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Summary 


 


The Filey Cliffs seabird monitoring programme is an ongoing partnership between RSPB and Natural 


England. The programme was set up to monitor and report on the condition of this internationally 


important seabird colony. The project aims to establish repeatable baseline census monitoring of the 


colony, and to pursue a number of key areas of research and surveillance required to inform the 


conservation status of this site. The continued monitoring and research has informed the review of the 


adjacent Flamborough Head and Bempton Cliffs Special Protection Area (SPA) and Site of Special 


Scientific Interests (SSSI) and the consultation on the enlarged Flamborough and Filey Coast proposed 


Special Protection Area (pSPA). It also provides critical data to the conservation agencies to inform 


marine casework and enable the government to make informed decisions in the establishment of the 


Marine Protected Area (MPA) network. 


 


The programme of research is coordinated by the RSPB Bempton Cliffs seabird monitoring team lead 


by the reserve Warden, the Seabird Research Assistant, who is funded by the National Lottery, through 


the Heritage Lottery Fund, and a team of dedicated volunteer seabird researchers. 


 


Again this season there was news of a seabird wreck in the late winter/early spring, this time 


concentrated in SW England, the Channel Islands and the Atlantic coasts of France and Spain in the 


Bay of Biscay. It does not appear to have had an adverse effect on auk population of the pSPA, but 


Kittiwake breeding productivity at Filey remained well below both the national reference mean and the 


adjacent Flamborough/Bempton area. Poor weather in the second week of July, before many chicks 


were weatherproof, had an adverse effect, with large numbers of chicks lost, particularly from north 


facing plots. 


 


A whole-colony population count was successfully completed this year, providing a six-year continuous 


trend in population data for this site. The total number of individual birds in the breeding seabird 


assemblage was 16,801 individuals, the lowest count since annual counts started in 2009. Most of the 


decline is due to a substantial 29% drop in the number of Kittiwake apparently occupied nests (AON) 


recorded. 


 


Productivity monitoring for Black-legged Kittiwake was undertaken for a third year across five 


monitoring sites by staff and volunteers from RSPB and Filey Bird Observatory & Group (FBOG). 


Productivity averaged 0.45 chicks per pair. 


 


The RSPBs Seabird Tracking and Research (STAR) project took place across Flamborough and Filey.  


The project is now in its fifth year of fieldwork and data collection at Flamborough and its second year 


at Filey, tracking Black-legged Kittiwake to investigate foraging behaviour and areas during the chick 


rearing period. Nineteen GPS tags were deployed at Filey, of which sixteen were recovered. The 


findings to date indicate that Kittiwakes from Flamborough and Filey forage in different, but overlapping, 


areas with Filey birds tending to feed further to the north of birds from Flamborough, at least in the short 


time frame over which foraging behaviour was measured. It was apparent that foraging areas 


overlapped significantly with areas of seabed zoned for wind energy development at Hornsea and 


Dogger Bank. 
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It is proposed to carry out a detailed analysis of the core foraging areas and compare these with known 


oceanographic features to determine a more accurate foraging hot spot map for the whole SPA. This 


could be tested by extending the Filey Kittiwake study and rolling out tracking work to include Kittiwakes 


nesting at Bempton and Speeton. Furthermore, it is recommended that this approach be used to 


determine core foraging areas of breeding Razorbill and Guillemot, key features of the Flamborough 


and Filey Coast pSPA, as soon as the technology allows data to be downloaded automatically without 


having to recapture birds. 
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Introduction 


 


The stretch of coastline between Filey Brigg and Cayton Bay falls within the county of North Yorkshire. 


It is approximately 7 kilometres long and situated 10 kilometres north of Bempton Cliffs, on the east 


coast of Yorkshire, UK (Figure 1). 


 


Figure 1 – Filey/Cayton seabird colony location 


 


 


There are two SSSI designations that fall within the colony; these are the Filey Brigg SSSI to the south, 


and the Gristhorpe Bay and Red Cliff SSSI to the north (Figure 2). 


 


Figure 2 – SSSI designations within and adjacent to the Filey/Cayton colony 


 


Southern limit of colony 


Northern limit of colony 
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The colony supports a diverse assemblage of breeding seabirds which, with the exception of Northern 


Gannet (Morus bassanus), is similar to the assemblage within the adjacent Flamborough Head and 


Bempton Cliffs SPA. The cliff height ranges from 160 foot to the south to 270 foot in the north. For the 


most part, the cliff face is vertical with ledges and crevices providing suitable nesting areas for Northern 


Fulmar (Fulmarus glacialis), Great Cormorant (Phalacrocorax carbo), Atlantic Puffin (Fratercula artica), 


Razorbill (Alca torda), Common Guillemot (Uria aalge), Black-legged Kittiwake (Rissa tridactyla) and 


Herring Gull (Larus argentatus). Other sections of cliff line are more gradual and covered in vegetation. 


These are the result of previous landslips and are largely unsuitable for nesting seabirds. 


A key reason for the proposed extension to the pSPA is that the seabirds occurring within the larger 


area from Cunstone Nab in the north to South Landing at Flamborough Head in the south can be 


considered as a single population separated by the sandy and/or boulder clay coastal stretch in Filey 


Bay stretching from Filey Brigg south to Reighton.  


Whole-colony counts carried out in 1986 (Williams 1996) and in 2002, as part of Seabird 2000, a major 


initiative to census all breeding seabirds in Britain and Ireland (Mitchell et al 2004) identified a 


significant seabird colony nesting on the cliffs to the north of Filey Bay. The significance of this colony 


came to light in 2008 in response to large numbers of Razorbill and Guillemot being caught and killed in 


gill nets set by fishermen in the adjacent Filey Bay. It was recognised that birds caught in the nets could 


have originated from either the Flamborough/Bempton or Filey colony. Unfortunately, at that time there 


was little current data about the state of the colony at Filey. 


 


In 2009, a boat-based whole-colony count of the breeding seabird assemblage nesting on the cliffs 


between Filey and Cayton was carried out by the RSPB. The results suggested that the total number of 


breeding seabirds in the colony exceeded 20,000 birds, and as such, under the EU Birds Directive met 


SPA qualifying criteria. In response to this evidence the RSPB, with funding support from Natural 


England, have now completed five consecutive years of colony count data. The results are comparable 


with earlier counts enabling determination of population trends and comparison with results from the 


Flamborough and Bempton SPA. 


 


In addition to this, recommendations were made to carry out productivity monitoring for Black-legged 


Kittiwake as the colony currently supports more than 1% of the UK Kittiwake population. In order to 


build up a more detailed understanding of the colony and its importance against other colonies around 


the UK, continued annual census and productivity monitoring at this site will enable the assessment of 


population changes, trends, and variations in colony assemblage over time. 


 


The results from the 2014 seabird monitoring programme are detailed in this document with the 


intention of providing all raw data and monitoring procedures to enable interpretation by others in the 


future. 
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Methods 


 


The Filey seabird monitoring programme followed the guidelines and methodologies set out in the 
‘Seabird monitoring handbook for Britain and Ireland. By Walsh, P.M., Halley, D.J., Harris, M.P., del 
Nevo, A., Sim, I.M.W., & Tasker, M.L. 1995’. JNCC / RSPB / ITE / Seabird Group, Peterborough.  
 
The handbook summarises the current census and productivity monitoring techniques for seabirds. The 
appropriate methods were followed according to resources and practicality at this site. Please refer to 
the ‘Seabird monitoring handbook for Britain and Ireland, 1995’ for details on individual methodologies. 
 


Whole-colony count 


The count was conducted on 1st June 2014 and took six and a half hours to complete. It was a boat-


based census, comparable to previous years, and was carried out by RSPB staff with assistance from 


Filey Sailing Club. The colony is divided into five recording areas, taken from the JNCC Seabird 


Monitoring Programme (SMP) website; within these recording areas, 24 sub-sections have been 


established to assist the counts. For full SMP and sub-section boundaries, see Appendix 4. 


 


Productivity monitoring 


Black-legged Kittiwake productivity monitoring was carried out by RSPB staff and volunteers for the first 


time in 2012, following the seabird monitoring handbook; these were completed again in 2013 and 


2014. Historically, monitoring had been undertaken by FBOG (Syd Cochrane pers. comm.) however, 


did not follow the methodologies set out in the handbook. A three year data set for Kittiwake 


productivity now exists, comparable to other UK colonies. In 2011, five productivity plots were 


established providing an adequate sample size of 250+ AONs as well as providing safe vantage points 


for the observer with little or no disturbance to breeding seabirds (see Figure 3). Following the 


numbering of the potential plots these were numbered 7, 8, 9(a), 10(a) and 10(b). In 2014, an additional 


plot was established on Filey Brigg (Plot 1) to replace plot 10(b) which was not monitored this year. 


 


Figure 3 – SMP boundaries (green) and Kittiwake productivity plot locations (red) 


 


Productivity plot 9 (a) 


 


SMP plot Cayton Bay 1 


SMP plot Filey 1 


SMP plot Cayton Bay 2 


Productivity plot 8 


 


Productivity plot 7 


 


Productivity plot 1 


SMP plot Filey 3 (start) 


SMP plot Filey 3 (end) 


SMP plot Filey 2 


 


Productivity plot 10 (a) 
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Kittiwake tracking 


Tracking took place at Filey for a second consecutive year (Figure 4). Fieldwork was carried out by Dr 


Guy Anderson, RSPB Principal Research Manager and David Aitken, RSPB Bempton Cliffs Warden. 


Tags were deployed on breeding (incubating or chick rearing) adult Kittiwakes following strict protocols 


to minimise disturbance caused by catching and tagging birds. GPS tags were used to obtain high 


resolution (one position every 100 seconds to an accuracy of approximately 25m) location data. 


Modified IgotU gt120 GPS tags (Mobile Action) were used to reduce weight and increase water 


resistance for use on Kittiwakes. Tags varied in weight depending on the size of battery installed in the 


tag. Tags, including attachment material, weighed between 11g and 19g. Adult Kittiwakes typically 


weight 400g and so tags were between 2.75% and 4.75% of body weight. The upper end of this 


exceeds the current recommended tag burden (set at 3%) which after consideration was deemed to be 


acceptable since deployments were very much shorter in duration than most tagging upon which the 


recommendations are set. It is also well within the ~50g known to be regularly carried by this species 


as food bought back to chicks. Tags were attached to plumage on the mantle using Tesa Tape and 


deployments were typically between one and four days in duration. The bird must be re-caught and tag 


removed in order to recover the data. Breeding success and trip lengths were observed to monitor the 


effect of tagging. No differences were observed between tagged birds and undisturbed birds in either of 


these measures (Gough, 2012. MSc thesis). 


Figure 4 – Filey Brigg Kittiwake tagging site 2014 
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Results 


 


Whole-colony counts 


A six year continuous data set of colony assemblage counts carried out between 2009 and 2014 now 


exists – these are shown below and are compared to the 1986 (Williams 1996) and 2002 counts (Table 


1). 


 


The results provide the lowest number of Kittiwake since counts restarted in 2009, with a 29% reduction 


in the number of AONs recorded. By contrast, Guillemot were at their highest recorded level, with 39% 


more individuals recorded. Razorbill numbers fell after three consecutive years of increases. Puffin* 


recovered from an exceptionally low count last year. Herring Gull slipped after an increase last year, 


while Fulmar continue to decline. There are no breeding Shag at Filey, however, four individuals, one 


adult and three juveniles, were present at the time of the count. 


 
Table 1 – Comparison of boat based whole-colony counts 1986-2014 


 


* Surveying Puffins with this technique is not recommended owing to their secretive nature and 


inaccessible cliff habitat. Year on year counts may offer some understanding in trends over time. 


 


Distribution of birds at Filey 


The spatial distribution of the birds comprising the breeding assemblage in 2014 is shown in Table 2. 


For comparison, tables showing the distribution of the assemblage in 2002 and each year from 2011 - 


2014 are shown in Appendix 2. 


 


Table 2 – Distribution of breeding assemblage using SPM plots in 2014  


 


1986          


(14 June)


2002 2009          


(20 June)


2010          


(21 May)


2011          


(3 June)


2012          


(18 June)


2013          


(3 June)


2014       


(1 June)


Fulmar 252 pairs 243 AOS 410 AOS 842 AOS 771 AOS 558 AOS 576 AOS 494 AOS


Cormorant 25 pairs 23 AOS 42 AOS 20 AOS 38 AOS 29 AOS 21 AOS 27 AOS


Shag 0 0 0 0 4 ind. 2 ind. 2 ind. 4 ind


Herring Gull 200 pairs 110 AOS 339 AOS 240 AOS 245 AOS 190 AOS 251 AOS 212 AOS


Kittiwake 5666 pairs 5120 AOS 6413 AOS 6420 AOS 7777 AOS 6832 AOS 6935 AOS 4960 AOS


Guillemot 416 pairs 470 ind. 2695 ind. 3100 ind. 3007 ind. 2717 ind. 3064 ind. 4256 ind


Razorbill 104 pairs 72 ind. 613 ind. 814 ind. 1120 ind. 1325 ind. 1403 ind. 1118 ind


Puffin* 36 ind. 35 ind. 19 ind. 15 ind. 32 ind. 47 ind. 11 ind. 37 ind.


Total ind. 13362 11569 17735 18973 21825 19309 20046 16801


Species Filey 1 Filey 2 Filey 3 Cayton 1 Cayton 2 Total Total Individual


Common Guillemot (Ind.) 105 972 3179 0 0 4256 4256


Razorbill (Ind.) 119 291 708 0 0 1118 1118


Northern Fulmar (AOS) 170 125 77 49 73 494 988


Black-legged Kittiwake (AON) 845 2563 1536 0 16 4960 9920


Herring Gull (AON) 82 64 31 18 17 212 424


Atlantic Puffin (Ind.) 0 1 36 0 0 37 37


Great Cormorant (AON) 14 10 3 0 0 27 54


European Shag (Ind.) 0 0 4 0 0 4 4


Total 16801


Cayton Bay to Filey Brigg Whole-colony Count 2014
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Productivity monitoring 


Overall productivity for Kittiwake averaged 0.45 chicks per pair. A total of 255 AONs were monitored 


across five plots, of which 114 chicks successfully fledged (Table 3, Figure 5). The national reference 


mean for Kittiwake is 0.68 chicks per pair, recorded between 1986-2005 from between thirty and sixty-


one colonies annually (Mavor et al. 2008).  


 


Table 3 – Kittiwake productivity results 2014 


 
 


Figure 5 – Trend in Kittiwake productivity at Filey 2012-2014 


 


For monitoring plot locations and recording boundaries, see Appendix 3. 


 


Kittiwake tracking 


Tracking took place between 22nd June and 1st July. Nineteen GPS tags were deployed at Filey, of 


which sixteen were recovered. At Filey, 32 adult Kittiwake have been successfully tracked over 2 years 


(Table 4). Data from 2014 are currently being processed and screened for errors and so are not 


included in this report. 


 


P
lo


t 
1


P
lo


t 
7


P
lo


t 
8


P
lo


t 
9
 (


a
)


P
lo


t 
1
0
 (


a
)


Total


Nests fledging 0 chicks 19 35 36 32 43 165


Nests fledging 1 chick 24 12 13 11 6 66


Nests fledging 2 chicks 7 3 1 10 3 24


Nests fledging 3 chicks 0 0 0 0 0 0


Total fledged 38 18 15 31 12 114


Total AON 50 50 50 53 52 255


Productivity per plot 0.76 0.36 0.30 0.58 0.23 0.45
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Table 4 – Sample size and foraging range from tracked birds at Flamborough and Filey 


Site Year 


 
 


No. tags 
retrieved with 


data Max Foraging range (km) 


Mean (±sd) of 
individual bird Max 


(km) 


Flamborough Head  2010 25 123.6 74.1 ± 41.1 


 
2011 17 136.4 58.2 ± 40.2 


 
2012 8 219.4 156.4 ± 28.2 


 
2013 19 145.5 55.7 ± 31.9 


 
2014 17 To be calculated 


Filey 2013 17 172.2 101.2 ± 52.3 


 
2014 15 To be calculated 


              


 


Initial indications are that Kittiwake from Flamborough and Filey forage in different, but overlapping, 


areas with Filey birds tending to feed further to the north of birds from Flamborough, at least in the short 


time frame over which foraging behaviour was measured (Figure 6). 


Figure 6 – GPS tracking data from Kittiwakes at Flamborough and Filey 


 
 


Kittiwake tracking data were filtered to remove points where birds were within 1km of the colony or 


travelling faster than 14km/hr. This removes points which are close to the nest and points likely to be 


commuting birds. Kernel density estimates (KDEs) were calculated from the remaining points and the 


50% (core) and 90% (use) contours plotted (Figure 7). Differences were observed between years of the 


study. In all years an area close to the colony was used by a high density of birds as well as areas 


located further to the east. These are currently being examined to investigate how foraging behaviours 


relate to changes in colony level productivity. 
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Figure 7 – KDE contours for Kittiwakes tracked from Filey 2013 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


It was apparent that foraging areas overlapped significantly with areas of seabed zoned for wind energy 


development. The hot spots within this data are now being mapped against oceanographic features 


both at Flamborough and Bempton and at other Kittiwake colonies in the UK to determine whether core 


foraging areas can be accurately predicted. These results should be available in 2015. 
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Discussion  


 


Repeatable whole-colony population monitoring and Kittiwake productivity monitoring is now well 


established at Filey. Continued annual census and productivity monitoring of this site will enable 


assessment of changes in population size, trends, and variations within the Filey colony assemblage 


over time and comparisons with the Flamborough Head and Bempton Cliffs sections of the 


Flamborough and Filey pSPA. 


 


After completing a sixth consecutive year of whole-colony counts, results show the lowest recorded 


population size since 2009 (although still higher than in 1986 and 2002). The principal reason for the 


fall is a 29% decline in recorded Kittiwake AONs. A change in the counting team personnel may 


account for some variation, but if confirmed this decline would be a real cause for concern. Attention 


will be focused on the Kittiwake count next year in order to confirm these figures. It is also possible that 


late winter storms in the last two years have had a detrimental effect on our Kittiwakes without causing 


wrecks similar to the auk wrecks observed on the east coast of the UK in 2013 and in the southwest of 


England and Bay of Biscay in 2014. 


 


Another area of concern is the continued year on year decline in breeding Fulmar numbers since 2010. 


This decline was highlighted in the 2013 Filey Report and Fulmar reached a new low this year. 


Razorbill numbers also appear to have fallen after five successive years of increases. This may be due 


to the widely publicised seabird wreck in the Bay of Biscay in late winter and early spring, although 


Guillemot numbers at Filey increased by nearly 1200 individuals, a remarkable 39% increase on 2013. 


There is speculation that some of these may be birds displaced from Bempton Cliffs by the expansion 


of breeding Gannet onto Guillemot breeding ledges; further research will be required to confirm this. 


 


Five Kittiwake productivity monitoring plots were completed. Each produced fledging data, averaging 


0.45 fledged chicks per pair. The results for 2014 show a substantial (42%) increase on the 0.26 


fledged chicks per pair recorded in 2013, though 2014 was still the third consecutive year that Kittiwake 


productivity at Filey was below the national reference mean of 0.68 chicks per pair. Productivity also 


remained lower than the adjacent Flamborough and Bempton colony, where productivity for Kittiwake 


averaged 0.78 fledged chicks per pair in 2014. 


 


The 2013 Report highlighted technical issues in monitoring two of the more distant Kittiwake monitoring 


plots. Heat haze and wind made it difficult to accurately record eggs and young chicks. This was 


discussed with the JNCC SMP team early in the season and it was agreed that once it could be 


established that a breeding attempt was being made by the birds at a particular nest site the focus 


should be on the number of fledged chicks – large chicks being easier to monitor on the distant plots. 


 


Ongoing uses of tracking data 


These data, together with the Flamborough results now represent some of the most complete 


information available on the foraging behaviour of breeding Kittiwakes for any colony nationally. 


However, it is important to consider that the data are only representative of a small number of birds, 


relative to the size of the population and only inform us about foraging during the few short weeks in the 


years  in which tracking has taken place. Therefore, areas which have been used for foraging over the 
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course of this study cannot be considered the full extent of important foraging areas over the longer 


term. 


The initial phase of data collection has a) measured accurate foraging ranges for Flamborough and 


Filey Kittiwakes b) shown the extent of variation between years c) identified foraging hot spots for 


tracked birds and d) observed significant overlaps with development zones. This is not the full extent to 


which the data is intended to be used and currently the RSPB is analysing the habitat preferences of 


the tracked birds in order to predict generalisations about foraging behaviour beyond the years and 


colonies where tracking data has been collected. This is part of two wider projects (FAME, Future of the 


Atlantic Marine Environment and STAR, Seabird Tracking and Research) in which birds have been 


tracked at 30 colonies in the UK. 


 


Identifying Kittiwake key foraging areas and possible marine protected area boundaries  


The UK Kittiwake breeding population has undergone a 50% decline in the last forty years, mirroring a 


similar decline in the Flamborough and Bempton Cliffs SPA, one of the largest Kittiwake breeding 


colonies in the UK. The cause of this decline is not fully understood but may be linked to an increase in 


surface sea temperatures in the North Sea, during this period. During this same period the biomass of 


Arctic plankton species have reduced dramatically and populations of Lesser Sand-eel, the staple food 


of Black-legged Kittiwake, have similarly declined (Frederiksen et al, 2004). 


 


At a time when the UK Kittiwake population is undergoing such a dramatic decline it is critical that the 


legal protection offered to nesting Kittiwake is broadened to incorporate key foraging areas and to 


safeguard declining stocks of their key prey species, Lesser Sand-eel. The Birds Directive states that 


the SPA should include the most suitable territories of the SPA feature. To date, the Government have 


focussed on designated nesting areas and inshore maintenance areas only. ESAS data has been used 


to determine where key foraging areas might be located but the Minister has publically criticised the 


quality of this data. The six years of tagging data for nesting Kittiwake at Flamborough, and two years 


of Filey data, are now, for the first time, enabling us to develop a more comprehensive understanding of 


where these core foraging areas are located.  By comparing these foraging hot spots with known 


oceanographic features it may be possible to develop a kernel-density model that accurately predicts 


the core foraging hot spots across the whole of the SPA which in turn can be ground-truthed. This data 


can then be used to inform the boundaries of a possible offshore mSPA for Kittiwake at Flamborough 


and Filey as well as potential Lesser Sand-eel Marine Conservation Zones (MCZ) which could help 


safeguard both species. 


 


Kittiwake core foraging areas and the possible impact of offshore wind arrays 


In 2013 the core foraging areas of Kittiwakes, feeding nestlings at Flamborough and Filey, were once 


again shown to overlap significantly with the development footprint of the proposed Hornsea offshore 


wind array. Similarly, the foraging areas of Kittiwake nesting at Filey also showed some overlap with the 


proposed Dogger Bank offshore wind array. This overlap raises the possibility of collision risk and/or 


displacement of feeding birds due to avoidance of the wind-farm which could ultimately result in 


reduced Kittiwake breeding success and a negative impact on the SPA features.  
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It is crucial that if consent is given for the wind arrays to go ahead, that monitoring is carried out by the 


developers to determine the impact on the SPA and pSPA features and that measures can be taken to 


mitigate any potential damage. 


 


Tagging – the next steps 


It is proposed to carry out a detailed analysis of the core foraging areas and compare these with marine 


environmental features to determine a more accurate foraging hot spot map for the whole SPA. This 


could be tested by extending the Filey Kittiwake study and rolling out the tracking work to include 


Kittiwakes nesting at Bempton and Speeton. Furthermore, it is recommended that this approach be 


used to determine core foraging areas of breeding Razorbill and Guillemot, key features of the 


Flamborough and Filey Coast pSPA, as soon as the technology allows data to be downloaded 


automatically without having to recapture the birds. 


 


Kittiwake productivity monitoring and Kittiwake whole-colony census is set to take place in 2015; the 


colony count forming part of the wider Kittiwake whole-colony count across the whole pSPA. Tracking 


work will take place again, funding permitting.  


 


 


References 


 


Frederiksen, M., Wanless, S., Harris, M.P., Rothery, P. and L.J. Wilson (2004) The role of industrial 


fisheries and oceanographic change in the decline of North Sea Black-legged Kittiwakes Journal of 


Applied Ecology, 41:1129-1139 


 


Mavor, R.A., Heubeck, M., Schmitt, S. and M. Parsons ( 2008). Seabird numbers and breeding success 


in Britain and Ireland, 2006.  Peterborough, Joint Nature Conservation Committee. (UK Nature 


Conservation, No. 31) 


Mitchell, P.I., S.F. Newton, N. Ratcliffe & T.E.Dunn ( 2004) Seabird Populations of Britain and Ireland, 


ISBN 0-7136-6901-2, P&AD Poyser, London 


 


Walsh, P.M., Halley, D.J., Harris, M.P., del Nevo, A., Sim, I.M.W., and M.L. Tasker (1995). Seabird 


monitoring handbook for Britain and Ireland. JNCC / RSPB / ITE / Seabird Group, Peterborough 


 


Williams, D. (1996) Bird-watching in Filey 


  







Filey Cliffs Seabird Monitoring Report 2014 


16 


Acknowledgements 


 


Special thanks go to Syd Cochrane and Mark Pearson, members of Filey Bird Observatory & Group, for 


their continued commitment to monitoring Black-legged Kittiwake. 


 


Support from Ruth Jeavons, RSPB residential volunteer seabird researcher based at Bempton Cliffs, 


helped achieve productivity monitoring at Filey. 


 


We are grateful to the following for their roles in collecting tracking data: David Aitken, Guy Anderson, 


Mark Bolton, Nigel Butcher, Sarah Davis, Elizabeth Mackley, Alice Macmillian, and Ellie Owen and to 


the FAME, Future of the Atlantic Marine Environment and STAR, Seabird Tracking and Research 


projects in which birds have been tracked at 30 colonies in the UK. Special thanks to Ellie Owen for 


analysing the data and drafting the seabird tracking section of the report as part of the STAR project. 


 


Thanks also to Chris Place, Dave Warburton and Filey Sailing Club for their continued flexibility and 


commitment to the monitoring programme, enabling us to carry out our boat-based whole-colony 


counts. 


 


Access at Blue Dolphin Holiday Park allowed us to reach important sections of the colony for essential 


monitoring works. 


 


Thanks go to Natural England for vital funding support, allowing us to carry out a programme of 


monitoring works at the Filey colony as well as granting permissions to undertake Kittiwake tracking. 


 


Additional funding for the tracking work has been provided by The Joint Nature Conservation 


Committee, The East Yorkshire Ringing Group and the East Yorkshire RSPB Local group. 


 


Finally, the Heritage Lottery Fund for its support to the Bempton seabird monitoring programme - 


enabling the programme of monitoring and research to be carried out across the pSPA.  







Filey Cliffs Seabird Monitoring Report 2014 


17 


Appendix 1: Filey Kittiwake productivity 2012-2013 


 


Table 5 – Kittiwake productivity results 2013 


 
 


Table 6 – Kittiwake productivity results 2012 
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Total


Nests fledging 0 chicks 40 34 38 43 19 174


Nests fledging 1 chick 9 14 8 4 5 40


Nests fledging 2 chicks 1 1 4 3 0 9


Nests fledging 3 chicks 0 0 0 0 0 0


Total fledged 11 16 16 10 5 58


Total AON 50 49 50 50 24 223


Productivity per plot 0.22 0.33 0.32 0.20 0.21 0.26
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Total


Nests fledging 0 chicks 33 26 0 0 0 59


Nests fledging 1 chick 5 14 0 0 0 19


Nests fledging 2 chicks 10 8 0 0 0 18


Nests fledging 3 chicks 0 0 0 0 0 0


Total fledged 25 30 0 0 0 55


Total AON 51 51 50 50 50 252


Productivity per plot 0.49 0.59 0.00 0.00 0.00 0.22
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Appendix 2: Filey whole-colony data 2002, 2011-2014 


 


Table 7 – Filey whole-colony count results 2014 


 
 


Table 8 – Filey whole-colony count results 2013 


 
 


Table 9 – Filey whole-colony count results 2012 


 
 


 


 


 


Species Filey 1 Filey 2 Filey 3 Cayton 1 Cayton 2 Total Total Individual


Common Guillemot (Ind.) 105 972 3179 0 0 4256 4256


Razorbill (Ind.) 119 291 708 0 0 1118 1118


Northern Fulmar (AOS) 170 125 77 49 73 494 988


Black-legged Kittiwake (AON) 845 2563 1536 0 16 4960 9920


Herring Gull (AON) 82 64 31 18 17 212 424


Atlantic Puffin (Ind.) 0 1 36 0 0 37 37


Great Cormorant (AON) 14 10 3 0 0 27 54


European Shag (Ind.) 0 0 4 0 0 4 4


Total 16801


Cayton Bay to Filey Brigg Whole-colony Count 2014


Species Filey 1 Filey 2 Filey 3 Cayton 1 Cayton 2 Total Total Individual


Common Guillemot (Ind.) 87 694 2283 0 0 3064 3064


Razorbill (Ind.) 148 326 929 0 0 1403 1403


Northern Fulmar (AOS) 171 154 95 78 78 576 1152


Black-legged Kittiwake (AON) 1030 3523 2382 0 0 6935 13870


Herring Gull (AON) 98 55 33 32 33 251 502


Atlantic Puffin (Ind.) 1 0 10 0 0 11 11


Great Cormorant (AON) 13 7 1 0 0 21 42


European Shag (Ind.) 0 0 2 0 0 2 2


Total 20046


Cayton Bay to Filey Brigg Whole-colony Count 2013


Species Filey 1 Filey 2 Filey 3 Cayton 1 Cayton 2 Total Total Individual


Common Guillemot (Ind.) 66 661 1990 0 0 2717 2717


Razorbill (Ind.) 156 370 799 0 0 1325 1325


Northern Fulmar (AOS) 169 123 92 80 94 558 1116


Black-legged Kittiwake (AON) 839 3272 2696 25 0 6832 13664


Herring Gull (AON) 60 43 20 34 33 190 380


Atlantic Puffin (Ind.) 1 3 43 0 0 47 47


Great Cormorant (AON) 9 8 12 0 0 29 58


European Shag (Ind.) 0 0 2 0 0 2 2


Total 19039


Cayton Bay to Filey Brigg Whole-colony Count 2012
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Table 10 – Filey whole-colony count results 2011 


 
 


Table 11 – Filey whole-colony count results 2002 


 
  


Species Filey 1 Filey 2 Filey 3 Cayton 1 Cayton 2 Total Total Individual


Common Guillemot (Ind.) 80 708 2219 0 0 3007 3007


Razorbill (Ind.) 144 251 725 0 0 1120 1120


Northern Fulmar (AOS) 261 177 116 123 94 771 1542


Black-legged Kittiwake (AON) 1418 3941 2418 0 0 7777 15554


Herring Gull (AON) 101 57 40 24 23 245 490


Atlantic Puffin (Ind.) 7 2 23 0 0 32 32


Great Cormorant (AON) 4 19 15 0 0 38 76


European Shag (Ind.) 0 0 4 0 0 4 4


Total 21825


Cayton Bay to Filey Brigg Whole-colony Count 2011


Species Filey 1 Filey 2 Filey 3 Cayton 1 Cayton 2 Total Total Individual


Common Guillemot (Ind.) 100 320 50 0 0 470 470


Razorbill (Ind.) 40 22 10 0 0 72 72


Northern Fulmar (AOS) 170 27 5 21 20 243 486


Black-legged Kittiwake (AON) 1800 3200 120 0 0 5120 10240


Herring Gull (AON) 60 20 5 20 5 110 220


Atlantic Puffin (Ind.) 20 5 10 0 0 35 35


Great Cormorant (AON) 23 0 0 0 0 23 46


Total 11569


Cayton Bay to Filey Brigg Whole-colony Count 2002
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Appendix 3: Kittiwake productivity plot locations 


 


 


 


Plot:  7 


Observer:  Syd Cochrane 


Dates monitored:  13 June – 18 July 


Visit requirements:  Once a week 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


Plot:  8 


Observer:  Mark Pearson 


Dates monitored:  12 June – 31 July 


Visit requirements:  Once a week 
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Plot:  9 (a) 


Observer:  Michael Babcock 


Dates monitored:  5 June – 5 August 


Visit requirements:  Once a week 


 


 


 


 


 


 


 


 


 


 


 


Plot:  10 (a) 


Observer:  Ruth Jeavons 


Dates monitored:  31 May – 5 August 


Visit requirements:  Once a week 


 


 


 


 


 


 


 


 


 


 


 


 


Plot:  10 (b) 


Observer:  Not monitored in 2014 


Dates monitored:  n/a 


Visit requirements:  Once a week 
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Plot:  1 (Filey Brigg) 


Observer:  Syd Cochrane 


Dates monitored: 10 June – 16 July 


Visit requirements:  Once a week 
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Appendix 4: Whole-colony count location and boundaries 


SMP Location: Filey 3 - Plot 1 
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SMP Location: Filey 3 - Plot 2 
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SMP Location: Filey 3 - Plot 3 
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SMP Location: Filey 3 - Plot 4  
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SPM Location: Filey 3 - Plot 5 
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SPM Location: Filey 3 - Plot 6 







Filey Cliffs Seabird Monitoring Report 2014 


29 


 


SMP Location: Filey 3 - Plot 7 







Filey Cliffs Seabird Monitoring Report 2014 


30 


 


SMP Location: Filey 3 - Plot 8 
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SMP Location: Filey 3 - Plot 9 
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SMP Location: Filey 3 - Plot 10  
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SMP Location: Filey 3 - Plot 11  
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SMP Location: Filey 3 - Plot 12 
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SMP Location: Filey 2 - Plot 1 
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SMP Location: Filey 2 - Plot 2 
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SMP Location: Filey 2 - Plot 3 & 4 (Cunstone Nab)


Plot 3 Plot 4 - (Cunstone Nab) 
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Abstract
1.	 Individual-	based	models	(IBMs)	are	a	powerful	tool	in	predicting	the	consequences	
of	environmental	change	on	animal	populations	and	supporting	evidence-	based	de-
cision	making	for	conservation	planning.


2.	 There	are	increasing	proposals	for	wind	farms	in	UK	waters	and	seabirds	are	a	vul-
nerable	group,	which	may	be	at	risk	from	these	developments.


3.	 We	developed	a	spatially	explicit	IBM	to	investigate	the	potential	 impacts	of	the	
installation	of	wind	farms	in	the	English	Channel	and	North	Sea	on	body	mass,	pro-
ductivity	and	mortality	of	a	breeding	population	of	Northern	gannets	for	which	we	
have	tracking	data.


4.	 A	baseline	model	with	no	wind	farms	accurately	represented	the	status	of	a	sample	
of	tracked	gannets	at	the	end	of	the	90-	day	chick-	rearing	period,	and	the	behaviour-	
time	budget	was	similar	to	that	of	tracked	gannets.


5.	 Model	simulations	in	the	presence	of	wind	farms	indicated	that	installations	should	
have	little	impact	on	the	gannet	population,	when	either	avoidance	behaviour	or	
collision	risk	scenarios	were	simulated.	Furthermore,	wind	farms	would	need	to	be	
ten	times	larger	or	in	more	highly	used	areas	in	order	to	have	population-	level	im-
pacts	on	Alderney’s	gannets.


6. Synthesis and applications.	Our	spatially	explicit	individual-	based	models	(IBM)	high-
light	that	 it	 is	vital	to	know	the	colony-	specific	foraging	grounds	of	seabirds	that	
may	be	impacted,	when	identifying	potential	wind	farm	sites,	in	order	to	account	for	
cumulative	impacts	from	multiple	sites.	Avoiding	areas	highly	used	for	foraging	and	
commuting,	and	avoiding	large-	scale	developments	should	be	effective	in	limiting	
gannet	mortality	as	a	result	of	collision,	competition	and	energy	expenditure.	Our	
IBM	provides	a	robust	approach	which	can	be	adapted	for	other	seabird	popula-
tions	or	 to	predict	 the	 impacts	 from	other	 types	of	 spatial	 change	 in	 the	marine	
environment.
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1  | INTRODUCTION


The	marine	 environment	 is	 under	 increasing	 pressure	 from	 anthro-
pogenic	activities	 including	overfishing,	climate	change	and	offshore	
developments	 such	 as	wind	 farms	 (Halpern	 et	al.,	 2012).	 These	 in-
stallations	 may	 enhance	 the	 environment	 by	 creating	 de	 facto	 no	
fishing	zones	(Inger	et	al.,	2009),	but	there	is	concern	about	the	neg-
ative	 impacts	 they	may	have	on	Europe’s	 breeding	 seabirds	 (Garthe	
&	 Hupop,	 2004).	 These	 impacts	 may	 include	 direct	 mortality	 from	
collisions	(Drewitt	&	Langston,	2006),	as	well	as	indirect	effects	such	
as	altering	energy	budgets	by	forcing	birds	to	travel	further	to	forage	
(Masden,	Fox,	Furness,	Bullman,	&	Haydon,	2010),	or	increasing	com-
petition	in	alternative	foraging	areas.	However,	robust	and	consistent	
knowledge	regarding	seabird	behavioural	responses	to	wind	farms	is	
sparse	 (Fox,	Desholm,	Kahlert,	Christensen,	&	Krag	Petersen,	2006);	
some	birds	show	avoidance	behaviour,	whereas	others	are	attracted	
to	these	sites	(Lindeboom	et	al.,	2011;	Poot,	Horssen,	Collier,	Lensink,	
&	Dirksen,	2012).	As	an	example	of	this	uncertainty,	Furness,	Wade,	
and	Masden	 (2013)	assessed	that	Northern	gannets	Morus bassanus 
are	one	of	the	most	vulnerable	species	to	collision	mortality	from	wind	
farms,	although	empirical	evidence	suggests	that	gannets	often	avoid	
wind	 farms	 entirely	 (Krijgsveld	 et	al.,	 2011;	 Petersen,	 Clausager,	 &	
Christensen,	2004).	 Indeed,	few	studies	exist	that	are	based	on	em-
pirical	evidence	from	existing	wind	farms	(e.g.	Krijgsveld	et	al.,	2011;	
Lindeboom	et	al.,	2011),	due	to	the	relatively	small	number	currently	
operating	and	 the	difficulty	and	cost	of	monitoring	 them	 (Fox	et	al.,	
2006).	 Green,	 Langston,	 McCluskie,	 Sutherland,	 and	Wilson	 (2016)	
conclude	that	the	current	methods	to	predict	the	impacts	of	offshore	
wind	farms	on	seabirds	are	inadequate,	and	this	demonstrates	a	de-
mand	to	establish	a	robust	methodology	which	can	be	used	by	plan-
ners	to	mitigate	the	impacts	on	seabirds,	when	identifying	wind	farm	
sites.


Evidence-	based	decision	making	is	the	preferred	approach	when	
responding	to	such	pressures	(Solesbury,	2001),	but	may	be	challeng-
ing	when	there	is	little	empirical	evidence	as	to	how	systems	will	re-
spond	to	environmental	change	(Botsford,	Micheli,	&	Hastings,	2003).	
Predictive	 modelling	 can	 fill	 this	 gap	 and	 individual-	based	 models	
(IBMs;	Grimm	&	Railsback,	2013;	Sutherland,	1996)	are	widely	used	
in	many	disciplines	to	model	complex	systems,	for	example,	to	predict	
the	impacts	of	environmental	change	on	shorebirds,	seabirds	and	pin-
nipeds	(Boyd	et	al.,	2016a,b;	Harwell	et	al.,	2012;	Langton,	Davies,	&	
Scott,	2014;	McDonald,	Searle,	Wanless,	&	Daunt,	2012;	Stillman	et	al.,	
2003;	West	&	Caldow,	2006).	They	differ	from	conventional	models	by	
modelling	autonomous	entities,	and	each	individual’s	behavioural	and	
physiological	traits	determine	the	properties	of	the	system,	for	exam-
ple,	taking	into	account	individual	variation	and	an	individual’s	interac-
tion	with	the	environment	(Grimm,	1999).	For	example,	the	functional	
response	(relationship	between	intake	rate	and	prey	density)	is	often	
a	key	relationship	underpinning	IBMs,	thus	the	individual’s	behaviour	
is	a	result	of	its	own	decision	making	which,	in	turn,	is	a	result	of	its	
physiological	 state	 (Stillman,	 2008).	 Individual-	based	 models	 (IBMs)	
provide	 a	 powerful	 approach	 to	 predict	 the	 consequences	 of	 envi-
ronmental	change	in	a	variety	of	systems	as	the	modelled	individuals	


reflect	real	animal	behaviour	(Stillman,	2008).	Most	importantly,	they	
scale-	up	individual-	level	impacts	to	population-	level	impacts,	and	take	
into	account	the	cumulative	 impact	of	spatially	explicit	disturbances	
within	 the	 home	 range	 of	 a	 population.	Thus,	 IBMs	 are	 superior	 to	
methods	currently	used	to	predict	the	impact	from	wind	farms,	which	
focus	solely	on	monitoring	at	development	sites	(Drewitt	&	Langston,	
2006),	although	they	do	not	necessarily	recognize	impacts	of	specific	
developments	across	multiple	colonies.


In	an	effort	to	address	this	critical	gap	in	our	understanding	of	the	
impacts	of	proposed	offshore	wind	farms,	we	have	developed	a	novel,	
spatially	explicit	 IBM.	Our	model	allows	us	 to	predict	at	a	high	spa-
tial	and	temporal	resolution	how	proposed	wind	farms	in	the	English	
Channel	and	North	Sea	may	impact	the	mortality	and	breeding	success	
of	a	population	of	Northern	gannets	breeding	in	the	English	Channel.	
We	 simulate	 the	 population	 both	with	 and	without	wind	 farms,	 al-
lowing	(a)	the	gannets	to	perform	complete	avoidance	behaviour	and	
(b)	allowing	them	to	enter	the	wind	farm	areas	with	a	risk	of	collision	
when	doing	so.	We	also	assess	the	impact	of	variation	in	the	size	and	
the	location	of	wind	farms	since	these	factors	and	the	extent	of	their	
overlap	with	seabird	foraging	and	commuting	areas	are	likely	to	have	
a	substantial	impact,	which	can	be	taken	into	account	during	planning	
processes.	The	framework	that	we	outline	could	be	modified	both	for	
other	 species	 of	 mobile	 marine	 organism	 and	 other	 environmental	
pressures.


2  | MATERIALS AND METHODS


2.1 | Data collection


Fieldwork,	 licensed	by	the	States	of	Alderney,	 to	determine	the	be-
haviour	and	habitat	use	of	Northern	gannets	took	place	at	the	breed-
ing	 colony	 (c.	 5,000	 pairs),	 on	 Les	 Etacs,	 Alderney,	 Channel	 Islands	
(49°42′N,	 2°14′W)	 during	 the	 early	 chick-	rearing	 period	 in	 June	of	
2011	 and	 2013–2015.	 Adults	 with	 chicks	 c.	 2–4	weeks	 old	 were	
caught	 at	 their	 nest	 using	 a	 noose	 pole.	 Global	 positioning	 system	
(GPS)	data	recorders,	logging	positions	every	2	min	(IgotU	GT	120	or	
IgotU	GT-	600,	Mobile	action	technology),	were	sealed	in	heat	shrink	
plastic	and	attached	to	the	base	of	the	tail	using	tesa	extra	power	tape	
(n	=	17,	 16,	 13,	 17	 birds	 and	 34,	 78,	 81,	 102	 trips	 respectively).	 In	
2013,	nine	birds	were	also	fitted	with	a	tri-	axial	accelerometer	(×6−2,	
Gulf	Coast	data	concepts),	set	to	record	at	25	hz.	The	weight	of	the	
devices	was	<2%	of	the	birds’	body	mass	(GPS	33	g;	GPS	+	accelerom-
eter	44	g).	The	loggers	were	removed	2–3	weeks	later.


2.2 | Data processing and analysis


GPS	positions	were	interpolated	to	every	10	s	using	the	adehabitatLT 
package	(Calenge,	2006)	 in	R	(ver.	3.0.2,	R	Core	Team,	2016).	The	R	
package	Trip	(Sumner,	2011)	was	used	to	calculate	the	time	spent	(s)	
in	each	5	×	5	km	cell	of	a	pre-	defined	grid	around	the	colony	for	each	
bird	for	each	year	(Time-	in-	area	or	TIA	grid).	In	order	to	identify	impor-
tant	foraging	areas	a	second	grid	was	created	(foraging	grid)	by	filter-
ing	the	data	for	track	tortuosity,	which	represents	searching	behaviour	
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(Wakefield	et	al.,	2013).	The	tortuosity	index	was	calculated	as	a	ratio	
of	the	straight	line	distance	to	the	total	distance	travelled	over	a	16-	
min	 duration	 (Wakefield	 et	al.,	 2013).	 Individuals	 were	 defined	 as	
searching	where	GPS	points	had	a	tortuosity	index	of	<0.9	and	a	speed	
>1	m/s.	The	cells	 in	 this	grid	comprising	 the	 top	25%	of	 time	spent	
undertaking	 searching	 behaviour	 for	 all	 individuals	 combined	 were	
identified	as	key	foraging	areas	(Warwick-	Evans	et	al.,	2015;	Figure	1).	
A	third	grid	(behaviour	grid)	was	generated	from	the	other	two	grids	
by	expressing	a	value	for	each	cell	as	the	proportion	of	points	classified	
as	searching	behaviour	from	the	total	number	of	points	in	the	cell.	This	
was	used	to	determine	the	probability	of	foraging	in	each	cell,	rather	
than	flying	straight	through	it.	All	grids	were	created	independently	for	
years	2013–2015	and	for	all	years	combined.	The	year	2011	was	not	
modelled	 independently	as	 the	number	of	 trips	 recorded	was	 insuf-
ficient	to	represent	the	home	range	of	the	population	(Warwick-	Evans	
et	al.,	2016).


Ethographer	 for	 IGOR	 Pro	 (Sakamoto	 et	al.,	 2009)	was	 used	 to	
	extract	behaviours	from	the	acceleration	data	automatically,	based	on	
unsupervized	cluster	analysis	of	the	acceleration	signals	as	described	
in	full	in	Warwick-	Evans	et	al.	(2015).	We	were	able	to	classify	all	pe-
riods	within	the	first	5	days	of	data	per	bird	as	foraging,	flying,	resting	
on	the	water	and	diving.	These	were	used	to	understand	the	time	bud-
gets	of	the	gannets,	 in	order	to	create	the	behaviour	decision	trees,	
and	to	assist	in	model	validation.


2.3 | Model


2.3.1 | Model description


The	4	years	of	 tracking	data	were	combined	with	key	parameters	
from	peer-	reviewed	literature	(Table	1)	to	design	a	spatially	explicit	
model	 using	 NetLogo	 (Wilensky,	 1999).	 We	 describe	 the	 model	
using	 the	 overview,	 design	 concepts	 and	 details	 (ODD)	 protocol	
(Grimm	 et	al.,	 2010),	 and	 provide	 the	 script	 (Appendix	S1).	 Our	
model	 builds	 on	 the	 IBM	 for	 guillemots	 devised	by	 Langton	 et	al.	
(2014)	by	 incorporating	fine-	scale	characteristics	of	the	surround-
ing	 environment,	 direct	 interactions	 between	 birds	 and	 prey,	 and	
intraspecific	competition.


2.3.2 | Purpose


The	purpose	of	the	model	is	to	predict	how	the	construction	of	pro-
posed	wind	 farms	 in	 the	 English	 Channel	 and	North	 Sea	 (Figure	2;	
Appendix	S2)	may	impact	the	body	mass,	mortality	rate	and	breeding	
success	of	Northern	gannets.


2.3.3 | State variables and scales


The	model	 is	composed	of	5,000	 family	groups,	each	comprising	an	
adult	male,	an	adult	female	and	a	chick.	The	landscape	is	a	grid	of	5	km	
by	5	km	patches,	each	with	attributes	such	as	number	of	fish	and	prob-
ability	of	foraging.	The	key	state	variables	are	described	in	Table	2	(see	
Appendix	S3	for	all	state	variables).	The	model	runs	in	6-	min	timesteps,	
with	240	timesteps	per	day.	The	first	200	timesteps	in	a	day	are	day-
time,	the	remainder	are	night-	time,	corresponding	with	early	June	at	
the	study	location.	The	model	runs	for	the	90	day	chick-	rearing	period.


2.3.4 | Process overview and scheduling


The	main	processes	in	the	model	are	decision	making,	performing	be-
haviours	and	updating	mass.	Behavioural	processes	are	undertaken	by	
all	adults	in	the	same	order	each	timestep,	at	which	point	behaviour	
counters	are	updated.	The	number	of	prey	items	is	updated	between	
individuals,	that	is,	if	an	individual	forages	successfully	the	prey	in	the	
patch	is	adjusted	accordingly.	Adult	and	chick	mass	are	updated	dur-
ing	the	last	minute	of	each	day.	Adult	mortality	occurs	if	body	mass	
drops	below	a	specific	threshold	(1,800	g).	Mortality	in	chicks	occurs	
if	on	day	90	body	mass	has	not	attained	a	specific	threshold	(1,800	g).


2.3.5 | Design concepts


Basic principles
The	state	and	mortality	rate	of	adults	and	chicks	throughout	the	chick-	
rearing	period	are	 impacted	by	 the	energy	and	 time	budgets	of	 the	
adults	which,	in	turn,	are	affected	by	the	amount	and	distribution	of	
prey.	Energy	is	gained	through	food	intake	and	lost	through	mainte-
nance	and	activity.	Northern	gannets	are	long-	lived	and	prioritize	their	
own	survival	above	that	of	the	chick.


F IGURE  1 Locations	visited	by	Alderney’s	population	of	Northern	
gannets	tracked	in	2011–2015	(black).	Red	cells	represent	the	top	
25%	of	areas	where	gannets	spend	most	time	[Colour	figure	can	be	
viewed	at	wileyonlinelibrary.com]
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Adaptation
Behavioural	decisions	are	based	on	the	physical	state	of	the	adult	and	
the	attributes	of	the	surrounding	environment	and	are	made	using	de-
cision	trees	(Appendix	S4).


Objectives
The	adults	 aim	 to	brood	a	 chick	 to	 fledging	while	maintaining	 their	
own	state	at	a	healthy	level.


Awareness and sensing
Adults	 have	 a	 memory	 of	 their	 behaviour	 during	 the	 previous	
timestep.	 They	 are	 aware	 of	 their	 own	 stomach	 content,	whether	
they	have	previously	been	full	during	the	current	trip,	 if	their	chick	
has	been	fed	and	if	 it	has	been	given	the	maximum	food	intake	for	
the	day.	 If	an	adult	 is	on	 the	nest	 they	are	aware	of	whether	 their	
partner	 is	 on	 the	 nest	 and	who	 has	 been	 there	 longer.	Adults	 are	
aware	of	how	much	food	is	in	the	patch	they	are	on,	the	probability	
that	they	should	forage	there	and	if	it	is	day-		or	night-	time.	In	avoid-
ance	 scenarios	 they	 are	 also	 aware	 of	 the	 location	 of	wind	 farms,	
and	calculate	a	path	to	their	foraging	location	which	does	not	enter	
these	cells.


Interaction
The	adults	interact	directly	with	the	chick	during	feeding	events	and	
indirectly	with	one	another	via	 intraspecific	competition	for	food	as	
prey	availability	decreases	following	foraging	success.


Stochasticity
Initial	masses	of	adults	and	chicks	are	drawn	randomly	 from	normal	
distributions	based	on	the	literature	(Table	1).	The	success	or	failure	of	
catching	a	fish,	and	the	mass	of	the	fish	is	stochastic,	based	on	infor-
mation	from	the	literature	(Table	1).	The	destination	an	adult	is	given	
when	leaving	the	nest	is	randomly	selected	from	the	foraging	grid.	It	
is	clear	from	the	tracking	data	and	other	studies	(Pettex,	Bonadonna,	
Enstipp,	 Siorat,	&	Grémillet,	 2010)	 that	 gannets	 fly	 straight	 through	
some	 patches	 (commuting	 behaviour),	whereas	 searching	 behaviour	
occurs	in	others.	The	behaviour	grid	gives	the	probability	of	a	gannet	
foraging	 there,	with	higher	probability	of	 foraging	 in	patches	where	
increased	 searching	 behaviour	 was	 observed.	 After	 a	 gannet	 has	
reached	 its	foraging	destination	the	probability	of	moving	 in	a	given	
direction	is	determined	by	the	amount	of	time	tracked	birds	spent	in	
the	surrounding	patches	from	the	TIA	grid.	If	a	gannet	enters	a	wind	
farm	area,	there	is	a	probability	of	collision	mortality.


TABLE  1 Parameter	estimates	used	in	the	individual-	based	models	(IBM).	See	Appendix	S8	for	justification


Parameter Value Source


Initial	mass	of	adults	(g) 3286 ± 226 Wanless	and	Okill	(1994)


Initial	mass	of	chicks	(g) 79.3 ± 11.2 Montevecchi,	Ricklefs,	Kirkham,	and	Gabaldon	(1984)


Full	(maximum	mass	of	food	the	adult	can	hold	in	gut,	g) 745 Garthe,	Grémillet,	and	Furness	(1999)


Flyfull	(maximum	amount	of	food	adult	can	hold	in	gut	and	be	too	
full	to	commute,	g)


550 Derived	through	iteration


Nearly	empty	(the	mass	of	food	in	the	stomach	above	which	the	
gannet	will	remain	resting	during	the	initial	long	rest	period,	g)


150 Derived	through	iteration


Fish	size	(g) 100 ± 10 Garthe	et	al.	(1999)


Chick-	food-	max	(g) Calculated	daily Montevecchi	et	al.	(1984)


Assimilation	efficiency 0.76 Cooper	(1978)


Production	efficiency 0.75 Montevecchi	et	al.	(1984)


Basal	metabolic	rate	(j	s−1	g−1) 0.0027 Birt-	Friesen,	Montevecchi,	Cairns,	and	Macko	(1989)


Energy	density	of	adult	gannet	tissue	(kJ/g) 13 Montevecchi	et	al.	(1984)


Energy	density	of	gannet	chick	tissue	(kJ/g) Calculated	daily Derived	from	Montevecchi	et	al.	(1984)


Energy	density	of	prey	(kJ/g) 7 Lewis,	Sherratt,	Hamer,	Harris,	and	Wanless	(2003)


Metabolic	rate	at	nest	(kJ	g−1 min−1) 0.0007 Birt-	Friesen	et	al.	(1989)


Metabolic	rate	at	rest	(kJ	g−1 min−1) 0.0007 Birt-	Friesen	et	al.	(1989)


Metabolic	rate	at	flight	(kJ	g−1 min−1) Calculated	each	
timestep


Pennycuick	(1998)


Metabolic	rate	at	forage	(kJ	g−1 min−1) Calculated	each	
timestep


Pennycuick	(1998)


Flight	speed	(m/s) 15.3 Hamer,	Phillips,	Wanless,	Harris,	and	Wood	(2000)


Foraging	efficiency 0.75 Hennicke	et	al.	in	Ropert-	Coudert	et	al.	(2004)


Mass	below	which	adult	is	dead	(g) 1,800 Garthe	et	al.	(2012)


Mass	below	which	chick	is	dead	(g) 1,800 Garthe	et	al.	(2012)


Digestion	rate	(proportion	of	intake	per	hr) 0.1 Derived	from	(Jackson,	1991)
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Observation
Adult	 and	 chick	mortality	 rate	 and	mass	 are	 the	main	outputs.	 Trip	
length	and	behaviour	budgets	of	adults	are	used	for	model	validation.


2.3.6 | Initialization


The	first	minute	of	the	model	is	the	first	minute	of	daylight	on	the	day	
the	chicks	hatch	(the	model	assumes	all	chicks	hatch	on	the	same	day).	
Individuals	start	on	the	nest	and	all	behaviour	counters	and	stomach	
contents	initialize	at	zero	except	for	the	duration	at	the	nest	for	males.	
This	initializes	at	1	min	in	order	to	be	higher	than	that	of	the	female,	
instigating	the	departure	on	a	foraging	trip	by	males.


2.3.7 | Input data


The	attributes	of	patches,	 such	 as	 the	probability	of	movement	be-
tween	patches	(from	the	TIA	grid),	the	probability	of	heading	to	a	par-
ticular	patch	 (from	the	 foraging	grid)	and	 the	probability	of	 foraging	
(from	the	behaviour	grid)	were	input	into	the	model.	Areas	where	gan-
nets	spend	more	time	represent	areas	of	increased	foraging,	and	hence	
areas	of	higher	fish	availability	(Warwick-	Evans	et	al.,	2015).	The	dis-
tribution	of	fish	among	the	patches	was	therefore	assigned	by	multi-
plying	the	TIA	grid	by	a	numerical	constant	(Appendix	S5).	This	value	
was	assigned	iteratively	in	the	baseline	models	until	the	physiological	


F IGURE  2 Wind	farms	proposed	for	development	in	the	English	
Channel	and	North	Sea	(Appendix	S2	for	specifications).	Only	wind	
farms	within	the	range	of	gannets	tracked	from	Alderney,	and	used	
in	the	model,	have	been	included.	The	colony	is	marked	in	blue	(star)	
[Colour	figure	can	be	viewed	at	wileyonlinelibrary.com]
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TABLE  2 Key	state	variables	for	the	model	entities


Globals


Day-	night Daytime	or	night-	time


Minute Minute	of	the	day


Day Day	of	the	simulation


Chick-	food-	max Maximum	mass	of	food	the	chick	can	
consume	this	day


Adults


Pair Identifies	the	partnership	of	the	individual


Chicknum Identifies	the	chick	belonging	to	each	pair


Gender Sex	of	the	individual


Mass Body	mass	on	the	current	day


Stomach-	content Mass	of	food	in	the	stomach	(g)


Behav Behaviour	the	bird	is	performing	this	
timestep


Duration-	nest Minutes	the	adult	has	been	on	the	nest	
(without	leaving)


Flight Minutes	flying	on	this	trip


Rest Minutes	resting	on	this	trip


Forage Minutes	foraging	on	this	trip


Forage-	type Whether	the	adult	is	foraging	for	itself	or	
the	chick


Catch Mass	of	the	fish	caught	(g)


Fish-	counter Total	number	of	fish	caught	this	trip


Food-	given-	to-	chick Total	amount	of	food	given	to	chick	that	
day	(g)


Energy-	gain Energy	gain	of	adult	that	day	(kj)


Tot-	energy-	expend Total	energy	expended	that	day	(kj)


Chicks


Pair Pair	number	of	the	chicks	parents


Chick-	mass Mass	of	the	chick	(g)


Energy-	tissue-	chick Energy	density	of	chick	tissue	that	day	
(kj/g)


Egain Energy	gained	by	the	chick	that	day	(kj)


Eexpend Energy	expended	by	the	chick	that	day	(kj)


Patches


Use Use	of	the	patch	(i.e.	home,	wind	farm)


Fish-	number Number	of	fish	currently	in	each	patch


Start-	fish Number	of	fish	each	patch	started	with


Tortuosity Tortuosity	(proportion	of	time	searching	
behaviour	was	observed	in	the	patch)


Probnorth Probability	of	heading	north	when	leaving	
each	patch


Probeast Probability	of	heading	east	when	leaving	
each	patch


Probsouth Probability	of	heading	south	when	leaving	
each	patch


Probwest Probability	of	heading	west	when	leaving	
each	patch
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state	of	both	adults	and	chicks	at	the	end	of	the	breeding	season	rep-
resented	values	observed	in	natural	populations.


2.3.8 | Sub- models


Sub-	models	were	created	to	decide	and	perform	behaviours	of	adults,	
and	to	calculate	the	maximum	quantity	of	food	a	chick	can	consume	
each	day,	the	amount	of	energy	expended	by	the	adults,	the	amount	
of	food	in	the	stomach,	and	the	mass	of	the	adult	and	chick	at	the	end	
of	each	day	(Appendix	S6).


2.3.9 | Model validation


To	test	the	performance	of	the	model,	we	compared	the	body	mass	of	
adults	and	chicks	with	values	from	the	literature,	and	the	trip	length	of	
adults	with	 those	 from	our	 tracked	birds.	Additionally,	 the	proportion	
of	 the	 simulated	 birds	 performing	 each	 behaviour	 (on	 the	 nest,	 flying	
and	foraging	combined,	and	resting	on	the	water)	was	plotted	against	
time	 of	 day,	 and	 compared	 to	 the	 time	 budgets	 of	 birds	 fitted	 with	
accelerometers.


2.3.10 | Simulations


Initially	baseline	models	were	simulated	using	the	tracking	data	from	
all	4	years	combined,	which	represents	the	mean	state	of	the	popula-
tion	over	the	4	years	without	wind	farms.	Subsequently,	model	simu-
lations	were	carried	out	 independently	 for	each	year,	parameterized	
using	 year-	specific	 tracking	 data.	 Both	 the	 baseline	 and	 the	 year-	
specific	models	were	run	in	the	presence	and	absence	of	wind	farms.	
For	 the	 simulations	 in	which	 the	wind	 farms	 exist,	 the	 birds	 either	
show	complete	avoidance	behaviour	or	are	able	to	enter	this	area	but	
risk	mortality	due	to	collision	with	a	turbine	as	described	below.


Avoidance
When	the	birds	show	avoidance	behaviour	they	are	unable	to	enter	
patches	with	wind	farms.


Collision risk
Collision	 risk	was	calculated	 individually	 for	each	wind	 farm	site	using	
the	extended	Band	model	(Band	&	Band,	2012;	Appendix	S7).	It	was	not	
possible	to	calculate	exact	values	for	each	site,	as	some	information	(e.g.	
the	amount	of	time	the	turbines	would	be	operational)	was	unavailable.	
Furthermore,	 the	 micro-	avoidance	 rates	 (avoidance	 of	 individual	 tur-
bines	when	in	the	wind	farm	area)	of	gannets	are	unknown	and	industry	
standard	values	are	used	(Cook,	Humphreys,	Masden,	&	Burton,	2014).	
Thus,	we	created	a	best-		and	worst-	case	scenario	for	each	wind	farm	site.	
The	best	case	is	with	the	lowest	operational	rate	(64%)	and	the	highest	
avoidance	rate	(99.5%),	and	the	worst	case	is	the	highest	operational	rate	
(90%)	and	the	lowest	avoidance	rate	(98.9%).


In	order	to	extend	the	predictions	under	alternative	scenarios	of	
variation	in	the	location	and	size	of	proposed	wind	farms,	the	model	
was	altered	in	three	ways:	(1)	Current	proposed	sites	were	scaled	up	
in	size	(multiplied	by	2,	5,	10,	15,	20),	(2)	current	proposed	sites	were	


replaced	by	placing	sites	in	the	most	used	5%,	10	15%,	20%	and	25%	
of	the	home	range	area,	(3)	current	proposed	sites	were	replaced	with	
sites	in	random	cells,	covering	the	same	extent	as	those	in	scenario	2.


2.3.11 | Sensitivity analysis


To	determine	the	robustness	of	 the	model	and	the	parameters	 that	
impacted	 most	 on	 the	 mortality	 rate	 and	 body	 mass	 of	 the	 adults	
and	 chicks,	 an	 individual	 parameter	perturbation	 sensitivity	 analysis	
was	carried	out.	Multiple	simulations	were	carried	out	on	the	base-
line	model,	where	each	of	a	key	subset	of	the	model	parameters	were	
varied	singly	and	sequentially	by	a	standard	variability	of	±10%,	while	
maintaining	the	initial	values	for	all	other	variables.	To	account	for	sto-
chasticity	in	the	outputs,	simulations	were	repeated	three	times,	and	
the	mean	and	standard	deviation	of	mortality	rate	and	body	mass	for	
both	adults	and	chicks	was	calculated	and	expressed	as	the	percent-
age	 difference	 from	 the	 baseline	model.	 Subsequently,	 a	 best-	case	
and	worst-	case	 scenario	were	 simulated,	where	 all	 values	of	model	
parameters	 which	 resulted	 in	 an	 increase/decrease	 in	 mortality	 or	
body	mass	were	adjusted	by	±10%	respectively.


3  | RESULTS


3.1 | Model validation


The	baseline	model	accurately	represented	the	mortality	rate	and	phys-
iological	state	of	the	tracked	gannets	at	the	end	of	the	90-	day	chick-	
rearing	period	(Table	3).	Gannets	are	undoubtedly	subject	to	mortality	
from	other	causes,	however,	 for	 the	purposes	of	 this	model,	we	use	
zero	mortality	for	both	adults	and	chicks	as	a	baseline	from	which	to	
quantify	increased	mortality	from	the	installation	of	wind	farms.	Against	
this	baseline,	the	model	can	predict	increased	mortality	only	as	a	result	
of	direct	collision	with	turbines,	or	due	to	starvation	as	a	consequence	
of	the	addition	of	wind	farms,	acting	through	alteration	to	the	energy	
budget	 or	 increased	 competition.	 Both	 simulated	 and	 tracked	 birds	
spent	similar	amounts	of	time	per	day	engaged	in	the	key	behaviours	of	
being	on	the	nest,	in	flight	and	resting	on	the	water	(Figure	3).	The	diel	


TABLE  3 Mean	(±SD)	mortality	rate	and	physiological	state	of	
natural	and	simulated	gannets.	Mortality	rate	is	a	measure	of	
increased	mortality	from	collision	or	starvation	as	a	result	of	the	
addition	of	the	proposed	wind	farms,	thus	for	the	baseline	model	
simulation,	and	empirical	data	this	value	is	zero.	Literature	values	for	
adult	and	chick	mass	were	used,	and	trip	duration	taken	from	
Warwick-	Evans	et	al.	(2016)


Parameter Empirical data
Baseline 
model output


Adult	mortality	(%) 0 0


Adult	mass	(kg) 3.3 ± 0.23 3.3 ± 0.21


Chick	mortality	(%) 0 0


Chick	mass	(kg) 3.7 ± 0.28 3.7 ± 0.24


Trip	duration	(hr) 24 ± 9 24 ± 5
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pattern	was	also	similar	suggesting	that	the	behaviour	of	the	modelled	
birds	was	comparable	to	that	of	the	natural	population.


3.2 | Simulations


There	was	little	evidence	to	suggest	that	the	installation	of	the	proposed	
wind	 farms	would	 impact	Alderney’s	population	of	Northern	gannets.	
No	differences	were	observed	in	the	physiological	state	or	mortality	rate	
of	the	gannets	between	the	baseline	model	and	models	where	gannets	


showed	avoidance	behaviour	either	for	all	years	combined	(Table	4)	or	
for	individual	years	(Table	5).	Simulations	where	the	gannets	entered	the	
wind	farm	area	and	were	exposed	to	collision	risk	showed	minimal	adult	
and	chick	mortality	and	no	change	in	physiological	state	(Tables	4	and	5).	
There	was	some	evidence	of	inter-	annual	variation	in	the	baseline	mod-
els,	with	a	lower	than	normal	fledging	mass	of	chicks	in	2015,	yet	no	evi-
dence	of	inter-	annual	variation	in	the	impacts	from	wind	farms	(Table	5).


As	 the	size	of	 the	proposed	wind	 farm	sites	were	 increased	both	
adult	and	chick	mortality	increased,	with	a	much	greater	impact	when	
avoidance	behaviour	was	displayed,	particularly	when	 the	 size	of	 the	
wind	 farms	 increased	 considerably	 (Figure	4a,b).	 Additionally	 when	
avoidance	behaviour	was	displayed	adult	mass	decreased	 (Figure	4c).	
These	outcomes	are	a	result	of	starvation,	as	displaced	adults	are	forced	
to	forage	further	from	the	colony	and	competition	outside	of	the	wind	
farm	sites	would	be	higher,	as	more	birds	are	displaced.	There	was	no	im-
pact	on	either	adult	or	chick	mass	in	the	collision	risk	scenarios.	As	wind	
farms	were	placed	in	increasing	numbers	of	highly	used	cells,	both	adult	
and	chick	mortality	increased	in	the	collision	risk	scenarios	(Figure	5a,b)	
and	adult	mass	decreased	in	avoidance	scenarios	(Figure	5c).	As	wind	
farms	were	placed	in	an	increasing	number	of	random	cells,	adult	and	
chick	mortality	increased	and	adult	mass	decreased	at	a	lower	rate	than	
when	wind	farms	were	placed	in	highly	used	cells	(Figure	6).	The	place-
ment	of	wind	 farms	 in	small	areas	had	 little	 impact,	however,	once	a	
critical	size	(c.	10	times	the	size	of	current	sites	or	5%	of	the	most	highly	
used	cells)	was	reached,	mortality	increased	dramatically.


3.3 | Sensitivity analysis


The	 model	 was	 fairly	 robust	 to	 changes	 in	 parameter	 values,	 with	
changes	of	<10%	being	recorded	as	a	result	of	10%	changes	in	the	pa-
rameter	value	in	almost	all	cases	(Figure	7).	Both	the	adults	and	chicks	
in	the	model	were	most	sensitive	to	changes	in	the	energy	density	of	
fish.	Even	 in	 the	unlikely	worst-	case	scenario	 that	all	model	param-
eters	were	inaccurate,	a	change	in	c.	30%	of	the	adult	body	mass	is	
driven	mostly	 by	 the	 energy	density	 and	 size	of	 fish,	which	 can	be	
justified	biologically,	and	could	easily	be	adjusted	in	the	model	based	
on	more	accurate	data	from	a	given	study	site.


4  | DISCUSSION


The	 use	 of	 individual	 based	models	 to	 predict	 the	 effects	 of	 envi-
ronmental	change	is	a	powerful	tool	that	is	widely	used	in	many	dis-
ciplines	 (Grimm,	 1999).	We	 have	 developed	 the	most	 complex	 and	


F IGURE  3 Behaviour	budgets	for	(a)	Accelerometer	equipped	
Northern	gannets,	and	(b)	outputs	from	a	baseline	individual-	based	
models	(IBM)	simulation	for	all	years	of	data	combined.	Only	the	first	
second	of	diving	behaviour	was	extracted	from	the	accelerometer	
data,	therefore	there	is	no	time	budget	for	diving	behaviour	in	the	
tracked	gannets,	thus	flight	and	foraging	behaviour	are	combined	for	
both	datasets
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Parameter Baseline Avoidance


Collision


Best case Worst case


Adult	mortality	(%) 0 0 0 0.02


Adult	mass	(kg) 3.3 ± 0.21 3.3 ± 0.28 3.3 ± 0.23 3.3 ± 0.24


Chick	mortality	(%) 0 0 0 0.04


Chick	mass	(kg) 3.7 ± 0.24 3.7 ± 0.28 3.7 ± 0.24 3.7 ± 0.25


TABLE  4 Mean	(±SD)	state	and	
mortality	rates	of	birds	under	different	
model	simulations:	parameterized	with	data	
from	all	years	combined
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comprehensive	model	 yet	 to	 predict	 the	 impacts	 of	wind	 farms	 on	
seabirds;	a	spatially	explicit	model	which	incorporates	direct	interac-
tions	 between	 birds	 and	 the	 environment,	 including	 the	 availability	
of	prey	and	 intraspecific	 competition.	 It	 can	be	used	 to	predict	 the	


cumulative	impacts	of	changes	in	the	environment	on	seabird	popu-
lations.	 Baseline	 models	 accurately	 represented	 the	 behaviour	 and	
physiological	 state	 of	 Alderney’s	 Northern	 gannets	 (Figure	3),	 and	
model	 simulations	 successfully	 explored	 the	 potential	 impacts	 from	


Year Parameter Baseline Avoidance


Collision


Best case Worst case


2013 Adult	mortality	(%) 0 0 0.02 0.04


Adult	mass	(kg) 3.3 ± 0.23 3.3 ± 0.29 3.3 ± 0.23 3.3 ± 0.24


Chick	mortality	(%) 0 0 0.02 0.06


Chick	mass	(kg) 3.7 ± 0.24 3.9 ± 0.24 3.8 ± 0.23 3.8 ± 0.24


2014 Adult	mortality	(%) 0 0 0.01 0.08


Adult	mass	(kg) 3.3 ± 0.23 3.3 ± 0.28 3.3 ± 0.23 3.3 ± 0.24


Chick	mortality	(%) 0 0 0.02 0.08


Chick	mass	(kg) 3.7 ± 0.24 3.7 ± 0.24 3.7 ± 0.23 3.7 ± 0.23


2015 Adult	mortality	(%) 0 0 0.02 0.03


Adult	mass	(kg) 3.3 ± 0.23 3.3 ± 0.3 3.3 ± 0.23 3.3 ± 0.24


Chick	mortality	(%) 0 0 0.04 0.08


Chick	mass	(kg) 3.1 ± 0.29 3.1 ± 0.3 3.1 ± 0.29 3.1 ± 0.29


TABLE  5 Mean	(±SD)	state	and	
mortality	rates	from	model	simulations	
parameterized	individually	for	each	year


F IGURE  4 The	impact	of	the	size	of	proposed	wind	farms	in	the	English	Channel	on	(a)	adult	mortality,	(b)	chick	mortality,	(c)	mass	of	adults	
and	chicks	(under	the	avoidance	scenario,	with	SD)	[Colour	figure	can	be	viewed	at	wileyonlinelibrary.com]
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F IGURE  5 The	effect	of	replacing	the	proposed	wind	farms	in	the	English	Channel	with	sites	in	the	most	highly	used	areas	(i.e.	the	cells	in	
which	gannets	spend	5%,	10%,	15%,	20%,	25%	of	their	time)	on	(a)	adult	mortality,	(b)	chick	mortality,	(c)	mass	of	adults	and	chicks	(under	the	
avoidance	scenario,	with	SD)	[Colour	figure	can	be	viewed	at	wileyonlinelibrary.com]
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environmental	change.	We	found	no	impact	of	proposed	wind	farms	
on	the	mortality	rate,	productivity	or	physiological	state	of	this	pop-
ulation,	although	 these	 risks	may	have	been	underestimated	due	 to	
model	assumptions	discussed	below.	Our	model	indicated	that	there	
were	no	changes	in	mortality	rate,	productivity	or	physiological	state	
if	Northern	gannets	avoided	the	sites	and	negligible	mortality	and	no	


change	 in	physiological	state	 in	the	collision	risk	scenarios	 (Tables	4	
and	5).	Concerns	 that	 in	years	of	poor	prey	availability,	wind	 farms	
would	have	increased	impact	on	gannets,	were	not	supported	by	the	
model	outcomes.	For	example,	 in	2015,	when	the	chicks	 fledged	at	
a	lower	mass	than	expected,	impacts	of	wind	farms	were	consistent	
with	other	years.


F IGURE  6 The	effect	of	replacing	proposed	wind	farms	in	the	English	Channel	with	random	sites	of	size	equivalent	to	those	in	Figure	6	(i.e.	
the	same	number	of	cells	where	adults	spend	5%–25%	of	their	time,	but	randomly	assigned)	on	(a)	adult	mortality,	(b)	chick	mortality,	(c)	mass	of	
adults	and	chicks	(under	the	avoidance	scenario,	with	SD)	[Colour	figure	can	be	viewed	at	wileyonlinelibrary.com]


Chick
Adult


0 200 400 600 800


0.
0


0.
5


1.
0


1.
5


2.
0(a) (b) (c)


Windfarm size km2


A
du


lt 
m


or
ta


lit
y 


(%
) Best case


Worst case
Avoidance


0 200 400 600 800


0.
0


0.
5


1.
0


1.
5


2.
0


Windfarm size km2


C
hi


ck
 m


or
ta


lit
y 


(%
) Best case


Worst case
Avoidance


0 200 400 600 800


28
00


32
00


36
00


40
00


Windfarm size km2


M
as


s 
(g


)


F IGURE  7 Sensitivity	analysis	of	adult	and	chick	body	mass.	Each	of	the	model	parameters	were	varied	singly	and	sequentially	by	a	standard	
variability	of	±	10%	and	their	effect	on	adult	and	chick	body	mass	calculated	as	a	percentage	of	the	baseline	model	[Colour	figure	can	be	viewed	
at	wileyonlinelibrary.com]
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The	 home	 range	 of	 the	 gannets	was	 large	 in	 comparison	 to	 the	
area	proposed	for	wind	farms,	which	represented	only	4%	of	all	of	the	
5	×	5	km	cells	which	the	gannets	visited.	Consequently,	the	proportion	
of	foraging	behaviour	in	these	areas	was	low	and,	as	the	areas	were	rel-
atively	small,	the	displacement	distances	were	small,	resulting	in	negli-
gible	effects	on	birds’	energy	budgets.	Other	wind	farm	developments	
may	pose	greater	threats	to	different	colonies.	For	example,	the	areas	
of	proposed	wind	farms	in	the	North	Sea	are	larger	(4cOffshore,	2015),	
and	they	may	be	harder	to	avoid,	thus	posing	a	higher	risk	to	gannet	
colonies	nearby.	Northern	gannets	avoidance	rates	to	entire	wind	farm	
sites	(macro-	avoidance)	is	estimated	to	be	64%	and	the	rate	at	which	
birds	avoid	individual	turbines	while	inside	the	wind	farm	area	(micro-	
avoidance)	is	98.9%–99.5%	(Cook	et	al.,	2014).	Industry	standard	data	
on	the	flight	height	of	gannets	indicates	that	only	11.3%	of	Northern	
gannets	 fly	 at	 a	 height	 with	 a	 risk	 of	 collision	 with	 a	 rotor	 (Cook,	
Johnston,	Wright,	&	Burton,	2012)	and	when	these	data	are	combined	
in	 the	 extended	 Band	model,	 used	 to	 calculate	 collision	 risk	 in	 this	
model,	the	probability	of	a	gannet	entering	the	wind	farm	and	colliding	
with	a	rotating	turbine	is	small.	However,	the	strength	of	the	IBM	ap-
proach	is	that	it	allows	cumulative	impacts	of	collision	risk	across	many	
individuals	and	foraging	trips.	Similarly	alterations	to	energy	budgets,	
which	are	low	at	an	individual-	level,	are	scaled	up	to	allow	prediction	of	
population-	level	impacts	that	may	be	of	more	concern.


An	increase	in	the	size	of	proposed	wind	farms	resulted	in	consid-
erably	higher	mortality	in	avoidance	simulations	than	collision	risk	sim-
ulations	(Figure	4).	This	highlights	the	considerable	changes	in	energy	
budgets	and	increased	intraspecific	competition	in	alternative	sites	if	
large-	scale	installations	are	created	and	birds	are	forced	to	avoid	en-
tering	the	wind	farm	sites.	This	supports	previous	conclusions	that	the	
impacts	on	the	energy	budgets	of	seabirds	will	be	higher	when	wind	
farms	are	larger	(Drewitt	&	Langston,	2006;	Masden	et	al.,	2010).	This	
also	goes	some	way	to	address	concerns	over	the	cumulative	impacts	
of	multiple	wind	farms	within	the	range	of	a	single	population	(Masden	
et	al.,	 2010).	The	 sudden	 increase	 in	mortality	when	 the	 size	of	 the	
wind	farms	>1,000	km2	is	likely	to	be	specific	to	the	English	Channel	
because	of	the	location	of	proposed	wind	farms	in	highly	used	areas	
off	 the	north	coast	of	France	and	the	south	coast	of	the	UK.	When	
wind	farms	are	increased	to	this	scale	they	displace	birds	from	a	large	
proportion	of	the	highly	used	foraging	areas,	forcing	them	into	areas	
with	fewer	prey	and	increased	competition	(Burton,	Rehfisch,	Clark,	&	
Dodd,	2006).	Additionally,	wind	farms	of	this	scale	would	result	in	con-
siderably	 increased	energetic	requirements	as	the	gannets	would	be	
forced	to	leave	the	English	Channel	in	order	to	forage,	and	potentially	
overlap	with	other	populations.	For	gannets	at	least,	populations	ap-
pear	to	have	segregated	foraging	areas	(Wakefield	et	al.,	2013)	mean-
ing	colony-	specific	IBMs	are	sufficient	to	address	the	impacts	of	wind	
farms.	However,	in	a	scenario	where	gannets	start	to	overlap	and/or	
for	other	species	which	are	likely	to	have	overlapping	foraging	ranges	
between	colonies	(Ainley	et	al.,	2004)	then	a	multi-	colony	approach	to	
impact	assessment	may	be	appropriate.	In	theory	this	could	developed	
within	the	IBM	framework.


The	size	 threshold	at	which	 the	 impact	of	wind	 farms	would	 re-
sult	in	high	seabird	mortality	is	likely	to	vary	between	seabird	colonies	


depending	on	the	size	and	quality	of	the	remaining	available	habitat	
after	wind	 farm	development,	 and	on	 the	 size	of	 the	 seabird	popu-
lations	which	 require	 resources	 from	 these	 areas	 (Busch	 &	 Garthe,	
2016).	However,	it	is	likely	that	for	all	populations	there	will	be	max-
imum	size	of	wind	farms,	above	which	an	increase	in	mortality	would	
undoubtedly	occur	as	a	result	of	 increased	competition	in	remaining	
patches,	leading	to	increased	energy	expenditure.	The	mass	of	adults	
decreased	in	all	avoidance	scenarios	as	wind	farms	increased	in	size,	
due	to	 increased	competition	and	altered	energy	budgets.	However,	
the	mass	 of	 chicks	 in	 the	model	was	 unaffected	 by	 these	 changes.	
This	 is	 because	 adults	 in	 the	model	 do	 not	 stop	 feeding	 the	 chick	
when	 their	 own	mass	 decreases	 (as	 they	would	 in	 reality,	 Ponchon	
et	al.,	2014),	and	this	should	be	addressed	in	future	model	iterations.	
Collision	risk	from	these	large	sites	is	less	important,	presumably	due	
to	the	high	micro-	avoidance	rate	of	gannets	to	wind	turbines.	In	con-
trast,	when	wind	farms	were	placed	in	highly	used	areas	(more	patchily	
distributed)	or	random	cells,	collision	risk	scenarios	resulted	in	greater	
mortality	 than	 avoidance	 scenarios,	 as	 wind	 farm	 sites	 were	 more	
easily	avoided	without	large	alterations	to	energy	budgets	(Figures	5	
and	6).	The	highly	used	cells	 in	 the	model	 are	a	 result	of	both	high	
intensity	 foraging,	 and	 important	 commuting	 paths.	 The	 placement	
of	wind	farms	 in	areas	which	are	highly	used	for	either	of	 these	ac-
tivities	may	have	severe	implications	on	seabird	mortality	(Drewitt	&	
Langston,	2006).	When	wind	farms	were	placed	in	highly	used	cells	as	
opposed	to	random	cells	there	was	increased	mortality	from	collision,	
as	more	birds	were	entering	these	areas	to	commute	and	to	forage.	
These	findings	highlight	the	relationship	between	the	size	and	location	
of	proposed	wind	farms,	and	the	impact	that	they	may	have	on	seabird	
populations.	Planners	should	avoid	highly	used	areas	when	 identify-
ing	potential	sites	for	wind	farms,	and	take	into	account	the	scale	of	
displacement	when	considering	the	size	of	proposed	developments.


Both	 the	adults	 and	chicks	 in	 the	model	were	highly	 sensitive	
to	changes	in	the	energy	density	of	fish	(Figure	7).	This	effect	was	
much	larger	on	the	chicks,	which	were,	in	general,	more	sensitive	to	
perturbations	in	model	parameters	than	adults.	The	energy	density	
of	prey	is	directly	related	to	the	mass	gain	for	both	adults	and	chicks	
in	the	model,	thus	this	result	is	not	surprising.	In	natural	populations	
the	energy	density	of	fish	will	vary	widely,	thus	if	dietary	informa-
tion	 specific	 to	 the	 focal	 colony	 is	 available	 it	 should	be	 incorpo-
rated	 into	 the	 model.	 Additionally,	 the	 chicks	 in	 the	 model	were	
very	sensitive	to	the	rate	of	digestion	by	adults.	Indeed,	this	again	
is	 unsurprising,	 given	 that	 the	 rate	of	 digestion	 is	 directly	 related	
to	 the	 amount	 of	 food	 available	 for	 the	 chicks.	 The	 rate	 used	 in	
the	model	was	derived	from	experimental	results	by	Jackson	(1991),	
thus	we	are	confident	is	a	fairly	accurate	representation	of	the	di-
gestion	 rates	 of	 gannets.	 If	 this	 rate	was	 faster,	 then	 impacts	 on	
chick	mass	would	be	greater	in	the	scenarios	where	the	adult	was	
forced	to	travel	 further	to	forage	 in	order	to	avoid	wind	farms,	as	
less	food	would	be	available	to	feed	the	chick	on	the	adults	return	
from	the	foraging	trip.	However,	this	 is	unlikely	to	have	major	 im-
pacts	on	the	outcome	of	the	model	given	that	the	baseline	model	
realistically	represents	chick	growth,	and	thus	the	values	used	in	the	
model	are	likely	to	be	fairly	accurate.







     |  513Journal of Applied EcologyWARWICK-EVANS Et Al.


As	with	all	modelling	approaches,	assumptions	and	simplifications	
to	the	behaviour	and	life	history	of	modelled	species	were	made,	for	
example,	 that	 the	 prey	 type	 and	 size	 and	 the	 foraging	 efficiency	 of	
gannets	breeding	on	Les	Etacs	was	similar	to	that	from	the	literature.	
Additionally,	some	behavioural	characteristics	were	simplified,	for	ex-
ample,	no	foraging	occurs	at	night,	adults	are	never	at	the	nest	together	
for	more	than	one	timestep	and	do	not	interact	when	on	foraging	trips.	
Consequently,	birds	cannot	take	visual	cues	from,	or	copy	one	another	
when	 on	 foraging	 trips	 (e.g.	 Boyd	 et	al.,	 2016a,b).	 Additionally,	 the	
model	uses	tracking	data	to	determine	the	probability	of	a	bird	moving	
from	one	of	the	cells	to	any	of	the	adjacent	cells,	thus	cells	which	were	
not	visited	by	our	sampled	birds	have	a	probability	of	zero	for	a	mod-
elled	bird	to	enter.	We	know	that	our	sample	of	tracked	gannets	did	
not	represent	the	entire	home	range	area	for	the	population	(Warwick-	
Evans	et	al.,	2016),	 thus	some	cells	may	be	under-	represented	 in	the	
model.	 However,	 this	 is	 unlikely	 to	 have	 severe	 implications	 on	 the	
model	outputs,	as	these	cells	were	likely	to	have	very	low	usage,	and	
thus	even	if	they	were	available	in	the	model,	few	birds	would	use	them.


There	is	some	debate	surrounding	the	visual	observation	method	
to	determine	 flight	heights,	 and	Cleasby	et	al.	 (2015)	proposed	 that	
this	 method	 may	 underestimate	 collision	 risk.	 Thus,	 an	 alternative	
value	of	collision	risk	was	calculated	using	empirical	flight	height	data	
(extracted	from	Cleasby	et	al.,	2015)	and	applied	to	the	model	for	com-
parison	(Appendix	S9).	 In	the	worst-	case	scenarios,	considerable	dif-
ferences	in	mortality	rate	were	obtained	as	a	result	of	these	changes,	
thus	the	impacts	of	collision	mortality	from	proposed	turbines	may	be	
larger	than	these	initial	models	suggest.	However,	as	the	flight	height	
of	gannets	is	very	site	specific	(Cleasby	et	al.,	2015),	these	new	flight	
heights	may	not	accurately	represent	the	behaviour	of	gannets	in	the	
English	Channel,	thus,	we	present	these	data	for	comparison	only	and	
encourage	further	work	to	assess	flight	heights	in	other	populations.	
In	addition,	there	is	the	potential	for	wind	turbines	to	attract	schooling	
fish	(Inger	et	al.,	2009),	which	may	attract	gannets	into	the	area,	and	
potentially	result	in	increased	mortality.


Current	 approaches	 to	 assess	 the	 potential	 impacts	 on	 seabirds	
from	 proposed	wind	 farms	 are	 based	 on	 observations	 within	 wind	
farm	 sites,	 making	 assumptions	 about	 the	 origins	 of	 these	 birds	
(Camphuysen,	Fox,	Leopold,	&	Petersen,	2004).	However,	 legislation	
manages	seabirds	at	the	colony-	level	through	the	designation	of	SPAs	
(Wilson	et	al.,	2009).	Detecting	change	 in	 the	numbers	of	birds	off-
shore	is	hard	using	this	approach,	as	there	is	large	spatial	and	temporal	
variation	in	seabird	numbers	at	any	given	offshore	location	(Maclean,	
Rehfisch,	Skov,	&	Thaxter,	2013).	Individual-	based	models	are	colony	
specific,	thus,	we	propose	that	predictions	from	IBMs	are	superior	to	
predictions	based	on	observation	data	only,	as	they	take	into	account	
the	cumulative	 impact	of	disturbances	within	 the	 foraging	area	of	a	
colony.	Although,	 the	model	was	parameterized	 for	breeding	adults,	
with	hatched	chicks,	 it	can	be	easily	adapted	for	other	individuals	 in	
the	 colony	 (e.g.	 non-	breeders,	 incubating	 birds)	 and	 for	 other	 gan-
netries	by	maintaining	the	model	structure	and	input	parameters	and	
simply	changing	the	spatial	environment.


In	addition	to	a	management	tool,	IBMs	increase	our	understanding	
about	the	species’	breeding	ecology	by	mechanistically	linking	foraging	


behaviour	to	physiological	state	and	breeding	success	(Stillman,	2008;	
Zurell	 et	al.,	 2015).	The	modelled	 inter-	annual	 variation	 in	 breeding	
performance	suggests	that	either	the	amount	of	prey	or	 its	distribu-
tion	 varied	 across	 the	 years.	 Modelled	 breeding	 performance	 was	
lowest	 in	2015,	with	 a	16%	 reduction	 in	mean	 fledging	mass,	 coin-
ciding	with	 lower	 reproductive	 success	 in	 the	 gannets	 breeding	 on	
Alderney	in	2015	(Warwick-	Evans	et	al.,	2016).	The	number	of	fish	in	
the	2015	model	was	similar	to	that	in	2014	(Appendix	S5)	when	the	
chicks	reached	full	fledging	mass.	Thus,	it	is	likely	that	the	distribution	
of	prey	in	2015	resulted	in	altered	energy	budgets,	with	increased	for-
aging	costs	 for	 the	gannets.	This	 is	 reflected	 in	 the	 tracking	data	as	
longer	trips	into	the	North	Sea	were	recorded	in	2015,	and	individu-
als	had	larger	foraging	areas	with	higher	overlap	than	previous	years	
(Warwick-	Evans	et	al.,	2016).


Despite	 the	 limitations	 discussed	 above,	 we	 believe	 that	 this	
model	is	a	substantial	improvement	on	previous	models	predicting	the	
effects	of	environmental	 change	on	seabirds.	This	model	 could	eas-
ily	be	adapted	to	predict	the	impacts	from	other	examples	of	spatial	
change,	such	as	oil	spills	(Montevecchi	et	al.,	2012),	fisheries	depletion	
(Gremillet,	Peron,	Provost,	&	Lescroel,	2015),	changes	to	fisheries	by-
catch	policies	 (Votier	et	al.,	2010)	or	comparing	the	 likely	success	of	
proposed	MPAs	(Pichegru	et	al.,	2012).	Furthermore,	it	could	be	mod-
ified	for	other	seabird	species	for	which	tracking	data	are	available	if	
the	behaviour	and	physiology	of	the	species	is	reasonably	well	under-
stood,	and	 the	 tracking	data	 sufficiently	 represents	 the	home	 range	
of	 the	population	 (Soanes,	Arnould,	Dodd,	Sumner,	&	Green,	2013).	
We	demonstrate	that	this	is	a	strong	approach	and	should	be	imple-
mented	widely	 to	predict	 the	potential	 impacts	 from	environmental	
change	and	assist	policy	makers	when	establishing	management	plans.
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Previously published field observations of the air speeds
of 36 species of birds, all observed by the same method
(ornithodolite), were compared with estimates of the
corresponding minimum power speeds, calculated with a
default body drag coefficient of 0.1. This value, which was
derived from recent wind tunnel studies, represents a
downward revision from default values previously used
and leads, in turn, to an upward revision of estimated
minimum power speeds. The mean observed air speeds are
now distributed around the minimum power speed, rather
than in between the speeds for minimum power and


maximum range, as they were before. Although the field
data do not represent migration, examination of the
marginal effects of small changes of speed, on power and
lift:drag ratio, indicates that flying at the maximum range
speed on migration may not represent an ‘optimal’ or even
a practical strategy and that cruising speeds may be limited
by the muscle power available or by aerobic capacity.
Caution in constructing ‘optimisation’ theories is
indicated.


Key words: bird, flight, speed, measured optimum.


Summary

The mechanical power available from a bird’s flight muscles
is limited, and this in turn places both lower and upper limits
on the speed at which it can fly horizontally. Similar limits are
part of the everyday experience of pilots of both fixed-wing
and rotary-wing aircraft. They result from elementary physical
principles, which apply to all heavier-than-air flying machines
or animals that support their weight aerodynamically. For any
such animal or machine, the curve of power versus speed for
horizontal flight passes through a minimum at an air speed
which is commonly called the ‘minimum power speed’ (Vmp).
There is also a higher air speed, the ‘maximum range speed’
(Vmr) at which the ratio of speed to power is a maximum, and
therefore so is the (air) distance flown per unit work done.
Alerstam and Lindström (1990) and Hedenström and Alerstam
(1995a) have considered what choice of air speed would
minimise either energy consumption or flight time on a multi-
stage migratory flight and claimed that the bird’s choice
between various alternative ‘currencies’ could be distinguished
by observing actual cruising speeds. Such an approach assumes
that the characteristic air speeds Vmp and Vmr can be accurately
calculated for the bird under observation, that there are no
unknown implications of flying at one speed rather than
another, and that the bird is free to select whatever speed
produces optimum results, as defined by the theorist. These are
bold assumptions.


One cannot observe directly in the field whether or not a bird


Introduction

l: C.Pennycuick@bristol.ac.uk

is flying at Vmp, at Vmr or at some other point on the power
curve. The field observer can only measure the bird’s absolute
air speed. Calculating an estimate of Vmp or Vmr, with which
to compare the observed air speed, is a separate operation. The
estimate is no better than the theory underlying it, or the values
measured or assumed for any variables required in the
calculation. This paper is a reassessment of previously
published field observations by this author of the air speeds at
which 36 species of birds were observed flying (Pennycuick,
1982b, 1987, 1990; Pennycuick and de Santo, 1989). These are
not speed measurements drawn from anywhere in the
literature, but a homogeneous set in which all the field data
were obtained by the same method (ornithodolite) and were
subject to the same assumptions and sources of error. They are
compared with estimates of the minimum power speeds, which
were also all obtained in the same way, from Program 1A of
Pennycuick (1989). Although estimates of Vmp and Vmr were
published along with the original field data, evidence from
recent wind tunnel studies (Pennycuick et al. 1996) indicates
that these earlier estimates were too low, because the default
values used for the body drag coefficient were too high.
Upward revision of the calculated speeds calls for a
reinterpretation of the speeds at which the birds were observed
flying, and this in turn highlights the hazards of extrapolating
from a physical theory to predict the speeds at which birds
‘should’ fly in different circumstances.
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Materials and methods
Observed speeds


The ornithodolite, described by Pennycuick (1982a), is an
optical instrument which records a series of three-dimensional,
timed points along a bird’s track. The horizontal and vertical
distances between each pair of successive points are calculated,
and divided by the time difference to get the average horizontal
and vertical ground speeds. The air speed (rather than the
ground speed) is required for comparison with calculated
speeds, and this has to be obtained from the ground speed by
vector subtraction of the wind vector (wind speed and
direction). Wind measurement is always a significant source of
error in field observations of flight speeds, as the wind cannot
be measured at the exact time and place where the bird is
flying. It was measured immediately after each observation
from an electrical anemometer with speed and direction
sensors mounted on a pole near the observing position, with a
remote readout on the ornithodolite. The ornithodolite is
limited to ranges between approximately 50 and 150 m and,
while this severely limits the circumstances in which it can be
used, it also ensures that the wind sensor is not far from the
bird. Care is still needed to ensure that neither the bird nor the
wind sensor is affected by upwind obstructions such as trees
or buildings, which would modify the wind. All the species
were observed in sustained, level, flapping or flap-gliding
flight. Speed observations were excluded if the bird was seen
to be searching for food, landing, taking off or performing
other transient manoeuvres. Most of the observations were of
birds flying between feeding areas and nests or roosts in their
breeding or wintering areas, covering distances long enough to
allow the bird to settle down in steady flight, i.e. a few hundred
metres to a few kilometres. The ornithodolite is not suited to
measuring very short flights (tens of metres), and these would
be excluded anyway, as being inherently unsteady. At the other
extreme, some of the birds were observed moving about in
migration staging areas, but were believed to be moving
relatively short distances when actually observed, and were not
thought to be engaged in non-stop migratory flights of
hundreds of kilometres.


Calculated speeds


The minimum power speed Vmp was estimated from the
formula:


Vmp = [0.807k1/4(mg)1/2]/[ρ1/2b1/2(SbCDb)1/4] , (1)


whose derivation was explained by Pennycuick (1975).
Estimates are required for each of the seven variables on the
right-hand side of equation 1, three of which are
morphological, two environmental and two aerodynamic. It is
an inherent weakness of field studies that the primary
morphological variables, the mass (m) and the wing span (b),
have to be estimated from the means of measurements from
samples of specimens, in contrast to wind tunnel studies,
where these measurements can be determined for the
particular individual under observation. The body frontal area

(Sb) is a secondary morphological variable, estimated from the
mass (Pennycuick et al. 1988). The two environmental
variables are the acceleration due to gravity (g), for which the
standard value 9.81 m s−2 was used, and the air density (ρ),
which was recorded together with each speed observation. All
observations in this data set were made near sea level,
permitting the air density to be set to a constant value of
1.23 kg m−3.


The two aerodynamic variables are the induced power factor
(k) and the drag coefficient of the body (CDb). New evidence
on likely values for these variables is the reason for this re-
evaluation of the field observations. Program 1A, as published
by Pennycuick (1989), calculates Vmp (amongst other results)
for a specified bird, using a fixed default value of k=1.2, and a
default value for CDb between 0.25 (for large birds) and 0.40
(for small ones). These values were derived from wind tunnel
measurements of the drag of frozen bird bodies, from which
the wings had been removed, but were recognised as
anomalous, being far higher than the values usually associated
with streamlined bodies (Pennycuick et al. 1988; Tucker,
1990). Recently, wind tunnel observations of a teal (Anas
crecca) and a thrush nightingale (Luscinia luscinia) by
Pennycuick et al. (1996) revealed a well-defined minimum in
the graph of wingbeat frequency versus air speed, and evidence
was presented that this minimum-frequency speed was
identical with the minimum power speed. In both birds, the
measured minimum frequency speeds were approximately
50 % higher than the Vmp estimates from equation 1, using the
above default values for k and CDb. The discrepancy could not
be resolved by revising the value of k, even far outside the
range of values considered possible, but it was resolved by
retaining k=1.2 and assigning a value near 0.08 to CDb for both
birds, i.e. reducing the earlier estimates by a factor between 3
and 5. The provisional recommendation was to use a default
value of CDb=0.1, recognising that the true value might be as
low as 0.05 in birds with well-streamlined bodies, but might
also be above 0.1 in species with drag-enhancing
characteristics, such as trailing legs or prominent heads.


Results
Revising the value assumed for CDb has no effect on the


observed speed (Vobs), but alters the estimate of the minimum
power speed (Vmp), in the sense that a lower body drag estimate
leads to a higher estimate for Vmp, and hence to a lower
estimate for the ratio Vobs/Vmp. In Table 1, the values of the
morphological variables and the observed mean speed (Vobs)
are listed for each species, together with two estimates for the
minimum power speed. Vmp1 is the estimate obtained by using
the ‘old’ default procedure, which gives a value for CDb in the
range 0.25–0.40, depending on the size of the bird, as above.
Vmp2 is a higher value, obtained by using a fixed value of
CDb=0.1, regardless of the size of the bird. In Fig. 1, the two
ratios Vobs/Vmp1 and Vobs/Vmp2 are shown as open and filled
circles respectively. The species in both Table 1 and Fig. 1
have been arranged in descending order of the ratio Vobs/Vmp2.
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Table 1. Morphological data and observed and calculated speeds


Body mass Wing span Wing area Vobs Vmp1 Vmp2


Species (kg) (m) (m2) (m s−1) (m s−1) (m s−1)


1 Tachycineta bicolor 0.0201 0.320 0.0133 11.3 4.8 6.8
2 Oceanites oceanicus 0.035 0.396 0.0215 10.4 5.2 7.3
3 Stercorarius parasiticus 0.390 1.05 0.117 13.3 7.3 10.1
4 Colaptes auratus 0.132 0.510 0.0478 12.7 7.1 10.1
5 Fratercula arctica 0.398 0.549 0.0369 17.6 10.2 14.0
6 Rissa tridactyla 0.387 0.965 0.101 13.1 7.6 10.5
7 Pachyptila desolata 0.155 0.635 0.0469 11.1 6.7 9.5
8 Uria aalge 0.950 0.707 0.0544 19.1 12.5 16.5
9 Catharacta skua 1.35 1.37 0.214 14.9 10.3 13.3
10 Daption capensis 0.418 0.875 0.0773 12.3 8.3 11.3
11 Alca torda 0.620 0.661 0.0462 16.0 11.0 14.8
12 Fulmarus glacialis 0.815 1.13 0.124 13.0 9.3 12.4
13 Rynchops niger 0.300 0.990 0.0888 9.9 6.9 9.5
14 Falco sparverius 0.090 0.502 0.0344 9.1 6.3 8.9
15 Larus marinus 1.55 1.65 0.285 13.0 9.9 12.7
16 Macronectes giganteus/M. halli 3.24 1.98 0.326 15.2 11.8 14.9
17 Phalacrocorax auritus 1.41 1.16 0.179 14.5 11.3 14.7
18 Sula bassanus 3.01 1.85 0.262 14.9 11.9 15.0
19 Larus atricilla 0.325 1.03 0.106 9.5 6.9 9.6
20 Sterna maxima 0.470 1.15 0.108 10.0 7.5 10.2
21 Diomedea melanophris 3.08 2.19 0.354 13.3 11.1 13.9
22 Eudocimus albus 0.900 0.951 0.160 12.9 10.6 14.0
23 Casmerodius albus 0.874 1.34 0.222 10.6 8.8 11.7
24 Phalacrocorax aristotelis 1.81 1.04 0.158 15.4 13.2 16.9
25 Diomedea exulans 8.55 3.01 0.583 15.0 13.3 16.7
26 Egretta caerulea 0.340 0.980 0.134 8.8 7.2 10.0
27 Fregata magnificens 1.47 2.29 0.408 9.3 8.2 10.6
28 Ajaia ajaja 1.30 1.25 0.226 11.9 10.6 13.8
29 Cathartes aura 1.55 1.75 0.442 10.6 9.6 12.4
30 Larus argentatus 0.950 1.36 0.203 9.9 9.0 11.9
31 Pandion haliaetus 1.49 1.59 0.300 10.6 9.9 12.8
32 Ardea occidentalis 2.50 1.91 0.493 11.0 11.0 13.9
33 Pelecanus occidentalis 3.39 2.26 0.450 10.1 11.2 14.1
34 Ardea herodias 1.92 1.76 0.419 9.4 10.4 13.2
35 Haliaeetus leucocephalus 4.68 2.24 0.756 11.2 12.6 15.8
36 Coragyps atratus 2.08 1.38 0.327 10.8 12.1 15.4


Vobs, observed mean speed; Vmp1, minimum power speed calculated assuming CDb=0.25–0.40 depending on size of bird; Vmp2, minimum
power speed calculated assuming CDb=0.1; CDb, drag coefficient of the body.

Points that fall on the solid vertical line in Fig. 1 mean that the
observed air speed was equal to the appropriate estimate of
Vmp; that is Vmp1 for the open circles, and Vmp2 for the filled
circles. Further to the right are two vertical dashed lines
representing speeds of 1.45Vmp and 1.70Vmp. The calculated
maximum range speeds (Vmr) from Program 1A of Pennycuick
(1989) fall between these dashed lines for all species in the
sample.


Effect of revised body drag estimates


Fig. 1 shows that, if the estimate of Vmp is based on the ‘old’
estimates of body drag (open circles), most of the field
observations fall between the estimates for Vmp and Vmr. This
unsurprising result was noted in the original papers describing

the field observations and was taken as evidence that the
predicted values for Vmp and Vmr were not seriously in error,
even though the drag measurements, on which they were
based, were known to be anomalously high. This position
became untenable following the wind tunnel observations on
the teal and thrush nightingale described by Pennycuick et al.
(1996), as the calculated minimum power speeds were below
the lowest speeds at which either bird would fly. The filled
circles in Fig. 1 show the effect of recalculating the minimum
power speeds of the birds in the field sample, using a lower
value of CDb=0.1. This value is reconcilable with the wind
tunnel observations, but may be an underestimate for some
species in the sample, which have poorly streamlined bodies.
The result of increasing the estimates of Vmp and Vmr is that
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Vobs/Vmp 0.5 1.0 1.5 2.0 2.5


Fig. 1. Ratio of observed air speed Vobs to
calculated minimum power speed Vmp for 36
species, from data in Table 1. Open circles:
minimum power speed calculated according to
default values of body drag coefficient given in
Pennycuick (1989). Filled circles: minimum
power speed recalculated according to reduced
body drag estimates from Pennycuick et al.
(1996).

the observed speeds are now centred around the new estimate
of Vmp, rather than falling between Vmp and Vmr.


Trend with body mass


Fig. 2 shows that the position of a species in Fig. 1 is
correlated with its mass. The smaller species tend to be at the
top of the list, that is, with the largest values of the ratio
Vobs/Vmp2, while the larger species are at the bottom. Fig. 3
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Fig. 2. Linear–logarithmic plot with standard major axis line of body
mass versus position in Table 1, for the 36 species in the table
(r=0.692).

expresses this in a different way. The ratio Vobs/Vmp2 is well
above 1 in the smallest species, but below 1 in some of the
larger ones. This ratio can be above 1 for one or both of two
different and independent reasons: (1) the bird actually was
flying faster than its minimum power speed, and/or (2) the
estimate of the minimum power speed is too low. Different
reasons may apply to different species, and the differences may
be size-related.


Discussion
Species apparently flying faster than Vmp


There is a well known scale effect that makes it easier for
small than for large species to extract enough power from their
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Fig. 3. Double logarithmic plot of the ratio of observed air speed Vobs


to calculated minimum power speed Vmp2 (revised drag assumptions),
versus body mass, for the 36 species in Table 1, with standard major
axis line (r=−0.743).
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Fig. 4. Curve of mechanical power versus air speed at sea level for
the whooper swan of Table 2. A steady power output of 200 W from
the flight muscles corresponds to a stable equilibrium at speed V2 or
an unstable equilibrium at speed V1 (see text for explanation). Note
that the zeroes are suppressed on both x and y scales.


Table 2. Measurements of a female whooper swan (Cygnus
cygnus), and values assumed for other variables, to calculate
the curves of Figs 4 and 5 from Program 1A of Pennycuick


(1989) 


Empty body mass (kg) 10.0
Fat load (kg) 1.5
Wing span (m) 2.26
Wing area (m2) 0.589
Aspect ratio 8.67
Profile power ratio 0.969
Induced drag factor 1.2
Body drag coefficient 0.1
Air density (kg m−3) 1.23


The profile power ratio is 8.4/R, where R is the aspect ratio.

flight muscles to fly level at any characteristic speed such as
Vmr or Vmp (Pennycuick, 1989). This is no doubt part of the
reason for the trends shown in Figs 2 and 3, and for the isolated
position of the two smallest species at the top of the table.
These are the tree swallow Tachycineta bicolor and Wilson’s
storm petrel Oceanites oceanicus, both showing values of
Vobs/Vmp2 which suggest that they were flying nearer the
maximum range speed rather than the minimum power speed
(Fig. 1, filled circles). Under the old assumptions of body drag,
the estimates for Vmr for these two species would be lower, so
that the observed speeds would be much faster than Vmr (open
circles).


The swallows were passing through a migration staging
area, Assateague Island on the east coast of the USA, where
they were spending much time feeding, but might also have
been moving intermittently further south. The storm petrels
were departing from their nesting area on Bird Island, South
Georgia, and were believed to be on foraging flights which
might take them a few tens or possibly hundreds of kilometres
out to sea (Pennycuick, 1982b). Either of these situations might
give the birds an incentive to maximise their range by flying
at or near Vmr, but there is no obvious incentive to fly faster
than Vmr. The observed speeds would be anomalously high
under the old estimates of body drag, but intelligible under the
new, lower estimates. The next species in order, Stercorarius
parasiticus, is a chasing predator which may be adapted for
high speed in level flight. This is followed by a very
heterogeneous set of species, which appeared to be flying near
Vmr under the old assumptions, but nearer Vmp under the new
ones.


Species apparently flying slower than Vmp


Looking now at the bottom of Table 1, the last four species
were apparently flying at only approximately 0.7Vmp under the
new assumptions and 0.9Vmp under the old ones. This is even

more unlikely than flying faster than Vmr, for the reason shown
in Fig. 4, which is a calculated curve of power versus air speed
for a particular whooper swan (Cygnus cygnus), calculated
using Program 1A of Pennycuick (1989). The values used in
the calculation are given in Table 2. If we suppose that the
swan’s flight muscles can produce 200 W (for example) of
mechanical power, then the swan would have sufficient power
to fly below Vmp, at the speed marked V1. Suppose some
disturbance, such as a gust, causes it to speed up by a small
amount ∆V, while the power output from its muscles remains
unchanged. The power required (curve) decreases, so the bird
is now exerting more power than is needed to maintain
equilibrium at the new speed. It therefore continues to
accelerate, until it reaches V2, where the power required is the
same as at the original speed V1. Equilibrium is possible with
the same power output (200 W) at either V1 or V2, but the
equilibrium at V2 is stable, whereas that at V1 is unstable.
Steady flight at V1 is possible, but requires continuous control
inputs to overcome the tendency to accelerate. Birds are
therefore not expected to fly slower than Vmp on foraging or
migratory flights. They may do so when searching for, or
attempting to catch, slow-moving prey or in other special
circumstances such as song flights (Hedenström, 1995;
Hedenström and Alerstam, 1995b). According to Thomas
(1993), spreading the tail lowers Vmp, so that the bird is able
to fly more slowly without speed instability. Birds seen to be
searching for food or making low-speed manoeuvres were
excluded from the field data.


Birds that proceed by flap-gliding rather than steady flapping
flight are not necessarily subject to speed instability at speeds
below Vmp. A flap-gliding bird slows down during the gliding
phase, possibly to some speed well below Vmp. During the
flapping phase, it speeds up again, but only until it stops
flapping, which it may do before it reaches Vmp. In that case,
the speed oscillates over a range that never reaches Vmp. Birds
that normally flap-glide on foraging or positioning flights, such
as the American black vulture Coragyps atratus (at the bottom
of Table 1), may therefore maintain an average speed below
Vmp. Some other species low down in Table 1, such as the two
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large herons, Ardea occidentalis and A. herodias, normally flap
steadily in horizontal flight. In their case, it is unlikely that they
would be flying slower than Vmp, for the reason given above,
and more likely that the estimate of Vmp is too high. This would
be the case if their body drag coefficients were higher than was
assumed when calculating Vmp. In fact, the old estimates of
CDb, 0.25 or higher, might be correct in the case of large
herons, which have long legs that trail behind in flight and also
prominent heads that retract upwards and are not fully faired
in flight. As the open circles show, the observed speeds were
near the old estimates of Vmp for these aerodynamically ‘dirty’
species (Fig. 1).


‘Optimum’ speed selection – marginal costs and benefits


Whilst it is true that the greatest range (relative to the air) is
obtained by flying at the maximum range speed (Vmr), it does
not necessarily follow that flying at that speed represents an
optimal or even a practical strategy for a migrating bird. The
upper curve in Fig. 5 is the same curve of mechanical power
versus air speed as in Fig. 4, and below it is the corresponding
curve of effective lift:drag ratio (also from Program 1 of
Pennycuick, 1989), which is proportional to the distance flown
per unit work done. The flat maximum in the curve of lift:drag
ratio indicates that the value of Vmr is poorly defined, meaning
that, in the vicinity of Vmr, substantial changes of speed, either
way, make very little difference to the effective lift:drag ratio.
Moreover, the exact value of Vmr depends on the shape of the
upper (power) curve, which is poorly known. A small change
in the curvature of this region of the power curve would have
a large effect on the value of Vmr, but very little effect on the
maximum effective lift:drag ratio. In contrast, small changes
of speed in the vicinity of Vmr require large changes of power,
because that part of the power curve bends ever more steeply
upwards.


The bird’s practical options in the selection of speed depend
on the marginal changes of lift:drag ratio and power resulting
from small changes of speed. By definition, the power required
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Fig. 5. The same power curve as in Fig. 4 (P), with a corresponding
curve of effective lift:drag ratio (L/D), illustrating the marginal effects
(given as percentages) of small changes of speed (see text
explanation).

to fly is least at the minimum power speed (Vmp), but since the
power curve is almost horizontal in the region of Vmp, the
power required is almost the same if the bird elects to fly a
little faster (or slower) than Vmp. For example, the marginal
increase in power required to fly at 1.1Vmp, rather than actually
at Vmp, is only 0.8 %. As this represents a 10 % increase in
speed, the ratio of speed to power increases by 9 %, and so also
does the effective lift:drag ratio, which determines the range.
Further equal increments of speed result in progressively larger
increments of power, because the power curve bends upwards.
The curve of effective lift:drag ratio, however, bends
downwards and peaks at Vmr. The marginal gain in range
declines, until eventually the curve becomes horizontal at Vmr.
To get the last 1 % to the maximum value of the effective
lift:drag ratio, the bird has to accelerate from 30.5 to 33.4 m s−1,
which requires a 7.7 % increase of power.


One would expect any bird whose immediate need is to
make some progress over the ground to fly somewhat faster
than Vmp, because this results in a substantial saving of energy
and shortening of the journey time at the cost of a very small
increase in power. However, the marginal benefit from further
increases of speed diminishes to a barely perceptible level long
before the mathematical ‘optimum’ speed (Vmr) is reached,
while the marginal increase in the power required becomes
ever larger. Birds that migrate long distances over hostile
terrain have the strongest incentive to fly in whatever manner
maximises their range, but even these may not fly actually at
Vmr. In the example of Fig. 5, the swan needs 7.7 % more
power to get the last 1 % of range, and that translates (roughly)
into 7.7 % more muscle, which in turn requires an enlarged
respiratory and circulatory system with 7.7 % greater aerobic
capacity. It may be energetically cheaper to fly slower than
Vmr, at a slightly lower effective lift:drag ratio, because this
will permit a substantial reduction in the weight of muscles and
supporting systems required, so eliminating the energetic cost
of transporting that extra weight and the metabolic cost of
maintaining the extra tissues. The reverse might be true if part
of the flight muscles can be consumed as supplementary fuel
in the course of long flights, as suggested by Pennycuick
(1975).


Physiological complications


Sustained cruising flight (other than soaring) requires the
bird to have sufficient aerobic capacity to supply the flight
muscles with fuel and oxygen, and to remove heat, at a fast
enough rate to maintain equilibrium. This is a separate
requirement from mechanical muscle power, discussed above.
The speeds at which some birds can fly may be limited by
aerobic capacity, rather than by muscle power. As an extreme
example, there is evidence that some large galliform birds,
whose muscle power is sufficient for explosive take-off and
rapid acceleration under predator attack, are actually incapable
of cruising aerobically at any speed (Pennycuick et al. 1994).
In terms of added mass or metabolic maintenance costs, little
or nothing is known about the implications of providing
increased aerobic capacity. This would have to be rectified,
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before any meaningful theory of ‘optimisation’, involving
these variables, could be formulated.


Response to wind


It has commonly been observed that birds increase their air
speeds when flying against a head wind (Alerstam, 1990). This
is easily understood if the bird’s objective is to make progress
relative to the ground rather than the air (Pennycuick, 1975).
However, if a bird’s objective were simply to remain airborne
and making progress over the ground were unimportant, then
the selection of air speed would not be affected by wind. For
example, a swift flying at night, and unable to feed, might be
unconcerned where it is carried by the wind, and in that case
it would be free to select an air speed near Vmp, where the
power is minimal, regardless of the wind strength. The
observation that a particular population of migrating or
foraging birds increases air speed when flying against a head
wind, and slows down with a tail wind, indicates only that
position relative to the ground is significant for the birds. It
does not indicate anything about the whereabouts of the chosen
air speed relative to the power curve.


Conclusion


The power curve for a particular bird, to the extent that it
can be reliably calculated, is a convenient summary of the
physics of horizontal flight. The two characteristic air speeds
Vmp and Vmr are properties of the power curve that do not in
themselves define an ‘optimum strategy’ for a migrating bird.
As noted above, limitations of either muscle power or aerobic
capacity may limit the cruising speed to a value below Vmr.
Such complications would have to be fully understood before
it would be possible to build a further layer of theory
purporting to predict the speeds at which birds ‘should’ fly, in
order to achieve objectives which may appear more clearly
defined from the viewpoint of the theorist than from that of the
bird. As to the speeds at which birds actually do fly, the present
comparison of air speeds observed in the field with the best
currently available estimates of Vmp suggests that most of the
species in the sample habitually fly at speeds near Vmp, at least
on short journeys. A longer-range method of speed
measurement, such as tracking radar, would be needed to
determine whether the same conclusion applies to birds
engaged on long, non-stop migratory flights.


I am deeply indebted to colleagues whose help and
participation was acknowledged in earlier papers on the field
results, especially John Croxall and others at the British
Antarctic Survey, and Mark Fuller in the USA, and I am also

most grateful to Thomas Alerstam and Anders Hedenström for
their helpful comments on a preliminary version of the
manuscript.
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Previously published field observations of the air speeds
of 36 species of birds, all observed by the same method
(ornithodolite), were compared with estimates of the
corresponding minimum power speeds, calculated with a
default body drag coefficient of 0.1. This value, which was
derived from recent wind tunnel studies, represents a
downward revision from default values previously used
and leads, in turn, to an upward revision of estimated
minimum power speeds. The mean observed air speeds are
now distributed around the minimum power speed, rather
than in between the speeds for minimum power and

maximum range, as they were before. Although the field
data do not represent migration, examination of the
marginal effects of small changes of speed, on power and
lift:drag ratio, indicates that flying at the maximum range
speed on migration may not represent an ‘optimal’ or even
a practical strategy and that cruising speeds may be limited
by the muscle power available or by aerobic capacity.
Caution in constructing ‘optimisation’ theories is
indicated.

Key words: bird, flight, speed, measured optimum.

Summary
The mechanical power available from a bird’s flight muscles
is limited, and this in turn places both lower and upper limits
on the speed at which it can fly horizontally. Similar limits are
part of the everyday experience of pilots of both fixed-wing
and rotary-wing aircraft. They result from elementary physical
principles, which apply to all heavier-than-air flying machines
or animals that support their weight aerodynamically. For any
such animal or machine, the curve of power versus speed for
horizontal flight passes through a minimum at an air speed
which is commonly called the ‘minimum power speed’ (Vmp).
There is also a higher air speed, the ‘maximum range speed’
(Vmr) at which the ratio of speed to power is a maximum, and
therefore so is the (air) distance flown per unit work done.
Alerstam and Lindström (1990) and Hedenström and Alerstam
(1995a) have considered what choice of air speed would
minimise either energy consumption or flight time on a multi-
stage migratory flight and claimed that the bird’s choice
between various alternative ‘currencies’ could be distinguished
by observing actual cruising speeds. Such an approach assumes
that the characteristic air speeds Vmp and Vmr can be accurately
calculated for the bird under observation, that there are no
unknown implications of flying at one speed rather than
another, and that the bird is free to select whatever speed
produces optimum results, as defined by the theorist. These are
bold assumptions.

One cannot observe directly in the field whether or not a bird

Introduction
l: C.Pennycuick@bristol.ac.uk
is flying at Vmp, at Vmr or at some other point on the power
curve. The field observer can only measure the bird’s absolute
air speed. Calculating an estimate of Vmp or Vmr, with which
to compare the observed air speed, is a separate operation. The
estimate is no better than the theory underlying it, or the values
measured or assumed for any variables required in the
calculation. This paper is a reassessment of previously
published field observations by this author of the air speeds at
which 36 species of birds were observed flying (Pennycuick,
1982b, 1987, 1990; Pennycuick and de Santo, 1989). These are
not speed measurements drawn from anywhere in the
literature, but a homogeneous set in which all the field data
were obtained by the same method (ornithodolite) and were
subject to the same assumptions and sources of error. They are
compared with estimates of the minimum power speeds, which
were also all obtained in the same way, from Program 1A of
Pennycuick (1989). Although estimates of Vmp and Vmr were
published along with the original field data, evidence from
recent wind tunnel studies (Pennycuick et al. 1996) indicates
that these earlier estimates were too low, because the default
values used for the body drag coefficient were too high.
Upward revision of the calculated speeds calls for a
reinterpretation of the speeds at which the birds were observed
flying, and this in turn highlights the hazards of extrapolating
from a physical theory to predict the speeds at which birds
‘should’ fly in different circumstances.
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Materials and methods
Observed speeds

The ornithodolite, described by Pennycuick (1982a), is an
optical instrument which records a series of three-dimensional,
timed points along a bird’s track. The horizontal and vertical
distances between each pair of successive points are calculated,
and divided by the time difference to get the average horizontal
and vertical ground speeds. The air speed (rather than the
ground speed) is required for comparison with calculated
speeds, and this has to be obtained from the ground speed by
vector subtraction of the wind vector (wind speed and
direction). Wind measurement is always a significant source of
error in field observations of flight speeds, as the wind cannot
be measured at the exact time and place where the bird is
flying. It was measured immediately after each observation
from an electrical anemometer with speed and direction
sensors mounted on a pole near the observing position, with a
remote readout on the ornithodolite. The ornithodolite is
limited to ranges between approximately 50 and 150 m and,
while this severely limits the circumstances in which it can be
used, it also ensures that the wind sensor is not far from the
bird. Care is still needed to ensure that neither the bird nor the
wind sensor is affected by upwind obstructions such as trees
or buildings, which would modify the wind. All the species
were observed in sustained, level, flapping or flap-gliding
flight. Speed observations were excluded if the bird was seen
to be searching for food, landing, taking off or performing
other transient manoeuvres. Most of the observations were of
birds flying between feeding areas and nests or roosts in their
breeding or wintering areas, covering distances long enough to
allow the bird to settle down in steady flight, i.e. a few hundred
metres to a few kilometres. The ornithodolite is not suited to
measuring very short flights (tens of metres), and these would
be excluded anyway, as being inherently unsteady. At the other
extreme, some of the birds were observed moving about in
migration staging areas, but were believed to be moving
relatively short distances when actually observed, and were not
thought to be engaged in non-stop migratory flights of
hundreds of kilometres.

Calculated speeds

The minimum power speed Vmp was estimated from the
formula:

Vmp = [0.807k1/4(mg)1/2]/[ρ1/2b1/2(SbCDb)1/4] , (1)

whose derivation was explained by Pennycuick (1975).
Estimates are required for each of the seven variables on the
right-hand side of equation 1, three of which are
morphological, two environmental and two aerodynamic. It is
an inherent weakness of field studies that the primary
morphological variables, the mass (m) and the wing span (b),
have to be estimated from the means of measurements from
samples of specimens, in contrast to wind tunnel studies,
where these measurements can be determined for the
particular individual under observation. The body frontal area
(Sb) is a secondary morphological variable, estimated from the
mass (Pennycuick et al. 1988). The two environmental
variables are the acceleration due to gravity (g), for which the
standard value 9.81 m s−2 was used, and the air density (ρ),
which was recorded together with each speed observation. All
observations in this data set were made near sea level,
permitting the air density to be set to a constant value of
1.23 kg m−3.

The two aerodynamic variables are the induced power factor
(k) and the drag coefficient of the body (CDb). New evidence
on likely values for these variables is the reason for this re-
evaluation of the field observations. Program 1A, as published
by Pennycuick (1989), calculates Vmp (amongst other results)
for a specified bird, using a fixed default value of k=1.2, and a
default value for CDb between 0.25 (for large birds) and 0.40
(for small ones). These values were derived from wind tunnel
measurements of the drag of frozen bird bodies, from which
the wings had been removed, but were recognised as
anomalous, being far higher than the values usually associated
with streamlined bodies (Pennycuick et al. 1988; Tucker,
1990). Recently, wind tunnel observations of a teal (Anas
crecca) and a thrush nightingale (Luscinia luscinia) by
Pennycuick et al. (1996) revealed a well-defined minimum in
the graph of wingbeat frequency versus air speed, and evidence
was presented that this minimum-frequency speed was
identical with the minimum power speed. In both birds, the
measured minimum frequency speeds were approximately
50 % higher than the Vmp estimates from equation 1, using the
above default values for k and CDb. The discrepancy could not
be resolved by revising the value of k, even far outside the
range of values considered possible, but it was resolved by
retaining k=1.2 and assigning a value near 0.08 to CDb for both
birds, i.e. reducing the earlier estimates by a factor between 3
and 5. The provisional recommendation was to use a default
value of CDb=0.1, recognising that the true value might be as
low as 0.05 in birds with well-streamlined bodies, but might
also be above 0.1 in species with drag-enhancing
characteristics, such as trailing legs or prominent heads.

Results
Revising the value assumed for CDb has no effect on the

observed speed (Vobs), but alters the estimate of the minimum
power speed (Vmp), in the sense that a lower body drag estimate
leads to a higher estimate for Vmp, and hence to a lower
estimate for the ratio Vobs/Vmp. In Table 1, the values of the
morphological variables and the observed mean speed (Vobs)
are listed for each species, together with two estimates for the
minimum power speed. Vmp1 is the estimate obtained by using
the ‘old’ default procedure, which gives a value for CDb in the
range 0.25–0.40, depending on the size of the bird, as above.
Vmp2 is a higher value, obtained by using a fixed value of
CDb=0.1, regardless of the size of the bird. In Fig. 1, the two
ratios Vobs/Vmp1 and Vobs/Vmp2 are shown as open and filled
circles respectively. The species in both Table 1 and Fig. 1
have been arranged in descending order of the ratio Vobs/Vmp2.
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Table 1. Morphological data and observed and calculated speeds

Body mass Wing span Wing area Vobs Vmp1 Vmp2

Species (kg) (m) (m2) (m s−1) (m s−1) (m s−1)

1 Tachycineta bicolor 0.0201 0.320 0.0133 11.3 4.8 6.8
2 Oceanites oceanicus 0.035 0.396 0.0215 10.4 5.2 7.3
3 Stercorarius parasiticus 0.390 1.05 0.117 13.3 7.3 10.1
4 Colaptes auratus 0.132 0.510 0.0478 12.7 7.1 10.1
5 Fratercula arctica 0.398 0.549 0.0369 17.6 10.2 14.0
6 Rissa tridactyla 0.387 0.965 0.101 13.1 7.6 10.5
7 Pachyptila desolata 0.155 0.635 0.0469 11.1 6.7 9.5
8 Uria aalge 0.950 0.707 0.0544 19.1 12.5 16.5
9 Catharacta skua 1.35 1.37 0.214 14.9 10.3 13.3
10 Daption capensis 0.418 0.875 0.0773 12.3 8.3 11.3
11 Alca torda 0.620 0.661 0.0462 16.0 11.0 14.8
12 Fulmarus glacialis 0.815 1.13 0.124 13.0 9.3 12.4
13 Rynchops niger 0.300 0.990 0.0888 9.9 6.9 9.5
14 Falco sparverius 0.090 0.502 0.0344 9.1 6.3 8.9
15 Larus marinus 1.55 1.65 0.285 13.0 9.9 12.7
16 Macronectes giganteus/M. halli 3.24 1.98 0.326 15.2 11.8 14.9
17 Phalacrocorax auritus 1.41 1.16 0.179 14.5 11.3 14.7
18 Sula bassanus 3.01 1.85 0.262 14.9 11.9 15.0
19 Larus atricilla 0.325 1.03 0.106 9.5 6.9 9.6
20 Sterna maxima 0.470 1.15 0.108 10.0 7.5 10.2
21 Diomedea melanophris 3.08 2.19 0.354 13.3 11.1 13.9
22 Eudocimus albus 0.900 0.951 0.160 12.9 10.6 14.0
23 Casmerodius albus 0.874 1.34 0.222 10.6 8.8 11.7
24 Phalacrocorax aristotelis 1.81 1.04 0.158 15.4 13.2 16.9
25 Diomedea exulans 8.55 3.01 0.583 15.0 13.3 16.7
26 Egretta caerulea 0.340 0.980 0.134 8.8 7.2 10.0
27 Fregata magnificens 1.47 2.29 0.408 9.3 8.2 10.6
28 Ajaia ajaja 1.30 1.25 0.226 11.9 10.6 13.8
29 Cathartes aura 1.55 1.75 0.442 10.6 9.6 12.4
30 Larus argentatus 0.950 1.36 0.203 9.9 9.0 11.9
31 Pandion haliaetus 1.49 1.59 0.300 10.6 9.9 12.8
32 Ardea occidentalis 2.50 1.91 0.493 11.0 11.0 13.9
33 Pelecanus occidentalis 3.39 2.26 0.450 10.1 11.2 14.1
34 Ardea herodias 1.92 1.76 0.419 9.4 10.4 13.2
35 Haliaeetus leucocephalus 4.68 2.24 0.756 11.2 12.6 15.8
36 Coragyps atratus 2.08 1.38 0.327 10.8 12.1 15.4

Vobs, observed mean speed; Vmp1, minimum power speed calculated assuming CDb=0.25–0.40 depending on size of bird; Vmp2, minimum
power speed calculated assuming CDb=0.1; CDb, drag coefficient of the body.
Points that fall on the solid vertical line in Fig. 1 mean that the
observed air speed was equal to the appropriate estimate of
Vmp; that is Vmp1 for the open circles, and Vmp2 for the filled
circles. Further to the right are two vertical dashed lines
representing speeds of 1.45Vmp and 1.70Vmp. The calculated
maximum range speeds (Vmr) from Program 1A of Pennycuick
(1989) fall between these dashed lines for all species in the
sample.

Effect of revised body drag estimates

Fig. 1 shows that, if the estimate of Vmp is based on the ‘old’
estimates of body drag (open circles), most of the field
observations fall between the estimates for Vmp and Vmr. This
unsurprising result was noted in the original papers describing
the field observations and was taken as evidence that the
predicted values for Vmp and Vmr were not seriously in error,
even though the drag measurements, on which they were
based, were known to be anomalously high. This position
became untenable following the wind tunnel observations on
the teal and thrush nightingale described by Pennycuick et al.
(1996), as the calculated minimum power speeds were below
the lowest speeds at which either bird would fly. The filled
circles in Fig. 1 show the effect of recalculating the minimum
power speeds of the birds in the field sample, using a lower
value of CDb=0.1. This value is reconcilable with the wind
tunnel observations, but may be an underestimate for some
species in the sample, which have poorly streamlined bodies.
The result of increasing the estimates of Vmp and Vmr is that
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Vobs/Vmp 0.5 1.0 1.5 2.0 2.5

Fig. 1. Ratio of observed air speed Vobs to
calculated minimum power speed Vmp for 36
species, from data in Table 1. Open circles:
minimum power speed calculated according to
default values of body drag coefficient given in
Pennycuick (1989). Filled circles: minimum
power speed recalculated according to reduced
body drag estimates from Pennycuick et al.
(1996).
the observed speeds are now centred around the new estimate
of Vmp, rather than falling between Vmp and Vmr.

Trend with body mass

Fig. 2 shows that the position of a species in Fig. 1 is
correlated with its mass. The smaller species tend to be at the
top of the list, that is, with the largest values of the ratio
Vobs/Vmp2, while the larger species are at the bottom. Fig. 3
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Fig. 2. Linear–logarithmic plot with standard major axis line of body
mass versus position in Table 1, for the 36 species in the table
(r=0.692).
expresses this in a different way. The ratio Vobs/Vmp2 is well
above 1 in the smallest species, but below 1 in some of the
larger ones. This ratio can be above 1 for one or both of two
different and independent reasons: (1) the bird actually was
flying faster than its minimum power speed, and/or (2) the
estimate of the minimum power speed is too low. Different
reasons may apply to different species, and the differences may
be size-related.

Discussion
Species apparently flying faster than Vmp

There is a well known scale effect that makes it easier for
small than for large species to extract enough power from their
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Fig. 3. Double logarithmic plot of the ratio of observed air speed Vobs

to calculated minimum power speed Vmp2 (revised drag assumptions),
versus body mass, for the 36 species in Table 1, with standard major
axis line (r=−0.743).
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Fig. 4. Curve of mechanical power versus air speed at sea level for
the whooper swan of Table 2. A steady power output of 200 W from
the flight muscles corresponds to a stable equilibrium at speed V2 or
an unstable equilibrium at speed V1 (see text for explanation). Note
that the zeroes are suppressed on both x and y scales.

Table 2. Measurements of a female whooper swan (Cygnus
cygnus), and values assumed for other variables, to calculate
the curves of Figs 4 and 5 from Program 1A of Pennycuick

(1989) 

Empty body mass (kg) 10.0
Fat load (kg) 1.5
Wing span (m) 2.26
Wing area (m2) 0.589
Aspect ratio 8.67
Profile power ratio 0.969
Induced drag factor 1.2
Body drag coefficient 0.1
Air density (kg m−3) 1.23

The profile power ratio is 8.4/R, where R is the aspect ratio.
flight muscles to fly level at any characteristic speed such as
Vmr or Vmp (Pennycuick, 1989). This is no doubt part of the
reason for the trends shown in Figs 2 and 3, and for the isolated
position of the two smallest species at the top of the table.
These are the tree swallow Tachycineta bicolor and Wilson’s
storm petrel Oceanites oceanicus, both showing values of
Vobs/Vmp2 which suggest that they were flying nearer the
maximum range speed rather than the minimum power speed
(Fig. 1, filled circles). Under the old assumptions of body drag,
the estimates for Vmr for these two species would be lower, so
that the observed speeds would be much faster than Vmr (open
circles).

The swallows were passing through a migration staging
area, Assateague Island on the east coast of the USA, where
they were spending much time feeding, but might also have
been moving intermittently further south. The storm petrels
were departing from their nesting area on Bird Island, South
Georgia, and were believed to be on foraging flights which
might take them a few tens or possibly hundreds of kilometres
out to sea (Pennycuick, 1982b). Either of these situations might
give the birds an incentive to maximise their range by flying
at or near Vmr, but there is no obvious incentive to fly faster
than Vmr. The observed speeds would be anomalously high
under the old estimates of body drag, but intelligible under the
new, lower estimates. The next species in order, Stercorarius
parasiticus, is a chasing predator which may be adapted for
high speed in level flight. This is followed by a very
heterogeneous set of species, which appeared to be flying near
Vmr under the old assumptions, but nearer Vmp under the new
ones.

Species apparently flying slower than Vmp

Looking now at the bottom of Table 1, the last four species
were apparently flying at only approximately 0.7Vmp under the
new assumptions and 0.9Vmp under the old ones. This is even
more unlikely than flying faster than Vmr, for the reason shown
in Fig. 4, which is a calculated curve of power versus air speed
for a particular whooper swan (Cygnus cygnus), calculated
using Program 1A of Pennycuick (1989). The values used in
the calculation are given in Table 2. If we suppose that the
swan’s flight muscles can produce 200 W (for example) of
mechanical power, then the swan would have sufficient power
to fly below Vmp, at the speed marked V1. Suppose some
disturbance, such as a gust, causes it to speed up by a small
amount ∆V, while the power output from its muscles remains
unchanged. The power required (curve) decreases, so the bird
is now exerting more power than is needed to maintain
equilibrium at the new speed. It therefore continues to
accelerate, until it reaches V2, where the power required is the
same as at the original speed V1. Equilibrium is possible with
the same power output (200 W) at either V1 or V2, but the
equilibrium at V2 is stable, whereas that at V1 is unstable.
Steady flight at V1 is possible, but requires continuous control
inputs to overcome the tendency to accelerate. Birds are
therefore not expected to fly slower than Vmp on foraging or
migratory flights. They may do so when searching for, or
attempting to catch, slow-moving prey or in other special
circumstances such as song flights (Hedenström, 1995;
Hedenström and Alerstam, 1995b). According to Thomas
(1993), spreading the tail lowers Vmp, so that the bird is able
to fly more slowly without speed instability. Birds seen to be
searching for food or making low-speed manoeuvres were
excluded from the field data.

Birds that proceed by flap-gliding rather than steady flapping
flight are not necessarily subject to speed instability at speeds
below Vmp. A flap-gliding bird slows down during the gliding
phase, possibly to some speed well below Vmp. During the
flapping phase, it speeds up again, but only until it stops
flapping, which it may do before it reaches Vmp. In that case,
the speed oscillates over a range that never reaches Vmp. Birds
that normally flap-glide on foraging or positioning flights, such
as the American black vulture Coragyps atratus (at the bottom
of Table 1), may therefore maintain an average speed below
Vmp. Some other species low down in Table 1, such as the two
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large herons, Ardea occidentalis and A. herodias, normally flap
steadily in horizontal flight. In their case, it is unlikely that they
would be flying slower than Vmp, for the reason given above,
and more likely that the estimate of Vmp is too high. This would
be the case if their body drag coefficients were higher than was
assumed when calculating Vmp. In fact, the old estimates of
CDb, 0.25 or higher, might be correct in the case of large
herons, which have long legs that trail behind in flight and also
prominent heads that retract upwards and are not fully faired
in flight. As the open circles show, the observed speeds were
near the old estimates of Vmp for these aerodynamically ‘dirty’
species (Fig. 1).

‘Optimum’ speed selection – marginal costs and benefits

Whilst it is true that the greatest range (relative to the air) is
obtained by flying at the maximum range speed (Vmr), it does
not necessarily follow that flying at that speed represents an
optimal or even a practical strategy for a migrating bird. The
upper curve in Fig. 5 is the same curve of mechanical power
versus air speed as in Fig. 4, and below it is the corresponding
curve of effective lift:drag ratio (also from Program 1 of
Pennycuick, 1989), which is proportional to the distance flown
per unit work done. The flat maximum in the curve of lift:drag
ratio indicates that the value of Vmr is poorly defined, meaning
that, in the vicinity of Vmr, substantial changes of speed, either
way, make very little difference to the effective lift:drag ratio.
Moreover, the exact value of Vmr depends on the shape of the
upper (power) curve, which is poorly known. A small change
in the curvature of this region of the power curve would have
a large effect on the value of Vmr, but very little effect on the
maximum effective lift:drag ratio. In contrast, small changes
of speed in the vicinity of Vmr require large changes of power,
because that part of the power curve bends ever more steeply
upwards.

The bird’s practical options in the selection of speed depend
on the marginal changes of lift:drag ratio and power resulting
from small changes of speed. By definition, the power required
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Fig. 5. The same power curve as in Fig. 4 (P), with a corresponding
curve of effective lift:drag ratio (L/D), illustrating the marginal effects
(given as percentages) of small changes of speed (see text
explanation).
to fly is least at the minimum power speed (Vmp), but since the
power curve is almost horizontal in the region of Vmp, the
power required is almost the same if the bird elects to fly a
little faster (or slower) than Vmp. For example, the marginal
increase in power required to fly at 1.1Vmp, rather than actually
at Vmp, is only 0.8 %. As this represents a 10 % increase in
speed, the ratio of speed to power increases by 9 %, and so also
does the effective lift:drag ratio, which determines the range.
Further equal increments of speed result in progressively larger
increments of power, because the power curve bends upwards.
The curve of effective lift:drag ratio, however, bends
downwards and peaks at Vmr. The marginal gain in range
declines, until eventually the curve becomes horizontal at Vmr.
To get the last 1 % to the maximum value of the effective
lift:drag ratio, the bird has to accelerate from 30.5 to 33.4 m s−1,
which requires a 7.7 % increase of power.

One would expect any bird whose immediate need is to
make some progress over the ground to fly somewhat faster
than Vmp, because this results in a substantial saving of energy
and shortening of the journey time at the cost of a very small
increase in power. However, the marginal benefit from further
increases of speed diminishes to a barely perceptible level long
before the mathematical ‘optimum’ speed (Vmr) is reached,
while the marginal increase in the power required becomes
ever larger. Birds that migrate long distances over hostile
terrain have the strongest incentive to fly in whatever manner
maximises their range, but even these may not fly actually at
Vmr. In the example of Fig. 5, the swan needs 7.7 % more
power to get the last 1 % of range, and that translates (roughly)
into 7.7 % more muscle, which in turn requires an enlarged
respiratory and circulatory system with 7.7 % greater aerobic
capacity. It may be energetically cheaper to fly slower than
Vmr, at a slightly lower effective lift:drag ratio, because this
will permit a substantial reduction in the weight of muscles and
supporting systems required, so eliminating the energetic cost
of transporting that extra weight and the metabolic cost of
maintaining the extra tissues. The reverse might be true if part
of the flight muscles can be consumed as supplementary fuel
in the course of long flights, as suggested by Pennycuick
(1975).

Physiological complications

Sustained cruising flight (other than soaring) requires the
bird to have sufficient aerobic capacity to supply the flight
muscles with fuel and oxygen, and to remove heat, at a fast
enough rate to maintain equilibrium. This is a separate
requirement from mechanical muscle power, discussed above.
The speeds at which some birds can fly may be limited by
aerobic capacity, rather than by muscle power. As an extreme
example, there is evidence that some large galliform birds,
whose muscle power is sufficient for explosive take-off and
rapid acceleration under predator attack, are actually incapable
of cruising aerobically at any speed (Pennycuick et al. 1994).
In terms of added mass or metabolic maintenance costs, little
or nothing is known about the implications of providing
increased aerobic capacity. This would have to be rectified,
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before any meaningful theory of ‘optimisation’, involving
these variables, could be formulated.

Response to wind

It has commonly been observed that birds increase their air
speeds when flying against a head wind (Alerstam, 1990). This
is easily understood if the bird’s objective is to make progress
relative to the ground rather than the air (Pennycuick, 1975).
However, if a bird’s objective were simply to remain airborne
and making progress over the ground were unimportant, then
the selection of air speed would not be affected by wind. For
example, a swift flying at night, and unable to feed, might be
unconcerned where it is carried by the wind, and in that case
it would be free to select an air speed near Vmp, where the
power is minimal, regardless of the wind strength. The
observation that a particular population of migrating or
foraging birds increases air speed when flying against a head
wind, and slows down with a tail wind, indicates only that
position relative to the ground is significant for the birds. It
does not indicate anything about the whereabouts of the chosen
air speed relative to the power curve.

Conclusion

The power curve for a particular bird, to the extent that it
can be reliably calculated, is a convenient summary of the
physics of horizontal flight. The two characteristic air speeds
Vmp and Vmr are properties of the power curve that do not in
themselves define an ‘optimum strategy’ for a migrating bird.
As noted above, limitations of either muscle power or aerobic
capacity may limit the cruising speed to a value below Vmr.
Such complications would have to be fully understood before
it would be possible to build a further layer of theory
purporting to predict the speeds at which birds ‘should’ fly, in
order to achieve objectives which may appear more clearly
defined from the viewpoint of the theorist than from that of the
bird. As to the speeds at which birds actually do fly, the present
comparison of air speeds observed in the field with the best
currently available estimates of Vmp suggests that most of the
species in the sample habitually fly at speeds near Vmp, at least
on short journeys. A longer-range method of speed
measurement, such as tracking radar, would be needed to
determine whether the same conclusion applies to birds
engaged on long, non-stop migratory flights.

I am deeply indebted to colleagues whose help and
participation was acknowledged in earlier papers on the field
results, especially John Croxall and others at the British
Antarctic Survey, and Mark Fuller in the USA, and I am also
most grateful to Thomas Alerstam and Anders Hedenström for
their helpful comments on a preliminary version of the
manuscript.
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