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Abstract Identifying the characteristics that deter-

mine the success of invasive species has been a major

goal of ecology for many decades. Most efforts have

focused on life history characteristics of introduced

species, environmental tolerances, or on species

interactions, such as enemy release. Many of these

factors are themselves influenced by more fundamen-

tal characteristics such as physiological condition,

which in turn is determined in large part by energy

intake through foraging activities. Thus, foraging

strategy may play a large role in determining the

success of invaders. We investigate the contribution of

foraging to the success of Hemigrapsus sanguineus, a

crab that is native to Asia, but that has invaded

the northwest Atlantic and the Mediterranean Sea.

We demonstrate four individual foraging patterns of

H. sanguineus in its northwest Atlantic invaded range:

the presence of seasonal diet shifts, changes in diet

with size, individual specialization in diet, and the

allocation of current energy intake versus stored

energy for reproductive efforts. We highlight how

each of these foraging patterns may contribute to the

success of this invasive species. Foraging plays a

central role in nearly every ecological facet of a

species’ ability to survive, reproduce, and thus

succeed. We therefore suggest that understanding

foraging patterns of introduced species in their new

environment can enhance our ability to understand the

success or failure of these invasions.

Keywords Capital versus income breeder �
Individual diet specialization � Invasive species

success � Ontogenetic diet shift � Seasonal diet shift

Introduction

As more species are introduced via anthropogenic

influence into novel habitats around the globe, ecol-

ogists strive to determine the biological and ecological

factors that facilitate the success of some species,

allowing them to persist, to spread, and to become

successful invaders (e.g., Elton 1958; Ricciardi and

Rasmussen 1998; Hayes and Sliwa 2003; Marchetti

et al. 2004; Devin and Beisel 2007). Much of this work
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has either focused on biological features such as size,

reproductive potential, generation time, and other life

history characteristics (e.g., Rejmánek and Richardson

1996; Devin and Beisel 2007), or has focused on

ecological aspects such as the ability of species to

withstand a wide range of environmental conditions

(e.g., Devin and Beisel 2007) or the escape of

introduced species from natural enemies that occur

in their native range (e.g., Wolfe 2002). However,

while proximate factors such as these may influence

the success or failure of a given species, these factors

are themselves to some extent controlled by other,

more fundamental factors, such as genetic constraints

or physiological condition as determined by foraging

success.

At the most basic level, all species are consumers of

resources. For this reason, the study of foraging has

made important contributions to ecology for many

decades (e.g., Elton 1927; Emlen 1966; Stephens and

Krebs 1986; Stephens et al. 2007). While interesting in

its own right, foraging is most significant as it relates

to or facilitates the success of consumer species. Most

studies that explore the foraging of invasive species

have focused on a top-down approach, seeking to

understand the impacts of foraging invaders on native

prey (e.g., reviewed for arthropods in Snyder and

Evans 2006). However, taking a bottom-up approach

to understand how foraging by invaders provides

energy for metabolic processes such as growth and

reproduction may better address core questions of

population survival and invasion success. In this paper

we present support for the hypothesis that foraging

patterns related to a specific invader play an important,

mechanistic role in determining their invasion success.

Here we examine several aspects of the foraging

ecology of a highly successful marine invader to

determine the role of foraging strategy in facilitating

this species’ success in the invaded range.

Crustaceans (crabs, shrimp, amphipods, etc.) are a

highly invasive group of marine organisms that have

had detrimental impacts in numerous coastal and

estuarine habitats around the globe (Carlton 2011). We

examine one such invader, the Asian shore crab

Hemigrapsus sanguineus. We focus on the invasion of

H. sanguineus on the North American east coast;

however, this species has also invaded the Mediterra-

nean Sea (Breton et al. 2002). H. sanguineus was first

noted in New Jersey in the late 1980s (Williams and

Mcdermott 1990) and quickly expanded its range from

North Carolina to Maine (McDermott 1997; Griffen

and Delaney 2007). It primarily inhabits intertidal

boulder and cobble habitats where it can occur in very

high densities (at times in excess of 100 individu-

als m-2, Brousseau et al. 2003; Kraemer et al. 2007).

It is an omnivore that has substantial consumer

impacts on its prey within the invaded area (Lohrer

and Whitlatch 2002; Tyrrell et al. 2006; Griffen and

Byers 2009).

Numerous studies have examined the diet and

foraging of H. sanguineus with the goal of under-

standing the impacts of this invader on the native prey

community (McDermott 1998a; Gerard et al. 1999;

Tyrrell and Harris 1999; Baurdeau and O’Connor

2003; DeGraaf and Tyrrell 2004; Brousseau and

Baglivo 2005; Tyrrell et al. 2006; Brousseau and

Goldberg 2007; Griffen and Byers 2009). Hemigrap-

sus sanguineus is sexually dimorphic and the larger,

more robust claws of males facilitate a broader diet

than is expected in females (McDermott 1998a). For

this reason, most of the above studies have focused

predominantly or exclusively on male crabs because

of their presumably larger impact on native prey

(especially mollusks). However, as stated above, to

understand the success of invasive species it is

necessary to shift the focus from the impacts of the

invasive consumer on the native prey community to

the impacts of the native prey community on the

invasive consumer. From this vantage point, repro-

ductive females are more immediately significant than

males for understanding population growth and suc-

cess. We therefore focus our study on adult females.

We examine four aspects of foraging that are

broadly observed in consumer species. First, we focus

on seasonal diet shifts. Temporal variation in resource

consumption has been demonstrated for a variety of

organisms and can reflect factors such as changing

resource availability (e.g., Smith et al. 1978), tempo-

rally variable interactions with competitors or preda-

tors (e.g., Persson and Hansson 1999), or energetic and

elemental requirements of the consumer (e.g., to

facilitate reproductive cycles, Kang and Poulet 2000).

Second, we examine diet changes with consumer size.

Diet and foraging strategies of consumers often

change throughout ontogeny, reflecting changes in

mass-specific energetic requirements (Brose 2010) or

changes in the morphology of the feeding apparatus

(Hardy 1924; Arim et al. 2010). Third, we investigate

individual diet specialization. Specialization in food
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or other resource use between individuals of a

population is widespread across all types of consumers

(Bolnick et al. 2003). This individual specialization,

particularly if linked to individual trait and/or vital rate

variation, can have important consequences for pop-

ulation stability (Lomnicki 1988), extinction risk

(Melbourne and Hastings 2008), and evolutionary

diversification (Dieckmann and Doebeli 1999), as well

as important implications for broader community

dynamics (Bolnick et al. 2011). Fourth, we determine

whether H. sanguineus finances reproductive efforts

using energy that is gained and stored prior to the

reproductive season (i.e., is a ‘capital breeder’) or

finances its reproductive efforts using the continual

supply of energy gained while foraging during the

reproductive process (i.e., is an ‘income breeder’).

These two alternative strategies that link foraging and

reproduction can have important implications for the

number of offspring that can be produced, which may

in turn influence invasion success (Tammaru and

Haukioja 1996).

Our goal is to examine the role of these four aspects

of foraging in the success of this prolific marine

invader. To do this we explore the implications of

these foraging strategies for reproduction, and thus the

implications for population growth.

Methods

Seasonal changes in diet

We collected female H. sanguineus on a monthly basis

from Odiorne Point State Park, New Hampshire. This

is a semi-exposed site that is characterized by extensive

intertidal boulder fields overlaying a substrate of sand

and shell. Crabs actively forage at this site from April

to October (extending in some years into November).

During the colder months of the year (November–

March), low water temperatures prohibit activity and

inactive crabs aggregate under rocks in shallow

subtidal and low intertidal areas (Griffen, pers. obs.).

To explore seasonal changes in diet, we therefore

sampled approximately 20 crabs monthly from April to

October 2009 (total n = 139). Hemigrapsus sanguin-

eus forage most actively during night time high tides

(Depledge 1984; Saigusa and Kawagoye 1997). We

therefore collected crabs during early morning reced-

ing tides in order to obtain crabs that had recently eaten

and whose guts were full. Digestion time for different

food types for H. sanguineus is unknown. However,

while different food types may digest at different rates,

these differences are likely to be persistent throughout

the year and therefore should not influence our

assessment of seasonal diet shifts using gut contents.

We collected crabs across a range of sizes each month

(6.1–32.5 mm carapace width) from approximately

0.5 m above mean lower low water along the same

100-m stretch of beach. Crabs were frozen at -80 �C

upon collection for later diet analysis.

From these crabs we assessed seasonal diet shifts in

two ways. First, we analyzed the contents of each gut

using a dissecting microscope. For each crab we

determined carapace width and gut fullness using a

qualitative scale from 0 (empty) to 4 (completely full).

We then determined the diet for each crab by

identifying and quantifying individual food particles

removed from the cardiac stomach using a dissecting

microscope. Finally, we determined percent herbivory

for each crab by spreading the contents of the stomach

evenly over a 100 point grid and determining the food

item that was closest to each point. The same person

performed all gut fullness and diet assessments in

order to standardize this process and ensure consis-

tency throughout the project. We explored changes in

diet across seasons and crab size using percent

herbivory in a linear model. (This same analysis

provided evidence used to explore diet shifts with crab

size as described below.) Our sampling was timed

each month to coincide with early morning low tides

and therefore do not reflect exactly evenly spaced

intervals. We therefore treat season in our analysis as a

continuous variable using day of the year on which

sampling occurred (e.g., the first sample took place on

April 29, corresponding to day 118). Our analysis

therefore included both season and crab size as

continuous predictor variables. Only crabs that had

food in their guts were used in this analysis (gut

fullness = 1–4, n = 112).

Second, we analyzed seasonal diet shifts using gut

size for the same crabs. For each crab, we measured

the width of the cardiac stomach to the nearest

0.05 mm. Gut size is a plastic trait, and is commonly

correlated with diet quality (Sibly 1981). The cardiac

stomach of brachyuran crabs, including H. sanguin-

eus, increases in size with percent herbivory (Griffen

and Mosblack 2011), likely because herbivorous crabs

require larger stomachs to meet nitrogen demands
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from an herbivorous diet that is generally poor in

nitrogen. We therefore measured gut width as mor-

phological evidence that the snapshots of individual

diet provided by the gut contents represent persistent

dietary trends for individual crabs. Statistically, we

first examined the relationship between crab size

(log[CW]) and gut size (log[gut width]) using reduced

major axis regression (RMA regression) for all crabs

combined (10 crabs were removed from this analysis

because their guts were immeasurable due to damage

during dissection). This type of regression is appro-

priate when examining allometric relationships in

which both the x and y variables are measured with

error (Rayner 1985). We then determined the residual

of each crab from this regression. Positive and

negative residuals indicate guts that are larger or

smaller than expected for a given size crab, respec-

tively. Preliminary inspection of the data suggested

nonlinearity in residual gut size across months. We

therefore fit a quadratic model to the data (Residual

* Intercept ? Season ? Season2) using the residual

from the RMA regression, and once again treating

season as a continuous predictor variable as described

above. If changes in gut size and percent herbivory

from gut contents show similar trends across months,

then this would suggest that the ‘snap-shot’ of

diet obtained using gut contents reflects persistent

trends.

Diet changes with crab size

We assessed changes in crab diet with crab size using

two methods. First, we included crab size (CW) in the

linear model of percent herbivory from gut content

analyses as described in the preceding section.

Second, we used stable isotopes on a subset of the

crabs used in the above analyses (n = 98). Hemigrap-

sus sanguineus consumes both plant and animal foods

at our field site, and detecting specific diets of

omnivores in coastal marine systems using stable

isotopes can be difficult. However, there is a general

difference in d15N between plants and animals at this

field site (d15N of animals = 8.409 ± 1.483%;

plants = 6.142 ± 1.372%; Griffen et al. 2011).

Under these conditions, stable isotopes can be used

to determine the relative level of herbivory in the diet

of individual animals (Post 2002). We determined the

d15N value of muscle tissue from the walking leg of

each crab using an Isoprime mass spectrometer

connected via continuous flow to a EuroVector

Elemental Analyzer. Three replicate samples of an

internal standard (USGS40) were run approximately

every 40 samples to calibrate the system and to

compensate for potential drift with time. The precision

for these standards was better than ±0.07 %. We

compared d15N values using an ANCOVA with month

treated as the main effect (to control for differences

that occur due to seasonal variation in d15N values

alone) and carapace width treated as the covariate. A

positive slope in this analyses would indicate that

d15N, and thus percent herbivory, varied with crab

size. A significant main effect would indicate that diet

changes across months. However, because the time-

scale for muscle tissue turnover in H. sanguineus is

unknown (and likely varies seasonally due to changes

in temperature-dependent metabolic activity),

monthly differences cannot be interpreted to under-

stand how diet changes seasonally.

Individual diet specialization

We determined individual diet specialization using

data from the gut content analyses described above

(see Methods: Seasonal changes in diet). We used a

measure of individual diet specialization known as the

proportional similarly index (PSi) originally devel-

oped for interspecific comparison by Schoener (1968)

and Feinsinger et al. (1981) and modified for intra-

specific comparisons of individuals by Bolnick et al.

(2002). The index compares the composition of an

individual’s diet to the composition of the diet for the

entire population, where the latter is essentially a

measure of the population’s total dietary niche width.

PSi will equal one for individuals that consume

resources in direct proportion to the population as a

whole, and will approach zero as individual special-

ization increases. We calculated this metric using the

freeware program IndSpec4 (Bolnick et al. 2002). The

benefit of using an individual index rather than

population indices which may be more commonly

employed (e.g., the total niche width, together with the

between-individual and within-individual compo-

nents, as proposed by Roughgarden (1972)) is that

the former allowed us to specifically include the size of

individual crabs as a predictor of individual diet

specialization in our analyses.

We determined whether individual diet specializa-

tion (PSi) varied across sampling months and crab size
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as follows. Visual inspection of graphs of PSi

suggested that this metric varied nonlinearly across

seasons. We therefore analyzed PSi across seasons

using polynomial regression. We did this by fitting a

linear, quadratic, and cubic model, treating season as a

continuous variable as described above (Crawley

2007). We then determined the most parsimonious

model using AIC (Burnham and Anderson 2002).

Finally, we determined whether PSi varied with crab

size using a linear regression with carapace width

treated as a continuous predictor variable. This

analysis only included crabs whose guts were at least

half full (gut fullness C2).

Income versus capital breeding

We determined whether H. sanguineus finances

reproduction using energy stores (capital breeder) or

whether it uses energy gained from foraging during the

reproductive process (income breeder). Lipids play an

important role in long term energy reserves and

vitellogenesis in crustaceans (O’Connor and Gilbert

1968), and the main lipid storage organ in crustaceans

is the hepatopancreas (Vonk 1960). Capital breeding

crustaceans therefore use lipid stores from the hepa-

topancreas for egg production, and as a result there is a

negative correlation between the mass of the hepato-

pancreas and the mass of the ovary ? eggs, as lipids

are transferred first from the hepatopancreas into the

ovary, and then are allocated into the eggs (Griffen

et al. 2011).

We looked for this negative relationship between

the mass of the ovary and the hepatopancreas in

H. sanguineus by collecting 180 adult female crabs

(12–24 mm CW) in August 2011 from Odiorne Point,

NH. August at this site is the height of the reproductive

season, and we collected both berried crabs and those

without eggs that may or may not have been in the

process of vitellogenesis. We dissected each crab and

determined separately the dry weight of the hepato-

pancreas, of the ovary ? eggs, and of the remainder of

the crab body. We then calculated the hepatosomatic

index (HSI) and the gonadosomatic index (GSI) for

each crab as mass of the hepatopancreas or the ovary

divided by the mass of the rest of the crab, respectively

(Kennish 1997; Griffen et al. 2011). These indices

provide a measure of organ size, standardized for

different sized individuals. We then used a linear

model with GSI as response variable and HSI

predictor variable to assess the relationship between

these two organs. A significant negative relationship

would be evidence of capital breeding (i.e., that lipids

and nutrients are being transferred from the hepato-

pancreas to the ovary), while the simultaneous pres-

ence of large gonads and a large hepatopancreas

within the same crab is strong evidence against capital

breeding. Conversely, income breeders may not have

any significant relationship between these two organs,

or may potentially have a positive relationship

between them if reproduction and energy storage are

both positively influenced by food intake.

Experiment to examine implications of diet choice

Finally, as a means of understanding the potential

ecological benefits underlying diet shifts by these

crabs, we conducted a field experiment to examine

energetic and reproductive implications of different

diets. Our experiment capitalized on an interesting

aspect of crab biology: reproduction in decapod

crustaceans is under the control of gonad-inhibiting

hormone that is produced from a gland located in the

eyestalk (Adiyodi and Adiyodi 1970). Removal of the

eyestalk in many crab species (eyestalk ablation)

eliminates this hormone and therefore stimulates

vitellogenesis and potentially the extrusion of eggs

within 2–3 weeks (Demeusy 1962; Bliss 1966). Eye-

stalk ablation does not have the same effect on all

crabs (it instead induces molting in some species);

however, a preliminary study indicated that unilateral

eyestalk ablation (removal of just one eye) stimulated

vitellogenesis in H. sanguineus.

We experimentally imposed both diet differences

and eyestalk ablation to examine how diet influenced

reproductive capacity and energy storage both during

reproduction and during non-reproductive periods.

We collected 24 female H. sanguineus (CW =

19.8 ± 3.2 mm, mean ± SD) intertidally from Odi-

orne Point and performed unilateral eyestalk ablation

on half of these crabs. We then randomly assigned

each crab to one of three diet treatments: mussels

(Mytilus edulis), algae (Ulva lactuca), or a mixed diet

of both mussels and algae. This resulted in 4 crabs per

food treatment with eyestalk ablation and 4 per food

treatment without eyestalk ablation. The food sources

selected for this experiment were chosen because they

were commonly observed in gut content analyses, and

while red algae was observed in guts slightly more
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than green algae, the green alga U. lactuca is the

preferred plant food of H. sanguineus (Tyrrell and

Harris 1999; Brousseau and Baglivo 2005). We

provided fresh food in excess daily, removing uneaten

food from the previous day. We ensured that crabs in

the mixed diet treatment consumed both food types by

offering only a single food type each day, alternating

mussels and algae on successive days. Crabs were

housed individually in 500 ml polypropylene contain-

ers with mesh sides, and all containers were placed in a

steel mesh cage that was suspended at a depth of 1 m

from a dock on the New Hampshire coast. Crabs were

maintained under these conditions for 21 days, after

which we dissected each and determined the amount

of the body weight allocated to the gonads (using the

gonadosomatic index, GSI) and to the hepatopancreas

(using the hepatosomatic index, HSI) (Kennish 1997).

We analyzed the results using separate two-way

ANOVAs for GSI and HSI, with ablation (yes/no)

and food (mussels, algae, mixed) as fixed factors in

each analysis.

Results

Seasonal changes in diet

Consistent with previous studies that have examined the

diet of H. sanguineus, we found based on gut content

analyses that H. sanguineus at Odiorne Point was

omnivorous, consuming macroalgae (56.3 ± 34.2 %

herbivorous) and a variety of animal prey (Table 1).

With the exception to an unexplained outlier to the trend

in August, percent herbivory generally decreased

throughout the foraging season, from a high in April

and May, to a low in the summer months (linear model,

effect of season t value = -2.82, P = 0.006, Fig. 1a).

This ‘snap shot’ finding from gut content analysis was

further supported by time-integrated diet patterns

detectable using gut size. Specifically, residual gut size,

after accounting for crab size, was also greatest in the

spring months and decreased nonlinearly as the year

progressed so that it was at its smallest in the summer

months, suggesting persistently lower herbivory during

summer months (quadratic model, t value for linear

term = -3.58, P = 0.0005; t value for quadratic

term = 3.29, P = 0.001; overall model P = 0.0001,

Fig. 1b).

Diet changes with crab size

Gut content analyses that reflect short term diets and

stable isotopes that indicate longer term, time-inte-

grated estimates of diet showed opposite trends with

crab size. Specifically, we found a very weak trend for

increasing herbivory with crab size based on gut

contents (linear model, t value = 2.32, P = 0.022,

Fig. 2a). In contrast, stable isotopes indicated a strong

decrease in herbivory with crab size, evidenced by

increasing d15N values with crab size (ANCOVA,

covariate CW, F1,84 = 32.49, P � 0.0001, Fig. 2b).

Stable isotopes also indicated that diet changes across

sampling months (ANCOVA, main effect of month,

F6,84 = 28.53, P � 0.0001, Fig. 2b); however, with-

out knowing the tissue turnover rates for H. sanguin-

eus muscle and how these change with seasonal

temperature changes, this result is not interpretable

beyond recognizing the implication that diets change

seasonally, consistent with results presented above.

Individual diet specialization

We found that the amount of individual diet specializa-

tion varied seasonally. The general pattern was high

levels of specialization (PSi closest to zero) in spring and

fall, and similar consumption across the population as a

whole in the summer (Fig. 3). The exception to this

pattern was the very similar consumption across the

population as a whole in April when crabs initially began

to feed following winter inactivity (Fig. 3, DAIC of

linear: 10.92, quadratic: 12.73, and cubic models: 0.0,

Fig. 3). However, closer inspection of the raw data

indicated that high values of PSi in April actually

reflected high levels of specialization on a single food

resource (red algae) across the entire group of sampled

crabs. Thus, even though there was a very high level of

individual diet specialization for each crab, there was

strong diet overlap among theentire population of female

crabs during that month because they all specialized on

the same food source (Table 1), resulting in high PSi

values. Further, specialization did not vary with changes

in crab size (linear model, t = 0.46, P = 0.65).

Capital versus income breeding

We found no correlation between the mass of the

gonads (GSI) and the mass of the hepatopancreas

(HSI) for H. sanguineus, consistent with this species
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being an income breeder (F1,178 = 1.95, P = 0.165,

Fig. 4). This conclusion was supported even more

strongly when the analysis was conducted after

excluding all nonreproductive crabs (i.e., including

only those that were vitellogenic or berried and thus

had GSI C 0.02) (F1,88 = 0.002, P = 0.97, Fig. 4).

Experiment to examine implications of diet choice

Our experimental manipulations demonstrated that

unilateral eyestalk ablation elicited vitellogenesis, as

indicated by the increased value of the gonadosomatic

index (two-way ANOVA on GSI, main effect of

Table 1 Proportion of female Hemigrapsus sanguineus sampled in 2009 from Odiorne State Park, NH that had different food items

in their guts

Month Size Red

algae

Green

algae

Coraline

algae

Barnacles Mussels Crustaceans Other

animals

Detritus Number

April B10 – – – – – – – – 0

11–15 1 0 0 0 0 0 0 0.8 5

16–20 1 0 0 0 0 0 0 1 4

21–25 1 0.5 0 1 0 0 0 1 2

[25 1 0.5 0 0 0 0 0 0.5 2

May B10 0 1 0 0 0 1 0 0 1

11–15 1 0.5 0 0 0 0 0 0.5 4

16–20 0.66 0.33 0 0 0 0.33 0 0.66 3

21–25 0.5 0.5 0.25 0 0 0.25 0 1 4

[25 0.5 1 0 0 0 0 0 1 2

June B10 – – – – – – – – 0

11–15 0.5 0 0 0 0 0 0 1 1

16–20 0.5 1 0 0.25 0.25 0 0.5 0.75 4

21–25 0.4 0.8 0.4 0 0 0 0.8 0.8 5

[25 0.66 0.66 0.33 0 0 0 0.66 0.66 3

July B10 – – – – – – – – 0

11–15 0 1 0.25 0 0 0 1 1 4

16–20 0.8 0.8 0 0 0 0 0.6 1 5

21–25 0.75 1 0.25 0 0 0 0.75 0.75 4

[25 – – – – – – – – 0

August B10 – – – – – – – – 0

11–15 – – – – – – – – 0

16–20 0.89 0.44 0.22 0.11 0.11 0 0.78 0.67 9

21–25 1 1 0 0 0 0 0.5 0.5 2

[25 1 0 0 0 0 0 1 0 1

September B10 0.5 0.75 0 0 0 0 0.5 1 4

11–15 0.5 0.25 0.25 0 0 0 0.25 1 4

16–20 0.75 0.25 0 0 0 0 0.25 0.5 4

21–25 – – – – – – – – 0

[25 – – – – – – – – 0

October B10 – – – – – – – – 0

11–15 1 0 0 0 0 0 0 1 1

16–20 0.7 0.9 0.2 0 0 0.1 0.6 0.6 10

21–25 0.62 0.75 0.13 0.13 0 0.38 0.13 0.63 8

[25 0.5 0.5 0.5 0 0 0 0 0.5 2

Crabs with empty guts were not used to determine proportions. Dashes indicate no crabs of that size were sampled
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ablation F1,18 = 9.61, P = 0.006, Fig. 5a). Addition-

ally, a mixed diet of mussels and algae resulted in

more reproductive effort than did either diet alone

(two-way ANOVA on GSI, main effect of diet

F2,18 = 11.16, P \ 0.001, followed by Tukey HSD

test, Fig. 5a). The interaction term in the ANOVA on

GSI was also significant (F2,18 = 7.09, P = 0.005), as

relative gonad size was very small for individuals

without eyestalk ablation that consumed only algae,

while this diet did not have this same effect when

eyestalk ablation was performed (Fig. 5a).

In terms of energy storage, unilateral eyestalk

ablation in H. sanguineus also resulted in increased

energy storage within the hepatopancreas (two-way

ANOVA on HSI, main effect of ablation F1,18 = 9.59,

P = 0.006, Fig. 5b). The inclusion of mussels to the
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diet, either as the sole food source or in combination

with algae, resulted in increased energy storage (two-

way ANOVA on HSI, main effect of diet F2,18 =

10.97, P \ 0.001, followed by Tukey HSD test,

Fig. 5b). The interaction term in this analysis was

not significant (F2,18 = 0.37, P = 0.70).

Discussion

The success of any consumer species, be it invasive or

native, depends critically on its ability to acquire

necessary resources for growth and reproduction.

Many decades of work demonstrate large differences

not just in individual species diets (carnivores, herbi-

vores, detrivores, etc.), but fundamental differences in

the foraging strategies of different species. These

foraging differences may ultimately determine

whether, once introduced, a species can successfully

establish, spread, and succeed in a novel environment.

We have examined four aspects of foraging by adult

females of the invasive Asian shore crab, Hemigrapsus

sanguineus, and have demonstrated the presence of

clear foraging strategies. Below we suggest how each

of these foraging strategies may contribute to popula-

tion growth and success of this species as an invader.

Seasonal changes in diet

Dietary requirements frequently change through time

with seasonal patterns of reproduction. The ability of

an introduced species to make appropriate diet

choices to meet these requirements is necessary for

its success in the novel habitat. We found that female

H. sanguineus change their diet throughout the foraging

season, becoming less herbivorous during the summer

reproductive months (June–August, Fig. 1). Increased

herbivory in August based on gut contents (Fig. 1a)

were not supported by longer term trends determined

by gut size (Fig. 1b), and could therefore potentially

reflect a sampling artifact. We did not determine food

availability at each sampling date because of the high

spatial heterogeneity in prey resources at our sampling

site and throughout the region, and because of the high

mobility of H. sanguineus relative to habitat hetero-

geneity (Brousseau et al. 2002). However, animal prey

that are commonly consumed by H. sanguineus,

including mussels (Lohrer and Whitlatch 2002) and

barnacles (Brousseau and Goldberg 2007), are often
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more common during summer months due to recruit-

ment pulses that occur in the spring for barnacles and

mid-summer for mussels at this site (Griffen and Byers

2009). This temporal diet shift may therefore reflect

prey selection and/or greater availability of animal

prey during summer months. Regardless of the reason

for the shift in terms of availability, results of our

eyestalk ablation experiment demonstrate that the shift

to include more animal tissue in the diet enhances both

reproductive output and energy storage (Fig. 5). This

seasonal diet shift during the reproductive season

likely increases the number of propagules in the

system, and may facilitate the success of this species.

Similar decreases in herbivory leading up to repro-

duction have been demonstrated in other grapsid crabs

(Kennish 1996). This seasonal diet shift may further

explain why studies that have quantified the consump-

tive impacts of H. sanguineus on the native prey

community, but that have been conducted at different

times of the year, have reported very different impacts

of this invasive species (Tyrrell et al. 2006; Brousseau

and Goldberg 2007; Griffen and Byers 2009).

Diet shifts can occur over different time scales and

for different reasons than the seasonal diet shift that we

documented here. Diet shifts have also been observed

in other invasive species, with important implications

for the success or failure of these species. For instance,

black rats on Surprise Island in New Caledonia shifted

their diet over time to match the temporally inconsis-

tent availability of seabird and sea turtle prey, a

strategy that was essential to the persistence of this

invader in its new habitat (Caut et al. 2008). Dietary

changes can also be detrimental to invasive species,

contributing to their inability to succeed in invaded

regions. For example, in the northeastern USA where

the invasive European green crab Carcinus maenas

and H. sanguineus overlap, C. maenas alters its diet to

consume less animal tissue and more algae (Griffen

et al. 2008) with subsequent detrimental impacts on

reproduction that may have contributed to the decline

of C. maenas with the arrival of H. sanguineus

(Griffen et al. 2011). Temporal shifts in diet selection

can therefore have important positive and negative

consequences for the success of invasive species.

Diet changes with crab size

According to the long-term trends seen from stable

isotopes, we found that female H. sanguineus become

less herbivorous as they grow larger (Fig. 2). A

minimum cutoff level of animal consumption is

required in this species for optimal growth (likely

because a purely herbivorous diet provides insufficient

nitrogen to produce a new carapace with each molt);

however, once this minimum level has been met, it is

not clear that additional animal consumption provides

additional growth benefits (Griffen et al. 2008). The

shift to include more animal tissue in the diet with crab

size may therefore reflect shifting size-specific nutri-

tional requirements, and may also reflect greater

capability of large individuals to find and handle

animal prey. The ability of this species to persist

largely on an herbivorous diet during early juvenile

stages may facilitate the very high densities that have

contributed to this species’ success. H. sanguineus is

found in many areas at very high densities (in excess of

100 ind. m-2, Brousseau et al. 2003; Kraemer et al.

2007), and the majority of the population at these high

densities is generally comprised of juvenile individ-

uals (Kraemer et al. 2007). Consumption rates of

juvenile H. sanguineus have not, to our knowledge,

been documented. However, stomach size can be used

as a reliable proxy for relative consumption rates

in brachyuran crabs (Griffen et al. 2011), and

H. sanguineus has a relatively large gut compared to

other brachyurans, suggesting relatively high con-

sumption rates. As H. sanguineus densities increase,

the density of animal prey often decreases (Lohrer and

Whitlatch 2002; Griffen and Byers 2009). Lower

animal consumption by small crabs shown here

therefore likely reduces the impact of this species on

its animal prey, thus minimizing conspecific exploit-

ative competition. Low exploitative competition

likely works together with the near absence of

interference competition (Griffen and Delaney 2007)

and with low levels of cannibalism (Griffen and Byers

2009) to facilitate the very large population sizes that

have been observed.

Results here have implications not only for under-

standing the success of invasive species but also for

understanding their impacts. Studies on invasive

consumers often focus on a single size/age class. For

example, numerous studies exploring the impacts of

H. sanguineus have examined only adult crabs (e.g.,

Gerard et al. 1999; Tyrrell and Harris 1999; Lohrer

and Whitlatch 2002; DeGraaf and Tyrrell 2004;

Tyrrell et al. 2006). Given the predominance of small

individuals in most dense populations and the diet shift
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with crab size documented here, assessing the popu-

lation consumptive impacts of H. sanguineus by

extrapolating from diets of large individuals only

may provide inaccurate assessments.

Individual diet specialization

The ability of individuals to specialize on foods that are

locally available may contribute to the successful

invasion by generalist consumers. We found that

individual specialization is common among female

H. sanguineus, but that the level of individual special-

ization changes seasonally (Fig. 3). The degree of

individual diet specialization encountered here is within

the range previously documented for other species, and

adds to the growing list of systems where individual diet

specialization has been documented (Bolnick et al.

2003), providing one of the few examples of individual

specialization in crustaceans (Araújo et al. 2011).

However, this is the first study to demonstrate that the

degree of individual diet specialization is not a static

characteristic of populations. In general, we found that

individual specialization decreased during the summer

months, but that individuals became more specialized in

the spring and fall. This may reflect the seasonal diet

shift documented above towards lower herbivory in

summer reproductive moths (Fig. 1). Additionally, it

may also reflect reduced motility of individuals in colder

spring and fall months combined with patchy food

resources at the site.

Results of this study have implications for popula-

tion dynamics of consumer species, regardless of

invasive status. Individual variation in vital rates is

one of the primary determinants of population stability

(Lomnicki 1988) and thus extinction risk (Connor and

White 1999; Fox and Kendall 2002; Kendall and Fox

2002, 2003; Fox 2005; Vindenes et al. 2008). Empir-

ical evidence demonstrates that individual variation

can be one of the most important drivers of extinction

risk (Melbourne and Hastings 2008). A close link

necessarily exists between food consumption, diges-

tive metabolic processes, and resultant vital rates such

as growth, reproduction, and mortality. Individual

variation in vital rates is therefore likely tied to

individual variation/specialization in diet. Our study

demonstrates that this individual variation cannot be

assumed to be constant within a population, but rather,

it can vary temporally even within a single generation

(Fig. 3). This implies that researchers should consider

vital rates across a sufficiently long time scale to

integrate temporal variability in diet.

Capital versus income breeding

Previous efforts to detect biological characteristics of

successful invaders have examined population growth

rate potential that results from reproductive output

(e.g., Leger and Rice 2003). Individual reproductive

output and population growth potential are influenced

by which general foraging/reproductive strategy is

employed (income vs. capital breeding). The precise

link between foraging strategy and reproductive

potential may differ across phylogenetic groups, even

within arthropods that include many important groups

of invasive species. For instance, Tammaru and

Haukioja (1996) argued that capital breeding species

of Lepidopteran insects are capable of more explosive

outbreaks than income breeding species. In contrast,

for crustaceans, use of capital versus income strategies

may influence the number of clutches that can be

produced by a single individual, and thus the capacity

for population growth. For capital breeders, the amount

of energy reserves that can be stored in the parent

ultimately constrains the number of offspring per

reproductive season that can be produced. For exam-

ple, the invasive European green crab Carcinus

maenas is a capital breeder (Griffen et al. 2011)

capable of producing only a single clutch per season in

its western Atlantic invaded range (Audet et al. 2008).

Income breeders on the other hand, such as

H. sanguineus (Fig. 4), finance reproduction using

energy gained during the reproductive process, sug-

gesting that this may contribute to their ability to sustain

a longer reproductive effort each year by producing

multiple clutches (McDermott 1998b). Thus, the capa-

bility for explosive growth in invasive species may be

closely tied to the strategy of energy use during

reproduction, and whether that energy is acquired prior

to or during reproduction. This same argument has been

made for the explosiveness of population growth in

noninvasive species (Tammaru and Haukioja 1996).

Conclusions

Foraging patterns and food consumption are notoriously

idiosyncratic characteristics of populations. Foraging by

a single species may be location-specific, depending on
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local food availability and community interactions. This

fact suggests that foraging strategies may provide

substantial information for understanding idiosyncratic

invasion success. Species that are introduced to multiple

sites, or that are introduced to the same site on multiple

occasions, may fail to establish at some places or at some

times, while succeeding in establishing at others. As an

example, Veltman et al. (1996) provide data on success

and failure of introductions for 79 different bird species

introduced to New Zealand on 496 occasions combined.

The fact that a single species may at times succeed,

while in other times or places failing to establish upon

introduction, suggests that relatively static characteris-

tics of species such as life history characteristics or

breadth of environmental tolerance may not be the

primary determinants of success or failure. Rather,

relatively plastic characteristics, such as foraging strat-

egy, may often play a prominent role in determining

success under these diverse conditions. For example, the

diet of H. sanguineus differs between native and

introduced ranges, reflecting diet plasticity to take

advantage of the available food sources (Lohrer et al.

2000). Similarly, in an analysis of 71 introduced fish

species to California (49 successful introductions and 22

unsuccessful), Marchetti et al. (2004) found establish-

ment success in the novel habitat was predicted best by

models that included trophic status of the introduced

species. Thus, the level of foraging/diet flexibility and

the potential to match aspects of foraging ecology to

requirements established by the new habitat and com-

munity are likely key determinants of invader success.

Finally, foraging is certainly not independent of life

history characteristics or of environmental tolerance,

but intimately interacts with these factors. Understand-

ing how foraging strategies influence metrics such as

reproduction or environmental tolerance can therefore

provide an additional source of information to improve

understanding of invasive species and to potentially

enhance predictive power about the success and failure

of introduced species.
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