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Mechanisms of possible 
self‑limitation in the invasive Asian 
shore crab Hemigrapsus sanguineus
Blaine D. Griffen*, James Bailey, Jade carver, Ashley Vernier, eleanor R. Dinuzzo, 
Lars Anderson iii, Morgan Meidell & Ben potter

population sizes of invasive species are commonly characterized by boom‑bust dynamics, and 
self‑limitation via resource depletion is posited as one factor leading to these boom‑bust changes 
in population size. Yet, while this phenomenon is well‑documented in plants, few studies have 
demonstrated that self‑limitation is possible for invasive animal species, especially those that are 
mobile. Here we examined the invasive Asian shore crab Hemigrapsus sanguineus, a species that 
reached very high abundances throughout invaded regions of north America, but has recently 
declined in many of these same regions. We examined the relationship between diet, energy storage, 
reproduction, and growth in crabs collected from the new Hampshire coast. We show that energy 
storage and reproduction both increase with diet quality, while growth declines with diet quality. 
these results suggest that self‑limitation may be a contributing factor to the recent declines of H. 
sanguineus at sites where this invader was once much more abundant. further, these results suggest a 
diet-associated tradeoff in energy allocation to different vital rates, with a focus on reproduction when 
high quality resources are consumed, and a focus instead on growth when poor quality resources are 
consumed.

The concept that no population can increase forever and that something limits all populations from growing 
without bounds is a fundamental maxim of  ecology1. Limits to population growth can occur via numerous 
mechanisms, including density-dependent  predation2, interspecific and intraspecific competition for limiting 
 resources3,4, and density-dependent spread of  disease5. Self-limitation occurs via a subset of regulatory mecha-
nisms where endogenous factors limit individual performance or survival, and these individual limitations 
in turn restrict population growth. The concept of self-limitation has been posited as one of the fundamental 
“laws” of population  ecology6. Self-limitation can have important ecological consequences that extend beyond 
prohibiting runaway population growth, including facilitating the persistence of rare species in  communities7 
and shaping the evolution of life-history  traits8.

Self-limitation can occur across a wide range of systems and through various processes, but often has resource 
limitation at its roots. Resource limitation can occur because of several factors, including territorial defense that 
limits the sharing of  resources9, environmental variation in resource  availability10, and competition for resources 
among  conspecifics11. This resource limitation in turn alters vital rates so that under food-limited conditions, 
growth  rates12, survival  rates13, and reproductive  rates14 all decline. These changes in vital rates may also interact. 
As increased food availability can lead to increased fecundity via more rapid growth rates, because larger body 
sizes in females can support the production of more  eggs15. In addition to the amount of food, diet quality can 
also alter vital  rates16,17. This can occur because of life history tradeoffs that set in when resources are  limited18, 
where energy or nutrient shortfalls limit the ability of individual organisms to simultaneously achieve optimal 
performance in survival, growth, and reproduction. All these examples demonstrate mechanisms through which 
self-limitation via food availability or quality can limit the growth of a population.

Invasive species may often be regulated by self-limitation. Invasive populations commonly exhibit periods 
of rapid growth shortly after invasion, followed by periods of reduced growth and even population decline (i.e., 
a boom-bust pattern)19,20. Boom-bust patterns are often attributed to self-limitation due to lack of  resources19. 
However, while self-limitation is often invoked to explain these patterns in invasive species, it is rarely dem-
onstrated. Further, the mechanistic role of life history tradeoffs in this self-limitation, triggered by reduced 
quality or abundance of food intake, remains unknown. A literature search using the Web of Science (search 
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terms: “self-limitation” AND “invasive species”; or the terms “resource depletion” AND “invasive species” AND 
“reproduction”; or the terms “density dependent” AND “invasive species” AND “reproduction”) yielded numer-
ous studies in plant systems, but only three studies in animal systems that have demonstrated the possibility for 
self-limitation, and none of them demonstrated a mechanistic link between resource availability and population 
vital  rates21–23.

We examined the Asian shore crab Hemigrapsus sanguineus, which is invasive to the east coast of North 
 America24 and to  Europe25. On the North American east coast, H. sanguineus was first noted in 1988 in Cape 
May, New  Jersey24, where it was most likely introduced via ballast water, perhaps multiple  times26. Over the 
next few years it rapidly spread from mid-coast Maine to North  Carolina26, where H. sanguineus displaced 
other species of  crabs27,28 and became the numerically dominant crab species over much of this  range29,30. High 
densities of 100–200 individuals  m-2 have been documented throughout much of its  range28,31–33. However, after 
several years of maintaining these high population densities, H. sanguineus has recently declined in some areas 
to approximately half its former  densities33–36.

Several factors may contribute to population declines, including predation, competition, disease or parasites, 
etc., and each of these ecological interactions impose limits to invasive crabs in  general37–41. However, previous 
work suggests that these mechanisms may have relatively little impact on Asian shore crabs in their invaded 
range. For instance, existing evidence suggests that common potential predators do not heavily prey on Asian 
shore  crabs42–44. Additionally, competition does not seem to play a major role, as this species has the upper hand 
in interspecific interactions with other intertidal  crabs28,40 and displays fairly weak conspecific interference 
 competition45. Finally, the Asian shore crab appears to enjoy enemy escape in its invaded range and is infected 
by fewer parasite species, and at lower prevalence, than conspecifics in its native  range46–48. Thus, while all of 
these factors may be contributing to the recent declines in Asian shore crab populations, none of them stands 
out as a dominant driving force. We therefore examine the potential role of self-limitation via food reduction as 
an additional mechanism contributing to the Asian shore crab decline.

H. sanguineus has a generalist diet that includes primarily algae, mussels, barnacles, gastropods, and 
 detritus49–51, and while their natural diet is often mostly herbivorous, they prefer to eat animal tissue when it is 
readily  available52. Numerous studies have demonstrated the importance of diet across a wide range of brachy-
uran crab species for determining the extent of energy storage and reproductive  success17,53–57. It therefore seems 
reasonable that energetics and reproduction in H. sanguineus should also be influenced by diet, and that this 
invader should generally be more successful when consumption rates are higher and/or when higher quality 
food is consumed. And indeed, energy storage in H. sanguineus increases strongly when consuming an animal 
diet compared to an algal  diet58. However, the link between diet and reproductive success in H. sanguineus has 
not been clearly made, and there is a lack of correlation between energy storage and reproductive success in 
this  species59. Additionally, the role of life history tradeoffs (e.g., between growth and reproduction) remains 
unclear for this invader. If a clear link can be made between the quality of diet and reproductive success, then 
this would suggest that self-limitation due to overexploitation of food resources is a contributing factor leading 
to the recent localized declines in H. sanguineus population sizes. Further, if food-induced life history tradeoffs 
can be demonstrated, then this would provide a plausible evolutionary mechanism in this species that could 
functionally induce self-limitation.

We examined long-term diet quality, energy storage, reproductive effort, and growth of individual H. san-
guineus collected on the New Hampshire coast where this species has been present and abundant for 20 years. 
We sampled crabs across two sites that differ in community abundance and thus food availability in order to 
capture as wide a range of individual diet qualities as possible. For each crab, we assessed the general long-term 
dietary strategy and physiological growth and reproductive performance. We tested the general hypothesis that 
individual growth and reproduction would be greatest for individuals that consume a higher quality diet. We 
deconstruct this broad hypothesis into a series of more focused hypotheses, described below.

Results
We found, consistent with our hypothesis, that crabs with larger stomach volumes consumed more food (t = 2.90, 
P = 0.004). However, while the main effect of site was not significant (t = − 0.43, P = 0.67), the interaction between 
CW and site was significant (t = 3.02, P = 0.003), indicating that the mass of food consumed increased faster with 
stomach volume for crabs at Odiorne Point than for crabs at Ft. Stark (Fig. 1). When each site was examined sepa-
rately, we found that the mass of food in a crab’s stomach increased by 0.150 ± 0.027 mg and by 0.338 ± 0.042 mg 
for every 1-mm3 increase in stomach volume for crabs at Ft. Stark and at Odiorne Point, respectively (Fig. 1). 
However, we found that increasing the amount of food consumed did not translate into higher energy intake. 
Indeed, the energy content of food found in the stomach decreased by 8.58 ± 2.24 kJ with each additional mg of 
food consumed (t = − 3.83, P = 0.0002, Fig. 2).

As we explain in the Methods, we used the residual SW, after accounting for differences in SW with CW, as a 
proxy for long-term diet quality, where smaller residual SW indicates consumption of a consistently higher qual-
ity diet and larger residual SW indicates consumption of a consistently lower quality diet. On average, residual 
SW for crabs at Odiorne Point were larger than for crabs at Ft. Stark (t = 2.51, P = 0.006, Fig. 3). We found that 
crabs at Ft. Stark had higher mass-specific energy stores than crabs at Odiorne Point (t = − 3.61, P = 0.0004, 
Fig. 3). After accounting for differences across site, there was no additional impact of long-term diet quality on 
mass-specific energy storage (t = − 1.52, P = 0.13, Fig. 3).

Based on the generalized linear model with a binomial error distribution, we found that the odds of a crab 
being gravid increased as CW increased (z = 2.49, P = 0.013, Fig. 4a), decreased as the residual SW increased 
(z = − 3.00, P = 0.003, Fig. 4b), and was influenced by the interaction of these two predictor variables (z = 2.74, 
P = 0.006). We also found that the mass of the clutch of eggs was influenced by crab CW (t = 8.51, P < 0.0001), 
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residual SW (t = − 2.59, P = 0.011), the number of limbs that were missing (t = 1.96, P = 0.053), the site of col-
lection (t = 1.90, P = 0.059), as well as by several interactions between these variables. Specifically, crab CW 
interacted with residual SW (t = 2.74, P = 0.007), with the number of missing limbs (t = − 2.32, P = 0.022), and 
with collection site (t = − 2.31, P = 0.023). Further, residual SW interacted with the number of missing limbs 
(t = 1.99, P = 0.049). Lastly, three-way interactions were significant between CW, residual SW, and the number of 
missing limbs (t = − 2.21, P = 0.029) and between residual SW, the number of missing limbs, and site of collection 
(t = 2.82, P = 0.006, Fig. 4c). While these trends are complicated due to the number of interactions, inspection 
of Fig. 4c,d reveals that in general, clutch mass increased for larger crabs (larger symbols found towards the top 
of the Fig. 4c), increased with the quality of the diet (negative trend in clutch mass with residual SW in Fig. 4c), 
and decreased with the number of missing limbs (Fig. 4d).

Finally, we found that residual body mass (after accounting for CW) increased as the residual SW increased 
(t = 3.68, P = 0.003, Fig. 5). No other terms were included in the best-fitting model.

Discussion
We have shown that the mass of consumed food increased with body size, but increased faster at Odiorne Point 
where high quality food is less available, and that there was an inverse correlation between the mass of food a 
crab consumed and the quality of that food. We have further demonstrated that body size and diet quality both 
influenced the likelihood that a crab was gravid, while the size of an egg clutch for gravid crabs increased with 
crab size, increased with higher diet quality (smaller residual SW), and decreased with injury, and these trends 
were generally seen across the two collection sites. Finally, we have shown that size-independent body mass 
increased as diet quality decreased, suggesting that individuals consuming a poorer quality diet have increased 

Figure 1.  Mass of the stomach contents compared to calculated stomach volume for Hemigrapsus sanguineus 
captured at Odiorne Point (red circles, dashed line) and Ft. Stark (black circles, solid line).

Figure 2.  Energy content of food found in the stomach of Hemigrapsus sanguineus as a function of the amount 
of food consumed.
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growth rates. These results are consistent with the concept of self-limitation in H. sanguineus, potentially driven 
by a tradeoff in energy allocation between reproduction and growth depending on diet quality.

While not in the context of invasive species, previous work has, however, examined self-limitation (often 
referred to as self-thinning) of sessile aquatic animals, such as mussels (e.g.60),  barnacles61, and  tunicates62. 
Mechanistically, such relationships can result from food competition at high  densities63, analogous for these 
sessile animals to resource competition seen in plants that leads to a similar self-thinning  phenomenon11. For 
these sessile plants and animals, scaling rules have been developed and debated that can be used to predict the 
relationship between density and biomass of individual organisms within a single age  cohort60,64. Developing 
a similar scaling rule for mobile organisms would be challenging, as it would require density and biomass esti-
mates across numerous replicate sites. Consequently, the concept of self-thinning or self-limitation for mobile 
organisms is not as thoroughly developed or demonstrated. And as highlighted in the Introduction, relatively 
few studies have successfully demonstrated self-limitation in mobile invasive species.

This is an observational study, and is thus open to alternative interpretations; however, our results are consist-
ent with the concept of self-limitation in H. sanguineus. We have shown that reproduction tended to decrease 
in crabs that ate a lower quality diet, and in crabs that experienced higher levels of nonlethal injury (limb loss). 
Reduced diet quality and elevated nonlethal injury are both expected at high H. sanguineus densities due to 
depletion of food resources and increased conspecific aggression. These trends were apparent among individual 
crabs (the level of replication in this study), but also were consistent across the two sampling sites used here. 
Specifically, Odiorne Point has higher crab densities and lower per capita food availability, and crabs at this site 
generally consumed a lower quality diet and had lower reproductive rates (when comparing similarly sized crabs). 
Thus, reduced reproductive success, caused by depletion of high quality food, could help explain recent reduc-
tions in H. sanguineus population size in parts of its range where densities have previously been much higher.

Consumption by moderately high H. sanguineus densities (40 individuals  m−2) can strongly reduce the entire 
algal and animal  community65, and densities have historically been many times higher than this in areas where 
H. sanguineus has recently declined. At these high densities, H. sanguineus feeding activities greatly depress the 
prey community (e.g.28,51,66). If high densities of H. sanguineus depress prey abundances throughout a region, 
then the resulting low reproduction and regional recruitment could result in reduced population growth rates 
that could feasibly contribute to the population declines that have been documented.

Our results additionally suggest that self-limitation in H. sanguineus could be caused by a tradeoff in resource 
allocation that is driven by diet quality. Specifically, we found that there was a positive correlation between diet 
quality and reproductive success, but a negative correlation between diet quality and size-specific body mass (i.e., 
the amount of soft tissue growth since the last molt). This suggests that individuals that consume a higher quality 
diet allocate resources primarily to reproduction, while individuals that consume a lower quality diet may allocate 
resources primarily to soft tissue growth. This pattern is in direct opposition to the previously-suggested expecta-
tion that crustaceans should prioritize reproduction in resource-poor environments and growth in resource-rich 
 environments67. Higher soft tissue mass for individuals with lower quality diet may also indicate postponement 
of molting, since diet quality is important for molting in  crustaceans68,69. Consumption of a higher mass of lower 

Figure 3.  Relationship between the hepatosomatic index, or the proportion of total body weight comprised 
of the hepatopancreas, and residual stomach width after accounting for differences in stomach width with crab 
carapace width. Red circles indicate crabs from Odiorne Point; black circles indicate crabs from Ft. Stark. The 
horizontal boxplots at the top indicate residual SW for Odiorne Point (red) and Ft. Stark (black), where the solid 
line at the notch indicates the median value, the box encompasses the middle 50% of the data from the 1st to the 
3rd quartile, the whiskers encompass 95% of the data, and the circles are outliers that fall outside this range.
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Figure 4.  Influence of crab CW (A) and residual SW (B) on whether Hemigrapsus sanguineus are gravid. 
Boxplots interpreted as described in Fig. 3 caption. Relationship between the mass of the clutch of eggs and 
residual SW (C) and number of missing limbs (D). In (C,D): red and black symbols show Odiorne Point and Ft. 
Stark, respectively; symbol size shows relative crab CW, symbol type shows number of limbs missing (0: circle, 1: 
triangle, 2: plus sign, 3: X, 4: diamond, 5: inverted triangle). Symbols in (D) are jittered slightly in the x-direction 
to reduce overlap of data points for presentation purposes only.

Figure 5.  Residual total body mass (after accounting for changes with CW) as a function of residual SW for 
Hemigrapsus sanguineus for crabs collected at both sites.
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quality food at Odiorne Point suggests that H. sanguineus is engaging in compensatory feeding to meet energy/
nutrient demands at this site compared to at Ft. Stark. It is possible that this compensatory feeding triggers the 
tradeoff between resource allocation to growth vs. reproduction. Patterns consistent with this hypothesis have 
been shown in other systems, as dietary intake triggers a life history tradeoff in crickets, with increased dietary 
protein triggering allocation to reproduction, while increased dietary carbohydrates trigger allocation to mus-
cle development to support  migration70. Such strategies may evolve because diet composition determines the 
fatty acid composition of lipids that mothers deposit into  eggs17, and fatty acid composition in turn influences 
development and survival of  larvae71. Thus, when food quality is low, crabs may preferentially dedicate energy 
to growth rather than reproduction in order to increase size so that future reproductive attempts can be more 
prolific, given the allometric relationship between crab size and clutch  size72.

The recent declines of H. sanguineus may have been influenced by factors other than self-limitation via food-
depletion. For instance, mussel densities have declined in the Gulf of Maine over the last 40 years, possibly due to 
climate  change73. The loss of this foundation species and the species it supports, would reduce food availability 
for H. sanguineus and other crabs inhabiting New England shores. Parasite infection may also play a role in 
limiting H. sanguineus success. This species is infected by both acanthocephalan and trematode parasites in its 
invaded  range48,74, two groups of parasites that can impact the behavior and survival of  crabs75,76. As highlighted 
in the Introduction, Asian shore crabs have fewer parasites in their invaded range than native species in the same 
 area47 and fewer parasites than conspecifics in their native  range46–48. However, while they have fewer parasites, 
they are more susceptible to  infection46, and parasite load appears to be increasing since the initial escape from 
parasites at introduction, as native parasites in the invaded range expand to include this new  host47. Similarly, 
while predation and competition have played a minor role in limiting the early invasion of this  species28,40,42–44, 
it is possible that these processes may be taking on a greater role as time progresses, if native species learn to 
consume Asian shore crabs or more effectively interact with them. Thus, while our study does not suggest that 
resource limitation is the only, or even the predominant, mechanism leading to the decline of Asian shore crab 
populations, our results certainly do point to self-limitation because of food depletion as a contributing mecha-
nism in the decline of this widespread invader.

Methods
Study sites. We collected crabs from Odiorne Point State Park in Rye, New Hampshire and from Fort Stark 
in New Castle, New Hampshire. These sites, located at the mouth of the Piscataqua River, are separated by only 
2.3 km and are similar in many ways. Both are characterized by boulder fields overlying a mixed substrate of 
bedrock, cobble, and shell hash, and both support the same group of intertidal algal and animal species. How-
ever, Odiorne Point has more intertidal boulders than Ft. Stark, a habitat that is positively correlated with H. 
sanguineus  abundance49. Consequently, H. sanguineus abundances averaged across all tidal heights at Odiorne 
Point (24.5 ± 18.8 m−2) are approximately 3X higher than those at Ft. Stark (7.5 ± 9.3 m−2)77. Further, while the 
two sites had nearly identical diversity and abundance of species within their intertidal communities prior to the 
arrival of H. sanguineus78, the higher density of H. sanguineus at Odiorne Point has had a greater impact on the 
prey community so that the abundance of each species is now lower at Odiorne Point than at Ft.  Stark65 and ref-
erences therein. The higher crab abundance and lower prey abundance at Odiorne Point means that the two sites 
differ considerably in the per capita amount of food available to H. sanguineus, particularly for animal prey, and 
therefore likely result in very different diets across the two sites. Our purpose for including crabs from both sites 
in our study was to capitalize on this difference in per capita prey availability in order to increase the range of diet 
strategies observed across crabs as much as possible. In all statistical analyses, we included site as a categorical 
independent variable to explicitly account for the fact that crabs were sampled across these two different sites.

female performance. We sampled adult female crabs haphazardly from each site (n = 99 from Odiorne 
Point, n = 102 from Fort Stark). H. sanguineus forages most actively at  night79, and so we sampled at dawn on 
receding tides to maximize the likelihood that there would be recently-consumed food in the stomach. We col-
lected crabs by hand by turning over boulders to collect from intertidal regions of the shore. Upon collection, 
crabs were frozen in individual Ziploc bags and were returned on dry ice to Brigham Young University in Provo, 
UT for further analysis. H. sanguineus reaches maturity at 12.1 mm carapace  width80, and only crabs exceeding 
this size were collected. Prior to dissection, we measured the carapace width (CW) of each crab to the near-
est 0.1 mm and noted any missing or regenerating limbs. We then dissected crabs by first removing the dorsal 
carapace. Then we separated the hepatopancreas, cardiac stomach, egg clutch if the female had any, the ovaries, 
and the remainder of the body into separate pre-weighed tins that were dried to a constant weight at 65 °C and 
were then weighed to the nearest 0.01 mg. Prior to drying, we also measured the cardiac stomach width (SW) 
on the dorsal, anterior margin to the nearest 0.1 mm. All statistical tests described below were conducted using 
R v. 3.6.081.

We first analyzed the cardiac stomach to determine a snapshot of the amount of food consumed and how this 
was related to crab stomach size and collection site. We determined the mass of food consumed, independent 
of the mass of the stomach wall itself, as follows. We categorized the stomach as empty or not, based on visual 
observation through the transparent stomach wall. Using the subset of stomachs that were empty (n = 11), we 
determined the linear equation relating mass of the empty stomach to crab size (stomach mass = 0.0018 × CW 
– 0.0123,  R2 = 0.71, P = 0.001) and used this to determine the mass of the stomach wall for each crab. For crabs 
with food in their stomachs, we then determined the mass of food consumed as the stomach total dry mass, 
minus the mass of the stomach wall using the relationship given above. This value inherently has error when used 
as a proxy of amount consumed due to variable digestibility of consumed food, time since consumption across 
crabs, and temporal variation in consumption amount from day to day; however, it provides a rough estimate 



7

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:16908  | https://doi.org/10.1038/s41598-020-74053-5

www.nature.com/scientificreports/

of the relative amount of food consumed by individual crabs. We converted SW to stomach volume using the 
following relationship empirically determined by Griffen and  Mosblack82:

We tested the hypothesis that crabs with larger stomachs would eat more using a linear model, with stomach 
content mass as response variable, and using stomach volume and site, and their interaction, as predictor vari-
ables, and only using crabs where stomach content mass > 0.

The mass of the stomach content indicates how much food was consumed, but says nothing about diet quality. 
We used energy content as a proxy for diet quality and determined the quality of the most recent meal by measur-
ing the energy content of food found in the cardiac stomach. We combusted each stomach that contained food 
in a Parr 6725 semi-micro oxygen bomb calorimeter, yielding the energy content of each stomach. We ignored 
the energy content of the stomach wall itself because the mass of the empty stomach was below the detection 
limit of the calorimeter and therefore could not be combusted. The mass of food in some crab stomachs was very 
small, also falling below the detection limit of the calorimeter. For these, we paired nearly-empty stomachs from 
crabs collected at the same site and combusted the pairs together. We used a linear model to test the hypothesis 
that energy content (kJ) increased with the mass of food in the stomach, again only using crabs where stomach 
content mass > 0. We initially included sampling site in the analysis, but it was not significant (P > 0.4) and so it 
was removed.

The energetic content of the stomach mass just described provides an estimate of the diet quality of the last 
meal, but it is likely that the diet of an individual crab varies through time. The width of the cardiac stomach in 
crabs, and thus the stomach volume via the relationship given in the equation above, is strongly related to long-
term diet. Specifically, Griffen and  Mosblack82 demonstrated across 15 crab species that stomach size decreased 
with the amount of animal tissue included in the diet. This is likely because herbivorous crabs are generally 
nitrogen-limited83, and plants are often much lower in nitrogen than animal  tissue84. Thus, crabs with a lower 
quality diet must consume a greater quantity to meet their nutritional needs (i.e., compensatory feeding). These 
differences in stomach size are evident throughout ontogeny, as crab species adapted to a more herbivorous 
diet start life with larger cardiac stomachs and experience faster allometric or isometric growth of the cardiac 
stomach throughout ontogeny compared to more carnivorous  species85. Further, these diet-related patterns in 
stomach size between species are mirrored by differences between individuals within a single species. In a field 
experiment with H. sanguineus, Griffen and  Mosblack82 showed that substantial diet variation exists between 
individual crabs, and that individual crabs that preferentially consumed animal material rather than algae, had 
smaller cardiac stomachs. Thus, intraspecific differences in long-term diet trends in this and other crab  species17,86 
can reliably be quantified by comparing differences in the width of the cardiac stomach, after controlling for 
differences in crab body size.

We assessed long-term diet quality of individual crabs using the width of the cardiac stomach. Stomach width 
increases linearly with CW in H. sanguineus85, but there is variation around the mean relationship. We therefore 
used this variation (i.e., the residual SW after accounting for CW) as a proxy for diet quality of individual crabs in 
the analyses that follow. We compared the general diet quality for crabs at the two sites by comparing residual SW 
using a t-test. We used a one-sided t-test because we expected the diet quality to be higher at Ft. Stark because, 
as described above, the per capita availability of animal prey is higher  there77.

We used the mass of the hepatopancreas, an energy storage organ in  crabs87, to test the hypothesis that energy 
storage differed with diet. We calculated the hepatosomatic index as the mass of the hepatopancreas divided by 
the mass of the  crab88. We then used this index as the response variable in a linear model with residual SW and 
sampling site treated as predictor variables. We initially included the interaction term, but it did not explain a 
significant amount of the variation and so was removed.

We tested the hypothesis that reproduction varies with diet quality using the mass of eggs as our response 
variable. We chose to analyze eggs rather than ovaries because we reasoned that variation in ovary mass would be 
partially explained by time since the last egg clutch had been produced, which was unknowable for crabs not car-
rying a clutch of eggs when they were collected. There were a large number of crabs that were not gravid, resulting 
in a zero-inflated dataset. We therefore used a “hurdle” or “two-stage” modeling  approach89. Specifically, we first 
used a generalized linear model with a binomial distribution (i.e., a logistic regression) to determine whether a 
crab was gravid (yes/no). Second, we used a linear model with the mass of the egg clutch as the response, includ-
ing only those crabs that had an egg clutch. We included the following predictor variables and took the following 
approach in both of these analyses. We included CW because clutch size is expected to increase with crab size. 
We included the number of missing limbs because we expected that crabs that were regenerating limbs would 
have less energy to devote to reproduction. We included residual SW to examine our hypothesis that long-term 
diet strategy influences reproduction. And finally, we included site. We also included all possible interactions to 
create a full model and then compared the full model and all possible simpler models using AIC. In each case, 
we selected the best fitting model as the one with the lowest AIC and with ΔAIC for all other models being > 2.

Finally, we also examined the influence of diet quality on body mass as a proxy for growth. Crabs grow incre-
mentally by periodically shedding their exoskeleton and growing a larger one, but in between molts, individuals 
grow soft tissue  continually90. Thus, we examined the total body mass as the mass of the dry body, hepatopan-
creas, ovaries, eggs, and missing legs (i.e., all body parts with the exclusion of the full cardiac stomach so as not to 
include the mass of consumed food). We included the mass of missing legs to ensure that any differences between 
crabs were driven by differences in soft tissue mass and not differences in the number of missing legs. Thus, add-
ing back in the mass of the missing legs reduces differences in mass between crabs and provides a conservative 
comparison of growth differences. We determined the mass of the missing legs by individually weighing each of 

Stomach volume = 0.92

√
2

12
SW

3
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the eight walking legs and the two claws from each of 30 different crabs of a range of CW. We then determined 
the regression equation for the mass of each of these 10 limbs as a function of CW (range of  R2 values from the 
10 regressions: 0.845–0.942). We then determined the mass of any missing leg for each crab using the appropri-
ate regression equation for that specific leg. Total body mass increased allometrically with CW according to the 
equation: total body mass = 0.0027 × CW2.093. We therefore determined residual total body mass for each crab, 
after accounting for CW using this equation. Crabs with a larger residual body mass would have experienced 
more growth since the last molt, and we therefore used this residual body mass as the response variable in a 
linear model with residual SW, site, and their interaction as predictor variables; however, the interaction term 
and the main effect of site were not significant, and so were sequentially removed.
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