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Abstract Alien predator introduction is a global
threat to amphibians. Yet, there is a lack of in situ
studies of trophic interactions between alien predators
and native amphibians, particularly concerning small
predatory fish such as mosquitofish. Mosquitofish
originate from the United States but have been intro-
duced globally, including intentionally for mosquito
control. They cause declines in many amphibian pop-
ulations but the mechanisms involved have been sel-
dom investigated. Trophic interaction studies (mainly
ex situ) reveal negative effects on larval amphibian
stages but do not consider interactions with adults.
Some site-occupancy studies show no negative asso-
ciation with adult amphibians, suggesting potentially
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complex demographic impacts and calling for a bet-
ter characterization of trophic interaction with adult
amphibians. Here, we studied in situ trophic interac-
tions between introduced Eastern mosquitofish (Gam-
busia holbrooki) and pond-breeding palmate newts
(Lissotriton helveticus; larvae and adults) using gut
content and stable isotope analyses. Mosquitofish had
little trophic niche overlap with adult newts. Adult
newts foraged mainly on burrowing benthic macroin-
vertebrates that were little exploited by mosquitofish,
the latter focusing mainly on microcrustaceans. Both
techniques suggested predation on newt eggs or lar-
vae and cannibalism by mosquitofish. Since native
newts were still abundant despite > 50 years of mos-
quitofish presence and reproductively active but with-
out evidence of larval survival, we argue that ponds
invaded by small predatory fish such as mosquitofish
may pose a risk by acting as demographic sinks for
newts due to their predatory impact on larvae and
eggs, but potentially low impact on adults in terms of
trophic niche overlap.

Keywords Amphibians - Invasive species -
Predation - Pond - Resource partitioning - Shallow
lake

Introduction

As the most threatened vertebrates worldwide,
amphibians are particularly affected by alien species
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introductions in their aquatic habitat (Denoél et al.
2019; Knapp 2005; Stuart et al. 2004). The negative
impacts of alien species on amphibians are espe-
cially worrying as they play important roles in small
streams, pond and lake ecosystems and their disap-
pearance can have complex ecological consequences
that propagate within and across ecosystems (Whiles
et al. 2006). Because many amphibians have evolved
in absence of functionally similar predators, they
often lack the evolutionary history to produce behav-
iour or traits necessary to adequately respond to pres-
sures from alien predators introduced in ecological
time (Bucciarelli et al. 2014), making them appropri-
ate models to study the impact of alien introductions
on naive native predators.

Introduced alien predators can impact amphib-
ian populations by direct interactions such as pre-
dation on adults, eggs or larvae (Gamradt and Kats
1996; Knapp 2005; Orizaola and Brafa, 2006; Pope
2008; Stenson and Aronsson 1995), competition for
resources and modification of prey community com-
position or size structure (Cabrera-Guzmén et al.
2017; Knapp et al. 2001; Tiberti et al. 2014, 2019).
Alien predators may also affect native amphibian
species through various forms of non-consumptive
negative interactions inducing detrimental behav-
ioural changes (Winandy et al. 2015, 2016; Winandy
and Denoél, 2015). Indirect detrimental effects such
as alteration of habitat structure or ecosystem func-
tioning (Hartel et al. 2007; Richardson et al. 1995;
Rolla et al. 2018), depletion of terrestrial food sources
due to the consumption of emerging insects (Tiberti
et al. 2016) or pathogen transmission (Kiesecker et al.
2001) have also been documented. Predicting the out-
come of species introduction is complex due to pos-
sible synergies between all these effects and other
biotic or abiotic stressors (Bucciarelli et al. 2014),
especially in a context of global changes (Jackson
et al. 2016). But critically, there is a lack of in situ
studies of trophic interaction between introduced
aquatic predators such as fish and native amphibians.
Most studies focus on predatory fish that are often
considerably larger than native amphibians (e.g. sal-
monids), while comparatively little information is
available on trophic impacts of fish that are within
the size range or smaller than native amphibians and
may therefore be unable to predate on adult amphib-
ians (Cabrera-Guzman et al. 2017; Komak and Cross-
land 2000; Mahony et al. 2013; Remon et al. 2016;
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Webb and Joss 1997). Furthermore, impact studies
tend to focus on trophic interactions with amphibian
larvae without assessing potential interactions with
adults. Yet differential impact of introduced preda-
tors on larval and adult stages of native species can
lead to complex impacts on their demography. Con-
sidering invasive predator’s trophic interactions with
all life stages of native species may allow identifica-
tion of phenomena such as demographic sinks (Howe
et al. 1991). Demographic sinks may arise when the
larvae of native species are consumed by alien preda-
tors but adults are still able to exploit invaded habitats
because they do not suffer from competition or preda-
tion themselves and/or do not recognize the alien spe-
cies as a threat (Woodford and Mcintosh 2010).

The eastern mosquitofish (Gambusia holbrooki) is
a small freshwater fish (<60 mm total length) of the
family Poecillidae (Rauchenberger 1989). It is native
to eastern North America but has been introduced
and has established in multiple freshwater systems
on every continent, except Antarctica (Pyke 2005,
2008). This is also the case for its sister species, G.
affinis, from which G. holbrooki used to be consid-
ered a subspecies (Smith et al. 1989; Wooten et al.
1988). There is a large body of evidence on the nega-
tive impact of mosquitofish introductions on native
fish populations in the scientific literature, ultimately
leading to local population extinction (Pyke 2008).
Direct predation by mosquitofish or constant harass-
ment of native juvenile fish resulting in death have
been demonstrated in many different study systems
(Rowe et al. 2007; Schumann et al. 2015; Sutton et al.
2013). Similarly, several studies have highlighted
predatory behaviour towards anuran eggs, hatchlings
and tadpoles (Komak and Crossland 2000; Mahony
et al. 2013; Remon et al. 2016; Vannini et al. 2018),
as well as newt larvae (Cabrera-Guzman et al. 2017,
Gamradt and Kats 1996; Preston et al. 2012; Van-
nini et al. 2018). Mosquitofish were demonstrated to
alter feeding and egg-laying behaviour of the adult
pygmy newt (Cabrera-Guzman et al. 2019) and pae-
domorphic Greek smooth newts (Toli et al. 2020) in
experimental studies. Previous studies looking for site
occupancy of amphibians (both anurans and newts)
in the presence of invasive mosquitofish provided
contrasting results; finding negative associations for
newts but random associations for anurans (Bounas
et al. 2020), or no apparent avoidance of invaded sites
by both adult newts and anurans but strong negative
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associations with larvae, as well as larval predation
in mesocosms experiments (Klop-Toker et al. 2018;
Preston et al. 2012). These results call for more in situ
studies to assess the trophic niche use and interaction
between introduced mosquitofish and the different life
stages of newts in natural systems. Studying the spe-
cificities of mosquitofish interactions with adult and
larval newts could provide important insights to iden-
tify mechanisms potentially inducing demographic
‘sinks’ which may constitute a pernicious threat for
natives, even when invasion appears limited at the
landscape scale (Woodford and Mcintosh 2010).
Here, we coupled stable isotope and stomach
content analyses to study direct trophic interactions
between introduced mosquitofish (G. holbrookii) and
native palmate newts L. helveticus in a pond where
both predators have been known to coexist for more
than 50 years (Gabrion et al. 1977). We hypothesized
that because of their carnivorous diet but small size,
mosquitofish would primarily represent a threat for
newt eggs and larvae, while adult newts may still be
able to coexist through resource partitioning by feed-
ing on prey likely less accessible to mosquitofish
such as burrowing macroinvertebrates. Following
this hypothesis, adult newts might be able to coexist
with introduced mosquitofish thanks to resource par-
titioning, but unable to renew their population due to
predation on eggs or larvae, with invaded populations
therefore potentially constituting demographic sinks.

Materials and methods
Study site and sampling

The selected pond is located on the Larzac plateau
(Department of Hérault, France; 43° 79’ 89" N, 3° 49’
78" E; 617 m elevation) (Fig. S1), hosted a popula-
tion of native palmate newts Lissotriton helveticus
and had introduced mosquitofish for at least 50 years
(Gabrion et al. 1977) (Fig. 1). The Larzac region is a
limestone plateau with traditionally managed habitats
that is especially suited for this study as important
palmate newt population declines have been corre-
lated to fish introductions (Denoél et al. 2005; Denoél
and Winandy 2015). Sampling were done from 7 to
10 June 2015 and on 28 May 2018, i.e. during the
reproductive period of newts (Gabrion et al. 1977). In
Larzac, newts typically stay several months in water

Fig. 1 A female eastern mosquitofish and a female palmate
newt from the study pond (Photo by M. Denoél)

after overwintering (Gabrion et al. 1977; Denoél and
Ficetola 2014). Previous research from two other
regions of France showed that palmate newts mature
at 3-5 or 4-6 years and have an adult life expectancy
of four to seven years, at around 270 and 880 m,
respectively (Guyetant et al. 1991; Miaud 1991). The
pond is artificial, built of concrete. In 2015, its diam-
eter under water was of 14 m, for a maximum water
depth of 1 m and with no canopy cover. It presented
a low area of aquatic vegetation cover (Groenlandia
densa) (~10% of water surface) and high water tur-
bidity. Benthic habitat presented an accumulation of
terrestrial leaf litter. The pond was invaded by a sin-
gle alien fish species identified as the eastern mos-
quitofish Gambusia holbrooki based on morphologi-
cal traits (Rauchenberger 1989) (Fig. S2).

Palmate newt and mosquitofish densities were esti-
mated for comparison using a standardized dip-net-
ting session (mesh-size=1 mm) following (Denoél
and Winandy 2015). Data is expressed in number of
individuals per square meter for one hour of sam-
pling. During censuses, newts and fish were kept in
separated tanks filled with water from the pond and
then counted and identified according to species
and sex. Both species are morphologically sexually
dimorphic (Denoél, 2007; Rauchenberger 1989).
Newts and fish were measured to the nearest 0.5 mm
(snout-vent-length for newts: from the tip of the
snout to the end of the cloaca; and standard length
for fish: from the tip of the mouth to the end of the
fleshy part of the body) and weighed to the nearest
0.01 g using a mass balance. Stomach contents of
newts and fish were obtained by stomach flushing of
anaesthetized individuals (bath of phenoxyethanol
0.5 ml/1) (Lejeune et al. 2021), respectively using the
techniques described by Joly (1987) and Brosse and
Lepage (2000) immediately after sampling. Stomach
contents of each individual were stored individually
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in vials filled with ethanol to reach a final concen-
tration of 70% ethanol for preservation until back in
the lab. Non-lethal samples of caudal skin for newts
(Lejeune et al. 2018), and caudal fin membrane for
fish were taken for stable isotope analysis. Follow-
ing recommendations of Hayden et al. (2015), fin
samples of fish were taken from the tip of the cau-
dal fin membrane (2 mm) using surgical scissors and
avoiding rays. In total 43 newts and 49 mosquitofish
were sampled for body size, stomach content and sta-
ble isotopes in 2015. All newts and fish were kept in
tanks filled with water from the pond until they were
completely awake before being released. Because
prey types such as amphibian eggs or hatchlings may
be difficult to identify in gut contents of mosquitofish
due to quick digestion (Pyke 2005), we decided to
collect a larger sample of mosquitofish in 2018, look-
ing specifically for vertebrate prey occurrence in the
guts. In 2018, 140 mosquitofish were sampled in the
same pond. These individuals were euthanized and
preserved in 70% alcohol until back in the lab for dis-
section of the whole digestive tract. Detailed sample
sizes for each test and year are available in Table S1.

All main potential food sources were collected
to be implemented in stable isotope mixing models
of predator’s assimilated diet. Macroinvertebrates,
mosquitofish larvae and terrestrial prey found at the
water surface were collected by dip netting (mesh
size: 600 um). Mesozooplankton were collected using
towed nets (mesh size: 250 pm). Newt eggs were col-
lected in the aquatic vegetation by hand. Macrophytes
were collected by hand. Periphyton was scraped from
a device holding six vertically oriented glass win-
dows (8 X 12 cm) that were placed underwater for two
weeks during sampling. Terrestrial leaf litter was col-
lected by hand. All stable isotope samples were taken
with n=6 per taxa, rinsed with clear water, stored
individually in glass vials and put on ice until back
in the lab.

All sampling material was carefully disinfected
before and after sampling with a solution of Virkon to
avoid the spread of diseases to amphibians.

Stomach content analysis
Ingested prey were identified to the lowest taxonomic
level given their state of digestion, counted and meas-

ured to the nearest 0.01 mm under a stereoscopic
microscope (Zeiss Stemi 2000-C; Carl Zeiss, Jena,
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Germany). They were then grouped at higher taxo-
nomic ranks to equalize the degree of precision of
taxonomic identification across prey types. We calcu-
lated trophic niche widths based on prey abundance in
the stomach contents for each individual using Shan-
non index (Shannon 1948), following the equation:
H’ = —Zp,;XIn p,, where p; is the proportion of prey
i relative to the total number of prey in a given stom-
ach. Differences in H’ and body length (Ln-trans-
formed) were tested according to species and sexes
using a two-way univariate permutational analysis of
variance (PERMANOVA) that employed a similarity
matrix based on Euclidean distances. We chose this
test over ANOVA as it allows for more flexibility in
terms of statistical assumptions (Anderson 2001).
Diet composition (DC) was described and analysed
in terms of prey abundance (DC)) and prey dry
mass (DCpyyy). Prey DM were estimated from body
length using taxon specific length—weight regressions
for Acaria (Baumgirtner and Rothhaupt 2003), Clad-
ocera and Cyclopoida (Rosen 1981), aquatic insects
(Benke et al. 1999), Collembola (Ganihar 1997) and
other terrestrial invertebrates (Gowing and Recher
1984). For Ostracoda, we used a mean dry mass value
obtained by weighting samples from the studied pond
(individual ostracod DM =0.0065+0.0012 mg after
48 h at 50 °C, n=4). Differences in diet composition
(DC) according to species and sexes were assessed
using a two-way multivariate PERMANOVA that
employed a similarity matrix based on Bray—Curtis
distances calculated from dry mass proportion of prey
per stomach for DCpy,y and from square root trans-
formed proportion of prey abundance per stomach
for DCy, (Anderson 2001). Proportions were used
to account for differences in stomach capacity and
square root transformation in the case of DCy, was
carried out to balance the contribution from smaller
but more abundant prey (e.g. microcrustaceans) rela-
tive to larger but less abundant ones (e.g. macroinver-
tebrates) (Anderson et al. 2008). We used the aver-
age Bray—Curtis similarity between group pairs as a
measure of diet similarity (Anderson et al. 2008). We
subsequently used a similarity percentage (SIMPER)
analysis to assess the average percent contribution of
each prey type to the dissimilarities between diets that
corresponded to significant differences according to
PERMANOVA (Clarke 1993), and conducted a two
way univariate PERMANOVA (Euclidean distances)
on each prey type to assess significant differences in
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individual prey type consumption according to spe-
cies, sex and their interaction. Significant interaction
terms in PERMANOVA were examined by pair-
wise comparisons using permutational #-tests. All
permutation based tests were computed with 9,999
permutations to assess significance of the results. In
cases where too few unique permutations would be
allowed by the model, p-values were approximated
using Monte-Carlo simulation (Clarke and Gorley
2006). Homogeneity of multivariate dispersion was
tested prior to all PERMANOVA using permutational
analysis of multivariate dispersion (PERMDISP).
PERMDISP, PERMANOVA, permutational #-tests
and SIMPER were performed using PRIMER version
7 software (Clarke and Gorley 2006) and the PER-
MANOVA + add-in (Anderson et al. 2008).

Stable isotope analysis

All samples were oven-dried at 60 °C for 72 h
(BINDER B28) and ground into a homogeneous pow-
der with mortar and pestle. Stable isotope ratios of
carbon and nitrogen were measured using an isotope
ratio mass spectrometer (Isoprime 100, Isoprime,
UK) coupled in continuous flow to an elemental
analyser (VarioMicro, Elementar, Germany). Stable
isotope ratios were conventionally expressed as o
values in %o (Coplen 2011). Certified reference mate-
rials from the International Atomic Energy Agency
(IAEA, Vienna, Austria) used were ammonium sul-
phate (TAEA-N2; 8N =20.3+0.2%¢) and sucrose
(IAEA C-6; 8"°C= —10.8+0.5%0). Both these refer-
ence materials are calibrated against the international
references Vienna Pee Dee Belemnite for carbon
samples and atmospheric air for nitrogen. Internal
standards (glycine) were inserted into all runs at regu-
lar intervals to assess potential drift over time. Repeti-
tive measurements of glycine (8§"°N=2.3+0.3%o;
8°C=—-47.5+0.3%0) were also used as an ele-
mental standard. One of the samples was randomly
selected and analysed multiple times (once every 15
analyses). Analytical precision (+SD) on replicated
samples equalled 0.2%o for 8'*C and 0.3%o for '°N.
We used Stable Isotope Bayesian Ellipses in R
(SIBER; Jackson et al. 2011) to generate bivariate
standard ellipses representing core isotopic niches
of each predator, using the package SIBER ver-
sion 2.1.0 in R version 3.3.1. To account for sample
size differences, areas of the ellipses associated with

each group (Standard Ellipse Area B; SEAp) were
computed using Bayesian inference (MCMC param-
eters: 2 chains, 200,000 iterations, 10,000 burn-ins,
thins =50, and using an inverted wishart prior). SEAg
were calculated and compared according to species
and sex using direct pairwise comparison of their
posterior distributions. We calculated the percentage
of overlap (PO) between each group based on single
estimates of standard ellipses area corrected for small
sample sizes (SEAc). Percentage of overlap between
group a and b was calculated following the equa-
tion: PO=100xOverlap(ab)/(SEAc(a)+ SEAc(b) —
Overlap(ab)). Differences in location of the isotopic
niches according to species, sex and their interaction
were tested using two-way bivariate PERMANOVA
(Euclidean distance) on carbon and nitrogen stable
isotope ratios of the consumers. Significance of the
interaction term was examined by pairwise compari-
sons using post hoc permutational #-tests.

We used Bayesian mixing models with ‘uninform-
ative’/generalist priors to model the contribution of
different food sources to the assimilated diet of preda-
tors using ‘Mixsiar’ ver. 3.1.7 (Stock et al. 2018).
Sources implemented into the models were selected
on the basis of stomach content data, as reflecting dif-
ferent microhabitats or feeding strategies. Multiple
models were run, gradually pooling sources into eco-
logically relevant categories and according to their
isotopic similarity while making sure that consum-
ers remain within the source polygon. List of sources
implemented in the final models are presented in
Table S2 while isotope values of all collected sam-
ples are represented in Fig. S3. For newts, we applied
trophic discrimination factors (TDFs) of amphibian
skin: 2.3+0.5%0 for 8"°N and 0.1 +0.4%. for 8"°C
(Cloyed et al. 2015), which were successfully used in
previous studies on newts trophic ecology (Lejeune
et al. 2018, 2021). For mosquitofish, we applied gen-
eral TDFs from McCutchan et al. (2003) for inverte-
brate sources (1.4+0.21%o for 8N and 1.3 +0.3%o
for 8'°C), and vertebrate sources (3.3+0.26%0 for
8N and 1.3+0.3%0 for 8'°C), which were previ-
ously used to study mosquitofish trophic ecology
(Remon et al. 2016). Models were set to account for
process and residual errors. MCMC parameters were,
for newts: 3 chains, 100,000 iterations, 50,000 burn-
in, 50 thins, and for fish: 3 chains, 300,000 iterations,
200,000 burn-in, 100 thins. Markov Chain conver-
gence was assessed by visual analysis of trace plots,
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complemented with Gelman-Rubin, Geweke, and
Heidelberger and Welch diagnostics (Stock et al.
2018). We used Deviance Information Criterion
(DIC) to compare model performances and select
those that were most supported by the data (Spiegel-
halter et al. 2002). While all models gave similar
results and different ways of pooling sources had no
consequences on their critical interpretation, only the
most performant model was presented.

Results
Population densities and sexual size dimorphism

On average (mean + SD), 6.5+ 2.6 adult eastern mos-
quitofish and 0.7+0.1 adult metamorphic palmate
newts were captured per square meter over one hour
of sampling, so that mosquitofish population could
be estimated to be about 9 times larger than that
of newts. During our two survey periods, palmate
newts (Lissotriton helveticus) were the main caudate
amphibian found in the pond (we found one marbled
newt Triturus marmoratus). Marsh frogs Pelophylax
ridibundus (kurtmueleri lineage) were also present
but not abundant with only a few adults spotted at the
pond, and no tadpoles were found during sampling.
No newt larvae were captured or observed despite the
observation of newt reproductive activity in the pond
(courtship and egg-laying) and the occurrence of eggs
in the aquatic vegetation.

Both palmate newt and mosquitofish depicted
sexual size  dimorphism  (Pseudo-F, g5=94.6,
p-value<0.001), with males being smaller
than females (mean+SD=41.7+1.8 mm vs.
46.3 +4.5 mm, for palmate newts males and females,
and 27.4+1.6 mm vs. 40+6.2 mm, for mosquitofish
males and females) (Table S3 and S4). The sexual
size dimorphism was stronger within mosquitofish
than within palmate newts, with female mosquitofish
having body size similar to that of male palmate
newts (Table S5).

Stomach content analysis
Analyses of diet composition based on prey abun-
dance (DCy) and dry mass (DC ) provided con-

gruent results (Table 1). Stomach contents of newts
were largely dominated by Chironomidae larvae
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in terms of abundance (N=2.7+0.5 and 4.1+0.7
items per individual for females and males, respec-
tively), dry mass proportions (%DM =82.5+7.3%
and 87.6+8.0%) and percent frequency of occur-
rence (%FOO=79 and 78%) (Table 1). The contri-
bution of Chironomidae larvae was significantly less
in mosquitofish (Pseudo-F, ;,=49.36 and 88.58,
p<0.001 for both DC, and DCpy,), respectively;
Table S6), with N=1.1+0.4 and 0.5+0.2 items
per individual, %DM =18.2+6.2% and 9.7+7.7%,
and %FOO=38 and 26% in females and males,
respectively. By contrast, mosquitofish relied sig-
nificantly more on terrestrial invertebrates (Pseudo-
F7,=5.87 and 12.79, p<0.05 and <0.001 for DCy;
and DC(DM), respectively), with N=0.4+0.1 and
0.5+£0.1, %DM =16.7+6.1% and 41.6+13.6%, and
%FOO =34 and 32% for females and males respec-
tively. Diet of female mosquitofish was dominated
by Ostracoda (N=23.3+10.2 items per individual,
%DM =30.7+7.7% and %FOO=72%), with a con-
tribution significantly higher than in female newts,
but similar contributions in males of both species.
Male mosquitofish were significantly more reliant on
Cladocera than the three other groups (N=0.7+0.3
items per individual, %DM=23.3+12.1% and
%FO0O=21%) (see PERMANOVA interaction term
and pairwise permutational t-tests in Table S6 and
S7). No clear evidence of vertebrate prey ingestion
could be found in gut contents of mosquitofish sam-
pled in 2015. However, specific search for vertebrate
prey ingestions based on dissection of whole digestive
tracts of mosquitofish sampled in 2018 provided the
following results: 10 out of 70 female mosquitofish
had newt body parts in their guts (%FOO=14.3%)
with sizes corresponding to hatchlings or embryos
in final stages of development. %FOO of newt body
parts in male mosquitofish was 2.9% (2 out of 70
individuals). Cannibalism towards alevins was evi-
dent in two female mosquitofish (%FOO =2.9%).
Analysis of DCy, and DCpy using PER-
MANOVA confirmed global significant differ-
ences between newts and mosquitofish diet in
2015 (Pseudo-F 7,=16.42 and 24.34, respectively,
p<0.001 for both), without global sex effect, but
with a significant species X sex interaction (Pseudo-
F,74=7.30 and 2.72, p<0.001 and <0.05, respec-
tively) (Table S8). All pairwise differences were
significant except between female and male pal-
mate newts in both DCy, and DCpy, analyses
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Table 1 Diet description: Abundance (N; mean + SE individu-
als), dry mass (DM; mean+SE mg), dietary proportions in
terms of dry mass (%DM; mean+SE) and percent frequency
of occurrence (%FOO) of the different prey types in the stom-

ach contents of female (?) and male (&) palmate newts, and
gut contents of female (Q) and male (J) mosquitofish sampled
in 2015

Prey Newt Mosquitofish
? (n=20) 3 (n=17) ? (n=28) d (n=13)

Acaria N 0.1+0.1 0.1+0.1 <0.1 0

DM <0.01 mg <0.01 mg <0.01 mg 0 mg

%DM 0.3+0.3% 02+0.2% 29+2.9% 0%

%FOO 4% 5% 3% 0%
Chironomidae larvae N 4.1+0.7 2.7+0.5 1.1+0.4 0.5+0.2

DM 2.3+0.7 mg 2.1+0.6 mg 0.2+0.1 mg <0.01 mg

%DM 82.5+7.3% 87.6+8.0% 18.2+6.2% 9.7+7.7%

%FOO 78% 79% 38% 26%
Chironomidae pupae N 0.5+0.2 0.4+0.1 0.7+£0.2 0.2+0.1

DM 0.2+0.1 mg <0.01 mg 0.1+0.0 mg <0.01 mg

%DM 9.9+5.8% 02+0.2% 26.1+7.4% 13.6+9.3%

%FOO 26% 32% 41% 11%
Cladocera N 0 0 0.1+0.1 0.7+0.3

DM 0 mg 0 mg <0.01 mg <0.01 mg

%DM 0% 0% <0.1% 233+12.1%

%FOO 0% 0% 7% 21%
Cyclopoida N 0 0.1+0.1 0.6+0.3 0

DM 0 mg <0.01 mg <0.01 mg 0 mg

%DM 0% <0.1% 3.8+3.6% 0%

%FOO 0% 11% 14% 0%
Macroinvertebrates N 0.1+0.1 0 0.1+0.1 0

DM <0.01 mg 0 mg <0.01 mg 0 mg

%DM <0.1% 0% 1.6 +1.4% 0%

%FOO 4% 0% 7% 0%
Ostracoda N 0.2+0.1 0.4+0.1 23.3+10.2 0.6+04

DM <0.01 mg <0.01 mg 0.2+0.0 mg <0.01 mg

%DM <0.1% 11.9+8.0% 30.7+7.7% 11.8+8.4%

%FOO 9% 37% 72% 11%
Terrestrial invertebrates N 0.3+0.1 0.1+0.1 0.4+0.1 0.5+0.1

DM 0.1+0.0 mg <0.01 mg 0.1+0.0 mg <0.01 mg

%DM 7.3+52% 0.1+0.1% 16.7+6.1% 41.6+13.6%

%FOO 17% 11% 34% 32%

‘Cladocera’ and ‘Cyclopoida’ are mesozooplankton taxa. ‘Macroinvertebrates’ regroup Anisoptera, Ephemeroptera larvae and
aquatic Coleoptera. ‘Ostracoda’ are benthic microcrustaceans. ‘Terrestrial invertebrates’ = Arachnidae, Collembola, Diptera,

Ephemeroptera and Hymenoptera

(Table S9). Accordingly diet similarities were
higher between female and male palmate newts
(56.9% and 72.5% for DC, and DCpyy), respec-
tively) than between any other consumer groups.
Diet similarities between palmate newts and mos-
quitofish were low (22-31.1% and 10-19.9 for

DCy and DC ), respectively). The lowest simi-
larity was found between females and males mos-
quitofish (20.3%) for DCy, and between males of
both species (10%) for DC py. There were no sig-
nificant differences in Shannon index (used as a
measure of dietary niche width) between species
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(Pseudo-F ,,=0.01, p=0.923), sex (Pseudo-
F,74=0.049, p=0.83) or interaction (Pseudo-
F,74=4.61, p=0.058) (Table S3 and S8).

Similarity percentage (SIMPER) analysis based
on prey abundance and dry mass data yielded very
similar results, identifying Chironomidae larvae as
the main contributor to the observed dissimilarities
between palmate newts and mosquitofish diet (33.3%
and 44.4% for DC, and DCpyy), respectively, and
contributing more to the diet of newts than to fish),
followed by Ostracoda, Chironomidae pupae, ter-
restrial invertebrates and Cladocera, all contributing
more to the diet of fish than to newts for a cumulative
contribution of these five items > 90% to diet dissimi-
larities (Table S10).

Stable isotope analysis

There was no overlap between the core isotopic
niches of the two species (Fig. 2), and the per-
centage of proportional overlap remained rela-
tively low between sexes within each species (13
and 18% for newts and mosquitofish, respectively)
(Table S11). Mosquitofish displayed higher 8'°N val-
ues (mean+SD=5.6+0.8 and 6.5+0.8%0) than pal-
mate newts (mean+SD=4.2+0.5 and 4.2+0.3%0
for females and males, respectively) and higher 8'°C
values (mean+SD=—-24+0.6 and—23.5+0.7%0)
than palmate (mean+SD=—-24.3+0.2

newts

5N (%0)

T T
-25.0 -24.5 -24.0 -23.5 -23.0 -22.5 -22.0
§C (%o)

Fig. 2 Stable isotope biplot depicting consumers in the
isospace of carbon and nitrogen stable isotopes. Standard
ellipses area represent the core isotopic niche of each group.
Blue colour, triangles =native palmate newts (Lissotriton hel-
veticus). Grey colour, circles =introduced eastern mosquitofish
(Gambusia holbrooki). Full lines, plain symbols=Males.
Dashed lines, hollow symbols=Females. Male newt and
female fish illustrations to scale
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and —24.5+0.2%0 for females and males, respec-
tively) (Table S12). PERMANOVA and subsequent
pairwise permutational #-tests confirmed differences
in dietary niche location among all groups (p <0.05),
except between palmate newt females and males (sig-
nificant interaction term in PERMANOVA: Pseudo-
F,45=10.11, p<0.001; pairwise permutational z-test:
t;3=1.345, p=0.177) (Table S13 and S14). The core
isotopic niches of mosquitofish were on average 3 to
5 times wider than that of newts (SEAp=0.83%0"
(0.58-1.21) and 1.22%0> (0.79-2.02) for female
and male mosquitofish vs. 0.26%0> (0.18-0.41) and
0.12%0> (0.07-0.20) for female and male newts,
respectively) (Fig. 3; Table S12). Pairwise compari-
sons of niche area posterior distributions indicated
that the differences were particularly robust between
species (posterior probability=100%) and between
female and male newts (posterior probability =99%),
but not between female and male mosquitofish (poste-
rior probability < 95%) (Table S15).

According to stable isotope mixing models,
newts relied mainly on Chironomidae (modes: 43%
(Clys=4-75) and 58% (Clys=15-80) for females
and males, respectively) (Fig. 4). Chironomidae were
on average less important in the diet of mosquitofish
than in that of newts (modes: 18% (Cly5=1-52) and
9% (Clgs=1-33) for females and males, respec-
tively). Conversely, mosquitofish relied much more
on vertebrates (i.e. mosquitofish larvae and newt
eggs, and potentially newt larvae or other amphib-
ian eggs) which represented their main assimilated

2.54

T

2.0+

& 15 S
Em
(D 1.0- @
0.5
0'0 A T T T T
Q o Q o}
Consumer

Fig. 3 Bayesian estimates of the Standard Ellipse Areas
(SEAR) of palmate newts and mosquitofish. Blue=female (?)
and male (J') palmate newts, Grey =female (?) and male (&)
mosquitofish. Black dots indicate SEAp modes, rectangles
encompass 50%, 75% and 95% credible intervals, from the
darkest to the lightest, respectively. Male newt and female fish
illustrations to scale
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Chironomidae  Terrestrial Vertebrates ~ Microcrust.
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Fig. 4 Contribution of different food sources implemented in
stable isotope mixing models to the assimilated diet of newts
(blue) and mosquitofish (grey). Chironomidae =Chironomi-
dae larvae. Terrestrial invert.=terrestrial invertebrates found
drowning at the water surface. Vertebrates =palmate newt eggs
and mosquitofish larvae. Microcrust=microcrustaceans (mes-
ozooplankton and Ostracoda). @ =females, & =males. Note
that ‘Vertebrates’ contribution may also be influenced by the
consumption of anuran eggs which often have stable isotope
composition close to that of palmate newt eggs but were not
sampled in this pond. Male newt and female fish illustrations
to scale

food source during the past months (modes: 41%
(Clys=24-51) and 56% (Cly5=40-65), for females
and males, respectively) than for newts (modes: 15%
(Clys=1-34) and 10% (Cly5=2-20), for females and
males, respectively). Reliance on terrestrial inverte-
brates was similar in the diets of newts and female
mosquitofish (modes from 22 to 30% (Clys=9-49),
while it was lower for male mosquitofish (mode: 8%,
Cly5=0-32). Reliance on mesozooplankton and ben-
thic microcrustaceans (Ostracoda) was on average
lower for newts and female mosquitofish, represent-
ing 10 to 15% (Clgs=1-25) of their diet compared to
male mosquitofish (mode: 24%, Clys=5-36).

Discussion

Both stomach contents and stable isotope analy-
sis provided evidence of resource partitioning
between introduced eastern mosquitofish Gambu-
sia holbrooki and native palmate newts Lissotriton
helveticus. Newt and potentially other amphibian
eggs and larvae together with conspecific larvae
were the main contributors to mosquitofish assimi-
lated diet. Mosquitofish and newts partitioned

available invertebrate resources in accordance with
their body size and trophic morphology, with mos-
quitofish mainly consuming microcrustaceans (ben-
thic Ostracoda and mesozooplankton) and newts
focusing on burrowing benthic macroinvertebrates;
both prey types found to be abundant in the stud-
ied pond. Together, these results suggest that over-
lap in resource use may not be the primary negative
impact of mosquitofish on newts. Since adult newts
were still able to exploit resources, court and lay
eggs in this invaded habitat, but apparently without
larval survival during the two years studied, this
study raises concerns that mosquitofish likely exert
important predation on eggs and larvae and that
invaded habitats may act as demographic sinks for
amphibians.

Mosquitofish partition resources with adult newts but
predate on newt eggs and larvae

Both gut content and stable isotope niche modelling
revealed little overlap between the dietary niche and the
core isotopic niches of two species (22-31% or 10-20%
for dietary niches based on prey abundance or dry mass
proportions, respectively, and 0% for core isotopic
niches). These corresponded to significant differences
in all cases, suggesting that competition for resources
could be low between adult palmate newts and mos-
quitofish at the time of sampling. Congruently, the
estimated palmate newt population density (0.7+0.1
individuals*m~2) fell within the range of what was
found in other non-invaded ponds during the reproduc-
tive season (0.3—4.3 individuals*m~2) (Lejeune et al.
2021) despite the high abundance of mosquitofish in
the pond. According to gut content analysis, palmate
newts were relying mainly on burrowing macroinver-
tebrates such as Chironomidae, while mosquitofish
were relying mainly on microcrustaceans (ostracods
for females, mesozooplankton for males) and terres-
trial invertebrates. According to stable isotopes, parti-
tioning globally followed the same pattern, but with a
lower contribution of ostracods and mesozooplank-
ton to the diet of mosquitofish in favour of vertebrate
prey. Newts relied mainly on Chironomidae according
to mixing models (mean contribution=43-58%), but
the models identified ‘vertebrate’ source of food as
the main contributor to the diet of mosquitofish (mean
contribution=41-56%). Terrestrial invertebrates also
represented an important food source for both newts

@ Springer



3002

B. Lejeune et al.

and female mosquitofish (mean contribution between
22 and 30%). These diet differences are consist-
ent with body size differences of the two predators as
body size is an important factor of niche differentiation
and smaller aquatic predators are generally limited to
smaller prey due to gape-size limitation (Cohen et al.
1993; Lejeune et al. 2021). It is also concordant with
the trophic morphology of mosquitofish (e.g. supe-
rior mouth) which is more typical of surface feeders
(Hugueny and Pouilly 1999) and may prevent them
from foraging efficiently on burrowing prey.

Discrepancies between gut content and stable isotope
analyses

A discrepancy existed between the gut content and
stable isotope results regarding the importance of
vertebrate sources in the diet of mosquitofish. ‘Ver-
tebrate’ sources (i.e. amphibian eggs or larvae and/or
mosquitofish larvae) were identified as the main food
source for mosquitofish according to stable isotope
mixing models, but no evidence of ingestion could be
found in gut contents sampled in 2015. Yet, in sam-
ples collected from 2018, multiple instances of newt
hatchlings and one instance of mosquitofish larvae
ingestions were found. Newt hatchling ingestions
were frequent in females but rare in males (frequency
of occurrence =14.3% and 2.9% respectively). Differ-
ences in sample size and sampling method (flushing
vs. dissection) between 2015 and 2018 might partly
explain the differences observed between the two
years. But, a similar discrepancy between stable iso-
topes and stomach contents results was also noted in a
study involving G. holbrooki foraging on anuran eggs
(Remon et al. 2016). A mismatch between sampling
time and the life-history of newts or inadequate dip-
nets mesh-size cannot explain the absence of detec-
tion of hatchlings or newt larvae from the pond or in
mosquitofish gut contents in 2015. Indeed, the timing
of sampling aligned with the life-history of palmate
newts, which are long-term breeders, starting to court
and lay eggs in late winter or early spring and contin-
uing for several months in the study area; with larvae
hatching around one to four weeks later depending on
temperature (Gabrion et al. 1977; Galloy and Denoél,
2010). This is also confirmed by the observation
and capture of both adults and larvae in similar but
uninvaded ponds from the same region and altitude,
and following the same protocol from April to June
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(2014-2015) (Lejeune et al. 2021). Multiple other
factors may explain this discrepancy. Stable isotopes
integrate diet information over a longer time period
than stomach content, the latter being only a snap-
shot. High digestion rate of carnivorous fish such as
mosquitofish may lower chances of identification of
eggs or hatchlings in gut contents (Pyke 2005) and
while gut contents provide direct information on food
uptake, not all ingested prey are equally assimilated,
or assimilated at all (Prestidge 1979; Rudnick and
Resh 2005). By contrast, stable isotopes provide indi-
rect information on the assimilated diet, and higher
assimilation rate of vertebrate food sources com-
pared to invertebrate food sources may contribute to
explaining this result (McCutchan et al. 2003). In this
study, it was not possible to distinguish between the
contribution of mosquitofish larvae and newt eggs to
‘vertebrate’ source as both had undiscernible signal in
the mixing models and therefore had to be grouped in
the final model. It is therefore also possible that part
of the “vertebrate” isotopic signal relates to cannibal-
ism which may be more frequent in early spring when
other prey may be less available in the pond (Remon
et al. 2016). Multiple studies have demonstrated the
importance of cannibalism in mosquitofish, espe-
cially when population density is high (Dionne 1985;
Pyke 2005), which appears plausible in our situa-
tion. Finally, anuran eggs sometimes have an isotopic
composition close to that of newt eggs (Lejeune et al.
2021). “Vertebrate” signal might incorporate anu-
ran eggs and tadpoles which were absent at the time
of sampling but present earlier in the season (M.
Denoél, personal observation of bufonid tadpoles in
the studied pond). Besides these considerations, it
appears clear from the absence of newt larvae in the
pond despite reproductive activity spotted during
sampling (courtship and egg-laying), the presence
of eggs in the aquatic vegetation and their high fre-
quency in the gut contents of dissected mosquitofish
from 2018, that this isotope signal includes signs of
predation on newt eggs or hatchlings. Several stud-
ies have demonstrated that mosquitofish effectively
predate on amphibian larvae, including newts, even
when alternative types of prey are abundant (Cabrera-
Guzman et al. 2017; Gamradt and Kats 1996; Good-
sell and Kats 1999; Remon et al. 2016). Conversely,
Reynolds (2009) found that albeit not consuming
amphibian eggs directly, G. holbrooki were consum-
ing amphibian hatchlings but showed a preference for
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invertebrate prey (i.e. mosquito larvae and Daphnii-
dae) whenever available. The increased microcrusta-
cean consumption in stomach contents compared to
stable isotope information may reflect their seasonal
increased availability in the pond ecosystem. Simi-
larly, and although speculative, higher dietary contri-
bution of vertebrate food sources according to stable
isotopes compared to gut content analysis (amphibian
eggs or larvae, or mosquitofish larvae) might reflect
potential predation earlier in the season. Switching
from a diet strongly influenced by vertebrate con-
sumption in early spring towards increased consump-
tion of ostracods for female and Cladocera for male
mosquitofish might contribute to explaining the lower
overlap between their dietary niches compared to iso-
topic niches.

Demographic implications of coexistence without
larval survival

Overall, our results suggest that introduced mos-
quitofish may not constitute a direct threat for adult
palmate newts in the studied pond, as they still
manage to forage on abundant burrowing prey that
appeared to be less consumed by mosquitofish.
However, because mosquitofish consume newt eggs,
hatchlings or larvae (Cabrera-Guzman et al. 2017,
Gamradt and Kats 1996; Preston et al. 2012; Van-
nini et al. 2018), the population dynamic may be
strongly affected. If the potential for resource parti-
tioning between adult newts and introduced mos-
quitofish persists throughout the reproductive period,
newt recruitment from other ponds within migration
distance could continue successfully over time, there-
fore constituting a demographic sink with a global
detrimental effect on palmate newts at the meta-
population level (Woodford and Mcintosh 2010).
This hypothesis is consistent with the fact that newts
could still be found in abundance in this pond more
than 50 years after mosquitofish introduction (Gab-
rion et al. 1977), and successfully produce eggs but
without apparent larval survival. The studied pond
was not isolated. Previous research showed that
ponds can be quickly colonised by palmate newts in
the study area (Deno&l and Winandy 2015) and the
nearest fishless pond inhabited by palmate newts was
located 340 m away. However, it cannot be excluded
that newts were more abundant than usual or that
mosquitofish pressure was higher in the studied year;

therefore calling for in-depth analyses of changes in
newts and mosquitofish populations over time for a
complete understanding of mosquitofish impacts on
newts. Despite this, our results are congruent with
research conducted on other newt species, such as
evidenced by Preston et al. (2012) showing no signifi-
cant influence of introduced mosquitofish presence
on California newts (Taricha torosa) occupancy in
wetlands despite evidence of predation on larvae in
mesocosms experiments. This suggests that in some
cases, adult newts may be unable to identify mos-
quitofish as a threat or at least not be driven to exclu-
sion from the habitat by competition. Amphibians are
generally recognized as more naive towards intro-
duced predators due to the heterogeneity of predation
regimes in freshwater systems compared to terrestrial
and marine systems where functionally equivalent
predators are often widely and homogeneously dis-
tributed (Cox and Lima 2006). Yet, studies involving
palmate newt exposure to other introduced fish spe-
cies such as the goldfish revealed significant patterns
of avoidance and negative effects on newt activity
(Winandy et al. 2016; Winandy and Denoégl, 2015) or
even escape from the aquatic environment (Winandy
et al. 2015). This was also demonstrated regarding
mosquitofish impact on paedomorphic newts (adults
which retained larval features following an alterna-
tive developmental pathway) (Toli et al. 2020). More
studies on the behavioural response of metamorphic
newts to mosquitofish may shed light on whether they
perceive this species as a threat or not to help under-
stand such coexistence cases. Captured newts did not
show particular signs of attacks by mosquitofish (e.g.
notched caudal fins, missing limbs) as can sometimes
be observed in ponds inhabited by large populations
of mesopredators such as Aeshnidae or Dytiscidae (B.
Lejeune and M. Denoél, pers. obs.). Yet the possibil-
ity of non-consumptive negative interactions between
mosquitofish and palmate newt still exists.

Perspectives

With respect to species conservation, one may argue
that ‘sink’ habitats are more detrimental to newts than
a simple disappearance of the habitat patch, because
native newts would keep wasting their reproductive
potential in an unsuitable habitat, year after year,
while they could have instead contributed to popula-
tion turnover in other suitable habitats within their
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reach. But on the other hand, in such situations, newts
could potentially survive for years in the presence of
the introduced fish, which may provide time to imple-
ment conservation measures and hopefully restore the
population by eliminating the fish. Indeed, in newts,
even if larval survival is reduced or suppressed, sur-
vival of the adults may be more important in main-
taining stable populations (Biek et al. 2002). In situa-
tions where ponds are more isolated and source-sink
dynamics cannot occur due to migration constraints,
mosquitofish introductions may directly provoke local
population extinctions. External factors or differences
among species biology might also influence popula-
tion survival for instance via boom years of newt or
mosquitofish reproduction. Long-term studies incor-
porating information on potential newt recruitment
from nearby ponds in more complex settings (e.g.
comparing demographic parameters and trophic ecol-
ogy across areas subject to different pressures of mos-
quitofish invasion) and different newt species would
ultimately help forecast consequences for native
populations and help identify if ponds invaded by
mosquitofish effectively act as demographic sinks for
newts or other native species to inform potential con-
servation measures.
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