4 ‘Extended model’ then does the necessary work in calculating the Collision and 
Flux integrals.  The sheet undertakes a numeric integration of p(x,y), first across x for each 
horizontal chord of the rotor, and secondly across all heights y, factoring in the flight 
distribution d(y). 
 


(vi) Following equation (9), multiply the Collision integral by the Flux factor and by the 
proportion of time Qop for which the turbines are operational, to get the expected collisions 
assuming no avoidance.  Sheet 2 ‘Overall collision risk’ draws on the Collision integral 
calculated in Sheet 4, and does this multiplication.  It also draws on the Flux integral in 
Sheet 4, to provide a view on the total number of rotor transits in each month.  These 
calculations are presented as ‘Option 3’ 


 
(vii)In this extended model, the distribution of bird flights with height already includes the 


information on the proportion flying at risk height.  It is valuable nonetheless to evaluate 
Q’2R from the flight height data and check that it is consistent with survey findings and 
other sources of data.  Sheet 4 shows the value of Q’2R derived in this way directly from 
the flight height distribution, using the formula  


  +1 


Q’2R=∫  d(y) dy 
       -1 


75. Adding a tidal offset as at stage (iv) takes account of the height of the rotors above mean sea 
level, but not of the variation of the tides.  If the distribution of bird flight heights relative to the 
sea surface is independent of the level of the tide, then at times of high tide there will be an 
increased bird density at rotor level, and reduced at times of low tide.  As the flight height 
distribution is non-linear with height, these two effects do not balance out.  The ‘tidal 
asymmetry correction’ factor is generally small and may be ignored, but a method of 
calculating it is nonetheless provided, in Annex 7, for use at sites with a particularly large tidal 
range (eg > 5metres).
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STAGE E – AVOIDANCE AND ATTRACTION 
 
Avoidance 
 
76. The preceding stages of the model assume that birds take no avoiding action whatsoever in 


response to wind turbines.  In reality, birds mostly do take effective avoiding action so as to 
avoid collision with wind turbines.  Birds may avoid the area of the windfarm altogether, or 
they may use more indirect flight routes to bypass the windfarm – referred to as ‘macro’ or 
‘far-field’ avoidance or ‘displacement’.  Alternatively, birds may continue to fly within or close 
to the windfarm, but exhibiting ‘micro’ or ‘near-field’ or ‘behavioural’ avoidance in which birds 
choose routes which pass between rotors; or fly higher or lower to avoid the rotors; or take 
emergency action in-flight to escape an approaching blade. 


 
77. Monitoring of windfarms onshore is generating some useful information on levels of 


avoidance of some land-based bird species.  Some of that data derives from collision 
monitoring, based on regular site scans for bird corpses, and some of it from observations of 
habitat use in the vicinity of windfarms.  For many bird species, avoidance rates of 98% or 
higher have been observed, implying that the collision risk is less than 2% of that calculated 
from stages A-D alone.  Avoidance is included in the collision risk model simply by 
multiplying the before-avoidance collision estimate by (1 - A) where A is the 
appropriate overall avoidance rate (see Scottish Natural Heritage 2010xii for a review).   


 
78. In general the information for onshore species is not sufficient to discriminate in a quantitative 


way between macro avoidance (ie displacement or far-field avoidance) and micro (near-field) 
avoidance, though some Dutch studies are yielding useful data.  Offshore, a number of 
studies have examined macro and micro avoidance behaviour for some seabirds (see Cook 
et al (2012)iii).  As monitoring data builds up from constructed offshore windfarms, it may be 
possible to make more definitive predictions than at present on rates of both macro and micro 
avoidance.   The overall avoidance rate Aoverall is simply related to macro and micro 
avoidance rates: 


(1 – Aoverall)  = (1 –  Amacro) x (1 –  Amicro) 


To obtain an overall avoidance rate in this way, information is needed on both macro and 
micro avoidance rates, each of which will be less on its own than the overall avoidance rate. In 
particular, if information on likely displacement is used to conclude that a proportion of birds 
will not use the windfarm site, that is in effect an application of the (1 –  Amacro) factor.  The 
avoidance rate then applied to those birds not displaced would then have to be a micro-
avoidance rate Amicro, derived from monitoring observations solely of birds actually flying 
through windfarms.  A micro-avoidance rate will be considerably lower than a rate for overall 
avoidance which includes displacement effects. 


79. Where detailed information on macro and micro avoidance is not available then overall 
avoidance rates are best estimated by using monitoring data from existing windfarms, 
comparing actual mortality to that predicted if pre-construction levels of flight activity were 
maintained: 


        Actual collision rate  
Aoverall =  1     -    {  ___________________________________        }          


Predicted collision rate if pre-construction levels of flight activity were maintained 
 
Care should be taken to ensure that the data on which such avoidance rates are based are on 
a consistent basis, having regard for example to the potential for changes in turbine model 
and flight risk heights as between those modelled in a collision risk assessment at the time of 
preparing an environmental statement, and those actually built. 
 


80. In particular, if the extended model taking account of flight height distribution is used, it is 
important that the calculations on which avoidance rates are based also start with a 
no-avoidance collision rate derived using the extended model.  Where the bird flight 
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density is skewed towards low altitude, a greater proportion of birds above the minimum risk 
height will miss the rotor, simply because, at a level close to rotor minimum height, the rotor 
circle intercepts relatively few flights.  This is taken into account through the limits to the x 
integration in equations (9) and (10).  This propensity to miss the rotor must not be confused 
with avoidance, which requires a behavioural response by a bird.  Put another way, if an 
avoidance rate is calculated by comparing collision rate observations with a calculated 
avoidance rate using the basic (uniform flight density) model, then that avoidance rate will 
already include for the fact that low-flying birds will more often miss the rotor.  Using such an 
avoidance rate in conjunction with the extended model would double-count that factor. 


  
81. All current flight activity should be included within a windfarm collision risk estimate, 


and the avoidance rates used for collision risk estimates should be characteristic of 
overall avoidance, ie they should include both macro avoidance (displacement or far-
field avoidance) and micro (near-field or behavioural) avoidance.   In particular the 
likelihood of displacement should be included as an aspect of overall avoidance.   Elsewhere 
in the bird impact assessment the potential direct impact of displacement on the bird 
population, in terms of reduction in available habitat, should also be assessed. 
 


82. The lack of firm evidence surrounding avoidance rates will almost certainly dominate the 
uncertainty inherent in the collision risk estimate.  For a few land-based bird species there is 
now substantial international experience on levels of avoidance from long-standing 
monitoring studies, such that some confidence can be placed in the assumption of high levels 
of avoidance.  However for marine species there is limited firm data as yet on which to base 
predictions.  It should be noted that avoidance behaviour may vary seasonally, and between 
groups of birds of the same species. 
 


83. The collision risk estimate should conclude with a table showing potential collision 
mortality using a range of assumed avoidance rates.  The text relating to this table should 
point to any evidence from existing post-construction monitoring on the respective or similar 
bird species which might indicate what levels of avoidance are best supported by evidence.  
As a default in the absence of specific avoidance information for the species in question, it is 
recommended that collision risks be evaluated assuming avoidance rates of 95%, 98%, 99% 
and 99.5%. 


 
Attraction 
 
84. Offshore windfarms may create new habitat which encourages aggregation of fish, and as a 


result birds may be attracted into the windfarm for foraging.  Lighting on wind turbines may 
also have an effect in attracting birds at night.  Where such attraction occurs, it follows that 
collision risk may be enhanced as a result of increased flight activity through the windfarm.   
Attraction is in effect a form of ‘negative displacement’ and could in principle be included in 
the collision risk assessment by including an appropriate negative component in macro 
avoidance.  However, in most circumstances there is not enough definitive evidence to make 
quantitative predictions on attracting birds with any certainty.    
 


85. Where, as part of an overall bird impact assessment, attention is drawn to the potential 
for a wind farm to attract birds, the potential for additional collision risk should also be 
considered.    
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STAGE F -  EXPRESSING UNCERTAINTY 
 
86. In a collision risk estimate following the above method, there are a large number of sources 


of variability or uncertainty in the output.   The main sources of uncertainty are: 
 


• survey data is sampled, often both in time and space, and usually exhibits a high degree 
of variability.  Mean estimates can only be representative of flight activity 


 
• survey data is unavailable for certain conditions, including night time and storm conditions 


 
• natural variability in bird populations, over time and space, for ecological reasons 


 
• flight height information may be subject to observer bias 


 
• the collision risk model uses a simplified geometry for turbine blades and bird shape 


 
• it does not include any risk of collision with turbine towers 


 
• details of blade dimension and pitch may be unavailable at the time of making the 


estimate 
 


• turbines deployed may differ from those used in the collision risk analysis 
 


• bird parameters (length, wingspan, flight speed) have a distribution, they are not fixed 
 


• bird speed is not a constant but is dependent on wind speed 
 


• insufficient knowledge about bird displacement and attraction effects 
 


• there is limited firm information on bird avoidance behaviour at sea 
 
87. Perhaps the most important issue is to keep these uncertainties in proportion.  For some of 


these uncertainties (eg bird density from survey data) the range of variability may be fairly 
clear from the variability between different survey days.  Observer bias in flight height 
estimates may be tested, for example, by duplicating observers on occasion and comparing 
results.   There are uncertainties in using the collision model itself, for example in using a 
single bird speed, or if the calculation is made for only one turbine speed rather than deriving 
an average over all turbine speeds.  However these uncertainties are probably less 
significant than the errors introduced by variability in the survey data input. 
 


88. Then there is uncertainty over avoidance behaviour.  At present there is only a handful of bird 
species for which collision mortality at onshore windfarms has been sufficiently monitored to 
enable an avoidance rate to be used with confidence.  For marine bird species, there is as 
yet limited information upon which to base a judgement on an appropriate avoidance rate to 
use.  The uncertainty here ranges over an order of magnitude.  If an avoidance rate of 98% is 
used, for example, that may be judged subject to uncertainty covering a range from 95% to 
99.5%, representing non-avoidance behaviour between 5% and 0.5%.   For the foreseeable 
future, it seems likely that the uncertainties surrounding bird avoidance behaviour are likely to 
dwarf the errors and uncertainties arising from an inexact collision model or variability in 
survey data. 
 


89. A similar position relates to the extent to which birds may respond to habitat changes caused 
by the windfarm.  Here also there is insufficient experience yet to be able to predict with 
confidence likely levels of displacement or attraction in response to new habitats, or indeed 
whether these patterns of behaviour will persist or change over time. 
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90. For these reasons it is proposed that uncertainty due to avoidance behaviour, and uncertainty 
over response to habitat changes, should be handled differently from uncertainties elsewhere 
in the calculation. 


 
91. The output should convey the uncertainty in the collision risk estimate, by indicating, 


in addition to a ‘best estimate’, a range of confidence around that estimate.  Though it 
is unlikely (with the exception of the survey data) that these can be subject to detailed 
statistical analysis, the aim should be to express the range of uncertainty at around 
the 95% confidence level.    
 


92. The range of uncertainty should reflect 


• uncertainty or variability in flight activity data  (including imprecision on flight height 
estimates and lack of knowledge about night-time behaviour) 


• uncertainty due to the limitations of the collision model, including the variability of bird 
dimensions and flight speed, the simplification in shape of a bird and turbine blades.  
As an expert guesstimate, the uncertainties arising from the collision model, if all 
required turbine parameters are fully available, may be of order ± 20%.   


• uncertainty arising from turbine options yet to be decided, in number, size and speed, 
where that is consistent with the ‘Rochdale envelope’ flexibility described in guidance 
by the Infrastructure Planning Commission (2011)vi .  These options should include a 
‘worst case’ in terms of the option likely to present greatest bird collision risk.   


 
The range of uncertainty due to each of these three sources should be separately identified 
and, as the three uncertainties are of independent origin, they may be combined to give an 
overall uncertainty of  √ ( u1


2 + u2
2 + u3


2 ) where u1, u2 and u3 are respectively the percentage 
uncertainties from each of these sources.  


 


 
93. Where the extended model is applied using the generic height data from Cook et aliii, that 


paper provides confidence intervals around the median data points.  The range of uncertainty 
relating to flight height can be estimated by replacing the median set of data (as shown in 
Sheet 5: Flightheight) by, respectively, the upper and lower 95% confidence levels, and 
noting the corresponding uncertainty in the collision risk. 


 
94. Finally, the output should state the effect on the collision risk of a range of 


assumptions on avoidance.   This should be covered by a statement conveying the 
status of current information on avoidance behaviour of the bird species in question, 
noting any variability in this behaviour, and drawing conclusions about the likely 
collision risk. 


Box 2: Example of presentation of uncertainty 
(Note that the asterisked figures are chosen for example only and should be derived or 
judged from detailed consideration of the accuracies and uncertainties inherent in the 
input data.) 
 
Best estimate of annual collision risk (birds per annum) 


assuming 98% avoidance rate     147 * 
 
Range of uncertainty 
 due to variance and uncertainty in flight activity ± 50% * 
 due to simplifications in collision model  ± 20% 
 due to design options yet to be finalised  ± 15% * 
 
 overall ± √(0.52 + 0.22 + 0.152) = 0.56  ± 56%      range 65 - 230 
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95. The collision risk estimate should also outline qualitatively the possible likelihood and scale of 
any further collision risks which might result from the wind farm attracting birds (see 
paragraphs 84/85).   


 
 
FOOTNOTE 
 
96. One risk of prescriptive guidance is that it could stifle innovation in improved methods.  


Developers and their advisors are encouraged where appropriate to go beyond the core 
requirements set out in this guidance; but where they do so, the standard approach of this 
guidance should also be pursued so as to make clear how the results of any improved 
methods differ from that of the standard approach. 


 
 
 


Box 3: Example of presentation of uncertainty on avoidance 
 
Species:    XXXXXXX 
 
Best estimate of annual collision risk (birds per annum) 
 assuming 95% avoidance  367 } 
   98% avoidance  147 } all subject to ± 56% 
   99% avoidance    73 } 
   99.5% avoidance   37 } 
   99.75% avoidance   18 } 
 
Information on avoidance for this species suggests 99% is most appropriate (refer to 
text in ES) but the lack of data means that the confidence interval may extend from 
95% to 99.9%. 
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NOTES ON USING THE SPREADSHEET 
 
The Excel spreadsheet which accompanies this guidance is intended to take the user easily 
through the first five stages of the process.   
 
Sheet 1: Input data is provided so that all input data is input on this sheet.  There are no 
calculations or calculated fields on this sheet.  The user should not input data on any of the three 
following sheets 2-4, other than (if desired) to replace the blade profile in Sheet 3 with a more 
specific one for the actual turbine blades used.  Sheet 1 is organised with blocks of input data on 
the bird species; on flight activity from bird survey; on migrant birds (to be used if relevant); on the 
windfarm; on the turbines to be used in the windfarm; and finally on the avoidance behaviour 
used in presenting the results. 
 
The source data used for each input should be identified for easy reference on the spreadsheet, 
and the sources should be listed in full within the Environmental Statement. 
 
Sheet 2: Overall collision risk is the master sheet bringing together all the calculations of 
Stages A through E, and concluding with overall collision estimates, given a range of assumptions 
on rates of avoidance: 


• Stage A states the information on the density of flying birds, the proportion flying at risk 
height, and the time over which such bird activity persists. 


• The sheet then presents the basic model (Option 1), giving 


o Output from Stage B - the estimated number of potential bird transits through 
rotors of the windfarm. 


o Output from Stage C - the probability of collision during a single bird rotor transit. 


o Output from Stage D - the potential collision mortality for the bird species in 
question, assuming current use of the site and no avoiding action is taken  


• The sheet then re-applies the basic model, only using the value of Q’2R, the proportion of 
bird flying at risk height derived from the flight height distribution (Option 2).  For this 
purpose flight height distribution data must be loaded in the first two columns of the 
Flightheight sheet. 


• Finally the sheet applies the extended model allowing flight height distribution to be taken 
into account (Option 3). 


• Output from Stage E is the potential collision mortality for the bird species in question, 
taking avoidance and other likely behaviour change into account.  The user must choose 
to which of the above set of results (Options 1, 2 or 3) the avoidance factors should be 
applied. 


Sheet 2 draws in turn from Sheets 3-8.  Sheet 2 will not display the results from the Extended 
model until Sheet 4 (Extended model) has been activated by clicking on that sheet, when it will 
automatically calculate.  Once it has done so, Sheet 2 will display the appropriate results. 
 
Sheet 3: Single transit collision risk.   This sheet covers stage C of the process, calculating the 
probability of collision for a bird making a single passage through a rotor at each radius r, in 
increments from r/R=0.05 out to r/R=1.  The collision probability is then averaged over the entire 
area of the rotor disc, by summing the probability over successive concentric rings each of width 
0.05R,  multiplying by the area of the successive concentric rings, and dividing by the total area 
πR2 of the rotor disk (see paragraphs 46/47).  The method used is essentially a trapezoidal 
numerical integration. The calculation is undertaken separately for upwind and downwind flight, 
and an average taken. 
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Sheet 4: Extended model.   It should be noted that this sheet requires macros to be enabled, as 
much of the functionality of this sheet is based on function routines programmed in Visual Basic.  
If at any stage calculations are not triggered automatically, press Shift-F9 to force recalculation. 
 
This sheet repeats, in the panel at top right, the calculations of the basic model4.   In the lower 
panel, this sheet carries out the calculations of the extended model, based on the flight height 
distribution data in the following sheet ‘Flightheight’.  The key calculated outputs are Q2R, the flux 
integral, and the collision integral (for upwind and downwind flight and average of both).  The 
sheet allows input of xinc and yinc, the increments used in the numerical integration.  By default 
these are set to 0.05, ie one twentieth of a rotor radius.  For increased precision these may be set 
to a smaller value like 0.01, but the worksheet calculation time may become significant.  
 
This sheet also shows a table and a set of graphs derived from the table. The table shows the 
height y from rotor minimum to rotor maximum; the corresponding bird density d(y) (interpolated 
from the Sheet 5 data); the contribution of that horizontal strip of rotor at height y to risk (up and 
downwind), and the product of bird density and contribution to risk (up and downwind).  The chart 
then presents these as line graphs.  These calculations are all based on a value of 0.05 for xinc 
and yinc, the increments used in integration.   The graphs are included to provide a live illustration 
of the effect of a skewed flight distribution.  They show how the reduction of collision risk towards 
the rotor minimum height at y=-1, and the reduction in bird density due to the rapidly falling bird 
density with height, combine to squeeze the zone in which most collisions occur to an area just 
above y=-1. 
 
Note that the table and graph are calculated entirely separately from the calculation of the 
Collision and Flux integrals, which make use of the user-input values of xinc and yinc. 
 
Sheet 5: Flight Height.   This sheet contains, in the first two columns, the flight height distribution 
used by Sheet 4 to calculate collision risk.  Data is also shown for a number of other species, 
simply for ease of copying the data and pasting in to the first two columns.  The standard form for 
this flight height distribution data is in 1m height intervals, with values of Dv(Y)/DA such that the 
column totals to 1.0.  A frequency distribution with a wider height interval may be used, but then 
D(Y) must be divided by the interval, such that the values properly represent relative bird density 
per metre of height, and the column will total to (1.0/interval).  
 
Sheet 6: Migrant collision risk.  This sheet undertakes a similar calculation of collision risk to 
Sheet 2, but makes use of information in a different form on the density of birds passing through 
the windfarm, such as may be available for migrating bird species - see Annex 6 for a full 
description. 
 
Sheet 7: Daylight and night hours.  Given the input latitude, this sheet computes the daylight 
and night hours in each month within which there could potentially be bird activity. 
 
Sheet 8: Large array correction.  This is an add-on, which enables a correction to be made for 
large arrays where the collision rate is such that bird density might significantly decline as birds 
pass through the windfarm.  These correction factors are then applied to the collision rate 
estimates in Sheet 2 ‘Overall collision risk’.  In most circumstances the results will demonstrate 
that a large array correction is not significant and can be ignored. 
 


                                                 
4 There are small differences in the output values for gliding flight, as this sheet avoids a simplification in the earlier 
model  
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Notes on input data 
 
Care is needed throughout to use the correct units as specified below and in the spreadsheet.  In 
the main standard SI units are used.  However some of the inputs (eg bird density) use units 
which developed in use as a matter of common practice – as indeed are the outputs in terms of 
collisions per month. 
 
All the following input data should be entered using Sheet 1 – ‘Input data’, unless information is 
available to use a blade chord profile specific to the turbine being used in the relevant columns of 
Sheet 3 – ‘Single transit collision risk’. 


 


 


Bird data 


Symbol Description Units Notes 


 Species name  to help identify this spreadsheet 


L Length of bird m (metres) these should be drawn from standard 
reference works, eg Cramp & Simmons 
(1983)xiii or from BTO Bird Factsxiv.    


 


W Wingspan of bird m (metres) 


v Flight speed m/sec 


F Flight type  ‘flapping’ or ‘gliding’  - the spreadsheet 
then applies the relevant factor F = 0 for 
flapping flight, or +1 for gliding flight 


 Nocturnal activity 
factor 


1-5 ranking 
from Garthe 
and 
Hüppop/ 
King et al   


the spreadsheet converts this factor to 
0%/ 25%/ 50%/ 75%/100% daytime 
activity 


 
For flight speed, usually a typical mean flight speed as given in such standard references will be 
adequate.   However, where there is a need to explore the collision risk arising from different 
types of bird behaviour involving very different flight speeds (eg pursuit, or foraging), then the 
collision risk calculation should separate out the risk for those birds engaged in each behaviour, 
and sum the collision risk, as this varies with flight speed in a non-linear way.   


 
 


Flight activity data 


Symbol Description Units Notes 


DA Bird density (day) birds/km2 Average number of birds in flight in 
daytime at any height, per square 
kilometre, as derived from field 
observation 


Q2R Proportion at rotor 
height 


%   % derived from bird survey, in the light of 
the projected rotor diameter and rotor hub 
height.  The extended model also 
computes a figure for this, termed Q’2R to 
distinguish it 


 Proportion of flights 
upwind 


% This should be set to 50% unless survey 
indicates a predominant direction relative 
to wind, eg for large-scale migration flights 
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Flight activity data – additional for migrants      see Annex 6 for details 
 


Windfarm data 
Symbol Description Units Notes 


 Latitude of windfarm degrees 
latitude 
(including 
decimal 
places) 


include degrees and minutes in degrees 
with decimal places; this data is used to 
work out daylight hours in each month 


T Number of turbines   


Qop Proportion of time 
turbines are 
operational 


% This includes down-time for maintenance 
as well as time inactive because of low-
wind or storm conditions 


 Width of windfarm  optional; this is used only in the large 
array correction 


    


Turbine data 
Symbol Description Units Notes 


R Rotor radius m (metres) measured from the axis of rotation to 
blade tip.  (This differs from the blade 
length, which is the length of the blade 
itself from where it is attached to the hub 
to the blade tip.) 


H Hub height m (metres) This is the height in metres of the rotor 
hub, ie the axis around which it rotates, 
above the sea surface taken as the 
Highest Astronomical Tide.  In conjunction 
with the rotor radius and tidal offset, this 
determines the flight altitudes at risk.  In 
the basic model this parameter is not used 
in the calculation but it is desirable to state 
it, as the proportion of birds flying at risk 
height is strongly dependent upon it. It is 
however a key parameter in the extended 
model.   


 Tidal offset m (metres) This is the difference in metres between 
HAT (from which hub height is measured) 
and mean sea level Z0.  The difference is 
typically 2-3m but may be up to 5m or 
more in estuarine locations 


Ω Rotation speed rpm 
(revolutions 
per minute)    


The spreadsheet converts to radians/sec 
as required in the underlying formulae 


c Blade chord width 
(along length) 


m (metres) see below 


γ Average blade pitch degrees 
relative to 
rotor plane 


see below 
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Rotation speed when generating of most contemporary turbines is variable within a pre-
determined range.  A time-averaged mean of operational rotor speeds should be used, 
taking account of the expected frequency of different wind speeds and the resulting 
projected operational speeds (see paragraphs 48-49).    
 
Note that the Band 2000 version of this spreadsheet requires input of the Rotation Period, 
ie the time required for one full rotation of the rotor, which is the inverse of Rotation 
Speed:      Rotation period = 1/ (Rotation speed in rpm) 


  
The underlying formulae make use of rotation speed Ω expressed in radians per second.  
One complete revolution is 2π radians, and there are 60 seconds in a minute, so  
Ω = (rpm /60) x 2π, a conversion undertaken by the spreadsheet. 


   


Chord width.  The model considers a blade to be a twisted lamina, ie of zero thickness.  It 
has a chord width, which varies along the length of the blade as it tapers towards the tip.   
The chord profile in the spreadsheet is typical of a modern 5MW turbine used for offshore 
generation. 
 
Pitch.  The blade also has a pitch angle – the angle between the blade surface and the 
axis of the rotor.  Pitch angle varies along the length of the blade, from a high angle close 
to the hub, to a low pitch angle towards the blade tips, ie the blade is twisted.  Pitch angle 
also varies as the pitch is controlled to alter the rotation speed of the turbine.  In the 
model, an average angle is used, representing an average pitch along the blade length.  
25-30 degrees is reasonable for a typical large turbine.  
 
Note that it is the total cross-sectional area of all the rotors (T πR2 ) which is used to 
calculate the number of bird transits through a rotor.  If the size and number of turbines is 
not known, a figure may be entered directly in Sheet 2 (Overall collision risk) for the ‘total 
rotor frontal area’: which may be amenable to a better estimate than either the turbine 
number or size. 


 
Avoidance data 


These are the range of avoidance rates to be used when presenting the collision risk 
conclusions (see paragraphs 76-83).   Use avoidance rates if possible which have been 
established from previous monitoring studies for this species, and an appropriate range to 
cover the uncertainties involved. 


 
Spreadsheet protection 


To protect against unintentional overwriting of formulae, or the entry of input data other 
than in the ‘Input data’ sheet, each of the worksheets is ‘protected’, and the spreadsheet is 
fully usable in this state.  Should there be a need to change or add to the spreadsheet,  
the protection can be turned off for any worksheet by going to ‘Tools’ – ‘Protection’ and 
setting to ‘off’ - there is no password protection in place. 


 
 
Notes on spreadsheet programming 
 
The functionality of Sheet 4 (Extended model) is entirely based on computations programmed as 
user-defined functions in Visual Basic.  Macros must be enabled.  The programme code may be 
viewed using the ‘Developer’ tab and ‘Visual Basic’ icon.  The user-defined functions are listed for 
reference in Annex 8. 
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Annex 1     Oblique approach 
 
The collision risk of a bird passing through a turbine is dependent on the angle of approach.  If it 
approaches obliquely, the cross-sectional area presented by the rotor disk will be reduced, as the 
rotor presents an elliptical rather than circular cross-section to the bird.   


 
If the rotor has radius R and cross-sectional area πR2 , then to a bird incoming at an oblique angle 
θ with respect to perpendicular approach, it presents a cross section πR2 cos θ, thus reducing with 
cos θ.   
 
However, if a bird approaching obliquely does pass through a rotor, its collision risk is greater 
than for a bird approaching perpendicularly, in part because of the increased time the bird takes 
to clear the full depth of the rotors from back to front, and in part because of the changes in speed 
of blade approach relative to a bird flying across (as well as towards) a rotor.    
 
In relation to the first of these, a bird making a perpendicular approach has to clear a distance d + 
L  in order not to collide with the blades, d being the depth of the rotor from front to back, and L 
being the length of the bird.  A bird making an oblique approach has to clear a distance 
(d+L) / cos θ.  The collision risk thus increases, in a first approximation, with 1/cos θ.   This 
‘oblique factor’ thus cancels the reduction with cos θ due to the reducing cross-section presented 
by the rotor.   
 
On this basis this guidance considers all bird flights as if they were perpendicular to the rotor 
plane, and uses the collision risk relevant to flights perpendicular to the rotor.  With this 
simplification stages B and C can be followed sequentially. 
 
However, this does not take account of the second of the above factors, the changes of blade 
approach relative to a bird flying across a rotor.  This leads to a dependence on θ of the collision 
risk for a bird making an oblique transit which is more complex than 1/cos θ.  In particular, an 
oblique approach leads to the wingspan rather than the length of the bird becoming the dominant 
element in determining the time it takes for the bird to pass through the rotor plane.  Holmstrom et 
al (2011)xv have explored the dependence of collision risk on angle of approach, using a bird 
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modelled as a flat rectangle, building on the original analysis by Tucker (1996a and 1996b)xvi.  
They demonstrate that for large raptors flying downwind through a rotor, collision risk increases 
with an increasingly oblique angle of approach, reaching a maximum at around 30 degrees from 
perpendicular approach, then tailing off as the effect of the reduced cross-sectional area 
presented by the rotor begins to dominate.  At the maxima, the collision risk is calculated to be 
between 10% and 31% higher than for perpendicular approach, dependent on bird parameters 
and wind speed.  Averaged across all angles of approach, the increases for downwind flight may 
be of order 10-15%, though likely to be less for upwind flight.   It is also probable that at values of 
θ  close to π/2  (ie for flight nearly parallel with the rotor) collision risk rises steeply for birds 
passing through the rotor, though the likelihood of such an encounter is low because of the edge-
on cross-section presented. 
 
The spreadsheet approach accompanying this guidance does not deal with the complexity of 
oblique angled approaches.  If a model for oblique approach were to be used, a stricter approach 
would require calculation of the number of flights from each direction passing through the swept 
area of the windfarm turbines, applying the probability of collision applying for that direction, and 
summing these probabilities for birds flying in all directions.     
 
This guidance makes the simplifying assumption that all flights can be treated as perpendicular to 
the rotor plane (ie parallel to the rotor axis).  This is equivalent to assuming a 1/cos θ  
dependence of collision risk for a bird flying through a rotor at angle θ, thus exactly cancelling the 
cos θ dependence of the number of birds flying through the rotor.  In the light of the Holmstrom et 
al (2011) results, it should be recognised that this simplification may underestimate collision 
probabilities by a factor which, taking account of both upwind and downwind flights, may be of 
order 10% for large birds. 
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Annex  2   Relationship between bird flux and bird density 
 
There is a direct relationship between bird density and flux, which is involves a dependence on 
the speed of the birds (if they were stationary, there would be no flux). 
 
Simplified approach – treating all flights as perpendicular to rotor 
 
First, take a simplified approach in which birds fly either downwind or upwind through a circular 
rotor area A, but not at oblique angles.  Within one second, all birds within the cylinder of base 
area A and length v will pass through the area A.  So the flux F is 


  F  =   ½ Dv  A  v     downwind    and =   ½ Dv  A  v     upwind 


where F is the bird flux per unit area, Dv is the bird density (true density)  per m3 and v is the 
speed of the birds.   


 
General approach - random horizontal directions 
 
More generally, if one assumes that the birds fly in a horizontal plane, but may fly in random 
horizontal directions, the flux is  


  F  =  (1/π) Dv  A  v     downwind   and =   (1/π) Dv  A  v     upwind 


This takes account of the fact that at an approach angle θ, the area A now looks like an ellipse, 
not a circle, and thus the volume of the squashed cylinder of length v containing the birds which 
will reach area A within one second is now  A v cosθ    rather than simply A v for the 
perpendicular approach.  The proportion of birds flying at an approach angle between  
θ and θ + dθ is ( dθ/2π ).  Total flux from this upwind side is then 
 
          π/2 


F =         ∫   (Dv / 2π)  A v cosθ  dθ    =  (1/π) Dv A v     … (A2-1) 
       -π/2 


where F is the bird flux across the area A, Dv is the bird density (true density)  per m3 and v is the 
speed of the birds.   
 
It should be noted that a flux measurement is directional – for a given density of birds moving in 
random horizontal directions, a unit area will intercept more birds flying perpendicular to the area 
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than birds flying at an oblique angle, to which the unit area will appear narrower.  The (1/π) factor 
accounts for this angle-dependence.   
 
Total bird flux, counting both upwind and downwind flights, is then  


Ftot = (2/π) Dv A v                 (A2-2) 
 
To convert from a bird flux measurement to a measurement of bird density, use the converse 
expression  


Dv = (π/2) Ftot  /  ( A v )        (A2-3) 
 
 
Using areal bird density 
 
The above refers to bird flux crossing an area such as a rotor disk, and relates it to the bird 
density Dv  surrounding the rotor.  
 
Flux is often referred to as the number of birds FL flying across a horizontal line, per metre length 
of that line, at any altitude (as observed, for example, in vertical radar surveys).  Taking an aerial 
view, that is the sum of birds crossing in each 1m band of height, for which the flux is given by 
equation A2-3: 
                h   = max height 


 FL =  Σ  (2/π) Dv v      
        h=0 
 
     =    (2/π)  v   Σ  Dv    


 
But summing the bird density within each successive metre height gives the areal bird density DA..  
So we have  
 


FL = (2/π) DA  v     birds/sec (per metre length of horizontal line) (A2-4) 
 


This equation is the equivalent, using areal density, of equation (A2-2) which uses true density. 
 
The converse is the equivalent of equation (A2-3): 
 
   DA    = (π/2) FL / v      birds / m2                (A2-5) 
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Annex 3  -  Probability of bird being hit when flying through the rotor 
 
The following text is extracted from the Band (2000) guidance published on the Scottish Natural Heritage 
website.  Text in italics has been updated to reflect changes in the accompanying spreadsheet. 
 
This stage computes the probability of a bird being hit when making a transit through a rotor.  The 
probability depends on the size of the bird (both length and wingspan), the breadth and pitch of 
the turbine blades, the rotation speed of the turbine, and of course the flight speed of the bird.  
The calculation assumes that a bird has an equal probability of passing at any point through the 
rotor. 
 
To facilitate calculation, many simplifications have to be made.  The bird is assumed to be of 
simple cruciform shape, with the wings at the halfway point between nose and tail.  The turbine 
blade is assumed to have a width and a pitch angle (relative to the plane of the turbine), but to 
have no thickness. 
  
It is best to visualise this as in Fig A3-1, looking vertically down on the flying bird in a frame which 
is moving with the bird.  In this moving frame, each rotor blade is both moving from right to left 
(say) and also progressing towards the bird.  Each blade cuts a swathe through the air which 
depends both on the breadth of the blade and its pitch angle.  Successive blades cut parallel 
swathes, but progressively closer to the bird.  The angle of approach of the blade α, in this frame, 
depends on both bird speed and blade speed.  At the rotor extremity, where blade speed is 
usually high compared to bird speed, the approach angle α’ is low, ie the blades approach the 
bird from the side.  Close to the rotor hub, where the blade speed is low and the bird is therefore 
flying towards a slow-moving object, the approach angle α’ is high. 
 
The probability of bird collision, for given bird and blade dimensions and speeds, is the 
probability, were the bird placed anywhere at random on the line of flight, of it overlapping with a 
blade swathe (since the bird, in this frame, is stationary).  It may therefore be calculated from 
simple geometric considerations.  Where the angle of approach is shallow, it is the length of the 
bird, compared to the separation distance of successive swathes, which is the controlling factor.  
Where the angle of approach is high, it is the wingspan of the bird compared to the physical 
distance between blades, which is the controlling factor.  
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The calculation derives a probability p(r, ϕ) of collision for a bird at a radius r from the hub, and at 
a position along a radial line which is an angle ϕ from the vertical.   It is then necessary to 
integrate this probability over the entire rotor disc, assuming that the bird transit may be anywhere 
at random within the area of the rotor disc: 


 
Total probability 
  = (1/πR2)  ∫ ∫  p(r, ϕ) r dr dϕ          
  
 = 2   ∫  p(r) (r/R) d(r/R)       ….. (A3-1) 
 


where p(r) now allows for the integration over ϕ. 
 
Probability p of collision for a bird at a radius r from hub 
 
            L       for  α   <   β 
  p(r) = ( bΩ/2πv ) [  K  | ± c sinγ + α c cosγ |   +         ] 
            WαF for  α    >  β   
         


……     (A3-2) 
 
where  b  = number of blades in rotor 


Ω  = angular velocity of rotor (radians/sec) 


Fig A3-1: Collision risk from flying through the rotor 
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c    =    chord width of blade 
γ    =   pitch angle of blade 
R   = outer rotor radius 
 
L     = length of bird 
W    = wingspan of bird 
β     = aspect ratio of bird ie   L / W 
v     = velocity of bird through rotor 
 
r      = radius of point of passage of bird 
α = v/rΩ 
 
F    =   1 for a bird with flapping wings, or  = (2/π) for a gliding bird 
 
K    =   0 for one-dimensional model (rotor with no zero chord width) 
      =   1 for three-dimensional model (rotor with real chord width) 
 


The chord width of the blade c and the blade pitch γ, ie the angle of the blade relative to the rotor 
plane, vary from rotor hub to rotor tip.  The chord width is typically greatest close to the hub and 
the blade tapers towards the tip.  The pitch is shallowest close to the tip where the blade speed is 
highest.  The apparent width of the blade, looked at from the front, is c cosγ, and the depth of 
blade from back to front is c sinγ. 


The factor F is included to cover the two extreme cases: 


(i) F=1:  where the bird has flapping wings.  In this case (p(r, ϕ) has no dependence on ϕ); or 


(ii) F = 2/π:  where the bird is gliding, p(r, ϕ) is dependent on ϕ , with a maximum above and 
below the hub, and a minimum at the sides when the wings are parallel with a passing 
rotor blade.  


The sign of the c sinγ term depends on whether the flight is upwind (+) or downwind (-).   


The factor K is included to give a simple option of checking the effect of real blade width in the 
result:  K=0 models a one-dimensional blade with no chord width. 
 
As α, c  and γ all vary between hub and rotor tip, a numerical integration is easiest when 
evaluating equation (A3-1). 
 
For ease of use these calculations are laid out on a spreadsheet. (This is reproduced in an 
updated form in Sheet 3 ‘Single transit collision risk’ in the spreadsheet accompanying this 
guidance.  However the input data must now be entered through Sheet 1 ‘Input data’.)    
 
The spreadsheet calculates p(r) at intervals of 0.05 R from the rotor centre (ie evaluating equation 
(A3-2)), and then undertakes a numerical integration from r=0 to r=R (ie evaluating equation (A3-
1).  The spreadsheet is set out as follows: 


1 The input parameters are in the first two columns.  Bird aspect ratio β is calculated. 


2 Collision probabilities are then calculated for radii at intervals of 0.05 R from the hub to the 
tip.  Each radius is represented by a row in the table, with the value of the radius r/R in the 
first column.. 


3. The second column of the table is the chord width at radius r as a proportion of the 
maximum chord width.  The taper will differ for different turbine blades.  The taper profile 
in the updated spreadsheet circulated with this guidance is based on the blade of a typical 
5 MW turbine used for offshore generation. 


4. Factor α is calculated. 
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5. The 'collide length' is the entire factor within square brackets within equation (2) above, 
using the upwind case. 


6. p(collision) is p at radius r, as calculated by equation (A3-2).  It is however limited to a 
maximum value of 1.  


7. 'contribution from radius r' is the integrand of equation (A3-1) (including the factor 2) prior 
to integration. 


8. The total risk is then the sum of these contributions. 


9. The calculation is then repeated for the downwind case. 


10 The spreadsheet then shows a simple average of upwind and downwind values.  (Note 
that in a real case it may be important to add in the effect of wind to the bird's ground 
speed, and flight patterns may not be such that upwind and downwind flights are equally 
frequent.) 


 
The result is an average collision risk for a bird passing through a rotor.   
 
Note that there are many approximations involved , for example in assuming that a bird can be 
modelled by a simple cruciform shape, that a turbine blade has width and pitch but no thickness, 
and that a bird's flight will be unaffected by a near miss, despite the slipstream around a turbine 
blade.  Thus the calculated collision risks should be held as an indication of the risk - say to 
around ± 20%, rather than an exact figure5.  It is also simplistic to assume that bird flight velocity 
is likely to be the same relative to the ground both upwind and downwind.  Ideally, separate 
calculations should be done for the upwind and downwind case, using typical observed flight 
speeds. 


                                                 
5 In the 2000 version, the uncertainty was judged to be ±10%.  In the light of the possible effect of skewed flight 
distributions and the effects of oblique angle approach, as well as the various simplifications in the model, this advice is 
updated to ±20% in the present guidance. 
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Annex 4 -  Large turbine arrays 
 
The overall approach in this guidance calculates the rate of collision arising from each turbine 
independently operating in an airspace with a projected density of flying birds, and sums up the 
risk from all T turbines in the windfarm.  In this approach, the size and layout of the windfarm are 
unimportant, if the density of flying birds is the same for all turbines.   
 
For large turbine arrays where the overall probability of a bird colliding is relatively high, it may be 
appropriate to take account of the declining proportion of the birds surviving passage through 
early rows of turbines and thus exposed to collision risk in later rows.  In effect, the density of 
flying birds surrounding turbines in later rows may be reduced as a consequence of collisions in 
earlier rows.  (While it is convenient to think in terms of successive rows of turbines, the same 
principle applies within any array of turbines, even if located in a disordered array.) 
 
For this, the overall size and layout of the windfarm are relevant.   Here we need to consider the 
risk to a bird flying through the windfarm as a whole, which depends on how widely spaced the 
turbines are.  Again maintaining the assumption of perpendicular approach to rotors, the collision 
risk for a single bird due to any one turbine (ie disregarding the risks to the bird presented by 
other turbines) is 
 
 c = (πR2 / 2Rw) p Qop (1-A)    
 
where πR2 is the cross-sectional area of a single turbine, 2Rw is the overall cross-sectional area of 
the windfarm of width w and risk height 2R, p is the collision risk for a bird passing through a 
rotor, Qop is the proportion of time the turbine is operational, and A is the avoidance rate 
assumed. 
 
Imagine an array of turbines with n rows of t turbines, each of which on its own would present a 
collision risk c.  The overall collision risk for a single bird passage, if bird density depletion effects 
are ignored, would be simply C = ntc.   
 
To take account of depletion, consider that the probability of incoming birds surviving a passage 
across the first row is (1-tc), and the proportion attempting to pass through row 2 is therefore (1-
tc).  The proportion surviving row 2 is (1-tc)2 and so on until:  
 


after row n  the proportion surviving is     (1-tc) n    … (A4-1) 
 
which may be expanded as a convergent binomial series 
 


(1-tc)n  =   1   - ntc  +  (n(n-1)/2) (tc)2  - ( n(n-1)(n-2) / 6 ) (tc)3   +   …… 
 
where the terms are successively smaller. 
 
The ‘large array collision risk’ CLA is  (1 – proportion surviving) ie 
 


CLA  =  ntc  -  (n(n-1)/2) (tc)2  + ( n(n-1)(n-2) / 6 ) (tc)3   -  …… 
 
The first term here is ntc = C, the risk from a single turbine multiplied by the number of turbines.  
The subsequent terms provide a correction to that value which takes account of bird density 
depletion. 
 
Dividing throughout by C  we get 
 


CLA / C   =  1  -  ((n-1)/ 2n ) C  + ( (n-1)(n-2) / 6 n2 )  C2   -  ……                 …  (A4-2) 
 
Thus a first order correction to the value C given by the collision model can be made by 
subtracting ((n-1)/2n ) C.  The C2 and subsequent terms are most likely to be insignificant. 
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Very often the layout of a windfarm is not known at the time of collision risk assessment, so an 
exact value for n is not known; and in any case the collision risk has to account for birds entering 
the windfarm from all directions.  A rough approximation is to use n = √ T  ie the square root of the 
total number of turbines.   If a more analytic approach is necessary, with discrimination between 
flight directions, then the model of Bolker et al (2006)xvii may be used. 
 
If realistic avoidance rates have been taken into account in the collision model, such ‘large array 
corrections’ are likely to be small and can be ignored.  However if the overall risk to a single bird 
passage is of order 0.1 or above, the large array correction will be significant.  A spreadsheet is 
provided at sheet 8 ‘Large Array Correction’ to enable the correction to be calculated easily.  The 
output from this sheet is then applied in the final set of collision estimates in the ‘Overall Collision 
Risk’ spreadsheet. 
  
  


Box 4: Example of large array correction 
 
Take an array of  T = 144 turbines, rotor radius  50m, in an array of width 6km. 
 
Assume input data 
Probability of collision for single rotor transit  = 0.15  
Proportion of time operational    = 90% 
Avoidance rate assumed          = 97.5% 
 
C = T (πR2 / 2Rw)  p Qop A 


 = (π x 50 x 50)/(2 x 50 x 6000)    x 144  x  0.15  x 0.9  x 0.025 = 0.00636 
 
Take number of rows n = √ T  = 12 


CLA / C =  1  -  ((n-1)/ 2n ) C  + ( (n-1)(n-2) / 6 n2 )  C2   -  …… 


 =   1 – 0.0029 + 0.0000051 ……. 


 =  0.997   ignoring terms of order C3 and higher 


  Thus ‘Large array correction factor’ = 99.7% 
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Annex 5 -  Using flight height distributions – derivation of equations 


Take a rotor disc of radius R, perpendicular to incoming bird flights at various heights Y.  Assume 
that bird density Dv(Y)  (in birds per m3) is a function of flight height; Dv(Y)  is the ‘flight height 
distribution’.    
 
Using the same approach as in Figure 5 and equation (1) (paragraph 36) of the main text, 
consider the bird flux through a small element δA of the disc.  Within one second all birds within a 
distance v on one side and flying towards the rotor will pass through the area δA, as in 
Figure A5-1. At any time there will be ½ v Dv(Y) δA flying towards the rotor in each direction.  
Total bird flux is    
 
 v Dv(Y) δA  where v is the bird flight speed 
    and Dv(Y) is the bird flight density, per m3, at this height Y 
 
 
 
 
 
 
 
 
 
Take δA to be a small rectangle of width dX and height dY.  If p(X,Y) is the probability of collision 
for a bird flying through the rotor at point (X,Y), the collision rate through this small element δA at 
that point is   


v  Dv(Y) p(X,Y) dX dY 
 


The total collision rate for flights through a single rotor disc (while the turbine is operational) is 
then obtained by integrating this over the whole area of the disc: 


 
           Max rotor height      +√(R2-Y2) 


Collision rate  =    v     ∫  Dv(Y)       ∫           p(X,Y)  dX dY ….          (A5-1) 
          Min rotor height -√(R2-Y2) 


 
This is equation (7) (paragraph 67) of the main text.  The limits ±√(R2-Y2) to the integration over X 
define the outer limits of the rotor circle, and the limits to the integration over Y are the minimum 
and maximum rotor heights respectively. 
 


Translate the factors into dimensionless units, within which the rotor has a radius of 1, by using 
the parameters x = X/R, y=Y/R; thus dX =Rdx, dY=Rdy.  Use the dimensionless relative 
frequency flight height distribution 


d(y) = R Dv(Y)/DA 


DA, the areal bird density,  is just the sum of Dv over all flight heights from sea level upwards, ie      


∞ 


DA = ∫  Dv(Y) dY   
             sea level 


Hence d(y) is normalised, ie   
∞ 


∫ d(y) dy     =      ∫   R Dv(Y)/ DA  (dY / R)     =    ∫ Dv(Y) dY / DA     =    1 
sea level 


 


δA 


v v 


Dv(y) Dv(y) 


Fig A5-1:  Bird flux through 
small element of rotor disc 
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Using these factors, equation (A5-1) becomes 
       +1   +√(1-y2) 


    Collision rate  =   v (DA/R)    ∫  d(y) ∫  p(x,y)  R dx  R dy 
             -1               -√(1-y2) 


     +1             +√(1-y2) 


   =  v DA R       ∫  d(y)          ∫ p(x,y) dx dy       (A5-2) 
            -1                   -√(1-y2) 


which when multiplied by the total number of turbines T, the time birds are active in a month t, 
and the proportion of time the turbines are operational Qop, is equation (8) (paragraph 70) of the 
main text. 


This can be rearranged in the form of equation (9) (paragraph 70) of the main text, so as to use 
the same ‘flux factor’ as in the basic model: 
   
                           1      + √(1-y2) 


Collisions =    v (DA/2R) TπR2 t   x (2/π)   ∫       ∫  d(y)   p(x,y) dx dy    x   Qop             …  (A5-3) 
               -1      - √(1-y2)     
 
         Flux factor     Collision integral      Proportion of time operational 


 
 
The total count of birds passing through the rotors is given by the same equation but with p(x,y) 
set to 1, ie such that every bird is counted, as in equation (10) (paragraph 71) of the main text: 
   
                          1    + √(1-y2) 


Flux =     v (DA/2R) TπR2 t      x  (2/π)   ∫      ∫   d(y)    dx dy     x     Qop                  … (A5-4) 
               -1    - √(1-y2)     
 
  Flux factor    Flux integral  Proportion of time operational 
 
 
Comparison with basic model 


In the case where flight heights are assumed to be uniformly distributed across the risk height, ie 
from lowest to highest point of the rotor, then d(y) is a constant over the range y=-1 to y=+1 and 
can be taken in front of the integrals.  Moreover, if all flights take place within this height band 
then d(y) takes the value ½, because d(y) is normalised, ie   -1 ∫+1  d(y)dy = 1.    The Flux integral 
then reduces to 


 (2/π)  ( ½)  ∫ ∫ dx dy    =  (2/π)  ( ½)  (π)    =   1 


as the integral is just the area π of a circle of unit radius. The Collision integral is simply the 
average of p(x,y) over the area of the disc. 
 
More generally, if a proportion Q2R of flights take place between minimum and maximum rotor 
heights, and the distribution is uniform within these limits, d(y) takes the value  Q2R/2, the Flux 
integral = Q2R, and the Collision integral is  Q2R times the average of p(x,y) over the area of the 
disc.   
 
The average of p(x,y) over the area of the disc is the ‘single transit collision risk’ in the basic 
model.   Hence equation (A5-3) above becomes 


Collisions = Flux factor  x  Q2R  x  Single transit collision risk  x Qop 
 
This reproduces equation (5) (paragraph 52) of the main text, which describes the collision rate in 
the basic model. 
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Annex 6 – Assessing collision risks for birds on migration 


(DRAFT Extension to Collision Risk Guidance – Bill Band March 8 2012) 


Birds on migration are often of particular interest in collision risk assessment, as the birds may be 
coming from or be heading for a distant site with conservation designations which imply special 
legal responsibilities in avoiding adverse impacts on the bird population.  It will therefore be 
important to understand the impact of a given windfarm on such a bird population if its migration 
routes are through the windfarm.  Report SOSS-05 by BTO on ‘Assessing the risk of offshore 
wind farm development to migratory birds designated as features of UK Special Protection 
Areas’xviii describes the issues and uncertainties involved in such an assessment. 


Calculating collision risk for migrants is little different from the process for other birds, and may 
make use of the Collision Risk Spreadsheet provided with this Guidancexix.  The main difference 
arises in estimating the number of migrant birds passing through the windfarm, and how that data 
is input to the spreadsheet.  The data is usually in terms of the number of birds passing through a 
migration corridor, rather than starting with bird density, as does the normal process in following 
the Collision Risk Guidance.  To facilitate this, an additional sheet ‘Migrant Collision Risk’ has 
been added to the suite of spreadsheets, and to make use of this sheet, additional data on 
migrants is required in the ‘Input Data’ sheet.   


Estimating total bird flux over the migration period 


Report SOSS-05 outlines a number of different methods which may potentially be used to 
estimate the number of birds flying through a windfarm.  Each of these leads directly to 
information on bird flux density F – the number of birds passing through a tall window of unit width 
(a metre, or a kilometre) during each migration period.   


• In the simplest approach, it may be assumed that an entire bird population uses a migratory 
corridor twice each year.   Report SOSS-05 provides data on the total GB (also international) 
populations of a range of migratory species.  Documentation for individual conservation sites 
often provides information on the typical occupancy of the sites by species during migration.  
The maps in the SOSS-05 report may then be used to estimate the width W (km) of the 
corridor used for migration – the ‘migratory front’, and the assumption may be made that the 
entire population of N birds passes through this migratory front, with an even distribution 
across the front.  Thus the bird flux density is N/W birds km-1. 


• Instead of assuming an even distribution of birds over the migratory front, tracking studies 
can help indicate the proportion of a bird population likely to cross a wind farm (or different 
parts of a wind farm) during an average migration period. 


• Migrant birds may be counted along with other birds in the snapshot counts in boat-based 
surveys.   As boat based surveys are usually undertaken on a 1- or 2-days a month sample 
basis, they are generally unsatisfactory as a means of counting birds on migration: whether 
or not a flock of migrating birds is observed on sampling occasions, and the size of that flock, 
is likely to be a matter of chance.  However, where the sampling is sufficiently frequent it may 
be used to generate an estimate of the total number of birds flying across the site during the 
migration period.    


• Finally, the flux of migrant birds may be recorded by visual observation from shore or from a 
sea platform, or by radar, where the observation period covers a high proportion of the 
possible migration period.   Such data will be measured directly in birds crossing an 
imaginary baseline, eg of 1km length, ie in birds km-1 hour-1, and can be grossed up for the 
complete migration period.  If this measurement is of birds approaching the baseline from all 
directions, the result should be multiplied by π/2 to convert to the equivalent ‘perpendicular 
flux’ (see Annex 2).  This allows for the fact that the ‘tall window’ through which birds may 
pass – defined by the baseline and extending to all heights - presents a reduced cross-
sectional area to birds approaching from an oblique angle. 
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Calculating the Flux factor 


Equation (2) (paragraph 37) of this Guidance indicates: 


Total number of bird transits = 


 
v (DA / 2R)  (T πR2)  (time active)       x Q2R   


 
    flux factor                  proportion at risk height 


 


where v is the bird flight speed, DA the areal density of birds (ie flying at any altitude), TπR2 is the 
total cross-sectional area of all rotors, and Q2R is the proportion of birds flying at risk height. 


The data assembled above for birds on migration is on flux density F  - the number of birds 
passing through a tall window of unit width (a metre, or a kilometre) during each migration period.  
To relate that to bird density, note that if all birds were flying perpendicularly to the window6, in 
any second the number flying through the window would be those within a distance v where v is 
the flight speed.  As the total density of birds, summing over all heights, is DA birds m -2, the 
number within distance v of a window one metre wide, and hence about to pass through that in 
the next second, is just DA v .  Over a period of time t, the total number of birds passing through 
this window is thus DA v t.  So, over a full migration period,     v DA (time active)    may be replaced 
in the above equation by F, in units of birds m-1: 


Total number of bird transits through rotors 


 
F  (T πR2) / 2R         x Q2R                       ..      (A6-1) 


 
    flux factor                 proportion at risk height 


 
Note that F is commonly expressed in birds km-1 and if so must be divided by 1000 (as the 
spreadsheet does) for use in this formula. 


Flight height 


Cook et al 2012iii, in their SOSS-02 report, have documented the typical flight heights of many 
bird species at sea, as recorded in wind farm surveys around the UK and elsewhere.  However, 
data on flight heights of birds on migration is patchy, as described by Wright et al in their SOSS-
05 report.  The proportion of birds on migration Q2R-m flying at risk height is likely to be different 
from the Q2R proportion for non-migrants.  Table 3 of the SOSS-05 report makes 
recommendations on the values to be used for Q2R-m for various species groups, ranging from 
100% for raptors to 50% for passerines.  For seabirds, divers, gulls and terns use is 
recommended of the values listed in the SOSS-02 report. 


Flight speed 
The single transit collision risk uses the bird flight speed as a factor, so if a different flight speed 
vm is available for migrating birds, this should be used. 


Migration period 


Usually, the collision risk of interest will be over a full year, ie over outward and return migration 
periods.  The spreadsheet is arranged, like the ‘Overall collision risk’ sheet, on a monthly basis.  If 
data is available to support a monthly subdivision, the migration fluxes should be apportioned out 
over the relevant months.  As the proportion of time that the wind farm is operational varies from 
month to month, this is the most accurate approach.  However, if the distribution of migration 
passages over months is not known or highly variable, any two convenient months (eg April and 
September) may be used as the assumed migration periods.  
                                                 
6 in accord with the assumption of perpendicular approach – see paragraph 12 of main text 
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Calculating collision risk 


Subject to the modified approach outlined above in calculating the Flux factor, the calculation of 
collision risk follows exactly the same methodology as for other birds.  As in the usual approach, 
the Collision Risk Spreadsheet offers three options for calculating collision risk:  


(1) Option 1 - using the assumption that flights at risk are evenly distributed across all rotor 
heights;  


(2) Option 2 - ditto, but using the proportion of birds flying at risk height as derived using flight 
height distribution data; and  


(3) Option 3 - making use of the flight height distribution data to calculate risk in each part of 
the rotor, and summing that risk. 


For some species groups, Table 3 of the SOSS-05 report indicates that a simple percentage 
should be entered for Q2R-m .  This indicates that the flight height distributions documented in Cook 
et aliii are not likely to be characteristic of migrating birds.  Only Option (1) should be used, unless 
good data is available indicating the flight height distribution of migrating birds.   


For those species groups where Table 3 indicates the Cook et al data may be used, then Options 
(2) and (3) may be used.  As in the usual approach, it is recommended that for these species the 
calculations for all three Options should be presented, so as to note the effect of taking an 
assumed flight height distribution into account. 


 


Use of options to take account of flight height distribution 
  


SOSS-05 Table 3 recommendation 


Calculation 
option 


 Percentage Use figure 
from Cook et al 


Option 1 assume flights uniformly 
distributed across risk height •      O  


Option 2 use species flight height 
distribution to generate  
Q2R-m 


 •  


Option 3 use species flight height 
distribution in full to calculate 
collision risk 


 •  


 


Uncertainties 


One of the main uncertainties is likely to be the uncertainty in flight activity, due to uncertainty and 
year-to-year variation in the number of birds migrating, and in the precise flight corridor used.  
Realistic assessments should be made, even if this is no more than an expert view, on the limits 
within which 95% confidence can be assured for the value of flux density input to the model. 


Supplementary notes on using the spreadsheet 


The ‘Input data’ sheet now includes: 


• ‘bird survey data’, which includes data on bird density.  This drives the ‘Overall collision risk’ 
sheet which provides the overall collision risk calculation for the birds described in terms of 
bird density.   


• ‘birds on migration data’, which includes the number of migration passages, the width of the 
migration corridor, the proportion of migrants flying at risk height, and the proportion of 
migratory flights which are upwind.  This drives the ‘Migrant collision risk’ sheet which 
provides the collision risk calculation for the birds included in this ‘birds on migration’ block.   
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Therefore, to avoid double-counting collisions, the ‘bird density’ figures should exclude any 
migrants for which collision risk is calculated using the ‘Migrant collision risk’ sheet. 


The spreadsheet does not add the two collision elements together, as they are likely to be used 
for different purposes. 


The ‘Migrant collision risk’ spreadsheet only differs from the ‘Overall collision risk’ spreadsheet in 
the data used on flight activity (as above) and in the resulting calculation of the Flux factor.  All 
other parameters – Bird data, Windfarm data, Turbine data and Avoidance rates – are common to 
both spreadsheets. 


Notes on additional input data 


Flight activity data – additional for migrants  


Symbol Description Units Notes 


N Bird population  birds This is the total number of birds migrating 
through the migration corridor in question.  
May be subdivided by month if there is 
data to support that. 


W Width of migration corridor km  


Q2R-m Proportion at rotor height % Based on recommendations in Table 3 of 
Report SOSS-05, unless bettered by new 
data. 


 Proportion of migratory 
flights upwind 


% This is set at 50% by default, but for 
migration flights it may be appropriate to 
assume some bias towards downwind. 
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Annex 7 - Taking account of tidal variation 


This section considers how to take account of changing tidal levels in calculating bird collision 
risks.  It is assumed that the extended collision model – taking account of flight height distribution 
– is being used.     


The flight height distribution D(Y) describes the relative density of bird flights at different heights 
above the sea surface.  However (other than for floating wind turbines) the height of the rotor 
above the sea surface varies with the tide.  The issue to be addressed is how to take account of 
that variation in the calculation of collision risk. 


Height above Mean Sea Level 


In order to satisfy navigational clearance requirements, turbine hub heights are usually expressed 
in metres above Highest Astronomical Tide (HAT), which is the maximum sea height theoretically 
possible, excluding waves and surges and other sea conditions due to meteorological conditions.    
To use bird flight height distributions, these heights need to be adjusted to the height above 
actual sea level. 


Tidal information is normally presented in metres above Chart Datum (CD), with mean tidal level  
Z0 and a tidal variation which oscillates around that level.  If turbine height is H relative to HAT, 
then it becomes H + (HAT – Z0) relative to mean sea level.   Thus a tidal offset has been added to 
the height: 


Tidal offset = Highest Astronomical Tide (HAT) – Mean Sea Level (Z0)  


Typically this offset is in the range 2.5 - 4 metres.  A new ‘tidal offset’ field has been included (in 
the extended version Mar 2012) as an input field in the ‘Input Data’ sheet in the Collision Risk 
Spreadsheet.  The extended model then includes this adjustment to rotor heights when making 
use of a bird flight height distribution. 


This adjustment in expressing turbine height can make a significant difference to collision risk, for 
some species reducing the estimated risk by around 25% to 30%.  The size of the change 
depends on both species and turbine details, depending on the rate at which the flight height 
distribution curve varies around the minimum height of the rotor. 


Allowing for sea level rise 


Current predictions on sea level rise due to climate change are described in UKCP09xx .  By 2060 
the predictions are typically for a rise of order 0.25 – 0.3 metres for a global high emissions 
scenario. 


The aim as far as possible should be for bird collision risk assessment to be valid for the full 
operational period of the project.  Therefore the height of the rotor relative to sea level should be 
reduced by an amount to take account of the likely increase in sea level over the lifetime of the 
windfarm.  It is recommended that this reduction should be of order 0.25 – 0.3 metres.   This 
should be done by amending the tidal offset, so that it becomes 


 Tidal offset  =  Highest Astronomical Tide – Mean Sea level – Climate change adjustment 


Tidal variation 


The above takes account of the height of the rotors above mean sea level, but it does not take 
account of the variation of the tides.  Assuming that the distribution of bird flight heights relative to 
sea level is independent of the state of the tide (which may not be the case in estuarine or near-
shore locations), at times of high tide there will be increased bird density at rotor level, and at low 
tide decreased.  If the flight height distribution were linear with height, then the increases at high 
tides would exactly offset the decreases at low tides.  But flight height distributions are typically 
highly non-linear, and there is a ‘second-derivative’ effect, dependent on the degree of curvature 
in the flight height distribution, with the increases at high tides more than outweighing the 
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decreases at low tides.  Only the section of the flight height distribution above rotor minimum 
height is relevant to collision risk, so it is the curvature of the distribution at those heights which 
matters.    


This non-linear effect – the ‘tidal asymmetry correction’ - is in general small, but a method for 
calculating it is set out here. 


Calculation of tidal asymmetry correction factor 


Take all heights Y as measured with respect to mean sea level.  At height Y above mean sea 
level, the flight density takes the value D(Y) only briefly, twice each tide as the tidal level passes 
the mean sea level.  More generally, the flight density is D(Y-h) when the tide is h metres above 
mean sea level.  The time-averaged flight density is 


D~(Y) =   Σ f(h) D(Y-h)            (A7-1) 


where the sum is over all tidal height bands from lowest to highest, and f(h) is the proportion of 
time that the sea level is within each height band h. 


Figure A7-1 shows the frequency of sea levels f(h) at one site (Cromer in East Anglia), ranging 
from --2.3m to + 2.3m, and banded within 0.2m height bands.   Commercial tidal prediction 
software is available, such as the POLPRED Offshore tidal computation software available from 
the National Oceanographic Centre, which can generate such a sea level frequency chart with a 
high level of accuracy for any point in and around the UK xxi.   For coastal sites near to ports, the 
‘Notes on using the spreadsheet’ below describe how an approximate frequency chart can be 
generated, given basic tidal data published by the National Oceanographic Centrexxii on their 
Website, using the ‘Sea Level Frequency’ spreadsheet provided with this guidance.  For Figure 
A7-1, tide level was calculated at 12 min intervals over 1 year and allocated to 0.2m wide bins.   
The curve shows symmetrical peaks at around mid-tide levels ±0.9m – not only do all tides pass 
through that level, but neap tides have their ‘high tide’ turning point in mid-range.  In contrast, 
relatively few tides approach the maximum of the tidal range.  Tides are changing most rapidly as 
they pass the mean sea level, so the curve is characterised by a dip in the middle. 


Figure A7-1:  Sea 
level frequency at 
Cromer, East 
Anglia 


 


 


 


 


 


 


 


 


 


The effect of applying the distribution of tides f(h) to the flight height distribution, ie applying 
equation (1), is to ‘smear’ the flight height distribution, drawing from a range within ±2.3 metres 
(for this site) higher or lower, to yield a time-averaged flight height distribution D~(Y).  D~(Y) may 
now be used in place of the original flight height distribution D(Y) in the collision calculation, 
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pasting it in place of D(Y) as the ‘current data’ in column B of the Flightheight sheet of the 
Collision Risk Spreadsheet.     


Table A7-2 shows sample output for the time-averaged flight density of kittiwake, under the tidal 
regime at Cromer.  The original flight height distribution is from the work by Cook et al SOSSiii, 
and the sea level frequency distribution is that in Figure A7-1. 


Effects of smearing height distribution 


Table A7-1 shows the effects of applying such smearing to flight height data for gannet, kittiwake 
and fulmar at a sample of five sites around the coast of the UK.  The tidal data given is for ports, 
that for offshore sites may differ. 


 
Table A7-1:   Effects of using a tidally-smeared flight height distribution  


Base tidal information:  


 tidal 
range 
(springs)* 


HAT Z0 tidal 
offset 


Stornoway 4.14 5.53 2.893 2.64 


Aberdeen 3.62 4.85 2.557 2.29 


Heysham 8.49 10.76 5.176 5.58 


Cromer 4.23 5.74 2.920 2.82 


Avonmouth 12.27 14.65 6.955 7.69 


* tidal range in metres, taken as difference between mean high water spring tides and mean low water spring tides 


Gannet tidal 
range 


collision integral x 103 


  without tidal  
smear 


with tidal 
smear 


change 


Stornoway 4.14 1.288 1.309 +1.6% 


Aberdeen 3.62 1.347 1.363 +1.2% 


Heysham 8.49 0.931 0.989 +6.2% 


Cromer 4.23 1.259 1.284 +2.0% 


Avonmouth 12.27 0.784 0.860 +9.7% 


 


  


The data below is calculated using the same 4MW 
turbine scenario as  in the Worked Example: 3 blades, 
9.9rpm, 57.5m rotor radius, 80m hub height, 4.21m 
max chord, 15 degree pitch.   


bird length 0.94, wingspan 
1.72, flight speed 14.9, flight 
style flapping, 50% upwind 
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Kittiwake tidal 
range 


collision integral x 103 


  without tidal  
smear 


with tidal 
smear 


change 


Stornoway 4.14 1.131 1.139 +0.7% 


Aberdeen 3.62 1.176 1.184 +0.7% 


Heysham 8.49 0.816 0.847 +3.8% 


Cromer 4.23 1.108 1.118 +0.9% 


Avonmouth 12.27 0.649 0.697 +7.4% 


 


Fulmar tidal 
range 


collision integral x 103 


  without tidal  
smear 


with tidal 
smear 


change 


Stornoway 4.14 0.059 0.059 - 


Aberdeen 3.62 0.061 0.060 - 


Heysham 8.49 0.049 0.049 - 


Cromer 4.23 0.058 0.058 - 


Avonmouth 12.27 0.043 0.043 - 


 


The effects of the smearing are highly dependent on the species.  This is to be expected as the 
concave-upwards curvature of the flight height distribution, in the lower height range of range of 
the rotors, differs markedly for different species.   Both gannet and kittiwake distributions have 
strong curvature in this height range, while the fulmar height distribution has flattened off at these 
heights above the sea surface. 


The effects also depend on the tidal range, reflecting in particular the separation of the two peaks 
in the sea level distribution curve.    The effects are generally small (less than 5% of collision risk) 
except at the two high-tidal range sites, Heysham and Avonmouth.  The latter has among the 
most extreme tides in the UK.  For gannet at Avonmouth, the effect is 9.7% of collision risk. That 
means that the collision risk is increased by 9.7% due to the asymmetry of the flight height 
distribution.  (It should be stressed that these are proportional changes – ie if predicted 
collisions were 50 per month this effect would raise that estimate to 54.85.) 


While for most potential offshore windfarm sites such effects may be judged minimal, at sites with 
tidal range in excess of 5 metres it may be sufficiently significant to warrant incorporation of use 
of a ‘tidal asymmetry correction’.    


The correction increases with tidal range, more than just linearly.  As it depends on the curvature 
of the flight distribution curve, ie its second derivative, it should be expected to depend on the 
square of the breadth of the distribution (which is characterised by the tidal range).  Making this 
assumption and using the data in Table A7-1 yields very approximate ‘rule of thumb’ factors: 


 


bird length 0.39, wingspan 
1.08, flight speed 14.9, flight 
style flapping, 50% upwind 


bird length 0.48, wingspan 
1.07, flight speed 14.9, flight 
style flapping, 50% upwind 
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Correction factors (percentage adjustment of collision risk): 


Gannet    0.08 x (tidal range)2    


Kittiwake  0.05 x (tidal range)2 


Fulmar   0  


Thus, for gannet at Cromer where the collision integral is 1.259 x 10-3, one should apply a tidal 
asymmetry correction of 0.08 * (4.232) =  1.43%, raising the collision integral to  


 Adjusted collision integral =    1.259 x  1.0143 x 10-3      = 1.277 x 10-3  


Where species other than the above three are involved, there will be a need to undertake a 
comparable analysis to establish the ‘rule of thumb’ factors. 


It should be noted that these rule-of-thumb factors have been evaluated for one particular 
(fictitious) turbine model.  However it may be expected to apply to any large turbine with a similar 
height clearance above the sea surface: the crucial factor is the degree of curvature of the flight 
height distribution curve for the species in question, in the vicinity of the lower reaches of the 
rotor. 


Conclusion 


Given the additional data processing required to take account of this adjustment, it is not 
recommended that the effects of tidal asymmetry should be taken into account routinely in 
collision risk assessment.  However, where the tidal range exceeds 5m, the adjustment is 
significant enough to warrant use of a correction, using the ‘rule of thumb’ factor if the species is 
one for which such a factor has been established, and if not, by undertaking the analysis outlined 
above. 


Summary of recommendations 


The following recommendations only apply to turbines which are fixed relative to the seabed ( ie 
not floating turbines) 


1. For the purposes of collision risk assessment, turbine hub and blade heights should be 
adjusted so they are relative to mean sea level, by including the height of Highest 
Astronomical Tide above Mean Sea Level as a ‘tidal offset’. 


2. A reduction of around 0.25 – 0.3 metres in that offset should be made to allow for the 
likelihood of increasing sea levels over the period to 2060. 


3. The skewed distribution of seabird flight heights means that tidal variation affects bird 
densities in an asymmetric way, ie the increases at higher sea levels are greater than the 
decreases at lower sea levels.  The changes to collision risk are typically small (<5%).  
However at sites with a high tidal range (> 5 metres) the effects for some species may be 
significant.  A ‘rule of thumb’ correction factor is provided for gannet, kittiwake and fulmar.  For 
other species there will be a need to apply the methodology outlined above to establish the 
correction.  Tools are provided in spreadsheet form to assist this process. 


Spreadsheet support 


A spreadsheet ‘Tidal smear’ is provided which contains a routine to ‘tidally smear’ data, ie 
using D(Y) as input and calculating D~(Y) as output.  


 


Two ancillary spreadsheets ‘Tidal height’ and ‘Sea level frequency’ are also included which 
enable an approximate sea level frequency distribution to be generated for near-coastal sites, 
if software such as POLPRED is not available. 
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These are intended for users conversant with spreadsheets and with an understanding of the 
transformation required; the process involves cutting and pasting data between worksheets. 
Notes on using these spreadsheets are provided below. 


Notes on using the spreadsheets 


These spreadsheet tools involve some cut-and-pasting and use of macros so should be 
undertaken by someone with adequate spreadsheet skills.  There are three sheets in the ‘Tidal 
variation’ workbook. 


Tidal height uses published tidal data to generate tidal predictions.   Tidal data for ports around 
the UK is published by the National Oceanography Centre at http://www.pol.ac.uk/ntslf/tidalp.html.  


Sea level height, ignoring any meteorological effects such as surges or waves, is governed by a 
series of cycles with different frequencies, relating to the position of the moon and sun in relation 
to the earth and the location in question.  Sea level height is given, where t is the time in hours 
elapsed from a reference start time, by the formula 


Σ Hi cos (σi  t – gi ) 


where for each cyclical component i,  Hi is the amplitude, σi  its angular frequency, and gi its 
phase.  


Based on observations over the period 1989 – 2007, the National Oceanography Centre 
publishes information on amplitude Hi and phase gi – the ‘harmonic constants’ - for the four 
largest cyclical constituents, termed M2, S2, K1 and O1 respectively.  Their associated frequencies 
σi are drawn from a description of the Doodson numbers 
http://en.wikipedia.org/wiki/Arthur_Thomas_Doodson (see w0, w1, w2 and w3 in the sample 
programme).   


The spreadsheet uses these four principal harmonic constants and their associated phases and 
frequencies to calculate sea level at times t which increases in steps in successive rows.   ‘Step’ 
sets the period in hours between successive rows.   


This tidal calculation is not used directly, but provides a graph showing alternation of tides and 
springs and neap tides, which will help explain the shape of the sea level frequency distributions 
produced next. 


It is stressed that this is a very approximate tidal series.  More precise prediction involves the 
addition of a long series of harmonic components, not just four.  If greater precision is required, 
then tidal predictions from various commercial systems may be used.  However, these four 
harmonic components are sufficient to generate the broad pattern of spring and neap tides, and 
the daily alternation of tide heights, which should be adequate as a basis for a sea level 
frequency distribution. 


Sea level frequency runs exactly the same routine as a time series.  As it runs, it categorises 
each output in a tide height bin, building up a frequency distribution of sea level heights.  As input 
it requires the same table of tidal constants for the location in question as the Tidal height sheet.  
The programme is initiated as a macro ‘Sealevel frequency’ -  click on ‘Developer’ then ‘Macros’ 
and ‘Run’ the macro ‘Sealevelfrequency’.  The programme requires three further inputs: 


bin width – use 0.2 for east coast or north coast, use 0.4 or 0.5 for estuarine locations.  The 
distribution matrix is 13 times this bin width both + and -, so 0.2 bin width runs from -2.6m to + 
2.6; 0.5 bin width runs from -6.5m to +6.5m. 


interval – a value of 0.2 (meaning 0.2 hours or 12 minutes) seems satisfactory,. remembering that 
the aim is to sample sea level heights. 



http://www.pol.ac.uk/ntslf/tidalp.html

http://en.wikipedia.org/wiki/Arthur_Thomas_Doodson
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number of data points – the system should be tested with only 100 or 1000 points, but once 
working, run it for 45000 which at 12 minute intervals is a little over a year. 


The output is a sea level frequency table, which is then normalised in the next column (divided by 
the total to give a frequency set which adds to 1).  This normalised frequency distribution can then 
be copied then pasted into the Tidal smear spreadsheet. 


Tidal smear  uses the sea level frequency data as input, and applies it to the flight height 
distribution (eg that in the SOSS report by Cook et aliii ), as described above, to produce a 
‘smeared’ output, in which D~(Y) is the time-averaged value of the bird density at height Y.   The 
programme uses two named ranges ‘tidefreq’ which contains the sea frequency data, and 
‘gannetdata’ (for example) which contains the bird flight height distribution.  Both ranges must be 
two columns wide, the left one with the height in metres, and the right one with the normalised 
frequency data.  The ranges must start at the first data point (ie not including column titles).  The 
sea level data ranges must be 26 rows deep, and the bird data tables 150 rows deep.  The output 
column then uses the function ‘tidesmear’ to compute the result for each height y.  Note that if the 
sea level frequency distribution runs from say -5m to +5m, then at height y metres the programme 
will draw from distribution data from y-5 to y+5 metres.  So omit the output formula for heights 0-
5m and 145-150 metres to avoid the programme going out of range. 


The output tide-smeared distribution may then be copied and pasted into the main Collision Risk 
Assessment spreadsheet, in the ‘Flightheights’ sheet.  
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Table A7-2:  Sample output of tide-smeared flight distribution 


  Kittiwake, using tides at Cromer 
 


   


height (m) 


original 
flight 
height 
distribution 


tide-
smeared 
flight 
height 
distribution 


 
0 0.08571 


 1 0.07850 
 


2 0.07175 
 3 0.06526 
 4 0.05987 0.06039 


5 0.05499 0.05548 
6 0.05095 0.05100 
7 0.04680 0.04686 
8 0.04263 0.04299 
9 0.03907 0.03938 


10 0.03590 0.03606 
11 0.03293 0.03302 
12 0.02997 0.03022 
13 0.02747 0.02763 
14 0.02505 0.02530 
15 0.02305 0.02317 
16 0.02118 0.02122 
17 0.01929 0.01940 
18 0.01765 0.01760 
19 0.01587 0.01584 
20 0.01398 0.01419 
21 0.01247 0.01264 
22 0.01115 0.01127 
23 0.00999 0.01009 
24 0.00895 0.00902 
25 0.00801 0.00805 
26 0.00710 0.00718 
27 0.00631 0.00639 
28 0.00565 0.00568 
29 0.00496 0.00504 
30 0.00444 0.00447 
31 0.00391 0.00395 
32 0.00345 0.00350 
33 0.00305 0.00309 
34 0.00271 0.00273 
35 0.00238 0.00242 
36 0.00213 0.00214 
37 0.00185 0.00189 
38 0.00164 0.00166 
39 0.00145 0.00147 
40 0.00128 0.00130 
41 0.00113 0.00115 
42 0.00101 0.00103 
43 0.00092 0.00092 
44 0.00081 0.00081 
45 0.00071 0.00072 
46 0.00063 0.00063 
47 0.00055 0.00056 


48 0.00048 0.00049 
49 0.00042 0.00043 
50 0.00038 0.00038 
51 0.00033 0.00034 
52 0.00030 0.00030 
53 0.00026 0.00027 
54 0.00023 0.00024 
55 0.00021 0.00021 
56 0.00018 0.00019 
57 0.00016 0.00017 
58 0.00015 0.00015 
59 0.00013 0.00013 
60 0.00012 0.00012 
61 0.00010 0.00010 
62 0.00009 0.00009 
63 0.00008 0.00008 
64 0.00007 0.00007 
65 0.00007 0.00007 
66 0.00006 0.00006 
67 0.00005 0.00005 
68 0.00005 0.00005 
69 0.00004 0.00004 
70 0.00004 0.00004 
71 0.00003 0.00003 
72 0.00003 0.00003 
73 0.00003 0.00003 
74 0.00003 0.00003 
75 0.00002 0.00002 


  etc          


This bracket shows the 
range of  data drawn 
upon in calculating the 
smeared distribution for 
height 4m 
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Annex 8 Notes on spreadsheet Visual Basic functions 
 
The functionality of Sheet 4 (Extended model) is entirely based on computations programmed as 
user-defined functions in Visual Basic.  Macros must be enabled.  The programme code may be 
viewed using the ‘Developer’ tab and ‘Visual Basic’ icon to view ‘Module 1’.  The user-defined 
functions are as follows: 
 
interpolate (N,a,y) 
Assumes a set of points and associated values in a two-column named range A.  It compares y 
with the set of points and performs a linear interpolation to provide an appropriate intermediate 
value.  It is used twice in the programme: once to extract intermediate values of the chord c/C, 
using the data table in the Single Transit Risk sheet; and to extract appropriate values of bird 
density using the table of flight height data in sheet ‘Flightheights’.  If N is greater than the length 
of the named range A, an error message appears, but N is allowed to be less than the range 
length.   
 
pcoll (r, φ, updown)  
Calculates the single transit collision risk at point (r, φ) in the rotor, using equation (3).  The 
parameter updown may be either ‘up’ or ‘down’.  r is in dimensionless form, ie r= actual 
radius/rotor radius.  φ is in degrees, where φ=0 is the top of the rotor. 
 
pcoll_rav (r, updown) 
Calculates the average of pcoll (r, φ, updown) over angles  φ, in 10-degree increments. 
 
pcollxy (x,y,updown) 
Calculates the single transit collision risk at point (x,y) in the rotor, by converting (x,y) to (r,φ) and 
calling pcoll (r, φ, updown) .  x and y are in dimensionless form ie x=X/R, y=Y/R (see Fig 7). 
 
xareasum (y) 
Calculates the length of a horizontal chord at height y 
 
xrisksum (y,xinc,updown) 
Integrates the collision risk times bird density along a horizontal chord at height y, using the 
interpolate function to evaluate the bird density at this height.  The parameter xinc is the 
increment used for integration along the x-axis. 
 
ydistsum (xinc,yinc,updown,flag) 
When flag=0, integrates the collision risk times bird density over all heights from y= -1 to y= +1.  
This is the double integral within the ‘collision integral’ box in equation (9).   The Collision integral 
is (2/π)  ydistsum. 
 
When flag=1, integrates bird density only over all heights from y=-1 to y=+1.  This is the double 
integral within the ‘Flux integral’ box in equation (10).  The Flux integral is (2/π) ydistsum . 
 
The parameter yinc is the increment used for integration along the y axis. 
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1. Introduction 
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Q1.2.46 of the Examining Authority’s first written questions. For this, the Applicant was required to 


make a formal request to through the RSPB data unit for the underlying data, and therefore was 


not able to present these at Deadline 1. These figures present the foraging range of gannet from 


Flamborough and Filey Coast Special Protection Area using Kernel Density Estimation during 


chick-rearing seasons 2010-2012 showing 50%, 75% and 95% density contours. 
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Figure 1.1: Gannet foraging range by Kernel Density Estimation during the chick-rearing period 2010, showing 
50%, 75% and 95% density contours 
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Figure 1.2: Gannet foraging range by Kernel Density Estimation during the chick-rearing period 2011, showing 
50%, 75% and 95% density contours 
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Figure 1.3: Gannet foraging range by Kernel Density Estimation during the chick-rearing period 2012, showing 
50%, 75% and 95% density contours 
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Summary 
 
• There are five species of tern breeding in Great Britain: Arctic tern Sterna paradisaea, 

Sandwich tern S. sandvicensis, common tern S. hirundo, little tern Sternula albifrons and 
roseate tern Sterna dougallii. The latter two species are among the rarest seabirds 
breeding in Great Britain and all five species of tern are listed on Annex 1 of the EU Birds 
Directive. 
 

• The EU Birds Directive requires Member States to classify Special Protection Areas 
(SPA) for birds listed on Annex I to the Directive and for regularly occurring migratory 
species. In the UK, there are currently 57 breeding colony SPAs for which at least one of 
the five species of tern is an interest feature; 41 of these have one or more of the larger 
tern Sterna species as a feature.  
 

• This report describes work undertaken between 2009 and 2013 to quantify usage of the 
marine environment by the four larger tern Sterna species around their breeding colony 
SPAs in the UK where these remain regularly occupied (32 colony SPAs). Up to three 
years of targeted data collection were carried out (largely during chick rearing) around ten 
colony SPAs from 2009 to 2011 using visual tracking, a non-invasive method for 
quantifying the use of the marine environment by breeding terns of known provenance 
(colony of origin). Additional visual tracking data were also collated for two colony SPAs 
through a data-sharing agreement.  
 

• For each study colony, the environmental characteristics at the foraging locations were 
compared with those for a control sample of locations across the maximum potential 
foraging range to quantify the habitat preferences of each species. Generalised Linear 
Models (GLMs, a type of regression technique), were used to model habitat preference 
relationships and to generate estimates of usage across the entire potential foraging 
range of each species around each SPA colony. 
 

• Phase 1 of the project developed colony-specific models for each species for colonies 
where data were available. Selection of the final model was based on a standard 
approach which trades off model complexity with goodness-of-fit to the underlying data, 
but also incorporated measures of the repeatability of covariate selection and 
considerations of biological plausibility. We used cross-validation to test the ability of the 
models to predict validation data from different individuals and from different years and 
found that overall models performed well in their predictive ability. 
 

• Phase 2 involved pooling data across colonies to generate a generic model for each 
species, which was applied to colonies where we had little or no data. Selection of the 
final model was based on cross-validation which assessed the ability of a model to 
correctly predict validation data from another colony, and confirmed that Phase 2 models 
performed well in their predictive ability. 
 

• The resulting models were relatively simple, with most containing only two or three 
covariates and all except one containing distance to colony. There was high consistency 
in the covariates selected in the final models across SPAs both within and between 
species, with distance to colony, bathymetry and salinity in spring being selected in a third 
of Phase 1 models for all species. 
 

• The outputs from this work may be used to inform conservation of terns in the marine 
environment, including the identification of marine SPAs, marine planning and 
environmental impact assessments. Parallel work to identify marine foraging areas for 
little terns will be reported separately. 
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1 Background and aims 
 
There are five species of tern breeding in Great Britain (GB), all of which are colonial 
ground-nesters. In order of abundance they are: Arctic tern Sterna paradisaea (52,613 
pairs), Sandwich tern S. sandvicensis (10,536 pairs), common tern S. hirundo (10,134 pairs), 
little tern Sternula albifrons (1,927 pairs) and roseate tern Sterna dougallii (52 pairs) (Mitchell 
et al 2004). The latter two species are among the rarest seabirds breeding in GB and all five 
species of tern are listed on Annex 1 of the EU Birds Directive (EU 2009). In terms of 
biogeographic context, GB hosts 2-7% of the European population of Arctic, common and 
roseate terns and 14-16% of the European population of Sandwich terns (Mitchell et al 
2004). The EU Birds Directive requires Member States to classify Special Protection Areas 
(SPA) for birds listed on Annex I of the Directive and for regularly occurring migratory 
species. In the UK, there are currently 57 breeding colony SPAs for which at least one of the 
five species of tern is an interest feature (Stroud et al 2001); 41 of these have one or more of 
the larger tern Sterna species as a feature1.  At the time of designation, the seaward 
boundaries of these colony SPAs ended at the mean low water mark2,3

 
. 

JNCC has been working with the four Statutory Nature Conservation Bodies to identify 
important marine areas around the UK that may be suitable for designation as marine SPAs 
to complement the existing terrestrial suite. The aim of the work reported here was to 
provide evidence that could help support the identification of marine SPAs for terns. As such, 
this report describes work undertaken between 2009 and 2013 to quantify the use of the 
marine environment by the four larger tern Sterna species around their breeding colony 
SPAs in the UK, by studying their foraging distribution (mainly during the chick-rearing 
period). While the main aim of this work was to inform the identification of marine SPAs, the 
outputs from this work may also be used to inform conservation of terns in the marine 
environment more widely, such as marine planning and environmental impact assessments. 
Parallel work to identify marine foraging areas for little terns will be reported separately 
(Parsons et al in prep.) as the more restricted foraging ranges of little terns (Thaxter et al 
2012) warrant a different approach. For completeness, little terns are included in the 
following review of tern ecology and conservation.  
 
1.1 Tern ecology and conservation 
 
Arctic terns breed mainly in coastal areas in the north and west of the GB with almost 80% of 
the population occurring in Shetland, Orkney and the Outer Hebrides. Common terns 
frequently nest inland, with small colonies occurring along the large river valleys of south-
east and central England and also scattered along rivers in south-east Scotland and on islets 
in the freshwater loughs of Ireland. However, they also have a widespread coastal 
distribution around most of GB. Sandwich terns breed exclusively along the coast in 
relatively few, often large, colonies with an almost complete absence around Shetland, the 
west coast of Scotland and to the south-west of GB. Little terns occur around much of the 
coastline, but around 79% of the GB population breed on the east and south coasts of 
England (from Northumberland to Dorset), where low-lying sandy coastlines (their preferred 
habitat) predominate. Roseate tern breeding range is restricted to the coast of north-east 
England and south-east Scotland, with outlying pairs in Norfolk and Hampshire. Almost the 
entire GB population breeds on Coquet Island (Northumberland), with the remaining colonies 

                                                
1 This includes Copeland Islands SPA and Imperial Dock Lock SPA, which have been designated since Stroud et 
al 2001. In addition there are three SPAs for Sandwich terns during passage. 
2 Mean low water springs in Scotland. 
3 Note that seaward extensions of up to 4km into the marine environment have since been designated for some 
seabird colony SPAs, including some for which terns are interest features. The extensions were identified on the 
basis of capturing areas adjacent to the colony that are important for essential resting and maintenance activities 
for seabird species other than terns (see McSorley et al 2003; McSorley et al 2008). However all interest 
features, no matter their activity, benefit from the extended spatial protection. 
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being small and often ephemeral; the Republic of Ireland (particularly Rockabill, Co. Dublin) 
hosts 93% of Britain and Ireland’s roseate tern population (Mitchell et al 2004). 
 
Observations at selected colonies suggest that the GB populations of Arctic and common 
have declined since the last complete seabird census (‘Seabird 2000’, Mitchell et al 2004) 
was carried out between 1998 and 2002, while the population of roseate terns has increased 
(though almost entirely confined to Coquet Island, Northumberland), little terns have 
increased and Sandwich terns have changed little (JNCC 2013). A large proportion of terns 
nest on mainland beaches, spits or near-shore islets where they are vulnerable to 
mammalian/avian predation, human disturbance and flooding. Predation can cause 
complete breeding failure, and colonies will often be attacked in successive years until the 
terns abandon the site, causing a high occurrence of switching colony between (and 
sometimes within) years (Mitchell et al 2004).  
 
Large gulls can compete for breeding space with terns (Thomas 1972; Kress et al 1983, 
Kress 1997) causing displacement and disturbance to nesting attempts, and prey upon the 
eggs and chicks (Fuchs 1977; Yorio & Quintana 1997). Inter-specific competition can cause 
population declines (Hannon et al 1997) and has also resulted in little terns nesting closer to 
the high water mark (Pickerel 2002). Nesting habitat or entire breeding sites can be lost to 
erosion or flooding by winter storms (Thomas 1982; Brown & McAvoy 1985; Visser & 
Peterson 1994) or become overgrown with rank herbage or scrub (Brown & McAvoy 1985; 
Brindley 1998).  
 
Terns are long distance migrants, wintering along the coasts of West Africa, or in the case of 
Arctic tern, the oceans of Antarctica (Cramp 1985; Egevang 2010). Factors that affect 
survival in the wintering areas will also influence subsequent population trends observed in 
the UK. Such factors include food availability (Cramp 1985, Dunn & Mead 1982) and 
mortality, mainly of first year Sandwich, common and roseate terns captured for sport and 
food (Dunn & Mead 1982; Ntiamoa-Baidu et al 1992; Mead 1978; Ratcliffe & Merne 2002; 
Wendeln & Becker 1999).  
 
Threats to terns in the marine environment largely stem from changes in prey availability. 
Arctic terns breeding in Orkney and Shetland are almost entirely dependent on sandeels 
during the breeding season, and their productivity is strongly affected by the size of the 
sandeel stock (Monaghan et al 1989; Suddaby & Ratcliffe 1997). Poor food availability, such 
as during the sandeel stock declines from 1983 to 1990 has been associated with breeding 
failure, reduced growth and survival of chicks for this species (Monaghan et al 1989; 
Monaghan et al 1992) but also had an indirect effect on common terns, which were heavily 
depredated by gulls and skuas that switched their diet from predominantly fish to seabirds 
(Uttley et al 1989). In addition, general food shortage can be exacerbated by black-headed 
gull Chroicocephalus ridibundus kleptoparasitism (Stienen & Brenninkmeijer 2002a, b). 
Another potential threat to terns in the marine environment comes from renewable 
developments, although direct evidence of this is limited given the relative infancy of the 
industry (though see Everaert & Stienen 2007 and Stienen et al 2008). Direct effects could 
occur through collision, displacement and disturbance while indirect effects on prey 
availability can potentially compromise survival (Huddleston 2010).  

Terns lay a clutch of between one and four eggs and normally rear one brood per season 
from May to June. Incubation and chick rearing is performed by both parents who may 
spend up to 80% of their time foraging. The area over which breeding terns can forage is 
constrained by their need to return to the nest to relieve their mate or feed their chicks (i.e. 
they are central place foragers). Rate of chick provisioning varies among species but can be 
as high as 12 feeds per day for common terns (Becker et al 1993). The most recent 
published maximum foraging ranges are 11km (little tern); 30km (Arctic, common and 
roseate); and 54km (Sandwich tern) (Thaxter et al 2012).  
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Terns are specialist foragers largely dependent on dense shoals of clupeids and sandeel 
within foraging range of their colonies, although common terns have a more generalist diet 
compared with the other species (Stienen et al 2000; Cramp 1985; Gochfeld et al 1998; 
Shealer 1999, Fasola et al 2002). The smaller species also pick small aquatic and marine 
invertebrates from water surfaces in flight (Fasola et al 2002). Terns usually forage by 
plunge-diving after hovering and are shallow divers, catching prey close to, or at, the sea 
surface. More details can be found in a literature review of tern foraging ecology which was 
commissioned by JNCC as part of this project and is available as a separate contract report 
(Eglington & Perrow 2014). 
 
2 Methods 
 
The project relied primarily on data collected using visual tracking, a technique specifically 
developed by Perrow et al (2011) for quantifying the use of the marine environment by terns 
of known provenance (colony of origin). The alternatives of bird-borne radio-tags and GPS 
tracking devices were not feasible: the larger tern foraging ranges exceed the detectable 
range (from land) of the radio signal, and at the time the project started, GPS devices were 
unsuitable for terns (they are now available due to advances in the technology making the 
devices smaller). Existing aerial and boat transect4

 

 data were collated and a small number of 
boat transect surveys were also carried out as part of the project but these are not included 
in this report. Data from those transect surveys did not allow the origin of individuals to be 
identified. 

Logistics, resources and timescale of the project precluded surveying around all SPA 
colonies of interest and instead a habitat modelling approach was adopted incorporating 
surveys around selected colonies. Habitat modelling can establish statistical relationships of 
the environmental preferences of terns which, if applied spatially, not only provides a spatial 
surface of relative distributions within a surveyed area (i.e. interpolating, or filling in the gaps, 
between the recorded observations), but also allows predictions to be made by geographical 
extrapolation to unsurveyed areas (provided the required environmental information is 
available for the unsurveyed areas). For the modelling analysis aspect of the project, JNCC 
worked collaboratively with Biomathematics and Statistics Scotland (BioSS)5

 
. 

The project was delivered in two phases, in accordance with data coverage: Phase 1 
developed colony-specific models for each tern species of interest for colonies where 
surveys had been carried out and sufficient data had been obtained, while Phase 2 
developed generic models using combined data across surveyed colonies which was then 
used to make geographically extrapolated predictions to unsurveyed colonies or data-poor 
colonies.  
 
2.1 Data collection 
 
Data collection to assess the foraging distribution of the large tern species was carried out or 
commissioned by JNCC over three years from 2009 to 2011 using visual tracking. The visual 
tracking method involved using an easily manoeuvrable boat capable of speeds up to 40 
knots (such as a rigid-hulled inflatable boat (RIB)) to follow individual terns from their 
breeding colony out to sea and back. An on-board GPS recorded the boat’s track, which was 
used to represent the track of the bird. The RIB was kept c.50-200m from the bird so that 
one observer could maintain constant visual contact with the bird and another observer 
could record behaviours, along with their associated timings. We took care to observe any 
                                                
4 Transects are lines across a survey area along which observations are recorded. If designed appropriately, 
transect surveys allow estimation of population sizes and their distributions. 
5 BioSS are one of the Main Research Providers for strategic research in environmental, agricultural and 
biological science funded by the Scottish Government’s Rural and Environment Science and Analytical Services 
Division. 
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changes in behaviour, such as evasive flying, which might indicate an adverse reaction of 
the birds to the presence of the vessel and if so, increased the distance of the RIB from the 
bird. Behaviours were assigned to locations based on the common time field between 
observations and the GPS track log. Observers were given operational definitions of the 
different behaviours, which were categorised as continuous behaviours (different types of 
flight) and instantaneous behaviours (different types of foraging events) (see Table 1). In 
addition, any foraging associations with other individuals of the same or other species were 
recorded. 
 
We could not confirm the breeding stage of any of the birds we followed6

 

; this could only be 
implied from the date of data collection combined with timing-of-breeding information 
collected at the colony, the availability/quality of which varied between colonies. Timing of 
survey varied between colonies and years (see Results for details). In 2009, surveys were 
restricted to the chick-rearing period. In 2010 the feasibility of extending coverage to include 
incubation was piloted. However, surveying over the two periods stretched resources, such 
that fewer data were obtained within each period and overall i.e. data collection was less 
efficient. Continuing data collection across the two breeding periods risked compromising 
sample sizes so in 2011 the focus of data collection was again during chick-rearing. Thus 
overall, timing of survey was largely concentrated during chick-rearing. This period was 
prioritised for data collection as it is a highly demanding part of the life-cycle, with breeding 
adults required to make frequent foraging trips to provision their chicks as well as 
themselves; available foraging areas are likely to be more restricted than at other times in 
the life-cycle due to central-place foraging constraints (see Orians & Pearson 1979). 
Therefore, it is important to identify the foraging areas used during this period to inform any 
marine conservation management measures. This does not necessarily mean that 
vulnerability to threats during incubation is inconsequential, but our prioritisation was based 
on the more restricted ability of birds to buffer against any pressures experienced during 
chick-rearing. 

Table 1.  Definitions of various continuous or instantaneous behaviour categories applied by JNCC 
during visual tracking surveys from 2009-2011. 

Behaviour 
category 

Continuous 
behaviour or 
instantaneous event 

Description 

Direct flight Continuous Clear and consistent direction, usually fast, often 
adopted when flying back to the colony with a fish. 

Transit 
search Continuous 

Slower than direct flight, direction can change but 
not erratically, head can be down, as though 
opportunistically searching while in transit. The 
usual flight type when not actively searching. 

Active 
search Continuous 

Actively searching for food: head down, erratic flight 
course, lower flight speed, hovering, swooping 
and/or circling around; includes instantaneous 
foraging behaviours of diving and surface feeding. 

Plunge dive Instantaneous Diving from a height, head first. All or mostly 
submerged. 

Surface dip Instantaneous Diving from close to the water surface, sometimes 
‘feet first’. Partially submerged. 

Surface 
peck Instantaneous Picking item from the surface with bill, no 

submerging. 

                                                
6 There was the odd exception to this when observers were able to view the contents of the nest from which the 
individual was seen to depart. 
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2.1.1 Study colonies 
 
Terns regularly move between different nesting sites from year to year and breeding success 
often varies markedly between colonies, and between years within colonies (Mitchell et al 
2004)7. Several of the 41 colony SPAs for which one or more of the larger tern species are a 
feature currently have very low numbers (or in some cases none) of the relevant tern 
species, so we focussed on quantifying the use of the marine environment for the tern 
interest features which recently regularly occupied their colony SPAs. Recent regular 
occupation was defined as the mean of peak numbers over the five most recent years for 
which data are available being ≥25 Apparently Occupied Nests (AON). Count data were 
taken from JNCC’s Seabird Monitoring Programme (SMP) database. A limit of five years 
was chosen to be consistent with the UK practice of using five year peak means to assess 
populations (e.g. Musgrove et al 2011) and data were collated spanning the period from 
2000-20108

Figure 1

 to ensure that at least five years of data were available. It has been the Statutory 
Nature Conservation Bodies’ long-standing practice to require at least 50 individuals to be 
regularly present on a site before that area is considered for site selection (see Stroud et al 
2001). Although this ‘minimum 50 rule’ has its origins in the context of wintering waterbirds, 
this provided a useful baseline against which an assessment could be made as to whether a 
tern colony SPA can be considered as still being occupied. The normal metric used to 
assess tern breeding population sizes is AON rather than individuals, thus the minimum 
number in this context would be 25 AONs, given that each nest is assumed to represent one 
pair. The tern interest features for the 32 SPA colonies deemed to be recently regularly 
occupied and for which analysis was undertaken are shown in . Table 2 shows the 
17 features within 17 SPAs which fell outwith the scope of the project due to no longer being 
recently regularly occupied. Note that the assessment of recent occupancy was only to allow 
prioritisation of survey effort and not to revisit the selection of colony SPAs. 
 
Visual tracking was carried out or commissioned by JNCC at ten of these 32 colony SPAs. 
When choosing how to prioritise our survey resources there were several considerations. 
For selecting the survey colonies we aimed to maximise geographical coverage across each 
species’ range, even if this meant only one year of survey was possible for some areas. This 
was based on the assumption that variation (in the relationships of tern foraging distribution 
with local environmental conditions) between colonies was likely to be greater than variation 
between years within a colony, and it would be important to capture this variation if we were 
to use data from more than one colony to make predictions to data-poor colonies. However, 
we also aimed to get two or three years of data from several colonies to allow investigation 
of consistency in environmental preferences between years. Other factors affecting 
allocation of survey resources included prioritising colonies that: had little or no existing data 
(e.g. from aerial surveys or other visual tracking studies); were logistically easier to work at; 
or maximised likely sample sizes (e.g. larger/multi-species colonies with recent successful 
breeding seasons). In addition to JNCC’s surveys, visual tracking data were made available 
to the project for two colony SPAs via a data sharing agreement with ECON Ecological 
Consultancy Ltd. These data were for the North Norfolk Coast SPA, and Ynys Feurig, 
Cemlyn Bay and The Skerries SPA (see Perrow et al 2011 for methods). 
 
 
 

                                                
7 This was taken into account at the time the breeding colony SPAs were designated, such that a site where 
contemporary numbers were very low (below the qualifying threshold) could still be designated where there was 
a history of occupancy and/or where a site was known to be part of a large complex of nesting areas (Stroud et al 
2001). 
8 The assessment of recent occupation was made in 2010. 
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Figure 1. Tern colony SPAs and the relevant tern species (A = Arctic, C = common, R = roseate tern 
and S = Sandwich) which were considered within the project. 
 
Table 2. The tern species within tern colony SPAs which were considered no longer regularly 
occupied and fell outwith the scope of the current project. 
SPA name Arctic Common Roseate Sandwich 
Alde–Ore Estuary    X 
Morecambe Bay    X 
Foulness (Mid-Essex Coast Phase 5)    X 
Solent and Southampton Water   X  Farne Islands   X  North Norfolk Coast   X  Firth of Forth Islands   X X 
Loch of Strathbeg    X 
Monach Isles  X   Sumburgh Head X    West Westray X    Cromarty Firth  X   Inner Moray Firth  X 

  Ythan Estuary, Sands of Forvie and Meikle Loch  X   Lough Neagh and Lough Beg*  X 
  Larne Lough   X  Ynys Feurig, Cemlyn Bay and The Skerries   X  

*Recent data from www.loughneagh.com which is not in the SMP database suggests that c.50 pairs may be 
present. However, the SPA is well inland and not suitable for our modelling approach. 

http://www.loughneagh.com/�


Quantifying usage of the marine environment by terns Sterna sp. around their breeding colony SPAs  
 

7 

2.1.2 Collation of environmental covariates 
 
Environmental data to use as predictor covariates in our habitat models were subsequently 
collated from various sources, rather than collected concurrently with the tern data. Data 
sets with coverage extending across the UK were required for the UK-wide application of 
generic models in Phase 2. Environmental covariates were chosen for their potential to 
explain the variation in our tern distribution data and based on this be used as predictors for 
foraging distribution. The most direct explanatory covariate is likely to be the distribution of 
prey. Unfortunately, our knowledge on the types and distribution of prey consumed by each 
tern species breeding at each colony of interest is limited, especially for prey consumed at 
sea by adults. Existing studies of terns in the UK show that they rely to varying extents on 
clupeids, zooplankton and, in particular, sandeels as their primary prey source (Cramp 
1985). However, there was a lack of prey distribution data at a useful resolution or level of 
coverage for our project. Instead we aimed to inform models with a variety of other 
environmental covariates that could either act as proxies for prey distribution, or relate to the 
availability of prey to the terns.  
 
The at-sea distributions of central-place foragers such as breeding seabirds, is known to be 
constrained by the energetic costs of travelling to a particular location from the central place 
(e.g. the breeding colony) (Gaston 2004). Therefore distance to the colony was offered to 
the models as a proxy for these energetic costs. Euclidean (straight-line) distance was used 
rather than biological distance (defined as the minimum path length required to get from one 
point to another while avoiding obstacles such as land, as per Matthiopoulos (2003)). This 
was because our own observations showed that although terns tended to fly along 
coastlines, they did not necessarily avoid flying over low-lying islands and peninsulas. 
Generating biological distances would therefore require case-by-case judgements on what 
constitutes a land barrier to a tern. For the most part we felt that our study sites generally did 
not present major land barriers and that Euclidean distance was, on the whole, sufficiently 
representative as a proxy for the energetic costs of travel. 
 
The other candidate environmental covariates offered to the models were: depth; 
temperature stratification; chlorophyll concentration; sea surface temperature; sea surface 
salinity; sediment type; current energy; wave energy; probability of a front9; seabed slope 
and aspect (see Table A1.1 in Appendix 1 for more details)10

 

.  Some of these covariates are 
dynamic and their values may vary over time; where possible, we averaged data over time 
for the dynamic variables (see Appendix 1 for more details). For some areas, the chlorophyll 
concentration and sea surface temperature covariates had a much higher proportion of 
missing data than other covariates (as they are based on satellite data and satellites may 
have difficulties taking readings in coastal areas due to cloud cover), so for some colonies 
they were excluded altogether as candidate covariates. Distance to nearest shore was also 
offered as a covariate because this is likely to be correlated with missing environmental 
information which might drive tern foraging distributions.  

                                                
9 Earlier work also explored the use of the standard deviation of the probability of a front, but there was 
insufficient understanding on how this might explain variation in our data and was therefore removed 
10 Before analysis, extreme values of sea surface temperature were excluded (for April this is interpreted as less 
than 6°C, for May as less than 8°C, and for June as less than 9.3°C) and chlorophyll concentrations, slope and 
wave and current shear stresses were log-transformed. Where necessary, a small constant was added to 
variables prior to log transformation to avoid taking logs of zero values. Before making the final predictions data 
points with values of log chlorophyll greater than 2.5 were also excluded. 
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2.2 Data analysis 
 
The project used logistic11 regression analysis, a statistical process which estimates the 
relationship between a dependent or ‘response’ variable (e.g. density of foraging locations) 
and one or more independent or ‘predictor’ variables (environmental covariates). The logistic 
regression models were used to generate predicted foraging distributions on a data grid 
extending out to the maximum foraging range around the colonies of interest. The maximum 
foraging range was taken from Thaxter et al 2012 and was either 30km (Arctic, common and 
roseate terns) or 54km (Sandwich terns) 12,13

 

. Model predictions were made to the centre 
points of grid cells of 500m x 500m resolution. For analysis we used R (v. 2.15.2) and 
ArcGIS (v. 10.1). 

Only the records of foraging locations (both active search and foraging events) were used for 
the analysis of habitat preference. We felt that data from commuting periods of flight might 
mask some of the habitat preference relationships; although terns may show directed travel 
along the track during commuting, we were unsure whether this would be linked with the 
underlying environmental covariates. Restricting the analysis to only foraging locations 
maximised the chances of identifying the habitat preference relationships from the response 
(tern case/control) data. Accordingly, tracks which did not contain any observations of 
foraging behaviours were not used in the analysis. All records of instantaneous foraging 
events were retained but for computational reasons, the continuous records of active search 
(one record per second) were thinned by 90% (using every 10th record) before analysis – 
this is equivalent to retaining one record for every ten seconds of active search so it is still 
very high resolution data (it was not necessary to thin data provided from ECON Ecological 
Consultancy Ltd as these were already summarised at one minute intervals).  
 
2.2.1 Assessing sample size sufficiency 
 
The modelling assumes that a representative sample of terns for each species/colony was 
tracked and that the outputs will be representative of the population as a whole. A separate 
analysis was commissioned to investigate the sufficiency of our sample sizes and is reported 
in Harwood & Perrow (2014). 
 
2.2.2 Model development 
 
The analysis included a model development phase, which is described in several contract 
reports (Brewer et al 2012a-c, Potts et al 2013a)14

i

; here we describe the key points and refer 
the reader to the relevant report(s) for more detailed information. Model development was an 
iterative process but consisted broadly of three main steps (1) developing the application of 
a case-control approach, to allow comparison of the areas used with those which were 
available but not used for foraging (Section ); (2) Exploring different types of regression 
analysis to determine which was most suitable (Section ii) and (3) Investigating whether 
various additional complexities were required (Sections iii - v). The final approach was then 
applied separately to Phase 1 and 2, using appropriate model selection methods for each. 
 

                                                
11 Logistic regression is a type of non-parametric regression analysis used for predicting the outcome of a 
categorical (a variable that can take on a limited number of categories, in our case either 0 or 1) dependent 
variable based on one or more predictor variables. 
12 A 1km buffer was added to this because initially covariate values were averaged within a 1km x 1km grid; the 
buffer allowed this average to be calculated more accurately at the edge of the foraging range. A point approach 
was later adopted (where the actual value of the environment at the tern location point was extracted) but the 
1km buffer was retained. 
13 Note that for earlier work (Brewer et al 2012a) a maximum of 60km had been used for Sandwich terns, based 
on an earlier draft of Thaxter et al (2012) 
14 Model development did not include data from ECON Ecological Consultancy Ltd. 
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i Case-control approach 
 
Tracking data provides information about the locations of individual birds, but no explicit 
information about which areas are unused. Such presence-only data can be analysed using 
a case-control approach where the observed locations (cases) are matched with control 
points that are selected according to an appropriate null model (see below), and which 
represent locations which are available to the animal but where the animal was absent at 
that time (Aarts et al 2008). Control data were generated by relocating the observed ‘case’ 
tracks (foraging locations only) randomly throughout the maximum potential foraging range15

 

 
from the colony for each species. Each control track was assigned its starting location based 
on a random distance and angle from the colony so that our null model assumed terns were 
central place foragers with no foraging location preference. Twelve control tracks were 
generated for each track; exploratory work found that this number was sufficient to ensure 
model stability (i.e. the estimates of the regression slope parameters are stable regardless of 
which random selection of the twelve control tracks was chosen). 

By comparing the environmental characteristics between the observed and control locations, 
a logistic regression model can be used to quantify tern habitat preferences which are then 
adjusted to provide estimates of relative usage (see Box 1). The estimates of relative usage 
are equivalent to predicted relative densities of foraging locations (expressed as a 
proportion). 
 
Box 1.  Quantifying habitat preference and relative usage 
 

 
Estimating habitat preference 

Following Aarts et al (2008), we define habitat preference as the ratio of the use of a habitat 
over its availability, conditional on the availability of all habitats. If there was no preference 
for particular habitats, the odds ratio (which is a particular way of looking at relative 
probabilities of two mutually exclusive events, such as the probability of a presence or 
absence) would be equal to the ratio of the number of observations to the number of 
controls. 
 
Logistic regression is used to model a response variable which takes the value 1 for the 
observations and 0 for the control (available environment) points. So in our case, the 
logistic regression approach models the probability that a point is a foraging location. 
Because the number of controls per observation is user-defined, this probability has no 
physical meaning and tends to zero as the number of control points increases; it is the 
intensity (or density) of the presences rather than the probability of occupancy that is of 
interest. It has been shown that the exponential function of the linear predictor (i.e. the odds 
ratio; (probability / (1 - probability)) is proportional to the expected density of presences 
(Aarts et al 2008). Multiplying this by the number of controls per observation then accounts 
for the unequal number of cases and controls selected, and provides a valid estimate of 
preference. i.e.: 
 
Preference = number of controls x (probability / (1 - probability)) 
 

 
Estimating usage from preference 

The null model used to generate the controls assumed that the frequency distribution of 
control points was uniform with respect to distance to colony up to the maximum foraging 
range. However, due to the laws of geometry (i.e. the size of an area increasing as a 

                                                
15 Although all control ‘start points’ were generated within the maximum foraging range, it was possible that 
control points from the rest of the track could fall beyond the maximum foraging range. In practise this occurred 
relatively rarely but where it did occur, those points were deleted. 
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function of the circle’s circumference), the density of control points per unit area is higher at 
distances close to the colony compared to further away. The null model can therefore be 
seen as making the assumption that accessibility declines with increasing distance from the 
colony (in a two dimensional sense), so the model outputs are estimates of preference and 
need to be adjusted to provide estimates of actual usage. 
 
To make this adjustment, we need to know the density of control points at a particular 
distance; this depends on the circumference of a circle at that distance which is 
proportional to the radius. So the density of our control points is in proportion to 1/distance 
from the colony, coming from the equation for circumference of a circle (C=πd). To then 
convert the resulting preference outputs from the model into usage we multiply by 
1/distance-to-colony. i.e.: 
 
Usage = (probability/1-probability) x no. of controls / distance to colony 
 
Since the model is based on a random sample of controls, the cumulative estimated usage 
over all space will usually deviate from unity and will need to be normalized (Aarts et al 
2008). So the output was multiplied by a scale factor which ensures that the probabilities 
sum to one. This means that the final values, which we call ‘relative usage’, represent 
relative densities of foraging locations, expressed as a proportion. 
 
Note  that had we had generated controls with a (two dimensional) uniform distribution in 
space, so that the density of points was the same everywhere, this would mean that the 
model outputs would provide direct estimates of usage and no correction would have been 
needed to go from preference to usage. 
 
Usage values were then multiplied by 1000 for mapping purposes (the value for each cell 
would otherwise be extremely small due to the need for them to sum to one across a very 
large number of cells). It would be possible to instead multiply by the number of birds at sea 
to obtain a bird density estimate. The number of birds at sea could be approximated based 
on the number of breeding pairs at the colony and the proportion of time they spend at the 
colony (to account for the fact that not all individuals forage at the same time). i.e.: 
 
Bird density = Usage * (pairs*2/(1-colony attendance)) 
 
However, this would assume that (i) the density of foraging locations is proportional to the 
density of foraging birds and (ii) all birds at sea are foraging (as opposed to commuting). 
Coupled with this, there is relatively little information on colony attendance patterns and 
they are likely to vary between colonies and seasons. So we did not convert our usage 
estimates to bird densities as it would add a level of uncertainty into the estimate which 
would be difficult to quantify. 

 
ii Type of regression 
 
Two different types of regression were explored for modelling the data under Phase 1; 
Logistic Generalised Linear Models (GLMs, McCullagh & Nelder 1989) which only allow 
linear relationships between the response and predictor variables, and logistic Generalised 
Additive Models (GAMs, Hastie & Tibshirani 1990; Wood 2006) which also allow non-linear 
relationships. We explored three different methods of model selection on the basis of AIC 
(Akaike’s Information Criterion); BIC (Bayesian Information Criterion); and significance of 
individual terms via likelihood ratio tests (LRTs) (see Brewer et al 2012a for more details). 
The exploratory analysis showed that most relationships were linear (only eight out of the 40 
relationships in the GAM models were non-linear and all were simple, broadly linear 
relationships). Thus the added complexity of GAMs was unwarranted and GLMs were used 
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for the final Phase 1 models. For Phase 2, we only considered GLMs as we wanted to avoid 
complex models when making geographical extrapolations. 
 
iii Assessing effects of year and breeding period 
 
As part of the model development phase, we checked for consistency of the environmental 
covariate effects across different years for those species/colony SPAs for which we had 
more than one year of data (n=8). This was done by fitting year as an interaction term within 
the GLM model and concluding effects were not temporally consistent if the interaction is 
significant. We found that covariate effects were consistent between years for all datasets 
except one, where the effect was only just significant at p=0.049. On the basis of these 
results, and to maintain a consistent approach across all of our datasets, data from all years 
were combined for the final models.  
 
Although we were unable to confirm the breeding status of most of the birds tracked, our 
surveys were timed to focus on breeding birds largely during the chick-rearing period, so the 
proportion of ‘likely incubators’ was small. This very uneven split was not conducive to 
modelling the effects of breeding stage; logistic models tend to need larger datasets overall 
to add in fixed effects, especially when they include several covariates. Thus, there were 
insufficient data to include an interaction term within the model, or model distributions 
separately, for different breeding periods. In the absence of being able to confirm breeding 
status for a large proportion of the data, we felt that combining data offered the best solution.  

 
iv Addressing repeated measures and between-individual variation 
 
The modelling needs to take account of the fact that locations along a given track are not 
independent (i.e. they are repeated measures16

 

), as birds generally move only a short 
distance from one observation to the next. As the time, and therefore the distance, between 
successive foraging locations can be short, and as the environmental covariates are spatially 
auto-correlated (values closer together in space are more similar to each other than with 
those further away), foraging locations from the same track tend to occur in similar 
environmental conditions. Failure to account for the lack of independence between foraging 
locations within a track (a form of pseudoreplication) leads to underestimation of the 
variance of parameter estimates and might therefore result in some environmental 
covariates being wrongly regarded as significant. The simplest way to deal with this is to 
weight each foraging location by the reciprocal of the length of the observed track. This has 
the effect of treating each track as a single sampling unit, instead of treating the individual 
observation as the sampling unit. In addition, the weighting process avoids biasing the 
results towards the longer tracks (another form of pseudoreplication) and ensured the results 
were not dictated by a small number of data-rich individuals.  

Existing methodological approaches fit mixed effects models (e.g. GLMM or GAMM) to 
account for between-individual variation. However, it is non-trivial to deal with the control 
points when specifying the random effects as it is unclear what the analogue is for the tracks 
in the case data (see Brewer et al 2012a). We considered several approaches but felt that 
none were appropriate, essentially because our data set consisted of only one (known) track 
recorded per individual. Multiple tracks per bird would be needed to investigate differences in 
individual preferences between birds, in which case mixed models would then be 
appropriate. Thus we report results using fixed effects-only models, and we combined data 
across all individuals for analysis.  
 

                                                
16 They are also auto-correlated; this is addressed in Section 2.2.2.v 
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v Accounting for residual autocorrelation 
 
We explored whether environmental covariate selection in the models was biased by any 
residual spatial autocorrelation (i.e. the remaining autocorrelation after the effect of the 
environmental covariates has been accounted for). Not accounting for this autocorrelation 
can lead to underestimation of the standard errors for parameter estimates, and this in turn 
implies some variables may wrongly be declared significant as a consequence; for more 
detail see Beale et al (2010).   
 
We applied a Bayesian modelling approach using Integrated Nested Laplace Approximation 
(INLA, Rue et al 2009) to fit full spatial models which accounted for spatial autocorrelation. 
The approach fits a weighted regression model as before, but allows for dependence 
between the residuals. This residual dependence structure is defined via a ‘mesh’ (or 
‘network’), itself estimated by the procedure, which encapsulates the spatial autocorrelation 
structure based on the locations of the observations; one observation is linked via the mesh 
to a small number of its closest neighbours, and the modelling is able to relate the 
correlation between residuals to these between-neighbour distances; a longer link in the 
mesh corresponds to a lower correlation, and vice versa. The key here is that the mesh 
provides a computationally efficient (but complex) way of encoding the spatial 
autocorrelation. We compared the results from these models with those which did not 
account for residual autocorrelation to explore the extent to which covariates may have been 
selected as a consequence of residual autocorrelation (see Brewer et al 2012a). We found 
that residual autocorrelation led to only a small amount of bias in covariate selection in the 
models; of the five (out of twelve) model comparisons which identified issues, these were 
limited to seven out of a total of 48 covariates across the models; as a result we decided to 
use results from the (far simpler) weighted GLM analyses. Although the effect of not 
accounting for residual autocorrelation was only investigated using the GAM models, it is 
unlikely that the scale of this would substantially differ from the GLM models given all 
relationships were broadly linear. 
 
vi Cross-correlated covariates 
 
High correlation17

ii

 between covariates affects parameter estimates and standard errors, and 
therefore estimates of statistical significance. If model selection is based on significance 
testing then some variables may be excluded when they are actually important predictors. 
Although its presence affects the ability of a model to explain distributions (identifying 
statistically significant associations), it is unlikely to be a serious issue for making predictions 
at the colony for which the model was built (Schmueli 2010).  However, cross-correlation 
may pose problems if the model is used to make predictions at other colonies, where the 
correlations between covariates may differ. In such cases, if a model has been based on 
covariates which are not causally related to the response variable, it is not likely to perform 
well outside the sample on which it is based. However, in the absence of knowledge of the 
true causal relationships, it then falls to judgement as to which variables to omit or include. 
Instead of making such judgements, we selected the covariates in the models used for 
geographic extrapolation based on their predictive performance at new colonies (see ). We 
also incorporated existing biological knowledge within our model selection methods thus 
reducing the potential for including spurious relationships caused by cross correlations 
between covariates. 

                                                
17 e.g. pair wise correlations with r >c.0.8 (A. Zuur, Highland Statistics, pers. com.), although there is no agreed 
level 
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2.2.3 Phase 1: generating site-specific models 
 
In Phase 1 of the project, colony-specific models for each species were generated for each 
colony where data were available. Following the model development phase (Section 2.2.2), 
the final models applied to the case-control data were weighted binomial GLMs. Model 
selection (identifying which explanatory environmental covariates to retain in the model) for 
Phase 1 was based on a stepwise search for the model which minimised the AIC. The AIC 
value (lower is better) offers a relative estimate of model quality by looking at the trade-off 
between model complexity and goodness-of-fit to the underlying data (Burnham & Anderson 
2002). Often, a search for the model which minimises AIC identifies a number of models with 
very similar AIC values close to the minimum and a rule of thumb is that two models are 
essentially indistinguishable if the difference in their AIC value is less than two (Burnham & 
Anderson, 2002). So there is merit in choosing an essentially equivalent model (∂AIC ≤ 2) to 
the minimum AIC model if there is reason to believe it is more robust and/or biologically 
meaningful. 

We investigated how robust our models were by using a bootstrapping approach 
(resampling the dataset with replacement) to quantify the repeatability of covariate selection 
within the models. For each species/colony, the stepwise model selection procedure was 
repeated 100 times with the case-control dataset being sampled with replacement (i.e. 
bootstrapping). By counting the number of times each variable was selected across the 
resulting 100 minimum AIC models, this allowed us to assess how consistently covariates 
were selected, indicating their robustness to the influence of individual bird’s preferences.  
 
We recognised that some environmental covariates may be more useful to predict foraging 
tern distributions than others. This could be due to a number of reasons relating to the 
degree to which the proposed biological mechanism is realistic and of direct importance in 
governing the birds’ use of the habitat, and also depending on the quality of our covariate 
data. We therefore ranked our covariates based on the biological meaningfulness of the 
proposed biological mechanism, while taking account of how good the data may be for 
making predictions (e.g. quality of data measurement, predictability of the variable, its 
resolution and coverage) (see Appendix 1). 
 
For the final model we used the model with the lowest AIC18

 

, but where this contained 
covariates that were selected in less than half of the 100 models derived from the 
bootstrapping and / or ranked low on biological mechanism or data measurement quality 
(corresponding to a biological ranking >5), we investigated whether removal of these 
covariates provided an equivalent (∂AIC ≤ 2) model. If so we used the equivalent, but more 
robust and/or biologically meaningful, model.  

i Assessing model performance 
 
We used cross-validation to assess the performance of the final Phase 1 models.  Cross-
validation involves omitting a sub-set of data (the validation set), and refitting the chosen 
model to the training set (the remaining data). Predictions based on each training set are 
then compared with the validation set. Comparisons can be done by various scoring 
methods; we used three to avoid reliance on a single method (see Box 2). The validation 
process was performed several times to ensure all data points were omitted at some stage 
during the process. We assessed Phase 1 model performance in two ways by investigating 

                                                
18 In cases where sea surface temperature or chlorophyll concentration were available as candidate covariates 
but were not selected in the potential lowest AIC models, the stepwise search was rerun with the exclusion of 
these variables to ensure a more reliable AIC statistic (more reliable because covariates which are unable to 
make predictions to some grid cells due to incomplete datasets are excluded). By excluding these covariates, 
additional grid cells can be included in the analysis: the dataset is not identical to that for a model where those 
grid cells have been excluded to allow inclusion of these covariates, and therefore the AIC score may differ. 
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how well the model predicted (i) validation data for individuals and (ii) validation data for 
years. 
 
Model performance in predicting validation data for individuals 
 
This analysis was carried out for any species/colonies with at least 50 tracks. For each 
colony and species we formed 100 bootstrap samples for each of 10, 20 or 30 tracks in the 
training set. In each case we held back 30 tracks sampled randomly without replacement for 
use as a test set and then sampled 10, 20, or 30 tracks randomly with replacement from the 
training set, together with the corresponding control tracks. The covariates that were 
included in the final model were used to fit a model to the training set samples and model 
performance assessed with the test set. More details are available in Potts and Brewer 
2013. 
  
Model performance in predicting validation data for years 
 
This analysis was carried out for any species/colonies with more than one year of data with 
at least five tracks in each. The test set comprised an individual year of data and the 
corresponding controls, with the remaining year(s) forming the training sets. A model was 
fitted containing the covariates that were included in the final model to each training set and 
model performance assessed with the test set. This process is repeated with a different year 
of data used as the test set, until all years of data had been used as a test set once.   
 
2.2.4 Phase 2: Generating models for geographic extrapolation 
 
i Determining input datasets for model building 
 
When generating models for use in geographical extrapolation, an important consideration is 
which colony datasets to include in the models, to ensure that the data used are as 
representative as possible for the unsurveyed area. One option is to use all available data 
for that species to generate a single, broadly applicable model that aims to overcome site-
specific factors and identify over-arching habitat preferences. Another option is to use a sub-
set of available data that might be considered more representative of the area to which 
predictions will be made. We considered sub-setting the data based on ecological groupings, 
for example there might be variation between colonies in terms of the type of prey 
consumed, and therefore environmental preferences might differ. However, there is a lack of 
information to inform such ecological groupings so instead we used judgements based on 
geographic similarities (e.g. whether the colony was on an island or within a sheltered inlet) 
or regional groupings (e.g. colonies bordering the Irish Sea). In addition, we explored sub-
setting the data based on similarities in the covariate data, between the colony to which 
models are being extrapolated and the colonies for which data are available to the model. 
We compared the covariate data between colonies in two ways: (i) comparing simple boxplot 
summaries for each environmental covariate in turn; (ii) using a principal component analysis 
(PCA) to study the combination of information from all covariates simultaneously. PCA takes 
a set of variables and replaces them with a smaller number of new variables (the principal 
components) in such a way that as much as possible of the information in the original 
variables is retained in the new ones. This allows us to plot the data in a concise way, for 
example by plotting the second principal component (PC2) against the first principal 
component (PC1). Colonies which are close together in this plot will be similar in terms of the 
original set of environmental covariates. These exploratory analyses informed the selection 
of suitable subsets of colonies which shared environmental, geographic or regional 
similarities. 
  
To determine which grouping (all colonies or the various sub-sets of colonies identified) was 
likely to be most appropriate for making geographically extrapolated predictions to each 



Quantifying usage of the marine environment by terns Sterna sp. around their breeding colony SPAs  
 

15 

unsurveyed area, we compared the predictive abilities of models generated from each 
grouping using cross-validation. This involved omitting data from each colony in the grouping 
in turn to assess the ability of a model built using data from the remaining colonies in that 
group to predict to the colony omitted. The results of the cross-validation exercise (Brewer et 
al 2013b) showed that model performance was generally better when data from all available 
colonies for that species are combined.  
 
Therefore, for the final Phase 2 models, we pooled data across all available colonies for 
each species. As with Phase 1, a weighted binomial GLM was applied. For extrapolating to 
new colonies, we aimed to identify relationships which were consistent across colonies and 
which were most biologically plausible. So for the final Phase 2 models, for each species we 
limited the candidate covariates to those which were selected in at least one third of all 
Phase 1 models for that species, and which had a biological ranking of ≤5 (see Appendix 1) 
(recognising that model selection may then further reduce the covariates within the models). 
Boxplots were used to compare the range of values for the shortlisted candidate covariates 
at the colonies for which predictions were required with those for which data were available, 
to confirm that there was overlap in these values between the colonies in Phase 1 and 2; this 
is important for extrapolation purposes. 
 
ii Model selection and assessing model performance 
 
Our main concern for Phase 2 was ensuring the models performed well when extrapolated 
to new areas. Therefore model selection for Phase 2 was based on the ability of models to 
predict data from new colonies. The predictive ability of models consisting of all 
combinations of the candidate covariates was tested using cross-validation, by omitting each 
colony in turn and developing a model using data from the remaining colonies. Three scores 
were used to compare the predictive ability of the models in the cross-validation (see Box 2). 
For each scoring method, the scores omitting each colony in turn were then averaged to give 
an overall score. For common and Sandwich terns, the cross-validation exercise was 
repeated excluding the salinity in spring covariate so that North Norfolk tern data could be 
included (salinity in spring data were not available for this area). The covariates chosen for 
the final model (which would be built using data from all colonies) were those contained 
within the model was that supported by two of the three scoring methods (based on the 
average score from each), except where there were extrapolation issues (see Results), in 
which case the next best model was chosen. As well as providing a tool for model selection, 
the cross-validation exercise provided an indication of the predictive ability of the final model 
chosen, and therefore our confidence in its performance. 
 
Box 2. The three scores used for cross-validation exercises to assess predictive ability of 
each model. 
 

(1) The Brier score or mean squared error 
21 )( iin py −∑  

where y is the binary variable indicating foraging behaviour and p is the predicted 
probability.   
This represents the mean squared difference between the actual outcome (1 for presence 
or 0 for a control point) and the predicted probability of presence; lower values indicate a 
better model. 
 
(2) A logarithmic score related to the log-likelihood ))1log()1()log((1

iiiin pypy −−+= ∑  
 This score means that the best model is the one which gives the highest predicted 
probability to the data; higher values of this score indicate a better model. 
 
(3) The area under the curve (AUC), representing the area under the receiving operating 
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characteristic (ROC) curve. This is equivalent to the Wilcoxon signed-ranked test (Mason & 
Graham 2002) and was calculated by this method using the function roc.area in the R 
package ‘verification’.  If the model provided a perfect separation of the presences from the 
control points the AUC score would be 1, whereas it is 0.5 for a model with no 
discriminatory power.  
 
The AUC is a widely used statistic for assessing species distribution models, but has been 
criticised for a number of reasons, including the fact that it is insensitive to transformations 
of the predicted probabilities that preserve their ranks (Lobo et al, 2008; Jiménez-Valverde 
2012) and reliance on AUC as a single measure of model performance has therefore been 
questioned (Austin 2007). The Brier and logarithmic scores have similar properties but 
there is no clear criterion for preferring one over the other (Machete 2013). 

 
2.2.5 Application of Phase 1 and 2 models 
 
The intention is to use the model outputs from this project as part of the evidence base for 
any possible marine SPAs for the larger tern species. As such, further analyses (not 
reported here) are being undertaken using the maximum curvature technique (O’Brien et al 
2012) to delineate possible boundaries based on the intensity with which foraging terns are 
predicted to be using the marine environment. For two of the Phase 1 colony-specific models 
(Sandwich terns at Farne Islands SPA and Larne Lough SPA) these analyses failed to find a 
point of maximum curvature, most likely due to the predicted output values containing a very 
high proportion of very small values. As an alternative, we applied generic models (under 
Phase 2), which were amenable to maximum curvature analysis. It is these Phase 2 models 
which are presented here for these two particular cases. 
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3 Results 
 
3.1 Data coverage overview 
 
Visual tracking proved to be a successful non-invasive data collection technique across all 
four larger tern species and to our knowledge this is the first time it has been undertaken on 
roseate terns. It is important that the behaviour and welfare of sampled birds is not adversely 
affected by the survey method and we found that birds appeared to generally ignore the 
presence of the vessel with observers recording very few instances of birds visibly reacting 
to the RIB, consistent with Perrow et al (2011). However, one of the difficulties with visual 
tracking is that it can be difficult to maintain constant visual contact with a bird and around 
63% of terns tracked were lost before they completed their foraging trip (Table 3), for 
example because they flew faster than the RIB could follow; they were lost within flocks; or 
tracking had to cease due to safety issues such as areas of shallow reef. 
 
The total number of tracks obtained was 1005 including 55 (6%) for roseate tern (2 SPAs), 
184 (18%) for Arctic tern (6 SPAs, 1 non-SPA), 381 (38%) for common tern (7 SPAs, 1 non-
SPA) and 385 (38%) for Sandwich tern (5 SPAs, 1 non-SPA), with multiple years of data 
collected at five of the ten JNCC study colony SPAs. In addition, visual tracking data were 
obtained through a data-sharing agreement with ECON Ecological Consultancy Ltd for two 
SPAs: Ynys Feurig, Cemlyn Bay and The Skerries SPA (136 Sandwich, 2 common and 1 
Arctic tern track, all collected in 2009) and North Norfolk Coast SPA (108 Sandwich and 24 
common tern tracks collected 2006-2008). This gives a total of 1276 tracks available to the 
project, although not all data were used in the modelling (see below). An overview of sample 
sizes obtained for each colony is given in Figure 2. The raw tracking data and analyses 
outputs for each colony SPA are detailed in the relevant colony SPA sections below. The 
vast majority of the data (c. 95%) were collected during a period timed to coincide with the 
chick-rearing period. The maximum foraging ranges that we recorded for each species at 
each colony are given in Table 4 along with the mean maximum across colonies. The most 
recent published mean maximum estimates available (Thaxter et al 2012, also shown in 
Table 4) fell within the range of mean maximum values we recorded, though it is important to 
note that the Thaxter et al 2012 estimates are largely based on data collected using methods 
other than visual-tracking.  
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Figure 2. Data coverage and sample sizes for the relevant colony SPAs of interest, for each of 
the four larger tern species. The mean number (and range) of Apparently Occupied Nests (AON) 
are given as calculated using JNCC’s Seabird Monitoring Programme database in 2010 (see 
Methods), except for South Shian and Glas Eileanan where data were kindly provided by C. 
Craik. Boxes are colour-coded according to whether models were developed under Phase 1 (site-
specific) or Phase 2 (generic).  Note that some data were collected that were not used in the 
modelling (see Results). 
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Table 3. The number and percentage of complete tracks compared to the total number (complete and incomplete), for each tern species per SPA per year, for 
data collected by JNCC. 

SPA  

Total 
no. of 
tracks 

complete 
tracks 

Total 
no. of 
tracks 

complete 
tracks 

Total 
no. of 
tracks 

complete 
tracks 

Total 
no. of 
tracks 

complete 
tracks 

n % n % n % n % 
2009 

 
Arctic tern common tern roseate tern Sandwich tern 

Ynys Feurig, Cemlyn Bay and The Skerries 2 1 50 30 9 30 0 0 - 112 25 22 
Copeland Islands 1 0 0 0 0 - 0 0 - 0 0 - 
Coquet Island 47 13 32 37 10 27 21 8 38 49 16 33 
Imperial Dock Lock 0 0 - 114 48 42 0 0 - 0 0 - 
Larne Lough 0 0 - 18 9 50 0 0 - 10 4 40 
Outer Ards 6 5 83 4 2 50 0 0 - 9 2 22 
2010 

 
Arctic tern common tern roseate tern Sandwich tern 

Copeland Islands 2 0 0 0 0 - 0 0 - 0 0 - 
Coquet Island 14 7 50 13 8 50 1 0 0 8 2 25 
Farne Islands 42 20 48 3 0 0 0 0 - 37 11 30 
Imperial Dock Lock 0 0 - 23 7 30 0 0 - 0 0 - 
Larne Lough 0 0 - 2 1 50 1 0 0 13 7 54 
Outer Ards 1 1 100 0 0 - 0 0 - 8 1 13 
Forth Islands 10 5 50 2 1 50 0 0 - 0 0 - 
2011 

 
Arctic tern common tern roseate tern Sandwich tern 

Copeland Islands 10 6 60 0 0 - 0 0 - 0 0 - 
Coquet Island 49 22 45 42 18 43 31 15 48 71 12 17 
Larne Lough 0 0 - 29 13 45 1 0 0 15 7 47 
Mull, Glas Eileanan 2 0 100 48 29 60 0 0 - 0 0 - 
Mull, South Shian 0 0 - 15 0 0 0 0 - 0 0 - 
Outer Ards 4 1 25 1 0 0 0 0 - 2 2 100 
Sands of Forvie 0 0 - 0 0 - 0 0 - 51 26 51 
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Table 4. Maximum foraging ranges recorded (regardless of whether the track was complete or 
incomplete) for each species at each colony and the mean maximum across all colonies. 
 Maximum foraging range (km) recorded 
Colony Arctic Common Roseate Sandwich 
Blakeney Point, North Norfolk  12.29 (n=24)  42.5 (n=58) 
Cemlyn Bay  12.18 (n=31)  34.75 (n=248) 
Cockle Island, Outer Ards 46.01 (n=11) 19.88 (n=5)  36.89 (n=19) 
Copeland Islands 39.56 (n=13)    
Coquet Island 22.8 (n=104) 17.89 (n=92) 18.68 

(n=53) 27.61 (n=124) 

Farne Islands 20.66 (n=42)   20.23 (n=37) 
Glas Eileanan  13.68 (n=48)   
Larne Lough (Blue Circle 
Island and Swan Island)  30.38 (n=49)  17.25 (n=38) 

Imperial Dock Lock  
21.04 

(n=137)   
Sands of Forvie    22.89 (n=51) 
Scolt Head, North Norfolk    54 (n=48) 
South Shian  21.55 (15)   
Mean Maximum Foraging 
Range 32.26 (n=4) 18.61 (n=8) 18.68 

(n=1) 32.02(n=8) 

Mean Maximum from Thaxter 
et al (2012) 24.2 (4) 15.2 (6) 16.6 (6) 49 (2) 

 
The number of tracks for each colony/species is given in parenthesis. Data considered 
potentially unrepresentative were excluded (Firth of Forth data; datasets with fewer than five 
tracks; any tracks where birds were picked up offshore rather than adjacent to the colony as 
was the case for some of the ECON Ecological Consultancy Ltd data)  The most recent 
published mean maximum estimates available (Thaxter et al 2012) are shown for 
comparison. 
 
3.2 Model results overview 
 
The results from the model development phase of the project are available in the relevant 
contract reports (Brewer et al 2012a, c and Potts et al 2013a for Phase 1, and Brewer et al 
2012b for Phase 2) and are not repeated here. Instead we focus here on the final models 
applied in the project (described in Potts et al 2013b, c and Potts & Brewer 2014). Table 5 
summarises the final Phase 1 models for each species and colony, along with the sample 
sizes of the data underlying the models; model selection details can be found in Appendix 2 
and the final model equations can be found in Appendix 3. 
 
For Phase 2, the candidate covariates that were short-listed for input into model building 
were those which were selected in at least one third of the Phase 1 models and had a 
biological ranking ≤5 (see Appendix 1). These are shown in Table 6. Model selection using 
cross-validation was then carried out on models containing different combinations of these 
covariates. The detailed results of the cross-validation using the three different scoring 
methods (see Methods) are given in Potts et al (2013c) and summarised in Table 7. For 
Arctic terns the preferred model involved distance to colony and bathymetry and was 
supported by all three scoring methods (Table 6). Boxplots showed that there were no 
extrapolation issues for bathymetry (i.e. there was overlap in the range of values at the 
colonies for which predictions were required with those for which data are available) (see 
Potts et al 2013c). For common terns the preferred model involved distance to colony, 
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distance to shore and bathymetry. This model was chosen by all three scores except by the 
AUC score when applied to models using the full candidate covariate dataset (i.e. excluding 
Blakeney Point tern data but including salinity, see Methods); in the latter case the preferred 
model involved only distance to colony (Table 6). As with Arctic terns, there were no 
extrapolation issues for bathymetry. For Sandwich terns three different models were each 
supported twice across the six evaluation methods applied (Table 6). When North Norfolk 
data are excluded (to allow salinity in spring to be included, see Methods), the best model 
according to the likelihood score is one involving distance to colony, distance to shore and 
bathymetry, while the best model according to the other two scores is one involving distance 
to colony, distance to shore and salinity in spring. When North Norfolk data are included the 
model involving distance to colony, distance to shore and bathymetry is again selected, this 
time by the mean squared error score, although the model that involves just distance to 
colony and bathymetry is selected by the other two scores. As there are extrapolation issues 
with salinity in spring (due to the different ranges that this variable takes at different colonies 
and because this variable is not available for the Greater Wash area), the recommended 
model is therefore one involving distance to colony, distance to shore and bathymetry; these 
covariates were consistently selected across the short-list of models identified by the 
different evaluation methods. 
 
Table 8 shows the covariates selected in the final models for each species under Phase 2, 
along with the sample sizes for the data underlying the models, and the list of colonies to 
which predictions were made with the models. The final model equations can be found in 
Appendix 3. 
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Table 5. Covariates selected in the final models for each species and colony under Phase 1, along with the sample sizes for the data underlying the models. 
Only tracks containing foraging records were used in the modelling. 

Species SPA 
No. 
tracks 
available 

No. 
tracks 
used in 
model 

No. 
years 
of data 

Covariates in the final Phase 1 model 

Arctic tern 

Farne Islands 42 32 1 Distance to colony, salinity in spring 

Coquet Island 104 91 3 Distance to colony, chlorophyll concentration in 
June, bathymetry 

Outer Ardsa  11 24 
 

3 
 

Distance to colony, shear stress current 
 Copeland Islandsa 13 

Common 
tern 

Coquet Island 
 
 

90 75 3 
Distance to colony, chlorophyll concentration in 
June, bathymetry, sea surface temperature in 
April 

North Norfolk Coast 24b 20 1 Distance to colony, shear stress wave 
Ynys Feurig, Cemlyn Bay and The Skerries 32b 19 1 Distance to colony, salinity in spring 

Larne Lough 49 32 3 Distance to colony, distance to shore, 
bathymetry, slope 

Imperial Dock Lock 137 118 2 Distance to colony, slope, salinity in spring, 
distance to shore, bathymetry 

Glas Eileanan 63c  49 1 Distance to colony, distance to shore, slope 
Roseate 
tern Coquet Island 53 40 3 Distance to colony, sea surface temperature in 

May, chlorophyll concentration in June 

Sandwich 
tern 

Coquet Island 127 90 3 Distance to colony, distance to shore 

North Norfolk Coast 108 b 88 3 Distance to colony, distance to shore, shear 
stress wave, bathymetry 

Ynys Feurig, Cemlyn Bay and The Skerries 248 b 72 1 Distance to colony, distance to shore, salinity in 
spring 

Ythan Estuary, Sands of Forvie and Meikle 
Loch 51 51 1 bathymetry, stratified temperature 

a Data from Outer Ards and Copeland Islands were combined to build a single model which was then applied separately to each SPA 
b includes data kindly provided by ECON Ecological Consultancy Ltd 
c includes data from South Shian 
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Table 6. The short-list of candidate covariates for each species for input into the Phase 2 models. 
Species Candidate covariates used for Phase 2 model building 
Arctic tern distance to colony, bathymetry, salinity in spring, chlorophyll concentration 

in June 
Common tern distance to colony, bathymetry, salinity in spring, distance to shore  
Sandwich tern distance to colony, bathymetry, salinity in spring, distance to shore 

 
Table 7. The summary results of model selection for Phase 2 using cross-validation. The models 
shown are those which were optimal according to each of the three different cross-validation scores 
(see methods). For common and Sandwich terns, cross-validation was carried out separately, both 
including and excluding salinity in spring (see Methods). The final model chosen is shown in bold.  
  Optimal model according to different  

cross-validation scores 
Species Model Likelihood MSE AUC Likelihood MSE AUC 
Arctic tern Distance to colony, 

bathymetry 
      

  Including salinity Excluding salinity 
Common 
tern 

Distance to colony, 
distance to shore, 
bathymetry 

      

Distance to colony       
Sandwich 
tern  

Distance to colony, 
distance to shore, 
bathymetry 

      

Distance to colony, 
distance to shore, 
salinity in spring 

      

Distance to colony, 
bathymetry 
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Table 8. Covariates selected in the final models for each species under Phase 2, along with the sample sizes for the data underlying the models, and the list of 
colonies to which predictions were made with the models. Only tracks containing foraging records were used in the modelling. 

Species SPAs (and track sample sizes) 
used to build model Model SPAs to which predictions were made 

Arctic tern 

Farne Islands (n = 32) 
Distance to colony, 
bathymetry  

Ynys Feurig, Cemlyn Bay and The Skerries; 
Strangford Lough; Fetlar; Mousa; Papa Stour; Foula; Fair Isle; 
Auskerry; Papa Westray; Rousay; Pentland Firth Islands; Firth of 
Forth Islands 

Coquet Island (n = 91) 
Outer Ards (n = 11) 
Copeland Islands (n = 13) 

Common tern 

Coquet Island (n = 75) 

Distance to colony, 
distance to shore, 
bathymetry 

Firth of Forth Islands; Farne Islands; The Wash; Breydon Water; 
Foulness; Dungeness to Pett Level; Solent and Southampton 
Water; Poole Harbour; Ynys Feurig, Cemlyn Bay and The 
Skerries; The Dee Estuary; Ribble & Alt Estuaries; Carlingford 
Lough; Strangford Lough  

North Norfolk Coast (n = 20) 
Larne Lough (n = 32) 
Imperial Dock Lock (n = 118) 
Glas Eileanan (n = 49a) 
Farne Islands (n = 3) 

Sandwich tern 

Coquet Island (n = 90) 

Distance to colony, 
distance to shore, 
bathymetry 

Duddon Estuary; Carlingford Lough; Strangford Lough; Farne 
Islands; Larne Lough; Solent and Southampton Water; 
Chichester and Langstone Harbours 

Ynys Feurig, Cemlyn Bay and The 
Skerries (n = 72) 
Larne Lough (n = 30) 
Ythan Estuary, Sands of Forvie and 
Meikle Loch (n = 51) 
Farne Islands (n=34) 

  
a Includes data from South Shian 
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3.3 Results by colony SPA 
 
The final Phase 1 and 2 models documented above were used to make predictions for each 
species around all the colonies of interest which are shown as mapped outputs of relative 
usage (see Box 1, Section 2.2.2.i) in the following sections for each colony SPA. The spatial 
extent of the usage predictions around each colony is defined by a radius equal to the 
species-specific global maximum foraging range (see Section 2.2). The usage values 
displayed in the maps represent predicted relative densities of foraging locations and are not 
absolute values. Mapping of quantities, such as relative distributions or densities, can look 
very different depending on how the data are grouped (binned). The bin categories used for 
the model outputs presented here were based on natural groupings inherent in the data 
(‘natural jenks’). These were determined automatically in ArcMap, which identified break 
points that best grouped similar values and maximized the differences between classes. The 
bin category colours therefore cannot be compared on a like for like basis between species 
and between colonies. 
 
As usage values are expressed as proportions which sum to one across the maximum 
foraging range, the values for each grid cell could potentially become very small due to the 
fine resolution (500m x 500m) of our spatial grid (i.e. large numbers of grid cells). Hence, for 
mapping purposes, usage values were multiplied by 1000. 
 
3.4 English colony SPAs 

 
3.4.1 Farne Islands SPA 
 
For the Farne Islands SPA, the species of interest for the project were Arctic, common and 
Sandwich terns. A total of 81 tern tracks was obtained for these species over a single survey 
season in 2010, with two separate periods of tracking carried out timed to coincide with 
incubation (mid May) and chick-rearing (mid June) (Table 9); these are shown in Figure 3. 
The distribution of Arctic tern tracks tended to radiate out to the northeast, east and 
southeast from the islands. Only three common terns were tracked from the Farnes Islands 
(one of which was lost soon after leaving Inner Farne). Sandwich terns tracked from Inner 
Farne all headed towards the coast (with some then heading up or down the coast); one of 
these headed north to Holy Island before it turned back and went to Brownsman Island 
within the Outer Farnes group (rather than return to Inner Farne).  Only one Sandwich tern 
was tracked from the Outer Farnes group.  
 
Table 9. Sample sizes of tracks obtained for tern species breeding at Farne Islands SPA. 
Species No. of tracks 2010 

(Inner Farne) 
No. of tracks 2010 

(Outer Farnes) 
Total 

16-23 
May 

15-22 
June 

16-23 May 15-22 June 

Arctic tern 5 15 11 11 42 
Common tern 1 1 1 0 3 
Sandwich tern 18 18 0 1 37 
Total 23 32 12 14 81 
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 (a) 

 

(b) 

 

(c)  

 

 
 

Figure 3. Tracks of (a) Arctic, (b) common and (c) Sandwich terns tracked from the Farne Islands 
SPA during 2010.  
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A site-specific model (under Phase 1) was generated for Arctic terns but due to the very low 
sample size of tracks, no site-specific model was generated for common terns and instead a 
generic model (under Phase 2) was used. Initially we generated a site specific model for 
Sandwich terns (under Phase 1) but this was not amenable to the further analyses (not 
reported here) we wished to apply to delineate possible SPA boundaries. As an alternative, 
we applied a generic model (under Phase 2) which is reported here (see Methods, Section 
2.2.5).  
 
For Arctic terns the results of the bootstrapping and the model selection process are given in 
Appendix 2. Details of model selection for the Phase 2 models for common and Sandwich 
terns are given in Potts et al 2013c. The final models selected are shown in Table 10. 
Distributions of predicted usage were made for Inner Farne and the Outer Farnes Group 
(centred on Brownsman Island) (Figure 4). These closely matched the underlying data for 
Arctic tern, while for Sandwich tern the predicted usage closely matched the underlying data 
around Inner Farne and also identified a hotspot around the Outer Farnes from where we 
were only able to track a single individual. As there were only data for three tracks for 
common terns, we do not compare this with the modelled prediction. 
 
Table 10. The final models selected for each species for the Farne Islands SPA.  
Species Model Terms  
Arctic tern Site-specific distance to colony, salinity in spring 
Common tern Generic distance to colony, distance to shore and 

bathymetry 
Sandwich tern Generic distance to colony, distance to shore and 

bathymetry 
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(a) 

 

(b) 

 

(c)  

 

(d)  

 

Figure 4. Predicted relative usage of the waters around Inner and Outer Farne Islands for Arctic (a, b) 
and common terns (c, d). Usage values are relative and binned using natural groupings inherent in 
the data (natural jenks, which reduce the variance within classes and maximize the variance between 
classes, determined within ArcMap v10.1).  
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(e) 

 

(f) 

 

Figure 4 (cont). Predicted relative usage of the waters around the Inner (e) and Outer Farne 
Islands (f) for Sandwich tern. Usage values are relative and binned using natural groupings inherent 
in the data (natural jenks, which reduce the variance within classes and maximize the variance 
between classes, determined within ArcMap v10.1). 
 
3.4.2 Coquet Island SPA 
 
For Coquet Island SPA, the species of interest for the project were Arctic, common, roseate 
and Sandwich terns. A total of 374 tern tracks was obtained for these species over three 
survey seasons from 2009-2011 (Table 11). Tracking work was timed to coincide with the 
chick-rearing season, except in 2010 when data were also collected during the incubation 
period in May. The distribution of Arctic and common tern tracks tended to radiate out in all 
directions from the colony, while those for roseate terns tended to be confined to Alnmouth 
Bay northeast of Coquet Island, and those for Sandwich terns were concentrated in a 
coastal strip from just north of Alnmouth Bay down to Druridge Bay (Figure 5). 

Table 11. Sample sizes of tracks obtained for the four tern species breeding at Coquet Island SPA. 
Species No. of tracks 

 2009 
(3-26 June) 

2010 
(19-21 May;  
17-23 June) 

2011 
(7 June- 1July) Total 

Arctic tern 41 14 49 104 
Common tern 35 13 42 90 
Roseate tern 21 1 31 53 
Sandwich tern 48 8 71 127 
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 (a) 

 

(b) 

 

(c)  

 

(d) 

 

Figure 5. Tracks of (a) Arctic, (b) common, (c) roseate and (d) Sandwich terns tracked from Coquet 
Island SPA from 2009-2011.  
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The results of the bootstrapping and model selection process are given in Appendix 2. The 
final models selected are shown in Table 12. Distributions of predicted relative usage closely 
matched the underlying data and are shown in Figure 6. The exception to this is that the 
predicted distribution for roseate terns was more widespread than the recorded observations 
from visual tracking. It was not possible to generate predictions for many of the grid cells 
which were between c.1-2km adjacent to the coast for Arctic or common terns. This is due to 
missing data in one or more of the covariates selected in the final model. Missing values 
close to the coast are common for the chlorophyll concentration and sea surface 
temperature covariates as these are derived from satellite imagery, which is prone to 
inaccurate measurement close to the coast due to cloud cover. 
 
Table 12. The final models selected for each species for Coquet Island SPA.  
Species Model Terms  
Arctic tern Site specific distance to colony, chlorophyll concentration in June, 

depth 
Common tern Site specific distance to colony, chlorophyll concentration in June, 

depth, sea surface temperature in April 
Roseate tern Site specific distance to colony, temperature stratification 
Sandwich tern Site specific distance to colony, distance to shore 
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(a) 

 

(b)

 

(c) 

 

(d)

 

Figure 6.  Predicted relative usage of the waters around Coquet Island for (a) Arctic, (b) common, (c) 
roseate and (d) Sandwich terns. Usage values are relative and binned using natural groupings 
inherent in the data (natural jenks, which reduce the variance within classes and maximize the 
variance between classes, determined within ArcMap v10.1). 
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3.4.3 The Wash SPA 
 
For The Wash SPA the species of interest for the project was common tern. No visual 
tracking data were available so a generic model was applied (Table 13). Details of model 
selection for this Phase 2 model are given in Potts et al 2013c. Predictions of relative usage 
were made around Freiston Shore and Snettisham, the only two notable common tern 
colonies within The Wash SPA (the only other common tern colony in within The Wash SPA 
is Frampton Marsh, with a mean of 10 AON between 2009-2013). These are shown in 
Figure 7. The predicted distributions were highest around each colony and decreased with 
distance from each colony; the foraging areas of birds from each colony did not tend to 
overlap. 
 
 Table 13. The final model selected for The Wash SPA.  
Species Model Terms 
Common tern Generic Distance to colony, distance to shore, bathymetry 

 
(a) 

 

(b) 

 

Figure 7.  Predicted relative usage of the waters around Freiston Shore (a) and Snettisham (b) within 
The Wash SPA for common terns. Usage values are relative and binned using natural groupings 
inherent in the data (natural jenks, which reduce the variance within classes and maximize the 
variance between classes, determined within ArcMap v10.1). 
 
3.4.4 North Norfolk Coast 
 
For the North Norfolk Coast SPA, the species of interest for the project were common and 
Sandwich terns. Data were kindly provided to the project by Econ Ecological Consultancy 
Ltd. A total of 132 tern tracks were available for the two species; Sandwich terns were 
tracked from both Scolt Head and Blakeney Point over three survey seasons from 2006 to 
2008 while common terns were tracked from Blakeney point during 2008 (Table 14).  
Tracking work was generally timed to coincide with the chick-rearing season, except in 2007 
when data were also collected during the incubation period in May. The distribution of 
Sandwich tern tracks tended to radiate out to sea in all directions out to sea from both Scolt 
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Head and Blakeney Point, while those for common terns tended to be confined in a coastal 
strip just north and north-east from Blakeney Point (Figure 8). 

Table 14. Sample sizes of tracks obtained for North Norfolk Coast SPA. 

Species 

No. of tracks 
Scolt 
Head 

Blakeney 
Point 

Scolt 
Head 

Blakeney 
Point 

Total 
2006 

 
(2-17 
June; 

2-25 July) 

2007 
 

(17 May; 
12-18 June; 
9-10 July) 

2007 
 

(13-19 
June; 12-
23 July) 

2008 
 

(4-14 July) 

Common tern - -  24 24 
Sandwich tern 32 34 16 26 108 
      
(a) 

 

(b) 

 

Figure 8. Tracks of (a) common and (b) Sandwich terns tracked from North Norfolk Coast SPA from 
2006-2008. Common terns were only tracked from Blakeney Point, while Sandwich terns were tracked 
from both Scolt Head and Blakeney Point. 
 

The result of the bootstrapping and model selection process are given in Appendix 2. The 
final models selected are shown in Table 15. Common terns were only tracked from 
Blakeney Point so we used the common tern model generated from Blakeney Point data to 
extrapolate usage predictions to Scolt Head (around 20km along the coast). Common terns 
at Scolt Head were treated this way rather than being considered under Phase 2 because 
the Scolt Head colony is within the same SPA complex as Blakeney Point.  Predictions of 
relative usage were made around both Blakeney Point and Scolt Head and are shown in 
Figure 9. Predicted usage was highest around the colony, generally decreasing with 
distance from the colony. However both common tern and Sandwich tern predicted usage 
from Scolt Head show a particular section of the usage surface to the north west of the 
colony where predicted usage does not change in the smooth pattern seen elsewhere. This 
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is attributable to the underlying shear stress wave data, which forms one of the covariates of 
both these models. At that particular section, the shear stress wave values change abruptly. 
 
Table 15. The final models selected for North Norfolk Coast SPA.  
Species Model Terms 
Common tern Site specific distance to colony, shear stress wave 

Sandwich tern Site specific distance to colony, distance to shore, shear stress 
wave, bathymetry 
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(a) 

 

(b) 

 

(c)

 

(d)

 
Figure 9. Predicted relative usage of the waters around North Norfolk Coast SPA for common terns 
around Scolt Head(a) and Blakeney Point (b) and for Sandwich terns around Scolt Head (c) and Blakeney 
Point (d).  Usage values are relative and binned using natural groupings inherent in the data (natural 
jenks, which reduce the variance within classes and maximize the variance between classes, determined 
within ArcMap v10.1). 
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3.4.5 Breydon Water 
 
For Breydon Water SPA the species of interest for the project was common tern. No visual 
tracking data were available so a generic model was applied (Table 16). Details of model 
selection for this Phase 2 model are given in Potts et al 2013c. Distributions of predicted 
relative usage (Figure 10) radiated out from the colony, generally declining with distance to 
colony and shore. 
  
Table 16. The final model selected for Breydon Water.  
Species Model Terms 
Common tern Generic Distance to colony, distance to shore, bathymetry 

 

 

Figure 10. Predicted relative usage of the waters around Breydon Water for common terns. Usage 
values are relative and binned using natural groupings inherent in the data (natural jenks, which 
reduce the variance within classes and maximize the variance between classes, determined within 
ArcMap v10.1). 

 
3.4.6 Foulness (Mid-Essex Coast Phase 5) 
 
For Foulness (Mid-Essex Coast Phase 5) SPA the species of interest for the project was 
common tern. No visual tracking data were available so a generic model was applied (Table 
17). Details of model selection for this Phase 2 model are given in Potts et al 2013c. 
Distributions of predicted relative usage (Figure 11) radiated out from the colony, generally 
declining with distance to colony. 
 
Table 17. The final model selected for each species at Foulness (Mid-Essex Coast Phase 5) SPA. 
Species Model Terms 
Common tern Generic Distance to colony, distance to shore, bathymetry 
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Figure 11. Predicted relative usage of the waters around Foulness for common terns. Usage 
values are relative and binned using natural groupings inherent in the data (natural jenks, which 
reduce the variance within classes and maximize the variance between classes, determined within 
ArcMap v10.1). 

 
3.4.7 Dungeness to Pett Level 
 
For Dungeness to Pett Level SPA the species of interest for the project was common tern. 
No visual tracking data were available so a generic model was applied (Table 18). The 
details of model selection for this Phase 2 model are given in Potts et al 2013c. Predictions 
of relative usage were made around the colony at Rye Harbour and are shown in Figure 12. 
Predicted distributions were highest around the colony, generally declining with distance to 
colony.  
 
Table 18. The final model selected for Dungeness to Pett Level SPA. 
Species Model Terms 
Common tern Generic Distance to colony, distance to shore, bathymetry 
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Figure 12. Predicted relative usage of the waters around Rye Harbour within  Dungeness to Pett 
Level SPA for common terns. Usage values are relative and binned using natural groupings 
inherent in the data (natural jenks, which reduce the variance within classes and maximize the 
variance between classes, determined within ArcMap v10.1). 
 
3.4.8 Chichester and Langstone Harbour 
 
For Chichester and Langstone Harbours SPA, the species of interest for the project was 
Sandwich tern. No visual tracking data were available so a generic model was applied 
(Table 19). Details of model selection for this Phase 2 model are given in Potts et al 2013c. 
Predictions of relative usage were made separately to Chichester Harbour and Langstone 
Harbour and are shown in Figure 13. Predicted distributions radiated out from each colony, 
generally declining with distance to each colony. The pattern of predicted usage extended 
towards the north eastern coastline of the Isle of Wight. 
 
Table 19. The final model selected for Chichester and Langstone Harbours SPA. 
Species Model Terms 
Sandwich tern Generic Distance to colony, distance to shore, bathymetry 
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 (a) 

 

(b) 

 

Figure 13. Predicted relative usage of the waters around (a) Chichester Harbour and (b) Langstone 
Harbour for Sandwich terns. Usage values are relative and binned using natural groupings inherent in 
the data (natural jenks, which reduce the variance within classes and maximize the variance between 
classes, determined within ArcMap v10.1). 
 
3.4.9 Solent and Southampton Water 
 
For Solent and Southampton Water SPA the species of interest for the project were common 
and Sandwich terns. No visual tracking data were available so generic models were applied 
(Table 20). Details of model selection for these Phase 2 models for common and Sandwich 
terns are given in Potts et al 2013c. Predictions of relative usage were made to North Solent 
NNR and to Pitts-Deep-Hurst for Sandwich tern, and to Pitts-Deep-Hurst for common tern 
(Figure 14). Predicted distributions were highest around each colony, generally decreasing 
with distance from each colony. 
 
Table 20. The final model selected for each species at Solent and Southampton Water SPA. 
Species Model Terms 
Common tern Generic Distance to colony, distance to shore, bathymetry 
Sandwich tern Generic Distance to colony, distance to shore, bathymetry 
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(a)

 

(b) 

 

(c) 

 

 

Figure 14. Predicted relative usage of the waters around (a) North Solent NNR and (b) Pitts-Deep-
Hurst for Sandwich terns and around Pitts-Deep-Hurst (c) for common terns. Usage values are 
relative and binned using natural groupings inherent in the data (natural jenks, which reduce the 
variance within classes and maximize the variance between classes, determined within ArcMap 
v10.1). 
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3.4.10 Poole Harbour 
 
For Poole Harbour SPA the species of interest for the project was common tern. No visual 
tracking data were available so a generic model was applied (Table 21). Details of model 
selection for this Phase 2 model are given in Potts et al 2013c. Distributions of predicted 
relative usage are shown in Figure 15. The predicted distributions were highest around the 
colony and decreased with distance from the colony. 
 
Table 21. The final model selected for each species at Poole Harbour SPA. 
Species Model Terms 
Common tern Generic Distance to colony, distance to shore, bathymetry 

 

 

Figure 15. Predicted relative usage of the waters around Poole Harbour for common terns. Usage 
values are relative and binned using natural groupings inherent in the data (natural jenks, which 
reduce the variance within classes and maximize the variance between classes, determined within 
ArcMap v10.1). 
 

3.4.11 Ribble and Alt Estuaries 
 
For Ribble and Alt Estuaries SPA the species of interest for the project was common tern. 
No visual tracking data were available so a generic model was applied (Table 22). Details of 
model selection for this Phase 2 model are given in Potts et al 2013c. Predictions of relative 
usage were made to the colony at Ribble Marshes and are shown in Figure 16. Predicted 
distributions were highest around the colony, decreasing with distance from the colony. 
 
 Table 22. The final model selected for each species at Ribble and Alt Estuaries SPA. 
Species Model Terms 
Common tern Generic Distance to colony, distance to shore, bathymetry 

 
 



Quantifying usage of the marine environment by terns Sterna sp. around their breeding colony SPAs  
 

43 

 
Figure 16. Predicted relative usage of the waters around Ribble Marshes for common terns. Usage 
values are relative and binned using natural groupings inherent in the data (natural jenks, which 
reduce the variance within classes and maximize the variance between classes, determined within 
ArcMap v10.1). 
 

3.4.12 Duddon Estuary 
 
For Duddon Estuary SPA the species of interest for the project was Sandwich tern. No visual 
tracking data were available so a generic model was applied (Table 23). Details of model 
selection for this Phase 2 model are given in Potts et al 2013c. Distributions of predicted 
relative usage are shown in Figure 17. Predicted distributions were highest around the 
colony, decreasing with distance from the colony and from the shore. 
 
Table 23. The final model selected for each species at Duddon Estuary SPA. 
Species Model Terms 
Sandwich tern Generic Distance to colony, distance to shore, bathymetry 
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Figure 17. Predicted relative usage of the waters around Duddon Estuary for Sandwich terns. 
Usage values are relative and binned using natural groupings inherent in the data (natural jenks, 
which reduce the variance within classes and maximize the variance between classes, determined 
within ArcMap v10.1). 
 

3.5  English/Welsh colony SPAs 
 
3.5.1 The Dee Estuary 
 
For The Dee Estuary SPA the species of interest for the project was common tern. No visual 
tracking data were available so a generic model was applied (Table 24). Details of model 
selection for this Phase 2 model are given in Potts et al 2013c. Predictions of relative usage 
were made to the colony at Shotton Pools are shown in Figure 18. Predicted distributions 
were highest around the colony, decreasing with distance from the colony. The predicted 
areas of usage did not extend beyond The Dee Estuary SPA. 
  
Table 24. The final model selected for each species at The Dee Estuary SPA. 
Species Model Terms 
Common tern Generic Distance to colony, distance to shore, bathymetry 
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Figure 18. Predicted relative usage of the waters around Shotton Pools for common terns. Usage 
values are relative and binned using natural groupings inherent in the data (natural jenks, which 
reduce the variance within classes and maximize the variance between classes, determined within 
ArcMap v10.1). 
 
3.6 Welsh colony SPAs 
 
3.6.1 Ynys Feurig, Cemlyn Bay and The Skerries 
 
For Ynys Feurig, Cemlyn Bay and The Skerries SPA, the species of interest for the project 
were Arctic, common and Sandwich terns. A total of 157 tern tracks was obtained, all 
collected for birds located at the colony at Cemlyn Bay (Table 25). Data were collected over 
a single survey season in 2009 (Table 11) and were timed to coincide with the chick-rearing 
period. The distribution of common tracks radiated northwards from Cemlyn Bay, whereas 
Sandwich tern tracks tended to radiate mainly to the north and north-east out from the 
colony at Cemlyn Bay, predominantly running eastwards along the northern coast of 
Anglesey, with multiple tracks running as far as the east coast of Anglesey (Figure 19). Only 
three Arctic terns were tracked (Figure 19). 
 
Table 25. Sample sizes of tracks obtained for Ynys Feurig, Cemlyn Bay and The Skerries SPA. All 
data were collected at Cemlyn Bay. 
Species No. of tracks 

 Collected by JNCC 
(9 June – 6 July 

2009) 

Collected by Econ 
Ecological Consultancy Ltd 
(28-29 May; 10-11, 24 & 26 

June; 9-10 July 2009) 

Total 

Arctic tern 2 1 3 
Common tern 30 2 32 
Sandwich tern 112 136 248 
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(a) 

 

(b) 

 
(c) 

 

 

Figure 19. Tracks of (a) Arctic, (b) common and (c) Sandwich terns tracked from Ynys Feurig, 
Cemlyn Bay and The Skerries SPA from 2009. Includes data kindly provided by Econ Ecological 
Consultancy Ltd.  All birds were tracked from Cemlyn Bay, except for one Arctic and one common 
tern tracked by ECON Ecological Consultancy Ltd which were tracked from further offshore.  
 
The results of the bootstrapping and model selection process are given in Appendix 2 for the 
Phase 1 models generated and applied to Cemlyn Bay for common and Sandwich terns. 
Due to the low sample size for Arctic terns, a Phase 2 model was used for this species at 
Cemlyn Bay. Phase 2 models were applied to the other two colonies within the SPA for 
which no data were available for common and Arctic terns (Ynys Feurig and The Skerries). 
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Sandwich terns do not regularly occupy either Ynys Feurig or The Skerries so no models 
were applied in these cases. Details of model selection for the Phase 2 models are given in 
Potts et al 2013c. The final models selected are shown in Table 26. Distributions of predicted 
relative usage are shown in Figure 20 and closely matched the underlying data where data 
were available. Predicted distributions for Arctic terns were highest around each colony, 
decreasing with distance from each colony. A similar pattern was predicted for common 
terns at The Skerries and Ynys Feurig (using generic models). The distributions of common 
terns predicted around Cemlyn Bay, using the site-specific model, again predicted highest 
usage around the colony which decreased with distance from the colony, but this decline 
with distance to colony was more gradual to the east of the colony. Predicted distributions for 
Sandwich terns around Cemlyn Bay (using the site specific model) showed highest usage 
around the colony, declining with distance from colony but extending eastwards along the 
northern coast of Anglesey. 
 
Table 26. The final models selected for each species for Ynys Feurig, Cemlyn Bay and The Skerries 
SPA. See Appendix 2 for details on the model selection. 
Species Colonies Model Terms  

Arctic tern 

Ynys 
Feurig Generic Distance to colony, bathymetry 

The 
Skerries Generic Distance to colony, bathymetry 

Cemlyn 
Bay Generic Distance to colony, bathymetry 

Common tern 

Ynys 
Feurig Generic Distance to colony, distance to shore, bathymetry 

The 
Skerries Generic Distance to colony, distance to shore, bathymetry 

Cemlyn 
Bay Site specific Distance to colony, salinity in spring 

Sandwich 
tern 

Cemlyn 
Bay Site specific Distance to colony, distance to shore, salinity in 

spring 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 20. Predicted relative usage of the waters around (a) Ynys Feurig, (b) The Skerries and (c) 
Cemlyn Bay for Arctic terns; and around (d) Ynys Feurig for common terns. Usage values are 
relative and binned using natural groupings inherent in the data (natural jenks, which reduce the 
variance within classes and maximize the variance between classes, determined within ArcMap 
v10.1). 
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 (e) 

 

(f) 

 

(g) 

 

 

Figure 20 (cont). Predicted relative usage of the waters around (e) The Skerries and (f) Cemlyn 
Bay for common terns; and around (g) Cemlyn Bay for Sandwich terns. Usage values are relative 
and binned using natural groupings inherent in the data (natural jenks, which reduce the variance 
within classes and maximize the variance between classes, determined within ArcMap v10.1). 
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3.7  Northern Ireland colony SPAs 
 
3.7.1 Larne Lough 
 
For Larne Lough SPA, the species of interest for the project were common and Sandwich 
terns. A total of 87 tern tracks was obtained for these species over the three survey seasons 
from 2009-2011 with the vast majority of tracks obtained from Blue Circle Island (Table 27). 
Two tracks were also obtained for roseate terns. Tracking work was timed largely to coincide 
with the chick-rearing season, although four Sandwich terns and one roseate tern tracked on 
2 June in 2010 were thought to be incubating. The distribution of common tern tracks tended 
to largely concentrate immediately north-east of Larne Lough, although in 2009, two tracks 
also radiated out eastwards, and another one southwards of Larne Lough, whilst in 2011, 
birds also showed distribution inside the Lough itself and as far out as 20km northeast of the 
colony (Figure 21). In contrast, Sandwich tern tracks were concentrated along a coastal strip 
north and south of the colony, and within Larne Lough itself (Figure 21). Of the two tracks of 
roseate terns, one track went north of the colony, whilst the other remained within the Lough 
itself (Figure 21).  
 
Table 27. Sample sizes of tracks obtained for Larne Lough SPA. 

Species 

No. of tracks 
Swan Island Blue Circle Island 

Total 2009 
(26 June) 

2011 
(27 June) 

2009 
(2 June-
16 July) 

2010 
2 June; 
9 July) 

2011 
(2 June-1 

July) 
Common 
tern 0 1 18 2 28 49 

Sandwich 
tern 2 0 8 13 15 38 

Roseate 
tern 0 0 0 1 1 2 
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a) 

 

(b) 

 

(c) 

 

 

Figure 21. Tracks of (a) common, (b) Sandwich and (c) roseate terns tracked from Larne Lough SPA 
from 2009-2011.  
 
Data from Swan Island and Blue Circle Island (a few hundred metres apart) were pooled to 
generate a single model for Larne Lough for each species of interest (common and 



Quantifying usage of the marine environment by terns Sterna sp. around their breeding colony SPAs  
 

52 

Sandwich terns). Predictions were made using Blue Circle Island as the colony location. 
Initially we generated a site specific model for Sandwich terns (under Phase 1) but this was 
not amenable to the further analyses (not reported here) we wished to apply to delineate 
possible SPA boundaries.  As an alternative, we applied a generic model (under Phase 2) 
which is reported here (see Methods, Section 2.2.5).  
 
The results of the bootstrapping and model selection process for the Phase 1 common tern 
model is given in Appendix 2. Details of model selection for the Phase 2 model are given in 
Potts et al 2013c. The final models selected are shown in Table 28. Relative distribution of 
both common and Sandwich terns (Figure 22) matched the underlying data well, although for 
Sandwich terns predicted usage extended into Belfast Lough, where no birds were tracked. 
Due to the absence of underlying environmental data, usage predictions could not be 
generated for the most southern part of Larne Lough. 
 
Table 28. The final models selected for Larne Lough SPA. See Appendix 2 for details on the model 
selection. 
Species Model Terms  
Common tern Site specific Distance to colony, distance to shore, bathymetry, slope 
Sandwich tern Generic Distance to colony, distance to shore, bathymetry  

 
(a) 

 

(b)

 

Figure 22. Predicted relative usage of the waters around Larne Lough for (a) common and (b) 
Sandwich terns. Usage values are relative and binned using natural groupings inherent in the data 
(natural jenks, which reduce the variance within classes and maximize the variance between 
classes, determined within ArcMap v10.1). 
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3.7.2 Outer Ards SPA 
 
For Outer Ards SPA, the species of interest for the project was Arctic tern. A total of 11 
Arctic tern tracks was obtained over three survey seasons from 2009-2011; visual tracking 
data were also collected for common and Sandwich terns (Table 29). All data were collected 
from Cockle Island. Tracking work was generally timed to coincide with the chick-rearing 
season, but three Sandwich terns and one Arctic tern tracked on 16 June 2010; and two 
Sandwich terns and one Arctic tern tracked on 21 June 2011 were thought to be incubating. 

The distribution of Arctic tern tracks tended to radiate out in a north/north-eastern direction, 
with a single track in 2011 also running eastwards, across the Irish Sea to near the southern 
coast of the Rhins peninsula, Scotland, where the bird was lost (Fi). The common tern tracks 
showed a northern direction distribution, whilst the Sandwich tern tracks radiated out 
westwards into Belfast Lough, as well as in a north/north-easterly direction. For Sandwich 
terns, tracks from multiple years went across to the Rhins peninsula, Scotland, and a single 
track in 2010 was found to go southwards along the Ards coastline, but the bird was lost 
before its return (Fi). 

Table 29. Sample sizes of tracks obtained for Outer Ards SPA. All birds tracked were from Cockle 
Island.  

Species 
No of tracks 

2009 
(22 June-
15 July) 

2010 
(16 June; 
20 July) 

2011 
(20-21 
June) 

Total 

Arctic tern 6 1 4 11 
Sandwich tern 9 8 2 19 
Common tern 4 0 1 5 
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a) 

 

b) 

 

c)

 

 

Figure 23. Tracks of a) Arctic, b) Sandwich and c) common terns tracked from Cockle Island within 
Outer Ards SPA from 2009-2011. 
 
The data for Arctic terns was combined with those collected from Copeland Islands SPA 
(see section 3.3.17) to develop a single model which was then applied separately to both 
Outer Ards SPA and Copeland Island SPA. This approach increased the number of samples 
available to the model and was deemed appropriate due to the very close proximity of the 
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two colonies from the two SPAs, with tracks from the two SPAs showing substantial overlap. 
The results of the bootstrapping and model selection process are given in Appendix 2. The 
final model selected is shown in Table 30. Distributions of predicted relative usage identified 
hotspots around both Cockle Island and the Copeland Islands, with predicted usage 
generally declining with distance from these colonies (Figure 24). Although the model has 
been applied to Cockle Island, it identifies a hotspot around the Copeland Islands due to 
high values of the shear stress current covariate in that area. It was not possible to generate 
predictions for many of the grid cells which lay between  c.1-3km from the coast and most 
grid cells within Larne Lough, due to missing data of shear stress current in that area. 
 
Table 30. The final model selected for Outer Ards SPA. See Appendix 2 for details on the model 
selection. 
Species Model Terms  
Arctic tern Site specific 

(using data from both 
Outer Ards SPA and 
Copeland Islands SPA) 

Distance to colony, shear stress current 

 

 

Figure 24. Predicted relative usage of the waters around Outer Ards SPA for Arctic terns from 
Cockle Island. Usage values are relative and binned using natural groupings inherent in the data 
(natural jenks, which reduce the variance within classes and maximize the variance between 
classes, determined within ArcMap v10.1). 

 
3.7.3 Copeland Islands SPA 
 
For Copeland Island SPA, the species of interest for the project was Arctic tern. A total of 13 
tracks was obtained over the three survey seasons from 2009-2011 (Table 31). Tracking 
work was generally timed to coincide with the chick-rearing season, but one Arctic tern 
tracked on 21 June 2011 was thought to be incubating. Similar to track distributions from the 
Outer Ards SPA, Arctic tern tracks from Copeland Islands SPA tended to radiate out in a 
north/north-eastern direction, with a single track in 2011 also running eastwards, across the 
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Irish sea to near the southern coast of the Rhins peninsula, Scotland, where the bird was 
lost (Figure 25).  

Table 31. Sample sizes of tracks obtained for Copeland Islands SPA. 

Species 
No of tracks 

2009 
(23 June) 

2010 
(16 June) 

2011 
(20-21 June) Total 

Arctic tern 1 2 10 13 
 

 

Figure 25. Tracks of Arctic terns tracked from Copeland Islands SPA from 2009-2011. 
 

The data for Arctic terns was combined with those collected from Outer Ards SPA (see 
section 3.3.16) to develop a single model which was then applied separately to both Outer 
Ards SPA and Copeland Island SPA. This approach increased the number of samples 
available to the model and was deemed appropriate due to the very close proximity of the 
two colonies from the two SPAs, with tracks from the two SPAs showing substantial overlap. 
The results of the bootstrapping and model selection process are given in Appendix 2. The 
final model selected is shown in Table 32. Predicted usage was highest around the colony, 
decreasing with distance from the colony (Figure 26). It was not possible to generate 
predictions for many of the grid cells which lay between  c.1-3km from the coast and most 
grid cells within Larne Lough, due to missing data of shear stress current in that area. 
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Table 32. The final model selected for Copeland Islands SPA. See Appendix 2 for details on the 
model selection. 
Species Model Terms  
Arctic tern Site specific (using data 

from both Outer Ards SPA 
and Copeland Islands SPA) 

Distance to colony, shear stress current 

 

 
Figure 26. Predicted relative usage of the waters around Copeland Island SPA for Arctic terns. Usage 
values are relative and binned using natural groupings inherent in the data (natural jenks, which 
reduce the variance within classes and maximize the variance between classes, determined within 
ArcMap v10.1). 
 

3.7.4 Strangford Lough 
 
For Strangford Lough SPA the species of interest for the project were Arctic, common and 
Sandwich terns. No visual tracking data were available so generic models were applied 
(Table 33). Details of model selection for these Phase 2 models are given in Potts et al 
2013c. Predictions of relative usage were made to the colony at Dunsy Rock and are shown 
in Figure 27. Predicted usage was highest around the colony, decreasing with distance from 
the colony for all three species. For common and Sandwich terns predicted usage extended 
beyond the peninsula. 
 
Table 33. The final model selected for each species at Strangford Lough SPA. 
Species Model Terms 
Arctic tern Generic Distance to colony, bathymetry 
Common tern Generic Distance to colony, distance to shore, bathymetry 
Sandwich tern Generic Distance to colony, distance to shore, bathymetry 
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(a) 

 

(b) 

 

(c) 

 

 

Figure 27. Predicted relative usage of the waters around Dunsy Rock within Strangford Lough SPA 
for (a) Arctic, (b) common and (c) Sandwich terns. Usage values are relative and binned using 
natural groupings inherent in the data (natural jenks, which reduce the variance within classes and 
maximize the variance between classes, determined within ArcMap v10.1). 
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3.7.5 Carlingford Lough 
 
For Carlingford Lough SPA the species of interest for the project were common and 
Sandwich terns. No visual tracking data were available so generic models were applied 
(Table 34). Details of model selection for these Phase 2 models are given in Potts et al 
2013c. Predictions of relative usage were made to the colony at Green Island and are shown 
in Figure 28. Predicted usage was highest around the colony, decreasing with distance from 
the colony for both species. 
 
Table 34. The final model selected for each species at Carlingford Lough SPA. 
Species Model Terms 
Common tern Generic Distance to colony, distance to shore, bathymetry 
Sandwich tern Generic Distance to colony, distance to shore, bathymetry 

 
(a) 

 

(b)

 

Figure 28. Predicted relative usage of the waters around Green Island within Carlingford Lough 
SPA for (a) common and (b) Sandwich terns. Usage values are relative and binned using natural 
groupings inherent in the data (natural jenks, which reduce the variance within classes and 
maximize the variance between classes, determined within ArcMap v10.1). 
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3.8 Scottish colony SPAs 
 
3.8.1 Fetlar 
 
For Fetlar SPA the species of interest for the project was Arctic tern. No visual tracking data 
were available so a generic model was applied (Table 35). Details of model selection for this 
Phase 2 model are given in Potts et al 2013c. Distributions of predicted relative usage are 
shown in Figure 29. Predicted usage was highest around the colony, decreasing with 
distance from the colony. 
  
Table 35. The final model selected for Fetlar SPA. 
Species Model Terms 
Arctic tern Generic Distance to colony, bathymetry 

 

 
Figure 29. Predicted relative usage of the waters around Fetlar SPA for Arctic terns. Usage values 
are relative and binned using natural groupings inherent in the data (natural jenks, which reduce the 
variance within classes and maximize the variance between classes, determined within ArcMap 
v10.1). 
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3.8.2 Mousa 
 
For Mousa SPA the species of interest for the project was Arctic tern. No visual tracking data 
were available so a generic model was applied (Table 36). Details of model selection for this 
Phase 2 model are given in Potts et al 2013c. Distributions of predicted relative usage are 
shown in Figure 30. Predicted usage was highest around the colony, decreasing with 
distance from the colony and extended over to the west coastline of Shetland mainland. 
 
 Table 36. The final model selected for Mousa SPA. 
Species Model Terms 
Arctic tern Generic Distance to colony, bathymetry 

 

 
Figure 30. Predicted relative usage of the waters around Mousa SPA for Arctic terns. Usage values 
are relative and binned using natural groupings inherent in the data (natural jenks, which reduce the 
variance within classes and maximize the variance between classes, determined within ArcMap 
v10.1). 
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3.8.3 Papa Stour 
 
For Papa Stour SPA the species of interest for the project was Arctic tern. No visual tracking 
data were available so a generic model was applied (Table 37). Details of model selection 
for this Phase 2 model are given in Potts et al 2013c. Distributions of predicted relative 
usage are shown in Figure 31. Predicted usage was highest around the colony, decreasing 
with distance from the colony. 
  
Table 37. The final model selected for Papa Stour SPA. 
Species Model Terms 
Arctic tern Generic Distance to colony, bathymetry 

 

 
Figure 31. Predicted relative usage of the waters around Papa Stour SPA for Arctic terns. Usage 
values are relative and binned using natural groupings inherent in the data (natural jenks, which 
reduce the variance within classes and maximize the variance between classes, determined within 
ArcMap v10.1). 
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3.8.4 Foula 
 
For Foula SPA the species of interest for the project was Arctic tern. No visual tracking data 
were available so a generic model was applied (Table 38). Details of model selection for this 
Phase 2 model are given in Potts et al 2013c. Distributions of predicted relative usage are 
shown in Figure 32. Predicted usage was highest around the colony, decreasing with 
distance from the colony. 
 
Table 38. The final model selected for Foula SPA. 
Species Model Terms 
Arctic tern Generic Distance to colony, bathymetry 

 

 
Figure 32. Predicted relative usage of the waters around Foula SPA for Arctic terns. Usage values 
are binned relative and using natural groupings inherent in the data (natural jenks, which reduce the 
variance within classes and maximize the variance between classes, determined within ArcMap 
v10.1). 
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3.8.5 Fair Isle 
 
For Fair Isle SPA the species of interest for the project was Arctic tern. No visual tracking 
data were available so a generic model was applied (Table 39). Details of model selection 
for this Phase 2 model are given in Potts et al 2013c. Distributions of predicted relative 
usage are shown in Figure 33. Predicted usage was highest around the colony, decreasing 
with distance from the colony. 
 
Table 39. The final model selected for Fair Isle SPA. 
Species Model Terms 
Arctic tern Generic Distance to colony, bathymetry 

 

 
Figure 33. Predicted relative usage of the waters around Fair Isle SPA for Arctic terns. Usage values 
are relative and binned using natural groupings inherent in the data (natural jenks, which reduce the 
variance within classes and maximize the variance between classes, determined within ArcMap 
v10.1). 
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3.8.6 Auskerry 
 
For Auskerry SPA the species of interest for the project was Arctic tern. No visual tracking 
data were available so a generic model was applied (Table 40). Details of model selection 
for this Phase 2 model are given in Potts et al 2013c. Distributions of predicted relative 
usage are shown in Figure 34. Predicted usage was highest around the colony, decreasing 
with distance from the colony. 
 
Table 40. The final model selected for Auskerry SPA. 
Species Model Terms 
Arctic tern Generic Distance to colony, bathymetry 

 

 
Figure 34. Predicted relative usage of the waters around Auskerry SPA for Arctic terns. Usage values 
are relative and binned using natural groupings inherent in the data (natural jenks, which reduce the 
variance within classes and maximize the variance between classes, determined within ArcMap 
v10.1). 
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3.8.7 Papa Westray (North Hill and Holm) 
 
For Papa Westray (North Hill and Holm) SPA the species of interest for the project was 
Arctic tern. No visual tracking data were available so a generic model was applied (Table 
41). Details of model selection for this Phase 2 model are given in Potts et al 2013c. 
Predictions of relative usage were made to the colonies at North Hill on Papa Westray and to 
Holm of Papay and are shown in Figure 35. Predicted usage for both colonies was highest 
around the colony, decreasing with distance from the colony, with overlap in the predicted 
areas used by birds from each colony. 
  
Table 41. The final model selected for Papa Westray (North Hill and Holm) SPA. 
Species Model Terms 
Arctic tern Generic Distance to colony, bathymetry 

 
(a) 

 

(b)

 

Figure 35. Predicted relative usage of the waters around (a) Holm of Papay and (b) North Hill, 
Papa Westray for Arctic terns. Usage values are relative and binned using natural groupings 
inherent in the data (natural jenks, which reduce the variance within classes and maximize the 
variance between classes, determined within ArcMap v10.1). 
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3.8.8 Rousay 
 
For Rousay SPA the species of interest for the project was Arctic tern. No visual tracking 
data were available so a generic model was applied (Table 42). Details of model selection 
for this Phase 2 model are given in Potts et al 2013c. Distributions of predicted relative 
usage are shown in Figure 36. Predicted usage was highest around the colony, decreasing 
with distance from the colony. 
  
Table 42. The final model selected for Rousay SPA. 
Species Model Terms 
Arctic tern Generic Distance to colony, bathymetry 

 

 
Figure 36. Predicted relative usage of the waters around Rousay SPA for Arctic terns. Usage values 
are relative and binned using natural groupings inherent in the data (natural jenks, which reduce the 
variance within classes and maximize the variance between classes, determined within ArcMap 
v10.1). 
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3.8.9 Pentland Firth Islands 
 
For Pentland Firth Islands SPA the species of interest for the project was Arctic tern. No 
visual tracking data were available so a generic model was applied (Table 43). Details of 
model selection for this Phase 2 model are given in Potts et al 2013c. Predictions of relative 
usage were made to Muckle Skerry and to Swona and are shown in Figure 37. Predicted 
usage was highest around the colony, decreasing with distance from the colony, with overlap 
in the predicted areas used by birds from each colony. 
  
Table 43. The final model selected for Pentland Firth Islands SPA. 
Species Model Terms 
Arctic tern Generic Distance to colony, bathymetry 

 
(a) 

 

(b)

 

Figure 37. Predicted relative usage of the waters around (a) Muckle Skerry and (b) Swona within 
Pentland Firth Islands SPA for Arctic terns. Usage values are relative and binned using natural 
groupings inherent in the data (natural jenks, which reduce the variance within classes and 
maximize the variance between classes, determined within ArcMap v10.1). 

 
3.8.10 Ythan Estuary, Sands of Forvie and Meikle Loch 
 
For Ythan Estuary, Sands of Forvie and Meikle Loch SPA, the species of interest for the 
project was Sandwich terns. A total of 51 tracks was obtained over a single survey season in 
2011 (Table 44). Birds were tracked from the Sands of Forvie colony, at the mouth of the 
Ythan Estuary. Tracking work was timed to coincide with the chick-rearing season. The 
distribution of Sandwich tern tracks tended to be confined to coastal waters from Aberdeen 
Bay north to Cruden Bay (Figure 38). 
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Table 44. Sample sizes of tracks obtained for Ythan Estuary, Sands of Forvie and Meikle Loch  SPA. 
Birds were tracked from Sands of Forvie. 

Species No. of tracks 
2011 (6-30 June) Total 

Sandwich tern 51 51 
 

 
Figure 38. Tracks of Sandwich terns from Ythan Estuary, Sands of Forvie and Meikle Loch SPA from 
2010. Birds were tracked from Sands of Forvie. 
 

The results of the bootstrapping and model selection process are given in Appendix 2. The 
final model selected is shown in Table 45. This is the only model in the project which does 
not contain distance to colony; this might be because in this area stratified temperature is 
highly correlated (r2 = 0.86) with distance to colony. Distributions of predicted relative usage 
closely matched the underlying data, with distributions confined to coastal waters and are 
shown in Figure 39. It was not possible to generate predictions for a few of the grid cells 
which were between c.1-2km adjacent to the coast for Sandwich terns. This is due to 
missing data in one or more of the covariates selected in the final model. 
 
Table 45. The final model selected for Ythan Estuary, Sands of Forvie and Meikle Loch  SPA. 
Species Model Terms  
Sandwich tern Site specific bathymetry, stratified temperature 
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Figure 39. Predicted relative usage of the waters around Ythan Estuary, Sands of Forvie and Meikle 
Loch SPA for Sandwich terns. Usage values are relative and binned using natural groupings inherent 
in the data (natural jenks, which reduce the variance within classes and maximize the variance 
between classes, determined within ArcMap v10.1). 
 
3.8.11 Imperial Dock Lock 
 
For Imperial Dock Lock SPA, the species of interest for the project was common tern. A total 
of 137 tracks were obtained over two survey seasons from 2009 to 2010 (Table 46).  
Tracking work was timed to coincide with the chick-rearing season, except in 2010 when 
data were also collected during the incubation period in May. The distribution of common 
tern tracks tended to radiate out in all seaward directions from the colony, with 
concentrations of tracks within this area in a wide band stretching north of the colony up to 
the Fife coastline from Kinghorn to Kirkcaldy and south-east from the colony along the 
coastal waters down to Portobello (Figure 40). 

Table 46. Sample sizes of tracks obtained for common tern species breeding at Imperial Dock Lock 
SPA. 

Species 
No. of tracks 

 
2009 

(16 June – 10 July) 
2010 

(26/31 May; 25/26 June; 13 July) 
Total 

Common tern 114 23 137 
 



Quantifying usage of the marine environment by terns Sterna sp. around their breeding colony SPAs  
 

71 

 
 

Figure 40. Tracks of common terns tracked from Imperial Dock Lock SPA from 2009 to 2010.  
 
The results of the bootstrapping and model selection process are given in Appendix 2. The 
final model selected is shown in Table 47. Distributions of predicted relative usage closely 
matched the underlying data, with usage being highest around the colony and generally 
decreasing with distance from the colony (Figure 41). However there is a particular section 
of the usage surface to the north of the colony where predicted usage does not change in 
the smooth pattern seen elsewhere. This is attributable to the underlying salinity in spring 
data, which forms one of the covariates in this model. At that particular section, the salinity in 
spring values change abruptly along a line running east-west. 
 
Table 47. The final model selected for common terns.  
Species Model Terms 

Common tern Site specific distance to colony, seabed slope, sea surface 
salinity in spring, distance to shore, bathymetry  
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Figure 41. Predicted relative usage of the waters around the Imperial Dock Lock SPA for common 
terns. Usage values are relative and binned using natural groupings inherent in the data (natural 
jenks, which reduce the variance within classes and maximize the variance between classes, 
determined within ArcMap v10.1). 
 
3.8.12 Forth Islands 
 
Forth Islands SPA consists of a series of islands supporting the main seabird colonies in the 
Firth of Forth and include the islands of Inchmickery, Isle of May, Fidra and Long Craig. For 
the Forth Islands SPA the species of interest for the project were Arctic terns (Isle of May) 
and common terns (Isle of May and Long Craig). A total of 12 tracks was obtained from the 
Isle of May over a single survey season in 2010 (Table 48, Figure 42) with two separate 
periods of tracking carried out timed to coincide with incubation (early June) and chick-
rearing (late June). Terns on the Isle of May had a very poor season in 2010, with few birds 
attempting to breed (seven common terns incubating by end of May, rising to 52 pairs by the 
last week of June, equally split between common and Arctic terns) and chicks suffered gull 
predation soon after hatching. We felt that the likelihood that our tracked individuals were 
non-breeders or failed breeders was very high compared to our other study colonies, and 
considered the data potentially unrepresentative. Therefore those data were discarded and 
instead, a generic model was applied for Forth Islands SPA (Table 49). Details of model 
selection for these Phase 2 models are given in Potts et al 2013c. Distributions of predicted 
relative usage are shown in Figure 43. For both species, predicted usage was highest 
around the colony, decreasing with distance from the colony. 



Quantifying usage of the marine environment by terns Sterna sp. around their breeding colony SPAs  
 

73 

Table 48. Sample sizes of tracks obtained for tern species breeding at Isle of May colony. Note that 
these data were not used in the modelling analysis as they were considered unrepresentative. 

Species 
No. of tracks 

2010 
(1-3 June; 26 June) 

Arctic tern 10 
Common tern 2 

 
(a) 

 

(b) 

 
Figure 42. Tracks of (a) Arctic and (b) common terns tracked from the Isle of May within the Forth 
Islands SPA in 2010. 
 

Table 49. The final models selected for Forth Islands SPA. 
Species Model Terms 
Arctic tern Generic Distance to colony, bathymetry 
Common tern Generic Distance to colony, distance to shore, bathymetry 
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(a) 

 

(b)

 

(c)

 

 

Figure 43. Predicted relative usage of the waters for (a) Arctic and (b) common terns around the 
Isle of May and for (c) for common terns around Long Craig. Usage values are relative and binned 
using natural groupings inherent in the data (natural jenks, which reduce the variance within 
classes and maximize the variance between classes, determined within ArcMap v10.1). 
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3.8.13 Glas Eileanan 
 
For Glas Eileanan SPA, the species of interest for the project was common tern. A total of 63 
common tern tracks was obtained over a single survey season in 2011, and two Arctic terns 
were also tracked (Table 50). Tracking work was timed to coincide with the chick-rearing 
season. Birds were tracked from both Glas Eileanan itself, and South Shian around 20km to 
the east where birds breed on artificial rafts. There is some evidence from ringed birds that 
there has been some movement of birds between these two colonies (C. Craik, pers.com.). 
The distribution of common tern tracks radiated out into the Sound of Mull, Firth of Lorne and 
into Loch Linnhe around Lismore. The two tracked Arctic terns remained within the Sound of 
Mull, eastwards of the colony (Figure 44).  

Table 50. Sample sizes of tracks obtained for the four tern species breeding at Glas Eileanan SPA. 
Species No. of tracks 

Glas Eileanan South Shian Total 
2011  

(20-29 June) 
2011  

(24-28 June) 
Common tern 48 15 63 
Arctic tern 2 0 2 

 
 (a)  

 

 (b) 

  
 

Figure 44. Tracks of (a) Arctic terns tracked from Glas Eileanan SPA and (b) common terns tracked 
from Glas Eileanan SPA and South Shian. 

 
The results of the bootstrapping and model selection process are given in Appendix 2. The 
final model selected is shown in Table 51. Distribution of predicted usage for common terns 
matched the underlying data from Glas Eileanan reasonably well, although it failed to predict 
the high observed usage along the south coast of Lismore and overestimated the use off the 
east coast of Mull (Figure 45). It was not possible to generate predictions for a small number 
of the grid cells which lay between c.1-2km from the coast and for most of the grid cells 
within Loch Stunart, due to missing data for the seabed covariate in that area. 
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Table 51. The final model selected for Glas Eileanan SPA.  
Species Model Terms  
Common tern Site specific Distance to colony, distance to shore, slope 

 

 
Figure 45. Predicted relative usage of the waters around Glas Eileanan for common terns. Usage 
values are relative and binned using natural groupings inherent in the data (natural jenks, which 
reduce the variance within classes and maximize the variance between classes, determined within 
ArcMap v10.1). 
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4 Assessing model performance 
 
The cross-validation results for testing the ability of the Phase 1 models to predict validation 
data from individuals are shown in Table 52, while the results for testing the ability of the 
models to predict validation data from other years are shown in Table 53. The likelihood and 
mean square error scores are only relative to the other models in the test set, but the AUC 
score represents the discriminatory ability of a model as follows: >0.9, excellent; 0.8-0.9, 
good; 0.7-0.8, moderate; 0.6-0.7, poor; and 0.5-0.6, unsuccessful (Swets 1988). Of the 
Phase 1 models tested, five models performed moderately well, seven were good and nine 
were excellent in their ability to predict validation data for individuals (Table 52). Of those 
tested for their ability to predict validation data for years, based on the average AUC  score, 
one performed poorly, two performed moderately well, three were good and two were 
excellent (Table 53). The cross-validation results for the Phase 2 models are summarised in 
Table 54. They showed that, when predicting data from new colonies, the final Arctic tern 
generic model performed moderately well, the common tern generic model was good, and 
the Sandwich tern generic model was excellent. For all species, the final Phase 2 models 
performed better than simple models containing only distance to colony, but only marginally 
so. 
 
Table 52. The results of cross-validation, testing the ability of the models to predict validation data 
from individuals. Three scores of cross-validation were used. The average score for each for the 
bootstrap samples of 10, 20 or 30 tracks (see Methods) are shown. 

SPA Colony Bootstrap 
Sample Size 

Average 
Likelihood 
Score 

Average Mean 
Squared Error 
Score 

Average 
AUC 

Arctic tern 

Coquet Island 
10 -0.225 0.056 0.791 
20 -0.213 0.055 0.801 
30 -0.213 0.056 0.795 

Common tern 

Coquet Island 
10 -0.232 0.059 0.838 
20 -0.197 0.056 0.848 
30 -0.193 0.056 0.849 

Imperial Dock Lock 
10 -0.305 0.086 0.734 
20 -0.294 0.084 0.744 
30 -0.291 0.084 0.744 

Sandwich tern 

Coquet Island 
10 -0.213 0.059 0.915 
20 -0.192 0.059 0.913 
30 -0.193 0.059 0.917 

North Norfolk 
10 -0.215 0.053 0.883 
20 -0.199 0.052 0.886 
30 -0.201 0.053 0.884 

Ynys Feurig, Cemlyn 
Bay and The Skerries 

10 -0.205 0.055 0.934 
20 -0.193 0.053 0.940 
30 -0.176 0.051 0.943 

Ythan Estuary, Sands of 
Forvie and Meikle Loch 

10 -0.104 0.030 0.989 
20 -0.085 0.027 0.990 
30 -0.082 0.026 0.991 
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Table 53. The results of cross-validation, testing the ability of the models to predict validation data 
from a different year of survey. Three scores of cross-validation were used (see Methods). 

SPA 
colony 

Test Year  
(no. tracks) 

Training years 
(no. tracks) 

Like-
lihood  

Mean 
squared 
error  

AUC Average 
AUC 

Arctic tern 

Coquet 
Island 

2009 (36) 2010 (13) -0.45 0.11 0.62 0.71 
2009 (36) 2010, 2011 (55) -0.2052 0.055 0.816  
2009 (36) 2011 (42) -0.43 0.11 0.59  
2010 (13) 2009 (36) -0.35 0.1 0.59  
2010 (13) 2009, 2011 (78) -0.2472 0.0692 0.7947  
2010 (13) 2011 (42) -0.69 0.16 0.45  
2011 (42) 2009 (36) -0.18 0.05 0.84  
2011 (42) 2009, 2010 (49) -0.1594 0.0418 0.8227  
2011 (42) 2010 (13) -0.16 0.04 0.84   

Outer 
Ards 

2009 (7) 2010, 2011 (17) -0.3814 0.1015 0.604 0.72 
2009 (7) 2011 (14) -0.43 0.11 0.59  
2011 (14) 2009 (7) -0.18 0.05 0.84  
2011 (14) 2009, 2010 (10) -0.2009 0.053 0.8343   

Common tern 

Coquet 
Island 

2009 (29) 2010 (13) -0.21 0.06 0.87 0.84 
2009 (29) 2010, 2011 (46) -0.2085 0.0626 0.8647  
2009 (29) 2011 (33) -0.21 0.63 0.86  
2010 (13) 2009 (29) -0.26 0.08 0.79  
2010 (13) 2009, 2011 (62) -0.2651 0.0777 0.7632  
2010 (13) 2011 (33) -0.28 0.08 0.74  
2011 (33) 2009 (29) -0.16 0.05 0.89  
2011 (33) 2009, 2010 (42) -0.1587 0.0478 0.8919  
2011 (33) 2010 (13) -0.17 0.05 0.89   

Imperial 
Dock 
Lock 

2009 (97) 2010 (21) -0.2922 0.086 0.7315 0.68 
2010 (21) 2009 (97) -0.3318 0.0898 0.624   

Larne 
Lough 

2009 (12) 2011 (19) -0.21 0.06 0.89 0.87 
2011 (19) 2009 (12) -0.24 0.07 0.84  
2009 (12) 2010, 2011 (20) -0.2116 0.0575 0.8885  
2011 (19) 2009, 2010 (13) -0.2251 0.0628 0.8465   

Roseate tern19

Coquet 

 
2009 (14) 2010, 2011 (26) -0.182 0.050 0.919 0.90 
2011 (25) 2009, 2010 (15) -0.342 0.073 0.882   

  

                                                
19 The cross-validation analysis for Roseate terns was carried out by BioSS (see Potts & Brewer 2014) 
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SPA 
colony 

Test Year  
(no. tracks) 

Training years 
(no. tracks) 

Like-
lihood  

Mean 
squared 
error  

AUC Average 
AUC 

Sandwich tern 

Coquet 

2009 (36) 2010 (8) -0.14 0.04 0.92 0.92 
2009 (36) 2010, 2011 (54) -0.1683 0.0552 0.9184  
2009 (36) 2011 (46) -0.13 0.04 0.92  
2010 (8) 2009 (36) -0.31 0.1 0.9  
2010 (8) 2009, 2011 (82) -0.235 0.0837 0.8987  
2010 (8) 2011 (46) 0.18 0.06 0.91  
2011 (46) 2009 (36) -0.13 0.04 0.93  
2011 (46) 2009, 2010 (44) -0.1509 0.0502 0.9391  
2011 (46) 2010 (8) -0.12 0.04 0.92   

Larne 
Lough 

2009 (9) 2010 (10) -0.02 0.01 1 0.98 
2009 (9) 2011 (11) -0.05 0.02 1  
2010 (10) 2009 (9) -0.13 0.04 0.97  
2010 (10) 2011 (11) -0.1 0.04 0.97  
2011 (11) 2009 (9) -0.34 0.05 0.98  
2011 (11) 2010 (10) -0.14 0.05 0.98  
2009 (9) 2010, 2011 (21) -0.034 0.0087 0.9968  
2010 (10) 2009, 2011 (20) -0.093 0.0329 0.9687  
2011 (11) 2009, 2010 (19) -0.2251 0.0574 0.9798  
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Table 54. Cross-validation results based on the AUC score for Phase 2 models for (a) Arctic, (b) 
common and (c) Sandwich terns. For common and Sandwich terns, results are shown for when the 
salinity in spring covariate was excluded as this allowed inclusion of North Norfolk (salinity in spring 
data were not available for this area). For each species the final model chosen (based on three 
different cross-validation scores, see Methods) is shown in bold. In addition, a model containing only 
distance to colony and (if different), the model which maximised the AUC score are shown for 
comparison. For the cross-validation results for all the other models tested, and for all three scores, 
see Potts et al 2013c.  
(a) Arctic terns AUC score for each test colony 
Model Coquet Island Farne Islands Outer Ards Average AUC 
Distance to colony 0.790 0.753 0.700 0.747 
Distance to colony, bathymetry  0.789 0.755 0.713 0.752 

 
(b) Common terns AUC score for each test colony (excluding salinity) 

Model 

North 
Norfolk 

Coquet 
Island Cemlyn Larne 

Lough 

Imperial 
Dock 
Lock 

Glas 
Eileanan 

Average 
AUC 

Distance to colony 0.923 0.801 0.916 0.819 0.655 0.746 0.810 
Distance to colony, 
bathymetry, 
distance to shore 

0.931 0.813 0.913 0.788 0.665 0.761 0.812 

 
(c) Sandwich terns AUC score for each test colony (excluding salinity) 

Model 

North 
Norfolk 

Coquet 
Island 

Larne 
Lough 

Sands 
of 

Forvie 

Farne 
Islands Cemlyn Cockle Average 

AUC 

 Distance to colony 0.877 0.850 0.963 0.898 0.889 0.866 0.842 0.884 
 Distance to colony, 
bathymetry 0.878 0.899 0.979 0.962 0.956 0.907 0.856 0.920 

 Distance to 
colony, 
bathymetry, 
distance to shore 

0.821 0.911 0.979 0.973 0.970 0.907 0.850 0.916 
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5 Discussion 
 
This project has collected and collated a substantial amount of data on the distributions of 
terns at sea and to our knowledge represents the largest available resource of tracking data 
for breeding terns; tracking of individual terns of known provenance has rarely been 
undertaken and never before on the scale of this study. The visual tracking method allowed 
this to be achieved at a time when bird-borne devices, such as GPS tags, were still 
unsuitable for deploying on terns. A major benefit of visual tracking compared to remote 
tracking is the certainty and accuracy with which the spatial location of foraging events can 
be recorded thus eliminating the need to infer these from characteristics of the track such as 
speed or sinuosity. The data collected/collated consisted of up to three years of survey 
around eleven colony SPAs. Datasets from ten of these colony SPAs were suitable for 
analysis (the Isle of May dataset had to be discarded as the data were considered potentially 
unrepresentative) and a total of almost 1300 tracks were available to the project across the 
four species. Geographical coverage across the UK was maximised within the constraints of 
the time, logistics and resources available. This ensured that data were obtained across a 
large range of covariate values, and that inter-colony variation could be captured as much as 
possible for the generic models. 
 
A thorough model development exercise explored and addressed the key analytical issues 
presented by our tracking data and found that weighted binomial GLMs were the most 
suitable means of creating predictive foraging distribution models. Their application allowed 
the development of site-specific models for 16 species/SPAs as well as generic models for 
each species that were used to extrapolate geographically for 30 species/SPAs. Thus the 
project delivered predictions of relative distributions of the larger tern species around the full 
complement of 32 colony SPAs in the UK which were found to be recently and regularly 
occupied (46 species/SPA models in total). 
 
All of our models predicted highest usage around the colony, with usage generally declining 
with distance from the colony, which accords well with what we might expect for central 
place foragers. For Arctic and common terns, the pattern of usage generally radiated out 
from the colony in all directions out to sea. For Sandwich terns, usage was in most cases 
confined to a relatively narrow coastal area either side of the colony. Foraging grounds were 
rarely discrete from the colony (Imperial Dock Lock was the sole exception), indicating that 
areas used for commuting between the colony and the foraging grounds are likely to have 
been captured despite commuting data being excluded from the analyses. In all cases, there 
was negligible use of areas distant from the colony; in general around over three-quarters of 
the maximum potential foraging range was predicted to be virtually unused; for example, 
95% of usage was contained within 5% (Sandwich) – 18% (Arctic) of the total available area 
within the maximum foraging range around Coquet Island. Consequently, the majority of 
usage was confined to an area less than that encompassed by the mean maximum foraging 
ranges (as recorded in this study as well as those in Thaxter et al (2012)). So although a 
simple approach such as applying a mean maximum foraging range radius around the 
colony, would correctly identify areas being used (and be a simpler method to explain), it 
would also include large areas of relatively low importance and be rather precautionary. Our 
habitat modelling approach, although complex, provides more realistic estimates of the 
relative importance of the areas within the maximum and mean maximum foraging ranges. 
 
Distributions predicted by the Phase 1 models generally matched the underlying data well, 
but also occasionally identified areas of use which were not captured by our tracking data. 
This is one of the key advantages of using a habitat modelling approach as it allows 
extrapolation into areas which were not sampled, but which are predicted to be used based 
on the suitability of the environment. Interpolation based only on raw data would risk 
overlooking the potential importance of some areas if they had not happened to be used at 
the time of tracking by the individuals that were sampled. However, birds might be absent in 
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areas that are predicted to be important because of the effects of an environmental variable 
that is not available for use in the model, or for behavioural reasons. Behavioural reasons 
might include benefiting from social feeding elsewhere, or avoiding competition, either with a 
neighbouring colony or within the same colony. Indeed, analysis of our 2011 tracking data 
from Coquet Island indicated that roseate terns may minimise inter-specific competition with 
the morphologically similar Arctic and common terns by partitioning foraging areas, as well 
as diet (Robertson et al 2014). Such behavioural influences on choice of foraging area are 
likely to be complex and variable, both temporally and spatially, and incorporating these 
factors within our models was beyond the scope of our project. 
 
In the absence of independent datasets for assessing model predictive ability, the re-
sampling technique of cross-validation has become a popular tool for validation of predictive 
models (e.g. Elith et al 2006; Schwemmer et al 2009) and was used extensively in this 
project. We used an AIC approach, supplemented with bootstrapping and considerations of 
biological plausibility (Phase 1), and cross-validation (Phase 2) to provide a robust basis for 
model selection. All of the final models were relatively simple, with most containing only two 
or three covariates and all except one (Sandwich terns at Ythan Estuary, Sands of Forvie 
and Meikle Loch SPA) containing distance to colony; however for that area distance to 
colony is highly correlated with one of the covariates in the final model. There was high 
consistency in the covariates selected in the final models across SPAs both within and 
between species, with distance to colony, bathymetry and salinity in spring being selected in 
a third of Phase 1 models for all species. These covariates have previously been shown to 
influence tern distributions (Garthe 1997; Schwemmer et al 2009). Cross-validation 
exercises confirmed that our models performed well in predicting the distributions of 
individuals from validation datasets within a colony (Phase 1), as well as performing well 
when extrapolating to new colonies (Phase 2).  
 
A habitat modelling approach allowed us to apply generic models which benefit from pooling 
data across multiple colonies, gaining strength from increased sample sizes which are able 
to identify broad, consistent preference relationships across multiple colonies. However, if 
there are differences in habitat preference between the sampled and unsampled colonies 
there is a risk that generic models might not accurately capture important areas at the 
unsampled colonies. One notable gap in data coverage was the Northern Isles which is 
where the vast majority of the UK Arctic tern population breed, and there is a risk that there 
might be regional differences in habitat preferences between birds breeding in the Northern 
Isles compared to those breeding at the sampled colonies further south. To minimise this 
risk, we focussed on identifying general, consistent habitat preference relationships across 
the sampled colonies and based model selection for the generic models on the ability of 
models to predict to unsampled colonies; the cross-validation results lend confidence to our 
decision to combine data across sites. We also compared the underlying environmental 
covariate data between sampled and unsampled colonies (based on box-plots and Principal 
Component Analysis) to confirm that there overlaps in the range of habitat (as quantified by 
our covariates) available. 
 
During visual tracking, around 64% of terns tracked were lost before they completed their 
foraging trip and this might be expected to cause an underestimation of the maximum 
foraging range. In this context, it is useful to compare our foraging ranges with those in the 
published literature, although it is important to note that these may not have been collected 
using comparable methods and may suffer from their own biases. We found that our mean 
maximum foraging ranges were in fact greater than the most recent published estimates 
(Thaxter et al 2012) for Arctic, common and roseate terns. Our mean maximum foraging 
range recorded for Sandwich terns was around two-thirds of that recorded in Thaxter et al 
2012. The value in Thaxter et al 2012 was based on only two datasets, both of which were 
used within our project (available through a data-sharing agreement with ECON Ecological 
Consultancy Ltd). Given that the mean maximum foraging ranges we recorded for the other 
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species were slightly greater than those recorded in Thaxter et al (2012), we feel that the 
lower mean maximum foraging range that we recorded for Sandwich terns is likely to reflect 
the fact that it better incorporates the true variation between colonies rather than being a 
significant underestimate (e.g. due to the survey method).  
 
An important consideration in our study was that the data underlying our models were as 
representative as possible of the breeding populations of the colonies. We found that birds 
appeared to generally ignore the presence of the vessel and conclude the foraging 
behaviour of the sampled birds was unlikely to have been adversely affected by our survey 
method. We selected individuals at random as they departed from the colony and ensured 
we captured birds departing the colony from all directions out to sea. A separately 
commissioned analysis as part of the project based on a subset of our data found that our 
tracking data for Arctic, roseate and Sandwich terns from Coquet Island SPA and for 
common terns from Imperial Dock Lock SPA captured an estimated 71 - 74% of the core 
areas of use of those colonies (Harwood & Perrow 2014). The datasets, on which this 
analysis was based, sampled 8-14% of the total colony population for Arctic, common and 
Sandwich terns; and 61% for roseate terns. Although the Harwood and Perrow (2014) 
assessment is only applicable to the conditions pertaining to the time the samples were 
collected, it provides reassurance that, even when a relatively small proportion of the colony 
population is sampled, our data are likely to represent the core areas used by the colony 
population as a whole. 
 
Tern distributions might be expected to vary between years, for example if the distribution of 
their prey changes. Therefore we were careful to obtain multiple years of data from a 
selection of our study sites. Of the 16 site-specific models, nine (56%) are based on three 
years of data, one (6%) is based on two years, and six (38%) are based on one year. 
Analysis (based on including year as an interaction term in the GLM models) showed there 
was little evidence to suggest any differences between years in environmental preferences, 
with only weak evidence of the relationship with distance to shore varying between years for 
Sandwich terns around Coquet Island SPA and no evidence of other relationships varying 
between years. However, there is a possibility that a lack of statistical power in the data (due 
to large variation/small sample sizes) prevented detection of significant differences between 
years. In other words, variation between years may be small relative to variation between 
colonies or between individuals. In addition, it is important to note that the dynamic covariate 
data were gathered over a different time period than our tern distribution data, so we were 
not assessing real-time relationships. Cross-validation showed that our models performed 
well in predicting validation data from other years, in all cases bar one, suggesting that 
overall our models were able to capture relationships that were consistent between the years 
of survey. 
 
Our surveys were timed and targeted to focus on breeding birds, largely during the chick-
rearing period. The collection of a relatively small proportion of data was timed to coincide 
with the incubation period but we were unable to confirm the true breeding status of most of 
the birds tracked, so data collected during the incubation period may have included birds 
which were rearing chicks, and birds tracked during the chick-rearing period may have been 
incubating. Therefore we combined data across the incubation and chick-rearing period for 
analysis. Foraging ranges might be expected to be greater during incubation as birds are 
less constrained to return to their colony so frequently (because they do not have to regularly 
feed chicks several times a day). Indeed the foraging ranges of roseate terns have been 
found to be greater during courtship and incubation than during the chick-rearing period 
(Newton & Crowe 2000). Shorter foraging tracks for Sandwich terns at North Norfolk during 
chick-rearing might be linked to seasonal inshore movements of prey as well as the imposed 
constraints of chick provisioning (Eglington & Perrow 2014). Thus, incubating birds may be 
exposed to different or additional levels of pressures during incubation. Inclusion of 
incubating birds might lead to elevated estimates of usage in areas more distant from the 
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colony than they would have been had we used only chick-rearing data, but we expect that 
any difference would be marginal due to the relatively small proportion of our sampled birds 
likely to have been incubating. So the models are unlikely to fully capture areas of 
importance during incubation. Foraging ranges might also vary within different stages of the 
incubation and chick rearing period. A separate analysis of the Coquet Island 2011 tracking 
data for common, Arctic and roseate terns, using home range analysis found that Arctic and 
common tern core foraging areas moved closer to the colony and were smaller during late 
chick-rearing compared to early chick-rearing, corresponding with an increased provisioning 
rate of Arctic Terns observed at the colony (Robertson et al 2014). 
 
Any survey method can provide information only about distributions during the conditions 
experienced at the time of survey. The visual tracking method is constrained by weather 
conditions and becomes difficult to undertake in sea states greater than three and/or during 
rainfall. Therefore the data may not capture areas that are important during poor weather if 
these differ from those used during favourable survey conditions. Tern foraging success has 
been shown to vary between different weather conditions, with success generally lower in 
windier and/or wetter conditions (see Eglington & Perrow (2014) and references therein). 
Such conditions may make prey less available to terns but it is not clear whether or how it 
might affect their spatial use of the marine environment; Steinen et al (2000) speculated that 
Sandwich terns may switch to foraging in more sheltered areas during windy weather. 
 
The analytical approach we used in our study applied logistic regression modelling to our 
foraging location data by comparing it with a generated control dataset which represented 
available but unused locations (a use-availability design, Keating & Cherry 2004). This type 
of approach has recently been applied to seabird tracking data (Langston et al 2013; 
Wakefield et al 2011). But there is now an increasing variety of alternative species 
distribution modelling techniques designed to deal with presence-only data (see Elith et al 
2006). ‘Maximum Entropy’ in particular is becoming increasingly popular in this respect (Elith 
et al 2006, 2011; Phillips et al 2006). Although there have been comparisons of different 
modelling methods (mainly for terrestrial species e.g. Brotons et al 2004; Elith et al 2006, but 
see Oppel et al 2012 for a seabird example) conclusions are mixed and it has been argued 
that the literature on species distribution modelling is not yet mature enough to provide clear 
guidance for selecting relevant methods (Elith & Graham 2009). Indeed, given different 
model methods have their own strengths and weaknesses, and may provide different 
predictions based on the same input data, some studies combine different modelling 
techniques within an ensemble or model-averaging approach (e.g. Oppel et al 2012; 
Marmion et al 2009; McGowan et al 2013, Lavers et al  2014). 
 
The development of techniques for analysing presence-only data is rapidly expanding and 
becoming more sophisticated (e.g. Aarts et al 2012, 2013). It is apparent that spatial point 
process modelling methods are likely to become more common place particularly as 
solutions to provide increased computing efficiency evolve (e.g. Johnson et al 2013). In the 
meantime, our model development exercise used one of the more common and well 
accepted regression approaches to analyse and predict distributional patterns from 
presence-only data (MacDonald et al 2013) as it provided a solid basis to develop pragmatic 
and practical solutions to the various complexities and issues presented by our data.  
 
Until relatively recently, spatial statistics were rarely used to analyse seabird distributions at 
sea and link them with oceanographic variables (Tremblay et al 2009). Traditional analysis of 
tracking data has tended to be restricted to simple descriptions of distributions (e.g. Le Corre 
et al 2012), often based on interpolation or smoothing of the data such as home range 
analysis (e.g. DeLord et al 2014). Habitat modelling allows a better understanding of the 
distribution patterns and habitat associations, and allows predictions both spatially and 
temporally (into the future), all of which are invaluable for effective conservation planning. 
Coupled with major advancements in the quantity and resolution of both seabird distribution 
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and environmental data (Tremblay et al 2009), this has resulted in habitat modelling being 
increasingly used as a basis to inform the locations of marine protected areas for seabirds 
(e.g. Amorim et al 2009; Lascelles et al 2012; Lavers et al 2014; Louzao et al 2006, 2009, 
2011). The importance of habitat modelling as a powerful tool to predict patterns of species 
occurrence is particularly recognised within the context of identifying marine Important Bird 
Areas (IBAs) (e.g. Arcos et al 2009; Fric et al 2012; Ramirez et al 2008; Birdlife 2011 and 
Oppel et al 2012). Our project developed a novel application of an established approach 
(though only recently applied within a seabird context) and represents one of the few multi-
colony habitat modelling studies carried out at a national level for multiple species. 
Moreover, to our knowledge this is the first example where habitat modelling of tracking data 
has been applied to make geographically extrapolated predictions for unsampled areas. We 
have shown that, though logistically challenging, such an approach is feasible and 
invaluable for informing conservation of terns in the marine environment, including the 
identification of marine SPAs, marine planning and environmental impact assessments. 
Moreover, it can contribute to our overall understanding of factors affecting seabirds at sea 
at different spatial scales. The outputs from this work form a useful and valuable resource 
given the increasing political, environmental and legal imperatives to identify protected areas 
at sea for the conservation of seabirds.  



Quantifying usage of the marine environment by terns Sterna sp. around their breeding colony SPAs  
 

86 

6 References 
 
AARTS, G., MacKENZIE, M., McCONNELL, B., FEDAK, M. & MATTHIOPOULOS, J. 2008. 
Estimating space-use and habitat preference from wildlife telemetry data.  Ecography, 31, 
140-160. 
 
AARTS, G., FIEBERG, J. & MATTHIOPOULOS, J. 2012. Comparative interpretation 
of count, presence–absence and point methods for species distribution models. Methods in 
Ecology and Evolution, 3, 177–187. 
 
AARTS, G., FIEBERG, J., BRASSEUR, S. & MATTHIOPOULOS, J. 2013. Quantifying 
the effect of habitat availability on species distributions. Journal of Animal Ecology, 
DOI:10.1111/1365-2656.12061. 
 
AMORIM, P., FIGUEIREDO, M., MACHETE, M., MORATO, T., MARTINS, A., & SERRA˜O 
SANTOS, R. 2009. Spatial variability of seabird distribution associated with environmental 
factors: a case study of marine Important Bird Areas in the Azores. ICES Journal of Marine 
Science, 66, 29–40. 
 
ARCOS, J. M., BÉCARES, J., RODRÍGUEZ, B. & RUIZ, Y.A. 2009  Áreas Importantes para 
la Conservación de las Aves marinas en España. LIFE04NAT/ES/000049-Sociedad 
Española de Ornitología (SEO/BirdLife). Madrid 
 
AUSTIN, M. 2007. Species distribution models and ecological theory: A critical assessment 
and some possible new approaches. Ecological Modelling, 200, 1-19. 
 
BEALE, C.M., LENNON, J.J., YEARSLEY, J.M., BREWER, M.J. & ELSTON, D.A. 2010. 
Regression analysis of spatial data.  Ecology Letters, 13, 246-264.  
 
BECKER, P.H., FRANK D. & SUDMANN, S.R. 1993. Temporal and spatial pattern of 
common tern (Sterna hirundo) foraging in the Wadden Sea. Oecologia, 93, 389-393. 
 
BIRDLIFE. 2011. Habitat modelling using satellite tracking data: a workshop to advance this 
process. Results from a workshop held 21-23 September 2011 at University of Coimbra, 
Portugal. BirdLife International report. Cambridge, UK. Available from: 
http://www.birdlife.org/datazone/userfiles/file/Marine/CoimbraHabitatModellingReport.pdf 
 
BREWER, M.J., POTTS, J. M., DUFF, E. I. & ELSTON, D. A. 2012a. To carry out tern 
modelling under the Framework Agreement C10-0206-0387. Contract Report to JNCC, 
March 2012. 
 
BREWER, M.J., POTTS, J. M., DUFF, E. I. & ELSTON, D. A. 2012b. Prediction of new 
colonies – seabird tracking data (under Agreement C10-0206-0387). Contract Report to 
JNCC, November 2012. 
 
BREWER, M.J., POTTS, J. M., DUFF, E. I. & ELSTON, D. A. 2012c. Additional Work 
Coquet Colony – Seabird Tracking Data (under Agreement C10-0206-0387). Contract 
Report to JNCC, December 2012. 
 
BRINDLEY, E. 1998. Little terns in 1997. Unpublished report of the Royal Society for the 
Protection of Birds, Sandy. 
 
BROTONS, L., THUILLER, W., ARAUJO, M. B. & HIRZEL, A. H. 2004. Presence-absence 
versus presence-only modelling methods for predicting bird habitat suitability. Ecography, 
27, 437-448. 

http://www.birdlife.org/datazone/userfiles/file/Marine/CoimbraHabitatModellingReport.pdf�


Quantifying usage of the marine environment by terns Sterna sp. around their breeding colony SPAs  
 

87 

BROWN, R. A. & MCAVOY, W. 1985. Nesting terns in Strangford Lough, 1969-84 – a 
review. Irish Birds, 3, 33-47. 
 
BURNHAM, K.P. & ANDERSON, D.R. 2002. Model selection and multimodel inference: a 
practical information-theoretic approach. Second Edition. Springer-Verlag, New York. 
 
CRAMP, S. (ed.) 1985. The Birds of the Western Palearctic, Vol. 4. Oxford University Press. 
 
DELORD, K., BARBRAUD, C., BOST, C-A., DECEUNINCK, B., LEFEBVRE, T.,LUTZ, R., 
MICOL, T., PHILLIPS, R. A., TRATHAN P. N. & WEIMERSKIRCH, H. 2014. Areas of 
importance for seabirds tracked from French southern territories, and recommendations for 
conservation. Marine Policy 48, 1–13. 
 
DUNN, E. K. & MEAD, C.J. 1982. Relationship between sardine fisheries and recovery rates 
of ringed terns in West Africa. Seabird, 6, 98-104. 
 
EGEVANG, C., STENHOUSE, I. J., PHILLIPS, R. A., PETERSEN, A., FOX, J. W. & SILK, J. 
R. D. 2010. Tracking of Arctic terns Sterna paradisaea reveals longest animal migration. 
Proceedings of the National Academy of Sciences of the United States of America 107: 
2078-2081. 
 
EGLINGTON, S. & PERROW, M. R. 2014. Literature review of tern Sterna sp. foraging 
ecology. Report to JNCC, under Contract ref. C13-0204-0686. 
 
ELITH, J. & GRAHAM, C.H. 2009. Do they? How do they? Why do they differ? On finding 
reasons for differing performances of species distribution models. Ecography, 32, 66–77. 
 
ELITH, J, GRAHAM, C.H., ANDERSON, R.P., DUDÍK, M., FERRIER, S., GUISAN, A., 
HIJMANS, R.J., HUETTMANN, F., LEATHWICK, J.R., LEHMANN, A., LI, J., LOHMANN, 
L.G., LOISELLE, B.A., MANION, G., MORITZ, C., NAKAMURA, M., NAKAZAWA, Y., 
OVERTON, J.M., PETERSON, A.T., PHILLIPS, S.J., RICHARDSON, K., SCACHETTI-
PEREIRA, R., SCHAPIRE, R.E., SOBERÓN, J., WILLIAMS, S., WISZ, M.S. & 
ZIMMERMANN, N.E. 2006. Novel methods improve prediction of species’ distributions from 
occurrence data. Ecography 29, 129-151 
 
ELITH, J., PHILLIPS, S.J., HASTIE, T., DUDIK, M., CHEE, Y.E. & YATES, C.J. 2011. A 
statistical explanation of MaxEnt for ecologists. Diversity and Distributions, 17, 43–57. 
 
EU 2009.  Council Directive 2009/147/EC of 30 November 2009 on the conservation of wild 
birds.  Official Journal of the European Union.  L 20/7 (26.1.2010). http://eur-
lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2010:020:0007:0025:EN:PDF 
 
EVERAERT, J. & STIENEN, E. W, M. 2007. Impact of wind turbines on birds in Zeebrugge 
(Belgium). Biodiversity and Conservation, 16 (12), 3345-3359. 
 
FASOLA, M., SANCHEZ, J.M., & ROSELAAR, C.S. 2002. Sterna albifrons Little tern. BWP 
Update, 4, 89-114. 
 
FRIC, J., PORTOLOU, D., MANOLOPOULOS, A. & KASTRITIS, T. 2012. Important Areas 
for seabirds in Greece. LIFE07 NAT/GR/000285 – Hellenic Ornithological Society (HOS / 
BirdLife Greece), Athens. 
 
FUCHS, E.1977. Predation and anti-predator Predation and Anti-Predator Behaviour in a 
Mixed Colony of Terns Sterna sp. and Black-Headed Gulls Larus ridibundus with Special 
Reference to the Sandwich Tern Sterna sandvicensis. Ornis Scandinavica, 8, 17-32 

http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2010:020:0007:0025:EN:PDF�
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2010:020:0007:0025:EN:PDF�


Quantifying usage of the marine environment by terns Sterna sp. around their breeding colony SPAs  
 

88 

 
GARTHE, S. 1997. Influence of hydrography, fishing activity, and colony location on summer 
seabird distribution in the south-eastern North Sea. ICES Journal of Marine Science, 54, 
566-577 
 
GASTON 2004. Seabirds: A Natural History. Poyser. 
  
GOCHFELD, M., BURGER, J. & NISBET, I.C.T. 1998. Roseate Tern (Sterna dougallii). In: 
Poole, A. & Gill, F. (eds.) The birds of North America. Birds of North America Inc., 
Philadelphia, PA & American Ornithologists’ Union, Washington DC.  
 
HANNON, C., BERROW, S. D. & NEWTON, S.F. 1997. The status and distribution of 
breeding Sandwich Sterna sandvicensis, Roseate S. dougallii, Common S. hirundo, Arctic S. 
paradisaea and Little Terns S. albifrons in Ireland in 1995. Irish Birds, 6, 1-22. 
 
HARWOOD A. J. P. & PERROW, M. R. 2014. Analysis of JNCC visual tracking data. Report 
to JNCC, under Contract ref. C13-0204-0686 
 
HASTIE, T. & TIBSHIRANI, R. 1990. Generalized Additive Models. Chapman and Hall.  
 
HUDDLESTON, J. (Ed) 2010. Understanding the Environmental Impacts of Offshore 
Windfarms. COWRIE. 
  
JIMÉNEZ-VALVERDE A. 2012. Insights into the area under the receiver operating 
characteristic curve (AUC) as a discrimination measure in species distribution modelling. 
Global Ecology and Biogeography, 21, 498-507. 
 
JNCC 2013. Seabird Population Trends and Causes of Change: 1986-2012 Report 
(http://www.jncc.defra.gov.uk/page-3201). Joint Nature Conservation Committee. 
Updated July 2013. Accessed December 2013. 
 
JOHNSON, D.S., HOOTEN, M.B. & KUHN, C.E. 2013. Estimating animal resource selection 
from telemetry data using point process models. Journal of Animal Ecology, 82, 1155–1164. 
 
KEATING, K.A. & CHERRY, S. 2004. Use and interpretation of logistic regression in habitat-
selection studies. The Journal of Wildlife Management, 68, 774–789. 
 
KRESS, S.W., WEINSTEIN, E.H. & NISBET, I.C.T.1983. The Status of Tern Populations in 
Northeastern United States and Adjacent Canada. Colonial Waterbirds, 6, 84-106. 
 
KRESS, S. W. 1997. Using animal behavior for conservation: case studies in seabird 
restoration from the Maine Coast, USA. Journal of the Yamashina Institute for Ornithology, 
29,1–26.  
 
LANGSTON, R. H. W., TEUTEN, E. & BUTLER, A. 2013. Foraging ranges of Northern 
gannets Morus bassanus in relation to proposed offshore wind farms in the UK: 2010-2012. 
RSPB report to DECC ISBN No. 978-1-905601-43-1. 
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/270402/OESE
A2_North_Sea_Gannet_Tracking_Year3_Report.pdf 
 
LASCELLES, B. G., LANGHAM, G. M., RONCONI, R. A. & REID, J., B. 2012. From hotspots 
to site protection: Identifying Marine Protected Areas for seabirds around the globe. 
Biological Conservation, 156, 5-14. http://dx.doi.org/10.1016/j.biocon.2011.12.008 
 

http://www.jncc.defra.gov.uk/page-3201�
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/270402/OESEA2_North_Sea_Gannet_Tracking_Year3_Report.pdf�
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/270402/OESEA2_North_Sea_Gannet_Tracking_Year3_Report.pdf�
http://dx.doi.org/10.1016/j.biocon.2011.12.008�


Quantifying usage of the marine environment by terns Sterna sp. around their breeding colony SPAs  
 

89 

LAVERS, J. L., MILLER, M. G. R., CARTER, M. J. SWANN, G. & CLARKE, R. J. 2014. 
Predicting the Spatial Distribution of a Seabird Community to Identify Priority Conservation 
Areas in the Timor Sea. Conservation Biology. DOI: 10.1111/cobi.12324 
 
LE CORRE, M., JAEGER, A., PINET, P., KAPPES, M. A., WEIMERSKIRCH, H., CATRY, T., 
RAMOS, J. A. RUSSELL, J. C., SHAH, N. & JAQUEMET, S. 2012 Tracking seabirds to 
identify potential Marine Protected Areas in the tropical western Indian Ocean. Biological 
Conservation. doi:10.1016/j.biocon. 2011.11.015  
 
LOBO J.M., JIMÉNEZ-VALVERDE A.  & REAL, R. 2008. AUC:  a misleading measure of the 
performance of predictive distribution models. Global Ecology and Biogeography, 17, 145-
151. 
 
LOUZAO, M., BECARES, J., RODRIGUEZ, B., HYRENBACH, K.D., RUIZ, A. & ARCOS, 
J.M., 2009. Combining vessel-based surveys and tracking data to identify key marine areas 
for seabirds. Marine Ecology Progress Series, 391, 183–197. 
 
LOUZAO,  M., HYRENBACH, K. D., ARCOS, J. M., ABELLÓ, P., GIL DE SOLA L. & ORO, 
D. 2006. Oceanographic habitat of an endangered Mediterranean procellariiform: 
implications for marine protected areas. Ecological Applications, 16(5),1683-95 
 
LOUZAO, M., PINAUD, D., PÉRON, C., DELORD, K., WIEGAND, T. & WEIMERSKIRCH, 
H., 2011. Conserving pelagic habitats: seascape modelling of an oceanic top predator. 
Journal of Applied Ecology, 48, 121–132. 
 
MACHETE R. L. 2013. Contrasting probabilistic scoring rules. Journal of Statistical Planning 
and Inference, 143, 1781-1790. 
 
MARMION, M., PARVIAINEN, M., LUOTO, M., HEIKKINEN, R. K., & THUILLER, W. 2009. 
Evaluation of consensus methods in predictive species distribution modelling. Diversity and 
distributions,15(1), 59-69. 
 
MASON, S.J. & GRAHAM, N.E. 2002. Areas beneath the relative operating characteristics 
(ROC) and relative operating levels (ROL) curves: Statistical significance and interpretation. 
Quarterly Journal of the Royal Meteorological Society, 128, 2145–2166. 
 
MATTHIOPOULOS, J. 2003. The use of space by animals as a function of accessibility and 
preference. Ecological Modelling, 159, 239–268. 
 
MCCULLAGH, P. & NELDER, J.A. 1989. Generalized Linear Models, Second Edition. 
Chapman and Hall.  
 
MCDONALD, L., MANLY, B., HUETTMANN, F. & THOGMARTIN, W. 2013. Location-only 
and use-availability data: analysis methods converge. Journal of Animal Ecology, 82, 1120–
1124 
 
MCGOWAN, J., HINES, E., ELLIOTT, M., HOWAR, J., DRANSFIELD, A., NUR, N., & 
JAHNCKE, J. 2013. Using Seabird Habitat Modeling to Inform Marine Spatial Planning in 
Central California’s National Marine Sanctuaries. PLoS ONE, 8(8), e71406. 
DOI:10.1371/journal.pone.0071406 
 
MCSORLEY, C.A., DEAN, B.J., WEBB, A. & REID, J.B. 2003. Seabird use of waters 
adjacent to colonies Implications for seaward extensions to existing breeding seabird colony 
Special Protection Areas.  JNCC Report No. 329. 

http://www.jncc.gov.uk/page-2342�


Quantifying usage of the marine environment by terns Sterna sp. around their breeding colony SPAs  
 

90 

MCSORLEY, C.A., WILSON, L.J., DUNN, T.E., GRAY, C., DEAN, B.J., WEBB, A. & REID, 
J.B. 2008. Manx shearwater evening rafting behaviour around colonies on Skomer, Rum and 
Bardsey. JNCC Report No. 406  
 
MEAD, C. J. 1978. Tern mortality in West Africa as shown by British and Dutch ringing 
results. Ibis, 120, 110. 
 
MITCHELL, I. P., NEWTON, S. F., RATCLIFFE, N. & DUNN, T.E. 2004. Seabird Populations 
of Britain and Ireland. T. and A. D. Poyser, London. 511 pp. 
 
MONAGHAN, P., UTTLEY, J.D., BURNS, M. D., THAINE, C. & BLACKWOOD, J. 1989. The 
relationship between food supply, reproductive effort and breeding success in Arctic Terns 
Sterna paradisaea. Journal of Animal Ecology, 58, No. 1, pp. 261-274. 
 
MONAGHAN, P., UTTLEY, J.D. & BURNS, M. D. 1992. Effect of changes in food availability 
on reproductive effort in Arctic Terns Sterna paradisaea. Ardea, 80, 71-81. 
 
MUSGROVE, A. J., AUSTIN, G. E., HEARN, R. D., HOLT, C.A., STROUD, D. A. & 
WOTTON, S. R. 2011. Overwinter population estimates of British waterbirds. British Birds, 
104, 364–397. 
 
NEWTON S.F. & CROWE O. 2000. Roseate Terns - The Natural Connection. Maritime 
Ireland / Wales INTERREG Report No. 2 
 
NTIAMOA-BAIDU, Y., PIERSMA, T., WIERSMA, P., POOT, M., BATTLE, P. & GORDON C. 
1992. Water depth selection, daily feeding routines and diets of waterbirds in coastal 
lagoons in Ghana. Ibis, 140, 89–103. 
 
O’BRIEN, S.H., WEBB, A., BREWER, M. J. & REID, J. B. 2012 Use of kernel density 
estimation and maximum curvature to set Marine Protected Area boundaries: Identifying a 
Special Protection Area for wintering red-throated divers in the UK. Biological Conservation, 
156, 15–21 
 
OPPEL, S., MEIRINHO, A., RAMIREZ, I., GARDNER, B., O'CONNELL, A., MILLER, P.I. & 
LOUZAO, M., 2012. Comparison of five modelling techniques to predict the spatial 
distribution and abundance of seabirds. Biological Conservation, 156, 94-104. 
 
ORIANS, G. H. & PEARSON, N. E, 1979. On the theory of central place foraging. p155–177 
In: Horn, D. J., Mitchell, R. and Stair, G. R, (Eds) Analysis of ecological systems. Ohio State 
University Press, Columbus, Ohio. 
 
PERROW. M. R., SKEATE, E. R. & GILROY, J. J. 2011. Visual tracking from a rigid-hulled 
inflatable boat to determine foraging movements of breeding terns. J. Field Ornithol. 
82(1):68–79 
 
PHILLIPS, S.J., ANDERSON, R.P. & SCHAPIRE, R.E. 2006. Maximum entropy modelling of 
species geographic distributions. Ecological Modelling, 190, 231–259. 
 
PICKEREL, G. (ed.) 2002. Little terns in Britain and Ireland, 2001. Unpublished report of the 
Royal Society for the Protection of Birds, Sandy. 
 
POTTS J.M., BREWER M.J., DUFF E.I. & ELSTON D.A. 2012. Additional Work Coquet 
Colony - Seabird Tracking Data (Under Agreement C10-0206-0387). Contract Report to 
JNCC, December 2012. 
 

http://www.jncc.gov.uk/page-4516�


Quantifying usage of the marine environment by terns Sterna sp. around their breeding colony SPAs  
 

91 

POTTS, J. M. BREWER, M.J., DUFF, E. I. & ELSTON, D. A. 2013a.  Additional Work Other 
Colonies – Seabird Tracking Data (Under Agreement C10-0206-0387). Contract Report to 
JNCC, March 2013. 
 
POTTS, J. M. BREWER, M.J. & DUFF, E. I. 2013b. Refinements of tern Sterna sp. tracking 
data modelling (Phase 1) (Under Agreement C10-0206-0387) Contract Report to JNCC, 
September 2013. 
 
POTTS, J. M. BREWER, M.J. & DUFF, E. I. 2013c. Refinements of tern Sterna sp. tracking 
data modelling (Phase 2) (Under Agreement C10-0206-0387). Contract Report to JNCC, 
October 2013. 
 
POTTS, J. M.&  BREWER, M. J. 2013. Cross-Validation of tern Sterna sp. tracking data 
modelling (Phase 1) (Under Agreement C10-0206-0387). Contract Report to JNCC, 
December 2013. 
 
POTTS, J. M. &  BREWER, M. J. 2014. Revised model for roseate terns (Under Agreement 
C10-0206-0387). Contract Report to JNCC, May 2014. 
 
RAMÍREZ, I., GERALDES, P., MEIRINHO, A., AMORIM, P. & PAIVA, V. 2008. Áreas 
Importantes para as Aves Marinhas em Portugal [Marine Important Bird Areas in 
Portugal].  Lisboa: Sociedade Portuguesa Para o Estudo das Avas. 
 
RATCLIFFE, N. & MERNE, O. 2002. Roseate tern Sterna dougalli. In: Wernham, C. V., 
Toms, M., Marchant, J., Clark, J., Siriwarden A. G. & Baillie, S. (eds). The Migration Atlas: 
Movements of the Birds of Britain and Ireland. T. & A. D. Poyer, London. 
 
ROBERTSON, G. S., BOLTON, M., GRECIAN, W. J., WILSON, L. J., DAVIES, W. & 
MONAGHAN, P. 2014. Resource partitioning in three congeneric sympatrically breeding 
seabirds: Foraging areas and prey utilization. The Auk, 131, 434–446. 
 
RUE H., MARTINO S. & CHOPIN N. 2009. Approximate Bayesian Inference for Latent 
Gaussian Models Using Integrated Nested Laplace Approximations (with discussion). 
Journal of the Royal Statistical Society, Series B, 71, 319–392 
 
SCHMUELI, G. 2010. To Explain or to Predict? Statistical Science, 25, No. 3, 289–310. DOI: 
10.1214/10-STS330 
 
SCHWEMMER, P., ADLER, S., GUSE, N., MARKONES, N. & GARTHE, S. 2009. Influence 
of water flow velocity, water depth and colony distance on distribution and foraging patterns 
of terns in the Wadden Sea. Fisheries Oceanography, 18 (3), 161-172 
 
SHEALER, D. 1999. Sandwich tern (Sterna sandvicensis). In: Poole, A. & Gill, F. (eds) The 
Birds of North America. Birds of North America Inc., Philadelphia, P.A. & American 
Ornithologists’ Union, Washington DC. 
 
STIENEN, E. W. M., COURTENS, W., EVERAERT, J. & VAN DE WALLE, M. 2008.Sex-
biased mortality of common terns in wind farm collisions. The Condor, 110 (1), 154-157. 
 
STIENEN, E. W. M., VAN BEERS, P. W. M., BRENNINKMEIJER, A., HABRAKEN, J. M. P. 
M., RAAIJMAKERS, M. H. J. E. & VAN TIENEN, P. G. M. 2000. Reflections of a specialist: 
patterns in food provisioning and foraging conditions in Sandwich Terns Sterna 
sandvicensis. Ardea, 88, 33-49. 
 



Quantifying usage of the marine environment by terns Sterna sp. around their breeding colony SPAs  
 

92 

STIENEN, E. W. M. & BRENNINKMEIJER,  A. 2002a.Variation in growth in Sandwich tern 
chicks Sterna sandvicensis and the consequences for pre- and post-fledging mortality.Ibis, 
144, 567-76. 
 
STIENEN, E. W. M. & BRENNINKMEIJER,  A. 2002b. Foraging decisions of Sandwich 
Terns in the presence of kleptoparasiting gulls. Auk, 119, 473-486. 
 
STROUD, D. A., CHAMBERS, D., COOK, S., BUXTON, N., FRASER, B., CLEMENT, P., 
LEWIS, I., MCLEAN, I., BAKER, H. & WHITEHEAD, S. 2001. The UK SPA network: its 
scope and content. Volumes 1-3. JNCC, Peterborough.  
 
SUDDABY, D. & RATCLIFFE, N. 1997. The effects of fluctuating food availability on 
breeding Arctic Terns (Sterna paradisaea). Auk, 114, 524-30. 
 
SWETS, J. A. 1988. Measuring the accuracy of diagnostic systems. Science 240:1285–
1293. 
 
THAXTER, C.B., LASCELLES, B., SUGAR, K., COOK, A.S.C.P., ROOS, S., BOLTON, M., 
LANGSTON, R.H.W. & BURTON, N.H.K. 2012. Seabird foraging ranges as a preliminary 
tool for identifying candidate Marine Protected Areas. Biological Conservation, 156, 53-61. 
 
THOMAS, G. J. 1972. Review of gull damage and management methods at nature reserves. 
Biological Conservation, 4, 117-27. 
 
THOMAS, G. J. 1982. Breeding terns in Britain and Ireland, 1975-1979. Seabird, 6, 59-69. 
 
TREMBLAY, Y., BERTRAND, S., HENRY, R. W., KAPPES, M. A., COSTA, D. P. & 
SHAFFER, S. A. 2009. Analytical approaches to investigating seabird–environment 
interactions: a review. Marine Ecology Progress Series, 391, 153-163. 
 
UTTLEY, J., MONAGHAN, P. & WHITE, S. 1989. Differential effects of reduced sandeel 
availability on two sympatrically breeding species of tern. Ornis Scandinavica, 20, 273-7. 
 
VISSER, J. M. & PETERSON, G. M. 1994. Breeding populations and colony site dynamics 
of seabirds nesting in Louisiana. Colonial Waterbirds, 17, 146-52. 
 
WAKEFIELD, E. D., PHILLIPS, R. A., TRATHAN, P. N., ARATA, J., GALES, R., HUIN, H., 
ROBERTSON, G., WAUGH, S. M., WEIMERSKIRCH, H. & MATTHIOPOULOS, J. 2011. 
Habitat preference, accessibility, and competition limit the global distribution of breeding 
Black-browed Albatrosses. Ecological Monographs, 81 (1), 141-167.  
 
WENDELN, H. & BECKER, P. H. 1999. Parental care of replacement clutches in common 
terns (Sterna hirundo). Behavioural Ecology and Sociobiology, 47, 382-92. 
 
WOOD, S. N. 2006. Generalized Additive Models: An Introduction with R. Chapman and 
Hall/CRC. 
 
YORIO, P.  & QUINTANA, F. 1997. Predation by Kelp Gulls Larus dominicanus at a 
mixed‐species colony of Royal Terns Sterna maxima and Cayenne Terns Sterna eurygnatha 
in Patagonia. Ibis, 139, 536-41. 



Quantifying usage of the marine environment by terns Sterna sp. around their breeding colony SPAs  
 
 

93 

7 Appendix 1 Candidate covariates and their rankings 
 
This appendix describes the candidate covariates used in the modelling. All of the covariates 
for the tern modelling were chosen based on whether they might represent potential 
biological mechanisms which might influence tern distributions (as well as what was available 
to us with coverage at a UK level). In almost all cases, the proposed mechanisms were 
indirect (e.g. potentially acting on primary productivity or prey availability). Some covariates 
may be more useful to predict tern distributions than others. This could be due to a number 
of reasons relating to the degree to which the proposed biological mechanism is realistic, and 
the quality of our covariate data. We therefore undertook a ranking exercise to indicate which 
covariates are most biologically plausible and this was used to inform the model selection 
process to ensure that the final models were as biologically plausible as possible (see 
Section 2.2.3 and Appendix 2). The table below ranks the covariates based on their relative 
merits, i.e. the robustness of the proposed biological mechanism, while taking account of 
how good the data may be for making predictions (e.g. whether the data are static, measured 
directly, their resolution and coverage). 
  
Procedure used to determine ranks 
Firstly, for each covariate, different characteristics were categorised as ‘high’, ‘med’ or ‘low’. 
Note that these categories are only relative within this covariate dataset. They do not imply 
for example, that a covariate is the best or worst available. Secondly, covariates were given 
an overall rank based on the rankings of the characteristics. 
 
1. Covariate characteristics 

 
(i) Potential biological mechanism: 
Without direct experimental evidence, we can only infer what the biological mechanisms 
might be using informed judgement. This category was ranked according to whether there 
was a clear mechanism in principle, and the degree of evidence which supports this (i.e. 
whether the covariate, or a similar measure of it, has been previously shown in the scientific 
literature to have a relationship with the distributions of terns and / or their principle prey 
species (e.g. sandeels)). 
 
High = potential mechanism acting on the terns, supported by literature; 
Med = potential mechanism acting on prey abundance and/or availability, supported by 
literature; 
Low = potential theoretical mechanism acting on prey abundance and/or availability, but no 
support from literature 
 
(ii) Predictability of covariate: 
Our tern models aim to predict areas which are consistently important for terns (rather than 
temporarily important e.g. due to ephemeral oceanographic conditions). Thus covariates 
which best represent long-term conditions are most useful. 
 
High = static covariate; 
Med = dynamic covariate, but data averaged over time, including at least one of the tern 
survey years; 
Low = dynamic covariate, data very restricted in time or based on years outwith tern survey 
period. 
 
(iii) Data measurement: 
How the data are derived will affect how representative it is of what it is aiming to represent. 
 
High = direct measurement; 
Med = indirect measurement, or modelled; 
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Low = derived from indirect measurement or derived from another model (i.e. additional data 
treatment involved) 
 
(iv) Resolution: 
For model input, each tern/control observation is matched with covariate values which are 
nearest to the observation location. Our model outputs are at a 500m2 resolution. 
  
High = <500m; 
Med = 0.5-1km; 
Low = >1km. 
 
(v) Coverage: 
We cannot use any tern observations which do not have underlying covariate values and we 
cannot predict to those locations without covariate values (if that covariate has been chosen 
in the model). 
 
High = complete coverage within and across sites; 
Med = incomplete coverage within a site (data missing close to shore); 
Low = complete coverage within sites but data missing for some other sites. 
 
2. Overall Covariate Ranks: 

 
Covariates were given an overall rank using the individual rankings of their constituent 
characteristics, as follows. The main aim of the ranking exercise is to help ensure the 
robustness of our final models by indicating which covariates (and ultimately which models) 
are most biologically plausible, therefore ‘potential biological mechanism’ is given highest 
priority. We recognise that even if there is a sound biological basis for a covariate, if it has 
not been measured accurately, then its relationship with our tern data may not be apparent. 
Therefore the characteristic of how the data are derived is given second priority. The extent 
of coverage for each covariate is given lowest priority. This is because it will be considered 
as part of the modelling process, both within a site (covariates with insufficient coverage will 
not be used within site-specific models in Phase 1) and across sites (covariates which lack 
coverage across different sites will not be used within Phase 2). It is still useful to retain it 
however, in case it is useful to distinguish between equally ranked covariates. Of the two 
remaining characteristics (predictability and resolution), ‘predictability of covariate’ is given 
third priority as one of our key aims for the modelling is to predict consistently important 
areas. In addition, we have already restricted the covariates to only those which are around 
1km2 resolution, so we have already aimed to minimise resolution issues. 
 
Thus, covariates were given an overall rank (see Table A1.1) using the individual rankings of 
their characteristics, in this order of priority: 
 
1) Biological plausibility (High>Med>Low):  
2) Data measurement (High>Med>Low) 
3) Predictability of covariate (High>Med>Low):  
4) Resolution (High>Med>Low) 
5) Coverage (High>Med>Low) 
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Table A1.1. Details of the candidate covariates used in the modelling in order of biological plausibility rank, based on potential biological mechanism, and various 
aspects of data quality. 

Rank  Covariate Potential biological mechanism Data measurement  Predictability 
of variable 

Resolution 
 

Coverage 
 

1 Distance to 
colony 

High: 
Clear mechanism acting on central place foraging energetic 
constraints on terns (Gaston 2004) – distance to colony 
directly related to this; 
Distance to colony almost always shown to be important 
across seabird literature, including terns (e.g. Schwemmer et 
al 2009). 

High: 
Directly measured 
(straight-line distance) by 
JNCC within GIS. 
 

High: 
Static variable 
 

High: 
Resolution of a few 
metres 

High: 
Complete 
coverage 

2 Depth 
 

Med: 
Biological production is higher in shallow water  
Sandeels prefer shallow waters, given favoured sediment 
requirements (Wright et al 2000) 
Terns forage more often in shallow waters  (Birdlife foraging 
factsheets and references therein) 
 

High: 
Directly measured, by 
triangulation with linear 
interpolation. From 
Defra’s Digital Elevation 
Model. 
 

High: 
Static variable 
 

High: 
Resolution of 30-180m2 

High: 
Complete 
coverage 

2 Distance to 
shore 
 

Med: 
No clear biological mechanism, but likely to act as a proxy for 
several of our covariates (and possibly others) acting on prey 
abundance/availability (e.g. depth) because of colinearity.  
Distance to shore often shown to be important across seabird 
literature 

High: 
Directly measured by 
JNCC within GIS. 
 

High: 
Static variable 
 

High: 
Accurate to a few 
metres 

High: 
Complete 
coverage 

3 Temp 
stratification 
(difference in 
temp between 
surface and 
seabed) 
 

Med: 
Stratification and tides affects primary production 
Some evidence of sandeels preferring more stratified waters 
(van der Kooij et al 2008) 

Med: 
Modelled simulation; 
sourced from Proudman 
Oceanographic 
Laboratory 
 

Med: 
Dynamic 
variable, but 
based on 10 
year simulation, 
2006-2010, so 
includes two of 
the survey years 

Low: 

Resolution of 0.012 
decimal degrees GCS 
WGS 1984 (c. 500-
700m or 1.1km?) 

 

High: 
Complete 
coverage 
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Rank  Covariate Potential biological mechanism Data measurement  Predictability 
of variable 

Resolution 
 

Coverage 
 

4 Chlorophyll 
concentration 
April, May, 
June: 
 
 

Med: 
Primary productivity acts as a proxy for prey abundance; 
But potential for spatio-temporal mis-match between trophic 
levels; April or May values may make more sense as they 
allow for temporal lag 
Mixed results in seabird studies with some showing 
relationships while others not– may depend on how Chl data 
are presented (Suryan et al 2012; Scott et al 2010) 

Med: 
Based on satellite 
imagery; sourced from 
Plymouth Marine 
Laboratory 
 

Med: 
Dynamic 
variable; 
Only one year of 
data, but this  
matches one of 
our survey years 
(2009) 
 

Low: 
Images taken at 1.2km2 

Med: 
Complete 
coverage 
across 
sites, but 
accuracy 
low close to 
coast within 
sites 

4 SST 
April, May, June 
 
 

Med: 
Copepod and sandeel abundance and distribution influenced 
by temperature 
But potential for spatio-temporal mis-match between trophic 
levels;  April or May values may make more sense as they 
allow for temporal lag 

Med: 
Based on satellite 
imagery of SST, sourced 
from Plymouth Marine 
Laboratory 

Med: 
Dynamic 
variable; 
averaged across 
2006-2010, so 
includes two of 
the survey years 
 

Low: 
Images taken at 1.2km2 

Med: 
Complete 
coverage 
across 
sites, but 
accuracy 
low close to 
coast within 
sites 

5 Sea Surface 
Salinity 
-Spring 
-summer 
 

Med (although conflicting evidence): 
Sandeel abundance greater with higher surface salinity (van 
der Kooij et al 2008) 
Terns favour low salinity in the north Sea (Garthe 1997) 

Med: 
generated from 10 year 
simulation model of 
POLCOMS; sourced from 
Proudman Oceanography 
Laboratory 
 

Low: 
Dynamic 
variable, but 
based on 10 
year simulation 
(years unknown, 
assume doesn’t 
include survey 
years) 

Low: 

Resolution of 0.012 
decimal degrees 

GCS WGS 1984 (c. 500-
700m or 1.1km?) 

Low: 
Missing in 
East Anglia 

6 Sand (seabed 
sediment) 
 

Med: 
Acts as a proxy for sandeel habitat. 
Sandeel abundance related to sediment grain size and 
sediment types (Holland et al 2005). 
 

Low: 
% of different sediment 
types (from samples), 
simplified into BGS 
DigSBS250 Folk 
categories, supplemented 
by additional data and 
further reduced to binary 
variable for model. 

High: 
Static variable, 
based on 
seabed samples 

Low: 
Categorical variable (5 
types); very coarse 
resolution  
 

Vector dataset 

GCS WGS 1984 

High: 
Complete 
coverage 
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Rank  Covariate Potential biological mechanism Data measurement  Predictability 
of variable 

Resolution 
 

Coverage 
 

7 Shear-stress 
currents 
(peak seabed 
current kinetic 
energy) 
 

Med: 
Stronger currents could increase prey abundance and 
availability at the surface.  
Tidal currents influence suspended particles in water and 
therefore turbidity (water clarity). Turbid waters provide more 
food for small fish and reduce detection of predators.  Terns in 
North Sea prefer turbid waters (Garthe 1997) Forster’s tern 
prefers turbid waters (REF)  
Relationship between tern foraging locations and tidal cycle 
(Schwemmer et al 2009) 
Temporal and spatial pattern of foraging in common terns 
shown to be caused by the tide-related fluctuations of food 
availability (Becker et al 1993) 

Low: 
Inverse distance weighted 
interpolation of UK 
SeaMap 2010 data, 
derived from National 
Oceanography Centre 
current model 
(‘POLCOMS’ model);  
‘ss_current’ is also an 
indirect measure of 
current speed.  

Low: 
Dynamic 
variable, 
modelled for 
2000-2004, so 
does not include 
our survey years 
 

High 

Resolution: 0.0032 
decimal degrees 

GCS WGS 1984 (c. 
300m) 
 

High: 
Complete 
coverage  

8 Probability of 
front 
-Spring -
Summer 
Probability of a 
frequent thermal 
front.  

Med: 
Prey, and therefore seabirds might accumulate at 
oceanographic fronts (where there is a strong spatial gradient 
in thermodynamic characteristics) (Schneider 1990) 

Low: 
Based on satellite 
observations of SST, 
converted to ratio of 
strong thermal fronts to 
observations; sourced 
from Plymouth Marine 
Laboratory 

Low:  
Dynamic, and 
averaged over 
1998-2008, so 
does not include 
our survey 
years.  

Low: 

Resolution: Approx 
1.2km2 

Perhaps likely to operate 
at larger spatial scales 
than what we are 
looking at. 

High: 
Complete 
coverage 

9 Seabed slope (º 
incline between 
adjacent grid 
cells) 
 

Low: 
Seabed slope may interact with energy layers to influence how 
water column is mixed, and the extent to which items are 
carried to the surface 

Med: 
Derived from Defra digital 
elevation model data by 
JNCC using Spatial 
Analyst tool in ArcGIS. 

High: 
Static variable 

High: 
Resolution to c.30m2 

High: 
Complete 
coverage 

9 Aspect 
-Eastness 
-Northness 
 

Low: 
Seabed aspect may interact with energy layers to influence 
how water column is mixed, and the extent to which items are 
carried to the surface 

Med: 
Derived from Defra digital 
elevation model data, 
then converted by JNCC 
into ‘eastness’ and 
‘northness’ 

High: 
Static variable 

High: 
Resolution to c.30m2 

High: 
Complete 
coverage 



Quantifying usage of the marine environment by terns Sterna sp. around their breeding colony SPAs  
 
 

98 

Rank  Covariate Potential biological mechanism Data measurement  Predictability 
of variable 

Resolution 
 

Coverage 
 

10 Shear Stress 
wave (Peak 
seabed wave 
kinetic energy, 
Nm2)  
 

Low: 
Stronger wave energy could increase prey abundance and 
availability at the surface, and influence suspended particles in 
water and therefore turbidity (water clarity). 
No evidence from the literature of relationships with wave 
energy. 

Low: 
Inverse distance weighted 
interpolation of UK 
SeaMap 2010 data, 
derived from National 
Oceanography Centre 
ProWAM wave model 
(12.5km resolution) and 
DHI Spectral Wave model 
(100-300m resolution) 

Low: 
Dynamic 
variable, 
modelled for 
2000-2004, so 
does not include 
our survey years 
 

Low: 

Resolution: 300m-
12.5km 

High: 
Complete 
coverage 
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8 Appendix 2 Results of model selection for Phase 1 
colonies 

 
Please refer to Section 2.2.3 for more detail on model selection methods, and Section 8 
(Appendix 1) for details on covariate ranks. For some species at some colonies it was not 
possible to use all the covariates due to large amounts of missing data, especially close to 
the coast (see colony/species specific sections for more details). 
 
Here we present all of the short-listed models that we considered according to our model 
selection criteria. Note that the number of models considered varies between sites/species 
and in some cases our model selection criteria meant that only the model with the lowest 
AIC was considered.  
 
8.1 Model selection for Farne Islands models 

 
8.1.1 Arctic terns 
 
The minimum AIC model (distance to colony, salinity in spring and probability of a summer 
front) did not include the covariates of chlorophyll concentration or sea surface temperature. 
As these have a lot of missing data compared to other covariates we re-ran the stepwise 
search for minimum AIC with these covariates removed as candidates to ensure a more 
reliable AIC statistic.  
 
Table A2.1 shows the frequency with which covariates were selected in the minimum AIC 
models from 100 bootstrap samples of the tracking dataset, while Table A2.2 shows the 
recalculated minimum AIC model using the full tracking dataset, along with other models 
considered.  
 
The minimum AIC model (using the recalculated AIC statistics) now contained distance to 
colony and probability of a spring front. Removing probability of a spring front (because it 
has a biological plausibility rank of >5 and was selected <50% of the time in the bootstrap 
samples (Table A2.1)) increased the AIC by >2 (Table A2.2).  
 
In comparison, the previous minimum AIC model containing distance to colony, salinity in 
spring and probability of a summer front had an AIC of 186.58 which was an increase of <2 
from the recalculated min AIC model (Table A2.2). When probability of a summer front was 
removed (because it was selected <50% of the time (Table A2.1) and has a biological 
plausibility rank of >5), then the AIC was 185.67, while when salinity in spring was removed 
(because it was selected <50% of the time (Table A2.1)), the AIC was 186.55. As salinity in 
spring has a lower rank (more biologically plausible) than either probability of a spring front 
or summer front, and was selected more frequently, the final model chosen therefore 
contained distance to colony and salinity in spring. 
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Table A2.1. Frequency with which covariates were selected in the minimum AIC models from 100 
bootstrap samples of the tracking dataset for Arctic terns at the Farne Islands, using all candidate 
covariates except chlorophyll concentration and sea surface temperature variables. 
Variable Count 
dist_col 73 
dist_shore 42 
sal_spring 41 
sand 37 
strat_temp 30 
sal_summ 28 
bathy_1sec 27 
spring_front 27 
ss_current 22 
ss_wave 22 
summ_front 11 
eastness_1s 8 
slope_1s_deg 8 
northness_1s 6 

 
Table A2.2. Shortlisted models and AIC statistics for Arctic terns at the Farne Islands. A model 
containing only distance to colony is shown for comparison. The proposed final model is indicated in 
bold. 
Terms AIC 
dist_col 187.9 
dist_col, sal_spring, summ_front 186.58 
dist_col, summ_front 186.55 
dist_col, sal_spring 185.67 
dist_col, spring_front 185.62 

 
8.2 Model selection for Coquet Island models 
 
8.2.1 Arctic terns 
 
Table A2.3 shows the frequency with which covariates were selected in the minimum AIC 
models from 100 bootstrap samples of the tracking dataset, while Table A2.4 shows the 
minimum AIC model using the full tracking dataset, along with other models considered.  
 
The model obtained by the stepwise search for a minimum AIC model included distance to 
colony, chlorophyll concentration in June, bathymetry, sea surface temperature in May and 
shear stress current, and had an AIC value of 416.47. Only one of the covariates (shear 
stress current) has a biological plausibility rank of >5, and the results of the bootstrapping 
exercise show that all but one of these covariates were selected >50%, with sea surface 
temperature in May only having been selected 38% of the time (Table A2.3). When either 
sea surface temperature in May or shear stress current were removed from the model, the 
change in AIC value was <2 but was greater than the change when both were removed 
together (Table A2.4). Thus, the final model contained distance to colony, chlorophyll 
concentration in June and bathymetry. 
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Table A2.3. Frequency with which covariates were selected in the minimum AIC models from 100 
bootstrap samples of the tracking dataset for Arctic terns at the Coquet colony, using all candidate 
covariates. 
Variable Count 
dist_col 99 
chl_june 62 
ss_current 55 
bathy_1sec 52 
sal_spring 50 
sst_april 46 
chl_may 42 
dist_shore 41 
sal_summ 40 
sst_may 38 
strat_temp 29 
sst_june 28 
spring_front 27 
ss_wave 27 
sand 23 
chl_apr 20 
summ_front 11 
slope_1s_deg 10 
northness_1s 8 
eastness_1s 4 

 
Table A2.2 Shortlisted models and AIC statistics for Arctic terns at Coquet Island. A model containing 
only distance to colony is shown for comparison. The proposed final model is indicated in bold. 
Terms AIC 
dist_col 418.38 
dist_col, chl_june, bathy_1sec, sst_may 417.84 
dist_col, chl_june, bathy_1sec, ss_current 416.91 
dist_col, chl_june, bathy_1sec 416.63 
dist_col, chl_june, bathy_1sec, sst_may, ss_current 416.47 

 
8.2.2 Common terns 
 
Table A2.5 shows the frequency with which covariates were selected in the minimum AIC 
models from 100 bootstrap samples of the tracking dataset, while Table A2.6 shows the 
minimum AIC model using the full tracking dataset, along with other models considered. 
 
The model obtained by the stepwise search for a minimum AIC model included distance to 
colony, chlorophyll concentration in June, bathymetry, sea surface temperature in April and 
sea surface temperature in June, and had an AIC value of 317.9. All of these have a 
biological plausibility rank of ≤5, and all except sea surface temperature in June were 
selected >50% of the time in the bootstrap samples (Table A2.5). When sea surface 
temperature in June was removed, the difference in AIC was <2 (Table A2.6). Thus, the final 
model contained distance to colony, chlorophyll concentration in June, bathymetry and sea 
surface temperature in April. 
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Table A2.5. Frequency with which covariates were selected in the minimum AIC models from 100 
bootstrap samples of the tracking dataset for common terns at Coquet Island, using all candidate 
covariates. 
Variable Count 
dist_col 90 
chl_june 71 
sst_april 61 
bathy_1sec 58 
summ_front 37 
chl_may 36 
sal_spring 36 
sand 34 
dist_shore 33 
sst_june 31 
ss_wave 29 
strat_temp 27 
ss_current 24 
sst_may 20 
sal_summ 19 
chl_apr 17 
slope_1s_deg 14 
spring_front 11 
eastness_1s 2 
northness_1s 2 

 
Table A2.6. Shortlisted models and AIC statistics for common terns at Coquet Island. A model 
containing only distance to colony is shown for comparison. The proposed final model is indicated in 
bold. 
Terms AIC 
dist_col 326.84 
dist_col, chl_june, bathy_1sec, sst_april 318.48 
dist_col, chl_june, bathy_1sec, sst_april, sst_june 317.9 

 
8.2.3 Roseate terns 
 
For roseate terns at Coquet Island, sand, sea surface temperature and chlorophyll 
concentration were removed as candidate covariates at the outset due to the high amount of 
missing data. Table A2.7 shows the frequency with which covariates were selected in the 
minimum AIC models from 100 bootstrap samples of the tracking dataset, while Table A2.8 
shows the minimum AIC model using the full tracking dataset, along with other models 
considered. 
 
The AIC model obtained by the stepwise search for a minimum AIC model included distance 
to colony, temperature stratification, shear stress current and eastness. Although both 
eastness and shear stress current were selected >50% of the time in the bootstrap samples 
(Table A2.7), they both have a biological plausibility ranking >5. Removal of either eastness 
or shear stress current, or both together, increased the AIC by <2. When temperature 
stratification was then removed (because it was selected in <50% of the time in the 
bootstrap samples) from the most parsimonious of these alternative modes, the AIC 
increased by >2.  The final model chosen was therefore one involving distance to colony and 
temperature stratification.  . 
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Table A2.7. Frequency with which covariates were selected in the minimum AIC models from 100 
bootstrap samples of the tracking dataset for roseate terns at Coquet Island, using available 
candidate covariates. 
Variable Count 
dist_col 85 
ss_current 83 
dist_shore 66 
eastness_1s 61 
sal_spring 59 
sal_summ 51 
spring_front 47 
summ_front 46 
strat_temp 45 
bathy_1sec 19 
slope_1s_deg 16 
ss_wave 16 
northness_1s 13 

 
Table A2.8. Shortlisted models and AIC statistics for roseate terns at Coquet Island. The proposed 
final model is indicated in bold. 
Terms AIC 
dist_col, strat_temp, eastness, ss_current 169.80 
dist_col, strat_temp, ss_current 171.57 
dist_col, strat_temp, eastness 170.77 
dist_col, strat_temp 171.35 
dist_col 212.09 

 
8.2.4 Sandwich terns 
 
The model obtained by the stepwise search for a minimum AIC model (distance to shore, 
distance to colony, chlorophyll concentration in April and chlorophyll concentration in June) 
did not include any sea surface temperature variables. As these have a lot of missing data 
compared to other covariates we re-ran the stepwise search for minimum AIC with sea 
surface temperature covariates removed as candidates. This was to ensure the analysis 
involved a more complete grid coverage, and hence, a more reliable AIC statistic, because  
grid cells which covariates fail to make predictions to due to incomplete datasets are  
automatically removed from the analysis. 
 
Table A2.9 shows the frequency with which covariates were selected in the minimum AIC 
models from 100 bootstrap samples of the tracking dataset, while Table A2.10 shows the 
recalculated minimum AIC model using the full tracking dataset, along with other models 
considered.  
 
The minimum AIC model (using the recalculated AIC statistics) now involved distance to 
colony, distance to shore and chlorophyll concentration in May, all of which have biological 
plausibility ranks of ≤5. The results of the bootstrapping exercise shows that both chlorophyll 
concentration in May and distance to shore were selected <50% of the time (Table A2.8).  
When chlorophyll concentration in May was excluded, the difference in AIC was <2 but when 
distance to shore was excluded the difference was >2 (Table A2.10). Removing both these 
covariates increased the AIC by >2 (Table A2.10). Therefore the model containing distance 
to colony and distance to shore was chosen as the final model.  
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For comparison the original minimum AIC model when sea surface temperature was 
included is also shown, together with the AIC statistics when chlorophyll concentration in 
May and in June were removed from this model (because they were selected <50% of the 
time) (Table A2.10). 
 
Table A2.9. Frequency with which covariates were selected in the minimum AIC models from 100 
bootstrap samples of the tracking dataset for Sandwich terns at Coquet Island using all candidate 
covariates except the sea surface temperature variables. 
Variable Count 
ss_wave 65 
bathy_1sec 62 
dist_col 62 
chl_may 48 
strat_temp 44 
chl_june 39 
ss_current 39 
dist_shore 36 
sal_summ 22 
sand 19 
summ_front 19 
sal_spring 18 
chl_apr 16 
slope_1s_deg 16 
eastness_1s 13 
spring_front 12 
northness_1s 10 

  
Table A2.10. Shortlisted models and AIC statistics for Sandwich terns at Coquet Island. The 
proposed final model is indicated in bold. 
Terms AIC 
dist_col 319.30 
dist_col, chl_may 304.47 
dist_col, dist_shore, chl_apr  282.38 
dist_col, dist_shore, chl_apr, chl_june 282.31 
dist_col, dist_shore 280.44 
dist_col, dist_shore, chl_june 280.36 
dist_col, dist_shore, chl_may 280.26 

 
 
8.3 Model selection for North Norfolk models 
 
8.3.1 Common terns 
 
For common terns at Blakeney Point, sand, sea surface temperature and chlorophyll 
concentration for April were removed as candidate covariates at the outset due to the high 
amount of missing data. Salinity data was not available for this area.  
 
Table A2.11 shows the frequency with which the remaining covariates were selected in the 
minimum AIC models from 100 bootstrap samples of the tracking dataset, while Table A2.12 
shows the minimum AIC model using the full tracking dataset, along with other models 
considered. 
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The minimum AIC model included distance to colony and shear stress wave, and had an 
AIC value of 52.19. Shear stress wave has a biological plausibility rank of >5 and was 
selected <50% of the time in the bootstrap sample (Table A2.11). However, the removal 
shear stress wave resulted in an increased AIC value of >2 and, thus, distance to colony and 
shear stress wave were chosen as the final model.   
 
Table A2.11. Frequency with which covariates were selected in the minimum AIC models from 100 
bootstrap samples of the tracking dataset for common terns at Blakeney Point colony, using available 
candidate covariates. 
Variable  Count  
bathy_1sec  68 
dist_shore  57 
strat_temp  57 
dist_col  55 
chl_june  38 
ss_wave  36 
ss_current  31 
chl_may  28 
spring_front  21 
slope_1s_deg  18 
summ_front  15 
eastness_1s  12 
northness_1s  12 

 
Table A2.12. Shortlisted models and AIC statistics for common terns at Blakeney Point. The 
proposed final model is indicated in bold. 
Terms AIC 
dist_col 58.26 
dist_col, ss_wave 52.19 

 
8.3.2 Sandwich terns 
 
For Sandwich terns at Scolt Head and Blakeney Point, sand, sea surface temperature and 
chlorophyll concentration for April were removed as candidate covariates at the outset due to 
the high amount of missing data. There was no salinity data available for this area.  
 
Table A2.13 shows the frequency with which the remaining covariates were selected in the 
minimum AIC models from 100 bootstrap samples of the tracking dataset, while Table A2.14 
shows the minimum AIC model using the full tracking dataset, along with other models 
considered. 
 
The minimum AIC model obtain by the stepwise selection included distance to colony, 
distance to shore, chlorophyll concentration in May, shear stress wave, bathymetry and 
northness, and had an AIC value of 371.82. Of these, distance to colony, distance to shore 
and bathymetry have biological plausibility ranks of ≤5 and were selected >50% of the time 
in the bootstrap samples (Table A2.13). To find the most robust model the three remaining 
covariates (chlorophyll concentration in May, shear stress wave and northness) were 
removed in varying combinations. 
 
Removal of northness and chlorophyll in May either individually or together resulted in 
models with an AIC score of ≤2 from the minimum AIC model (Table A2.14). The most 
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parsimonious of these (i.e. removal of both covariates) was chosen as the final model and 
involved distance to colony, distance to shore, bathymetry and shear stress wave.  
 
Table A2.13. Frequency with which covariates were selected in the minimum AIC models from 100 
bootstrap samples of the tracking dataset for Sandwich terns at Scolt Head and Blakeney Point 
colony, using available candidate covariates. 
Variable Count 
dist_col  100 
dist_shore  93 
ss_wave  71 
bathy_1sec  56 
chl_june  56 
ss_current  23 
chl_may  16 
summ_front  15 
slope_1s_deg  11 
northness_1s  10 
spring_front  9 
strat_temp  9 
eastness_1s 5 

 
Table A2.14. Short-listed models and AIC statistics for Sandwich terns at Scolt Head and Blakeney 
Point. A model containing only distance to colony is shown for comparison. The proposed final model 
is indicated in bold. 
Terms AIC 
dist_col  402.89  
dist_col, dist_shore, bathy_1sec  389.38  
dist_col, dist_shore, chl_may, bathy_1sec  388.22  
dist_col, dist_shore,bathy_1sec, northness  385.95  
dist_col, dist_shore, chl_may, bathy_1sec, northness  385.18  
dist_col, dist_shore,ss_wave, bathy_1sec  373.44  
dist_col, dist_shore,ss_wave, bathy_1sec, northness  372.87  
dist_col, dist_shore, chl_may, ss_wave, bathy_1sec  372.11  
dist_col, dist_shore, chl_may, ss_wave, bathy_1sec, northness  371.82  

8.4 Model selection for Ynys Feurig, Cemlyn Bay and The Skerries 
models 

 
8.4.1 Common terns 
 
Table A2.15 shows the frequency with which covariates were selected in the minimum AIC 
models from 100 bootstrap samples of the tracking dataset. The minimum AIC model 
(distance to colony and salinity in spring) found by the stepwise search did not include either 
sea surface temperature or chlorophyll concentration variables, both of which have extensive 
missing data. Model selection was therefore re-run with these variables removed (to obtain 
more accurate estimates of AIC).  
 
The recalculated minimum AIC model contained distance to colony, salinity in spring and the 
probability of a spring front, and had an AIC value of 66.622. Removal of the probability of a 
spring front variable (because it has a biological plausibility rank of >5 and was selected 
<50% in the bootstrap samples) increased the AIC value by <2 (Table A2.16). Therefore we 
chose this as the final model. Thus, regardless of whether sea surface temperature and 
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chlorophyll concentration covariates were included as candidate covariates, the final model 
was distance to colony and salinity in spring. 
 
Table A2.15 Frequency with which covariates were selected for 100 bootstrap samples for common 
terns at the Cemlyn colony, using all candidate covariates. 
Variable Count 
dist_col 100 
sal_spring 84 
spring_front 31 
bathy_1sec 27 
chl_may 27 
sst_may 23 
summ_front 22 
strat_temp 18 
sal_summ 15 
chl_apr 14 
dist_shore 14 
northness_1s 14 
chl_june 12 
ss_wave 12 
eastness_1s 11 
sst_april 11 
ss_current 10 
sst_june 3 

 
Table A2.16 Shortlisted models and AIC statistics for common terns at the Cemlyn colony excluding 
chlorophyll and SST variables; the proposed final model is indicated in bold. A model containing only 
distance to colony is shown for comparison. 
Terms AIC 
dist_col 79.044 
dist_col, sal_spring 67.157 
dist_col, sal_spring, spring_front 66.622 

 
8.4.2 Sandwich terns 
 
For Sandwich terns at Cemlyn Bay, probability of a spring front, probability of a summer 
front, sea surface temperature and chlorophyll concentration were removed as candidate 
covariates at the outset due to the high amount of missing data. 
 
Table A2.17 shows the frequency with which the remaining covariates were selected in the 
minimum AIC models from 100 bootstrap samples of the tracking dataset, while Table A2.18 
shows the minimum AIC model using the full tracking dataset, along with other models 
considered.   
 
The minimum AIC model found by the stepwise search included distance to colony, distance 
to shore and salinity in spring, and had an AIC value of 297.53. All three variables have a 
biological plausibility rank of ≤5 and were selected more than 50% of the time in the 
bootstrap samples (Table A2.17). Therefore, the minimum AIC model was used as the final 
model. 
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Table A2.17. Frequency with which covariates were selected for 100 bootstrap samples for Sandwich 
terns at the Cemlyn colony, using available candidate covariates. 
Variable Count 
dist_col 100 
dist_shore 91 
sal_spring 82 
ss_wave 49 
bathy_1sec 35 
ss_current 35 
sal_summ 30 
eastness_1s 28 
slope_1s_deg 25 
northness_1s 18 
strat_temp 16 
sand 8 

 
Table A2.18. Shortlisted model and AIC statistic for Sandwich terns at the Cemlyn colony; the 
proposed final model is indicated in bold. A model containing only distance to colony is shown for 
comparison. 
Terms AIC 
dist_col 414.09 
dist_col, dist_shore, sal_spring 297.53 

 
8.5 Larne Lough 
 
8.5.1 Common terns 
 
For common terns at Larne Lough, sand was removed at the outset due to large amounts of 
missing data. 
 
Table A2.19 shows the frequency with which covariates were selected in the minimum AIC 
models from 100 bootstrap samples of the tracking dataset. The minimum AIC model 
obtained by the stepwise search (distance to colony, distance to shore and bathymetry) did 
not include sea surface temperature or chlorophyll concentration variables, both of which 
have extensive missing data. We therefore re-ran model selection with these variables 
removed to obtain a more accurate estimate of AIC. The resulting minimum AIC model using 
the full tracking dataset, along with other models considered, is shown in Table A2.20. 
 
The recalculated minimum AIC model found by the stepwise search contained distance to 
colony, distance to shore, bathymetry, seabed slope and shear stress wave, and had an AIC 
value of 90.104. Both shear stress wave and seabed slope have a biological plausibility rank 
of >5, and seabed slope was selected <50% of the time in the bootstrap samples (Table 
A2.19). Removing shear stress wave increased the AIC value by <2 but removing seabed 
slope increased it by >2 (Table A2.20). The removal of both (which would result in the 
original minimum AIC model) also increased the AIC value by >2 (Table A2.20). The final 
model chosen therefore included distance to colony, distance to shore, bathymetry and 
seabed slope.  
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Table A2.19. Frequency with which covariates were selected for 100 bootstrap samples for common 
terns at the Larne Lough colony, using available candidate covariates. 
Variable Count 
dist_col 99 
bathy_1sec 96 
ss_wave 68 
dist_shore 67 
sal_summ 34 
chl_apr 31 
sal_spring 28 
spring_front 22 
sst_june 22 
strat_temp 19 
northness_1s 15 
slope_1s_deg 15 
sst_may 14 
chl_june 13 
eastness_1s 13 
ss_current 9 
chl_may 7 
sst_april 5 
summ_front 2 

 
Table A2.20. Shortlisted models and AIC statistics for common terns at the Larne Lough colony with 
chlorophyll and SST variables excluded; the proposed final model is indicated in bold. A model 
containing only distance to colony is shown for comparison. 
Terms AIC 
dist_col 117.55 
dist_col,dist_shore,bathy_1sec 93.743 
dist_col,dist_shore,bathy_1sec,ss_wave 92.53 
dist_col,dist_shore,bathy_1sec,slope 90.369 
dist_col,dist_shore,bathy_1sec,slope,ss_wave 90.104 

 
8.6 Outer Ards 
 
8.6.1 Arctic terns 
 
Table A2.23 shows the frequency with which covariates were selected in the minimum AIC 
models from 100 bootstrap samples of the tracking dataset. The minimum AIC model 
(distance to colony and chlorophyll concentration in June) found by the stepwise search did 
not include any sea surface temperature variables. As there are a lot of missing data for 
these variables compared to other covariates, we re-ran model selection with sea surface 
temperature removed as candidate covariates. The resulting minimum AIC model, along with 
other considered models, is shown in Table A2.24.  
 
The minimum AIC model obtained by the stepwise search now contained distance to colony 
and shear stress current, and had an AIC value of 114.53. Shear stress current has a 
biological plausibility rank of >5 and was selected <50% of the time (Table A2.23). The 
removal of shear stress current increased the AIC value by >2 (Table A2.24).  
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For comparison, the original minimum AIC model when sea surface temperature was 
included is also shown, together with the AIC statistics when chlorophyll concentration in 
June was removed from this model (because it was selected <50% of the time (Table 
A2.23)). The resulting AIC value was reduced by <2 but was still much greater than that of 
the model containing distance to colony and shear stress current only (Table A2.24). Thus, 
the final model included distance to colony and shear stress current. 
 
Table A2.23. Frequency with which covariates were selected for 100 bootstrap samples for Arctic 
terns at the Outer Ards colony, using all candidate covariates. 
Variable Count 
dist_col 74 
dist_shore 58 
chl_apr 57 
chl_june 46 
sal_spring 44 
chl_may 28 
sal_summ 27 
ss_wave 24 
strat_temp 24 
sst_april 21 
bathy_1sec 19 
sand 17 
sst_june 17 
summ_front 15 
sst_may 11 
eastness_1s 8 
ss_current 6 
pring_front 5 
northness_1s 1 
slope_1s_deg 1 

 
Table A2.24. Shortlisted models and AIC statistics for Arctic terns at the Outer Ards colony when SST 
variables are excluded; the proposed final model is indicated in bold.  
Terms AIC 
dist_col, chl_june 123.39 
dist_col 121.41 
dist_col, ss_current 114.53 

 
8.7 Ythan Estuary, Sand of Forvie and Meikle Loch 
 
8.7.1 Sandwich terns 
 
Sand, sea surface temperature and chlorophyll concentration were removed as candidate 
covariates at the outset due to the high amount of missing data.  
 
Table A2.25 shows the frequency with which remaining covariates were selected in the 
minimum AIC models from 100 bootstrap samples of the tracking dataset, while Table A2.26 
shows the minimum AIC model using the full tracking dataset, along with other models 
considered. 
 



Quantifying usage of the marine environment by terns Sterna sp. around their breeding colony SPAs  
 
 

112 

The minimum AIC model obtained from the stepwise search involved temperature 
stratification, shear stress current and bathymetry, and had an AIC of 89.376. Dropping 
shear stress current (because it has a biological plausibility rank of >5) increased the AIC by 
<2 (Table A2.26). Removing bathymetry (because it was selected <50% of the time in the 
bootstrap sample (Table A2.25)) and removing both bathymetry and shear stress current 
together resulted in an increase of the AIC value by >2 (Table A2.26). Therefore the final 
model chosen contained bathymetry and temperature stratification.  
 
Table A2.25. Frequency with which covariates were selected in the minimum AIC models from 100 
bootstrap samples of the tracking dataset for common terns at the Sand of Forvie colony, using 
available candidate covariates. 
Variable Count 
ss_current 67 
ss_wave 54 
strat_temp 53 
dist_col 46 
slope_1s_deg 44 
sal_spring 43 
bathy_1sec 37 
dist_shore 27 
spring_front 22 
sal_summ 18 
northness_1s 12 
eastness_1s 3 

 
Table A2.26. Shortlisted models and AIC statistics for Sandwich terns at the Forvie colony; the 
proposed final model is indicated in bold. A model containing only distance to colony is shown for 
comparison. 
Terms AIC 
dist_col 201.07 
strat_temp 169.78 
ss_current,strat_temp 162.58 
bathy_1sec, strat_temp 90.462 
bathy_1sec,ss_current,strat_temp 89.376 

 
8.8 Model selection for Imperial Dock Lock models 
 
8.8.1 Common terns 
 
For common terns at Imperial Dock Lock, sea surface temperature and chlorophyll 
concentration were removed as candidate covariates at the outset due to the high amount of 
missing data.  
 
Table A2.27 shows the frequency with which the remaining available covariates were 
selected in the minimum AIC models from 100 bootstrap samples of the tracking dataset 
while Table A2.28 shows the minimum AIC model using the full tracking dataset, along with 
other models considered. 
 
The minimum AIC model obtained by the stepwise search included distance to colony, 
seabed slope, salinity in spring, distance to shore, bathymetry and probability of a spring 
front, and had an AIC value of 653.98. All of these were selected >50% of the time in the 
bootstrap samples (Table A2.27), but probability of a spring front and seabed slope have a 
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biological plausibility rank of >5. When probability of a spring front was removed, the 
difference in AIC was <2, while removal of seabed slope increased the AIC value by >2 
(Table A2.28). Removal of both these covariates together increased the AIC value by >2 
(Table A2.28). Thus the final model contained distance to colony, seabed slope, salinity in 
spring, distance to shore and bathymetry.  
 
Table A2.27. Frequency with which covariates were selected in the minimum AIC models from 100 
bootstrap samples of the tracking dataset for common terns at Imperial Dock Lock SPA, using 
available candidate covariates. 
Variable  Count 
dist_col  100 
dist_shore  95 
bathy_1sec  90 
spring_front  81 
slope_1s_deg  80 
sal_spring  63 
sal_summ  42 
summ_front  34 
ss_current  31 
sand  30 
northness_1s  11 
ss_wave  10 
eastness_1s  8 
strat_temp  4 

 
Table A2.28. Shortlisted models and AIC statistics for common terns at Imperial Dock Lock SPA. A 
model containing only distance to colony is shown for comparison. The proposed final model is 
indicated in bold. 
Terms AIC 
dist_col  685.82  
dist_col,dist_shore,sal_spring,bathy_1sec  658.61  
dist_col, slope_1s_deg, sal_spring, dist_shore, bathy_1sec  
dist_col, sal_spring, dist_shore, bathy_1sec, spring_front  

655.46  
656.46  

dist_col, slope_1s_deg, sal_spring, dist_shore, bathy_1sec, spring_front  653.98  
 
8.9 Model selection for Glas Eileanan models 
 
8.9.1 Common terns 
 
For common terns at Glas Eileanan, it was decided to remove sand, sea surface 
temperature and chlorophyll concentration covariates at the outset due to the high amount of 
missing data.  
 
Table A2.29 shows the frequency with which remaining covariates were selected in the 
minimum AIC models from 100 bootstrap samples of the tracking dataset, while Table A2.30 
shows the minimum AIC model using the full tracking dataset, along with other models 
considered 
 
The minimum AIC model obtained from the stepwise selection contained distance to colony, 
distance to shore, eastness and seabed slope, and had an AIC value of 282.88. All these 
covariates were selected in >50% of the bootstrap samples (Table A2.29), but eastness and 
seabed slope both have a biological plausibility rank of >5. When eastness was removed, 
the difference in AIC was <2 (Table A2.30). When seabed slope was removed, the 
difference in AIC was >2 (Table A2.30). Equally, the removal of both eastness and seabed 
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slope together also increased the AIC by >2 (Table A2.30). Therefore, the final model 
selected contained distance to colony, distance to shore and seabed slope. 
 
Table A2.29 Frequency with which covariates were selected for 100 bootstrap samples for common 
terns at Glas Eileanan, using available candidate covariates. 
Variable Count 
dist_col 100 
slope_1s_deg 83 
eastness_1s 70 
dist_shore 68 
strat_temp 23 
ss_wave 21 
sal_summ 19 
bathy_1sec 17 
sal_spring 14 
ss_current 14 
northness_1s 12 
summ_front 12 

 
Table A2.30. Shortlisted models and AIC statistics for common terns at Glas Eileanan; the proposed 
final model is indicated in bold. A model containing only distance to colony is shown for comparison. 
Terms AIC 
dist_col 290.24 
dist_col, dist_shore 289.52 
dist_col, dist_shore, eastness 287.85 
dist_col, dist_shore, slope 283.94 
dist_col, dist_shore, eastness, slope 282.88 
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9 Appendix 3 Equations for the final GLM models 
 
Colony SPA Species Model equation  
Coquet Island Arctic Usage = -3.74 - 0.22(dist_col) + 1.53(chl_june) - 0.04(bathy_1sec) + Ɛi 
Farne Islands Arctic Usage = 5218 - 0.27(dist_col) - 148.82(sal_spring) + Ɛi 
Outer Ards Arctic Usage = -1.59 - 0.11(dist_col) + 0.93(ss_current) + Ɛi 
Generic Arctic Usage = -0.96 - 0.22(dist_col) - 0.01(bathy_1sec) + Ɛi 
Coquet Island Common Usage = -16.11 - 0.24(dist_col) + 2.97(chl_june) - 0.05(bathy_1sec) + 1.42(sst_april) + Ɛi 
Larne Lough Common Usage = 0.22 -0.45(dist_col) + 0.54(dist_shore) + 0.03(bathy_1sec) + 0.64(slope_1s_deg) + Ɛi 
Glas Eileanan Common Usage = -2.15 - 0.16(dist_col) + 0.45(dist_shore) + 0.37(slope_1s_deg) + Ɛi 

Imperial Dock Lock Common  Usage = -724.88 - 0.21(dist_col) + 0.03(bathy_1sec) - 0.29(dist_shore) + 20.66(sal_spring) + 
0.19(slope_1s_deg) + Ɛi 

North Norfolk Common Usage = -5.71 - 0.48(dist_col) + 1.61(ss_wave) + Ɛi 
Cemlyn Bay Common Usage = -3888.32 - 0.81(dist_col) + 113.26(sal_spring) + Ɛi 
Generic Common Usage = -0.74 - 0.19(dist_col) - 0.001(bathy_1sec) - 0.10(dist_shore)  + Ɛi 
Coquet Island Roseate Usage = -79.24 - 0.21(dist_col) + 1.81(chl_june) + 8.13(sst_may) + Ɛi 
Coquet Island Sandwich Usage = 0.37 - 0.08(dist_col) - 0.51(dist_shore) + Ɛi 
Farne Islands  Sandwich Usage = -2.071e+04 - 4.124e-01(dist_col) - 1.958e+00(dist_shore) + 5.904e+02(sal_spring) + Ɛi 
Larne Lough Sandwich Usage = -4677.47 - 0.43(dist_col) - 3.35(dist_shore) + 133.89(sal_spring) + Ɛi 
Ythan Estuary, Sands of 
Forvie and Meikle Loch Sandwich Usage = 4.06 - 2.38(strat_temp) + 0.26(bathy_1sec) + Ɛi 

North Norfolk  Sandwich Usage = -4.19 - 0.17(dist_col) + 0.09(dist_shore) + 0.06(bathy_1sec) + 1.16(ss_wave) + Ɛi 
Cemlyn Bay Sandwich Usage = -1.717e+03 - 2.770e-01(dist_col) - 3.661e-01(dist_shore) + 5.001e+01(sal_spring) + Ɛi 
Generic Sandwich Usage = 0.28 - 0.09(dist_col) + 0.03(bathy_1sec) - 0.20(dist_shore) + Ɛi 
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10 List of Annexes 
 
Annex 1 
 
Contract report of work carried out to develop and apply modelling techniques to visual-
tracking data to produce site-specific (Phase 1) models for 13 species/colony SPAs. The 
mapped outputs are from the GAM models. 
 
BREWER, M.J, POTTS, J. M., DUFF, E. I. & ELSTON, D. A. 2012a. To carry out tern 
modelling under the Framework Agreement C10-0206-0387. Contract Report to JNCC, 
March 2012. 
 
A separate Results Appendix provides the text and graphical output from the analysis of the 
main report. 
 
Annex 2 
 
Contract report of work carried out to extend the modelling techniques developed in Brewer 
et al 2012a for application in a geographic extrapolation (Phase 2) context for 14 
species/colony SPAs for which little or no visual tracking data were available. Analysis was 
restricted to GLMs. 
 
BREWER, M.J., POTTS, J. M., DUFF, E. I. & ELSTON, D. A. 2012b. Prediction of new 
colonies – seabird tracking data (under Agreement C10-0206-0387). Contract Report to 
JNCC, November 2012. 
 
A separate Results Appendix provides the text output for the principal component analysis of 
Section 5.1 of the main report. 
 
Annex 3 
 
Contract report to re-run GAM models developed in Brewer et al 2012a for the four larger 
tern species at Coquet Island SPA after removing outliers and transforming environmental 
covariates where necessary.  
 
BREWER, M.J., POTTS, J. M., DUFF, E. I. & ELSTON, D. A. 2012c. Additional Work 
Coquet Colony – Seabird Tracking Data (under Agreement C10-0206-0387). Contract 
Report to JNCC, December 2012. 
 
Annex 4 
Contract report to re-run GAM models developed in Brewer et al 2012a for the four larger 
tern species at all other Phase 1 colonies (except Coquet Island, covered in Brewer et al 
2012c) after removing outliers and transforming environmental covariates where necessary.  
 
POTTS, J. M., BREWER, M. J., DUFF, E. I. & ELSTON, D. A. 2013a. Additional Work Other 
Colonies – Seabird tracking data (under Agreement C10-0206-0387). Contract Report to 
JNCC, March 2013. 
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Annex 5 
 
Contract report of work re-running GLM models for Phase 1, incorporating more robust 
approach to model selection and generating confidence intervals for the predictions. These 
are the final Phase 1 models used. 
 
POTTS, J. M., BREWER, M. J., & DUFF, E. I. 2013b. Refinements of tern Sterna sp. 
tracking data modelling (Phase 1) (under Agreement C10-0206-0387). Contract Report to 
JNCC, September 2013. 
 
Annex 6 
 
Contract report of work re-running GLM Phase 2 models based on a revised shortlist of 
candidate covariates resulting from the Potts et al 2013b (Annex 5) work. Included clearer 
audit of model selection based on three different scores of cross-validation. These are the 
final Phase 2 models used. 
 
POTTS, J. M., BREWER, M. J., & DUFF, E. I. 2013c. Refinements of tern Sterna sp. 
tracking data modelling (Phase 2) (under Agreement C10-0206-0387). Contract Report to 
JNCC, October 2013, Revised December 2013. 
 
Annex 7 
 
Contract report of cross-validation work carried out on Phase 1 models. 
 
POTTS, J. M., BREWER, M. J. 2014. Cross-Validation of tern Sterna sp. tracking data 
modelling (Phase 1) (Under Agreement C10-0206-0387). Contract Report to JNCC, 
December 2013. Revised January 2014 
 
Annex 8 
 
Contract report of a literature review of tern foraging ecology. 
 
EGLINGTON S. & PERROW, M. R. 2014. Literature review of tern Sterna sp. foraging 
ecology. Report to JNCC, under Contract ref. C13-0204-0686 
 
Annex 9 
 
Contract report analysing a subset of the JNCC visual tracking data to determine sufficiency 
of sample sizes for estimating foraging ranges of the colony population. 
 
HARWOOD A. J. P. & PERROW, M. R 2014. Analysis of JNCC visual tracking data. Report 
to JNCC, under Contract ref. C13-0204-0686 
 
Annex 10 
 
Contract report revising the roseate tern model for Coquet Island, excluding covariates with 
extensive missing values. 
 
POTTS, J. M.&  BREWER, M. J. 2014. Revised model for roseate terns (Under Agreement 
C10-0206-0387). Contract Report to JNCC, May 2014 
 



Quantifying usage of the marine environment by terns Sterna sp. around their breeding colony SPAs  
 
 

118 

11  Version Control 

 

Version / Date Drafted by 
Issued to / 
comments 
from 

QA JNCC sign-
off/date 

V1: 04 December 2013 
Filename: JNCC Tern Report 
Dec 2013. Doc 
 

LJ Wilson 
A Kuepfer; I 
Win; J 
Black 

Incorporated 
minor 
comments 

 

V2: 09 December 2013 
Filename: JNCC Tern Report 
Dec 2013._V2. doc 

LJ Wilson 
and A 
Kuepfer 

J Reid 
Incorporated 
minor 
comments 

 

V3: 16 December 2013 
Filename: JNCC Tern Report 
Dec 2013._V3. doc 

LJ Wilson L Way 
Incorporated 
minor 
comments 

18/12/2013 

V4: 20 December 2013 
Filename: JNCC Tern Report 
Dec 2013._V4. doc 

LJ Wilson SNCBs 

Incorporated 
minor 
comments 
from SNCBs; 
corrected 
Table 53 

 

V5: 3 March 2014. 
Filename: JNCC Tern 
Report_V5. doc 

LJ Wilson Independen
t review 

Addressed 
reviewer 
comments 

31/07/2014 

V6: 31 July 2014 
Filename: JNCC Tern 
Report_V6.doc 

LJ Wilson 

Publicly 
available 
pre-
publication 
draft 

  

 


	Hornsea Project Three (UK) Ltd  response to Deadline 3 (Part 6) email
	D3_HOW03_Appendix 11_JNCC 2014 (2)
	Insert from: "Appendix 11_Wilson et al_2014.pdf"
	1 Background and aims
	1.1 Tern ecology and conservation

	2 Methods
	2.1 Data collection
	2.1.1 Study colonies
	2.1.2 Collation of environmental covariates

	2.2 Data analysis
	2.2.1 Assessing sample size sufficiency
	2.2.2 Model development
	i Case-control approach
	ii Type of regression
	iii Assessing effects of year and breeding period
	iv Addressing repeated measures and between-individual variation
	v Accounting for residual autocorrelation
	vi Cross-correlated covariates

	2.2.3 Phase 1: generating site-specific models
	i Assessing model performance

	2.2.4 Phase 2: Generating models for geographic extrapolation
	i Determining input datasets for model building
	ii Model selection and assessing model performance

	2.2.5 Application of Phase 1 and 2 models


	3 Results
	3.1 Data coverage overview
	3.2 Model results overview
	3.3 Results by colony SPA
	3.4 English colony SPAs
	3.4.1 Farne Islands SPA
	3.4.2 Coquet Island SPA
	3.4.3 The Wash SPA
	3.4.4 North Norfolk Coast
	3.4.5 Breydon Water
	3.4.6 Foulness (Mid-Essex Coast Phase 5)
	3.4.7 Dungeness to Pett Level
	3.4.8 Chichester and Langstone Harbour
	3.4.9 Solent and Southampton Water
	3.4.10 Poole Harbour
	3.4.11 Ribble and Alt Estuaries
	3.4.12 Duddon Estuary

	3.5 English/Welsh colony SPAs
	3.5.1 The Dee Estuary

	3.6 Welsh colony SPAs
	3.6.1 Ynys Feurig, Cemlyn Bay and The Skerries

	3.7 Northern Ireland colony SPAs
	3.7.1 Larne Lough
	3.7.2 Outer Ards SPA
	3.7.3 Copeland Islands SPA
	3.7.4 Strangford Lough
	3.7.5 Carlingford Lough

	3.8 Scottish colony SPAs
	3.8.1 Fetlar
	3.8.2 Mousa
	3.8.3 Papa Stour
	3.8.4 Foula
	3.8.5 Fair Isle
	3.8.6 Auskerry
	3.8.7 Papa Westray (North Hill and Holm)
	3.8.8 Rousay
	3.8.9 Pentland Firth Islands
	3.8.10 Ythan Estuary, Sands of Forvie and Meikle Loch
	3.8.11 Imperial Dock Lock
	3.8.12 Forth Islands
	3.8.13 Glas Eileanan


	4 Assessing model performance
	5 Discussion
	6 References
	7 Appendix 1 Candidate covariates and their rankings
	8 Appendix 2 Results of model selection for Phase 1 colonies
	8.1 Model selection for Farne Islands models
	8.1.1 Arctic terns

	8.2 Model selection for Coquet Island models
	8.2.1 Arctic terns
	8.2.2 Common terns
	8.2.3 Roseate terns
	8.2.4 Sandwich terns

	8.3 Model selection for North Norfolk models
	8.3.1 Common terns
	8.3.2 Sandwich terns

	8.4 Model selection for Ynys Feurig, Cemlyn Bay and The Skerries models
	8.4.1 Common terns
	8.4.2 Sandwich terns

	8.5 Larne Lough
	8.5.1 Common terns

	8.6 Outer Ards
	8.6.1 Arctic terns

	8.7 Ythan Estuary, Sand of Forvie and Meikle Loch
	8.7.1 Sandwich terns

	8.8 Model selection for Imperial Dock Lock models
	8.8.1 Common terns

	8.9 Model selection for Glas Eileanan models
	8.9.1 Common terns


	9 Appendix 3 Equations for the final GLM models
	10 List of Annexes
	Annex 1
	Annex 2
	Annex 3
	Annex 4
	Annex 5
	Annex 6
	Annex 7
	Annex 8
	Annex 9
	Annex 10

	11  Version Control



