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Abstract Assessing the implications of species

invasion for native communities requires determining

whether effects of invaders are novel, or are redun-

dant with effects of species that are already present.

Using a pair of field experiments conducted over two

successive years, we examined factors that influence

community impacts of a recent predatory crab

invader (Hemigrapsus sanguineus) and a previously

established invasive crab (Carcinus maenas) on New

England coasts. We demonstrate that effects of these

species differ temporally with changes in the ambient

prey community, and are influenced by density

differences between the two species and by different

strengths and types of indirect effects that each

elicits. Our study highlights the importance of

including bottom-up processes (i.e., prey recruitment)

when examining the redundancy of consumers.
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Introduction

Invasive species can alter species composition or

richness in invaded areas by causing extinction of

native species (Clavero and Garcia-Berthou 2005),

replacing previously established non-native species

(Lohrer and Whitlatch 2002a), or increasing local

species diversity (Sax 2002; Sax and Gaines 2003).

These changes may in turn have important conse-

quences for ecosystem function (Parker et al. 1999;

Hooper et al. 2005). Whether a new invader alters

ecosystem function depends largely on the novelty of

its effects within the invaded community (Crooks

2002). If its effects are redundant with those of

species already present (sensu Lawton and Brown

1993), then impacts of the introduction on the wider

native community may be small. Ultimately, the level

of understanding needed for many conservation goals

is to assess the redundancy of invading species at the

community level (Byers et al. 2002).

Effects of invasive populations are often deter-

mined by scaling up from per capita measurements

made using single individuals, or several individuals

of the same size, sex, etc. (e.g., Rossong et al. 2006;

Schooler et al. 2006). This can be problematic when

per capita effects scale nonlinearly due to intraspecific

interactions (e.g., Byrnes and Witman 2003), or when

per capita effects are age, size, or sex specific within a

demographically heterogeneous population (e.g.,

Bergmann and Motta 2005). Further, with the notable

exception of plant invaders and a limited number of
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studies on animal invaders (e.g., zebra mussels:

Karatayev et al. 2002; fire ants: Sanders et al. 2003),

impacts of invasive species on entire communities,

rather than on just one or two focal native species,

have rarely been quantified (Parker et al. 1999).

Study system

Two invasive predatory crabs, the European green

crab Carcinus maenas and the Asian shore crab

Hemigrapsus sanguineus, can strongly affect native

communities on the east coast of North America. C.

maenas was introduced to the western Atlantic in the

mid 1800’s and now ranges from Nova Scotia to

Maryland (de Rivera et al. 2005), where it affects the

native community both through direct consumption

(Glude 1955, Richards et al. 1999; Lohrer and

Whitlatch 2002b; Whitlow et al. 2003) and through

altering behavior and morphology of native species

(Hadlock 1980; Seeley 1986; Trussell et al. 2003;

Freeman and Byers 2006). The more recently intro-

duced crab, H. sanguineus, was first noted in New

Jersey in 1988, spread quickly, and now ranges from

central Maine to North Carolina (McDermott 1998).

Populations of this new invader are often very dense,

and a recent survey of 30 sites throughout New

England found that mean densities of H. sanguineus

were approximately six times higher than current and

historic C. maenas densities (Griffen and Delaney

2007). Recent studies imply that H. sanguineus may

have broad impacts on the native community (Tyrrell

and Harris 1999; Ledesma and O’Connor 2001;

Bourdeau and O’Connor 2003; Brousseau and Bag-

livo 2005), as well as large species-specific effects on

bivalve prey (Lohrer and Whitlatch 2002b).

While C. maenas is found in a broader range of

habitats, both species are found abundantly in rocky

intertidal areas. Negative interactions between these

species are common (Jensen et al. 2002; Griffen 2006;

Griffen and Byers 2006b), and the spread of dense

H. sanguineus populations has apparently caused the

disappearance of C. maenas from most rocky inter-

tidal habitats in Long Island Sound (Lohrer and

Whitlatch 2002a; Kraemer et al. 2007). H. sanguineus

populations in the Gulf of Maine are also on the rise

and a similar species replacement may be in progress

in these northern regions (Griffen and Delaney 2007).

The observed and predicted replacements of

C. maenas by H. sanguineus underscore the need to

determine the relative impacts of these species on

intertidal communities. Previous studies have com-

pared the impacts of these species by examining diets

using gut contents (Lohrer et al. 2000a) and food

preferences (Tyrrell and Harris 1999). Multiple

studies have experimentally compared consumption

rates on individual prey taxa (Lohrer and Whitlatch

2002b; DeGraaf and Tyrrell 2004; Griffen and Byers

2006a) or have examined broader predatory impacts

using small numbers of crabs of the same size and sex

over short time frames (Tyrrell et al. 2006).

However, several factors not accounted for in

previous studies may influence the population

impacts of these species on the invaded community.

First, negative interactions between these species can

alter their impacts in areas where they still coexist

(Jensen et al. 2002; Griffen 2006; Griffen and Byers

2006b; Griffen and Byers 2006a; Griffen et al. 2008).

Second, the densities of each species vary widely,

with maximum H. sanguineus densities that are many

times higher than C. maenas densities (Lohrer and

Whitlatch 2002a; Griffen and Delaney 2007). Fur-

ther, density-dependent intraspecific interference is

stronger for C. maenas than for H. sanguineus

(Griffen and Delaney 2007). Impacts of C. maenas

may therefore increase more weakly with increasing

crab density. Third, the impacts of these omnivores

on the native prey community may be influenced by

temporal variation in environmental conditions and

prey availability (Elner 1980). Thus the redundancy

of the two species may not be constant, but may vary

as the prey community fluctuates. And fourth,

indirect effects can occur as both carnivorous and

herbivorous snails alter foraging in the presence of

the invasive crab predators (Trussell et al. 2002;

Trussell et al. 2003). In this study, we used field

experiments to examine how each of these factors

influences the overall impacts of C. maenas and

H. sanguineus on the invaded community.

Methods

Experimental design

We conducted two field enclosure experiments in

2005 and 2006 to examine the factors influencing

community impacts of invasive predatory crabs on

rocky New England shores. The semi-exposed study
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site at Odiorne Point, New Hampshire, U.S.A., is

dominated by cobble and boulders. Fully enclosed

cages (0.6 9 0.45 9 0.3 m) constructed of lobster

wire and lined with 0.5 cm plastic mesh were placed

along a 50 m stretch of beach at approximately 0.3 m

above mean low water where C. maenas and H.

sanguineus are found in high abundances. Cages were

deployed each year in the beginning of April. Five to

eight small boulders were placed inside of each cage

in order to standardize the total abundance of

naturally occurring flora and fauna. This standardi-

zation process was greatly facilitated by the low

species richness found in New England rocky inter-

tidal sites (Menge 1976). Additionally, we allowed

communities contained inside cages to equilibrate for

six weeks without crab predators (until mid-May) and

then randomly assigned treatments to cages to avoid

biasing our results.

Dominant prey species that were followed in this

study included three species of red algae (Chondrus

crispus, Mastocarpus stellatus, and Polysiphonia

lanosa), two groups of brown algae (Fucus sp. and

Ascophyllum nodosum), the barnacle Semibalanus

balanoides, the mussel Mytilus edulis, the carnivorous

whelk Nucella lapillus, and two herbivorous snails

Littorina littorea and Littorina obtusata. Small,

highly mobile prey that could pass through cage mesh

such as amphipods and isopods were not explicitly

examined due to the difficulty of accurately quanti-

fying these species. However, these are readily

consumed by both crab species (Griffen and Byers

2006b; Griffen and Byers 2006a), and likely provided

an additional food source for crabs in our experiments.

Experiments during each year tested different

factors (Table 1). In 2005 we examined how interac-

tions between the crab species influenced their overall

impacts on the prey community. Four different treat-

ments were each replicated eight times: 10 C. maenas,

10 H. sanguineus, 5 C. maenas + 5 H. sanguineus, and

a no crab control. These densities are consistent with

those quantified at our field site and at other sites where

both species are common (Griffen et al. 2008).

In 2006 we examined the influence of conspecific

predator density on community impacts of C. maenas

and H. sanguineus. Treatments including 10, 20, and

40 individuals of each species alone (n = 4), and a no

crab control (n = 3) (Table 1). The lowest density

(37 m-2) was chosen to represent C. maenas’ carry-

ing capacity (Lohrer and Whitlatch 2002b) and the

highest density (148 m-2) was chosen to roughly

approximate H. sanguineus’ carrying capacity

(Kraemer et al. 2007), thus allowing an explicit

comparison of the population level effects of these

two species. This four-fold difference is less than the

six-fold differences in mean densities throughout

their invaded ranges (Griffen and Delaney 2007), and

thus provides a conservative comparison of density-

scaling in the effects of these two species.

We did not initially intend to examine how

variation in prey abundance across years influenced

crab impacts. However, large differences in recruit-

ment of several important prey species occurred

between 2005 and 2006 and were important in

interpreting our results. We therefore examined both

temporal variation due to changes in prey availability

and the influences of indirect effects using data from

both the 2005 and 2006 experiments.

Our goals were to compare the relative effects of

these two crabs by comparing the community in their

presence/absence and at different relative densities.

Further, our aim was to increase tractability and to

isolate impacts of each crab species independent of

effects by other predators (fish, birds, etc.). Compar-

ing the communities in fully enclosed cage treatments

with crabs against those without crabs accomplished

each of these goals. As such, results of these

experiments are intended to represent the relative,

not absolute impacts of these species.

All crabs were collected by hand on site at Odiorne

Point. We used a 50:50 sex ratio and a range of sizes

Table 1 Experimental designs used to examine the impacts of predation by Carcinus maenas (C) and Hemigrapsus sanguineus (H)

Year Treatments (no. crabs per cage) No. of Reps. Addition of drift algae?

2005 10 C, 10 H, 5 C + 5 H, None 8 No

2006 10 C, 20 C, 40 C, 10 H, 20 H, 40 H, None 4* Yes

* Except control treatment, which was replicated 3 times

Experiments ran from beginning of April to mid October each year within field enclosure cages (0.6 9 0.45 9 0.3 m)
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of both species in each treatment, mimicking popu-

lation demographics at our field site. Specifically, we

used a 7:2:1 ratio of small:medium:large crabs, where

small, medium, and large C. maenas were 12–18,

20–25, and 40–55 mm carapace width (CW), respec-

tively, and H. sanguineus were 12–15, 20–25, and

29–34 mm CW, respectively.

At monthly intervals the contents of each cage

were monitored and missing crabs were replaced.

This monthly interval was chosen as a compromise

between maintaining experimental crab densities and

minimizing disturbance to the experiments. Crabs

could not pass through cage mesh, and missing crabs

thus resulted from cannibalism and intraguild preda-

tion rather than escape (this was verified by the

presence of carapace fragments found inside of

enclosures). While treatments with 20 and 40

C. maenas exceed natural densities of this species,

this facilitated comparison between species without

confounding density differences. Maintaining con-

stantly high densities likely elevated the influence of

aggression between crabs (which we quantified – see

cannibalism), but was necessary to examine the long

term impacts of these species at the high densities

that have been reported (e.g., Lohrer and Whitlatch

2002b).

During the 2006 experiment we also mimicked the

availability of allocthanous drift algae as a potential

food source by placing 20 g of Chondrus crispus (the

most abundant species of drift algae at our field site)

in each cage at monthly intervals. At monthly

maintenance periods, remaining C. crispus from the

previous addition was subsequently removed,

weighed, and replaced with fresh algae. We included

drift algae because it may reduce impacts on the

intertidal community by providing an alternative food

for crabs. However, because it is allocthanous rather

than a resident of the intertidal community, we

analyzed its response separately (two-way ANOVA

on loss of algal mass with crab species and crab

density as fixed factors).

The experiment was terminated each year in mid-

October. The experimental duration (May-October)

thus encompassed the portion of the year when active

foraging by these species is greatest (Elner 1980). We

collected the contents of each cage, including all

flora, fauna, and shell fragments. In the laboratory,

the number of each species of animal was assessed

(live and dead). Herbivorous and carnivorous snails

were enumerated in large and small categories, with

the distinction between sizes set by the ability to pass

through the 0.5 cm mesh used on experimental cages.

Algae were separated by species and the wet weight

determined. We also assessed predation by the whelk

Nucella lapillus on mussels (using characteristic drill

holes in mussel shells) and barnacles (using empty

barnacle tests) in order to quantify indirect effects of

crab presence. The abundance of live barnacles,

empty barnacle tests, mussel recruits (which settled in

July-August of each year and were distinguished

from initial mussels by their small size,\1 mm), and

fucoid algae recruits inside each cage were deter-

mined by counting the number within 156 cm2

quadrats placed on each of five separate boulders

(at the site of highest barnacle density on each

boulder).

Statistical analyses of overall impacts on the prey

community

Our primary goal was to examine factors that

influence the effects of C. maenas and H. sanguineus

on the native community. We therefore analyzed the

data from each year using MANOVAs combined

with planned linear contrasts (detailed below) to

examine the impacts of different predator treatments

across all prey types (using red algae, brown algae,

mussels [log transformed], barnacles, L. littorea,

L. obtusata, and N. lapillus as response variables).

When these whole-community analyses indicated a

significant difference in the impacts of the two crab

species, we then used post hoc comparisons to

examine the impacts of specific predator treatments

on each prey type individually.

In 2005 we used a one-way MANOVA with

predator treatment as a fixed factor (four levels:

C. maenas only, H. sanguineus only, both species

together, no-crab control) to compare the impacts of

the two species, both when they foraged alone and

when they foraged together. This was followed by

three planned linear contrasts: C. maenas vs.

H. sanguineus, C. maenas vs. both species together,

and H. sanguineus vs. both species together. Because

these contrasts indicated that community impacts

differed across treatments, we used post hoc ANO-

VAs and Tukey’s tests to compare the difference in

each prey type individually across the three predator

treatments.
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In 2006 we used a two-way MANOVA with

predator species (two levels) and predator density

(four levels) as fixed factors. This was followed by

post hoc individual two-way ANOVAs (with the

same factors) for each prey type. The treatments used

also allowed us to examine the overall impacts of C.

maenas and H. sanguineus while accounting for

natural differences in their equilibrium population

sizes. We therefore followed each ANOVA with

planned linear contrasts to compare the effects of 10

C. maenas and 40 H. sanguineus on each prey type.

We examined how the impacts of C. maenas and

H. sanguineus varied across years using data from

both years when 10 individuals of either species

foraged alone. We used a two-way MANOVA with

predator species and year (each with two levels) as

fixed factors. This was followed by planned linear

contrasts to compare redundancy in the overall

impacts of the two species within each year.

We also compared the importance of cannibalism for

each species at different densities using ANOVA on

mean percent monthly mortality of crabs in 2006, with

species and density as fixed factors. In addition, we

compared the importance of cannibalism between years

using data from both years when 10 individuals of either

species foraged alone. We used a two-way ANOVA

with predator species and year as fixed factors.

Statistical analyses of indirect effects

Our study system and design allowed us to examine

the contribution of the indirect effects of these

predators to their overall impacts on the community

within our experiments. Several indirect effects

potentially occur within our system, although the

number of important pathways is limited by the

relatively low species richness of the Gulf of Maine

intertidal. We focus here on indirect effects that have

previously been documented for C. maenas or that

are likely to be important given our experimental

community and the diet preferences of these crabs.

Understanding the relative strengths of indirect

effects of C. maenas and H. sanguineus may help

to mechanistically explain differences in the overall

community-level impacts of these species.

First, crabs can influences food consumption by

carnivorous snails (Trussell et al. 2002; Trussell et al.

2003). Using data from both experimental years, we

examined the influence of the two crab species on

mussel and barnacle consumption by the carnivorous

whelk N. lapillus by quantifying drill holes in mussel

shells and empty barnacle tests. (In contrast, crab

predation on these species results in chipped mussel

shells and removal of the entire barnacle from rock

surfaces.) We made comparisons between the three

treatments that were conducted in both years: 10 C.

maenas, 10 H. sanguineus, and the no-crab controls.

We first compared the influence of crabs on small and

large N. lapillus using separate ANOVAs with crab

treatment (3 levels) and year (two levels) as fixed

factors. We then compared the number of drilled

mussels and empty barnacle tests (both log trans-

formed) using separate ANCOVAs with predator

treatment and year as the main factors and the total

number of whelks in each cage as a covariate.

Significant interaction terms of main factor effects

were followed by Tukey’s test to examine specific

differences between predator treatments across the

two years.

Second, crab effects on barnacle density may have

important indirect effects. The presence of barnacles

can enhance mussel recruitment by providing com-

plex surface areas for attachment of settling

individuals (Navarrete and Castilla 1990) and can

enhance establishment of fucoid algae through

inhibiting snail herbivory on new recruits (Lubchenco

1983). We therefore examined how crabs influenced

the facilitation of mussel settlement and fucoid

establishment by barnacles. Specifically, we exam-

ined mussel recruitment (log transformed) during our

2005 experiment using ANCOVA with predator

treatment as a main factor and barnacle density as a

covariate. For comparison, we also verified the

influence of barnacle density on mussel recruitment

on ambient rocks surrounding our experimental cages

using regression. Similarly we examined the impor-

tance of barnacle density for establishment of new

fucoids (log transformed) in 2005 using ANCOVA

with predator treatment as a main factor and barnacle

density as a covariate.

Results

Species interactions

Community impacts in the 2005 experiment varied

across predator treatments, with the two predators
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having different effects in the absence of the other

species (MANOVA, Table 2A, Fig. 1). Combined

effects of the two species foraging together were

similar to those produced by C. maenas foraging alone,

but were different from the effects of H. sanguineus

foraging alone (planned linear contrasts, Table 2B,

Fig. 1). All predator treatments differed in their

impacts on specific prey. For mussels and herbivorous

snails, impacts of H. sanguineus were weaker than

those of C. maenas or both predators together. In

contrast, when both predators foraged together there

was a trend towards weaker impacts on barnacles

(survival increased by &40%) and brown algae

(biomass increased by &30%, though the increase

was not significant) than when either species foraged

alone (ANOVAs and Tukey’s tests, Table 2C, Fig. 1).

Effects of predator population density

The impacts of both species in the 2006 experiment

differed with predator density, though the effect of

predator density on prey was weaker than expected

(MANOVA, Table 3A, Fig. 1). When individual prey

types were examined, greater impacts at higher

predator densities were only found in the most

abundant (red and brown algae) and most preferred

prey (mussels and to a lesser extent barnacles)

(ANOVAs, Table 3B, Fig. 1). Consumption of ‘drift’

red algae also increased with predator density

(ANOVA, F2,23 = 4.99, P = 0.017), but was not

different between the two crab species (ANOVA,

F2,23 = 1.49, P = 0.24). In addition, while impacts

of the two predators on most prey types were similar,

C. maenas had a greater positive impact on brown

algae at lower densities (ANOVA, Table 3B, Fig. 1).

When approximate equilibrium densities of the

two species were compared (10 C. maenas vs. 40 H.

sanguineus), H. sanguineus had a 30–50% larger

impact across the entire prey community (Fig. 1).

However, a significant difference was detected only

for brown algae (linear contrasts, Table 3B). Due to

low replication and high variability within treatments,

Table 2 Statistical results for comparing prey communities when C. maenas and H. sanguineus were alone and together and in the

absence of either crab in the 2005 experiment

(A) MANOVA—overall community impacts (on all species combined)

Test Wilks’ k d.f.* Approx. F P

Whole model 0.068 21,63.7 4.58 \0.0001

(B) Planned linear contrasts

Contrast d.f.* F P

C. maenas vs. H. sanguineus 7.22 3.38 0.02

C. maenas vs. both species together 7.22 1.45 0.24

H. sanguineus vs. both species together 7.22 2.80 0.03

(C) ANOVAs—impacts on individual prey types

Prey type d.f. F P Tukey’s**

N. lapillus 2,21 0.50 0.61 NA

L. littorea 2,21 3.83 0.04 Ca [ Bab [ Hb

L. obtusata 2,21 8.90 0.002 Ba [ Ca [ Hb

Barnacles 2,21 3.31 0.06 Ca [ Hab [ Bb

Mussels 2,21 10.12 0.0008 Ca [ Ba [ Hb

Red algae 2,21 0.37 0.70 NA

Brown algae 2,21 0.68 0.52 NA

* Numerator,denominator d.f

** C = C. maenas, H = H. sanguineus, B = Both species together, NA = Tukey’s test not conducted because of nonsignificant

difference in ANOVA. Lowercase superscript letters indicate statistically similar treatments
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our analyses had low power to detect a difference

between the two species (mean power across all prey

types = 0.29),

Influences of prey variability on crab effects

Prey communities differed between years in the

absence of predators, largely due to greater barnacle

recruitment (before the experiment started) and

mussel recruitment (during the experiment) in 2005

(Fig. 1). Impacts of both crabs on barnacles, mussels,

and snails were greatest in 2005 when these prey

were more abundant (Fig. 1). Overall community

impacts of 10 C. maenas were stronger than impacts

of 10 H. sanguineus in 2005, but not in 2006 (planned

linear contrast, Table 4B). However, this increase in

redundancy between the crab species in 2006 was not

consistent across all prey types, with the crabs

becoming more similar in their effects on mussels

and herbivorous snails in 2006, but less so for some

taxa such as brown algae.
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Cannibalism

Cannibalism was an important factor causing high

levels of mortality among the small size class of crabs

for both species in our experiments, and became

stronger for both species as predator densities

increased (ANOVA, density F2,23 = 5.92, P = 0.02,

species 9 density F2,23 = 0.05, P = 0.83). Across all

Table 3 Analysis of 2006 experiment examining the influence of predator density on the community impacts of C. maenas and H.
sanguineus (MANOVA and ANOVAs), and examining the population level redundancy of these species (linear contrasts)

(A) MANOVA—influence of density on overall community impacts

Test Wilks’ k d.f.* Approx. F P

Whole model 0.015 49,70.4 1.86 0.008

Predator density 0.088 21,37.9 2.40 0.009

Predator species 1.723 7,13 3.20 0.03

Predator density 9 predator species 0.161 21,37.9 1.60 0.10

(B) ANOVAs—influence of density on individual prey types Linear contrast

10C vs. 40H**
Model d.f. F P

N. lapillus

Predator density 3,19 2.56 0.09

Predator species 1,19 5.16 0.03

Predator density 9 predator species 3,19 2.12 0.13 P = 0.47

L. littorea

Predator density 3,19 1.30 0.30

Predator species 1,19 0.06 0.82

Predator density 9 predator species 3,19 1.30 0.30 P = 0.24

L. obtusata

Predator density 3,19 1.08 0.38

Predator species 1,19 0.41 0.53

Predator density 9 predator species 3,19 1.14 0.36 P = 0.42

Barnacles

Predator density 3,19 2.41 0.10

Predator species 1,19 0.01 0.93

Predator density 9 predator species 3,19 0.70 0.56 P = 0.17

Mussels

Predator density 3,19 12.17 0.0001

Predator species 1,19 1.37 0.26

Predator density 9 predator species 3,19 4.56 0.01 P = 0.58

Red algae

Predator density 3,19 8.33 0.001

Predator species 1,19 5.39 0.03

Predator density 9 predator species 3,19 5.87 0.005 P = 0.12

Brown algae

Predator density 3,19 4.15 0.02

Predator species 1,19 7.06 0.02

Predator density 9 predator species 3,19 0.82 0.50 P = 0.005

* Numerator,denominator d.f

** C = C. maenas, H = H. sanguineus
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densities, cannibalism was 13% stronger for C. maenas

than H. sanguineus in 2006, though this difference

was not significant (ANOVA, species F1,23 = 1.25,

P = 0.28). Further comparison only at similar densi-

ties of 10 crabs per cage across years indicated that

cannibalism among C. maenas remained consistently

high over both years at approximately 40% mortality

each month, while cannibalism among H. sanguineus

increased from 11% per month in 2005 to 33% per

month in 2006 when other animal prey were less

available (ANOVA, species F1,24 = 12.45, P =

0.002, species 9 year F1,24 = 4.44, P = 0.047).

Indirect effects

Carcinus maenas had a greater positive indirect effect

on barnacles and mussels than H. sanguineus by

reducing N. lapillus predation, though only small N.

lapillus seemed to be influenced by either crab. Small

N. lapillus were more abundant overall in 2005 than

2006 and were reduced in C. maenas cages through

emigration and/or consumption relative to control

cages, with intermediate numbers in H. sanguineus

cages (ANOVA, year: F1,31 = 7.63, P = 0.01; treat-

ment: F2,31 = 3.71, P = 0.04, only C. maenas and

control cages differed statistically from each other,

Fig. 2a). Large N. lapillus were slightly more abun-

dant in 2006 than in 2005, but were not influenced by

the presence of either crab species (ANOVA, year:

F1,31 = 3.17, P = 0.08; treatment: F2,31 = 0.94,

P = 0.40, 2A). Barnacle consumption by N. lapillus

was independent of the number of N. lapillus present

(ANCOVA, covariate, F1,28 = 1.72, P = 0.20) and

decreased in response to both predator species in

2005, though more so with C. maenas, but was low

across all treatments in 2006 (ANCOVA predator

treatment 9 year, F2,28 = 3.24, P = 0.05, followed

by Tukey’s test, Fig. 2b). While mussel consumption

by N. lapillus increased with N. lapillus abundance

(ANCOVA, covariate, F1,28 = 4.91, P = 0.04), it

decreased in 2005 in the presence of C. maenas, but

Table 4 Community impacts of 10 C. maenas and 10 H.
sanguineus across years with different prey bases

(A) MANOVA—overall community impacts

Test Wilks’

k
d.f.* Approx.

F
P

Whole model 0.039 21,40.8 4.05 \0.0001

Predator species 0.876 7.14 1.75 0.18

Year 6.677 7.14 13.35 \0.0001

Predator

species 9 year

0.647 7.14 1.29 0.32

(B) Planned linear contrasts—compared species within each

year

Contrast d.f.* F P

2005 7.14 3.10 0.03

2006 7.14 0.67 0.64

* numerator, denominator d.f
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Fig. 2 (a) Final number of large and small N. lapillus in cages

with 10 C. maenas, 10 H. sanguineus, or no crabs in both years.

Large and small snails were distinguished by their ability to

pass through 0.5 cm cage mesh. (b) Final density of empty

barnacle tests on rocks inside cages. (c) Final number of mussel

shells with drill holes. Bars are means ± SE (n = 8 in 2005,

n = 4 in 2006 predator treatments, and n = 3 in 2006 control

treatment). Letters above bars give results of Tukey’s tests
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was not influenced by either crab in 2006 (ANCOVA

predator treatment 9 year, F2,28 = 3.31, P = 0.05,

Fig. 2c).

While both crab species decreased barnacle con-

sumption by N. lapillus, both also heavily consumed

barnacles themselves and thus had an indirect neg-

ative impact on mussels and fucoids that settle on and

around barnacle tests. Specifically, the number of

mussel recruits inside experimental cages in 2005

was not influenced by the presence of either crab

species directly (main effect of ANCOVA,

F3,27 = 0.88, P = 0.46), but both crabs reduced the

presence of barnacles and thus influenced mussel

recruitment by reducing the density of prime mussel

settlement sites (covariate [barnacle density] in

ANCOVA, F1,27 = 8.93, P = 0.006). Effects of

barnacle density on mussel recruitment inside cages

were even stronger when pooling data over both years

(regression, F1,56 = 54.58, P \ 0.0001, R2 = 0.49),

highlighting the importance of this relationship. A

similar positive correlation between barnacle density

and mussel recruitment was also observed on ambient

rocks surrounding our experimental cages in 2005

(regression, F1,37 = 121.07, P \ 0.0001, R2 = 0.77).

The number of fucoid recruits increased with barna-

cle density (covariate in ANCOVA, F1,27 = 4.76,

P = 0.04), and was further influenced by crab

predators (main effect of ANCOVA, F3,27 = 3.68,

P = 0.02). Relative to controls, the mean number of

fucoid recruits decreased (through reduced settle-

ment, direct consumption, or indirectly through

removal of barnacles) by 80% in C. maenas cages,

and by[99% in cages with H. sanguineus in 2005. In

contrast, fucoid recruitment in 2006 was largely

absent in all cages.

Discussion

Our study found that the effects of the C. maenas and

H. sanguineus on the intertidal community were very

different in 2005, but were similar in 2006. This

temporal variation in species redundancy was appar-

ently driven by the large differences between the two

years in recruitment of important/favored prey spe-

cies. In contrast, interactions between the two

species, the density of each species, and the indirect

effects caused by each species only minimally

affected their community impact.

Interactions between the species

Contrary to previous reports of large interference

effects of H. sanguineus on C. maenas foraging

(Jensen et al. 2002; Griffen 2006; Griffen et al.

2008), we found that interference between the two

species only weakly reduced mortality of barnacles

and brown algae, and did not alter impacts on the rest

of the prey community. Strong interference effects

that reduce mussel mortality (Griffen 2006; Griffen

and Williamson 2008) were likely absent here

because experiments were sufficiently long that

mussel depletion could occur even at reduced preda-

tion rates (Fig. 1). Thus, while interference with H.

sanguineus does reduce mussel consumption rates by

C. maenas (Jensen et al. 2002; Griffen et al. 2008),

this reduction may not provide considerable predation

relief for mussels over long time periods in areas

where crabs are abundant.

Predator density

The influence of crab density on community impacts

of these predators was lower than anticipated. This

may be attributed to multiple factors. First, we

examined the influence of predator density in 2006

when lower availability of favored prey (barnacles,

mussels, juvenile snails) led to weaker overall

impacts of these predators (Fig. 1; Table 3). The

strength of predator effects are limited by the amount

that prey can be depressed from predator-free condi-

tions. Thus when prey recruitment is strong, prey

levels have further to fall and predators can poten-

tially have stronger effects. Our results therefore

indicate that bottom up forces control the strength of

top down processes in this system.

Second, crab density may have been less important

than anticipated because of cannibalism. During our

monthly maintenance of the experiment, we noted

that cannibalism generally increased at higher crab

densities, consistent with previous findings for these

species (Moksnes 2004). This reduced the time-

averaged density differences between our treatments

and weakened the influence of predator density, in

addition to providing crabs with an alternative food

source that may have reduced consumption of

‘normal’ food sources.

Finally, nonlethal predator interference also

increases with predator density and likely reduced
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per capita effects. Predator interference has a greater

moderating effect on predation by C. maenas than by

H. sanguineus (Griffen and Delaney 2007). This may

explain why higher individual consumption rates for

C. maenas compared to H. sanguineus that have

previously been reported (Lohrer and Whitlatch

2002b; Griffen 2006; Griffen and Byers 2006a) did

not translate into higher impacts of C. maenas in our

experiments as multiple individuals all foraged

together (Fig. 1).

Though effects of increasing predator density

were smaller and more variable than expected,

incorporating natural differences in population den-

sities between these two species resulted in a 30–

50% larger reduction of all prey types by 40 H.

sanguineus than by 10 C. maenas. This trend was

not statistically significant because of low power in

our experiments, but may still be ecologically

important, particularly as impacts accumulate over

successive years.

Indirect effects

Carcinus maenas and H. sanguineus caused different

indirect effects. Carcinus maenas greatly reduced

predation by N. lapillus on barnacles and mussels,

consistent with previous reports (Trussell et al. 2003;

Trussell et al. 2006). Hemigrapsus sanguineus also

reduced N. lapillus predation on barnacles, though its

effect was weaker; and H. sanguineus did not reduce

N. lapillus predation on mussels (Fig. 2). Indirect

effects of crabs on barnacles were trait-mediated

(nonsignificant covariate [N. lapillus density] in

ANCOVA), but were only apparent in 2005 when

the majority of N. lapillus were small, and thus more

vulnerable to crab predation.

While both crabs had positive indirect effects on

barnacle survival, these were overshadowed by strong

direct negative effects of direct barnacle consump-

tion. This was especially true of H. sanguineus at

high densities (Fig. 1). Low barnacle densities in turn
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Fig. 3 Relative effects of 10 C. maenas and 10 H. sanguineus
in 2005 and 2006. Circle size gives survival relative to controls

in each year (gray circle). Solid lines show direct trophic

interactions (all have negative effects on prey). Dashed lines

were inferred from experiments in both years and illustrate

both density and trait mediated indirect effects. Arrows end at

the species affected and show the sign of the interaction. The

pathways of indirect interactions are demonstrated by the

community member that the arrows pass through en route to

the affected species. Note the difference in circle sizes in

middle row of food web in 2005 but not 2006
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reduce mussel recruitment by limiting settlement

sites (Navarrete and Castilla 1990). Heavy consump-

tion of barnacles by dense H. sanguineus populations

has also been reported in other parts of H. sanguin-

eus’ invaded range (Lohrer et al. 2000b). The indirect

negative effect of barnacle removal on mussel

recruitment could therefore be partially responsible

for the large decreases in juvenile mussels in

intertidal regions where H. sanguineus has become

very abundant, effects that have previously been

attributed solely to direct mussel consumption by

H. sanguineus (Lohrer and Whitlatch 2002b).

Increased abundance of brown algae in 2006 crab

treatments compared to no-crab control treatments

(Fig. 1) may represent positive indirect effects of

crabs on algae by reducing snail abundance and/or

foraging, as has been previously documented (Trus-

sell et al. 2002; Trussell et al. 2003).

Temporal variation in prey recruitment

Community impacts of the two invasive crab preda-

tors differed between years (Fig. 1). Carcinus maenas

generally had stronger impacts in 2005, while

impacts of the two species were more similar in

2006 (Fig. 1, Table 4). These differences in impacts

and in redundancy between years may have been

influenced by multiple factors, but were likely

influenced strongly by differences between years in

prey availability. Large temporal and spatial variation

in prey recruitment may therefore be a large factor

altering the redundancy of these species. Our study

thus verifies the hypothesized variation in functional

redundancy with environmental variability proposed

by Wellnitz and Poff (2001). This context depen-

dency in species effects is likely a widespread, yet

underinvestigated, aspect of natural communities

(Agrawal et al. 2007). We summarize how both the

direct and indirect impacts of these species on the

invaded community differed across years in Fig. 3.

Natural variation in prey recruitment in this system

is high, suggesting that community impacts of C.

maenas and H. sanguineus are highly variable across

years. However, recruitment levels in 2005 appears to

be closer to the norm than those in 2006 (Petraitis

1991; Petraitis and Methratta 2006), implying that

these species may generally have strong, different

community impacts. Further, results here indicate

that when natural densities of these species are

considered, that H. sanguineus may have larger

population level impacts than C. maenas (i.e., 40 H.

sanguineus were consistently, although not signifi-

cantly, higher than 10 C. maenas).

Results here also suggest that detecting nonredun-

dant impacts of multiple consumers is easier when

recruitment, and thus prey levels, are high, because

high levels provide greater resolution when measur-

ing differences in consumer impact. Consistent with

this argument, redundant impacts of these two

predators in 2006 likely represented actual similari-

ties in the impacts of these species rather than low

power of our experiments to detect differences.

Posterior power analyses indicated that, given the

small effect sizes (because of low recruitment) and

the observed level of variation in predator impacts,

we would have needed more than 40 replicates of

each treatment to detect differences in impacts of 10

C. maenas and 10 H. sanguineus for any of the prey

species.

Conclusions

The persistent accumulation of invasive species

within habitats will likely continue to bring species

into contact that perform similar and disparate

functions. Results here demonstrate that redundancy

of invasive species with each other or with native

species may still be highly variable and may be

influenced by factors not detected when comparing

specific effects of isolated individuals. Determining

the consequences of species invasion will require

more studies that document species impacts within a

community context and under varying conditions.
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