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The exponential increase in species introductions during the Anthropocene
has brought about a major loss of biodiversity. Amphibians have suffered
large declines, with more than 16% considered to be threatened by invasive
species. We conducted a global meta-analysis of the impacts of alien species
on native amphibians to determine which aspects of amphibian ecology are
most affected by plant, invertebrate, fish, amphibian, reptile, or mammal
introductions. Measures of fitness were most strongly affected; amphibian
performance was consistently lower in the presence of alien species. While
exposure to alien species caused a significant decrease in amphibian behav-
ioural activity when compared with a no species control, this response was
stronger towards a control of native impacting species. This indicates a high
degree of prey naiveté towards alien species and highlights the importance
of using different types of controls in empirical studies. Alien invertebrates
had the greatest overall impact on amphibians. This study sets a new
agenda for research on biological invasions, highlighting the lack of studies
investigating the impacts of alien species on amphibian terrestrial life-history
stages. It also emphasizes the strong ecological impacts that alien species have
on amphibian fitness and suggests that future introductions or global spread
of alien invertebrates could strongly exacerbate current amphibian declines.

1. Introduction

It is widely accepted that amphibians are threatened and in decline, to a greater
degree than reptiles, birds, or mammals [1-3]. Many reasons have been
highlighted as contributing factors, such as habitat loss and alteration, over-
exploitation, alien species introductions, emerging infectious diseases, climate
change, and chemical contamination [3-6]. Although each of these factors
independently poses serious risks to amphibian populations, complex synergistic
interactions among them likely exacerbate declines [3-6].

Alien species introductions and establishment have been highlighted as one
of the major factors contributing to worldwide amphibian declines and extinc-
tions [7-9]. They can have detrimental effects on native amphibians directly
through predation, competition, hybridization, and transmission of parasites
and diseases, or indirectly through habitat alteration [5,7,10,11]. Numerous
studies have documented how these processes have led to reduced native
amphibian survival, decreased abundances, and eventual population decline,
displacement, or local extinction [11].

According to the International Union for Conservation of Nature (IUCN),
out of 6682 amphibian species listed on their Red List, currently over 16% are
considered to be threatened by invasive alien species, and 11% have been cate-
gorized as threatened, i.e. considered Vulnerable, Endangered, or Critically
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Endangered [9,12]. When compared with other vertebrate
groups, such as mammals, birds, reptiles, and fish, amphi-
bians appear to be one of the most affected groups, with
41% of their species being threatened, although many species
from these vertebrate groups still need to be assessed [12]. A
2010 assessment showed that conservation actions have been
relatively successful at mitigating the threat posed by inva-
sive alien species for birds and mammals, but this does not
seem to be the case for amphibians [2]. Given that the rate
at which alien species are introduced into new environments
has reached unprecedented levels and continues to increase
worldwide [13], it is important to understand their impacts
on native amphibians. Even so, to our knowledge, only
three studies have reviewed information on the impacts of
alien species on native amphibians [7,10,11].

One of the reasons for amphibians being so susceptible to
alien species impacts is that freshwater ecosystems are particu-
larly vulnerable to invasions [14,15]. Most amphibians have
complex life histories, with facultative freshwater primary con-
sumer and terrestrial predatory stages. This vulnerability is
also related to the intensive human use of water resources for
recreation, food, commerce, and transportation, the natural lin-
kages among streams and lakes, and the high dispersal ability of
aquatic organisms [15]. Furthermore, freshwater species, includ-
ing amphibians, seem to be particularly vulnerable to alien
aquatic predators because freshwater habitats have quite hetero-
geneous predation regimes, often with few or no predators,
which results in increased prey evolutionary naiveté. This is in
comparison to the relatively homogenous regimes found in
terrestrial and marine ecosystems [7,14]. Given that most amphi-
bians are exposed to both aquatic and terrestrial habitats at
different stages of their life cycles, their vulnerability to alien
taxa might change as they progress through these life stages.

In the presence of predators and competitors, amphibians
often develop defensive strategies, usually through plastic phe-
notypic alterations in their behaviour, morphology, life history,
or physiology [16]. Defensive behavioural strategies include
shifts to safer microhabitats, spatial avoidance behaviours, or
reductions in activity level, while plastic morphological
defences include increased tail depth, an enhancement of tail
colouration, and the development of smaller heads/bodies
and shorter limbs (e.g. [17,18]). Either as a direct response to
risk, or as a result of induced behavioural or morphological
alterations, amphibians can also modify their life-history, by
reducing growth and development rates [16,19]. Several
studies have shown that these defensive responses can also
be triggered when native amphibians are exposed to alien
species [7,10,11]. However, due to prey naiveté caused by
the lack of a coevolutionary history with alien predators or
competitors, responses might be weak, ineffective, or even
non-existent (no recognition leading to a weak or no response)
[14,20]. A lack of, weak or maladaptive response can be extre-
mely detrimental to native amphibians, often causing
decreased abundances and reduced fitness and survival in
the presence of invasive alien species (e.g. [21]), which might
ultimately result in local extinctions.

According to Bucciarelli ef al. [11], the taxonomic groups
of alien species that seem to more strongly negatively affect
native amphibians are fishes, plants, and amphibians.
Indeed, alien fishes, which generally become dominant
species when introduced to novel aquatic systems, have
had devastating consequences for amphibian species,
especially for those amphibians that have not been

evolutionarily exposed to fish predators [3]. Alien aquatic [ 2 |

invertebrates, especially freshwater crayfish species, are also
considered damaging to amphibians’ fitness and survival
[22]. Furthermore, although some taxonomic groups of
alien species clearly show a large impact on amphibians, it
is still uncertain if others have equivalent impacts or have
simply been less well studied. It is, therefore, of fundamental
relevance to investigate the impacts of different taxonomic
groups of alien species on native amphibians and to identify
the general patterns resulting from those is critical for
directing future research and conservation actions.

Several meta-analyses have investigated the impacts of
specific groups of alien species (e.g. plants, crayfish [22,23])
on ecosystems in general, but few have focused on the
impacts of different alien species groups on a specific group
of native species. The aim of this study was to quantitatively
determine the ecological impacts of different taxonomic
groups of alien species on native amphibians. Specifically,
we endeavoured to answer the following questions:

1) Which native amphibians’ ecological response variables
are most affected by alien species introductions?

2) Do the extent and direction of alien species impacts differ
when compared to a native impacting species or a no
species (blank) control?

3) Do the effects of alien species on native amphibians differ
between amphibian development stages (freshwater
larval stage or terrestrial adult stage)?

4) Does taxonomic identity of the alien species affect the
mechanism and magnitude of their ecological effects?

2. Methods
(a) Literature search

Relevant published articles containing quantitative evidence of
ecological impacts of alien species on native amphibians were
searched for by performing a systematic literature search on ISI
Web of Knowledge on 30 March 2016, an additional search on
Google Scholar, and a further inspection of the literature cited
in initially selected articles (see electronic supplementary
material, Appendix S1 for details). The combined searches
resulted in a set of 380 articles (260 from ISI Web of Knowledge,
16 from Google Scholar, and 104 from the literature cited
sections) selected for initial inclusion in the meta-analysis.

(b) Selection criteria and data extraction
We subsequently inspected the potential of each study to contrib-
ute quantitative data to our analysis. Each article to be used in
the meta-analysis was required to include quantitative data
from the same ecological variable in both invaded and unin-
vaded environments. Criteria for extracting data from a study
and including it in the meta-analysis were: (1) the impacting
species had to be alien at the study location, (2) the native amphi-
bian species had to be native to the study location, (3) values
of mean, sample size, and standard error/standard deviation/
confidence intervals had to be reported for both invaded and
uninvaded treatments for at least one response variable of interest,
and (4) the study design had to include replicated treatments.
Different types of quantitative evidence of ecological impacts
of alien species on native amphibians were extracted from articles
and categorized into nine different general response variable cat-
egories (table 1). The variables ‘diversity” and ‘abundance” were
pooled into the same category, given the low number of cases
and the expectation that their responses to impact would be in
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Table 1. General and specific response variables extracted from studies,
describing ecological impacts of alien species on native amphibians.

general response

variable category specific response variable

diversity/abundance richness

number of individuals

density

catch per unit effort

fitness/performance survival

mortality (—)°

sexual activity

feproductive/hatching success

growth/mass growth rate

mass (dry weight)

size

volume

biomass

developmebnt de\)elopmental stagé [24,25]

time to hatching

time to metamorphbsis »

behaviour (activity) activity level

feebding activity

exposure to impacting species

behaviour (avoidance) avoidance behaviour

refuge use

repulsion

morphology (body) body measurements (length,
width, depth)

limb measurements (femur,
tibiofibula, foot)

morphology (tail) pigmentation

tail muscle and fin measurements
(length, depth)

®The sign of this trait’s effect size was reversed because of the opposite

meaning of this variable to the others and so that responses in the same

general category were all in the same direction.

the same general direction (lower diversity /abundance; table 1).
The variables ‘behaviour” and ‘morphology” were each subdi-
vided into two subcategories, due to the opposite nature of the
expected effect sizes of these subcategories (table 1). Data on
native amphibians’ physiological responses (stress and fear
index, electronic supplementary material, table S1) were omitted
due to the low number of studies with such data.
The following data were also extracted from each article:

(1) Taxonomic group of the alien species. Alien species were
categorized as plants, invertebrates, fishes, amphibians, rep-
tiles, or mammals. We did not include studies involving
alien pathogens, as it is often difficult to ascertain their
native/alien status in a specific location and due to the
low number of studies found with appropriate data.
Studies or treatments that reported combined effects of
multiple alien species simultaneously were not
considered.

(2) Characteristics of the native amphibian species. The taxonomy
(following [26]), IUCN Red List status, and amphibian devel-
opment stage (eggs, larvae, metamorphs, and adults) of
native amphibians were recorded.

(3) Type of study. Studies were categorized as either observa-
tional, if they consisted of field surveys, or as experimental,
if they reported field or in situ, mesocosm, or laboratory
experiments. Observational and experimental studies might
differ in their methodology and in the variance of the
response variables, although it has been shown that differ-
ences in data variation between these two types of studies
are usually minor and unlikely to affect the outcomes of
the meta-analysis [27,28].

(4) Type of control. Native amphibian responses to alien species
were compared to either no species (blank control) or an
impacting native species (e.g. native predatory fish species).

Relevant data for calculating effect sizes were extracted from each
study either directly from the results text or tables (16% of the
cases), from graphs using the software DataThief (http://
datathief.org/) (76% of the cases), or by contacting and request-
ing data from corresponding authors (8% of the cases).

One study can provide multiple observation pairs for the
meta-analysis if independent experiments are conducted using
different species, or if a single experiment measures the effect
of an alien species on multiple amphibian species or on different
response variables. As such, when a study reported data for
different impacting alien species, different native amphibian
species, different control types (no species versus native impact-
ing species), or different response variables (e.g. growth,
behaviour), each of these was considered a different case, as
has been done in many other meta-analysis studies (e.g.
[23,28]). In cases where pseudoreplication could be a concern,
we took specific actions to ensure independence (see electronic
supplementary material, Appendix S2 for details).

Our final dataset included information from 110 studies
(electronic supplementary material, table S2), from which 1062
cases evaluating the impact of alien species on native amphibians
were extracted (electronic supplementary material, table S1).

(c) Effect size calculation

Effect sizes for the ecological responses of native amphibians to
alien species were calculated in relation to each type of control:
a blank, no species control, or a control with a native impacting
species. Hedges’ d [29], a metric commonly used to measure
effect sizes in ecological meta-analyses (e.g. [28,30]) due to a
low Type I error rate and high within-study precision [31], was
used here.

Hedges’ d calculates effect size as the standardized mean
difference between treatment and control groups, including a
weighting factor to correct for small sample sizes [29]. Hedges’
d was calculated as:

(X1 — Xc)
S

where X; corresponds to the mean of the invaded treat-
ment group, Xc the mean of the control group (blank or
native species), S corresponds to the pooled standard deviation,
and ] the weighting factor, which is calculated based on
the sample sizes of the treatment and control groups. S was
calculated as

d = I

s JN=DE) + Ne=1)(Sc)
B N;+ Nc—2 !

where N; and N¢ correspond to the sample sizes of the invaded
treatment and control groups, respectively and, similarly, S;
and Sc correspond to the standard deviations for the invaded
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treatment and control groups. |, the weighting factor, was
calculated as

3

J=1- 4(Nf +Nc-2)—1°

The variance of Hedges’ d was calculated as

S N[-‘rNC d?
‘T NrNe " 2(Ni+No)

Large values of Hedges’ d are generated by large differences
and low variability between the invaded and uninvaded (con-
trol) treatments. A negative value of Hedges’ d indicates that
the value of the examined response variable is lower in the
invaded than in the uninvaded treatment, whereas a positive
Hedges’ d value indicates an increase in the response variable
in the invaded in relation to the uninvaded treatment. It is impor-
tant to note that, in our analysis, negative numerical values of
Hedges’ d do not always reflect ecologically negative effects of
alien species on native amphibians. For example, for the general
response variable ‘behaviour’, activity level has been shown to
often decrease when amphibians are exposed to predator species
(e.g. [17]), hence a negative effect size is expected; however,
avoidance behaviour or refuge use are expected to be higher in
response to predators (e.g. [32]), in which case we would
expect a resulting positive effect size. For this same reason, the
general variable ‘morphology’ was subdivided into two different
subcategories (body and tail). Similarly, for the response variable
‘fitness /performance’, the sign of the effect size calculated for
studies documenting the proportion/number of consumed or
killed native amphibians (mortality) was reversed (table 1), in
order to ensure that all the specific response variables within a
general category were predicted to have an effect size with the
same sign, i.e. a response in the same direction.

(d) Data analysis

All statistical analyses were performed using the ‘metafor” pack-
age (v. 1.9-9 [33]) in the R software environment (v. 3.5.1; R Core
Team 2018). Data were analysed using multi-level random effects
models (rma.mv function). Random effects models are useful
because they assume that heterogeneity in effect sizes occurs
not only due to sampling error, but also due to random sources
of variation, as is the case in ecological datasets.

Meta-regression random effects models were run separately
for each response variable category and type of control (native
impacting species or no species). They were further run separ-
ately by (1) native amphibian development stage (eggs/larvae
and metamorphs/adults) and (2) alien species taxonomic
group (plants, invertebrates, fishes, amphibians, reptiles, and
mammals). To further control for potential pseudoreplication
among effect sizes, type of study (observational or experimental),
nested within publication ID, was included as a random effect
in every model [33], and models were only run for datasets
having at least three or more effect sizes. Nevertheless, to encou-
rage caution in interpreting results from a small number of
effect sizes or publications, we explicitly present both sample
size and number of unique publications used for each model
(figures 1, 2, and S4).

Bias-corrected 95% bootstrap confidence intervals (CI) of
effect sizes were calculated for each individual response variable
category, in order to test if effect size estimates were significantly
different from zero. An effect size is considered statistically
significant if its CI do not overlap with zero [34]. Large Cls
indicate a large amount of unexplained variance, while small
CIs usually indicate small variance, hence, similar effect sizes
across different studies.

alien < control group alien > control group

abundance/diversity

¢ e Ot (36,15)
fitness/performance
P S — (155,42)
— (108.16)
growth/mass
—_—— (79.27)

—a—  (156,11)

development

—0— (45,19)
#x —ip—t (44.8)

behaviour (activity)
ot —O—t (130,39)
i et (73.19)

behaviour (avoidance)

—0— (60,17)
—a— (56,9)

morphology (body)
—0— (45.,6)

————————————— (273)

morphology (tail)
— (26,5)
[P — (10.3)
© no species control group
@ native species control group [ T T T T 1
-3 -2 -1 0 1 2

mean effect size

Figure 1. Effect sizes of response variables describing ecological impacts of
alien species on native amphibians, considering different control types (no
species or native species). Error bars represent 95% confidence intervals
(CI) and effects are considered significant when Cls do not overlap zero.
Sample size and number of publications are shown in parentheses. *p <
0.05, **p < 0.01, ***p < 0.001.

(e) Heterogeneity, publication bias, and sensitivity
analysis

To examine the amount of residual heterogeneity of effect
sizes, i.e. whether variance among effect sizes was significantly
larger than would be expected from sampling error alone [34],
Q statistics were calculated for each of the meta-regression
models.

Because funnel plots have been shown to be unreliable indi-
cators of publication bias (the tendency of journals to publish
studies with significant results [35]), Egger’s regression test
was used here [36]. This test examines whether the y-intercept
in a linear regression between normalized effect size (effect
size/SE) and precision (1/SE) is different from zero [36].
When this y-intercept differs significantly from zero, the
relationship between effect size and the precision of studies is
considered asymmetrical and therefore biased [37]. To test for
this, the variance of effect sizes was included as a moderator
in our models in the initial analysis. Alpha =0.10 was used
for this test [36]. Furthermore, publication bias was also
tested by calculating Rosenberg’s fail-safe number [38], which
indicates the number of studies that would need to be added
to the meta-analysis to change its results from significant to
non-significant. If the fail-safe number is larger than 5N + 10,
in which N represents the total number of cases in the dataset,
the analysis is considered robust.

Sensitivity of all meta-regression models was examined by
fitting models with and without influential outliers. Hat
values and standardized residuals were examined for each
model, and effect sizes with hat values greater than two
times the average hat value (i.e. influential) and with standar-
dized residual values exceeding 3.0 (outliers), were removed,
following [39].

3. Results

The majority of studies used in our analysis were experimen-
tal (88.2%, N = 97 articles); only 13.6% of the articles included
field surveys (N = 15 articles). Most studies were performed
in North America (58%) and all continents were represented,
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Figure 2. Effect sizes of response variables describing ecological impacts of various taxonomic groups of alien species (amphibians, fishes, invertebrates, plants,
reptiles) on native amphibians, considering (a) no species or (b) a native species as a control. Error bars represent 95% confidence intervals (Cl) and effects are
considered significant when Cls do not overlap zero. Sample size and number of publications are shown in parentheses. Sample size was too small for the taxonomic

group ‘Mammals’ to be included. *p < 0.05, **p < 0.01, **p < 0.001.

except Africa (electronic supplementary material, figure S1).
Most studies were performed in temperate climates (88.7%),
while the tropics were poorly represented (11.3%, with
51% coming from the Australian tropics). The dataset
included a total of 53 alien species, largely represented by
fishes, followed by plants, invertebrates, amphibians, reptiles,
and finally mammals (electronic supplementary material,
table S3). The alien species most used in studies were Oncor-
ynchus mykiss (rainbow trout) for fishes, Phragmites australis
(common reed) for plants, and Procambarus clarkii (red
swamp crayfish) for invertebrates (electronic supplementary
material, figure S2). Among the 107 native amphibian species
investigated (electronic supplementary material, table S4),
most of them were from three families: Hylidae, Ranidae,
and Bufonidae, with North American Anaxyrus americanus
(American toad, N =114 cases), Pseudacris regilla (Pacific
tree frog, N =46 cases), and European Bufo bufo (common
toad, N = 33 cases) being the most commonly studied species
(electronic supplementary material, figure S3). No studies
were found reporting the effects of alien species on caecilian
amphibians  (Gymnophiona). Out of 1062 cases,
fitness/ performance was the general response variable most
frequently represented (N =263 cases), followed by
growth/mass (N =235 cases), and behaviour (activity)
(N =203 cases).

(a) Effects of alien species

(i) Ecological response variables

Amphibian diversity /abundance, fitness/performance, and
behaviour (activity) were significantly affected by alien
species, compared to a blank control (no species) (table 2).
In the presence of alien species, amphibian diversity and
abundance were reduced, and their fitness and activity

levels were significantly lower (figure 1). When compared
to native impacting species, alien species only significantly
affected amphibian behaviour (activity) and development
(table 2 and figure 1). Amphibian activity was significantly
higher in the presence of alien species than of native impact-
ing species. On the other hand, amphibian development time
was significantly shorter in the presence of alien than of
native species (figure 1).

(ii) Development stages

The magnitude and direction of alien species effects on eggs
and larvae were extremely similar to those observed for the
dataset with all development stages together (figure 1 and elec-
tronic supplementary material, table S5 and figure S4).
However, there was a significant reduction in larval tail
measurements in the presence of alien compared with native
impacting species (electronic supplementary material, figure
S4), indicating that tails of amphibian larvae are longer and/
or deeper when exposed to native than to alien species.

Alien species significantly affected behavioural avoidance
and body morphology of amphibian metamorphs and adults
(electronic supplementary material, table S5 and figure S4).
Adult amphibians showed greater avoidance of alien species
and developed longer limbs or bulkier bodies, regardless of
control type. Even though the latter results are derived
from one single study (electronic supplementary material,
figure S4), it is important to note that this study refers to
the effect of two different taxa of alien species on a native
amphibian species [40].

(iii) Taxonomic identity of alien species
Different taxonomic groups of alien species differed in their
effects on native amphibians, relative to blank controls.
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Mean effect sizes showed that alien plants appeared to sig-
nificantly induce higher amphibian fitness (electronic
supplementary material, table S6, figure 2a). Conversely, in
the presence of alien invertebrates, native amphibians had
significantly decreased fitness, shorter development times
(only two studies, both performed on the impacts of an inva-
sive crayfish, Procambarus clarkii, on the community of native
amphibians in Portugal [19,41]), and reduced activity and
avoidance behaviour. Alien invertebrates also induced
longer bodies in native amphibians, although this was
based on a single study looking at impacts of Gambusia hol-
brooki (among other predators) on larvae of Pelodytes
punctatus in Spain [40] (electronic supplementary material,
table S6, figure 2a). The presence of exotic fish species
caused a large reduction in amphibians’ fitness, as well as
significantly lower growth, behavioural activity, and greater
avoidance behaviour (electronic supplementary material,
table S6, figure 2a). In the presence of alien amphibians,
native amphibian abundance and diversity, fitness, and
growth were significantly lower. For abundance and diver-
sity, this was based on two studies, one on the impact of
Xenopus laevis on the native amphibian community in Sicily
[42] and another on the effects of a Lithobates catesbeianus
invasion on native frog communities in China [43]. There
was no evidence of significant effects of alien reptiles on
native amphibians, when compared with blank controls (elec-
tronic supplementary material, table S6, figure 2a).

Regarding the impacts of different taxonomic groups of
alien species relative to those of native impacting species,
results are somewhat limited by small sample sizes for
some response variables and should be interpreted with cau-
tion (electronic supplementary material, table S6, figure 2b).
However, native amphibians exhibited faster development
(the same two studies mentioned above performed in Portu-
gal [19,41]), higher activity, higher avoidance behaviours
(only [32,41]), and shorter tails in the presence of alien invert-
ebrates than of native impacting species. A higher amphibian
activity was also observed in the presence of alien fishes and
reptiles (only one study in the case of reptiles, concerning the
impact of an invasive turtle species, Trachemys scripta elegans,
on a native anuran community in Spain [21]), indicating that
activity was generally lower in the presence of native com-
pared with alien impacting species. Amphibians also
developed significantly bulkier bodies and shorter tails when
exposed to alien fishes compared to native impacting species,
although this was based on the single study looking at impacts
of Gambusia holbrooki mentioned earlier [40] (figure 2b).

(b) Heterogeneity, publication bias, and sensitivity
analysis

A significant amount of heterogeneity was detected in many of
the meta-regression models (table 1; electronic supplementary
material, tables S5 and S6), suggesting that there was a con-
siderable amount of variance not accounted for by the models.

Publication bias using Egger’s test, which was tested for
the initial random effects models (considered in table 1),
was found for some response variables in the ‘no species
control’” dataset: fitness/performance (p < 0.0001), develop-
ment (p =0.0012), avoidance behaviour (p < 0.0001), and
tail morphology (p = 0.0015). For the ‘native species control’
dataset, publication bias was only found for body mor-
phology (p = 0.0012). Egger’s test was not significant for

any other variable (all tests p > 0.1), indicating that there
was only mild publication bias in this study, unlikely to influ-
ence our general results. Rosenberg’s fail-safe number, which
was estimated to be 21 368 reinforces this result, given that it
is much larger than 5N + 10 = 5320.

Regarding sensitivity analysis, no influential outliers were
found.

4. Discussion

Our study is the first meta-analysis to explore global trends
of ecological impacts of a wide range of taxonomic groups
of alien species (plants, invertebrates, fishes, amphibians,
reptiles, and mammals) on native amphibians. We found
that alien species have significant effects on native amphi-
bians, usually related to a reduction in fitness/performance
components, and that invertebrates had impacts on the
most aspects of native amphibian ecology. This significant
decrease in fitness may be an indirect consequence of a
weaker behavioural defensive response shown by native
amphibians towards alien than native impacting species,
probably in turn a consequence of a lack of, or short, coevo-
lutionary history, resulting in increased prey naiveté and
reducing the development of adaptive prey responses.

Amphibian fitness and performance were significantly
reduced in the presence of alien species compared with a
blank control, suggesting a strong negative effect of alien
species on components such as survival, and reproductive
or hatching success, of native amphibians. Other response
variables that significantly and consistently decreased in the
presence of alien species relative to a blank control were
diversity and/or abundance measures, namely richness,
number of individuals, and density. Similarly, a previous
meta-analysis on the overall effects of invasive species on
aquatic ecosystems found that aquatic invaders consistently
decreased the abundance and diversity of aquatic commu-
nities [28]. Our study demonstrates that this trend of
reduced diversity found by Gallardo et al. [28] considering
fish, invertebrates, plankton, and macrophytes, also appears
to hold for native amphibians in aquatic ecosystems. How-
ever, it is important to note that such strong responses were
not observed when the effects of alien species were compared
to those in the presence of a native species control, indicating
that native impacting species also exert strong effects on
native amphibians.

The studies used in our analysis suggest different mechan-
isms responsible for the alterations in ecological response
variables caused by the presence of alien species. The most
commonly suggested mechanism was predation, followed by
habitat alteration, competition, and toxicity. This is not surpris-
ing, given that predation is a major selective force influencing
the dynamics, structure, and evolutionary processes of prey
communities [44] and that previous studies have highlighted
predation [7,10] and competition [11] as important impact
mechanisms of alien species on native amphibians.

Predators affect dynamics of prey populations directly via
consumption and indirectly by imposing non-lethal effects
upon them [20,45]. In fact, non-lethal predatory effects,
such as alterations in behaviour, morphology, or life-history,
have been suggested to exert similar or stronger effects than
direct consumption on the dynamics of prey populations,
and this seems to be particularly evident in aquatic ecosys-
tems [45,46]. In this study, the presence of alien species
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caused a significant reduction in behavioural activity level,
which is one of the most commonly reported behavioural
defensive strategies in amphibians, known to decrease prey
detectability and increase survival odds (e.g. [47,48]). How-
ever, this was only observed when compared with a blank
control; activity levels of native amphibians exposed to
alien species were higher than when exposed to a native
impacting species. This indicates that, although native amphi-
bians decrease activity levels when exposed to alien species,
they do it to a lesser extent than when exposed to native
impacting species. This probably reflects a lack of, or a
short, coevolutionary history between alien and native
species, which results in a high degree of prey naiveté and
weaker defence responses. When alien species invade new
areas, native species might not be able to detect or identify
these novel species as a dangerous threat, resulting in a
lack of, or the development of weak or inappropriate, defence
responses [14,20]. This naiveté effect has long been known
and is expressed through prey behaviour, morphology, or
life-history traits [20]. Prey naiveté is likely to increase prey
mortality and severely impact invaded populations (e.g.
[21]). Results of this study indicate that prey naiveté and a
consequent weak behavioural response could be one of the
causes of the strong decrease in fitness and performance, as
well as in diversity and abundance, of native amphibians
exposed to alien species.

Another possible example of prey naiveté in our study is
related to changes in tail morphology of amphibian larvae.
Native amphibians developed shorter tails in the presence of
alien than native impacting species (although not against a
blank control). In the presence of native predators, morpho-
logical defences typically consist of developing deeper,
longer, and more pigmented tails, which lure predator strikes
away from the vulnerable body and enable larvae to generate
faster swimming bursts and improve manoeuvrability, all of
which are adaptive responses that increase survival under pre-
dation (e.g. [49,50]). As such, a reduction in effect size of tail
measurements of native amphibians towards alien predators,
when compared to native impacting species, probably indi-
cates a very strong response towards the latter and a lack of
response towards the former, or even the development of a
maladaptive morphological response towards alien species.

On the contrary, results of this meta-analysis showed that
native amphibians developed more quickly in the presence of
alien species than of native impacting species. A reduction in
development time can be a direct response to predation risk,
allowing prey to leave risky predacious environments earlier,
thereby reducing mortality risk [16,18,51]. This might indicate
that alterations in development as responses to impacting species
require low energetic expenditure and non-specific predator rec-
ognition. However, it more likely means that the very marked
reduction in amphibian activity level generally observed in the
presence of native impacting species, is having a negative
impact on amphibian development time. Indeed, behaviourally
defended prey often allocate fewer resources into growth and
development, resulting in delayed development [51].

Our results highlight the importance of examining differ-
ent types of controls in meta-analysis studies. The previous
examples show how the extent and direction of the impact
of alien species can differ between tests using a blank control
and a native impacting species control. These results also
have particular importance for researchers designing exper-
imental studies aiming to evaluate the impacts of alien

species on native amphibians (and other taxonomic
groups), with respect to the choice of control types. The
type of control used will affect interpretation of the results.
For example, out of the 40 studies that we scored for behav-
ioural activity, only 18 used a native and a blank control; the
others only used a blank control (except study [3] that used
only a native control). Our results demonstrate the impor-
tance of using both types of control in experimental
investigations on the effects of alien species on native amphi-
bians to assist with more accurate interpretation of the
ecological implications of biological invasions.

The effects of alien species on freshwater larval stages of
native amphibians were much stronger than those towards
terrestrial adult amphibians, and largely reflected the general
trends found for amphibians overall. The effects of alien
species on terrestrial life-history stages were generally weak
or variable, likely reflecting the very small number of studies
published examining the impacts of alien species on native
amphibian adults or metamorphs. This is probably because
of the increased difficulty of capturing and keeping adult
amphibians in the laboratory, especially in long-term exper-
iments. Alternatively, mortality rates are generally much
higher in larvae than adult anurans, perhaps causing effects
of alien species to be much less pronounced in the latter
[52]. Regardless, these weaker impacts are not surprising,
taking into account that biological invasions have been
shown to have greater impacts in freshwater than terrestrial
ecosystems [14,15].

We found that the magnitude and direction of alien
species effects on native amphibians differed among alien
taxa. A decrease in native amphibian fitness appeared to be
a consistent outcome caused by alien amphibians, fishes,
and invertebrates. However, alien amphibians were the
only group to cause a significant decrease in native amphi-
bian abundance/diversity, while invertebrates were the
only taxon causing a decrease in development time and trig-
gering the development of larger body sizes. Alien reptiles
and plants seemed to have a weaker impact on native amphi-
bians but, once again, this may reflect the low number of
studies examining the quantitative effects of these alien taxo-
nomic groups on amphibians and highlights the pressing
need for more research in this area. Interestingly, our results
suggest a tendency for alien plants to induce positive effects
on amphibian fitness/ performance, i.e. increased fitness. This
may be related to specific alien plants providing better breed-
ing habitats and oviposition sites, as well as effective refuges
from predators to native amphibians (e.g. [53]). This positive
association shows that some introduced plants may be ben-
eficial for some amphibian species and is a result that
certainly deserves further investigation.

The question of which alien taxonomic group has the
strongest impacts on native amphibians is important for the
management of threatened amphibian taxa. Here we show
that, out of all the taxa examined, alien invertebrates had
the most consistently significant negative effects on native
amphibians, inferred by causing the largest reduction in
amphibian fitness and inducing significant changes in the
highest number of ecological traits. This is surprising as,
while most reviews have considered effects of invertebrates,
alien fish are usually described as having the strongest
impacts on amphibians [7,10,11]. Importantly, although
studies analysed here only included eight invertebrate species
(electronic supplementary material, table S3), this taxon
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represented the highest number of individual cases examined
in our dataset (318 cases out of 1062). Interestingly, most of
these derived from studies on two crayfish species, the red
swamp crayfish, Procambarus clarkii, and the signal crayfish,
Pacifastacus leniusculus, with the former having higher rep-
resentation. Procambarus clarkii is a crayfish species native to
Mexico and the USA that, due to its commercial value and
its success as an invader, is now present in all continents
except Australia and Antarctica, making it the most cosmo-
politan crayfish species in the world [54]. This species has
proven to be an extremely successful invader, often exerting
wide environmental impacts and affecting the structure and
functioning of invaded aquatic ecosystems [55]. Other than
being an effective predator of amphibian larvae, P. clarkii
can impact amphibians by inducing alterations in larval be-
haviour, morphology, and life-history, by inflicting serious
injury to amphibian prey, by decreasing habitat complexity
(refuges and spawning sites), by deteriorating water quality,
and by causing the displacement of amphibian populations
from their natural breeding habitats [19,32,56,57]. It is notable
that very few studies comparing the relative effects of differ-
ent taxonomic groups on the environment have been made
on alien invertebrates and this study suggests that these,
and in particular crayfish, may have a very high impact on
the environment and would be of particular interest
to assess. Nevertheless, a global meta-analysis on alien
crayfish impacts suggests consistent and negative effects
among introduced crayfish species [22], reinforcing the
results found here.

Understanding the impacts that alien species that estab-
lish in a new environment can have on native populations
is a complex endeavour. Our study highlights the strong
and diverse impacts that different alien taxonomic groups
have on native amphibians. Understanding the complexity
of these impacts is fundamental for outlining priority man-
agement and conservation actions needed to preserve
native amphibian biodiversity. Given the pivotal roles of
amphibians in the functioning of ecosystems, and the alarm-
ing number of threatened species in this group, we hope this
global synthesis will help highlight the strong impacts that
alien species can have on native amphibians and warrant
critical attention to this issue.
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