
MARINE ECOLOGY PROGRESS SERIES 
Mar Ecol Prog Ser

Vol. 704: 67–79, 2023 
https://doi.org/10.3354/meps14231

Published January 26

1.  INTRODUCTION 

Invasive species have broad impacts on invaded 
ecosystems and on native species (Gallardo et al. 
2016), including causing changes in community 
structure and threatening populations of native spe-

cies, sometimes leading to their local extinction 
(Cuddington & Hastings 2004, Molnar et al. 2008). 
These effects can be especially extensive when the 
invader is a generalist consumer because generalist 
consumers have direct consumptive connections to 
multiple trophic levels and can persist through un -
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favorable conditions and changes in prey availability 
(Schmitt et al. 2019). For example, invasive lionfish 
Pterois spp. have become damaging generalist con-
sumers throughout the Caribbean, causing the de -
cline of ecologically important native fish popula-
tions of multiple species that occupy different trophic 
levels (Hixon et al. 2016). Similarly, invasive blue cat-
fish Ictalurus furcatus have become harmful con-
sumers in the Chesapeake Bay ecosystems by con-
suming and competing with a variety of native 
species (Fabrizio et al. 2021). 

Diet quality and quantity are useful indicators of an 
invader’s consumptive effects (Calizza et al. 2021). 
These metrics, when sampled over time and space, 
can yield insights into the invasive population’s 
dietary patterns and tendencies, as well as its pos -
sible geographic range expansion or compression. 
This is because population growth is limited by, 
among other things, the availability of energy, which 
is itself affected by the average diet quality and in -
take amount across a population (Norris et al. 2007). 
For example, in harbor porpoises Phocoena phoco -
ena, recent modeling work showed that decreases in 
prey size caused reduced energy availability and 
storage, which ultimately led to population declines 
(Gallagher et al. 2022). Population level dynamics 
are necessarily driven by processes occurring at the 
individual level (Stillman et al. 2015). For instance, 
when individual energy intake is insufficient, indi-
viduals are forced to put less energy toward repro-
duction and to instead prioritize essential bodily 
functions. When this occurs throughout a population, 
population growth slows and can even begin to de -
cline. Thus, diet quality and quantity have important 
ef fects on the energetics of populations and on popu-
lation stability throughout their ranges. Further, sea-
son (time) and latitude (space) are known to strongly 
influence the diet quality and intake amount of many 
species, leading to variation in these metrics across 
the range of a single species (Karachle & Stergiou 
2008, Storms et al. 2008, Ely & Raveling 2011). 

Temporal variation in diet occurs due to seasonal 
fluctuations in prey abundance and composition (e.g. 
Schafer et al. 2002), seasonal changes in prey nutri-
tional quality (Scheirs et al. 2002), and life history-
related energetic requirements of the consumer (such 
as seasonally dependent reproduction [Thometz et al. 
2014] and molting [Mantelatto & Christofo letti 2001]). 
Spatial variation in diet occurs for similar reasons, in-
cluding changes in prey species composition and dis-
tribution (Gibson et al. 2007), latitudinal clines in prey 
nutritional quality (Pennings et al. 2001), and latitudi-
nal variation in temperature-driven energy require-

ments of the consumer (Clausen et al. 2014). For ex-
ample, the palatability of a range of salt marsh plants 
increases with latitude (Pennings et al. 2001), sug-
gesting that omnivores at lower latitudes should con-
sume less salt marsh plant material and more animal 
tissue, resulting in increased top-down control over 
animal prey and impacts on community composition 
at these lower latitudes (Freestone et al. 2011). Be-
cause seasonal and latitudinal influences on diet can 
vary simultaneously, understanding their individual 
and combined influences is important for assessing 
the consumptive impacts of invasive species across 
their invaded ranges and the role that diet quality and 
quantity plays in influencing the geographic range 
expansion of invasive species. 

We examined seasonal and latitudinal variation in 
the diet quality and diet quantity of the Asian shore 
crab Hemigrapsus sanguineus, an invasive species 
that has significant impacts on its invaded ecosystems. 
Native to the east coast of Asia, the Asian shore crab 
was first observed in New Jersey, USA, in 1988 
(Williams & McDermott 1990). This species rapidly 
ex panded its invaded range and established popula-
tions can now be found on the US east coast from 
North Carolina to Maine (Epifanio 2013). A combina-
tion of a high reproductive rate (McDermott 1998b), 
broad salinity tolerance (Hudson et al. 2018), low par-
asite load and diversity (Blakeslee et al. 2013, Kroft & 
Blakeslee 2016), and an opportunistic omnivorous 
diet (Griffen et al. 2012) has allowed the Asian shore 
crab to outcompete some species, such as the long-
 established invasive European green crab Carcinus 
maenas (Katsanevakis et al. 2014), and deplete other 
species, such as the native blue mussel Mytilus edulis 
(Bloch et al. 2015). Though the Asian shore crab is pri-
marily herbivorous, it demonstrates a preference for 
animal tissue when available (Brousseau & Baglivo 
2005). This is likely because consumption of animal 
material leads to superior body conditions compared 
to a diet of algae alone (Griffen et al. 2012, 2015). 
Across many species, including the Asian shore crab, 
a higher quality diet yields greater energy storage 
(Fearman et al. 2009, Griffen et al. 2015); thus, a diet 
composed of considerable amounts of animal material 
yields the greatest energetic benefit to the Asian 
shore crab. In addition, a higher-quality diet increases 
fecundity and thus population growth and may also 
influence other co-occurring species via exploitative 
competition for preferred food items (Griffen & Byers 
2006, Dauvin et al. 2009). 

The composition and quality of an animal’s diet can 
be difficult to determine without continuous observa-
tion, which is impractical for most species under nat-
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ural field conditions. However, reliable proxies that 
correlate with diet quality have been identified for 
many species. One such proxy is gut size, which 
varies with diet composition and quality across a 
broad range of taxa, including birds (Miller 1975), 
mammals (Milton 1981, Lee & Houston 1993), fish 
(Wagner et al. 2009), and crabs, including the Asian 
shore crab (Griffen & Mosblack 2011, Quezada-Villa 
et al. unpubl.). The crab gut is shaped approximately 
like a tetrahedron, so gut size can be assessed reli-
ably using the width of the anterior dorsal margin 
(Griffen & Mosblack 2011). In crabs, a larger gut 
width to carapace width ratio (hereafter ‘standardized 
gut size’) corresponds to a lower-quality, often prima-
rily herbivorous diet, which yields less energetic ben-
efit than a high-quality, often primarily carni vorous 
diet (Griffen & Mosblack 2011, Quezada-Villa et al. 
unpubl.). A larger gut allows for consumption of a 
larger volume of a lower-quality diet (i.e. compensa-
tory feeding) in order to meet nutrient, particularly 
nitrogen, requirements (Wolcott & O’Connor 1992). 
Standardized gut size is a useful metric for the qual-
ity of a crab’s overall diet because it is integrated 
over periods extending from weeks to months (Grif-
fen et al. 2012). Thus, determining the relative distri-
butions of the standardized gut size of populations 
can yield valuable insights into the diet quality, com-
position, and quantity of those populations over time. 

Studies on multiple species demonstrate that gut 
size is a valid proxy for the diet composition and diet 
quality of individual crabs. For example, Cannizzo et 
al. (2018) showed that mangrove tree crabs Aratus 
pisonii that eat a higher-quality diet have smaller guts 
than those that eat a lower-quality diet. Griffen & 
Mosblack (2011) used field experiments to determine 
that Asian shore crabs — the same species exa mined 
in this study — that choose to eat a higher-quality diet 
have smaller guts. Studies also demonstrate that diet 
composition and diet quality can influence population 
growth by affecting reproduction and other processes. 
Gül & Griffen (2020) found that ghost crabs Ocypode 
quadrata at sites heavily impacted by humans eat a 
lower-quality diet of algae and thus have larger guts 
and the reduced diet quality hampered the crabs’ re-
productive performance. This finding was supported 
by Griffen et al. (2020), who showed that Asian 
shore crabs at sites with lower diet quality have 
larger guts and reduced reproductive performance 
compared to crabs at sites with higher diet quality. 
Finally, Cannizzo et al. (2020) also showed that man-
grove tree crabs that subsist on higher-quality diets 
produce higher-quality larvae that have enhanced 
survival. 

Previous work, also using gut size as a metric for 
diet quality, documented a pattern of increased diet 
quality in summer months for Asian shore crabs on 
the New Hampshire coast (Griffen et al. 2012). This 
likely reflected increased availability of animal mate-
rial and changes in prey selection throughout the 
summer reproductive season. However, we are not 
aware of any studies that have investigated whether 
a similar pattern exists at other sites across the Asian 
shore crab’s invaded geographic range. We hypothe-
sized that this seasonal pattern of a higher-quality 
diet in the summer would persist throughout the 
Asian shore crab’s range, regardless of latitude. We 
tested this hypothesis by measuring standardized gut 
size and gut mass-specific gut energy content (here-
after ‘gut energy content’) — a more precise indicator 
of the quality of a crab’s last meal — of crabs col-
lected from sites throughout their invaded United 
States range. We also hypothesized that mean diet 
quality would decrease with increasing latitude 
based on the knowledge that plant nutritional quality 
increases with increasing latitude (Pennings et al. 
2001), and that higher-latitude sites with abundant 
Asian shore crab populations tend to have more 
algae present than lower latitude sites (B. D. Griffen 
pers. obs.). We also expected that diet quality may be 
highest towards the center of the Asian shore crab’s 
range, since conditions in the center of a species’ 
range are expected to be most conducive to success. 
Finally, we hypothesized that if diet quality at some 
sites/latitudes was low during summer (reproduc-
tive) months, crabs would compensate by in creasing 
total consumption at those sites in order to meet nutri-
ent requirements for reproduction. We tested this 
hypothesis by measuring residual gut mass — an esti-
mate of the amount of food consumed during the 
crab’s final meal. 

2.  MATERIALS AND METHODS 

2.1.  Crab sampling 

From March 1 to November 11, 2020, we hand-
 collected 799 mature female Asian shore crabs from 
5 sites along a latitudinal gradient on the East Coast 
of the United States. We only collected mature 
female crabs (maturity was based on 12 mm carapace 
width, McDermott 1998b) to remove the influence of 
sex and maturity on the results. We collected crabs 
during morning low tides because crabs eat most 
actively at night, thus increasing the likelihood that 
their guts would be full when collected (Depledge 
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1984, Saigusa & Kawagoye 1997). After collection, 
crabs were frozen, shipped on dry ice to Brigham 
Young University in Provo, Utah, and stored at −80°C 
until they could be dissected. 

2.2. Sampling sites 

Our 5 sampling sites included Bailey Island in 
Harpswell, Maine (ME); Rye, New Hampshire (NH); 
Goshen Point at Harkness Memorial State Park in 
Waterford, Connecticut (CT); Cape May Ferry, North 
Cape May, New Jersey (NJ); and Oregon Inlet, North 
Carolina (NC) (Table 1). 

2.2.1. ME. We collected crabs from the intertidal 
zone at the southern end of Bailey Island in Harp-
swell, ME, a site characterized by a large tidal range 
(mean = 2.7 m) and composed of large rocks and cob-
ble over exposed bedrock, gravel, and coarse sand. 
Crabs were primarily collected from underneath 
large rocks situated on gravel/sand in the lower 
intertidal zone. This site was selected because it is 
close to the northern edge of this species’ geographic 
range while still having a large enough population to 
collect a sufficient sample size for this study (with the 
exception of March sampling when Asian shore 
crabs were especially difficult to find at this site). 
However, this site had a relatively low density of 
Asian shore crabs throughout the collection period 
compared to other sites. 

2.2.2. NH. The site at Rye, NH, just south of Odi-
orne Point State Park, is characterized by a rocky 
shelf and mid-to-large rocks with a large tidal range 
(~2 to 4 m). With the exception of March sampling, 
Asian shore crabs were abundant and readily found 
by flipping rocks by hand. See Griffen et al. (2021), 
who examined Asian shore crabs at this same site, for 

a more detailed report of the biological and physical 
characteristics of this area. 

2.2.3. CT. The Goshen Point site at Harkness 
Memorial State Park in Waterford, CT, sits roughly at 
the center of the Asian shore crab’s in vaded range. 
This site was sampled more frequently (monthly) 
than other sites (every other month) to resolve tem-
poral changes in diet quality at a finer scale. This site 
contains a relatively small stretch of intertidal boul-
ders within Long Island Sound, situated between 
stretches of sandy shore. Crabs were easily found by 
overturning boulders. 

2.2.4. NJ. The site at Cape May Ferry, North Cape 
May, NJ, represents the area of first colonization by 
Asian shore crabs in North America, prior to their 
spreading north and south along the East Coast. 
While natural rocky intertidal habitat is not available 
in this region, the Asian shore crab has established 
populations in areas of anthropogenic hard substrate 
such as riprap, jetties, and breakwaters that also sup-
port natural oyster reefs. Crabs were sampled from a 
breakwater adjacent to the Cape May Ferry Terminal, 
near the mouth of Delaware Bay. Crabs were readily 
found under rocks and boulders throughout the sam-
pling season, with peak densities occurring in the 
summer months (May, July, and September). Samples 
from this site were only available through September 
(i.e. 4 sampling periods) since samples collected in 
November were significantly degraded upon delivery 
due to shipping delays. 

2.2.5. NC. The site at Oregon Inlet, NC, lies at the 
southern end of this species’ invaded US range. Ore-
gon Inlet is located on the Outer Banks of North Car-
olina, which is characterized by multiple barrier is-
lands. This inlet represents a direct connection from 
the Atlantic Ocean to North Carolina sounds and es-
tuaries. Many of the areas within these sounds and es-
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Site                                      Latitude, longitude                                   Sampling DOY                    Gut width    Carapace width  
                                                                                                               (sampling size)                   range (mm)       range (mm) 
 
Maine                           43° 43’ 2.7” N, 70° 0’ 11.5” W                  75 (20), 133 (30), 192 (41),            4.4−13.8           10.1−35.1 
                                                                                                             252 (34), 314 (32) 

New Hampshire            43° 2’ 20” N, 70° 42’ 55” W                    61 (24), 133 (32), 194 (33),            5.0−13.0           10.6−31.2 
                                                                                                             251 (36), 313 (32) 

Connecticut               41° 17’ 56.1” N, 72° 06’ 44.9” W           63 (21), 75 (27), 93 (33), 136 (30),      4.3−13.3           11.0−31.9 
                                                                                               165 (30), 181 (30), 194 (3), 226 (30),  
                                                                                                      256 (28), 285 (26), 316 (30) 

New Jersey                  38° 58’ 3.4” N, 74° 57’ 46” W            66 (18), 131 (35), 193 (35), 258 (33)     3.2−13.3            9.3−33.0 

North Carolina           35° 46’ 7.3” N, 75° 31’ 37.8” W           75 (27), 136 (30), 197 (5), 259 (14)      4.9−13.9           11.2−33.6

Table 1. Information about the Asian shore crabs Hemigrapsus sanguineus collected at each of the 5 sampling sites in the US.  
DOY: day of year
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tuaries are soft sediment, with structure created by 
oyster reefs and anthropogenic riprap. The sampling 
site at Oregon Inlet is characterized by a rock/boulder 
fishing jetty with various sized boulders covered in 
oysters adjacent to the jetty. Crabs were found under 
these rocks and within crevices of the jetty. Over the 
course of the sampling period, crabs were sometimes 
difficult to locate and capture (given the nature of the 
habitat), which resulted in variable sample sizes 
across the sampling months (see Table 1). As with NJ, 
samples from this site were only available through 
September since November samples were degraded 
upon delivery. 

2.3. Standardized gut size 

To measure standardized gut size, we thawed 
frozen crabs in water to room temperature, measured 
each crab’s carapace width to the nearest 0.1 mm 
using a vernier caliper, and dissected the crab using 
dorsal carapace removal. The gut was then extracted 
and its width at the anterior dorsal margin was meas-
ured to the nearest 0.1 mm under a dissecting micro-
scope. We were particularly careful not to rupture 
the gut during extraction, as gut fullness was subse-
quently visually judged and recorded on a scale from 
0 to 4, where 0 is completely empty and 4 is com-
pletely full (Griffen et al. 2012). We determined the 
standardized gut size for each crab as the unitless 
ratio of the gut width to the carapace width. Follow-
ing these measurements, we placed the dissected 
body and the gut into separate aluminum weigh 
boats and dried them to constant weight at 60°C (e.g. 
Hostert et al. 2019). Dried body and gut were then 
weighed using a XS205DU Mettler Toledo semi-
micro balance. 

2.4. Gut energy content 

After each crab was dissected and its gut size 
measured, we performed bomb calorimetry to meas-
ure the energy content of the gut using a Parr 6725 
semi-micro oxygen bomb calorimeter connected to a 
Parr 6772 Calorimetric Thermometer. While the gut 
wall itself has some caloric content, its overall mass is 
much less than the minimum mass that can be meas-
ured calorimetrically, and we therefore assumed the 
caloric value of the gut itself to be negligible. The 
energy content of the gut provides a snapshot of the 
energetic value of that crab’s last meal; therefore, 
while these values are not particularly useful on their 

own due to normal sampling variation, aggregating 
many gut energy values yields insights into the diet 
quality of that population at that point in time. Due to 
the requirements of the calorimeter, only guts that 
weighed 0.019 g or more (N = 612) were measured. 

2.5.  Residual gut mass 

We investigated whether season and/or latitude 
affected the amount of food an individual consumed 
by measuring residual gut mass, which is a metric of 
the amount of food a crab ate during its last meal 
(minus any digestion that has occurred). This metric 
was obtained for each crab by measuring the weight 
of the dried gut. To account for body size differences 
across crabs, we determined the residual gut mass 
from the regression of log gut mass on log total crab 
mass, using the dried gut and body masses described 
above. Pooling many residual gut mass values from a 
sampling site provides a snapshot of consumption 
amounts at that site. 

2.6.  Analyses 

We used a similar approach to analyze each of the 
3 metrics examined here (standardized gut size, gut 
mass-specific gut energy content, and residual gut 
mass). We verified that the data met the assumptions 
of parametric statistics (normality and homogeneity) 
using residual plots and visual inspection of the data. 
We used an alpha level of 0.05 for all statistical tests. 
For each of these 3 metrics, we first conducted pre-
liminary analyses to examine the effect of gut full-
ness and to test linearity in the relationships between 
variables. Specifically, we used a linear model with 
carapace width and gut fullness as predictor vari-
ables and gut width as the response variable to verify 
that gut width increased linearly with carapace 
width and was not influenced by gut fullness. Next, 
we used a linear model with gut fullness as the pre-
dictor variable and gut energy content as the 
response variable to confirm that gut energy content 
was not influenced by gut fullness. Finally, we used a 
linear model with carapace width and gut fullness as 
predictor variables and residual gut mass as the 
response variable to test whether residual gut mass 
was influenced by carapace width or gut fullness. 

We also compared the overall differences in stan-
dardized gut size among sampling sites and deter-
mined whether a latitudinal cline in diet quality ex -
ists using an ANOVA followed by a Tukey’s HSD test 
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to compare standardized gut size (i.e. time integrated 
diet quality) across the 5 sampling sites. We did not 
use gut energy content to test for a latitudinal cline in 
diet quality because gut energy content is an indica-
tor of the quality of only the crab’s most recent meal 
and is thus more susceptible to the effects of random 
variation. 

Visual inspection of standardized gut size, gut en -
ergy content, and residual gut mass showed that all 3 
of these response variables changed nonlinearly with 
time and that the pattern of nonlinearity differed 
somewhat across sampling sites. We therefore used 
polynomial models (using sampling day of the year 
and sampling day of the year squared to account for 
nonlinearity) to separately explore each of these 
response variables through time at each site individ-
ually. It should be noted that different numbers of 
sampling dates across the 5 sites yielded site-specific 
abilities to detect nonlinear changes in gut energy 
content through time. Our preliminary analyses indi-
cated that carapace width and gut fullness were 
important determinants of residual gut mass. We 
therefore also included these as predictor variables 
in our models that examined residual gut mass. 

Lastly, in addition to examining changes in each of 
these variables through time, we also examined rela-
tionships between the response variables themselves. 
Specifically, we used site-specific linear models to 
determine whether diet quality affected consumption 
amount at any site. To do this, we used standardized 
gut size and gut energy content as predictor 
variables, and residual gut mass as the re sponse vari-
able. These models used only data collected during 
summer reproductive months (May 10 to September 
16 or sampling day of the year 130 to 259; McDermott 
1998a, Epifanio 2013), allowing us to examine the ef-
fect of diet quality on the amount of food consumed 
during the energetically expensive reproductive pe-
riod. We used R v. 4.1.2 (R Core Team 2021, tidyverse 
package: Wickham et al. 2019) for all analyses. 

3.  RESULTS 

Averaged through time, standardized gut size was 
significantly different among sampling sites (F4,794 = 
5.045, p = 0.001, Fig. 1) and largely followed an ex -
pected latitudinal cline, with the exception of the NJ 
site. Consistent with our predictions, diet quality was 
higher in the center of this species’ range and ap -
 peared to be somewhat higher at the southern edge 
of the range than at the northern edge of the range 
(Fig. 1). 

3.1.  Standardized gut size 

We found that gut width increased linearly with 
carapace width at all 5 sampling sites (t = 87.542, p < 
0.001) and was not influenced by gut fullness (t = 
1.126, p = 0.260), confirming that our data met the 
expectations for standardized gut size as a proxy for 
longer-term diet quality. At the ME, NH, and NC 
sites, standardized gut size did not change through-
out the sampling year (ME: linear term: t = 1.259, p = 
0.210, Fig. 2A; NH: linear term: t = −1.455, p = 0.148, 
Fig. 2B; NC: linear term: t = −1.390, p = 0.169, 
Fig. 2E). At the CT site, standardized gut size de -
creased from March to July (linear term: t = −3.357, 
p = 0.001) and then increased throughout the rest of 
the year (second order term: t = 3.286, p = 0.001, 
Fig. 2C). At the NJ site, standardized gut size 
increased from March to May (linear term: t = 2.203, 
p = 0.030) and then decreased throughout the rest of 
the year (second order term: t = −2.266, p = 0.025, 
Fig. 2D). 

3.2.  Gut energy content 

We found that gut energy content was not influ-
enced by gut fullness (t = −0.955, p = 0.340), allowing 
us to leave out gut fullness as a predictor variable in 
the linear models of gut energy content. At the ME 
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Fig. 1. Distribution of standardized gut size of Asian shore 
crab Hemigrapsus sanguineus at each of the 5 sampling 
sites in the US (ME: Maine; NH: New Hampshire; CT: Con-
necticut; NJ: New Jersey; NC: North Carolina). Thick black 
lines are medians and each box contains the upper and 
lower quartiles of the data. Whiskers include the most 
 extreme data point that is no more than 1.5 times the IQR. 
Hollow circles are statistical outliers. Note that a larger stan-
dardized gut size corresponds to a lower-quality diet. Lower -
case letters above boxplots indicate sampling sites where 
standardized gut sizes did not differ significantly from one 
another based on Tukey’s HSD test at the p ≤ 0.05 level
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and NC sites, gut energy content did not change 
throughout the sampling year (ME: linear term: t = 
0.891, p = 0.377, Fig. 3A; NC: linear term: t = 1.463, 
p = 0.150, Fig. 3E). At the 3 central sites, gut energy 
content showed similar temporal trends by increas-
ing until early- to mid-summer and then decreasing 
throughout the rest of the sampling year (NH: linear 
term t = 3.545, p = 0.001, second order term t = 
−3.751, p < 0.001, Fig. 3B; CT: linear term t = 2.218, 
p = 0.028, second order term t = −2.135, p = 0.034, 
Fig. 3C; NJ: linear term t = 2.075, p = 0.041, second 
order term t = −2.477, p = 0.015, Fig. 3D). 

3.3.  Residual gut mass 

We found that residual gut mass was influenced by 
both carapace width (t = 5.197, p < 0.001) and gut full-
ness (t = 13.689, p < 0.001) and so these were included 
in the linear model for each site. At the ME site, resid-
ual gut mass increased linearly with carapace width 
(t = 2.662, p = 0.009) and gut fullness (t = 5.364, p < 
0.001). However, residual gut mass did not change 
throughout the sampling year at this site (linear term: 
t = 0.297, p = 0.767, Fig. 4A). At the NH site, residual 
gut mass increased linearly with carapace width (t = 
3.070, p = 0.003) and gut fullness (t = 7.687, p < 0.001). 
Residual gut mass decreased until midsummer (linear 
term: t = –3.487, p = 0.001) and then increased 
through out the rest of the sampling year at this site 
(second order term: t = 3.471, p = 0.001, Fig. 4B). At 
the CT site, residual gut mass increased linearly with 
gut fullness (t = 10.707, p < 0.001) but did not change 
with carapace width (t = 0.753, p = 0.452). Residual 
gut mass decreased until the start of summer (linear 
term: t = -3.054, p = 0.003) and then increased 
through out the rest of the sampling year at this site 
(second order term: t = 3.794, p < 0.001, Fig. 4C). At 
the NJ site, residual gut mass increased linearly with 
both carapace width (t = 2.482, p = 0.015) and gut full-
ness (t = 3.735, p < 0.001). However, residual gut mass 
did not change throughout the sampling year at this 
site (linear term: t = 0.165, p = 0.870, Fig. 4D). At the 
NC site, residual gut mass increased linearly with gut 
fullness (t = 3.539, p = 0.001) but was not influenced 
by carapace width (t = 1.735, p = 0.088), nor did it 
change throughout the sampling year (linear term: t = 
−1.401, p = 0.166, Fig. 4E). 
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Fig. 2. Standardized gut size variation through time at each 
sampling site (Section 2.2). Boxplots and abbreviations are as 

described in Fig. 1
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There was no significant correlation between re -
sidual gut mass and standardized gut size at any site 
during summer reproductive months (p > 0.050 for all 
analyses). However, there was a significant negative 
correlation between residual gut mass and gut 
energy content at 2 sites during summer reproduc-
tive months (CT: t = −2.122, p = 0.037; and NC: t = 
−2.121, p = 0.042), but not at the other sites (p > 
0.050). 

4.  DISCUSSION AND CONCLUSIONS 

We have shown that seasonal patterns of diet qual-
ity in the invasive Asian shore crab vary across its lat-
itudinal distribution along the east coast of the 
United States. Additionally, diet quality largely fol-
lows an expected latitudinal cline, with higher diet 
quality in the center of its range and lower diet qual-
ity especially toward the northern edge of its range. 
We have also shown that the amount of food con-
sumed by crabs changes idiosyncratically through 
time at each site. Below, we discuss these patterns 
and their implications in more detail. 

4.1.  Latitudinal cline in diet quality 

Our results suggesting a predictable latitudinal 
cline in diet quality in this species have important im -
pli cations for this species’ possible future range ex -
pansion. Higher diet quality often leads to greater 
energy intake and storage (van Gils et al. 2008), and 
thus individuals in populations with higher diet qual-
ity often have more energy to grow and reproduce, 
which are essential processes in establishing a new 
population (Keller et al. 2011). This reasoning sug-
gests that diet quality (due to its connection with 
energy intake and storage) may be a limiting factor 
in the range expansion of this species. We found that 
diet quality was lowest at northern sites, which could 
be a contributing factor to the slower population 
growth observed by Lord & Williams (2017) near the 
northern limit of the Asian shore crab range com-
pared to that at the center of its range. Poor diet qual-
ity can be expected to continue to inhibit the Asian 
shore crab’s northward range ex pansion unless the 
crabs begin consuming more food. However, it 
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Fig. 3. Gut energy content variation through time at each 
sampling site (Section 2.2). Boxplots and abbreviations are as  

described in Fig. 1
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should be noted that diet quality, while important, is 
only one of multiple factors likely acting on this spe-
cies’ range limits and range expansion. Cold water 
and air temperatures in northern areas (Stephenson 
et al. 2009, Lord & Williams 2017), combined with 
mean southward current flows (Byers & Pringle 
2006), have also been described as important con-
straints on this species’ distribution, though increas-
ing temperatures due to climate change (Karmalkar 
& Horton 2021) may eventually weaken these physi-
cal constraints. In other crab species, reduced diet 
quality in reproducing females leads to lower-quality 
offspring that have reduced longevity (Cannizzo et 
al. 2020). If similar relationships exist between 
maternal diet quality and larval quality in this spe-
cies, then reduced diet quality at the northern edge 
of the range may interact with these previously doc-
umented physical constraints to limit the northward 
range expansion of the Asian shore crab. 

It is unclear from our data whether diet quality 
could provide the same constraints on range expan-
sion at the southern edge of the Asian shore crab’s 
range. However, other factors, such as a lack of suit-
able rocky intertidal habitat and ocean currents that 
hinder southward larval transport may make large-
scale southward range expansion improbable (Epi-
fanio 2013). Finally, it is important to note that the NJ 
sampling site had lower mean diet quality than 
expected given the observed latitudinal cline. We are 
unsure of the reasons for this, though it is possible 
that influences such as low wave action (B. D. Griffen 
pers. obs.), the prevalence of anthropogenic sub-
strate rather than natural rocky shores, increased 
competition for animal prey, or consumption of large 
amounts of microalgae or sediment play a role in this 
site’s lower diet quality. Further research is needed 
to explain this outlier of the latitudinal cline in diet 
quality. 

4.2.  Seasonal patterns of diet quality 

Contrary to our hypothesis, we did not find a sea-
sonal pattern of increased diet quality in the summer 
at all latitudes. Specifically, using standardized gut 
size as a proxy for diet quality, we did not observe 
this seasonal pattern at the highest-latitude site (ME 
site). We suggest that this may be due to the rela-
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Fig. 4. Residual gut mass variation through time at each sam-
pling site (Section 2.2). Boxplots and abbreviations are as  

described in Fig. 1
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tively low density of crabs present at the ME sam-
pling site. It is possible that the crab population at 
this site is not dense enough to deplete preferred 
food sources (animal prey) at any time during the 
year, thus allowing diet quality to remain relatively 
constant through time. We also did not detect this 
seasonal pattern at the NH site, in contrast with a 
previous study at this same site (Griffen et al. 2012). 
In contrast to the patterns at this site, at the CT site 
diet quality increased throughout the year after mid-
summer, as expected. This trend was likely a result of 
the increased energetic demands of summer repro-
duction in this species (Kennish 1996, Griffen et al. 
2012). Higher-resolution temporal sampling at this 
site may have made this seasonal pattern more 
detectable. Diet quality decreased over the summer 
at the lower-latitude NJ site and did not change 
throughout the year at the NC site, which was the 
lowest-latitude sampling site. 

These departures from our expectations are likely 
due to both site- and latitude-specific factors, such as 
prey availability and assemblages, seasonal temper-
ature variation (which is reduced at southern sites 
compared to northern sites), habitat type and quality, 
and intensity of interspecific competition with native/
well-established species, especially at northern sites 
where the European green crab is abundant (Gibson 
et al. 2007, Compton et al. 2010). Lower palatability 
of algae at lower latitudes (Bolser & Hay 1996) could 
also be playing an important role in these observed 
patterns of diet quality by driving crabs to eat more 
animal material, though this has not been exten-
sively explored in crabs or in the Asian shore crab’s 
rocky intertidal habitat (but see Pennings et al. 2001 
and Demko et al. 2017). Our findings are consistent 
with those of Brodie et al. (2017), who demonstrated 
a complex interaction of season and latitude in the 
energy reserves of mud fiddler crabs Uca pugnax. 
Future research should continue to examine the in -
fluence of these site- and latitude-specific factors on 
the diet quality of Asian shore crabs, as this could 
inform our understanding of the timing and intensity 
of this species’ consumptive effects on its prey spe-
cies as well as the energy dynamics that influence 
this species’ possible range expansion. Habitats with 
more energy-rich prey available are more likely to 
be able to support substantial Asian shore crab pop-
ulations, and could therefore represent source sites 
to further spur the invasion. 

We also did not observe a seasonal pattern of in -
creased diet quality in the summer at all sites using 
gut energy content as a proxy for diet quality. Fur-
ther, our 2 proxies for diet quality (standardized gut 

size and gut energy content) did not yield the same 
seasonal patterns at each site, contrary to our expec-
tations. We suggest that this is because gut energy 
content analyses necessarily used a smaller sample 
size (612 crabs) due to the limitations of the bomb 
calorimeter which may have weakened our ability to 
detect useful patterns and trends. Further, because 
the gut energy content trends through time were 
analyzed for each site separately, it is likely that 
some sampling dates at specific sites did not have 
enough data to show a clear or statistically significant 
trend. The NH site is an example of this — the graph 
using standardized gut size as the proxy for diet 
quality visually shows the same seasonal pattern as 
the data using gut energy content as the proxy, but 
the data using gut energy content were too sparse at 
this site to generate a statistically significant trend. 
Thus, we favored using the diet quality proxy of stan-
dardized gut size to draw longer-term inferences and 
conclusions. 

We also found that gut fullness did not correlate 
with gut energy content. This finding is in accor-
dance with previous work in this species that demon-
strates increased consumption amount when diet 
quality is reduced (Griffen et al. 2020), consistent 
with compensatory feeding. These results are also 
likely influenced by changes in diet quality across 
season and latitude in the present study. 

4.3.  Seasonal patterns of food consumption 

We also found that residual gut mass — a measure 
of the amount of food consumed during a crab’s final 
meal — differed across latitude, likely due to differ-
ences in prey availability and/or varying degrees of 
inter-/intra-specific competition. However, the lack 
of a significant negative correlation between residual 
gut mass (consumption amount) and standardized 
gut size (diet quality) at any sampling site refutes our 
hypothesis that crabs at sites with low diet quality 
during summer months would compensate by in -
creasing total consumption in order to meet nutrient 
requirements for reproduction. This could be due to 
limited food availability, competition, and/or differ-
ences in digestion time for different diets (Karasov et 
al. 2011). 

4.4. Ecological implications 

Due to the relationship between diet quality, en -
ergy intake and storage, and population density, 
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habitats with more available animal prey may be 
able to support higher Asian shore crab population 
densities (Forbes et al. 2014). However, this expecta-
tion may be complicated by other factors, such as dif-
ferences in planktonic larval settlement (O’Connor 
1993) or increased predation on smaller conspecifics 
with in creased recruitment (Crane & O’Connor 
2021). Regardless, a decline in diet quality during the 
reproductive season at certain locations could be a 
contributing factor to recent decreases in Asian shore 
crab popu lation densities, such as those reported at 
sites in  Massachusetts (O’Connor 2018, Bloch et al. 
2019). In contrast, an improvement in diet quality 
during the reproductive season at a location could 
play a role in increasing Asian shore crab population 
density in that region, which could increase the 
chances of that population expanding its range. We 
also acknowledge the importance of other range-lim-
iting factors previously discussed. A higher Asian 
shore crab density at a location could also negatively 
affect other co-occurring species through exploitative 
competition for higher-quality food items or space 
(Griffen & Byers 2006, Dauvin et al. 2009). However, 
our findings that diet quality did not in crease during 
the reproductive season at either the northernmost 
(ME) or southernmost (NC) site suggest that this spe-
cies may be energetically limited in its ability to 
expand its geographic range. This idea is supported 
by the conceptual understanding that diet quality 
should be highest in the center of a species’ range 
and poorer toward the edges (as our data largely 
show for the Asian shore crab, see Fig. 1). However, 
understanding the influence of diet quality across the 
range may be complicated by the inter action of 2 
potentially competing trends: (1) the latitudinal trend 
in diet quality and (2) the tendency for diet quality to 
be highest in the center of a species’ range. This 
understanding may also be complicated by the fact 
that the range of a recently invaded species can be 
heavily influenced by the initial point of introduction 
and subsequent dispersal pathways (Arim et al. 2006, 
Gallien et al. 2015), potentially causing a mismatch 
between the center of that species’ current range and 
the peak of its diet quality distribution. 

4.5.  Conclusions 

In summary, the diet quality of Asian shore crab 
populations is affected by both seasonal and latitudi-
nal factors, and these factors interact to produce a 
largely predictable latitudinal cline in diet quality, 
with higher diet quality in the center of its range and 

lower diet quality toward the southern and northern 
edges. At some sites, this species’ diet quality is high-
est in the summer, its reproductive season, which 
has important ecological implications for population 
growth and for the impacts of this invader on other 
species in its communities. Finally, the amount of 
food an Asian shore crab consumes differs across lat-
itude. These results provide a foundation for under-
standing the consumptive impacts of this widespread 
invader through time and space and invite further 
study into the factors affecting this invader’s ecologi-
cal and environmental range. 
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