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Allometric length-weight relationships for benthic prey of aquatic
wildlife in coastal marine habitats
Richard A. McKinney, Sarah M. Glatt & Scott R. McWilliams
McKinney, R.A., Glatt, S.M. & McWilliams, S.R. 2004: Allometric lengthweight relationships for benthic prey of aquatic wildlife in coastal marine habitats. - Wildl. Biol. 10: 241-249.
We developed models to estimate the soft tissue content of benthic marine invertebrates that are prey for aquatic wildlife. Allometric regression models of tissue wet weight with shell length for 10 species of benthic invertebrates had r2
values ranging from 0.29 for hermit crabs Pagurus longicarpus to 0.98 for green
crabs Carcinus maenas. As a class, bivalves had the highest r2 values (0.84)
and crustaceans the lowest (0.48). Energy and nutrient content of soft tissue
is also presented for the 10 benthic species. The energy content was lowest in
crabs, and ranged within 2.20-4.71 kcal g-1 dry weight. Fat content was highly variable (range: 3.5-16.0%), and protein content ranged within 43.1-68.1%
and was highest for shrimp Palaemonetes pugio. Comparison between classes
of organisms of the amount of soft tissue per unit shell length showed that crustaceans yield five times more soft tissue per unit shell length than bivalves, and
four times more than gastropods. The models we present use simple measures,
such as the length of shell or wet weight of the entire animal, to quantitatively estimate the amount of available soft tissue in benthic prey that are usually consumed in total (with shell and soft tissue intact) but for which only the
soft tissue is used for nutritional gain. This information can be combined with
energy and nutrient content data to calculate energy or nutrient based carrying capacities that can help assess available resources for shorebirds, waterfowl and marine mammals.
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The need to study the ecology of wildlife that depend
upon coastal marine habitats has taken on new urgency
as these ecosystems face increased threats of loss and
impairment from human activities. Of considerable
importance to the management and conservation of
these species is whether resources provided by habitats
are adequate to support resident populations (Christensen,
Bartuska, Brown, Carpenter, d'Antonio, Francis, Franklin, MacMahon, Noss, Parsons, Peterson, Turner & Woodmansee 1996). Determining how impairment and degradation of habitats affect the ability of wildlife to obtain
sufficient food to satisfy their energetic and nutritional requirements is the key to understanding the effects
of alteration of habitats, and this requires knowledge of
the abundance of natural prey and its nutritional content (Morrison, Marcot & Mannan 1998, Schneider &
Root 2002). However, for wildlife that depend on benthic invertebrates for food, information on these resources
is lacking. For animals that feed exclusively on benthic
invertebrates in coastal habitats, researchers have historically focused on food-habitat relationships, or what
is eaten and in what proportion (Nilsson 1970, 1980,
Burger, Trout, Wander & Ritter 1984, Robert & Cloutier
2001). To address wildlife-habitat relationships from a
nutritional standpoint, studies will need to assess the distribution, abundance and nutritional content of benthic invertebrate prey, and whether habitats can supply
prey resources with the necessary energy density and
nutritional quality to sustain resident populations of
wildlife (Hobbs, Baker, Ellis, Swift & Green 1982,
Hanley & Rogers 1989, Haufler & Servello 1996). In this
regard, one particularly promising approach is the calculation of energy-based carrying capacities (Hobbs &
Swift 1985, Guthery 1999). Studies of this sort will
require detailed and quantitative knowledge of the nutritional and energy content of benthic invertebrate prey in
coastal marine habitats.
Assessing the nutritional and energy content of benthic prey in a given locale or habitat involves measuring the abundance and distribution of the prey, its energy density, and its nutritional content (Robbins 1993,
Guthery 2002). While several studies have examined
shell allometry and soft tissue or meat content for commercially important species such as mussels and clams,
few have examined these relationships for other potential prey species (Stirling & Okumus 1995, Appleyard
& Dealteris 2001, Orban, Di Lena, Nevigato, Casini,
Marzetti & Caproni 2002). Vertebrate predators often
consume these prey, which may include shelled organisms such as bivalves (Bivalvia), snails (Gastropoda) and
crabs (Decapoda) with shell and soft tissue intact, although only the soft tissue provides nutrients that are
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used by the animals (Bordage & Savard 1995, Goudie,
Robertson & Reed 2000). The overall goal of our study
is to provide a quantitative basis for determining the energy density and nutritional content of benthic macro-invertebrates that are prey for wildlife species inhabiting
coastal marine ecosystems. Our specific objectives are
to: (i) provide models that use simple measures, such
as the length of shell or wet weight of the entire animal,
to quantitatively estimate the amount of available soft
tissue in selected species of benthic prey, and (ii) provide estimates of the energy density and nutritional
content of these prey organisms. Together, this information may be of use in assessing available resources
for shorebirds, waterfowl, marine mammals and terrestrial mammals that forage in coastal areas. This information may also be useful when developing carbon
budgets of estuarine systems by accounting for carbon
export from estuaries via commercially harvested species such as bivalves and crabs (Lucotte, Hillaire-Marcel & Louchouarn 1991, Nixon, Granger & Nowicki
1995, Heymans & McLachlan 1996, Hung & Kuo
2002), or when assessing bioenergetic models for estimating food requirements (Winship, Trites & Rosen
2002).

Study area, material and methods
We collected 10 species of benthic macro-invertebrates
by hand or with a Ponar grab sampler during MayJune 2002 from several locations in Narragansett Bay,
Rhode Island, USA. The species sampled and numbers
(N) collected are listed in Table 1. Sampling locations
included mesotrophic rocky bottom embayments (e.g.
Sheffield Cove: 41°29'24" / 71°22'58", Colt State Park:
41°41'06"/71°18'52", and Fogland Point: 41°33'10"/
71°12'32''), mesotrophic soft-bottom coves (Potter
Cove: 41°38'47''/71°20'52'' and Bissel Cove: 41°32'47''/
71°26'10''), and eutrophic soft-bottom coves (Apponaug
Cove: 41°41'40''/71°28'58'' and Brush Neck Cove:
41°41'47''/71°24'48''). Shrimp Palaemonetes pugio were
collected from two sites and all other species were collected from three distinct locations to test for betweensite differences within the estuary.
Samples were transported on ice to the laboratory
immediately after collection, and analysis was performed within 24 hours. Shell and body lengths were measured across the longest dimension using calipers or a
ruler. Green crabs Carcinus maenas and mud crabs
Panopeus spp. were measured across the longest point
of the carapace, between the two first or short spines furthest from the mouth. Body length of shrimp was meas© WILDLIFE BIOLOGY · 10:4 (2004)
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Mean whole animal wet weight (± SE) for shrimp, green and mud crabs

13.3
2.69
0.16
0.67
1.15
0.43
0.11
4.14
12.3
33.6
0.32
0.54
0.54
4 - 67
8 - 27
10 - 25
12 - 26
14 - 18
10 - 26
10 - 36
14 - 68
25 - 105
42 - 111
8 - 19
14 - 29
8 - 34
8 - 36
14 - 111
8 - 34
Green crab
Mud crab
Hermit crab - oyster drill shells
Hermit crab - littorina shells
Hermit crab - mud dog whelk shells
Hermit crab - all shell types combined
Shrimp
Blue mussel
Ribbed mussel
Quahog
Littorina snail
Mud dog whelk
Slipper shell
Subphylum Crustacea
Class Bivalvia
Class Gastropoda

Species

Carcinus maenas
Panopeus spp.
Paguris longicarpus
Paguris longicarpus
Paguris longicarpus
Paguris longicarpus
Palaemonetes pugio
Mytilus edulis
Geukensia demissa
Mercenaria mercenaria
Littorina littorea
Nassarius obsoletus
Crepidula fornicata

Shell
length

Mean tissue wet
weight (g)a

N

a

b

I

Table 1. Parameters for allometric regression models for calculating soft tissue wet weight (I) from shell length (range in mm) or (II) total animal wet weight (in g) for 10 marine invertebrate species. Equations are of the form y = axb where x is the shell length (body length for shrimp) in mm, a is the shell length coefficient and b the shell length exponent, and y is the predicted soft tissue
wet weight (total animal weight for shrimp, green crabs and mud crabs) in g.
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ured on the elongated animal from the anterior tip of the
rostrum to the end of the longest uropod. Slipper shells
Crepidula fornicata, ribbed mussels Geukensia demissa, and blue mussels Mytilus edulis were measured
along the longest growth axis from the apex along the
growth axis. Quahogs Mercenaria mercenaria were
measured along the longest shell dimension along a line
parallel to the axis between the adductor muscles. Littorina snails Littorina littorea, mud dog whelks Nassarius
obsoletus, and hermit crabs Pagurus longicarpus were
measured from the tip of the shell spire to the end of the
anterior canal with the aperture facing up. Soft tissue
was removed from shelled animals and weighed. Whole
body weights were used in the derivation of predictive
models for crabs and shrimp. However, we derived an
equation, using measures of the percent moisture in subsamples of soft tissue and shell, to calculate the amount
of soft tissue in crabs without having to quantitatively
remove all tissue from the animal.
Determinations of nutrient content were performed
in triplicate on pooled samples from each site. Percent
moisture was determined by drying samples at 100°C
in an oven for 24 hours. Crude fat content was measured by extracting with hydrous ethyl ether in a Soxhlet
extraction device (Maynard, Loosli, Hirtz & Warner
1979). The crude fat content was calculated as the percentage loss in the dry weight of the sample after extraction. The percent carbon and nitrogen was determined
using a Carlo Erba NA1500 Elemental Analyzer. The
estimated nitrogen content expressed on a dry matter
basis was then multiplied by 6.25 to calculate the crude
protein content. Percent carbohydrate was expressed as:
100 - (percent crude protein + percent crude fat + percent ash). The gross energy content of the samples was
measured using adiabatic bomb calorimetry (Gessaman
1987). Ash content was measured by combusting the lean
dry samples in a muffle furnace at 550°C for five hours
(Pierson & Stack 1988).
The relationship between shell length and soft tissue
weight was examined using linear and non-linear regressions, and in each case the regression with the highest
coefficient of determination (r2) was retained as the
model for the species. Differences in regression models
between sites were tested using analysis of covariance,
and significant differences were reported at P < 0.05.
Differences in energy and nutritional content among collection sites for each of the species were tested using
analysis of variance (ANOVA). Absolute errors for
the regression models were calculated by averaging
prediction at all values of x using the non-linear model y = axb. Changes in percent shell weight with shell
length were examined with linear regression on arcsine243
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Details of the derivation of equation (1) are given in
Appendix I.

Results
Power models, i.e. y = axb, where x is the shell or body
length and y is the predicted soft tissue wet weight
(total animal weight for shrimp and crabs), provided the
best fit to the data for all 10 species. Significant differences among the regression models between sites (using
analysis of covariance) were found for ribbed mussels
(P = 0.04), mud dog whelk (P = 0.03), littorina snails
(P = 0.04), and blue mussels (P = 0.02). However, in
each case differences arose from localized differences
in the range of shell lengths (see Figure 1 for a representative example). Therefore, in order for the models
to reflect the entire range of shell lengths sampled,
data for the three sites were combined into a single model for each of the species. Values for the coefficients of
determination for regressions of shell length with tissue wet weight gave the poorest fit (r2 = 0.29) for hermit crabs inhabiting littorina shells and the best fit (r2 =
0.98) for both green and mud crabs (see Table 1). The
exponents (b) of the models ranged from 0.58 for hermit crabs inhabiting mud dog whelk shells to 3.42 for
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transformed data with percent shell weight as the independent variable and shell length as the dependent
variable. Statistical analyses were performed with SAS
for Windows v. 6.12 (SAS Institute Inc., Cary, N.C.
USA).
We derived an equation to calculate the soft tissue wet
weight solely from the whole animal wet weight and the
percent moisture of the soft tissue and shell:
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Figure 1. Soft tissue wet weight (in g) versus shell length (in mm) for
ribbed mussels collected from three locations in Narragansett Bay
during May-June 2002. The range, mean value and median of the measured shell lengths are for Sheffield Cove: 25-81 mm, 70.4 mm, 75.6
mm, for Bissel Cove: 59-94 mm, 74.3 mm, 74.0 mm, and for Brush
Neck Cove: 78-100 mm, 88.2 mm, 89.5 mm.

blue mussels. Several species had similar exponents
(green crabs, mud crabs, quahogs, snails and slipper
shells; b = 3.08 ± 0.01) and their coefficients (a) ranged
within 3-30 x 10-5. For some species, regressions of
whole animal wet weight (shell plus tissue) with tissue
wet weight gave higher values of the coefficients of determination; r2 values were considerably higher for hermit
crabs, but only slightly higher for the other species
(see Table 1). When data were pooled by animal class,
r2 values for the regression of tissue wet weight with shell
length ranged from 0.48 for crustaceans to 0.84 for
bivalves (see Table 1).
For green crab and mud crabs ranging in shell length
from 4 to 67 mm, our models showed good correlation
(r2 = 0.98) between shell length and total animal weight
(see Table 1). For green crabs, we also found a significant correlation of shell length with soft tissue weight
but only for larger crabs (soft tissue weight = 0.00008
(shell length)2.96, r2 = 0.96, shell length > 20 mm). The
lack of correlation for crabs with less than 20 mm shell
length, along with the difficulty of quantitatively extracting soft tissue from smaller crabs, led us to derive equation (1) to calculate the soft tissue wet weight solely from
the whole animal wet weight and the percent moisture
of the soft tissue and shell. In our study, the percent moisture of green crab shell averaged 38.9 ± 4.4%, and soft
tissue averaged 73.5 ± 1.0%.
We averaged nutrient values across sites since no significant differences were seen in energy or nutrient
concentration between sites (ANOVA: F2,5 = 0.96© WILDLIFE BIOLOGY · 10:4 (2004)

69.8 ± 3.3
NA
58.5 ± 1.1
66.8 ± 2.0
75.9 ± 3.2
68.6 ± 1.7
51.3 ± 1.2
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Crude protein = % Nitrogen x 6.25;
Carbohydrate = 100 - (crude protein + fat + ash);
Percent shell data was not collected for green crabs, mud crabs and ribbed mussels.
c

b

a

SMc
EC

4.0
3.7
15.1
4.0
25.9
34.0
23.4
18.0
13.2
28.5

2.63 ± 0.05
2.20 ± 0.04
2.64 ± 0.08
4.08 ± 0.07
4.71 ± 0.11
4.38 ± 0.04
3.98 ± 0.07
4.12 ± 0.08
3.39 ± 0.05
3.54 ± 0.08

Carbohydrateb
Ash

46.9 ± 0.6
34.7 ± 0.6
35.8 ± 0.4
19.5 ± 0.3
10.1 ± 0.5
11.9 ± 0.3
16.7 ± 0.4
16.4 ± 0.3
36.2 ± 0.7
16.2 ± 0.3

Fat

6.0 ± 0.1
16.0 ± 0.3
3.5 ± 0.1
8.4 ± 0.1
6.5 ± 0.2
11.6 ± 0.2
10.5 ± 0.2
6.9 ± 0.1
4.4 ± 0.1
4.7 ± 0.1

Discussion

43.1 ± 0.8
45.6 ± 1.4
45.6 ± 0.3
68.1 ± 0.2
57.5 ± 0.6
42.5 ± 0.6
49.4 ± 2.1
58.8 ± 1.9
46.3 ± 2.0
50.6 ± 1.4
6.9 ± 0.1
7.3 ± 0.2
7.3 ± 0.1
10.9 ± 0.1
9.2 ± 0.1
6.8 ± 0.1
7.9 ± 0.3
9.4 ± 0.3
7.4 ± 0.3
8.1 ± 0.2
33.11 ± 0.8
35.11 ± 3.6
28.51 ± 2.1
37.71 ± 0.9
33.51 ± 6.7
35.01 ± 0.3
38.11 ± 0.5
38.71 ± 1.5
31.51 ± 7.2
36.31 ± 0.1
72.9 ± 2.3
61.6 ± 1.9
66.1 ± 1.6
76.6 ± 1.6
80.8 ± 1.8
88.6 ± 1.2
87.5 ± 3.7
70.2 ± 2.2
63.0 ± 1.5
77.4 ± 2.1
Green crab Carcinus maenas
Mud crab Panopeus spp.
Hermit crab Paguris longicarpus
Shrimp Palaemonetes pugio
Blue mussel Mytilus edulis
Ribbed mussel Geukensia demissa
Quahog Mercenaria mercenaria
Littorina snail Littorina littorea
Mud dog whelk Nassarius obsoletus
Slipper shell Crepidula fornicata

Nutrient composition

Crude proteina
N
C
Moisture (%)
Species

Table 2. Nutrient composition (% ± SE) and energy content (EC; kcal/g dry weight ± SE) of soft tissue from 10 marine invertebrate species. Percent shell material (% SM) = weight of shell/(weight
of tissue + shell).

3.15, P = 0.12-0.43). The soft tissue of bivalves and
whole shrimp contained roughly equivalent energy
densities but showed differences in crude protein and
fat content (Table 2). Ash content of the soft tissue of
these species averaged 54% lower than in crabs and gastropods. Mud crabs, while low in energy content, had
1.5-5 times more fat content than the other species.
Shell weight as a percentage of the total animal wet
weight was similar for bivalves (62.7 ± 5.9%) and gastropods (65.3 ± 12.6%; see Table 2). The percent shell
weight decreased with increasing shell length for blue
mussels (r2 = 0.46, P < 0.0001) and littorina snails (r2 =
0.32, P = 0.0001).

Allometric regression models best described changes in
soft tissue content (or total animal weight for crustaceans) with shell length for all 10 species. This result
is consistent with general trends of scaling with body
size in animals (Peters 1983, Schmidt-Nielsen 1984),
and specific examples of scaling of shell size (usually
length) with total or component tissue weight in bivalves,
(Richardson, Seed & Naylor 1990, Salkeld 1995), and
with total body weight (Franz 1993, Absher, Vergara
& Christo 2000). In order to provide one model per species of benthic prey, we combined data from organisms
across a wide range of lengths into a single regression.
Several factors may influence the weight of soft tissue relative to shell length, and may be a source of error
in our models. Food availability can influence tissue
growth, storage and utilization, and can alter the ratio
of body mass to shell length (Frechette & Lefauvre
1990, Nakaoka 1992, Alunno-Bruscia, Bourget & Frechette 2001). Differences in food availability or density between sites, or temporal variability in food density, may therefore alter tissue weight/shell length relationships. Additionally, changes in shell morphology as
a result of phenotypic variation may also influence the
weight of soft tissue relative to shell length between locations (Kemp & Bertness 1983, Trussell 2000a,b). Trussell (2000b) reported differences in shell morphology
in response to water temperature and predator abundance
that were not related to soft tissue mass in the littorina
snail across a 400 km latitudinal gradient in the Gulf of
Maine. Morphological differences of this sort may have
contributed to the significant differences in shell weight
as a percent of overall animal weight we found in blue
mussels and littorina snails. Our models for these species will incorporate these differences, and this may affect
the accuracy and applicability of our models in areas
245

where the proportion of shell weight is not consistent
across populations.
In our study, we did not examine any potential seasonal changes in shell allometry and body weight or population-level changes in the distribution of shell lengths
that may be associated with the seasonal cycle of growth,
storage and reproduction (e.g. for bivalves: Stirling &
Okumus 1995, Peck, Colman & Murray 2000, Orban
et al. 2002). This may bias our results towards the particular distribution of shell lengths that predominate during our sampling period. This bias may be ameliorated to some extent by combining samples across sampling sites having differences in shell length distribution. A similar approach has been proposed for species
in which detailed life history studies or age or ontogenic
stage cannot be identified (Richardson & Seed 1990, Salkeld 1995).
For decapod crabs, the predictive models can be used
along with equation (1) to estimate the amount of soft
tissue in a crab from a measure of the percent moisture
in its shell and soft tissue. This approach has the advantage of only needing a small, representative subsample
of soft tissue and shell and does not require quantitative
dissection of soft tissue. However, application of the
equation across a range of shell lengths assumes that the
percent shell weight does not vary with length. Also,
obtaining a representative soft tissue sample for percent
moisture analysis is of paramount importance, as a
subsample taken from a claw, for example, may not adequately represent soft tissues that comprise digestive or
circulatory organs.
Comparisons of the amount of soft tissue per unit shell
length can be made between classes of organisms when
species have equivalent allometric scaling exponents.
In this study, the crustaceans green crabs and mud
crabs, the bivalve quahogs and the gastropods littorina
snails and slipper shells have similar exponents (3.08 ±
0.01). Based on scaling coefficients, crustaceans yield
five times more soft tissue per unit shell length than bivalves, and four times more than gastropods (see Table
1). When feeding, animals will often attempt to maximize energy intake relative to foraging effort (Charnov
1976, Pyke, Pulliam & Charnov 1976, Mangel & Clark
1986). Assuming that the energetic cost of processing
prey will decrease with increasing soft tissue to shell
length ratios, generalist benthivores may therefore
select foods with higher soft tissue per unit shell length
ratios when available. This may be the case even when
the energy density or nutrient content of soft tissue is
more favourable in the prey with more shell. For a
predator, optimizing soft tissue content may also have
adaptive significance when variation in the percentage
246

of shell weight (with respect to total organism weight)
with shell length is taken into consideration (Norberg
1977, Ydenberg, Welham, Schmid-Hempel, SchmidHempel & Beauchamp 1994). For example, we found
that in blue mussels the percentage of shell weight decreased with increasing shell length. A study of the foraging behaviour of several avian benthivores that feed
on blue mussels found differences between the size of
mussels selected and the median size of available mussels (Gudrun & Dietmar 2002). In particular, common
eider Somateria mollissima selected mussels that were
slightly larger than the median size of those available
(Gudrun & Dietmar 2002). Given that the percent of shell
weight decreases with increasing length, this may indicate some selective preference even when an animal consumes a single species of benthic prey. In this case, the
common eider may be selecting mussels that contain a
larger proportion of soft tissue up to a size threshold at
which the energy cost of processing and eliminating shell
material becomes prohibitive.
The energy content of soft tissue for littorina snails
and blue mussels was similar to those reported for the
same species from the Gulf of Maine that serve as prey
for wintering American black ducks Anas rubripes
(Jorde & Owen 1988). However, we report higher percent crude protein, fat and carbohydrate for these species, which may be attributed to seasonal differences in
nutrient content. For example, differences in reproductive status of the organism or in the degree of utilization of protein as a respiratory substrate may alter protein and carbohydrate amounts (Mann 1978, Okumus
& Stirling 1998).
Our predictive models from Table 1 can be used in
conjunction with quantitative benthic sampling techniques to estimate the available pool of energy or nutrients for a prey species at a given location. We propose
the following protocol:
• Quantitatively sample the benthic habitat using dredge,
trawl, grab, or quadrat sampling.
• For a given sample unit (e.g. one grab), count the number of individuals of each species present.
• Randomly select a subsample of 10 individual organisms and measure their shell or body length as described.
• Combine individual samples into a representative
average abundance and shell length for each species
for the location.
• Use the appropriate species or group allometric model from Table 1, along with the average abundance and
shell length, to estimate average or total available soft
tissue mass.
© WILDLIFE BIOLOGY · 10:4 (2004)

• Use the appropriate species or group energy content
from Table 2 to estimate average or total available energy for the prey species.
An approach such as this has the advantage that all
measurements can be made at the sampling location and
sampled organisms can be returned to the environment
after shell lengths are measured. Energy or nutrient
data can then be combined for various species of relevant prey to provide an estimate of available food resources at a site and can be used, for example, to calculate energy or nutrient based carrying capacities of a
given habitat for wildlife species that utilize benthic invertebrates as a source of food.
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Appendix I
We define the variables a, b and c as the percent moisture of the whole animal, soft tissue and shell:
results in equation (5):

Rearranging and grouping terms:
and recognize that the wet and dry weights of the
entire crab are the sums of their component soft tissue
and shell weights:

results in an expression for the tissue wet weight:

Rearranging equation (1) for an expression of tissue wet
weight:
To take full advantage of the predictive relation for crab
whole animal wet weight from shell length given in
Table 1, we can further rearrange (8). Equation (a) above
gives:
we can then substitute an expression derived from
(iii):
which can be substituted into (8) to yield:

to arrive at equation (4):

Substituting for shell dry weight, from (2):

and further for the tissue dry weight, from (ii):
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and, upon rearrangement and grouping of terms, an
expression to calculate the tissue wet weight solely from
the whole animal wet weight and the wet to dry ratios
of the soft tissue and shell:

.
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