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Abstract Recent increases in biological invasions

frequency may have important consequences on

native communities. However, functional redundancy

between invasive and native species could reduce non-

native species effects on native ecosystems. Despite

this, even small differences in functional traits

between these species may still have unpredictable

effects on colonized ecosystems. Invasive crayfish, as

ecosystem engineers, potentially have wide and com-

plex effects on recipient ecosystems, even when

replacing a native counterpart. We used laboratory

microcosms to test whether native (Astacus astacus)

and invasive crayfish species (Orconectes limosus,

Pacifastacus leniusculus and Procambarus clarkii)

are actually functionally redundant in their effects on

prey/shredder density and leaf litter breakdown.

Results show that crayfish strongly influenced macr-

oinvertebrate numbers and leaf litter breakdown and

indicate that differences in direct (prey and leaf litter

consumption) and indirect (prey habitat use and leaf

litter breakdown) effects between crayfish species do

exist. While the replacement of A. astacus by O.

limosus may have induced only minor changes in

freshwater ecosystems, invasions by the larger and

more aggressive P. clarkii and P. leniusculus will

likely have strong effects on invaded ecosystem.

Overall, there seems to be no functional redundancy

between these four species and outcomes of crayfish

invasion will likely be species specific.

Keywords Astacus astacus � Invasive species �
Pacifastacus leniusculus � Orconectes limosus �
Procambarus clarkii � Functional redundancy

Introduction

Globalization of human activities has increased the

frequency of ecosystem colonization by non-native

species in recent history (Elton 1958; Vitousek et al.

1997). These biological invasions can have important

impacts on native communities; driving species to

extinction and modifying food web structure and

dynamic (Rahel 2002; Gurevitch et al. 2011). The

disappearance of almost 200 cichlid species from Lake

Victoria following introduction of the Nile perch

(Lates sp.) is an extreme example of the potentially

dramatic effects of introduced species (Witte et al.

1992a). Invaders can also have more subtle, indirect
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Université de Bourgogne, 21000 Dijon, France

C. Lagrue (&)

Department of Zoology, University of Otago, 340 Great

King Street, PO Box 56, Dunedin 9054, New Zealand

e-mail: clement.lagrue@gmail.com

123

Biol Invasions (2014) 16:1545–1555

DOI 10.1007/s10530-013-0590-0



effects on ecosystems that are often overlooked in

favor of more obvious direct effects like predation

(Strauss 1991; White et al. 2006; Ehrenfeld 2010).

Although cascading effects of the Nile perch invasion

on Lake Victoria’s food web via biomass increase of

the detritivorous shrimp (Caridina nilotica) were

noticed early (Witte et al. 1992b), it took almost

10 years for these indirect effects to be quantified

(Hart et al. 2003).

Due to functional redundancy (sensus Walker

1992) between native and invading species, non-

native species may also have no major consequence on

native ecosystems (Williamson 1996; Byers et al.

2002). Functional redundancy means that two differ-

ent species perform the same role in a given commu-

nity or ecosystem, and that the substitution of a species

by the other should have no impact on ecosystem

processes (Lawton and Brown 1993; Rosenfeld 2002;

Loreau 2004). This could be especially true when the

invader replaces a taxonomically close species. Still,

any difference, even small, in functional traits (defined

as a species ability to use resources and its effects on

those resources; Ehrenfeld 2010) between native and

introduced species, may impact ecosystems in ways

that are difficult to predict (Rosenfeld 2002).

Overall, only an approach considering both direct

and indirect effects of introduced species can

quantify the true amplitude of their biological

impact. These effects are intimately connected;

predation (direct impact) of native prey by invasive

species can lead to functional modifications of the

ecosystem and have consequences extending to

other, non-prey species (indirect impact). Similar

effects can arise when non-native species share

resources with natives of the same trophic level but

exploit these resources more intensively. Invasion by

the zebra mussel (Dreissena polymorpha) has been

shown to have major and multifactorial negative

effects on recipient ecosystems (Strayer 2009; direct

impact: Strayer et al. 1999; indirect impact: Strayer

et al. 1999; Hecky et al. 2004; Miehls et al. 2009a,

b). Although native filter-feeding organisms exist in

these ecosystems, the much higher biomass, filtration

and feeding rates of zebra mussels can completely

deprive ecosystems of phytoplankton, redirecting

nutrient and energy flows within food webs (Strayer

et al. 1999; Hecky et al. 2004).

Freshwater crayfish are among the most translocated

aquatic macroinvertebrates (Hobbs et al. 1989; Strayer

2010; Hudinaand Hock 2012). Forexample, several North

American species have been introduced to Europe, posing

a potential threat to native crayfish species and entire

freshwater communities (Olsson et al. 2009). Crayfish are

some of the biggest and longest-lived macroinvertebrates,

often present at high density and biomass (Gherardi 2006;

Gherardi et al. 2011). They are considered a keystone

species in freshwater ecosystems (sensu Paine 1966;

Momot 1995; Nyström et al. 1996), consuming benthic

macroinvertebrates and fish as well as algae and dead

organic matter (Goddard 1988; Momot 1995; Whitledge

and Rabeni 1997). Organisms considered ecosystem

engineers impact their ecosystem by changing the physical

states of materials, biotic or abiotic, and modulating the

availability of resources used by other species (Jones et al.

1994). Crayfish have long been recognized as being such

ecosystem engineers (Momot 1984; Huner and Barr 1991;

Nyström et al. 1996). Invasive crayfish could thus have

wide and complex impacts on recipient ecosystems.

However, these effects remain difficult to predict and

quantify, depending largely on whether they colonize

ecosystems with no native equivalent or replace a native

crayfish species. Precise quantification of potential differ-

ences between these species in their impact on the

ecosystem must therefore be conducted to test whether

they are actually functionally redundant.

The main goal of this study was to test for functional

differences between native and non-native crayfish

species and to determine whether replacement of the

native species by an invasive counterpart may have

consequences on ecosystem functioning. Our study

focused on the quantification and comparison of leaf

litter and live prey consumption, as well as indirect

effects on leaf litter breakdown, between native and

invasive species of crayfish found in continental France.

A laboratory experiment was conducted to test for

functional redundancies between these species and to

evaluate potential consequences of the replacement of

native crayfish populations by the different invaders.

Materials and methods

Study species and animal collection

Four crayfish species were used in the following

experiments: the native ‘noble’ crayfish (Astacus

astacus; Linnaeus 1758) and three invasive species,

the ‘spiny-cheek’ crayfish (Orconectes limosus;
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Rafinesque 1817), ‘signal’ crayfish (Pacifastacus

leniusculus; Dana 1852) and ‘red-swamp’ crayfish

(Procambarus clarkii; Girard 1852). We used these

three species as three invasion steps of France’s

crayfish populations (see Table 1 for details). All

crayfish were captured using baited traps. A. astacus

were collected in ponds near Loromontzey, North-

eastern France (48�260N, 6�210E), O. limosus in the

Meuzin River, Eastern France (47�20N, 4�590E), P.

leniusculus in Lake Pont, Eastern France (47�260N,

4�210E) and P. clarkii in drainage culverts in Southern

France (43�300N, 4�4010E). Crayfish were brought

back to the laboratory and species kept separately in

large (500 L) holding tanks filled with UV treated,

filtered and continuously aerated tap water, and fed

regularly with frozen fish morsels.

The crustacean amphipod Gammarus pulex (Lin-

naeus 1758) was used as both leaf litter consumer (i.e.

shredder) and prey in our experiments. Amphipods

participate actively in dead organic matter breakdown

(Tachet et al. 2009), and are naturally predated upon

by crayfish (Usio et al. 2006; Hesselschwerdt et al.

2009). Amphipods were collected weekly in the Suzon

River (47�240N, 4�530E), a river historically free of

crayfish, using kick nets, brought back to the labora-

tory and maintained in 50 L tanks filled with UV

treated, filtered and continuously aerated tap water,

and fed with alder leaves [Alnus glutinosa (L.) Gaertn]

as this is the main litter resource in the stream of

Burgundy. Only adult G. pulex (total body length

[1 cm) were used in experiments.

Experimental design

Laboratory microcosms were used to assess crayfish

impact on prey/shredder density and leaf litter break-

down over a 6 day period. Aquaria (30 9 18 9 20 cm)

were filled with 10 L of continuously aerated tap water

and 5 cm of sand substratum (1 mm \ Ø \ 2 mm).

Temperature was maintained at 14 �C under a 12 h

light/12 h dark photoperiod. Because both amphipod

and crayfish are mostly nocturnal, natural moonlight

conditions were reproduced using specifically designed

lighting (‘‘Night Glo, Exo Terra’’, 40 W, 220–240 V,

50 Hz). One refuge for prey, consisting of a circular

plastic container (Ø = 5 cm, height = 4 cm) filled

with folded plastic mesh (10 mm2 mesh), was placed

in each aquarium. Containers were imbedded into the

sand so that refuge and aquarium substratum surfaces

were level, allowing G. pulex to hide from crayfish

predators. However, hiding amphipods could not access

food and would have to exit refuges to feed, thus risking

predator encounter. Autumn-shed alder leaves were

provided as amphipod and/or crayfish food source and

used to determine leaf litter breakdown in the different

treatments. Batches of air-dried leaves were weighed

(2 ± 0.05 g), wetted, enclosed in nylon mesh bags

(L 9 w 9 h = 10 9 10 9 1 cm; 10 mm mesh size

allowing both G. pulex and crayfish to access leaves, the

first being small enough to pass through the mesh and

the second using its second pair of claws) containing a

tile for weight, and incubated for a week in water

containing organic debris from the Suzon River to allow

for microbial growth. Fungi and bacteria enhance litter

quality for macroinvertebrate shredders through leaf

tissue softening (Bärlocher and Kendrick 1975). One

leaf litter bag was placed in each aquarium at the

beginning of each experiment and for each treatment.

Combinations of predator (no predator, A. astacus,

O. limosus, P. leniusculus or P. clarkii) and prey (no

prey or G. pulex), for a total of 10 predator–prey

combinations (i.e. treatments), were tested. Twenty-

four replicates were conducted for each combination.

The no predator-no prey combination was used to

determine physico-chemical effects of water and

microorganisms (i.e. leaching) on leaf litter break-

down (Boulton and Boon 1991), and is hereafter

referred as the leaching treatment. Predator only and

prey only treatments allowed the quantification of

species-specific leaf litter consumption for all species

Table 1 Status, native range, estimated date of introduction in France and demographic situation of the four crayfish species used in

the present study

Species Status Native range Introduction Situation

A. astacus Native Europe ø In regression

O. limosus Invasive East coast of USA 1890 Widespread, stable

P. leniusculus Invasive West coast of USA and Canada 1970 In expansion

P/clarkii Invasive Southern USA, Northern Mexico 2000 In expansion

Native versus introduced crayfish effects 1547
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with no interspecific interaction. The G. pulex—no

predator treatment was used to estimate prey survival

and leaf litter breakdown in the absence of predator

and is referred as the control treatment.

In treatments including crayfish predators, a single

individual was introduced in each aquarium and

allowed to acclimatize for 6 h. No prey or 60 adult

G. pulex were then added in each aquarium. Initial G.

pulex numbers were chosen to reflect natural densities

at the sampling site. After 6 days, remaining alder leaf

material was rinsed with tap water, dried at 70 �C for

72 h and weighed to the nearest 0.01 g. Leaf mass was

expressed as the ratio between final and initial litter

mass (proportion of leaf mass remaining) in each

aquarium. Ash-free dry mass of remaining leaf

material is standard practice in leaf litter breakdown

experiments to account for mineral or ash build up

effects on dry leaf litter mass. However, our experi-

ments were run over a short time period under

controlled laboratory conditions, ash build up and

potential errors due to mineral deposition on leaf

material should thus be minimal.

Refuge and leaf litter bag were retrieved separately

and G. pulex found inside counted. Amphipods located

in different areas of the aquarium (refuge, leaf litter bag

and open water) were counted independently to assess

crayfish effects on prey habitat use. Total numbers of

surviving G. pulex were then used to determine overall

survival and prey consumption by crayfish predators

(i.e. number of prey consumed after 6 days). Prey

consumption in the different treatments was expressed

as the difference between initial amphipod number (i.e.

60) and the number of surviving individuals after

6 days (i.e. prey mortality is considered equivalent to

predator consumption). We also gather the size and sex

of each crayfish for controlling these factors.

Statistical analyses

All statistical analyses were performed using R (R

Development Core Team 2011). Crayfish size was

significantly different between species (Kruskal–Wal-

lis ANOVA, H3,148 = 69.48, p \ 0.0001; mean body

length ± SE = 9.31 ± 0.08, 8.03 ± 0.10, 9.32 ±

0.08 and 8.75 ± 0.09 cm for A. astacus, O. limosus,

P. leniusculus and P. clarkii respectively). Crayfish

size and sex were thus included in all models.

However, these factors had no significant effect on

leaf litter breakdown (sex, F88,1 = 0.0559, p =

0.08137; size, F88,1 = 0.1326, p = 0.7166), prey

mortality (sex, F88,1 = 0.3471, p = 0.5573; size,

F88,1 = 2.0161, p = 0.1592) or prey distribution in

microcosms (sex, F179,1 = 7.340721, p = 0.06740979;

length, F179,1 = 2.764073, p = 0.09640251), and are

not shown in results.

Cohen’s d and associated 95 % confidence inter-

vals (95 % CI) were calculated to determine the effect

size of each relevant factor within each model (Cohen

1988; Nakagawa and Cuthill 2007). They were

calculated by bootstrapping, performing a random

re-sampling with replacement, from each of the

distributions compared. Cohen’s d was calculated for

all iterations to obtain and compare the distribution of

all possible Cohen’s d for our samples. 95 % CI was

extracted from this distribution, and the final Cohen’s

d value was the mean value. A biological significant

effect was assumed when 95 % CI didn’t contain 0,

then the value of Cohen’s d indicated effect size and its

sign the direction of the difference (Cohen 1988).

Leaf litter breakdown

General linear models (GLMs) were used to test for

potential differences in leaf litter breakdown between

the different treatments. Proportion of leaf mass

remaining after 6 days was modeled as a continuous

dependent variable. First, using the no prey-crayfish

treatments, we tested whether crayfish actively con-

sumed leaf litter (direct effect). Second, leaf litter

breakdown was compared between the different

predator–prey treatments to assess for possible spe-

cies-specific crayfish effects on leaf litter breakdown

through prey consumption (indirect effect).

Prey consumption

We used a GLM to compare prey mortality (i.e.

predator consumption) in the different treatments. The

number of G. pulex amphipods consumed after 6 days

was modeled as a discrete dependent variable, using a

‘‘quasi-Poisson’’ distribution to reflect over dispersion.

We were not able to use an estimate of consumption

rate as response. Indeed it would implied the counting

of the remaining prey in the aquarium several times

during the experiment, which is impossible without

disturbance as the prey can hide in leaves and shelter.

1548 L. Dunoyer et al.
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Prey habitat use

As the response variable consists of discrete numbers

of prey remaining in three different localizations of the

aquarium at the end of the experiment, we used a

multinomial logistic regression to assess treatment

effects on G. pulex prey distribution (i.e. habitat use) in

experimental microcosms (refuge, leaf litter bag and

open water). The model gives the probability of G.

pulex prey presence in each ‘‘habitat’’. These proba-

bilities were compared between treatments using

Cohen’s d and their associated 95 % CI as described

previously (Cohen 1988; Nakagawa and Cuthill 2007).

Results

Leaf litter breakdown

Overall, crayfish presence had a significant effect on

leaf litter breakdown, regardless of crayfish species,

and even in the absence of shredder prey (crayfish-no

G. pulex prey treatments; F97,5 = 28.792; p \ 0.001;

Table 2; Fig. 1). Leaf litter breakdown was thus

compared between crayfish species in a pair-wise

manner using Cohen’s d and their associated 95 % CI

(Table 2; Fig. 2). Crayfish effects on leaf litter break-

down were species specific. A. astacus and O. limosus

Table 2 Leaf litter breakdown, prey consumption and prey habitat use in the different treatments [leaching (L), control (Co), A.

astacus (Aa), O. limosus (Ol), P. leniusculus (Pl) and P. clarkii (Pc)]

Treatment Proportion of leaf mass
remaining (mean ?
[95 % CI])

Number of G. pulex
consumed (mean ?
[95 % CI])

Number of surviving G. pulex
(mean ? [95 % CI])

Refuge Leaf bag Open water

No prey

L 0.83 [0.81; 0.85] – – – –

Aa 0.83 [0.77; 0.89] – – – –

Ol 0.81 [0.79; 0.82] – – – –

Pl 0.76 [0.71; 0.80] – – – –

Pc 0.69 [0.65; 0.72] – – – –

G. pulex

Co 0.62 [0.59; 0.64] 2 [1; 3] 3 [1; 5] 24 [19; 28] 32 [27; 37]

Aa 0.75 [0.71; 0.78] 38 [35; 41] 3 [2; 4] 16 [14; 19] 3 [2; 4]

Ol 0.80 [0.77; 0.83] 39 [35; 43] 6 [4; 8] 11 [8; 13] 5 [3; 6]

Pl 0.55 [0.47; 0.63] 46 [43; 49] 6 [5; 8] 5 [3; 7] 3 [2; 4]

Pc 0.75 [0.72; 0.78] 47 [45; 50] 1 [0; 1] 10 [8; 12] 2 [1; 4]
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Fig. 1 Leaf litter and prey

consumption

(mean ± 95 % CI) in the

different treatments

[leaching (L), control (Co),

A. astacus (Aa), O. limosus

(Ol), P. leniusculus (Pl) and

P. clarkii (Pc)]
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had no influence on leaf breakdown compared to the

leaching treatment (Table 2; Figs. 1, 2) and do not

seem to consume alder leaves. Contrastingly, P.

leniusculus and P. clarkii significantly increased leaf

litter breakdown, most likely through direct leaf

consumption (Table 2; Figs. 1, 2). Finally, leaf litter

breakdown was significantly higher in the control

treatment (no predator-G. pulex) than in any of the

other treatments (Figs. 1, 2).

Crayfish also significantly influenced leaf litter

breakdown when shredder prey (G. pulex) were pres-

ent (F140,5 = 23.266; p \ 0.001; Table 2; Fig. 1).

Again, leaf litter breakdown was compared in a pair-

wise manner between treatments (Table 2; Fig. 3).

Litter breakdown was significantly lower in the

presence of A. astacus, O. limosus or P. clarkii than

in the control treatment (i.e. G. pulex-no crayfish

predator; Table 2; Figs. 1, 3). Contrastingly, leaf

litter breakdown was not influenced by P. leniuscu-

lus compared to the control treatment (Table 2;

Figs. 1, 3). Leaf litter breakdown was also affected

in species-specific ways by crayfish. In the presence

of the native A. astacus, leaf litter breakdown was

respectively higher, similar and lower than in the

presence of the three introduced species O. limosus,

P. clarkii and P. leniusculus (Table 2; Figs. 1, 3).

Leaf litter breakdown was significantly lowered by

the presence of O. limosus compared to the two

other introduced species and higher in the presence

of P. leniusculus than in the presence of P. clarkii

(Table 2; Figs. 1, 3).

Prey consumption

Prey mortality was significantly higher in the presence

of crayfish (F116,4 = 239.3; p \ 0.001; Table 2;

Fig. 1). Prey consumption (i.e. mortality) also varied

between crayfish species (Table 2; Figs. 1, 4). P.

leniusculus and P. clarkii consumed significantly

more G. pulex prey than A. astacus and O. limosus

(Table 2; Figs. 1, 4). No other significant difference

was detected between treatments.

Prey habitat use

Crayfish presence significantly affected prey distribu-

tion in our experimental microcosms (multinomial

logistic regression: F228,4 = 94.5; p \ 0.001; Table 2;

Fig. 5). After Cohen’s d was computed for each area

of the experimental microcosm, probabilities of prey

presence were compared according to crayfish species.

Crayfish effects are significant in all areas considered

independently: refuge (F112,4 = 28.34, p \ 0.001),

leaf litter bag (F112,4 = 23.167, p \ 0.001) and open

water (F112,4 = 23.715, p \ 0.001).

Proportions of G. pulex remaining in the refuge

were significantly higher in crayfish treatments than in

the control where very few amphipods were found

hiding although the introduced P. clarkii did not seem

to increase shelter use in G. pulex amphipods (Figs. 5,

6a). P. leniusculus induced a higher use of refuges by

G. pulex than any other crayfish species (Figs. 5, 6a).

A higher proportion of G. pulex were found in the

Co
Aa
Ol
Pl
Pc
Aa
Ol
Pl
Pc

-4 -2 0 2 4

-3.75 [-4.56;-3.1]
0.03 [-0.86;1.03]

-0.49 [-1.06; 0.09]
-1.19 [-1.87;-0.54]
-2.18 [-2.92;-1.57]
2.75 [1.7;4.36]
3.53 [2.83;4.42]
2.07 [1;3.28]
0.99 [0.34;1.73]

vs
. l

ea
ch

in
g

vs
. c

on
tr

ol

Cohen’s d

Fig. 2 Pair-wise comparisons of leaf litter breakdown

(expressed as the proportion of leaf mass remaining after

6 days) between leaching or control (Co) and crayfish alone

treatments (predator-no prey), A. astacus (Aa), O. limosus (Ol),

P. leniusculus (Pl) and P. clarkii (Pc), using Cohen’s d values

and their associated 95 % CI
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Fig. 3 Pair-wise comparisons of the proportion of leaf mass

remaining after 6 days between treatments including with prey,

control (Co; no predator–prey) and crayfish treatments (pred-

ator–prey), A. astacus (Aa), O. limosus (Ol), P. leniusculus (Pl)

and P. clarkii (Pc), using Cohen’s d values and their associated

95 % CI
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refuges in the O. limosus than in A. astacus and P.

clarkii treatments. Finally, there was no difference in

the proportion of prey using the refuges between the

native A. astacus and the introduced P. clarkii

treatments (Figs. 5, 6a).

The proportion of amphipod prey found in open

water was significantly higher in the control (i.e. no

crayfish predator) than in crayfish treatments (Figs. 5,

6b); G. pulex rarely being found exposed in open water

in the presence of crayfish, regardless of the species

(Figs. 5, 6b).

Finally, the proportion of amphipods recovered

from leaf litter bags was significantly higher in the

presence of A. astacus and P. clarkii than in any other

treatment (Figs. 5, 6c). A higher proportion of prey

was also found in leaf litter bags in presence of O.

limosus compared to P. leniusculus (Figs. 5, 6c). No

other significant difference was detected.

Discussion

Crayfish are often considered keystone organisms,

affecting basal resources and primary consumers in

freshwater ecosystems (Nyström et al. 1996; Usio and

Townsend 2004; Gherardi et al. 2011). Our experi-

ments show that crayfish strongly influenced macro-

invertebrate prey numbers and leaf litter breakdown

and that crayfish species differ in their direct (prey

consumption) and indirect (amphipod prey habitat use

and leaf litter breakdown) effects.

Previous studies found that crayfish either had no

impact (Usio and Townsend 2004; Usio et al. 2006) or

enhanced leaf litter breakdown (Usio and Townsend

2001; Creed and Reed 2004; Zang et al. 2004; Moore

et al. 2012). Our results show that these patterns are

species specific. While A. astacus and O. limosus had

no effect on leaf litter breakdown and did not seem to

feed directly on terrestrial leaf litter, P. leniusculus

and P. clarkii significantly increased litter breakdown,

most likely through direct consumption of leaf mate-

rial. However, direct crayfish effect on leaf litter

breakdown was marginal compared to that of G. pulex;

the amphipods consumed more leaf mass than did

crayfish. When amphipods and crayfish were associ-

ated in microcosms, the presence of crayfish signifi-

cantly decreased leaf litter breakdown. Overall, leaf

litter consumption by crayfish is unlikely to compen-

sate for the decrease in leaf litter breakdown due to G.

pulex prey depletion. Similar patterns were found in an

algae-grazer-P. leniusculus association (Nyström et al.

2001). Total crayfish effects on litter breakdown are

therefore negative, mostly indirect and mediated by

macroinvertebrate prey/shredders although these

effects may be influenced by shredder prey species

and time since crayfish invasion (Haddaway et al.

2012; Moore et al. 2012). Furthermore, these effects

varied among crayfish species. Compared to invasive

species treatments, leaf litter breakdown observed in

the native A. astacus treatment was higher, lower than

or similar to leaf litter breakdown observed in O.

limosus, P. leniusculus and P. clarkii treatments

respectively. It is thus likely that the outcome of

crayfish invasion on leaf litter processing will be

species specific and that no general consensus can be

reached on the influence of these organisms.

Aa vs. Co

Aa vs. Ol

Aa vs. Pl

Aa vs. Pc

Ol vs. Co

Ol vs. Pl

Ol vs. Pc

Pl vs. Co

Pl vs. Pc
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-0.08 [-0.66;0.51]
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-1.34 [-2.01;-0.76]

5.23 [4.09;6.76]

-0.76 [-1.45;-0.15]

-0.97 [-1.66;-0.39]

7.56 [5.35;11.62]

-0.13 [-0.67;0.49]

11.67 [9.42;15.1]

-2 20 4 86 10 12 1614

Cohen’s d

Fig. 4 Pair-wise

comparisons of prey

mortality (i.e. prey

consumption) between

crayfish treatments

(predator–prey), A. astacus

(Aa), O. limosus (Ol), P.

leniusculus (Pl) and P.

clarkii (Pc), using Cohen’s

d values and their associated

95 % CI
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Crayfish had a very strong effect on G. pulex

numbers, regardless of species, and heavily fed on

amphipod prey in our experiments. Strong, negative

effects of crayfish introduction in ecosystems without

a native equivalent have been widely documented

(McCarthy et al. 2006). For example, P. leniusculus

invasion induced a 60 % decrease in stream macro-

invertebrate density compared to similar streams free

of crayfish (Crawford et al. 2006). Our results also

indicate that any crayfish species introduced in

ecosystems with no native equivalent should have

very strong impacts on macroinvertebrate communi-

ties and leaf litter breakdown. Interestingly, P.

leniusculus and P. clarkii, the two most recently

introduced species in Continental France, consumed

significantly more prey than the now well established

O. limosus and the native A. astacus. Stronger

predation by invasive crayfish on native prey is often

suggested to result from the absence of predator–prey

co-evolution (Gherardi 2007). However, in our study,

we used naı̈ve amphipods collected from a site

historically free of crayfish, so these results should
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Fig. 5 Representation of
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associated with the

proportion of surviving
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recovered from each part of

the microcosm (refuge, leaf

bag and open water) in the

control (G. pulex—no

predator), A. astacus (native

crayfish), O. limosus, P.

leniusculus and P. clarkii

(invasive crayfish)

treatments
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show the absolute differences between crayfish spe-

cies in their effects on naı̈ve prey. According to these

results, the replacement of A. astacus by O. limosus in

France, after the native was decimated by crayfish

plague (Cerenius et al. 1988; Cerenius et al. 2003),

may thus have induced only minor changes in

freshwater ecosystems. In contrast, invasion by the

larger and more aggressive P. clarkii and P. lenius-

culus may be followed by in depth modifications of

ecosystem structure and functioning, and energy flow

through the food web (Geiger et al. 2005; Tablado

et al. 2010; Haddaway et al. 2012). Indeed, the most

recently introduced P. leniusculus and P. clarkii,

present in France since 1970 and 2000, respectively,

and continuously increasing their range, show the

potential to competitively replace A. astacus or O.

limosus. Furthermore, the longer presence of O.

limosus (1890) may have allowed native prey species

to adapt to that particular crayfish species feeding

behaviour.

While the direct predation impact on prey numbers

was clear, results also point to a microhabitat shift in

amphipods. Gammarus pulex increased refuge use in

the presence of crayfish and more amphipods were

recovered from open water in the control than in

crayfish treatments. Amphipods seem thus able to

detect all species of crayfish predators and, to some

extent, adjust their habitat use consequently (Usio

2000; Harvey et al. 2011). However, predatory and/or

exploratory behaviours may be different between

crayfish species (Charlebois and Lamberti 1996;

Haddaway et al. 2012). Variations in amphipod

mortality and spatial repartition between treatments

may reflect these interspecific differences and tend to

show that crayfish species used in our study are not

exactly functionally identical in their predation

effects. Overall, there seems to be little functional

redundancy among these four species.

Most freshwater ecosystems recently invaded by P.

leniusculus and P. clarkii in France were already

empty of native crayfish, and it is likely that these

organisms have had in depth effects on native

ecosystems. Whether ecosystems naturally lack native

crayfish or lost these as a result of crayfish plague,

trophic webs are either naı̈ve to crayfish or have

reorganized following native species disappearance

and will be largely affected by other non-native

species colonization. In some cases, ecosystems have

been previously colonized by O. limosus, historically

the first invader, and reorganized to include this

keystone organism. However, our study showed that

the replacement of this species by P. leniusculus or

P. clarkii may induce further modifications of eco-

system structure and functioning due to subtle but

non negligible functional differences between these

species. Altogether, our results suggest that the
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Fig. 6 Pair-wise comparisons of the proportion of surviving

amphipod prey (G. pulex) recovered from each part of the

microcosm (a refuge, b open water and c leaf bag) between the

control (Co; no predator–prey) and crayfish treatments (pred-

ator–prey), A. astacus (Aa), O. limosus (Ol), P. leniusculus (Pl)

and P. clarkii (Pc), using Cohen’s d values and their associated

95 % CI
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continuous spread of P. leniusculus and P. clarkii

mean that increasing numbers of freshwater ecosys-

tems will be structurally and functionally affected,

either through the addition of a new keystone organ-

ism or the replacement of a functionally close but non-

equivalent species.
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Initiation aux invertébrés des eaux douces. Association

Française de Limnologie, Lyon

Usio N (2000) Effects of crayfish on leaf processing and

invertebrate colonization of leaves in a headwater stream:

decoupling of a trophic cascade. Oecologia 124:608–614

Usio N, Townsend CR (2001) The significance of the crayfish

Paranephrops zealandicus as shredders in a New Zealand

headwater stream. J Crustac Biol 21:354–359

Usio N, Townsend CR (2004) Roles of crayfish: consequences

of predation and bioturbation for stream invertebrates.

Ecology 85:807–822

Usio N, Suzuki K, Konishi M, Nakano S (2006) Alien vs.

endemic crayfish: roles of species identity in ecosystem

functioning. Arch Hydrobiol 166:1–21

Vitousek PM, Mooney HA, Lubchenco J, Melillo JM (1997)

Human domination of Earth’s ecosystems. Science 277:

494–499

Walker BH (1992) Biodiversity and ecological redundancy.

Conserv Biol 6:18–23

White EM, Wilson JC, Clarke AR (2006) Biotic indirect effects:

a neglected concept in invasion biology. Divers Distrib

12:443–455

Whitledge GW, Rabeni CF (1997) Energy sources and ecolog-

ical role of crayfishes in an Ozark stream: insights from

stable isotopes and gut analysis. Can J Fish Aquat Sci

54:2555–2563

Williamson M (1996) Biological invasions. Chapman and Hull,

London

Witte F, Goldschmidt T, Goudswaard PC, Ligtvoet W, van

Oijen MJP, Wanink JH (1992a) Species extinction and

concomitant ecological changes in Lake Victoria. Neth J

Zool 42:214–232

Witte F, Goldschmidt T, Goudswaard PC, Ligtvoet W, van

Oijen MJP, Wanink JH (1992b) The destruction of an

endemic species flock: quantitative data on the decline of

the haplochromine cichlids of Lake Victoria. Environ Biol

Fish 34:1–28

Zang Y, Richardson JS, Negishi JN (2004) Detritus processing,

ecosystem engineering and benthic diversity: a test of

predator–omnivore interference. J Anim Ecol 73:756–766

Native versus introduced crayfish effects 1555

123

http://www.R-project.org/
http://www.R-project.org/

	Effects of crayfish on leaf litter breakdown and shredder prey: are native and introduced species functionally redundant?
	Abstract
	Introduction
	Materials and methods
	Study species and animal collection
	Experimental design
	Statistical analyses
	Leaf litter breakdown
	Prey consumption
	Prey habitat use


	Results
	Leaf litter breakdown
	Prey consumption
	Prey habitat use

	Discussion
	Acknowledgments
	References


