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Abstract Crabs are some of the most successful

introduced species among marine organisms, and they

can be an important structuring force in marine

communities. Recently, the North American white-

fingered mud crab, Rhithropanopeus harrisii, has

invaded the Northern Baltic Sea. This is an area where

no native crab species exist, and the addition of a novel

functional species to the low species diversity of the

Baltic Sea could have large community-level impacts

i.e. modifying biotic interactions and/or altering

ecosystem functioning. We examined the predatory

behavior of introduced R. harrisii both in the labora-

tory and field focusing in shallow, hard bottom

habitats dominated by the alga Fucus vesiculosus. In

the laboratory environment, R. harrisii was an effec-

tive predator of littoral grazers, readily consuming

both sessile fauna (Mytilus trossulus) and also mobile

species such as isopods (Idotea balthica) and gam-

marid amphipods (Gammarus sp.). When studying the

predation of different sized prey items, R. harrisii

preyed upon small and medium sized prey of both

mobile and sessile species. However, in the field

experiment with the native faunal community associ-

ated with F. vesiculosus, R. harrisii negatively

impacted only the abundance of the snail Theodoxus

fluviatilis, possibly through indirect effects. Never-

theless, R. harrisii significantly decreased both the

prey species richness and diversity but not the total

number of potential prey individuals associated with

F. vesiculosus. In conclusion, predatory behavior of

this novel crab has the potential to impact the native

macroinvertebrate littoral community, but the realized

predation pressure in the field is lower than could be

expected from laboratory experiments.

Keywords Predation � Prey choice � Prey–predator
interaction � Top-down effects � Food web � North
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Introduction

Among marine organisms, crabs are some of the most

successful introduced species (Roche and Torchin

2007; Compton et al. 2010). While the ability to

establish populations may be mostly due to the

physiological and/or biological attributes of the
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invader, long-term success can depend on the eco-

logical structure of the invaded habitat. Invasive crabs

can be an important structuring force in marine

communities by altering habitats and ecosystem

functioning (i.e. primary production, decomposition,

hydrology, nutrient cycling, disturbance regimes) and/

or by modifying biotic interactions by changes in the

abundance, distribution, and behaviors of other native

or introduced species (Glude 1955; Hanks 1961;

Lubchenco 1978; Grosholz and Ruiz 1995; Grosholz

et al. 2000; Brousseau et al. 2001; Walton et al. 2002;

Ross et al. 2004; Rudnick et al. 2005; Hollebone and

Hay 2008; Kimbro et al. 2009). Generalist species tend

to fare well as invaders (Lefebvre et al. 2004; Vazquez

2006; Weis 2010), and many successful invasive crab

species have been shown to have opportunistic, broad

diets that enable them to survive in various commu-

nities [e.g. Carcinus maenas (Cohen et al. 1995),

Charybdis hellerii (Dineen et al. 2001), Eriocheir

sinensis (Rudnick and Resh 2005), Hemigrapsus

sanguinesus (Ledesma and O’Connor 2001), Charyb-

dis japonica (Fowler, unpublished data)].

Simple low-diversity communities are more sus-

ceptible to invasions than more diverse communities

(Elton 1958; Tilman 1999; Naeem et al. 2000;

Stachowicz et al. 2002; Kennedy et al. 2002; but see

Lonsdale 1999; Stohlgren et al. 1999) and provide a

unique opportunity to detect the impacts of introduced

species as well as to test the eco-evolutionary feedback

mechanisms affecting community function (Strauss

2014). However, the predatory effects of introduced

species on native species are often speculated but

rarely empirically tested (but see Grosholz et al. 2000),

even though species interactions in newly invaded

habitats would provide an excellent natural ex-

periment concerning both direct and indirect effects

e.g. the top-down control of food webs. The impacts of

introduced species on native community structure can

be relatively pronounced, especially in areas, such as

the Baltic Sea, with a depauperate species assemblage

and simple food webs (Paavola et al. 2005; Strauss

2014). The northern Baltic Sea lacks any native crab

species (Bonsdorff 2006), and therefore the introduc-

tion of a novel species can be assumed to form a new

functional link in the food web and cause alterations in

community structure and functioning that may expand

into effects on ecosystem properties.

One such novel species is the North American

white-fingered mud crab Rhithropanopeus harrisii,

which arrived to southern parts of the Baltic Sea in

1936 (Schubert 1936) and rapidly spread along the

southern Baltic coast (Demel 1953; Wolff 1954;

Bacevičius and Gasiūnait _e 2008; Kotta and Ojaveer

2012). In 2009, it was discovered in the Archipelago

Sea along the southwestern coast of Finland (Karhi-

lahti 2010), and the population has continued to spread

along the coast (Fowler et al. 2013). Little is known

about the prey choice of R. harrisii in either native or

introduced regions, and there is no information about

the trophic position of R. harrisii in the northern Baltic

Sea communities. The only studies on the feeding

behavior of R. harrisii have been conducted in the

crab’s introduced range in the southern Baltic (i.e.

Poland). Stomach content analyses from the southern

Baltic demonstrate that R. harrisii is omnivorous

(Turoboyski 1973) and feeds on sessile and mobile

macroinvertebrates such as mussels, ragworms, hy-

droids, gastropods, amphipods, on green algae (Tur-

oboyski 1973; Hegele-Drywa and Normant 2009), and

dead organic material (Czerniejewski and Rybczyk

2008). However, with such a broad diet, it could be

hard to isolate the impact of this omnivorous species

on the food web without knowing the prey choice of

the predator.

Given that this information is vital to critically

evaluate the effects of R. harrisii on food web

structure in the northern Baltic Sea, we observed R.

harrisii prey choice in laboratory and field ex-

periments. While native and introduced populations

of R. harrisii have been found in various types of

habitats (e.g. soft bottom, mixed bottom, reed grass,

oyster reefs, etc.), in the study area R. harrisii is also

found among habitat forming Fucus vesiculosus

(Fowler et al. 2013). F. vesiculosus is considered to

be the keystone species in hard and rocky bottom

subtidal habitats in the Baltic Sea, which has been

designated as a national habitat type of importance in

Finland due to its function as habitat for several mobile

and sessile invertebrates, fish, and filamentous

macroalgae species (Kautsky et al. 1992; Wikström

and Kautsky 2007). Because of this designation and

the possibility that R. harrisii could impact food webs

associated with F. vesiculosus, we studied prey choice

of R. harrisii among potential prey species and prey-

size classes from F. vesiculosus habitats in the

laboratory and then evaluated whether the results

from the laboratory experiments were applicable to

field conditions. To our knowledge, this is the first
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time that R. harrisii prey choice and community

impacts have been studied in either a native or

introduced population.

Materials and methods

Laboratory prey choice assays

Diet composition

Individual R. harrisiiwere collected between June and

July 2011 from three sites (N60�230 E22�020, N60�220
E22�030, and N60�240 E22�070) in the Archipelago Sea
using artificial collectors (30 9 30 9 30 cm plastic

crates filled with dead, autoclaved oyster shells from

Maryland, USA). The collectors have been used

successfully in previous studies (Roche et al. 2009;

Fowler et al. 2013). R. harrisii individuals were

brought to the Archipelago Research Institute in Seili,

Nauvo (N60�140 E21�600) and maintained in aerated,

natural, unfiltered seawater (6 % salinity) at a room

temperature of 15 �C under a light regime of 8L:16D.

R. harrisii were fed daily with Chironomidae larvae,

which they consumed readily. During this period, we

avoided feeding R. harrisii with the prey species later

used in the experiments as that might affect their

feeding behavior.

In order to compare the relative predation pressure

on mobile and sessile prey species, we conducted

the first experiment on July 26, 2011 using 29 crabs

(3 females and 26 males, average carapace width ±

SD = 16.2 ± 3.38 mm, range 6.5–22.25 mm). Four

prey species were chosen as potential food items based

on known prey species of R. harrisii according to other

studies and prey prevalence in F. vesiculosus dominat-

ed littoral habitat that R. harrisii has invaded in

southwestern Finland. The prey species included the

blue mussel Mytilus trossulus, gastropod snail Theo-

doxus fluviatilis, gammarid amphipods, and juvenile

gobies (Gobiidae), all of which were collected from

the waters around Seili. For the experiment, we

visually chose prey items of the same size within a

species, with the exception of blue mussels. Blue

mussel sizes were chosen to correspond to the

carapace width of R. harrisii (i.e. smaller crabs were

presented with smaller mussels) so that the mussel size

did not exceed the maximum size that R. harrisii can

open (e.g. Milke and Kennedy 2001). All of the chosen

prey items were smaller than the maximum carapace

width of R. harrisii individuals used in the experiment.

Before the start of the experiment, R. harrisii were

not fed for 12 h. This time was kept relatively short to

increase the probability of actual prey choice and

prevent crabs from consuming the first encountered

prey item due to starvation. Individual R. harrisiiwere

placed in plastic aquaria (23 9 13 9 14 cm) contain-

ing 2.7–3.0 liters of seawater at 15 �C and 6 %
salinity with a piece of a clay pot for shelter. They

were allowed to acclimate for 7 h, which was part of

the 12 h starvation period, before the start of the

experiment. After acclimation, we added four prey

individuals to each aquarium (1 M. trossulus, 1 T.

fluviatilis, 1 gammarid amphipod, 1 Gobiidae sp.). All

replicates (n = 29 crabs) were run simultaneously

overnight in the dark, with one R. harrisii individual

per aquarium. The experiment was concluded after

12 h. At that time, R. harrisii were removed, and the

remaining prey species were counted. Prey species

were considered consumed if the prey item was not

found in the tank or if remnants of the prey were found

(i.e. pieces of mussel shell).

In order to compare the relative predation pressure

on various mobile littoral invertebrates that occupy a

similar niche, we conducted another experiment on

July 28, 2011 using 27 crabs from the experiment

described above (average carapace width ± SD =

16.2 ± 3.38 mm, range 6.5–22.25 mm). The prey

species used in this experiment, with exactly the same

experimental set up as described above, were juvenile

shrimp (Palaemon elegans or P. adspersus), juvenile

isopods (Idotea sp.), and juvenile amphipods (Gam-

marus sp.). All individuals of the same prey species

were approximately the same size as determined by

visual inspection. After R. harrisii had been added to

the experimental aquarium and allowed to acclimate

for 7 h, we added the three prey items (1 Palaemon

sp., 1 Idotea sp., 1 Gammarus sp.). The experiment

was concluded after 12 h, and R. harrisii were

removed. The remaining prey individuals were count-

ed. If the prey item was not found in the tank or if

remnants of the prey were found (i.e. pieces of mussel

shell), the individual was considered consumed.

To control for natural mortality of the prey species

in both experiments, we ran control aquaria with the

same set up as described above but without the crab

(n = 30 for each prey item). All prey items were alive

and present after the conclusion of the experiment.
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Prey choice dependent on species and size

In order to determine whether R. harrisii has the same

impact on the prey’s different life stages (i.e. juvenile

and adult), we examined whether R. harrisii exhibited

any prey size choice. We used three prey species (M.

trossulus blue mussels, gammarid amphipods, and

Idotea balthica isopods). These species were chosen

based on the prey choice ofR. harrisii from the previous

experiments. However, for this experiment we used

multiple, different-sized individuals of each prey

species to include both juvenile and adult life stages.

Within the prey species, size variation was determined

from individuals collected from the vicinity of Seili

Island, and prey items were divided into three different

size classes: small, medium, and large. Blue mussels

were measured (maximum length) with electronic

calipers and divided as follows: small 5–10 mm,

medium 12–15 mm, and large 17–27 mm. The gam-

marid amphipods were weighed with an electronic

balance after drying the animals quickly between paper

tissues and divided as follows: small\ 20.2 mg, medi-

um 21.0–34.0 mg, and large[ 35.5 mg. The isopods

werealsodried quickly,weighed anddividedas follows:

small\ 29.9 mg, medium 30.6–49.7 mg, and lar-

ge[ 50.0 mg. Weighed and measured individuals of

all prey species were used for the experiment within 6 h

of the measurement process.

This experiment was conducted on September 13,

2011 using 30 crabs (8 females and 22 males, average

carapace width ± SD = 16.74 ± 2.49 mm, range

10.8–19.95 mm). Individual R. harrisiiwere collected

in September 2011 from the same sites as for the

experiments above and treated as described above.

Before the start of the experiment, R. harrisii were not

fed for 24 h to standardize the hunger levels. Individual

R. harrisii were placed into plastic aquaria (23 9

13 9 14 cm) containing 2.7–3 liters of seawater with a

layer of sand on the bottom, and a piece of F.

vesiculosus was also provided for shelter for prey

species. R. harrisii were allowed to acclimate for 20 h

at 15 �C under a light regime of 8L:16D, after which

two live individuals from each size class of all three

prey species were added simultaneously to each

aquarium (n for each prey species was 6, total

n = 18 of all prey items in each aquarium). All

replicates (n = 30 crabs, one individual per aquarium)

were run simultaneously, and thus each crab was only

used once.

After 24 h, R. harrisii were removed from the

aquaria, and the prey items consumed were recorded.

Prey species were considered consumed as previously

described. During the experiment R. harrisii did not

consume or damage any F. vesiculosus in the aquaria.

To determine natural mortality over the course of the

experiment, we ran five control aquaria with the same

numbers of prey species introduced to replicate tanks

without R. harrisii. All prey items were alive after

24 h.

Field experiment

We studied the ecological impact of R. harrisii on the

natural littoral invertebrate community associated

with F. vesiculosus in a sheltered bay near the

Archipelago Research Institute in Seili, Nauvo

(N60�140 E21�60) where R. harrisii are readily

observed (TF, AEF, OV pers. obs.). Due to the

unethical transfer of introduced species for ex-

perimental purposes, we chose a site for the field

experiment that was already colonized by R. harrisii.

We conducted an enclosure experiment by placing

0.5 9 0.5 cm mesh cages around small bushes of F.

vesiculosus. The experiment had three treatments: (1)

‘‘no predation’’, (2) ‘‘natural predation’’ and (3) ‘‘crab

predation’’. (1) The ‘‘no predation’’ treatment included

the natural faunal community associated with F.

vesiculosus and excluded all predators (i.e. fish, birds,

crabs) with 0.5 9 0.5 cm mesh cages, (2) the ‘‘natural

predation’’ treatment included all predators as it had

no cages, and (3) the ‘‘crab predation only’’ treatment

included R. harrisii as the only predator and excluded

other predators with mesh cages. The presence of the

crab was ensured by tethering one experimental R.

harrisii with clear fishing line from the back of their

carapace to the mesh cage. Due to R. harrisii being an

introduced species, we tethered crabs to the cages to

ensure that they stayed within the enclosure for the

duration of the experiment and did not escape.

Tethering has been used previously in many field

experiments without affecting crab behavior (e.g.

Holdredge et al. 2009; Coverdale et al. 2013; Bishop

and Byers 2015). The ‘‘no predation’’ treatment

controlled for the possibility of predation not affecting

the community and also allowed us to determine the

effect of the enclosure itself. Individual R. harrisii for

the ‘‘crab predation’’ treatment were collected from
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vicinity of the Seili using the artificial collectors

described previously.

On June 4, 2013, F. vesiculosus was collected from

the vicinity of Seili and cleaned of all other algae and

invertebrates. To obtain bushes of a standard size

between 9 and 12 grams, F. vesiculosus wet weights

were measured after shaking the algae for 5 s. F.

vesiculosus were then attached to bricks with cable

ties, and floats were attached to the stalk to keep the

algae in a vertical position in the water column. Bricks

and algae were placed into flow-through seawater

tanks until the start of the experiment. On June 10,

2013, bricks were placed to the sea approximately 1 m

from each other along five horizontal lines with 20

bricks in each line, at a depth of 85–120 cm. The

experimental lines of bricks were separated with lines

of bricks with non-experimental F. vesiculosus to

encourage the natural recruitment of littoral inverte-

brates to the area. F. vesiculosus were allowed to

accumulate natural densities of macroinvertebrates

until July 5 (3.5 weeks), whereupon we added the

mesh cages (mesh size 0.5 9 0.5 cm) around the

experimental bushes of F. vesiculosus. This was done

by lifting the branches of the F. vesiculosus carefully

up from the brick, adding the cage around it, and

closing the bottom of the cage around the stipe of the

F. vesiculosus. This prevented the immigration of R.

harrisii into the experimental cages from the natural

environment. For the no cage treatment, we lifted the

algae up to mimic the handling of the other treatments.

There were 20 replicates of each treatment (total

n = 60), arranged systematically so that similar

treatments were not next to each other.

The experiment was concluded on July 9, 2013,

after 4 days of enclosure. The bricks and F. vesicu-

losus were carefully lifted into net bags to retain all of

the macroinvertebrates. All R. harrisii were retrieved

alive and still attached to the cage by their tether. All

net bags with bricks were brought into the laboratory,

and all associated macroinvertebrates were identified

and counted. Epiphytic algae were removed, and dry

weights of the epiphytes were measured for each

experimental F. vesiculosus. The depth below the

surface for each F. vesiculosus was also measured.

During the experiment R. harrisii did not consume or

damage any of the experimental F. vesiculosus. When

concluding the experiment, one non-experimental R.

harrisiiwas found hiding in a hole in a brick outside of

a ‘‘crab predation’’ experimental cage, thereby con-

firming that R. harrisii was naturally present in this

system over the course of the field experiment.

Statistical analyses

Laboratory prey choice assays

In all laboratory experiments, prey items were con-

sidered either alive or consumed by R. harrisii at the

end of the trial. In all three experiments, the binary

response variable was the fate of the prey item

(consumed or alive). The binomial data were statisti-

cally analyzed as a mixedmodel using the Generalized

Estimating Equations with GENMOD procedure

(SAS Institute 9.2) to examine how prey species, prey

size class, R. harrisii size, or their interactions

contributed to prey survival. Because the predation

risk of an individual prey item depended on how many

prey items were present in the aquarium, we used the

aquarium as a repeated factor to control for the

dependency of the fate of the prey items within each

aquarium. This analysis examines the relative fate of

the prey items while also taking into account that their

fates are interdependent. In all analyses, the best-fit

model was found by simplifying the full model, which

initially included the main factors (including covari-

ates) and all the possible interactions (between main

factors), on the basis of Akaike’s Information Crite-

rion (AICs values; the final model with the smallest

AIC value (D[ 2) was selected). In the first two

experiments, the final models included only the prey

species and the size of R. harrisii, which acted as a

covariate. In the third experiment of the consumption

of different sized prey items, the explanatory variables

in the final model were prey species, size class of the

prey, weight of the F. vesiculosus and size of R.

harrisii. The latter two were considered covariates of

the model. Interactions in the final model were prey

species x size class of the prey and the size of R.

harrisii 9 size class of the prey. These models met the

assumption of homogeneity of variances based on

visual examination of diagnostic plots of residuals for

all analyses. All pairwise comparisons were made

using the ESTIMATE statement in the GENMOD

procedure, and, as there were multiple comparisons of

the same data, the results were Bonferroni corrected

by multiplying the achieved P values with the number
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of pairwise comparisons. We used a P value of 0.05

as the statistical significance level in all of the

analyses.

Field experiment

We extracted seven response variables from the field

data to study different aspects of the F. vesiculosus

communities: the total number of species, total

number of all macroinvertebrate individuals, Shan-

non-Wiener diversity index, number of Theodoxus

snails, number of Idotea isopods, number of gammarid

amphipods, and number of blue mussels. The Shan-

non-Wiener diversity index (H’) was calculated using

the following equation:H0 =
P

Pi*ln(Pi), where Pi is

the relative abundance of species i (Magurran 2004).

All seven response variables were analyzed separate-

ly. All of the final models described below were

simplified by reducing non-significant interactions

from the full model containing all the possible

interaction effects on the basis of Akaike’s Informa-

tion Criterion (AICs values; the final models with

smaller AIC values (D[ 2) were selected). We used

the treatment (‘‘natural predation’’, ‘‘crab predation’’,

or ‘‘no predation’’) as explanatory variables in all final

models. The depth of the bricks and the dry weight of

epiphyte algae, both continuous variables, could

possibly affect the number of species and individuals

in each F. vesiculosus bush, so they were included in

the final models as covariates. The interaction of the

covariates depth and algae weight were also included

in the final models that analyzed the total number of

macroinvertebrate individuals and the number of

gammarid amphipods. Because the enclosures were

placed in three lines, we added the line number into the

final models as a random factor that takes into account

spatial variation in communities. The variation in

macroinvertebrate community composition was sta-

tistically analyzed using a generalized linear mixed

model and normal distribution with identity link

function (Shannon-Wiener diversity index and num-

ber of species) and negative binomial distribution with

log link function (the number of individuals of

isopods, amphipods, Theodoxus snails and blue mus-

sels). Model assumptions of normality and/or homo-

geneity of variances were assessed by visual

examination of diagnostic plots of residuals for all

analyses. Pairwise comparisons were conducted using

the Tukey–Kramer method, and the adjusted P values

are shown. All analyses were conducted with GLMM

procedure (SAS Institute 9.2).

Results

Prey choices for species and size-classes

in laboratory assays

Predation risk varied between the four different prey

species when presented together (v2 = 21.97,

df = 3, P =\0.001). R. harrisii consumed more

blue mussels (v2 = 11.06, P = 0.003) and gammarid

amphipods (v2 = 11.24, P = 0.003) than Theodoxus

snails or gobies (Fig. 1a; blue mussels vs gobies

v2 = 14.85, P =\0.001; gammarid amphipods vs

gobies v2 = 16.88, P = 0.001; gammarid am-

phipods vs blue mussels v2 = 0.39, P = 0.53), but

the total number of consumed snails and gobies did

not differ significantly from each other (v2 = 4.41,

P = 0.07). The size of R. harrisii did not affect which

prey species was consumed or how many individuals

were preyed upon (v2 = 0.43, df = 1, P = 0.5). Also

in the second prey choice experiment with three

crustacean prey species, predation risk varied among

the species (v2 = 21.00, df = 2, P =\0.001). Iso-

pods were preyed upon more heavily than the other

species (isopods vs gammarid amphipod v2 = 7.00,

P = 0.008; isopods vs shrimp v2 = 32.74, P =

\0.001) and gammarid amphipods more heavily than

the shrimp (Fig. 1b; v2 = 19.05, P =\0.001).

Although statistically non-significant, smaller R.

harrisii consumed slightly more of these small

juvenile prey items than larger R. harrisii indi-

viduals. The size of R. harrisii did not affect its food

choice (v2 = 3.46, df = 1, P = 0.06).

When presented with three different size classes of

blue mussels, isopods, and gammarid amphipods, the

prey size class had a significant impact on whether it

was consumed or not (prey size class v2 = 7.50,

df = 2, P = 0.024). R. harrisii consumed mainly

small and medium sized individuals from each of the

different prey species (Fig. 2; v2 = 5.65, df = 4,

P = 0.227). Also, the prey species had a significant

effect on whether it was consumed (v2 = 20.00,

df = 2, P =\0.001). R. harrisii consumed isopods

(v2 = 21.84, P =\0.001) and gammarid amphipods

(v2 = 27.61, P =\0.001) over blue mussels, but the

total number of consumed isopods and gammarid
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amphipods did not differ significantly from each other

(v2 = 1.49 P = 0.222). R. harrisii consumed prey

items at the same rate regardless of their own size

(v2 = 1.01, df = 1, P = 0.3), but there was a

marginally non-significant but biologically interesting

interaction between the size class of the prey item and

the size of R. harrisii (v2 = 5.25, df = 2, P = 0.072).

Large R. harrisii consumed slightly larger prey items

than small R. harrisii. The weight of the algae in the

aquarium did not affect consumption (v2 = 2.10,

df = 1, P = 0.1).

Effects of mud crabs on natural prey communities

In the field experiment on macroinvertebrate commu-

nities on F. vesiculosus, the treatment affected the

Fig. 1 The average percent (±95 % CI) of prey consumed

within each prey species by a single R. harrisii (n = 29 for a and
27 for b) over a 12 h period. Different letters above the bars

indicate significantly different values (P\ 0.05). The total

number of individuals eaten for each species is noted in

parentheses

Fig. 2 The average percent (±95 % CI) of size classes (small,

medium, large) consumed within each prey species (isopod

Idotea sp., amphipods of the Gammarus sp., blue mussel M.

trossulus) by a single R. harrisii (n = 30) over a 24 h period.

The total number of individuals eaten for each species is noted in

parentheses (total n = 60 per size class per species)
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mean number of prey species found occupying F.

vesiculosus (Table 1), with a lower mean number of

prey species in the ‘‘crab predation’’ treatment (4.9

SE ± 0.5; t53 = -2.39, P = 0.05) and the ‘‘natural

predation’’ treatment (4.6 ± 0.5; t53 = -2.53,

P = 0.038) compared to ‘‘no predation’’(6.0 ± 0.5),

but the predation treatments did not differ from each

other (t53 = 0.55, P = 0.8). Depth or the dry weight of

the epiphyte algae on the F. vesiculosus did not affect

the mean number of prey species (Table 1). There was

no difference in the mean total number of individuals

of all prey species combined among treatments, and the

depth of the experimental cage did not affect the

number of prey individuals (Table 1). However the dry

weight of the epiphyte algae on the F. vesiculosus and

the interaction of depth x algae weight did have an

effect on the number of prey individuals (Table 1).

The mean diversity of the invertebrate communities

varied among treatments (Fig. 3a; the Shannon-

Wiener diversity index; Table 1). The mean diversity

index declined from 1.49 (SE ± 0.09) in the ‘‘no

predation’’ treatment to 1.22 (±0.09) in the ‘‘crab

predation’’ treatment (t53 = -2.46, P = 0.044) and to

1.17 (±0.1) in the ‘‘natural predation’’ treatment

(t53 = -2.42, P = 0.048) but there was no difference

between the two predation treatments (t530.38,

P = 0.9). Neither the depth of the experimental cage

nor the dry weight of epiphyte algae on F. vesiculosus

had an effect on the diversity index (Table 1). The

presence of predators in both the ‘‘crab predation’’ and

‘‘natural predation’’ treatments had the greatest impact

on the mean number of T. fluviatilis snails (Fig. 3b;

Table 1). On average, there were 40 % less Theodoxus

snails in the ‘‘crab predation’’ treatment (2.5 ± 0.9)

than in the ‘‘no predation’’ treatment (4.3 ± 1.5;

t53 = -2.54, P = 0.037) and almost 60 % less in the

‘‘natural predation’’ treatment (1.8 ± 0.7) than ‘‘no

predation’’ treatment (t53 = -3.1, P = 0.009). The

two predation treatments did not have a significant

difference in the number of Theodoxus snails

(t53 = 1.14, P = 0.5). Neither the depth of the

experimental cage nor the dry weight of epiphyte

algae on F. vesiculosus had an effect on the number of

Theodoxus snails (Table 1). The experimental treat-

ments also impacted the mean number of Idotea

isopods present in the experimental cages (Table 1).

The ‘‘natural predation’’ treatment had a lower number

of isopods (2.1 ± 0.5) than did the ‘‘no predation’’

treatment (4.8 ± 0.9; t53 = -2.56, P = 0.038), but

there was no difference between the two predation

treatments (t53 = 1.27, P = 0.4) or between ‘‘crab

predation’’ (3.2 ± 0.7) and ‘‘no predation’’ treatments

(t53 = -1.55, P = 0.3). Overall, the dry weight of

epiphyte algae on F. vesiculosus explained the differ-

ences in the number of Idotea isopods, but the depth of

the experimental cage did not have an effect on the

number of isopods (Table 1). The numbers of gam-

marid amphipods (Table 1) and blue mussels

(Table 1) did not differ among the treatment levels

or other variables (Table 1).

Table 1 Generalized linear mixed model on the effects of treatment, depth and weight of epiphytic algae on the response variables

from the field assay

Source Shannon–Wiener index Number of species Number of individuals

ndf ddf F P ndf ddf F P ndf ddf F P

Treatment 2 53 4.23 0.020 2 53 4.29 0.019 2 52 1.23 0.299

Depth 1 53 1.14 0.291 1 53 0.38 0.542 1 52 0.64 0.429

Algae 1 53 1.13 0.293 1 53 0.85 0.361 1 52 5.2 0.027

Depth 9 algae 1 52 5.5 0.023

Source Idotea balthica Gammarus amphipods Theodoxus fluviatilis Mytilus trossulus

ndf ddf F P ndf ddf F P ndf ddf F P ndf ddf F P

Treatment 2 53 3.47 0.038 2 52 1.52 0.228 2 53 6.16 0.004 2 53 1.18 0.315

Depth 1 53 3.39 0.071 1 52 1.22 0.274 1 53 1.54 0.220 1 53 0.26 0.616

Algae 1 53 11 0.002 1 52 2.85 0.098 1 53 2.37 0.129 1 53 0.01 0.926

Depth 9 algae 1 52 3.04 0.087

ndf nominator degrees of freedom, ddf denominator degrees of freedom
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Discussion

In the laboratory environment, the North American

white-fingered mud crab R. harrisii is an effective

predator of the most common littoral grazers of F.

vesiculosus dominated littoral habitats in the Archi-

pelago Sea of southwestern Finland. R. harrisii

consumed at least one individual from all presented

prey species but also showed a clear choice for some

species, such as isopods, gammarid amphipods, and

blue mussels. Feeding choices depended on the

availability of prey when R. harrisii was allowed to

feed on multiple individuals of the same species. R.

harrisii still consumed mainly isopods and gammarid

amphipods but consumed substantially fewer blue

mussels than expected based on the results from the

first experiment where 66 % of blue mussels were

consumed. As observed with other crab species in

other regions (e.g. Juanes 1992; Mascaro et al. 2003;

Smallegange et al. 2008), R. harrisii also preyed upon

small and medium sized prey of both mobile (isopods

and amphipods) and immobile (mussels) species. This

suggests that R. harrisii could alter the prey population

size-structure through size selective predation on the

smaller individuals, as observed with other predators

and their prey species (Ojeda and Dearborn 1991).

The ability of R. harrisii to prey on mobile species

such as isopods and gammarid amphipods has been

questioned (Hegele-Drywa and Normant 2009), but

this study shows that R. harrisii can catch these fast

moving species in an enclosed environment. In our

second experiment, R. harrisii even preyed upon these

mobile species more readily than the sessile mussels.

In this case, R. harrisiimay just be avoiding the risk of

claw damage when opening hard shelled mussels

(Juanes and Hartwick 1990), but other species of crabs

have also shown a preference for consuming softer

shelled crustaceans rather than hard shelled snails

(Buck et al. 2003). In these experimental conditions,

the consumption rate of R. harrisii on isopods and

gammarid amphipods was high (up to 90 and 70 %

respectively) and could be due to the naivety of these

prey species to a novel predator and the prey’s lack of

anti-predation behavior (Cox and Lima 2006; Sih et al.

2010). There is evidence that the isopods from this

geographical area do not show the same kind of anti-

predation behavior (immobility under the olfactory

cue of a predator) towards R. harrisii as they do toward

a native fish predator (Yli-Renko et al., unpubl. data).

It is also possible that in the confined space of an

aquarium in the laboratory environment, the mortality

rates of the prey were elevated due to an increase in the

(a) (b)

Fig. 3 Box plot of the average a Shannon–Wiener diversity

index and b number of T. fluviatilis individuals in the different

experimental field treatments (‘‘crab predation’’—experimental

single R. harrisii addition, cage added; ‘‘natural predation’’—no

experimental crab addition, no cage addition; ‘‘no predation’’—

no experimental crab addition, cage added) of F. vesiculosus

(n = 20 bushes for each treatment). Different letters above the

boxes indicate significantly different values (P\ 0.05)
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number of interactions with R. harrisii and the lack of

escape possibilities and/or hiding places for the prey.

In the field experiment with the macroinvertebrate

community associated with F. vesiculosus, the sole

presence of one R. harrisii in an enclosure decreased

both the number of prey species and the Shannon-

Wiener diversity index in a similar manner as in the

treatment that had no enclosure and was open to

natural predation (fish, crabs, birds etc.). This shows

that R. harrisii impacts the native macroinvertebrate

rocky littoral community on F. vesiculosus dominated

habitats. Whether it is caused by direct predation of R.

harrisii, prey species avoiding the cages containing R.

harrisii, or the combination of both, remains uncer-

tain. However, we did observe that the presence of R.

harrisii was enough to decrease the number of prey

species but not the total number of potential prey

individuals associated with F. vesiculosus. Therefore,

the decrease in the number of particular species in

some enclosures allowed other species to increase

their abundance so that the total number of individuals

did not change between treatments. For example, the

number of Idotea isopods was lower in the predation

treatments than no predation treatment, while Jaera

albifrons showed an opposite pattern, with higher

abundances in the predation treatments than no

predation treatment. This may be due to the body size

difference between the two isopod species; J. albifrons

grows to a maximum of 5 mm (Haahtela 1965), while

Idotea can reach 25 mm (Segerstråle 1944). In that

sense, species that R. harrisii does not directly prey

upon might benefit from the presence of R. harrisii.

Of the individual species, only the abundance of the

snail T. fluviatilis was negatively impacted by R.

harrisii in the field experiment. However, as R.

harrisii only consumed an average of 28 % of the

snails presented in the laboratory experiments, the

shortage of snails in the ‘‘crab predation’’ and ‘‘natural

predation’’ treatments would suggest an indirect effect

of the predator rather than strong direct predation on

the snails. The presence of R. harrisii could alter the

behavior and habitat choice of the snails so that they

would avoid crab-invaded F. vesiculosus. This type of

predator avoidance behavior, triggered by the scent of

a predator feeding on their own kind, has been seen

with different snail species in previous studies (Marko

and Palmer 1991; Jacobsen and Stabell 1999, 2004;

Mach and Bourdeau 2011). Also, during the laboratory

experiment T. fluviatilis were found climbing in the

walls of the aquaria, possibly due to a predator escape

response or just natural inclination. Another explana-

tion could be that in the laboratory environment R.

harrisii can prey on mobile species more easily as the

prey cannot escape, but in the field R. harrisii prey on

more sedentary species as the mobile ones escape or

hide.

Unlike the results from the laboratory experiments,

the results from the field experiment implied that R.

harrisii did not impact the number of isopods or

gammarid amphipods that colonized the F. vesiculo-

sus. As this study shows, laboratory experiments

conducted in confined spaces with less available

refuge than in nature can magnify predation estimates,

leading to an exaggerated hypothesized impact of an

introduced species. On the other hand, it is possible

that the impact of R. harrisii in the field experiment

remained hidden due to the ongoing colonization of

the prey species, the relatively short experimental

duration, and/or the low natural predation pressure of a

single R. harrisii.

Conclusion

The abundance and distribution range of R. harrisii

along the southwestern coast of Finland has increased

since the first report of their presence in 2009 (Fowler

et al. 2013), suggesting that R. harrisii could have an

increasing impact on the local communities. In

particular, previous studies on other species have

linked an increasing introduced crab population with a

decrease in gammarid amphipod populations (Van

Dolah 1978; Grosholz et al. 2000). The effects of R.

harrisii predation on macroinvertebrates in littoral F.

vesiculosus dominated areas could also cascade to

other trophic levels, as it has been found with other

predatory crab species and their grazer prey (Silliman

and Bertness 2002; Trussell et al. 2002). In the

northern Baltic Sea, microalgae and macroalgae both

benefit from the cascade effect created by fish

predation on littoral grazers (Engkvist et al. 2000;

Korpinen et al. 2007). An additive predation effect

created by both native fish species and R. harrisii has

the potential to actually increase the abundance of F.

vesiculosus by decreasing the number of grazers

consuming F. vesiculosus (Engkvist et al. 2000). On

the other hand, if Theodoxus snails are removed from

F. vesiculous habitat, by either direct or indirect
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means, F. vesiculosus could also decrease in abundance

as T. fluviatilis feed on fouling organisms that would

otherwise completely cover the F. vesiculosus (Honka-

nen and Jormalainen 2005). However, top-down effects

by R. harrisii are likely being modified by top-down

effects by fish, as some fish species have included

R. harrisii in their diet (Fowler et al. 2013). Also

seabirds such as goldeneyes (Bucephala clangula) and

great cormorants (Phalacrocorax carbo sinensis) have

been shown to prey on R. harrisii (J. Salmi, pers.

comm.), thereby creating a new link between primary

and secondary (now tertiary) consumers.

With any novel predator, the fundamental question

is how the predator modifies the local food web. Due

to the simplicity of the northern Baltic food web as

compared to other marine systems and the lack of

native crab species, the introduction of R. harrisii to

this system provides an opportunity to study how

novel species are assimilated into historically isolated

species interactions.
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Suomen luonnonsuojelun säätiö. We would like to thank Henry

Hellström for providing us with Rhithropanopeus harrisii in

2011. We are grateful for the comments from Veijo Jormalainen

and two anonymous reviewers that greatly improved the

manuscript.

References
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