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Abstract: Anurans have been introduced in many parts of the world and have often become invasive
over large geographic areas. Although predation is involved in the declines of invaded amphibian
populations, there is a lack of quantitative assessments evaluating the potential risk posed to native
species. This is particularly true for Pelophylax water frogs, which have invaded large parts of
western Europe, but no studies to date have examined their predation on other amphibians in their
invaded range. Predation of native amphibians by marsh frogs (Pelophylax ridibundus) was assessed
by stomach flushing once a month over four months in 21 ponds in southern France. Nine percent of
stomachs contained amphibians. Seasonality was a major determinant of amphibian consumption.
This effect was mediated by body size, with the largest invaders ingesting bigger natives, such as
tree frogs. These results show that invasive marsh frogs represent a threat through their ability to
forage on natives, particularly at the adult stage. The results also indicate that large numbers of
native amphibians are predated. More broadly, the fact that predation was site- and time-specific
highlights the need for repeated samplings across habitats and key periods for a clear understanding
of the impact of invaders.

Keywords: amphibian decline; invasive alien species; predatory risk; size-selective predation;
Pelophylax ridibundus; water frogs

1. Introduction

Freshwater habitats often have to cope with invasive alien species [1]. Although
invaders may disturb native organisms in various ways, trophic interactions appear to be
one of the main impacts, especially through predation [2—4]. Indeed, the introduction of
novel predators induces additional predation pressure to which native organisms may not
respond effectively [5]. Furthermore, invasive alien predators may reach high densities
because of their life-history traits (e.g., high reproduction rates), various associations with
humans, or through the absence of natural predators and parasites [6]. As a result, native
species may suffer from excessive predation pressure, which influences the dynamics of
their populations [7]. Therefore, predation by invasive alien species is an often-reported
cause of native species decline [3], especially in fully or partially aquatic species [8,9].

The detrimental impacts of invasive alien species are worrying, particularly with
regard to the vulnerable and declining native class of amphibians [9,10]. Nowadays, 16%
of amphibians listed in the International Union for Conservation of Nature (IUCN) red list
are threatened by invasive alien species [11], and since the 1980s, an increasing number of
studies have emphasized the negative impact of invasive alien predators on native amphib-
ian populations [3,4]. Interestingly, anurans are one of the most reported invaders [4,12,13].
Due to their ease of translocation, high reproduction rates, and generalist diet, invasive
anurans have become a challenging issue for conservation efforts [14]. Predator—prey
interactions between invasive alien anurans and natives can impact many species of higher,
equivalent, or lower trophic rank [4]. For instance, invasive cane toads (Rhinella marina) are
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known to poison native predators that feed upon them [15] but to rarely feed on native
amphibians [16]. Other widely introduced invasive amphibians, such as the American
bullfrog (Lithobates catesbeianus) and the African clawed frog (Xenopus laevis), consume
native amphibians, including metamorphosed anurans [17-20], tadpoles [19,21], newts [19]
and, more rarely, eggs [22].

Although the ecological impacts of the most widely introduced anurans are now doc-
umented, there has been little quantitative assessment of predation across space and time.
However, biological invasions may have contrasting effects, depending on localities and
time periods (i.e., depending on the phenology of invaders and natives), indicating the need
for information regarding temporal patterns at a large number of sites [6]. Furthermore, the
risk posed by predation by invasive alien anurans may also depend on the biological traits
of the invaders, such as body size, which may influence prey selection due to gape-size
limitations [23]. Therefore, this trait should be integrated for predation assessments.

Despite their high prevalence in some parts of the globe, the predatory pressure of
some major amphibian invaders has not been studied to date [24]. For instance, in Europe,
the animal trade has resulted in multiple invasions of Pelophylax water frogs (Ranidae).
Recent increases in introductions and expansion in recent decades in western Europe have
made these species the most widespread amphibian invaders on the continent [25]. In
particular, the marsh frog (P. ridibundus) is considered native only east of the Rhine but is
now present in large parts of France, Belgium, Luxembourg, and Italy [25-30]. Particularly
in invaded areas with sister Pelophylax species present, introductions have often led to
complex and cryptic invasions only identifiable through genetic assessment. As a result,
the ecological consequences of water-frog invasions have remained understudied and
underestimated. More recent studies have considered the replacement of native Pelophylax
water frogs to be a severe threat due to hybridogenetic replacement [31,32]. However,
the other risks of these Pelophylax invasions for native amphibians have still not been
investigated. In their natural range, the diet of marsh frogs has been studied in freshwater
habitats and indicates little or no predation on native amphibians. Most reported cases were
cannibalism of metamorphosed individuals and tadpoles [33-38], whereas newts, tree frogs,
and tadpoles were rarely detected in the diet [39-42]. Furthermore, a recent behavioral
observation also confirmed the ability of marsh frogs to forage on tree frogs [43]. These
observations suggest that marsh frogs may also feed on native amphibians in invaded areas.
This implies the need for integrative studies to quantify the predation pressure exerted by
water frog invaders in colonized areas. One such area is the Larzac plateau in southern
France [26], historically devoid of Pelophylax frogs [44]. P. ridibundus has now colonized a
large part of the plateau and is still expanding ([26]; M. Denoél, pers. obs.). Due to the high
amphibian diversity value of Larzac [44—46], these invasions raise concerns about their
effect on populations of native amphibians. This study system therefore provides an ideal
model with which to determine the predation risk posed by invasive water frogs.

In this context, this study aimed to provide a quantitative assessment of the occurrence
of amphibians in the diet of invasive marsh frogs in their invaded range (Larzac) in a
replicated design across space and time. More specifically, our objectives were to highlight
the species at risk of predation, the importance of seasonality, and the role of the body
size of the invaders. Because Pelophylax are successful invaders, we hypothesized that
they exert a predatory pressure on the different life stages of the native taxa, including
adult amphibians that may be potential prey, given the large body size of the invaders.
Furthermore, we expected predation pressure to reach its maximum during the breeding
period of native amphibians, when they massively join ponds.

2. Materials and Methods
2.1. Study Area and Organisms

The study took place on the Larzac karst plateau in southern France (Hérault, France; area
delineated from 43°48’ N to 43°54' N and from to 3°21’ E to 3°33’ E; Supplementary Material
Figure S1). The study area is mainly characterized by open, traditionally managed land-
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scapes surrounded by forests. It hosts a large number and diversity of ponds, primarily
used for watering cattle and sheep and inhabited by several species of amphibians [44,47].
Multiple surveys in 85ponds in the 1970s showed that Larzac was historically devoid of
any species of Pelophylax ([44]; ]. Gabrion, pers. comm.). Native Pelophylax species were re-
stricted to lower-elevation sites outside the Larzac region [48]. This area was subsequently
invaded by Pelophylax marsh frogs at the end of the 20th century and possibly in the early
2000s ([26]; M. Denoél, pers. obs.). Direct translocations occurred in Larzac, as testified
by local inhabitants (personal communications to M. Denoél and F. Pille). One previous
genetic study identified marsh frogs in the studied area as lineages of Pelophylax ridibun-
dus [26]. This species is also named Pelophylax fortis, according to debated nomenclatural
revisions [49], but the traditional taxonomic assignment (i.e., P. ridibundus) is used here.
Two morphologically cryptic lineages (the Balkan marsh frog P. kurtmuelleri and the marsh
frog sensu stricto P. ridibundus) were genetically identified in Larzac populations, both of
non-indigenous origin (i.e., from eastern/southeastern Europe [26]). As they show closely
related phylogenetic divergence and are morphologically cryptic, these two lineages were
studied as P. ridibundus sensu lato. Although Pelophylax perezi populations were found in
southern France [26,48], there were no populations in the surveyed area (C. Dufresnes, G.
Mazepa and M. Pabijan, pers. comm.).

2.2. Sampling and Prey Identification

To gain a broad overview of the predation of invasive Pelophylax water frogs on amphib-
ians, marsh frogs were sampled in 21 ponds (mean surface area + SE = 158.94 + 34.98 m?)
typically used to water cattle and surrounded by traditionally managed landscapes. Frogs
were caught at dusk and early night manually or with dip nets during the active season
from early April to the end of July 2019. Each pond was sampled monthly (i.e., four
times over the whole study period). Frogs were kept individually in tanks and released
within hours of capture. Frogs were identified individually using PIT-tags implanted in
the back under the skin (Biolog-ID, 134.2 KHz; Agrident reader) to consider potential
recaptures over time. PIT-tagging is an effective method for marking amphibians [50,51].
The snout-vent length (SVL) of each individual was measured from the tip of the snout to
the end of the cloaca with a caliper. Only adult marsh frogs—that is, individuals with a
minimum SVL of 50 mm—were included in the sampled population (i.e., minimum SVL of
males exhibiting nuptial callosities and vocal sacs in this study). Stomach contents were
collected by flushing frog stomachs, following the method described by Solé et al. [52], by
gently injecting water into the stomach using a rounded, soft silicone canula through the
mouth, causing prey items to be regurgitated. Water was injected into stomachs using a
sprayer to maintain a slow, continuous flow. This technique does not affect the survival or
behavior of amphibians [53]. No individuals were hurt during the study. All captures and
manipulation followed ethical standards and were approved by the Direction Régionale de
I’Environnement, de I’Aménagement et du Logement (Hérault). Stomach contents were
stored individually in ethanol. A total of 1062 stomach contents (736 individuals) was
sampled: 271 in April, 235 in May, 266 in June, and 290 in July (Supplementary Material
Table S1). All manipulations were conducted at each study site to avoid displacement
of individuals.

The occurrence of native Mediterranean tree frogs (Hyla meridionalis) and palmate
newts (Lissotriton helveticus) was determined in order to account for their period of residency
in water and to estimate the period during which they might be vulnerable to marsh frogs
in the 21 studied ponds. This study focused on these two native species because they
spend long periods in ponds during the sampling period and because they are potential
prey present mainly at the water surface (tree frogs) and in the water (palmate newts).
The number of adult marsh frogs was determined every month at each pond by visual
counting (using 10 x 42 Swarowski binoculars from a distance to the pond and then
walking slowly around the pond) and used as an index of abundance. Preliminary research
showed that visual counting is proportional and close to the number of individuals present



Diversity 2021, 13, 595

40f16

simultaneously at each site as estimated by capture-mark-recapture experiments (R? = 0.73,
p <0.001, n = 14, F. Pille & M. Denoél, unpublished data), therefore providing an estimate
of potential pressure at each visit.

Amphibian prey items were identified under a stereoscopic microscope (Zeiss Stemi
2000). They were identified at the species level and developmental stage when their state
of digestion allowed (i.e., post-metamorphic versus larval [54]). The SVL of amphibians
preyed upon by marsh frogs was measured using a morphometric measurement tool on
stomach-content pictures (TPSdig2 software; [55]). Amphibians ingested by marsh frogs
were then classified according to three categories: metamorphosed anurans, tadpoles, and
newts. Adults and larvae of newts were considered to belong to the same category because
of their low occurrence in stomach contents and their similar habitat preferences.

2.3. Statistical Analyses

Using general linear mixed models (GLMM) with a binomial distribution, the potential
effects of two variables were tested on the presence of each type of prey (metamorphosed
anurans, tadpoles, newts; 0 = absence of prey, 1 = presence of prey) in the stomachs of
marsh frogs: SVL of marsh frogs (continuous variable, in mm, In transformed values) and
time (month, from April to July). Because newts and tadpoles were found in all ponds and
thus were available for predation by marsh frogs, GLMMs included the 21 ponds for these
two groups of amphibians. However, according to visual detection, native metamorphosed
anuran species predated by invasive marsh frogs occurred in only 15 ponds. Thus, GLMMs
assessing predation occurrence on metamorphosed anurans were performed on this re-
duced dataset. Individuals and ponds were considered nested random factors. Akaike
information criterium (AIC) and AIC weights were calculated to rank each candidate
model [56]. All possible combinations of factors were tested using automated selections.
The most parsimonious models with the lowest AIC were considered to be the best models
(i.e., models with AAIC < 2 were considered equal models). Averaging of these models
(AAIC < 2), which computes the weighted means of the parameter estimates, was per-
formed. The 95% CI of estimates of average models were calculated to assess the magnitude
of the effects. Differences in SVL between marsh frogs that preyed on native amphibians
and those that did not were assessed by computing Cohen’s d with confidence intervals
(bootstraps, n = 10,000 repetitions). An effect was considered important when the 95% CI
did not include zero [57]. The relationship between the SVL of preyed-upon amphibians
and the SVL of marsh frogs (In transformed values for both SVL to reach normal distri-
butions) was assessed using a linear model. Confidence intervals of means presented in
the results were calculated using bootstraps (1 = 10,000 repetitions). All analyses were
performed in R 3.6.1 using the Ime4 and MuMIn packages [58,59].

Numbers of adult Mediterranean tree frogs and adult palmate newts that could have
been consumed by marsh frogs during the whole study period were estimated from the
stomach samples. The analysis focused on these two species because they were the only
two ubiquitous native amphibians at the study sites. Two scenarios were tested: (1) a
conservative scenario, which limits overestimation of predation pressure by considering
previously estimated gastric-evacuation times for frogs [60] and which includes only fresh
prey in calculation (i.e., consumed within the day), but that ignores the occurrence of more
digested prey and may therefore underestimate predation rates; (2) a non-conservative
scenario, for which estimates were computed based on the total number of consumed
adults, whether recently ingested or in an advanced stage of digestion, but which can
therefore overestimate predation, as some prey might have been ingested one day earlier.
In both scenarios, estimates of predation pressure were computed for each month for which
prey were found in the ponds by extrapolating the number of prey items observed in
stomach contents to the maximum number of counted marsh frogs per visit during each
month. These values were multiplied by the number of days per month to obtain the
monthly estimated number of consumed individuals, and each estimation was divided
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by the number of ponds in which each species was observed (Mediterranean tree frogs:
n = 15 ponds; palmate newts: n = 21 ponds).

3. Results
3.1. Consumed Amphibians

From all samples (April-July), amphibians were found in 96 out of 1062 predator
stomachs (i.e., 9.04% of samples); 6.02% of the marsh frogs had preyed on anurans (meta-
morphosed anurans: 1.31%; tadpoles: 4.8%), 2.25% on newts (adults: 0.94%; larvae: 1.12%;
undetermined: 0.28%), and 1.31% on undetermined amphibian remains. Marsh frogs
consumed all native amphibian species known in Larzac Plateau either at the larval stage
(anurans: Bufo spinosus, Epidalea calamita, Pelobates cultripes, Alytes obstetricans; caudates:
L. helveticus, Triturus marmoratus) or the post-metamorphic stage (anurans: H. meridionalis,
Pelodytes punctatus; caudates: L. helveticus; Figure 1; Supplementary Material Table S2). A
single paedomorphic L. helveticus (i.e., a gilled adult) was identified in the stomach contents.
Metamorphosed anurans, tadpoles, and newts represented, respectively, 8.46%, 73.54%,
and 17.98% of the relative abundance of amphibians preyed upon by marsh frogs (0.02%
non-determined). Cannibalism occurred in a very small proportion of captured marsh
frogs and included predation on both juveniles (0.09%) and tadpoles (0.47%). Predation on
amphibians occurred in 20 of the 21 sites.

Figure 1. Marsh frog (Pelophylax ridibundus) preying on an adult palmate newt (Lissotriton helveticus)
in a pond of the Larzac Plateau. Photography by V. Renard.

3.2. Temporal Variations

Model selection on the different GLMMSs showed that time (i.e., months) was a good
predictor (proportion decreasing through months) of the occurrence of anurans in water-
frog stomachs. This parameter was selected in the model with the lowest AIC for the
metamorphosed anurans, but it did not have a strong effect according to the model averag-
ing performed on the two best models (AAIC < 2; Table 1). In tadpoles, it was selected in
the two best models used in model averaging (AAIC < 2; Table 1). Model averaging con-
firmed a negative effect of the time predictor in tadpoles (estimate = —0.68, 95% CI: —1.006
to —0.371; Figure 2, Supplementary Material Table S3) and suggested a similar but weak
tendency in metamorphosed anurans (estimate = —0.34, 95% CI: —1.018 to 0.323; Figure 2,
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Supplementary Material Table S3). This is explained by a decrease in the frequency of oc-
currence of metamorphosed anurans and tadpoles in the stomachs of marsh frogs between
April and July (Figure 3). The effect of time was not strong for newt occurrence (Figure 2),
being selected in only one of the three best models (AAIC < 2).

Table 1. Comparison of models explaining the occurrence of amphibians in stomach contents. Models

(all shown) are ranked from the best to the worst according to AIC. Explanatory parameters were

time (i.e., months) and SVL (snout-vent length) of marsh frogs.

Variable Rank Time SVL AIC AAIC Weight
1 —-0.514 8.213 124.9 0.00 0.677
2 8.752 126.4 1.50 0.323
Metamorphosed 3 —0.759 138.6 13.70 0.001
anuran occurrence 4 145.2 20.30 0.000
Parameter 5 . 0.678
importance
1 —0.684 351.0 0.00 0.708
2 —0.699 —0.441 352.8 1.80 0.292
Tadpole 3 371.3 20.30 0.000
occurrence 4 0.664 372.8 21.80 0.000
Parameter = 59 0.292
importance
1 131.1 0.00 0.449
2 5.081 132.0 0.90 0.279
Newt 3 —0.109 133.0 1.90 0.168
ewtoceurrence 4 —0.107 5.121 134.0 2.90 0.104
Parameter 5 .7 0.383
importance
I = fq
Time ‘:
s A @
: ¢ G
1
I
1
|
! i
SVL —A—
]
—&
:
) ] L ] T L] T T T T 1
-6 -4 -2 0 2 4 6 8 10 12 14
C

oefficient estimate

Figure 2. Effect of parameters in average GLMM models assessing amphibian occurrence in stomach

contents of marsh frogs (estimates, 95% CI). Green lines and squares: metamorphosed anurans; blue

lines and triangles: tadpoles; orange lines and diamonds: newts. Time: months (April to July); SVL

(snout-vent length): body size of marsh frogs.
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Figure 3. Monthly frequency of occurrence of amphibians in stomach contents of marsh frogs
(n =1062). Green lines and squares: metamorphosed anurans; blue lines and triangles: tadpoles;
orange lines and diamonds: newts. Whiskers: SE.

3.3. Body Size

The effect of the body size of marsh frogs (SVL) on the consumption of metamorphosed
anurans was retained in the two best models (AAIC < 2; Table 1). Indeed, marsh frogs
that consumed metamorphosed anurans were larger than those that did not prey on these
organisms (Cohen’s d = 1.14, 95% CI = 0.81 to 1.49; Figure 4). Model averaging confirmed
this very strong effect (zero excluded from CI; estimate = 8.38, 95% CI: 3.802 to 12.971;
Figures 2 and 4). SVL was selected in only one of the three best models (AAIC < 2) used for
model averaging in newts and did not show any effect, as highlighted by the confidence
intervals crossing zero (estimate = 1.58, 95% CI: —3.029 to 6.192; Figure 2). For tadpole
consumption, SVL was selected in one of the two best models (AAIC < 2); model averaging
did not confirm this effect (estimate = —0.12, 95% CI: —1.170 to 0.912; Table 1, Figure 2).
Marsh frogs that consumed tadpoles and newts were larger than individuals that did not
(respectively, Cohen’s d = 0.29, 95% CI = 0.03 to 0.55 and Cohen’s d = 0.50, 95% CI = 0.08
to 0.89; Figure 4). Linear regression showed a positive relationship between the SVL of
preyed-upon amphibians (metamorphosed anurans, tadpoles, and newts combined) and
the SVL of marsh frogs (R? = 0.35; slope estimate = 1.68, 95% CI: 1.13-2.22; Figure 5).

3.4. Predation Pressure

Among the 21 ponds that were surveyed for four months, Mediterranean tree frogs
were observed in 15 ponds and palmate newts in all ponds. Across all ponds, the total
numbers of adult marsh frogs observed by visual counting over the four-month period from
April to July were 289, 445, 521, and 535, respectively (Supplementary Material Table S4).
Following the conservative scenario (i.e., considering only fresh prey from the stomach
contents of marsh frogs) and the time period of coexistence between marsh frogs and
the native species (Supplementary Material Table S4), a minimum global consumption of
96 adult Mediterranean tree frogs and 496 adult palmate newts was estimated in the studied
ponds over the study period. Per pond, this translates to, on average, estimates of 6.4 and
23.6 individuals, respectively. The non-conservative scenario (i.e., considering all consumed
adults, whatever the state of digestion) provided higher estimations of predation rates,
with a maximum global consumption of 412 adult Mediterranean tree frogs and 790 adult
palmate newts. Predation pressure of invasive marsh frogs at the pond level was highest in
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April for adult Mediterranean tree frogs, ranging from six in April to zero over the following
months in the conservative scenario and 12.8, 10.8, 3.9, and 0 for April, May, June, and
July, respectively, in the non-conservative scenario (Supplementary Material Figure S2).
For palmate newts, the conservative scenario provided estimates of 15.2, 5.6, 2.8, and 0 for
April, May, June, and July, respectively. The non-conservative scenario estimated predation
pressure of 15.2, 5.6, 16.8, and 0 over the same period (Supplementary Material Table S4).
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Figure 4. Size (snout-vent length, in mm) of marsh frogs that consumed amphibians (colored bars)
and those that did not consume amphibians (clear bars). Green (left): metamorphosed anurans; blue
(middle): tadpoles; orange (right): newts. Boxplots represent median (25-75%) + 1.5 IQR. Open
circles represent outliers. Asterisks indicate significant differences between groups (see text).
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Figure 5. Size-selective predation: Size of consumed amphibians as a function of size of Pelophylax
water frog. SVL: snout-vent length. Green squares: metamorphosed anurans; blue triangles: tadpoles;
orange diamonds: newts. Dotted line represents the linear regression between the SVL of marsh
frogs and the SVL of ingested amphibians (y = 1.71x — 4.89).
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4. Discussion

The present study provides a quantitative assessment of the consumption of native
amphibians by invasive marsh frogs in ponds and highlights the predation pressure on
both Mediterranean tree frogs and newts. By encompassing multiple sites over time, these
results shed new light on our understanding of the diet of the invaders and show that time
and context can mask or exacerbate the observed effects, depending on sampling design.
Moreover, these replicated analyses give better insight in terms of global estimates of
amphibians predated during a complete active period at ponds. As Pelophylax water frogs
are now invading most of western Europe [26-29], our findings have broad implications
for the conservation of native amphibians.

4.1. Predation on Natives

Most anurans are generalist feeders, foraging on a wide variety of prey [61]. Within an
invasion context, this life-history trait suggests that invasive frogs could predate on native
amphibians [62]. In the present study, 9% of the invaders had consumed amphibians,
suggesting opportunistic predation rather than trophic specialization. This predation
rate appeared to be higher than in other invasive frogs, for which native amphibian
consumption is typically low, such as in Cuban treefrogs [63], African clawed frogs [22],
or cane toads [16]. Our results show predation rates similar to the ranges reported in
invasive bullfrogs (4-32%) [18,19,21]. Despite having a larger gape width than marsh
frogs, bullfrogs, which belong to the same family (Ranidae), share biological traits with
them and are known to have strong impacts on native amphibian populations, mainly
through predation [20]. On the other hand, our results show higher predation rates on
native amphibians by P. ridibundus water frogs from the invaded range than previously
shown from other stomach-content-based studies carried out in the native range (Table 2).
Indeed, in most of these studies, no native amphibians were predated by native marsh
frogs [33-38,64-68], whereas in a few others, frequency of predation on heterospecific
amphibians ranked between 0.10 and 4.61% [39-42]. These differences might be due to
differences in the sampled habitats and the study design. Indeed, our study focused on
a large set of ponds in an area where native amphibians are widespread and diversified,
whereas previous studies in the native range included lakes, rivers, and ponds where
co-occurrence patterns were not shown.

In the present study, all eight native amphibian species were preyed upon by marsh
frogs. Two of the species that were preyed upon have a high-risk conservation status;
the spadefoot toad P. cultripes is considered high-priority at the regional and national
scale [48,69], and T. marmoratus is also considered to be in decline according to the regional
IUCN red list [48]. Although less threatened, even common species, such as palmate newts,
were shown declining in large parts of their range, including in Larzac [70]. Therefore,
predation pressure from invasive water frogs, such as marsh frogs, may act as a new stressor,
possibly contributing to the current declines (see Section 4.6 for impact assessment).

Whether this predation rate is facilitated by some form of naiveté of native populations
is unknown. Indeed, native amphibians that did not co-evolve with their new, exotic
predators may lack anti-predator mechanisms [11]. In Larzac, and more broadly in southern
France, there were indeed no P. ridibundus naturally present, but phylogenetically related
species of Pelophylax exist in other parts of the range of the native species [26]. The naiveté
is therefore possibly less marked than that relating to the continental translocation of the
other species of invaders listed hereabove.
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Table 2. Frequency of occurrence of amphibian consumption by marsh frogs according to previous diet studies and the present study (highlighted in bold). Studies that did not mention if
consumed amphibians were linked to cannibalism or predation on heterospecifics were not included.

S 1 Numb Predation Occurrence (%)
Country Area Taxa asrinp € Habitat ;nsnt o Season . . Consumed Natives References
ze of Sites Homospecifics ~ Heterospecifics
Bulgaria Native P. ridibundus 375 Ponds, river NA Autumn 2.78-8.33 0.00 [37]
Bulgaria Native P. ridibundus 118 Ponds, river NA Spring, Autumn 1.69 0.00 [66]
Greece Native P. ridibundus (kurtmuelleri) 75 Ponds, river 2 Spring 2.99 0.00 [38]
Iran Native P. ridibundus 188 NA 7 Spring, Summer 10.08 0.00 [36]
Iran Native P. ridibundus 129 Ponds 19 Spring, Summer 0.00 1.63-4.61 Frogs [41]
Romania Native P. ridibundus 364 Canal 1 Full year 0.27 0.00 [33]
Romania Native P. ridibundus NA Floodplains 2 Surmnviri;] lt\;tumn, 23.00 NA [35]
Romania Native P. ridibundus 31 River 1 Spring 0.00 3.22 Newts [39]
Romania Native P. esculentus complex NA NA NA Spring 0.00 1.36-4.10 Tadpoles, frogs [40]
Romania Native P. ridibundus 100 Ponds NA Spring 0.00 0.00 [64]
Romania Native P. esculentus complex 74 Swamp 1 Spring, Summer 0.00 0.00 [67]
Romania Native P. esculentus complex 84 NA 1 Spring, Summer 0.00 0.00 [68]
Romania Native P. ridibundus 50 Ditch 1 Summer 2.00 NA [71]
Russia Native P. ridibundus 101 River, lakes, NA Spring, Summer, 01-22 01-22 Tadpoles [42]
ponds Autumn

Serbia Native P. esculentus complex 270 Marsh 1 Sprl[r;i, tilrlnnr:mer’ NA NA Newts [72]
Turkey Native P. ridibundus 82 Lakes 5 NA 0.00-10.00 0.00 [34]
Turkey Native P. ridibundus 53 NA 3 Summer 3.77 0.00 [65]

France Invasive P. ridibundus 1062 Ponds 21 Spring, Summer 0.47 8.57 Tadpoles, newts, This study

frogs
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4.2. Predation on Larval and Metamorphosed Life Stages

Every life stage of the native amphibians in our study (except eggs) was impacted
by predation by marsh frogs. Mediterranean tree frogs and palmate newts were the most-
preyed-upon amphibians at the post-metamorphic adult stage. These predation events
indicate that marsh frogs forage on organisms that have different microhabitat/space-
use habits. Indeed, palmate newts are entirely aquatic and specifically benthic in ponds,
except when moving up to breathe, whereas treefrogs spend most of their time at the
water/air interface when present at ponds ([48]; M. Denoél & F. Pille, personal observation).
Additionally, most native anurans were found in stomach contents exclusively at the larval
stage. This also indicates predation on fully aquatic amphibians, which exploit different
parts of the ponds, such as the bottom and the water column. Preliminary observations
show that marsh frogs can ingest them from the water-air interface in the middle of ponds,
but it is also possible that marsh frogs chase their prey during underwater movements as
well. Detailed quantitative behavioral observations are needed to determine the predatory
strategies of marsh frogs and therefore in which microhabitat they forage, particularly
on amphibians.

4.3. Phenology of Predation

Time was the main determinant of native-anuran consumption by marsh frogs. This
underlines the importance of conducting studies across a broad range of the active period
of amphibians to assess predation by invasive alien species, as was done here. Indeed,
by focusing on shorter surveys, predation by invasive frogs could have been overlooked,
therefore leading to misleading conclusions regarding the conservation of impacted native
species. In this study, predation on anurans (tadpoles and metamorphosed anurans)
occurred mainly in April, suggesting a strong effect of the abundance of native species
related to phenology. Because water frogs spend a great deal of time in ponds (i.e., in
spring and summer), they can interfere with any crucial period in the phenology of native
amphibians. For the Mediterranean tree frog, predation by marsh frogs occurred almost
exclusively in April and included gravid females. This indicates that predation mostly
occurred during the main period of reproductive activity at the study sites, when breeding
adults reached high abundances in ponds. Furthermore, some other anuran species, such as
Bufo spinosus, lay eggs at the very end of winter, resulting in high numbers of small tadpoles
in ponds in April [48]. For Pelodytes punctatus and Alytes obstetricans, some tadpoles remain
at the larval stage during winter and thus occur in ponds in early spring [48]. Therefore,
as a result of their phenology, all these native amphibians are available as prey for marsh
frogs at the beginning of spring. This is especially the case for tadpoles, which are highly
abundant in ponds during spring and then metamorphose before summer.

Thus, patterns of phenology are more likely to be a reflection of the availability of
native amphibians rather than a change in the behavior of marsh frogs.

By contrast, despite their higher numbers in early spring, newts can remain underwa-
ter in summer at the study sites [73], making them potential prey for marsh frogs during the
overall survey period. However, although the present results fit well with the phenology
of the preyed-upon amphibians, future research should investigate how additional factors
may also explain the temporal variation of amphibian consumption.

4.4. Size-Selective Predation

Most trophic interactions are governed by size-selective predation (i.e., the fact that
predators are gape-size-limited) [74]. In a recent review, Measey et al. [62] showed that
the size of predatory frog species was a dominant predictor of anurophagy. Our results
demonstrate that in marsh frogs, this pattern also occurs at the intraspecific level. This
effect was particularly strong for metamorphosed anurans, which are large prey only
consumed by the largest marsh frogs. The stomach contents of large marsh frogs included
both small and large prey items. This is consistent with the general observation that larger
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predators, while able to catch large prey, continue to prey on smaller prey organisms [74].
In marsh frogs, this general trend is reflected by the fact that smaller individuals can prey
upon tadpoles and small newts (e.g., larvae), whereas larger individuals consume a broader
spectrum of amphibian prey ranging from adult native anurans and newts to anuran and
newt larvae. In terms of conservation, predation on adult amphibians only by the largest
marsh frogs shows that they are the most problematic for populations. This is reinforced
by the fact that water frogs, such as marsh frogs (mean SVL: 80 mm; this study) and other
invasive ranids (bullfrog mean SVL: 143 mm [21] and 110 mm [23]), can reach larger sizes
than most natives (e.g., Mediterranean tree frogs SVL: 45 mm, this study).

4.5. Environmental Context

The structure of habitats influences the composition of amphibian species and their
abundance in ponds [75]. Because frogs are generalist predators, this variability may influ-
ence diet composition. For instance, habitat influences the predation patterns of invasive
bullfrogs [21]. In Larzac, ponds can be heterogeneous according to environmental parame-
ters such as size, depth, vegetation composition, and cover. To test for the influence of these
various parameters on the predation rates of invasive marsh frogs turns out to be a difficult
task in a field study. Indeed, without knowing the precise availability of each type of prey
following gradients of habitat heterogeneity, it is not possible to clearly identify site-specific
strategies of frogs. However, by including a large number of replicated sites (21 ponds),
this study encompasses habitat heterogeneity and provides insights about global predation
patterns across pond networks, with predation on amphibians found in almost all studied
ponds. Furthermore, despite possible differences in the composition of amphibian species
across ponds, the most abundant and ubiquitous prey (i.e., H. meridionalis and L. helveticus)
were present in the majority of ponds (15 and 21, respectively), making them available
prey for marsh frogs. These two species were predated in at least four and eight ponds,
respectively (i.e., in at least 26.6% and 38% of the studied ponds). However, more fine-
scale study is needed to better understand how pond complexity could impact predatory
strategies [21,38], though this would also require behavioral observations.

4.6. Predation Pressure and Conservation Concerns

Consumption by invasive predators is considered a direct impact on native species
because it involves the death of individuals. Thus, predation could contribute to popula-
tion decline by directly increasing mortality rates, leading to the removal of native species
in the worst cases [76]. Although the present study did not measure native amphibian
population dynamics and therefore potential decline patterns, the results show that meta-
morphosed native amphibians, especially Mediterranean tree frogs and palmate newts,
were preyed upon by invasive marsh frogs in several surveys and ponds. An occurrence
of 9% of heterospecific amphibians may seem low at first sight, but such a rate must be
contextualized with the number of invasive frogs present in the ponds and the period in
which prey and predators co-occur. As large numbers of marsh frogs were present in the
studied ponds over a long period, predation pressure was estimated to reach hundreds
of predated metamorphosed individuals over an active season in the studied ponds. This
suggests that predation by invasive water frogs may be deleterious for native populations
of Mediterranean tree frogs and may also affect those of palmate newts. Both scenarios,
even the most conservative, which considers only fresh prey for estimations, give estimates
of high numbers of consumed individuals. Because of the difference in data selection used
for each scenario (i.e., fresh prey versus all prey), they may be considered “optimistic” and
“pessimistic” points of view, respectively. The predations occurring during the breeding
period is particularly critical because reproduction may be altered, and native females may
be predated before laying their eggs. On the other hand, our results highlight a neglected
long-term aspect of predation: that even if amphibians were found only in the stomach
contents of some of the studied invaders, the fact that these invaders remain continuously
in ponds for months increases their predation rate on a full-year basis. However, further
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studies focusing on densities of native newts and tree frogs across time are needed to
precisely describe the impacts of invasive water frogs.

Our results show some predation pressure against the two targeted native amphibians
10-20 years after the start of the biological invasion in the study area (M. Denoél, personal
observation). Considering this time lapse, one likely hypothesis is that predation pressures
might have been higher at an earlier stage of the invasion because of possible prey naiveté
or higher densities of available native amphibians. Unfortunately, there are currently no
long-term quantitative datasets of population changes of native amphibians in association
with the invasion of water frogs. Despite this, qualitative observations suggest that tree
frogs were once more commonly seen in Larzac ponds than they are today. In some of
these ponds, it has become exceptional to find tree frogs now that they have been invaded
by marsh frogs (M. Denoél, personal observation). Future studies should therefore focus
on such temporal patterns of changes in local communities. From this perspective, the
present results provide indication for a plausible detrimental direct consumptive effect
of water frogs, the global consequences of which remain to be determined. However,
it is becoming difficult, as marsh frogs have already invaded most ponds in the area.
Furthermore, predation from invasive herpetofauna may lead to various impacts on native
species, such as changes in behavior, spatial ecology, or defense mechanisms [4]. These
non-consumptive effects may have a strong influence [12,77] and should be considered in
addition to the consumptive effects shown in this study.

5. Conclusions

Although Pelophylax water frogs were previously considered a threat mainly because of
the risk of genetic pollution of related taxa (see e.g., [27]), the present study on marsh frogs
shows another risk in pond environments: direct predation. Specifically, through a detailed
account over time and across multiple water bodies, this study provides evidence for the
overall ecological threat posed by invasive water frogs. By predating upon all local species,
including both caudates and anurans at different life-history stages, marsh frogs interact
negatively with all components of native amphibian communities. Because invasive alien
Pelophylax water frogs are now well established in large geographic areas across western
Europe, we argue that these invasive alien predators may have a negative impact on native
amphibian populations similar to that found in other invasive taxa [78,79]. Because the
global impact of invaders is likely complex [9,11], future fine-scale research is needed
to understand the long-term consequences of invasions and how invaded communities
change with time and pressures from invaders.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/d13110595/s1: Figure S1: Sampling area of invasive marsh frogs in Larzac. Background
indicates relief with lowest elevation in dark. The insert shows France and three departments (Hérault,
Gard, Aveyron). Detailed coordinates are not given for conservation purposes. Figure 52: Mean
observed abundance of native Mediterranean tree frogs in the 15 ponds where they were observed
(visual counting). Whiskers: 95% CI. Table S1: Sample size of studied marsh frogs per pond and
per month. Table S2: Total number (N), number of occurrence (O), and frequency of occurrence
(FO) of amphibian prey types in stomach of marsh frogs. ND: not determined. Table S3: Results
of model averaging of the GLMM models showing factors influencing amphibian occurrence in
stomach contents of marsh frogs. MA: metamorphosed anuran. Table S4: Estimated numbers of
adult Mediterranean tree frogs (Hyla meridionalis) and adult palmate newts (Lissotriton helveticus)
preyed by marsh frogs (MF) during the whole study period according to a conservative scenario
(intact fresh prey items only) and to a non-conservative scenario (all consumed amphibians).
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