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Abstract The impact of biological invasions on
local biodiversity is well established, but their impact
on ecosystem functioning has only been sketchily
documented. However, biological invasions may
impede services provided by aquatic ecosystems,
such as, for example, the decomposition of organic
matter, a key process in most small streams. To
address this question, we experimentally quantified
the leaf litter breakdown activity of native and
invasive amphipod species, which are keystone
species in aquatic ecosystems. The breakdown rate
of each species was used to estimate the potential leaf
litter recycling in the Rhone and Meurthe Rivers in
sites occupied solely by native species and sites
dominated by invasive species. We found that
invaders were not able to compensate for the activity
of native species and that the replacement of native
species led to a decrease of at least 66% in the rate of
leaf litter recycling. Our approach provides empirical
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evidence of the functional impact of non-indigenous
species on leaf litter recycling, using standard
protocols and literature data.
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Introduction

The establishment of non-indigenous species is one of
the most important factors endangering native biodi-
versity in aquatic ecosystems (Sala et al. 2000). This
form of global change (Leppikoski and Olenin 2001;
Ricciardi 2007) greatly increases the encounters
between native and invasive organisms and may
promote the displacement of native by invasive
species. This replacement is particularly well docu-
mented for invasive amphipods because they are more
frequent in aquatic ecosystems than most other taxa
(Devin and Beisel 2007). Numerous studies have
shown that interactions between native and invasive
amphipods generally lead to the replacement of the
former by the latter (Dick and Platvoet 2000;
Grabowski et al. 2006; Piscart et al. 2007, 2009a,
2010). The consequences of species replacement are
not only deleterious for local biodiversity, but may
also have significant consequences for ecosystem
functioning (Piscart et al. 2011). The establishment
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of invasive species may lead to important changes in
the composition of macroinvertebrate communities
(Dick et al. 2002; Kelly et al. 2003), which may affect
higher trophic levels in particular (Pinkster et al. 1977,
Kelly and Dick 2005).

The threat of invasive amphipod species is even
more worrying because these are key species in
aquatic ecosystems, in particular in trophic food webs
(Dangles and Malmqvist 2004; Dunn et al. 2009;
Piscart et al. 2009b; Navel et al. 2010). Their
shredding activity is crucial in many ecosystems
and detritus is an essential resource for maintaining
diverse food webs (Petersen and Cummins 1974;
Wetzel 1995; Wallace et al. 1997; Hall et al. 2000;
Joyce and Wotton 2008). Previous studies (Piscart
et al. 2009b) have shown that the litter breakdown
activity of amphipods contributes to 75% of the leaf
litter recycling in streams of Western France.

In this study, we experimentally measured and
compared the breakdown rate of tree leaves for
different native and invasive species. We hypothe-
sized that invasive species, which are most com-
monly more predaceous (Dick 1996; Dick et al. 2002;
van der Velde et al. 2009), do not compensate for the
key role played by native species in particulate
organic matter (POM) recycling. To estimate the
potential impact of the displacement of native species
by invasive species, we based our studies on field
data available on amphipod density and biomass in
rivers where invasive species were recently estab-
lished (Piscart et al. 2005; Paillex et al. 2009).

Materials and methods

Rate of breakdown of dead leaves
by native and invasive species

Freshly fallen alder leaves (Alnus glutinosa (L.)
Gaertn.), a common species along streams and rivers,
were collected from a single site in the riparian zone
of the Rhone River during abscission (November
2007), air-dried and stored in the laboratory until
needed. Leaves of similar size were conditioned in
fine-mesh bags immersed in a nearby river (located on
the campus of the University Claude Bernard, Lyon—
France) for 10 days, i.e. sufficient time to allow for
microbial colonization (Suberkropp and Chauvet
1995). In the laboratory, leaves were cut into 14 mm
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diameter discs, avoiding the central veins. The mean
weight of the discs was estimated for each leaf by
weighing three dried (65°C, 72 h) control discs to the
nearest 0.1 mg. The other discs were used to measure
the leaf breakdown rate (LBR) of amphipods.

The LBR was measured using individual amphipods
generally over 6 mm long, from two common native
species: Gammarus fossarum Koch, 1835, Gammarus
pulex (Linnaeus, 1758), a common non-invasive
species that is now considered to have been naturalized
in France since it arrived during the nineteenth century
without negative impact (Piscart et al. 2010): Gamm-
arus roeselii (Gervais, 1835) and two invasive species
that are widely distributed: Dikerogammarus villosus
(Sowinskyi, 1894) and Gammarus tigrinus (Sexton,
1939). All individuals were collected in the Rhone
River, except for the G. tigrinus, which were sampled
in the Meurthe River (North Eastern France). For each
species, 45 individuals randomly chosen were placed
individually in 5 cm diameter plastic cups with 30 ml
of dechlorinated tap water at 15°C and 12:12 h
Light:Dark. Three discs from three different leaves
(n = 3) were added to each cup to reduce variability
due to, for example, differences in thickness or
hardness. Fifteen individuals of each species were
sacrificed after 3, 6 and 10 days to estimate the LBR.
The LBR was calculated by weighing the amphipod
and the remaining leaf material to the nearest 0.1 mg,
after drying at 65°C for 72 h.

Potential impact of the invasive species
on leaf litter recycling

To estimate the impact of invasive species on the
recycling of leaf litter, we estimated the potential
LBR, corresponding to the quantity of leaf litter
shredded by amphipods per square meter and per year.
The potential LBRs were computed for sites recently
colonized by invasive species and sites harbouring
only native species. We used adult invertebrates
sampled from two rivers recently colonized by
invasive species (Piscart et al. 2005; Paillex et al.
2009). Young specimens of each amphipod species
(individuals shorter than 6 mm, Devin and Beisel
2007) were removed from samples to reduce the
seasonal variability. The densities of shredders were
determined according to Tachet et al. (2000).

In the Rhone River, the amphipod community is
composed of a mix of two native species (mainly
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Gammarus pulex and Gammarus fossarum), and
the recently established Dikerogammarus villosus
(Paillex et al. 2009). To measure the consequence of
the establishment of D. villosus on the potential LBR
in the Rhone River, we used data from M¢érigoux
et al. (2009). In these studies, the density of
amphipods in the Rhone River was measured at
Belley, before the establishment of D. villosus, in
Spring and Summer 2002. Samples were taken using
a Hess-type sampler (area 0.05 m? mesh size
200 pm). Twenty sample-units were taken at regular
spatial intervals over the total reach length and across
the width of the river in wadeable areas. Invertebrates
were sampled again after the establishment of the
invasive species in Summer 2007 and Spring 2008 at
the same site and with the same sampling method.
Mean weights of amphipods from native and invasive
species were estimated by weighing at least 100 dried
individuals (65°C, 72 h) of each species collected at
the site in Summer 2007. The mean biomass of each
species was separately estimated by multiplying, for
each species, the density of amphipods by their mean
individual biomass.

In the Meurthe River, the native Gammarus pulex
and the non-invasive Gammarus roeselii were
replaced in the downstream part of the river by the
invasive Gammarus tigrinus (Piscart et al. 2005).
There, we used invertebrate shredders sampled from
one site with G. pulex and G. roeselii (see ‘DAM’ in
Piscart et al. 2005) and one site with the invasive
G. tigrinus (see ‘ART’ in Piscart et al. 2005). We
used invertebrates collected monthly from January to
September (except for February). At each site,
individuals were sampled from nine samples of
different substrata using a quantitative Surber net
sampler (area 0.05 m2, mesh size 500 um) (See
Piscart et al. 2005 for details). The biomass of each
amphipod species was determined separately by
weighing dried (65°C, 72 h) individuals of each
species from the samples to the nearest 0.1 mg.

Results

Breakdown rates of dead leaves by native
and invasive species

Breakdown rates of dead leaves differed sharply
among amphipod species (Fig. 1; repeated measures

ANOVA, F, , =41.05, P <0.001). We did not
observe any changes in the LBR of each species in
relation to the duration of the experiment (i.e. 3, 6
and 10 days) (Table 1; F, , = 1.42; P = 0.244).
The LBR of native and non-invasive alien species
(ranging from 15.2 to 32.5 g leaf g amphipod ™"
day™") was significantly higher than that of invasive
species (10.2 and 11.1 g leaf g amphipod ' day ")
(Fig. 1).

Changes in shredder densities
after the establishment of invasive amphipods

In the Rhone River, the density of most shredders
significantly decreased after the establishment of the
invasive D. villosus (Table 2). The highest density
was observed for amphipods (native plus non-
native), which decreased by 74% (from 2,962 to
779 ind m_z). We also observed a significant decrease
in the densities of Coleoptera, Plecoptera and Tri-
choptera genera, whereas the densities of other orders
did not change.

In the Meurthe River (Table 2), we did not find
any between-site differences in the densities of
amphipods, Coleoptera, and Plecoptera. The density
of Isopoda significantly increased from 13.6 to
160.0 ind m~, whereas the densities of Trichoptera
and other shredders (e.g. Diptera, Ephemeroptera)
significantly decreased in the site colonized by
G. tigrinus.

Potential impact of invasive species on leaf litter
recycling by amphipods

In the Rhone River, the biomass of G. fossarum,
significantly decreased by 78% (from 6.9 to
15¢g m™) after establishment of the invasive species
D. villosus (Table 3; repeated measures ANOVA,
Fi38 = 26.7, P <0.001), whereas the biomass of
G. pulex was not affected (Table 3; F;33 = 0.95,
P = 0.337). The total biomass of native species had
thus decreased by 75.2% (Table 3). The colonization
by D. villosus did not compensate for the loss of
native species and the total biomass of all amphipod
species decreased significantly (Fig; = 20.0, P <
0.001). For G. fossarum and D. villosus, biomasses
were highest in Spring (P < 0.045), whereas no
significant change was observed for G. pulex
(P =0.171).
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Fig. 1 Mean values (£SE) of leaf breakdown rates (LBR) of HSD test following the repeated measures ANOVAs) in
each species measured with leaves of Alnus glutinosa for all breakdown rates are indicated by different letters
durations. Significant between-species differences (Tukey’s

Table 1 Mean values (£SE) of leaf breakdown rates (LBR) measured for each species after 3, 6 and 10 days of experiment

Species Status 3 days 6 days 10 days P
LBR (£SD) in g leaf g amphipod ™" day™"

G. fossarum Native 0.17 (0.09) 0.16 (0.11) 0.16 (0.07) 0.889

G. pulex Native 0.34 (0.11) 0.28 (0.09) 0.36 (0.18) 0.261

G. roeselii Non-invasive 0.18 (0.09) 0.16 (0.06) 0.12 (0.04) 0.057

D. villosus Invasive 0.13 (0.09) 0.12 (0.09) 0.08 (0.11) 0.135

G. tigrinus Invasive 0.11 (0.09) 0.09 (0.07) 0.11 (0.09) 0.793

For each species, P values refer to one way repeated measures ANOVAs testing the between-time differences in breakdown rates

Table 2 Mean (£SD) densities (ind mfz) of the different in the Meurthe River upstream the area colonized by G.
shredder groups found before (in 2002) and after (in tigrinus (upstream) and in the area colonized by G. tigrinus
2007/2008) the arrival of D. villosus in the Rhone River and (downstream)
Shredder groups Rhone River Meurthe River

2002 2007/2008 Upstream Downstream
Amphipoda (native and non-native) 2962 + 2779 779.5 + 1075.7%** 569.4 + 789.3 506.9 + 423.9
Isopoda 95.0 + 68.6 50+ 3.0 13.6 + 13.9 160.0 + 191.2%*
Coleoptera 929.5 4 178.6 130.5 + 46.1%%* 247 + 21.2 50.3 + 110.7
Plecoptera 109.0 + 36.7 21.5 + 10.1%%* 040 0+0
Trichoptera 179.0 + 46.2 22.0 + 7.0%** 282.5 4 299.6 6.9 + 5.3*
Other shredders 153.0 + 32.8 318.5 + 176.7 320.6 + 252 40 4 43.9%

Significant between-site changes of densities are indicated for *** P < 0.001 and * P < 0.05

In the Meurthe River, native species (i.e. G. pulex) (Table 3, 0.92 g amphipod m~?), we did not find any

and non-invasive species (i.e. G. roeselii) have significant differences between the biomass of native
almost disappeared from the site colonized by the and invasive amphipods (Wilcoxon matched pairs
invasive G. tigrinus. Although the mean biomass of test, z = 1.12, P = 0.263).

G. tigrinus (Table 3, 0.35 g amphipod m™2) tends to There was a marked difference in potential LBR
be lower than the mean biomass of native amphipods between sites with native species and sites colonized
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Table 3 Mearg (+5D) Rhone River Meurthe River
biomass per m of
amphipods used to compute Biomass in Biomass in Biomass Biomass
the potential leaf litter 2002 2007/2008 upstream downstream
breakdown rate in the
Rhoéne and Meurthe Rivers G. fossarum 6.9 (6. 6) 1.50 (2.4) - -
G. pulex 0.36 (0.27) 0.30 (0.3) 0.41 (0.55) 0
G. roeselii - - 0.51 (0.63) <0.01
D. villosus 0.0 (0.0) 0.7 (1.0) - .
G. tigrinus - - 0 0.35 (0.3)
6007 A O Native + Non-invasive species Discussion
[ @ Native + invasive species
450 - Our study showed that the shredding activity of
. l amphipods is very important and individuals are able
e 300 sk to break down the equivalent of up to 36% of their
T : bpdy mass in 1 day. Although the breakdown rates
‘.i 150 - T differ sharply between lea.f types (e.g. alder, elm or
< beech) (Nilsson 1974; Friberg and Jacobsen 1994)
ﬁ 0 2002 " 2007/2008 and the types of leaf conditioning by fungi (Arsuffi
= 120 B and Suberkropp 1989; Rong et al. 1995), our results
Q are within the range of published breakdown rates for
= amphipods (Table 4). These results help to explain
‘S' 20 why .amphlpods play a cruqal fur}ctlonal rc?le in
5 aquatic ecosystems and in particular in the cycling of
& 60 1 organic matter (Dangles and Malmgqvist 2004; Joyce
et al. 2007; Piscart et al. 2009b).
30 - * The predicted higher efficiency of native gamm-
arid species compared with invasive species is
0 ' supported by our results. This efficiency may be

Upstream Downstream

Fig. 2 Mean values (£SE) of the potential leaf breakdown
rates (LBR) in sites with native and non-invasive species (open
bars) and sites with native and invasive species (grey bars).
a Potential breakdown rates before (in 2002) and after the
arrival of D. villosus in the Rhone River (in 2007/2008).
b Potential breakdown rates in the Meurthe River upstream the
area colonized by G. tigrinus (upstream) and in the area
colonized by G. tigrinus (downstream). Significant changes of
potential breakdown rates after the arrival of invasive species
are indicated for ***P < 0.001 and *P < 0.05

by invasive species (Fig. 2). In the Rhone River, the
potential LBR decreased significantly by 66.4% from
450.3 to 151.1 g leaf year' m™2 (Fig. 2a; repeated
measures ANOVA, Fig; = 22.8, P <0.001). An
82.4% decrease in the potential LBR was estimated
in the Meurthe River in the site colonized by
G. tigrinus (Fig. 2b, Wilcoxon matched pair test,
z =2.24, P = 0.025).

explained by the predaceous behaviour of invasive
gammarid species (Bollache et al. 2007; Kinzler et al.
2009). However, native species are not only shred-
ders as they use all types of available resources,
including other invertebrates (MacNeil et al. 1997).
Furthermore, although invasive amphipods use other
invertebrates as food sources, several studies indicate
that these species are omnivorous. Platvoet et al.
(2006) showed that D. villosus is able to feed on
microalgae and recently confirmed the very flexible
omnivory of the species by video recordings of its
feeding behaviour (Platvoet et al. 2009). Moreover,
investigations on the functional anatomy of the
mouthparts of D. villosus (Mayer et al. 2008) have
clearly shown that D. villosus is not a strict predator,
but can make use of different types of food. The
omnivorous feeding habits associated with leaf litter
consumption have also been confirmed by two field
studies on the fatty acid composition of adult D.

@ Springer



2866

C. Piscart et al.

Table 4 Mean or ranges of breakdown rates of leaf disc (BR) converted in g leaf g amphipods™" day™~

different species according to the type of leaf

!at 15°C from literature for

Species Leaf BR Source

Gammarus sp. Aspen 0.17 Arsuffi and Suberkropp (1989)
G. pulex Elm 0.15 Graga et al. (1993)

G. pulex Elm 0.05-0.20 Graga et al. (1994)

G. pulex Alder 0.13 Friberg and Jacobsen (1994)
Mix of G. pulex and G. fossarum Alder 0.23 Navel et al. (2010)

G. roeselii Alder 0.10 Gergs and Rothhaupt (2008)
G. tigrinus Birch 0.001-0.07 Rong et al. (1995)

D. villosus Alder 0.08 Gergs and Rothhaupt (2008)

Only studies with conditioned leave were taken into account

villosus (Maazouzi et al. 2007, 2009). Similar con-
clusions apply to G. tigrinus. Previous studies from
the Netherlands (Pinkster et al. 1977) and Northern
Ireland (Dick 1996) highlighted the predation of
invertebrates and fish eggs by this invasive species.
However, some experimental studies have shown that
G. tigrinus also consumes different types of algae
(Orav-Kotta et al. 2009) and Rong et al. (1995)
observed the consumption of leaf litter.

Due to the differential leaf litter breakdown rates
between native and invasive species and the decrease in
amphipod biomass, the replacement of native species by
invaders should lead to a strong decrease in leaf litter
recycling in rivers. In the Meurthe River, where the
amphipod biomass is not affected by the establishment
of G. tigrinus, the decrease in breakdown activity is only
explained by the differential leaf litter breakdown rates
between native and invasive species, whereas the
reduction in breakdown activity in the Rhone River is
strongly reinforced by the decrease of around 75% in the
native amphipod biomass (leading to a 75% decrease in
their breakdown activity). The functional consequences
resulting from the decrease in leaf litter recycling could
be very damaging for aquatic ecosystems where these
invasive species have become established. The role
played by leaf litter recycling in the functioning of
aquatic ecosystems is indeed crucial (Petersen and
Cummins 1974). In the forested streams of the Northern
temperate zone, a substantial part of the leaf-fall input is
represented by the shedding of deciduous leaves.
Webster and Meyer’s (1997) review of several studies
found that leaf input in streams in the USA ranged from
384 to 696 g leaf year ' m~2. In France, the total
amount of leaf input in the Garonne River ranged from
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208 t0 442 g leaf year ' m™2 (Chauvet and Jean-Louis
1988). If we hypothesize that the leaf-fall input in the
Rhone River is of a similar range, our estimation of
potential annual leaf breakdown rates suggests that
native amphipods of the Rhone River may consume all
the leaf input with a breakdown rate of 450 g lea-
f year ' m~2 In the Meurthe River, leaf consumption
by native amphipods seems lower, at 76 g lea-
f year_1 m~2. However, our estimates of leaf break-
down rates after colonization by an invasive species
confirmed the impact of invaders, with a strong potential
decrease in leaf litter cycling in the Rhone and Meurthe
Rivers (i.e. 66 and 82%, respectively). Hence, the
functional impact of invasive species is similar in its
intensity as the impact of intensive agriculture and
farmlands (—75%) observed in Brittany (Piscart et al.
2009b). Another hypothesis suggests that other shredder
species (e.g. limnephilids or Sericostoma sp.) will be
favoured by the quantity of available leaf litter, due to
the decline in native amphipod species. However, the
densities of most shredders were found to decrease in
sites with invasive species. In this case, shredders other
than amphipods, which represent less than 30% of total
shredders (Table 2), were unable to compensate the loss
of breakdown activity carried out by non-invasive
amphipods. Our results hence confirm earlier results
(Piscart et al. 2009b) showing that there is no functional
redundancy in litter consumption among shredder
species and that the decrease in amphipod activity is
not compensated for by the activity of other taxonomic
groups.

To conclude, although studies on biological inva-
sions have mainly focussed on the resulting decrease
in biodiversity in invaded aquatic ecosystems, our
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study provides empirical evidence of a strong func-
tional impact, even if the impact of invaders was
underestimated by our study. Indeed, we did not
consider that, in the natural environment, the amphi-
pod invader has a choice among several types of
resources, and may prefer other resources to leaf
litter. Our estimates of the leaf breakdown rates of
invaders were therefore likely to be overestimated
and the functional consequences of invasive species
should be much stronger in natural ecosystems.
However, further field studies on the functional
impact of invasive species and their consequences
on food webs (based on the activity of amphipods)
would be necessary to better evaluate all the conse-
quences of biological invasions.
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