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1. Can the differences in the abundance of invertebrates between Killingholme 

(IECS 2010) and abundance at other sites in the Humber (Allen 2006), be 

solely the result of natural variation alone?   

2. Can it be confirmed that the abundance figures in Allen are indeed individuals 

per 0.01m2? Is it possible these figures are based on individuals per 1 m2, or 

alternatively a cumulative total of individuals per station (with up to five 

samples taken at each station across a transect from high to low shore)?   

3. Why would sub-tidal invertebrate abundance in Allen (2006) be cumulative at 

each site (i.e. 3 x 0.1 = 0.3m2), whereas inter-tidal abundance is not, despite 

up to 5 x 0.01m2 samples being available. 

4. Could the apparent discrepancy be the result of using different mesh 

diameters within the sieves used for the two surveys?  Possibly it would 

account for differences particularly in the small fauna.   

5. Could the apparent discrepancy be the result of using different sampling 

depths between the two surveys, so that whilst surface area remained 

constant, volume did not (15cm constant depth at Killingholme 2010 but 

unspecified in Allen)?   

6. If there is not an issue with the data, is it possible for the mean abundance 

figures from a group of stations presented within the multivariate analysis 

(Allen 2006) to be lower than the minimum figures from any of the respective 

stations presented within the univariate analysis? For example: 
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7. Are Hediste and Macoma biomass data (and not just abundance) available 

within the EA datasets analysed within Allen 2006? If so, can these be 

presented in order to provide a like for like comparison for Killingholme?   

8. How were sampling stations / sites selected for the 2010 Killingholme study, 

as the most relevant area we are concerned about (i.e. the mudflat that 

supports the high densities of black-tailed godwits), has the lowest density of 

samples (3 from a total of 36 with just one on the low-shore)? Sample 

selection was effectively ‘random’ but within a series of prescribed transects 

and elevations.   

9. Key prey species for black-tailed godwit at Killingholme are likely to be 

Hediste and Macoma. What is the effect of sampling in May on both of these 

species, in terms of biomass and abundance? For example, what might be 

the effects of both prey depletion by waterbirds over the winter period, and 

also die-off of adult Hediste post-reproduction?   

10. Invertebrate data were in fact collected at Killingholme as part of the early 

Allen study. This was not clear in the report however, as the south bank 

stations were numbered rather than named and site 6 (Killingholme) was 

omitted from the map showing sampling stations. What could account for the 

discrepancy between the Killingholme figures from Allen (2006) and IECS 

(2010)? For example: 

 

 Killingholme1 (Allen 

2006) 

Killingholme (IECS 

2010) 

Mean abundance 684 TBC 

Minimum abundance 7 5 

Peak abundance 2386 197 

 

Given the various issues with the EA data, not the least its age (c. 15 years), I think 

this is too difficult to answer with any certainty. 

 

I would add that there will be a detailed baseline benthic survey undertaken pre 

construction which will provide a more comprehensive dataset for any future target 

setting etc. 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1 South Killingholme 518585 417640 

` 
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Abstract

Spatial variations in benthic macrofaunal species composition, abundance and biomass in estuarine intertidal habitats have been often related
to such environmental variables as salinity, sediment types and tidal depth. However, there have been few attempts to investigate the relations
between such macrobenthic parameters and intertidal beach width gradient in order to predict their likely responses to coastal squeeze induced
by accelerating sea-level rise in an estuarine environment. This article investigates the linkages between environmental variables and patterns in
the distribution, abundance and biomass of estuarine intertidal macrobenthos in order to provide a basis for describing the effect of future sea-
level rise in the Humber estuary, UK. Field surveys were conducted in September 2003 and 2004 over a variety of spatial scales based on a hi-
erarchically scaled field study (system: 105 m; region: 105e104 m; local 104e103 m; transect: 103e102 m; station; 102e101 m) along two focal
environmental gradients: (1) the longitudinal gradient (length of the estuary) over an entire estuarine system and (2) the beach width gradient
(varying beach width altered by historic land-claim) over a sub-area of the estuary. Statistical analysis was carried out in order to identify key
environmental variables and the most relevant spatial scales that best explain the observed spatial variability in macrobenthic biomasses. At the
system scale, the dominant species were two bivalves Cerastoderma edule and Macoma balthica and a polychaete Nereis diversicolor, which
accounted for 51.7%, 25.0% and 12.1%, respectively, of the total biomass. At the regional scale, univariate analysis showed clear trends in
species richness, abundance and biomass along the longitudinal and beach width gradient. At the transect scale, multiple regression analysis
revealed that the variances in biomass of M. balthica, C. edule and other remaining species as well as total macrobenthic biomass were largely
explained (54e98%) by the key environmental variables, such as salinity, organic matter content, beach width and beach slope. At the station
scale, the degree of variability explained by the environmental variables was markedly lower along beach width gradient (8e32%) than along
longitudinal gradient (34e77%), but the analysis revealed a significant role of tidal depth along both gradients at this spatial scale. Overall,
intertidal habitats with higher macrobenthic biomass were significantly positively related to higher salinity, muddier sediments, wider beach
and shallower beach slope. This article indicates that such areas are currently situated around the lower and outer regions of the estuary where
extensive shallow muddy intertidal areas can be found, but they will also be most susceptible to the impacts of sea-level rise due to their outer
location and the shallowness of the beach in the Humber estuary.
! 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Estuarine intertidal habitats are dynamic features which
are structured primarily by the interactions of physical ele-
ments such as prevailing wind direction, wave action, tidal
and current movements, sediment transportation and
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chemical conditions (Carter, 1988). Geographically they are
situated within a transitional zone between freshwater and
the sea, but they often show much higher primary produc-
tivity and secondary productivity than either habitat
(McLusky, 1989; Heip et al., 1995; Kennish, 2002). Despite
their steep environmental gradients, estuarine intertidal areas
harbour a very high abundance and biomass of macro-
benthic invertebrates, attributable to a high concentration
of organic matter and nutrients retained in the system.
The high stocks of macrobenthos in turn provide an essen-
tial food sources for higher trophic levels of epibenthic
crustaceans, fishes and shorebirds (Wolff, 1987; McLusky,
1989), and this is one of the reasons why estuarine intertidal
flats are of high conservation value.

Intertidal flats within an estuary, however, exhibit signifi-
cant variability in benthic macrofaunal species composition,
density and biomass, and there is a long history of investiga-
tions in which this variability has been related to such environ-
mental variables as salinity, sediment types and tidal depth
(McIntyre, 1970; Boesch, 1977; Dankers et al., 1981; Key,
1983; Elliott and Kingston, 1987; Jones, 1988; McLusky,
1989; Meire et al., 1991; Dauer, 1993; Elliott et al., 1998; Beu-
kema, 2002; Ysebaert and Herman, 2002; Ysebaert et al.,
2003). However, there have been few attempts to investigate
the relations between benthic invertebrate abundance and bio-
mass, and intertidal beach width gradient in order to predict
their likely responses to accelerated sea-level rise as a result
of global warming in an estuarine environment. In many Euro-
pean estuaries, extensive areas of intertidal habitats could be
lost in the future through a process of coastal squeeze in which
rising sea levels squeeze beaches and tidal flats against both
established and newly constructed sea defences. In the case
of the Humber estuary in the UK, the rate of sea-level rise rel-
ative to land has been between 2 and 2.5 mm per year over the
last 100 years (Winn et al., 2003). However, the Ministry of
Agriculture, Fisheries and Food (MAFF, 1999) has recommen-
ded that for planning purposes an average rate of 6 mm per
year should be assumed for the next 50 years, implying that
sea levels may rise by a total of 0.3 m over that period, causing
a reduction in intertidal beach width particularly in the shallow
intertidal mud and sand flats. In addition, an increase in sea
levels will cause a widening and deepening in estuarine water
volume, leading to a greater saline intrusion further upstream
(Jones, 1994; Scavia et al., 2002). For estuarine intertidal geo-
morphology, Taylor et al. (2004) have investigated changes in
1084 coastal profiles throughout England and Wales, and
found that 61% of the coastlines studied had experienced
steepening since in the middle of 19th century, primarily due
to foreshore erosion and the use of sea walls and embank-
ments. Further, there are predicted increases in the frequency
of surges and greater wave action in response to rising sea
levels (Hulme et al., 2002), and enhanced wave and tidal en-
ergy may cause a change in sediment regime (Goss-Custard
et al., 1990; Raffaelli and Hawkins, 1996). These predicted
physical changes could have significant implications for the
future distribution of intertidal macrobenthos, and thus their
predators.

In the face of such potential environmental changes, there is
increasing interest from conservation and management
agencies for reliable predictive tools for planning the sustain-
able use of estuarine and coastal systems. One approach is to
create a model which can make quantitative predictions of
how intertidal habitats and their macrobenthic biomass may
change in response to changes in key environmental variables
induced by sea-level rise. Such a model can be used, for exam-
ple, to decide how much land needs to be set aside for re-
creation of intertidal habitats to compensate for the future
loss and where such schemes would be most effective in the
context of ecological restoration in estuarine shoreline man-
agement. Investigation of the spatial distribution patterns of
macrobenthos along both the entire length of the estuary and
a sub-area of the estuary where beach width has been progres-
sively altered by historic land-claim will help to identify the
relations between macrobenthic distributions and estuarine
physical processes, and hence to provide a basis for predicting
how macrobenthos will respond to the coastal squeeze result-
ing from sea-level rise.

The long-term objective of this study is to develop a method
for predicting the potential impacts of sea-level rise on estua-
rine ecosystem with particular emphasis on the abundance and
biomass of macrobenthos, and hence the consumers they sup-
port, in order to identify appropriate coastal and estuarine
management approaches that can sustain both nature conserva-
tion interests and socio-economic needs. Specifically, the aim
of this article is to identify the linkages between the abundance
and biomass of macrobenthos, and key environmental vari-
ables such as salinity, sediment characteristics and beach
morphological elements over the two focal environmental gra-
dients in estuarine intertidal habitats: (1) the longitudinal gra-
dient over an entire estuarine system and (2) the beach width
gradient over a local site. Patterns in the distribution, abun-
dance and biomass of benthic macrofauna in the Humber estu-
ary are thus analysed over a variety of spatial scales based on
a hierarchically scaled field study along the two environmental
gradients. The results are then used to investigate the role of
environmental variables in explaining the observed variability
within the system and the local site using multiple regression
analyses. The rules which best link values of key environmen-
tal variables with macrobenthic biomass at the most relevant
spatial scales were then identified to describe how the biomass
of macrobenthos in the system would respond to environmen-
tal variables and gradients in the Humber estuary.

2. Material and methods

2.1. Study site

The sites sampled were estuarine intertidal flats situated
along the Humber on the east coast of England which forms
the boundary between Yorkshire and Lincolnshire and flows
into the North Sea (Fig. 1a). The mean tidal range is approx-
imately 5 m and maximum spring tide range can attain over
7 m, being one of the largest macro-tidal estuaries in the
UK. The Humber is also the largest estuarine system in
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England in terms of mean flow (250 m3 s!1) (Jickells et al.,
2000), and it is characterised as a well-mixed estuary with
only a small vertical salinity gradient in contrast to a pro-
nounced longitudinal gradient (Barr et al., 1990). Its flushing
time varies from 20 days in winter time to 160 days in the
summer depending on flowing conditions (Gameson, 1982).
The estuary mouth at Spurn Head is approximately 8 km
wide, while the head of the estuary is less than 0.5 km at
both the river Trent and river Ouse. The Humber has a catch-
ment area of 24,472 km2, a fifth of the area of England, and
the tidal waters have a length of 317 km (Winn et al., 2003),
the Humber itself stretching approximately 60 km from the
confluence of the Trent and the Ouse (Trent falls) to the mouth
at Spurn. In this study, the mouth of the Humber is defined as
a midpoint between Spurn Head on the north bank and Tetney
Haven on the south (OS grid ref. 538000, 408000). The system
supports a large area of intertidal habitat particularly towards
its mouth, estimated at 120 km2, 90% of which comprises
mudflat and sandflat (Winn et al., 2003). However, in areas
with extensive sea defence walls and commercial development
such as around Hull and Grimsby, tidal flats are narrow or ab-
sent because of truncation by sea defence walls. To assess the
spatial distribution patterns of macrobenthos in relation to en-
vironmental variables, field surveys were conducted along the
longitudinal gradient (length of the estuary) and beach width
gradient (width of the beach) in September 2003 and 2004,
respectively.

2.1.1. Longitudinal gradient
The Humber estuary can be divided into 4 large sections

(upper, middle, lower and outer region) defined by Barr
et al. (1990) (solid lines in Fig. 1a), and sediment types vary
considerably from relatively sandy particles with some fring-
ing fine mud in the upper region, through fine mud in the mid-
dle and lower regions, to coarse sand towards the outer region.
Sampling sites were thus carefully chosen to cover the range

of sediment types. 7 transects were selected on the north
(N1eN7) and 7 transects on the south bank (S1eS7) of the
Humber, so that they were evenly distributed over the four re-
gions of the estuary (Fig. 1a). Each transect was established so
that it ran from MHWL (mean high water level) to MLWL
(mean low water level) aligned along the direction of tidal
ebb. Both MHWL and MLWL were determined by consulting
Ordnance Survey 1:25,000 scale map revised in 2000, and 7
sampling stations were selected along the transect at equal in-
tervals over the intertidal profile. Thus, total of 98 stations (14
transects " 7 stations) were chosen throughout the estuarine
longitudinal gradient and sampling was replicated 3 times at
each station. This sampling design was hierarchically scaled,
covering 5 different spatial scales: system (105 m), region
(105e104 m), transect (103e102 m), station (102e101 m),
and replicate (101e100 m). All the field sampling and survey
were carried out from 8 to 27 September, 2003, except for
one transect at Patrington (Transect N2 in Fig. 1a) where the
field work was conducted on 25 October, 2003. Only 5 out
of 7 stations were sampled along two of the transects due to
difficulty in working on extremely deep mud in the lower
part of Kilnsea (Transect N1 in Fig. 1a), and due to much
shorter length of transect than expected from a consulted
map at South Ferriby (Transect S7 in Fig. 1a).

2.1.2. Beach width gradient
An another study site was identified at an estuarine sandy

intertidal flat situated around outer region of the Humber lo-
cated along approximately 4 km of the coast between
Grimsby and Cleethorpes (from 53#330 to 53#350 N, and
from 0#000 to 0#030 W) (Fig. 1b). This intertidal flat was se-
lected because of the marked change in beach width from the
south-eastern end to the north-western end, due to the exten-
sive land-reclamation that took place in front of Grimsby in
the middle of the 19th century (Murby, 2001). The study
site was progressively squeezed towards the western end,
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Fig. 1. (a) The Humber estuary and location of transects (N1eN7 and S1eS7 with dotted line) along the longitudinal gradient at low tide. Dark shaded area rep-
resents intertidal area and long solid line represents a boundary between regions. (b) Location of the study site at Grimsby and Cleethorpes (within the slightly
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showing distinctive zones of intertidal habitats between
‘‘squeezed’’ to the northwest and ‘‘natural’’ (unsqueezed) to
the southeast in terms of beach width gradient (Fig. 1b). In-
vestigation of such environmental gradients and how macro-
benthos have adapted to historical land-claim that are
located within a relatively restricted local site (104e103 m)
may provide a basis for predicting how macrobenthos will re-
spond to coastal squeeze resulting from sea-level rise. 9 tran-
sects were established to cover the whole range of beach
width gradients, which run from mean high water (MHWL)
to mean low water (MLWL), aligned along the direction of
tidal flow (Fig. 1b). Along each transect, 9 equally spaced
shore levels were chosen to establish sampling stations.
Data from 81 sampling stations (9 transects ! 9 stations)
were thus obtained with 3 replications, and all the field sam-
pling was carried out from 14 to 28 September, 2004 at this
site. As shown in Fig. 1b, the transects were grouped into two
zones (squeezed zone and natural zone) (Fig. 1b), with tran-
sects a to d in the ‘‘squeezed zone’’, transects f to i in the
‘‘natural zone’’ (4 transects per zone) and transect e treated
as an intermediate. For this sampling design, similar hierar-
chical scaling was thus employed: local site (104e103 m),
zone (2 ! 103 m), transect (103e102 m), station (102e101 m),
and replicate (101e100 m), which allowed simultaneous
analyses of macrobenthos along the two focal environmental
gradients (longitudinal and beach width) over a range of spatial
scales.

2.2. Biological measurements and sampling

At each sampling station, a cylindrical corer (10 cm in di-
ameter) was pushed into the sediment to the depth of 15 cm
on a randomly chosen surface to sample the benthic macro-
fauna. This material was sieved on a 0.86 mm mesh with fil-
tered sea water (with a 0.063 mm mesh) on site. This
procedure was replicated three times and, on return to labo-
ratory, the organisms collected were preserved in 70% etha-
nol for subsequent sorting, species identification, counting
and biomass measurements. Identification was done either
by eye or by a binocular microscope and compound micro-
scope where necessary. For each core sample, the number
of species present and the abundance of each species
were recorded. Subsequently, the biomass of each species
was measured and expressed in g Ash Free Dry Weight
(g AFDW) by carrying out a procedure after Hartley et al.
(1987).

2.3. Physical measurements and sampling

2.3.1. Longitudinal elements
Monthly measurements over at 40 monitoring locations

along the Humber estuary were used for estimates of salinity
value at each transect. The data were derived from the coastal
(C) component of the Rivers-Atmosphere-Coast Study,
RACS(C), of NERC’s Land-Ocean Interaction Study (LOIS)
programme, and, in the programme, the locations of the mon-
itoring stations were chosen to cover the salinity range from

fresh to coastal and to take into account any possible lateral
heterogeneity in the entire Humber system (Uncles et al.,
1998). Salinity was measured at a depth of 1 m at each of
the monitoring stations, and surveys were undertaken during
spring tides, except for May and December 1994 and March
1995 when surveys were conducted during neap tides (Uncles
et al., 1998). Salinity values used in subsequent analysis were
the mean salinity of the period of 12 months between March
1994 and March 1995 at monitoring stations located over
each of the transects established in this study. This was the
most recent detailed salinity data set available for the Humber
estuary, and thus differences in monthly average salinity be-
tween the above period and year 2003 and 2004 (survey
year in this study) could not be examined. Wave exposure
for each transect was defined as a simple open angle of the
shore (midpoint of each transect) to, or subtended by, the
open sea horizon, expressed in radians (after Baker and
Crothers, 1987).

2.3.2. Sedimentary elements
Three replicate core samples (30 mm in diameter) were

taken from the top 5 cm of the sediment at each sampling sta-
tion for sediment analysis at the same time as the biological
samples were collected. Organic matter content of these sam-
ples was measured as loss on ignition over 16 h at 375 "C,
after drying the samples at 90 "C until constant weight (after
Sutherland, 1996). For particle size composition, both wet siev-
ing (for particle sizes smaller than 0.063 mm) and dry sieving
(for particle sizes larger than 0.063 mm) were used to measure
cumulative percentage weights of gravel (>2 mm), very coarse
sand (2e1 mm), coarse sand (1e0.5 mm), medium sand
(0.5e0.25 mm), fine sand (0.25e0.125 mm), very fine sand
(0.125e0.063 mm) and silt (<0.0063 mm) sediment fractions.
The median particle size expressed in theWentworth scale (phi)
was determined graphically from the cumulative curve as de-
fined in Holme and McIntyre (1971). However, the fraction of
particle sizes <0.031 mm (>5 phi) could not be examined in
this study and therefore median particle sizes which fell
<0.063 mm (>4 phi) may be subject to slight change depend-
ing on the percentage fraction of particles <0.031 mm (the
more fraction of particles <0.031 mm, the smaller median par-
ticle sizes (phi), when they are >4 phi).

2.3.3. Morphological elements
The tidal depth (elevation) of each sampling station in re-

lation to mean high water level (MHWL) was measured by
a theodolite and a staff. The length of the staff was 4 m
and the MHWL at each site was determined by the height
of the point where a marked line of algal growth or entan-
gling dried organic matter (drift line) was uniformly found
on sea defence walls, beaches, or fringing saltmarshes. Be-
cause tidal range varies along the longitudinal gradient, tidal
depth for each station was standardised by taking a percent-
age of the depth measurement in relation to the local mean
tidal range observed at each transect. The local mean tidal
range was calculated as:
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Mean tidal range¼ ðmean spring tidal amplitude

þmean neap tidal amplitudeÞ=2

and tidal depth thus can be expressed 0% and 100% if the sta-
tion is located at MHWL and at MLWL, respectively. In addi-
tion, the median depth of each transect was determined from
the intertidal profile by reading the tidal depth which corre-
sponds to the point where the horizontal distance from the
MHWL reaches 50% of the total width of the beach. The
median depth indicates that if the value is larger than 50%,
the beach profile is concave, but if the value is smaller
than 50%, then the shape of the beach is convex. Beach
width was measured as the distance between mean high wa-
ter level (MHWL) and mean low water level (MLWL)
aligned along the direction of tidal ebb taken from the Ord-
nance Survey 1:25,000 scale map revised in 2000. Because
MLWL does not emerge during neap tides, field sampling
was carried out only around the period of spring tides
when the pre-established transects were fully exposed at
ebb tide. In this study, measures of beach steepness were
obtained at transect scale (transect slope) and at station scale
(station slope). Transect slope was measured differently
depending on where MHWL was located in relation to the
highest level of beach:

Transect slope¼%Log10ðmean tidal range=beach widthÞ

where MHWL is located on the beach (sedimentary part), or

Transect slope¼%Log10ðheight between top of the shore and

MLWL=beach widthÞ

where MHWL or the drift line is found up on the sea defence
wall, so that steepness of transect only reflect the sedimentary
part of the beach. Secondly, the slope at each station was cal-
culated as follows:

Station slopei ¼%Log10ðrelative vertical height
ðSi%1 % Siþ1Þ=relative widthðSiþ1 % Si%1ÞÞ

where S denotes station and i represents an arbitrary station
number. The slope values calculated in this study typically
fall in a range between 1 and 5, higher values indicating shal-
lower slopes.

2.4. Statistical analysis

Macrobenthic abundance and biomass data were expressed
in numbers per square metre (ind. m%2) and g Ash Free Dry
Weight (g AFDW m%2), respectively. The general trends in
physical characteristics and species richness, abundance and
biomass of macrobenthos were examined mainly in relation
to the longitudinal and beach width gradients of the Humber
estuary using univariate analyses over 4 spatial scales (system
(local site), region (zone), transect and station).

To avoid the confusion, ‘‘mean’’ value and ‘‘average’’ value
were differentiated in this study: the mean value is calculated
simply by adding all the measurements in a group and dividing
the total by the number of measurements, whereas averaged
value is derived by taking spatial areas represented by each
measurement into account. For example, 120 km2 of intertidal
habitats within the Humber estuary is divided by 14 transects
established in Section 2.1.1 (Fig. 1a) with different area repre-
sented by different transect (see Table 1 for details). System
averaged abundance (ind. m%2) and biomass (g AFDW m%2)
for dominant macrobenthic species were then calculated as
follows:

System averaged abundance

¼
X

ðDðTnÞ &AreaðTnÞÞ=ðtotal areaÞ ðn¼ 1;2;.;14Þ

System averaged biomass

¼
X

ðBðTnÞ &AreaðTnÞÞ=ðtotal areaÞ ðn¼ 1;2;.;14Þ

where D(Tn), B(Tn) and Area(Tn) denote mean density, mean
biomass for transect Tn and spatial area (km2) represented by
transect Tn, respectively. Similarly, site-, region- and zone-
averaged values were all calculated by taking spatial areas
into account.

Analysis of variance (ANOVA) was performed to test dif-
ferences in mean macrobenthic biomasses between regions
(zones) and between transects with post hoc (Tukey) test along
the longitudinal and beach width gradients.

To assess the relation between tidal depth and macrobenthic
biomass distribution, special attention was paid to identify the
depth of tidal level at which peak biomass could be found over
the intertidal profile. Subsequently, a new variable, ‘‘depth in-
dex’’, was established to express how the value of tidal depth
at any station deviates from the maximum biomass level (see
Section 3.3.1 for details).

Multiple regressions were then used to identify the role of
the measured environmental variables in explaining the ob-
served spatial variability in macrobenthic biomass at the sta-
tion and transect scales. For these statistical processes, the
biomass data were log(1000x þ 1) transformed prior to analy-
sis due to their non-normality and heterogeneity of variance in
most cases. The 1000x scalar was used because this generated
the best normal distribution of the data. Data for salinity were
normalised by natural log transformation. The environmental
variables were divided into three physical components: longi-
tudinal (salinity and exposure), sedimentary (median particle
size, silt content and organic matter content) and morpholog-
ical (beach width, station slope, transect slope, tidal depth, me-
dian tidal depth and depth index). A forward step procedure
was used to determine the subset of environmental variables
that best explained the observed variation in macrobenthic bio-
mass. All statistical analyses were performed with SPSS for
Windows.
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Table 1
Physical characteristics of 14 transects along system longitudinal gradients on the Humber and 9 transects along beach width gradients at Grimsby. Environmental variables: Distance, distance from mouth (km);
T-range, mean tidal range (m); Area, area represented by transect (km2); SAL, salinity; EXP, exposure (radian); MD, median particle size (phi); ORG, organic matter content (%); SIL, silt content (%); WID, beach
width (m); T-SLO, transect slope; S-SLO, station slope; DEP, tidal depth (%); M-DEP, median tidal depth (%); DEP-I, depth index (see Section 3.3.1), for each transect. Mean values are expressed with !SD

Transect Distance T-Range Area LONGITUDINAL SEDIMENTARY MORPHOLOGICAL

SAL EXP MD ORG SIL WID T-SLO S-SLO M-DEP DEP-I

Along system longitudinal gradient
N1 1.3 4.29 19.6 28.0 0.00 4.48 ! 0.69 3.20 ! 1.38 72.7 ! 21.6 2525 2.77 3.62 ! 0.79 14.0 0.38 ! 0.14
N2 7.9 4.45 13.4 23.1 0.14 4.47 ! 0.63 2.56 ! 0.69 73.6 ! 15.1 2300 2.77 3.14 ! 0.29 25.0 0.72 ! 0.20
N3 18.3 4.63 7.6 19.5 0.30 4.89 ! 0.04 3.62 ! 0.31 90.2 ! 3.5 925 2.35 2.44 ! 0.60 66.4 0.66 ! 0.25
N4 29.3 4.93 3.7 14.8 0.00 4.80 ! 0.04 3.91 ! 0.86 83.3 ! 3.0 375 1.92 1.98 ! 0.09 47.7 0.72 ! 0.25
N5 52.5 4.85 4.8 5.6 0.00 4.74 ! 0.07 4.22 ! 0.74 79.3 ! 4.0 70 1.16 2.54 ! 1.80 9.2 0.48 ! 0.32
N6 59.6 4.55 5.3 3.8 0.00 4.40 ! 0.44 2.78 ! 1.00 55.9 ! 31.3 68 1.17 1.45 ! 0.44 85.7 0.47 ! 0.35
N7 68.1 4.25 0.8 2.6 0.00 3.89 ! 0.53 1.84 ! 1.36 33.4 ! 27.2 90 1.33 1.50 ! 0.32 73.3 0.68 ! 0.23
S1 "3.0 4.17 26.5 30.0 2.04 2.52 ! 0.11 0.55 ! 0.24 4.7 ! 3.7 2350 2.75 2.89 ! 0.69 12.2 0.42 ! 0.23
S2 4.1 4.24 13.6 25.9 1.01 2.67 ! 0.35 0.66 ! 0.19 5.5 ! 5.7 1050 2.39 2.53 ! 0.32 27.5 0.70 ! 0.23
S3 12.1 4.43 3.5 23.0 0.00 4.85 ! 0.05 4.02 ! 0.73 87.2 ! 3.9 750 2.32 2.35 ! 0.12 50.0 0.81 ! 0.19
S4 23.8 4.80 1.8 17.5 0.24 4.82 ! 0.03 3.39 ! 0.56 85.1 ! 2.3 150 1.53 1.44 ! 0.24 50.0 0.58 ! 0.31
S5 32.9 5.00 6.7 12.4 0.00 4.80 ! 0.06 3.45 ! 0.36 83.6 ! 4.4 300 1.84 1.83 ! 0.41 88.6 0.50 ! 0.36
S6 39.2 5.10 5.2 9.6 0.00 4.77 ! 0.10 3.79 ! 0.43 81.8 ! 6.1 275 1.78 1.76 ! 0.16 65.6 0.52 ! 0.32
S7 47.1 5.05 7.3 9.3 0.00 4.82 ! 0.04 3.97 ! 0.65 85.1 ! 3.1 120 1.38 1.66 ! 0.88 23.8 0.47 ! 0.23

Along local beach width gradient
a 8.6 4.55 0.3 23.9 0.68 3.75 ! 0.90 2.51 ! 0.69 49.6 ! 23.2 204 1.76 1.81 ! 0.25 64.8 0.64 ! 0.29
b 8.1 4.55 0.6 24.1 0.72 2.71 ! 0.70 1.74 ! 0.98 22.9 ! 19.2 390 1.93 1.97 ! 0.32 62.6 0.63 ! 0.32
c 7.7 4.55 0.8 24.4 0.75 2.56 ! 0.21 1.33 ! 0.91 12.1 ! 12.2 535 2.18 2.27 ! 0.32 67.7 0.66 ! 0.23
d 7.2 4.55 0.9 24.6 0.79 2.74 ! 0.18 1.69 ! 0.60 21.0 ! 14.3 644 2.27 2.35 ! 0.31 75.4 0.53 ! 0.25
e 6.7 4.55 1.2 24.8 0.83 2.58 ! 0.13 1.06 ! 0.25 8.5 ! 6.4 833 2.32 2.41 ! 0.30 67.0 0.65 ! 0.26
f 6.3 4.55 1.4 25.1 0.86 2.87 ! 0.83 2.59 ! 3.51 17.6 ! 24.9 957 2.32 2.63 ! 0.89 49.7 0.80 ! 0.35
g 5.8 4.55 1.7 25.3 0.90 2.74 ! 0.31 0.94 ! 0.75 7.3 ! 8.1 1230 2.43 2.58 ! 0.51 89.0 0.47 ! 0.23
h 5.4 4.55 1.7 25.5 0.94 2.59 ! 0.08 0.66 ! 0.19 3.3 ! 1.1 1188 2.58 2.58 ! 0.46 53.2 0.66 ! 0.33
i 4.9 4.55 1.6 25.8 0.98 2.56 ! 0.15 0.68 ! 0.19 3.3 ! 1.2 1099 2.38 2.47 ! 0.35 21.1 0.57 ! 0.23
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3. Results

3.1. Physical characteristics of the Humber estuary

The physical characteristics of 14 transects (N1-S7) estab-
lished along the estuarine longitudinal gradients and 9 tran-
sects (aei) along the beach width gradients are summarised
in Table 1.

3.1.1. Salinity and tidal range
Along the estuarine longitudinal gradient, salinity de-

creased steadily from 30 at the mouth to 2.6 in the upper
most region, whereas the transects along the beach width gra-
dient were located within a relatively small part of the Humber
estuary, and mean annual salinity varied little between 23.9 at
transect a and 25.8 at transect i. The apparent low salinity
around the mouth (30 at Transect S1) may be a reflection of
winter months when the Humber has significantly higher
freshwater inflow (Uncles et al., 1998). Mean tidal range (de-
fined in Section 2.3.3) was 4.2 m at transect S1 located at the
mouth rising to a maximum of 5.1 m at transect S6 around the
middle region of the Humber, then decreasing again to 4.25 m
at the upper most transect N7. Along the beach width gradient,
exposure increased from 0.68 at transect a to 0.98 at transect i,
indicating transects in the natural zone were more exposed to
the open coastal environment than those in the squeezed zone,
although this factor is likely to be more related to geographical
location than the squeezed nature of the beach.

3.1.2. Sedimentary elements
Median particle size (mean) for transects along the longitu-

dinal gradient was 2.5 phi at the outer most transect S1, char-
acterised by fine sand, with the highest value of 4.9 phi at
transect S3 situated near the boundary between lower and
outer regions, characterised by highly muddy sediment (Table
1). Uniform muddy sediments occur over the 40 km along the
middle and lower regions along the longitudinal gradient, but
there is an abrupt change from fine to coarse sediment at the
outer region towards the mouth, and more gradual change in
the upper region. Similar trends were also observed for silt
content and organic matter content. Sediment characteristics
observed around upper region could be attributable to the
high average freshwater inflow and therefore stronger scouring
(Jickells et al., 2000). All the transects situated in middle and
lower regions of the estuary had >80% sediment silt content
and a high organic matter content of around 3e4%, values de-
creasing towards both outer marine and upper freshwater
sections.

Sediment along beach width gradient also consisted of the
range of sizes between fine sand and silt, and median grain
size per transect varied from 2.56 (fine sand) to 3.75 (silt)
(Table 1). There was no obvious trend in median particle sizes
across the study site, except for transect a where sediments
were much finer than any other transect. In contrast, silt con-
tent and organic matter content showed clearer decreasing
trends from the natural zone to the squeezed zone. Silt content
varied from 3.3% at transect i to 49.6% at transect a, whereas

organic matter content varied from 0.7% at transect h to 2.5%
at transect a. The high organic matter content observed at tran-
sect f was attributable to the presence of a patchy sediment
area with a large amount of plant debris at higher shore levels,
which increased average value of organic matter content for
the transect. Sediment generally become muddier with more
organic matter and a high silt content from the most natural
beach through to most squeezed beach (Table 1).

3.1.3. Morphological elements
The transect profiles are shown in Fig. 2. For each transect,

tidal depth (%) of each station in relation to mean tidal range
is plotted against distance from MHWL.

Along the longitudinal gradient, transect slope varied be-
tween 1.16 at transect N5, and 2.77 at transect N1 (Table 1).
Low median depth values (%) were found at transect N5
(9.2%) and transect S1 (12.2%), indicating that their slopes
are shallow over the upper and middle shore, but steeply shelv-
ing at lower shore showing concave shape over the intertidal
profile (Fig. 2a). In contrast, transect N6 and transect S5 had
a high percentage median depth of 85.7% and 88.6%, respec-
tively, indicating that they shelve steeply at high and middle
shore levels, but becoming shallower towards the lower shore
level showing concave beach face morphology (Fig. 2a). The
width of the transects tended to become exponentially longer
and the steepness of the profiles became shallower towards
the mouth along the estuarine longitudinal gradient.

Along the beach width gradient, the width of beach varied
from 195 m to 1230 m (Table 1). Transects a, b, c and d are
situated in front of the land-claimed area in Grimsby
(squeezed), and transects beyond e towards the outer coastal
region are natural beaches. The squeezed beaches (aed ) are
characterised by a short, steep beach width (<800 m), and
the beach face profiles became homogenously lower from
mean high water to mean low water level (Fig. 2b). Natural
beaches ( fei) were longer (>800 m) and showed more varied
morphology, with some flatter and deepened areas within each
transect. Transect slope and mean station slope values de-
creased from the natural zone of transect i to the squeezed
beach of transect a (Table 1), showing that beaches became
progressively steeper when squeezed. Median beach depth
varied from 21.1% at transect i to 89.0% at transect g, with
lower values in transects in the natural zone (Table 1), showing
that longer and natural beaches tended to have concave pro-
files. Median depth did not vary between transects a and e de-
spite the observed change in beach width, indicating that
coastal squeeze does not affect the value of median depth of
this beach (Table 1).

3.2. Macrobenthos

3.2.1. Macrobenthos at the system and local site scales
Along the longitudinal gradients in the Humber, a total of

42 macrobenthic species were recorded from the 14 transects:
9 oligochaetes, 17 polychaetes, 8 crustaceans, 6 molluscs and
2 others (dipteran larvae). Pygospio elegans (polychaeta) at-
tained the highest system averaged density accounting for
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Fig. 2. Intertidal face profiles at the transects sampled in this study showing percentage tidal depth (%) for each sampling station plotted against beach width (m).
(a) Along the longitudinal gradient: the beach width axis is log-scaled to make the varying sizes of transects comparable. Transect numbers and their actual lengths
(m) are also indicated in each diagram. (b) Along the beach width gradient: the beach width axis is expressed in (m).
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26.4% of the total abundance, followed by Tubificoides ben-
edeni (oligochaeta, 22.7%) and Macoma balthica (bivalve,
18.3%) (Table 2a). An averaged >7400 macrobenthic indi-
viduals m!2 were found in the intertidal area along the
Humber longitudinal gradient, and 11 species accounted
for over 95% of the total mean abundance. System averaged
biomass was dominated by three species: Cerastoderma
edule (bivalve), M. balthica and Nereis diversicolor (poly-
chaeta) which accounted for 51.7%, 25.0% and 12.1% of
the total biomass in the study site, respectively (Table 3a).
The system-averaged total biomass was 8.65 g AFDW m!2

and 15 species were found to account for over 99% of total
biomass.

Along the beach width gradient at the local site of Grimsby,
a total of 24 macrobenthic species was recorded from the study
site: 2 oligochaetes, 13 polychaetes, 4 molluscs, 3 crustaceans
and 2 others (dipteran larvae). Tables 2b and 3b show the char-
acteristic species listed in a decreasing order of site-averaged
abundance and biomass at Grimsby, respectively. C. edule
showed the highest mean density accounting for 69.2% of the
total abundance at the study site, followed by Nephtys cirrosa
(polychaeta, 9.0%) andM. balthica (5.1%) (Table 2b). Average
total abundancewas 1562.9 ind. m!2 within the study site and 8
macrobenthic species accounted for over 95% of the total abun-
dance. Trends in mean biomass were also similar, dominated by
the three species, C. edule, N. cirrosa andM. balthica, account-
ing for 91.2%, 3.1% and 2.4% of the total biomass, respectively
(Table 3b). Site-averaged total biomass was 6.33 g AFDW m!2,

and 5 macrobenthic species accounted for over 99% of the total
biomass within the site.

3.2.2. Macrobenthos at the region and zone scales
Fig. 3a shows average biomasses of the three most charac-

teristic (Cerastoderma edule, Macoma balthica and Nereis di-
versicolor) and other remaining macrobenthic species across
the four regions along the longitudinal gradient in the Humber.
Average total biomasses were markedly higher in the lower
and outer regions than in the upper and middle regions. Statis-
tical test showed that the mean total biomasses per station
across the 4 regions were significantly different (ANOVA,
F3,90 ¼ 9.2, p < 0.0001), with the outer region significantly
different from the middle and upper regions ( p < 0.001 for
both cases) and the lower region different from the upper re-
gion ( p < 0.05). Species composition was also markedly dif-
ferent across the four regions. Amongst the polychaetes
worms, N. diversicolor was found throughout the system
(Fig. 3a), and Pygospio elegans was the second most numer-
ous polychaete in the estuary. Other characteristic polychaete
species, such as Nephtys hombergii and Eteone longa, were
common towards the outer region, and Nephtys cirrosa was
only found on the very sandy flats in the outer region. The ol-
igochaete Paranais litoralis was commonly found around up-
per region, but this was gradually replaced by Tubificoides
benedeni when moving towards the lower and outer regions.
The crustacean amphipod Corophium volutator was widely
distributed, but abundance was markedly higher around the
middle region. M. balthica was distributed mostly from the
lower region and most of the molluscs, such as Hydrobia ulvae
or C. edule became common towards the outer estuary
(Fig. 3a). Both the number of macrobenthic species recorded
in each region (species richness) and region-averaged macro-
benthic abundance became higher towards the lower region,
and the abundance was markedly higher in the lower region
of the estuary (Fig. 4a).

Fig. 3b shows average biomasses of the three most charac-
teristic (Cerastoderma edule, Macoma balthica and Nephtys
cirrosa) and other remaining macrobenthic species across
the two zones along the beach width gradient at Grimsby.
The mean total biomass per station in the natural zone was sig-
nificantly higher than that in the squeezed zone (ANOVA,
F1,70 ¼ 7.7, p < 0.01). However, it is clear that the site was
dominated by C. edule and the mean biomasses for the rest
of macrobenthic species were not significantly different be-
tween the two zones. Polychaetes such as N. cirrosa, Spio-
phanes bombyx and the bivalve, M. balthica were the other
characteristic species across the site. There was no marked dif-
ference in species richness between the squeezed and natural
zones, but the zone-averaged macrobenthic abundance was
much higher in the natural zone (Fig. 4b).

3.2.3. Macrobenthos at the transect scale
Fig. 5a shows mean biomasses of the three most character-

istic and other remaining macrobenthic species with total
values across transects that are arranged in order from upper
to outer estuary. The highest mean biomass was recorded on

Table 2
(a) System-averaged abundance of macrobenthic species in the Humber and
(b) site-averaged abundance of macrobenthic species at Grimsby. The species
are listed in a decreasing rank order of average density m!2

Species Average density
(ind. m!2)

Percentage (%) Cumulative
percentage (%)

(a)
Pygospio elegans 1956.8 26.4 26.4
Tubificoides benedeni 1684.9 22.7 49.1
Macoma balthica 1358.0 18.3 67.3
Nereis diversicolor 559.4 7.5 74.9
Corophium volutator 470.8 6.3 81.2
Paranais litoralis 333.0 4.5 85.7
Tharyx spp. 225.9 3.0 88.7
Cerastoderma edule 219.4 3.0 91.7
Nephtys hombergii 141.5 1.9 93.6
Eteone longa 76.6 1.0 94.6
Hydrobia ulvae 71.1 1.0 95.6
Others 326.6 4.4 100.0
TOTAL 7424.0 100.0

(b)
Cerastoderma edule 1082.3 69.2 69.2
Nephtys cirrosa 140.6 9.0 78.2
Macoma balthica 79.4 5.1 83.3
Bathyporeia spp. 63.3 4.0 87.4
Spiophanes bombyx 46.9 3.0 90.4
Urothoe spp. 35.1 2.2 92.6
Pygospio elegans 29.4 1.9 94.5
Tharyx spp. 22.3 1.4 95.9
Others 63.6 4.1 100.0
TOTAL 1562.9 100.0
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transect N1 (mean value of 22.5 g AFDW m!2) and the lowest
on transect N7 (mean value of 0.00036 g AFDW m!2). Gener-
ally, transects on the north bank had higher mean biomass than
those on the south bank. However, the mean biomass on both
banks showed a similar increase from the upper through the
middle to the lower region of the estuary, although the biomass
for the transect outside the mouth was lower on the south bank
(S1 in Fig. 5a). Statistical test showed that the mean total bio-
masses per replicate across the 14 transects were significantly
different (ANOVA, F13,28 ¼ 58.2, p < 0.0001), and the results
of post hoc (Tukey) test for the difference for all possible com-
bination of transect pairs are shown in Table 4a. A similar
overall trend can be seen for mean abundance at the transect
scale, showing general increase on the north bank towards
the mouth of estuary, but marked decline in the south
(Fig. 6a). For species richness per transect, only 1 species
was recorded at transect N7 at the upper most site, whilst
the maximum number of 26 was found at transect S1 with
gradual increase in between (Fig. 6a). However, mean species
richness per station was lower on the outer open coast at S1.

Fig. 5b shows mean biomasses of the three most character-
istic and other remaining macrobenthic species with total
values across transects at Grimsby. Much smaller biomasses
were found towards the squeezed zone between transect
a and d, than transects ( fei) located in natural zone with the
highest value of 14.9 g AFDW m!2 at transect g (Fig. 5b).

Statistical test showed that the mean total biomasses per rep-
licate across the 9 transects were also significantly different
(ANOVA, F8,18 ¼ 50.4, p < 0.0001), and the results of post
hoc (Tukey) test for the difference for all possible combination
of transect pairs are shown in Table 4b. The mean total abun-
dance for each transect ranged from 354 to 2994 ind. m!2, and
transect i, g and h had the most individuals which were located
at the natural zone of the study site (Fig. 6b). Total abundance
was lower on the remaining transects, located towards the
squeezed end, except for transect a that had a slightly higher
value than any other transect in the squeezed zone (Fig. 6b).
For trend in species richness, transect f showed the highest
species richness of 14 and transect h showed the lowest of
8, whereas mean species richness was more uniform with
the highest value of 4.8 at transect a (Fig. 6b). There were
no clear trends in species richness in relation to the beach
width gradient, from the natural beach to the squeezed beach,
suggesting that coastal squeeze does not have an influence on
species richness in estuarine intertidal area.

3.2.4. Macrobenthos at the station scale
Fig. 7a shows mean total macrobenthic biomass and abun-

dance across stations for the 14 transects along the longitudi-
nal gradient. The amplitude (scale) of the biomass and
abundance varied across transects. Although the observed

Table 3
(a) System-averaged biomass of macrobenthic species in the Humber and (b)
site-averaged biomass of macrobenthic species at Grimsby. The species are
listed in a decreasing rank order of average biomass g AFDW m!2

Species Average biomass
(g AFDW m!2)

Percentage (%) Cumulative
percentage (%)

(a)
Cerastoderma edule 4.47 51.7 51.7
Macoma balthica 2.16 25.0 76.7
Nereis diversicolor 1.05 12.1 88.9
Nephtys hombergii 0.30 3.5 92.3
Pygospio elegans 0.16 1.8 94.2
Tubificoides benedeni 0.11 1.3 95.5
Scrobicularia plana 0.07 0.8 96.3
Ampharetidae 0.07 0.8 97.1
Corophium volutator 0.05 0.6 97.7
Nephtys cirrosa 0.03 0.3 98.0
Eteone longa 0.02 0.2 98.3
Hydrobia ulvae 0.02 0.2 98.5
Tharyx spp. 0.02 0.2 98.7
Paranais litoralis 0.02 0.2 98.9
Spiophanes bombyx 0.02 0.2 99.1
Others 0.08 0.9 100.0
TOTAL 8.65 100.0

(b)
Cerastoderma edule 5.77 91.2 91.2
Nephtys cirrosa 0.20 3.1 94.3
Macoma balthica 0.15 2.4 96.7
Spiophanes bombyx 0.13 2.0 98.6
Urothoe spp. 0.03 0.4 99.1
Others 0.06 0.9 100.0
TOTAL 6.33 100.0
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Fig. 3. Average biomasses of the three most characteristic and other remaining
macrobenthic species across: (a) regions along the longitudinal gradient in the
Humber and (b) zones along the beach width gradient at Grimsby.
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patterns of macrobenthic abundance were not straightforward,
both biomass and abundance tended to become lower or close
to 0 towards station 7 and thus towards mean low water level
(Fig. 7a). Some transects showed the highest biomass around
mid shore level (e.g. N2, N3, N7, S1, S3 and S7) and some
showed around the highest shore level (station 1) (e.g. N5,
N6, S5 and S6). However, intertidal flats were often truncated
by sea defence walls in the Humber estuary and for many tran-
sects, sampling stations at highest elevation were located
lower than mean high water level, indicating that station 1
could be situated around mid-shore level in terms of tidal
depth gradient.

At Grimsby study site, the highest biomass and abundance
occurred around mid shore level (stations 2e4) and the values
decreased close to 0 towards both station 1 and station 9 on
most of the transects (Fig. 7b).

3.3. Macrobenthic biomass and environmental variables

3.3.1. Depth index
Using the data set from 14 transects along the longitudinal

gradient, the relationship between biomass and tidal depth (in-
tertidal vertical gradient) across transects was explored. The
biomass for each station was standardised as a percentage so
that the sum of the new values within each transect was
100%. This was done in order to make biomass distributions
comparable between transects and thus to avoid the influence

of longitudinal gradients such as salinity. These data were fur-
ther natural log-transformed to stabilise the variance and plot-
ted against tidal depth (in relation to mean tidal range for each
transect) as shown in Fig. 8. Sediment characteristics for sta-
tions could vary substantially depending on the transect (Table
1), and in order to avoid the influence of sediment variation on
macrobenthic biomass, only biomass data taken from similar
sediment types within each transect were used for the plot.
There was a quadratic relationship between the two variables
(Fig. 8), indicating that when longitudinal and sediment gradi-
ents are held constant, macrobenthic biomass tends to have
a peak value at the point where the tidal depth was around
40% of mean tidal range lower from MHWL within each tran-
sect ( y0 ¼ 0 when x ¼ 39.7 in the quadratic equation in Fig. 8).
The new environmental variable ‘‘depth index’’ was thus es-
tablished for the subsequent analysis to express how the value
of tidal depth for each station deviates from the value 39.7% as
follows:

depth index¼ f ðxÞ=f ð39:7Þ
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where x and f (x) denote tidal depth (%) for each station and
the quadratic equation y shown in Fig. 2.9, respectively. This
indicates that if the tidal depth for a station deviates from
39.7%, depth index deviates from 1 and becomes <1.

3.3.2. Multiple regression analysis
Multiple regression analysis (linear regression) was used to

assess the explanatory role of the environmental variables for
macrobenthic biomass over two different spatial scales (station
and transect) along the two environmental gradients (longitu-
dinal and beach width). Because the biomasses of the two bi-
valves Macoma balthica and Cerastoderma edule accounted
for approximately 25% and 52% of the total biomass in the
Humber, respectively (Table 3a), these species were analysed
separately along with biomass for the remaining species and
for total biomass. For the station scale, mean values of repli-
cates for each sampling station were used, and for the transect
scale, mean values of station data within each transect were
used.

Table 5a shows the results of this analysis for macrobenthic
biomasses along the longitudinal gradient. Models explained
between 34% and 77% of the variance in biomass of Macoma
balthica, Cerastoderma edule, other remaining species and to-
tal biomass at the station scale, and between 81% and 98% at
the transect scale. At the station scale, biomass of M. balthica
was negatively related to exposure, and positively related with
finer particles, whereas C. edule was negatively related to the
silt content. At the same spatial scale, the sum of the remain-
ing species and total biomass showed positive relations with

salinity and organic matter content, suggesting that overall
macrobenthic biomass tends to be high where salinity and or-
ganic matter content are high. The remaining macrobenthos
was also negatively related to tidal depth, while the total mac-
robenthic biomass was positively related to depth index, sug-
gesting that overall biomass tends to be high where tidal
depth is high or close to the mid-point of the local tidal range.
At the transect scale, the degree of variability explained by en-
vironmental variables was higher than at the station scale (Ta-
ble 5a). For total biomass and other macrobenthic biomass
(excluding C. edule and M. balthica), only longitudinal com-
ponents (salinity) and sedimentary components (organic mat-
ter content) explained >80% of the variation in biomass.
However, for the biomass of the two bivalve species on tran-
sect scale, morphological components, such as beach width
or median depth of the beach, significantly explained biomass
together with salinity.

In comparison with the longitudinal gradient, models along
the beach width gradient at Grimsby explained the variance in
macrobenthic biomasses very poorly with a range between 8%
and 32% at the station scale (Table 5b). For the biomass of Ce-
rastoderma edule, the degree of variance explained was simi-
lar at the station scale along the both gradients, but those for
others were markedly lower at Grimsby study site than along
the entire length of the estuary, suggesting that the station
scale may not be meaningful if there is little variation in salin-
ity gradient across study site. However, the degree of variance
explained by the key environmental variables was markedly
higher when the transect scale was applied at Grimsby

Table 4
Test results of the statistical significance for differences of the mean values in total macrobenthic biomass for all possible combinations of transect pairs along: (a)
the longitudinal gradient on the Humber and (b) the beach width gradient at Grimsby, derived from the post hoc (Tukey) test (***P < 0.001; **P < 0.01;
*P < 0.05; n.s., not significant)

Transect N1 N2 N3 N4 N5 N6 N7 S7 S6 S5 S4 S3 S2

(a)
N2 ***
N3 *** n.s.
N4 *** n.s. ***
N5 *** *** *** n.s.
N6 *** *** *** ** n.s.
N7 *** *** *** ** n.s. n.s.
S7 *** *** *** n.s. n.s. n.s. n.s.
S6 *** *** *** n.s. n.s. n.s. n.s. n.s.
S5 *** *** *** n.s. n.s. n.s. n.s. n.s. n.s.
S4 *** *** *** n.s. n.s. n.s. n.s. n.s. n.s. n.s.
S3 *** n.s. *** n.s. n.s. * n.s. n.s. n.s. n.s. n.s.
S2 ** *** n.s. *** *** *** *** *** *** *** *** ***
S1 *** *** *** n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. ***

(b)
a b c d e f g h

b n.s.
c n.s. n.s.
d n.s. n.s. n.s.
e n.s. n.s. n.s. n.s.
f *** *** *** *** ***
g *** *** *** *** *** n.s.
h * * * * * *** ***
i *** *** *** *** *** n.s. *** n.s.
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(Table 5b). In particular, the dominant species, C. edule, was
significantly positively related to a single variable of beach
width at the transect scale, indicating that the reduction of beach
width caused by sea-level rise could have significant impacts on
the total system biomass overall. The explanatory role of the
environmental variables for Macoma balthica was not signifi-
cant at the transect scale, andmarkedly lower along beach width
gradient at Grimsby than along the longitudinal gradient of the
entire estuary, which may be attributable to the little variation in
salinity or exposure observed at Grimsby study site.

4. Discussion

This study has investigated the spatial patterns in intertidal
macrobenthic biomass observed in the Humber estuary and
confirmed that macrobenthic biomass is to be significantly re-
lated to key environmental variables from longitudinal, sedi-
mentary and morphological components along the estuarine
longitudinal as well as the local beach width gradients, de-
pending on the spatial scales used. These important environ-
mental variables identified in this study have also shown
similar relationships with macrobenthos in other studies (e.g.
McIntyre, 1970; Dankers et al., 1981; Elliott and Kingston,

1987; Dauer, 1993; Beukema, 2002; Ysebaert and Herman,
2002). In this respect, this study in the Humber could provide
a useful test case in the context of identifying an ecologically
sustainable estuarine management, which is of relevance to
other estuaries in the UK, NW Europe as well as elsewhere
trying to cope with sea-level rise.

At the estuarine system scale, the average macrobenthic
biomass was 8.65 g AFDW m!2 and two bivalve species,
Cerastoderma edule and Macoma balthica were found to
account for over 75% of the total macrobenthic biomass in
the Humber. The results at such spatial scale (ca 105 m) along
with the local scale at Grimsby (104e103 m), can be useful if
the trends are to be compared with other habitats across estu-
aries or sites over a wider geographical context. On the other
hand, the spatial scales used for regions (105e104 m) and
zones (2 " 103 m) can be more informative when the linkages
between biological and physical processes at relatively large
scales are to be investigated within a estuarine system. How-
ever, such spatial resolution may be too large to be incorpo-
rated into the context of shoreline management in order to
cope with sea-level rise because the explanatory role of the
environmental variables for macrobenthic biomass could be
too obscured. At the station scale (102e101 m), between
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34% and 77% of the variance in their biomasses were ex-
plained by the key environmental variables when the data
were taken along the estuarine longitudinal gradient, but these
values were markedly lowered along the beach width gradient
at Grimsby (Table 5). Due to the very high degree of variabil-
ity explained by at the transect scale (103e102 m) along both
longitudinal and beach width gradients, this spatial resolution
would provide a useful basis for predicting the impacts of en-
vironmental changes on an estuarine ecosystem, which would
also be a relevant spatial scale for estuarine shoreline manage-
ment. For many macrobenthic biomasses examined at the tran-
sect scale, the variance was largely explained by the key
environmental variables, such as salinity, organic matter con-
tent, beach width, beach slope (Table 5). Further, many macro-
benthic biomasses (5 out of 8) were significantly positively
related to depth index at the station scale (Table 5). This sug-
gests that the quality of intertidal area, or availability of food
items for higher trophic levels, is positively associated with
higher salinity, muddier sediments, wider beach, shallower
beach slope and tidal depths that are closer to mid-shore level.

In the context of estuarine shoreline management, the
Humber flood defences protect nearly 90,000 ha of land
(Winn et al., 2003), and there is little undefended land
throughout the system. This indicates that unless the accre-
tion of the intertidal areas keeps pace with the rate of
sea-level rise or appropriate areas are made available for
flooding, the intertidal habitats will be squeezed between
the rising sea and the defence walls, which will inevitably

change the benthic invertebrate assemblages through the
loss of their habitats and changes in their physical environ-
ment. The results from this study indicate that the biomass
of intertidal macrobenthos is likely to be affected by sea-
level rise through its potential effects on the salinity distribu-
tion, the width and steepness of the flats and the particle size
composition of sediments. This study also showed that areas
with high macrobenthic biomass are currently situated
around the outer region of the estuary (Fig. 5a) where exten-
sive shallow muddy intertidal areas can be found (Table 1).
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Fig. 8. Relations between percentage biomasses for stations and tidal depth
across transects over the estuarine longitudinal gradient. The percentage bio-
mass was natural log-transformed. The quadratic equation and R2 value are
shown in the plot and the biomass attains the highest when the tidal depth
is 39.7% lower than mean high water level.
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Table 5
Multiple regression analysis of the four macrobenthic biomass categories against physical variables from three environmental components along: (a) the longitudinal gradient on the Humber estuary and (b) the
beach width gradient at Grimsby, over two different spatial scales. The data at the station scale consisted of the mean values of replicates, whereas the data at the transect scale consisted of the mean of stations.
Overall model R2 and significance P are presented, along with partial correlation coefficients in parentheses. ***P < 0.001; **P < 0.01; *P < 0.05; n.s., not significant. Environmental variables: SAL, salinity;
EXP, exposure; MD, median particle size; ORG, organic matter content; SIL, silt content; WID, beach width; T-SLO, transect slope; S-SLO; station slope; DEP; percentage tidal depth; M-DEP, median tidal depth;
DEP-I, depth index, for each sampling station. The subscript number indicates the rank order in which environmental variables were retained in the stepwise procedure

R2 P LONGITUDINAL SEDIMENTARY MORPHOLOGICAL

SAL EXP MD ORG SIL WID T-SLO S-SLO DEP M-DEP DEP-I

(a)
Station scale (n ¼ 94)

M. balthica 0.65 <0.0001 ("0.21)4* (0.29)2** (0.76)1*** (0.29)3**
C. edule 0.34 <0.0001 ("0.23)3* (0.27)1** (0.24)2*
Other macrobenthos 0.75 <0.0001 (0.79)1*** (0.71)2*** ("0.38)3***
Total biomass 0.77 <0.0001 (076)1*** (0.65)2*** (0.47)3*** (0.40)4***

Transect scale (n ¼ 14)
M. balthica 0.92 <0.0001 (0.94)1*** (0.72)3** (0.85)2***
C. edule 0.98 <0.0001 (0.93)4*** ("0.96)3*** ("0.97)2*** (0.94)1*** ("0.81)5**
Other macrobenthos 0.86 <0.0001 (0.91)1*** (0.88)2***
Total biomass 0.81 <0.0001 (0.91)1*** (0.61)2*

(b)
Station scale (n ¼ 81)

M. balthica 0.14 <0.001 (0.39)1***
C. edule 0.32 <0.0001 (0.55)1*** (0.26)3* (0.31)2**
Other macrobenthos 0.08 <0.01 (0.31)1**
Total biomass 0.29 <0.0001 (0.31)3** (0.25)4* (0.26)1* (030)2**

Transect scale (n ¼ 9)
M. balthica e n.s.
C. edule 0.80 <0.001 (0.91)1**
Other macrobenthos 0.54 <0.05 ("0.77)1*
Total biomass 0.95 <0.001 (0.80)3* (0.97)1*** ("0.85)2*
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Such areas will also be the most subject to the impacts of
sea-level rise due to their outer location and the shallowness
of the beach, suggesting that effort needs to be made to iden-
tify suitable sites for habitat creation around the outer region
of the estuary in order to effectively counteract the future
loss of macrobenthic biomass.

For many estuaries, oceanographic and biochemical pro-
cesses co-vary with other physical and sedimentary elements
(Snelgrove and Butman, 1994; Thrush et al., 2003), and the
resident organisms themselves further modify the sedimentary
components, influencing local physical and chemical charac-
teristics (Paterson and Black, 1999; Widdows and Brinsley,
2002; Wood and Widdows, 2002). Such relations can be fur-
ther influenced by higher trophic levels such as migratory
shorebirds that arrive in large numbers and affect the behav-
iour of prey organisms and thus erodibility of estuarine
sedimentary shores (Daborn et al., 1993). Given the strong
feedback effects between biological and environmental
components, construction of deterministic models based on
cause-and-effect relationships to precisely describe future
changes in macrobenthic biomass may be difficult in
a large-scale estuarine environment. The statistical (empirical)
modelling approach used in this study could be a useful tool in
the context of coastal and estuarine management, particularly
when there is an urgent need to know how macrobenthic bio-
mass is likely to change in response to long-term changes in
their physical environment, including changes caused by
global warming and sea-level rise. However, such modelling
of species-habitat relationships requires large amounts of
data from a number of locations over a wide range of habitats
(Thrush et al., 2003). In terms of biomass response to the
beach width gradient, this study looked at squeezed and
natural beach only in one location and, in this respect, more
data from other areas, such as the upper or middle regions
of the estuary that has clear beach width gradient, should be
obtained in order to make quantitative predictions with further
confidence.

There are other uncertainties involved in present approach
in using the models for predicting the future change in macro-
benthic biomass because this does not incorporate the impacts
of temporal factors, such as inter-annual variability in climatic
conditions, increase in ambient temperature, increased occur-
rence of extreme climatic events (e.g. storms and surges)
and changes in nutrient load or primary production. For exam-
ple, annual variability in climatic conditions is known to
strongly influence the ecology of estuarine benthic inverte-
brate assemblages through changes in fecundity and individual
growth (Beukema et al., 1993, 1998; Widdows and Brinsley,
2002) or through changes in predation patterns (Jensen and
Jensen, 1985). Further, enhanced primary productivity through
increased nitrogen or nutrient run off, as well as increased
temperatures may also increase benthic biomass, because there
is increasing evidence that primary production is one of the
key factors regulating benthic biomass and secondary produc-
tion by affecting individual growth rate and fecundity (Olafs-
son et al., 1994; Heip et al., 1995; Herman et al., 1999). In
view of the relationships between the above temporal factors

which would influence the amplitude of macrobenthic biomass
distribution over the entire estuarine scale, and the key envi-
ronmental variables (spatial factors) which are associated
with the local spatial variation within the estuarine system,
the system total macrobenthic biomass in year t may be de-
scribed as follows:

System Total BiomassðtÞ ¼ KcpnðtÞ $
X!

Biomass
!
TnðtÞ

"

$Area
!
TnðtÞ

""

Biomass
!
TnðtÞ

"
¼ Ffkey environmental variables in yearðtÞg

where Kcpn(t) denotes a term determined by factors such as
climatic condition (inter-annual variability, ambient tempera-
ture or extreme climatic events) c, primary production p and
nutrient load n in year t, Biomass(Tn(t)) denotes mean macro-
benthic biomass at transect Tn in year t expressed as a function
of the key environmental variables in year t, and Area(Tn(t)) in-
dicates the area represented by transect Tn in year t. Here,
Kcpn(t) could be interpreted as a coefficient for the termP

(Biomass(Tn(t)) $ Area(Tn(t))). These equations therefore
indicate that the spatial patterns of observed macrobenthic bio-
mass within a system can be significantly explained by the key
environmental variable in any year t, yet the system total mac-
robenthic biomass (t) could still fluctuate depending on how
the coefficient term Kcpn(t) varies over time. This study fully
explores the term

P
(Biomass(Tn(t)) $ Area(Tn(t))), assuming

that the coefficient Kcpn is held constant. However, factors re-
lating to Kcpn will strongly influence the ecology of estuarine
benthic invertebrate assemblages over time, and long-term
studies are essential to improve the understanding of such
factors.

Notwithstanding the above, the construction of simple
models for identifying the role of readily measurable environ-
mental variables in explaining the spatial pattern of macro-
benthic biomass is a significant advance for predicting the
potential impacts of sea-level rise on the future estuarine
environments.

Acknowledgements

I would like to express my gratitude to Professor Dave Raf-
faelli for the continuing guidance, all the help in preparing for
the field work and helpful, stimulating discussions during the
course of this work. I greatly appreciate the advice and critical
comments provided by Professor Mike Elliott on this research.
Much appreciation and thanks go to the English Nature, Carter
Jonas and Associated British Ports (ABP) who gave cheerful
access to the study site, British Oceanographic Data Centre
(BODC) for providing LOIS RACS (C) Marine I and RACS
(A) data sets. I am deeply indebted to all of the volunteers
who helped me struggle across the Humber estuary mudflats,
to collect and carry extremely heavy samples and spend hours
with the bucket of water and sieves in September 2003 and
2004: Ryota Toriumi, Kuniharu Kanzaki, Shintaro Takahashi,

117T. Fujii / Estuarine, Coastal and Shelf Science 75 (2007) 101e119



Tadanobu Sawamura, Yuichi, Naoko Hasegawa, Jan Minx, Tao
Wang, Koichi Mikami, Koichiro Mori, Kei Numao, Kunio
Shin, Yoshikazu Hirayama. Massive thanks also go to Satoshi
Kojima, Jan Minx and Dr Mark Bulling for helpful and invalu-
able comments on this research. Finally, the biggest thanks go
to Michael Copeman and Seiko Tannaka who kept me moti-
vated throughout this work with their hospitality and kindness,
and assisted virtually all aspects of this research.

References

Baker, J.M., Crothers, J.H., 1987. Intertidal rock. In: Baker, J.M., Wolff, W.J.
(Eds.), Biological Surveys of Estuaries and Coasts. Cambridge University
Press, Cambridge, pp. 157e197.

Barr, R., Watson, P.G., Ashcroft, C.R., Barnett, B.E., Hilton, C., 1990. Humber
estuaryda case study. Hydrobiologia 195, 127e143.

Beukema, J.J., 2002. Expected change in the benthic fauna of Wadden sea tidal
flats as a result of sea-level rise or bottom subsidence. Journal of Sea
Research 47, 25e39.

Beukema, J.J., Essink, K., Michaelis, H., Zwarts, L., 1993. Year-to-year vari-
ability in the biomass of macrobenthic animals on tidal flats of the Wadden
Sea: How predictable is this food source for birds? Netherlands Journal of
Sea Research 31, 319e330.

Beukema, J.J., Honkoop, P.J.C., Dekker, R., 1998. Recruitment in Macoma
balthica after mild and cold winters and its control by egg production
and shrimp predation. Hydrobiologia 375/376, 23e34.

Boesch, D.F., 1977. A new look at the zonation of the benthos along the estu-
arine gradient. In: Coull, B.C. (Ed.), Ecology of Marine Benthos. Belle W.
Baruch Library in Marine Science. University of South Carolina Press,
Columbia, pp. 245e266.

Carter, R.W.G., 1988. Coastal Environments: An Introduction to the Physical,
Ecological and Cultural Systems of Coastlines. Academic Press, London.

Daborn,G.R.,Amos,C.L.,Brylinsky,M.,Christian,H.,Drapeau,G., Faas, R.W.,
Grant, J., Long, B., Paterson, D.M., Perillo, G.M.E., Piccolo,M.C., 1993.An
ecological cascade effect: Migratory birds affect stability of intertidal sedi-
ments. Limnology and Oceanography 38, 225e231.
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I trust this is sufficient for your purposes. 
 
Regards 
 
Jane  
 

 
Jane Dagnall 
Solicitor 
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Angus, 
 
I confirm the protective provisions set out below are acceptable to my client 
 
Kind Regards 
 
Martyn  
 

  
Martyn Chilvers 
Partner 
  

Wilkin Chapman LLP 
Email: mchilvers@wilkinchapmangrange.co.uk 
DDI: 01472 262614 
Main Tel: 01472 262626 
Website: www.wilkinchapman.co.uk 

Please consider the environment before printing this email. 
  
 

From: WALKER Angus [mailto:AngusWALKER@bdb-law.co.uk]  
Sent: 20 October 2012 22:11 
To: Martyn Chilvers 
Subject: AMEP: Bethany Jayne Ltd 
 
Dear Martyn 
  
For the purposes of being able to confirm this to the Panel, please could you reply to let me 
know whether this verson of the proposed protective provision is acceptable to your client: 
  
PART 12  
FOR THE PROTECTION OF BETHANY JAYNE LTD 

89. Before interfering with or extinguishing any existing rights for Bethany Jayne Ltd 
to  

(a)     pass along parcel 03009 ( Station Road), or 
(b)     use services and utilities in, on or over the Order land which serve land 
owned by Bethany Jayne Limited at the date of the coming into force of this 
Order, 

the undertaker shall, with the agreement of Bethany Jayne Ltd, create substitute 
rights (including appropriate ancillary rights of entry for the purposes of 
connection, maintenance, repair and renewal) that are reasonably convenient 
for Bethany Jayne Ltd, such agreement not to be unreasonably withheld or 
delayed, and to be subject to arbitration under article 58. 

  
Many thanks 
  

mailto:mchilvers@wilkinchapmangrange.co.uk
mailto:mchilvers@wilkinchapmangrange.co.uk
http://www.wilkinchapman.co.uk/


 
 

 
Angus Walker  Partner 
T +44 (0)20 7783 3441 
M+44 (0)7973 254187 
W www.bdb-law.co.uk 
  
For and on behalf of Bircham Dyson Bell LLP 
50 Broadway London SW1H 0BL    

  Follow BDB_Law on Twitter   Follow Bircham Dyson Bell on LinkedIn 
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our system manager immediately on +44 (0)20 7783 3555 or +44 (0)20 7227 7000. This email and any automatic 
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you have contacted the system manager. 
This email is sent from the offices of Bircham Dyson Bell LLP, a limited liability partnership regulated by The 
Solicitors Regulation  
Authority and registered in England and Wales with registered number OC320798. Its registered office and principal 
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50 Broadway, London SW1H 0BL. A full list of members, referred to as partners by the firm, is available for 
inspection on request. 
Bircham Dyson Bell LLP accepts no responsibility for software viruses and you should check for viruses before 
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Internet communications are not secure and therefore Bircham Dyson Bell LLP does not provide any guarantee or 
warranty that this message or  
any attachments shall remain confidential. To ensure client service levels and business continuity Bircham Dyson 
Bell LLP operates a policy whereby emails can be read by its  
employees or partners other than the addressee. This policy complies with the Telecommunications (Lawful Business 
Practice) (Interception of Communications) Regulations 2000. 
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Wilkin Chapman Grange, Cooper Wilkin Chapman and Wilkin Chapman Goolden are trading 
names of Wilkin Chapman LLP, a limited liability partnership registered in England and 
Wales, registered number OC343261, authorised and regulated by the Solicitors Regulation 
Authority (SRA Website). A list of the members of the LLP, together with a list of those non-
members who are designated as partners, is open to inspection at the registered office, New 
Oxford House, Town Hall Square, Grimsby, DN31 1EY. 
 
This email and its attachments contain information, some or all of which is confidential and 
may be privileged. If you are not the addressee please do not read, print, re-transmit, store or 
act in reliance on it or any attachments. Instead, please email it back to the sender and then 
immediately permanently delete it. Wilkin Chapman does not accept service of proceedings 
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by email. We do not accept any responsibility for any loss or damage caused as a result of 
computer viruses.  
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