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Abstract

High mountain lakes are mostly naturally fishless ecosystems that have received
numerous trout introductions over the world. Extensive studies mostly developed in
west North America have shown a large negative effect of these introductions on
amphibians, although no extensive studies are available from other continents such as
Europe. Fish were also introduced extensively in the Pyrenees (southern Europe),
mainly trout for angling and minnows for their use as live bait for fishing trout. We
studied the effect of non-native trout and minnows on the occurrence of amphibian
species inhabiting Pyrenean lentic habitats. Chi-square tests and Generalized Additive
Models were applied on a dataset of 12 environmental descriptors from 1739 water
bodies surveyed from 2006 to 2016. After accounting for environmental characteristics
we found a large negative effect of non-native trout and minnows on Pyrenean
amphibians. Trout was negatively associated with four of the six studied species. Since
minnows were only introduced in trout present lakes, they were only significant for
Rana temporaria, the most distributed amphibian in the area. None of the palatable
amphibians have been able to recolonise the lakes where minnow remain as the only
fish species indicating a strong negative effect. Minnow is the non-native fish with a
higher introduction rate in the mountain range indicating that it might be a threat for
other species in the future. Therefore, the control of trout stocking and minnow release
in high mountain lakes is necessary to preserve European and worldwide amphibian
populations in these ecosystems.
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1. Introduction

Within mountain regions, amphibians are amongst the most conspicuous native
animals of high altitude water bodies (lakes and ponds), where they are threatened by
non-native trout, as well as pesticides and emerging diseases (Davidson and Knapp,
2007; Knapp, 2005; Walker et al., 2010). Focussing on non-native trout, northern
hemisphere high mountain water bodies are naturally fishless ecosystems due to natural
barriers that prevent the colonization of fish species from lower streams or the dispersal
between interconnected lakes (Knapp et al., 2001; Pechlaner, 1984). This contrasts with
the lakes of the southern hemisphere where they may be colonised by fish of the family
Galaxiidae, which are able to climb steep slopes, such as different species of the genus
Galaxias that inhabit lakes and creeks up to approximately 2000 m.a.s.l. from Australia
and New Zealand (Hardie et al., 2006). However, the highest and remotest mountain
lakes of Australia, Tasmania and New Zealand are also naturally fishless (McDowall,
1990), as well as those of South America (Reissig et al., 2006).



Nowadays many high altitude lakes around the world have suffered trout
introductions since the 19th century, mainly for angling purposes (e.g. Christenson,
1977; Wiley, 2003). In addition to trout, minnows have also expanded considerably
throughout the twentieth century in the north European lakes of Scotland and Norway,
especially in mountain areas, mainly due to the use of minnows as live bait for angling
(Maitland and Campbell, 1992; Museth et al., 2007). In the specific case of the
Pyrenees, approximately 25% of the lakes >0.5 ha were stocked with trout in historical
periods, from some centuries ago until 1950. Since then a further wave of modern
introductions has taken place with exotic trout, as well as minnows, affecting between
35% and 85% of the lakes >0.5 ha depending on the valley (Delacoste et al., 1997; Mir6
and Ventura, 2013, 2015).

Since the 1990s, several studies have reported strong negative effects of
introduced trout on autochthonous amphibians (among other impacts) in high mountain
water bodies, especially from North America. Most studies showed that direct trout
predation on larvae and adults can lead to the elimination of some native amphibians
(e.g. Denoél et al., 2005; Knapp, 2005; Orizaola and Brana, 2006; Tiberti et al., 2016);
other studies highlighted competition between introduced trout and adult amphibians for
invertebrate prey (Finlay and Vredenburg, 2007) or increases in shared predators
leading to increased predation pressure on amphibians (Pope et al., 2008). The impacts
of introduced trout can extend beyond the boundaries of individual water bodies in
mountain areas and extinguish some amphibians from whole catchments if there are not
enough suitable fishless habitats (Pilliod et al., 2010). Nevertheless, the presence of
macrophytes or other structural refugees may facilitate coexistence between amphibians
and introduced trout (Kenison et al., 2016). Most of the extensive studies are from
North America (e.g. Knapp, 2005; Pilliod et al., 2010) where not all species are equally
affected by introduced fish. Therefore, similar studies are critically needed from other
continents inhabited by species with different evolutionary histories.

While the impact of introduced trout on high mountain lake amphibians has been
extensively reported, there is a large gap of knowledge about the role of non-native
minnows. Nevertheless, a negative effect may be expected, since minnows and trout
have similar diets (Museth et al., 2010) and are causing amphibian declines in lowland
lakes (e.g. Denoél et al., 2005). The main objective of this study was to extensively
evaluate the effect of non-native trout and minnows on European amphibians present in
high mountain water bodies of the Pyrenees. The study also aimed to describe the
general habitat associations of the amphibian species, as this information is currently

available only for some species and reduced areas (e.g. Montori et al., 2008; Vences et
al., 2003).

2. Materials and Methods
2.1. Study area and amphibian survey



We surveyed 1739 lakes and ponds along the Pyrenean mountain range
(2°05°W-3°15"E, 43°18°—42°16’N), representing approximately 30% of the total
number in the range (Fig. 1). A detailed description of Pyrenean lake characteristics is
provided in the online Appendix A.

The studied amphibian species comprised three anurans and three urodeles:
common frog Rana temporaria Linnaeus, 1758; midwife toad Alytes obstetricans
(Laurenti, 1768); common toad Bufo spinosus Daudin, 1803; palmate newt Lissotriton
helveticus (Razoumovsky, 1789); fire salamander Salamandra salamandra (Linnaeus,
1758); and Pyrenean newt Calotriton asper (Duges, 1852), the last of which is endemic
to the region. All these species are protected by regional and national legislation in most
of the mountain ranges, being forbidden their killing, capture or disturbance, (e.g.
Pleguezuelos et al., 2002). Moreover, three of the species are included in the European
Directive 92/43/EEC for the conservation of natural habitats and of wild fauna and
flora: C. asper, A. obstetricans in Annex IV and R. temporaria in Annex V (European
Council, 1992).

The field surveys for amphibian occurrence were conducted during the lakes’
ice-free periods from 2006 to 2016. To avoid seasonal variations in species occurrence,
as found in some studies of high mountain and boreal lakes (e.g. Knapp, 2005; Laugen
et al., 2003), we carried out surveys following altitudinal and temperature gradients,
from warmer to colder sites. When non-detection data did not match prior oral or
published knowledge, we repeated the survey in the same year or in following years. In
addition, and due to the nocturnal habits of C. asper, we resurveyed in night time 48
water bodies (2.7% of the total) within the known distribution area of the species (e.g.
Martinez-Rica, 1978), torching the entire shoreline from shortly after dusk to shortly
after midnight. Nocturnal surveys confirmed that daily surveys detected with sufficient
accuracy the species presence in the lakes. In total we conducted 2762 amphibian
surveys in the 1739 water bodies studied. A number of 402 lakes or ponds (23.1% of the
total) were visited in multiple occasions: 16.4% were surveyed 2-3 times, 2.1% were
surveyed 4-5 times and 4.6% were surveyed >5 times. Data from all surveys were
pooled to determine amphibians’ occurrence. In addition, multiple visits from single or
several years were used to compute the single-visit detection probability when a species
is present in a water body through the software PRESENCE (MacKenzie et al., 2002).
The program was run under the assumption that the sites kept the same occupancy for
the whole sampling period. We also estimated the accumulated probability of detecting
a given species in a water body when the number of visits increase and the species is
present. We used the function provided by Wintle et al. (2005). For these calculations
we assumed that the probability of detection was the same for all visits and that
detections were independent among visits.

We assessed the occurrence of the anurans R. temporaria, A. obstetricans and B.
spinosus based on the presence/absence of egg masses or larvae, and the occurrence of
the urodeles C. asper, L. helveticus and S. salamandra on the presence/absence of at
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least one of the different life stages (eggs, larvae, sub-adults or adults). The occurrence
of amphibians was evaluated by visual encounter surveys (Crump and Scott Jr., 1994)
of sufficient shore segments (between 10 and 30 depending on the water body
perimeter) proportionally distributed for the different substrates found along the
perimeter of each water body. Shore segments were 10 m long, parallel to the shoreline,
2 m into the water and 2 m into the next terrestrial strip. When no amphibians were
detected in the segments, the entire shoreline of the water body was resurveyed.

2.2. Environmental descriptors

To quantify which factors best explain amphibian distribution, we generated a
set of 12 variables summarizing the environmental characteristics of the sampled water
bodies (Table 1). Field data for environmental variables were collected during the lakes’
ice-free periods from 2008 to 2014.

The presence/absence of trout and minnows for most of the studied water bodies
was firstly determined on previously collected data from historical documental sources,
from interviews with local elderly fishermen or nature reserve wardens, from local
reports of fishing or walking societies and from our own previous visual field surveys
(Mir6 and Ventura, 2013, 2015). Those data were validated at each studied water body
and nearby streams during the field visits for this study by visual encounter surveys.
Visual surveys for fish detection are highly effective in small water bodies (<3m deep;
Knapp, 2005), but also for minnows in any lake size, since they swim preferably in
shallow littoral areas to avoid trout predation (Museth et al., 2010). In addition, we
performed detailed surveys in a subset of ca. 50 lakes >0.5 ha chosen randomly, using
gill nets, funnel traps or scuba diving. Detailed surveys corroborated all the
presences/absences for trout or minnow established by previous studies or visual
encounter surveys. Nevertheless, two disagreements were recorded regarding to the
trout species present.

The dataset of environmental variables included also four standardized
descriptors previously used in other studies: geographical location as UTM easting and
northing, altitude and surface area of the water body, and littoral and shore habitat
characteristics summarized by the first principal component of a PCA. High values of
this variable were associated with shallow or flat slope littoral, fine grain littoral
substrate and vegetated shores, while low values were associated with moderate to steep
slope littoral, coarse grain littoral substrate and bare rocky shores (Table A1 in online
Appendix A). Topographic, habitat and connectivity characteristics have previously
showed extensive roles for amphibian occurrence in high mountain water bodies (e.g.
Knapp, 2005; Orizaola and Brafia, 2006; Pilliod et al., 2010; Pope et al., 2008).

We then added to the dataset six other descriptors that according to previous
studies we expected to be meaningful for amphibians: existence of refuge areas from
fish predation (shallow littoral areas where amphibians can get shelter), % coverage of
the littoral occupied by aquatic vegetation, conductivity, and two binary variables
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aiming to highlight water bodies with adverse features for amphibians such as cold sites
with cold water inflow during the summer (e.g. from cold springs or melt-water much
colder than expected by the altitude of the water body) and existence of temporary
ponds that dry up most of the ice-free seasons. We chose to use a binary variable for
these two categories since the use of water temperature would have added noise
associated with seasonality or altitude. We accounted for connectivity among water
bodies by including the linear distance to the nearest neighbouring occupied water body
for each species. This descriptor was built separately for each amphibian species and
then corrected for the heterogeneous effect of Pyrenean geology on the density of water
bodies. A detailed description of how these variables were obtained is provided in
online Appendix A.

2.3. Statistical analysis

First of all we compared the occurrence of the different amphibian species with
the presence of trout, minnows, both taxa or none of them, by chi-square tests based on
contingency tables. We also added a contingency table pooling together all five
palatable species: R. temporaria, A. obstetricans, C. asper, L. helveticus and S.
salamandra. Since the dataset contained lakes clearly above some of the species
altitudinal distribution limits, we also repeated the chi-square tests excluding the high
elevation unsuitable sites above the 90% of each species occurrence.

Then we investigated the relative importance of non-native trout and minnows
on amphibian occurrence, accounting for environmental characteristics, through
semiparametric generalized additive models (GAM; Hastie and Tibshirani, 1990; Wood,
2006). For each amphibian species (except S. salamandra as there were too few
samples), one GAM of binomial distribution was made, including all descriptors of the
dataset (see above). Smooth penalized thin plate regression spline class was used for
continuous variables, as they tend to give the best mean square error performance
(Wood, 2004). The optimal amount of smoothing was determined by general cross
validation error, a method that allowed us to recognize either linear or non-linear
relationships with the response variable (Wood, 2008). To account for spatial
autocorrelation in habitat features and amphibian populations, we included the smooth
function of UTM easting and northing of the water body as a covariate (e.g. Knapp,
2005; Knapp et al.,, 2003; Pilliod et al., 2010). Since the default estimation of
smoothness for both joined UTM terms overfitted the adjustment of the resulting
variable compared to the other variables, we constricted its effective degree of freedom
by reducing the smoother parameter by 0.5 (Wood, 2004). We determined the relative
weight of each variable by dropping it from the model whilst maintaining all other
variables and evaluating the resultant change in deviance. To avoid obtaining
statistically significant variables despite very weak associations with species
presence/absence (due to the large dataset used), predictors were considered to have
significant effects only when P< 0.01 (Knapp, 2005). The relationship between the
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highly significant predictor variables and the probability of the species’ occurrence is
shown graphically in separate plots. Response curves are based on partial residuals and
are standardized to have a mean probability of zero. The response curves are plotted on
a log-scale and show the relative influence of the predictor variable on the probability of
the species’ occurrence. Confidence intervals were calculated by a Bayesian approach to
variance estimation, with good coverage probabilities (Marra and Wood, 2012). Before
performing the regressions, we examined the dataset for linear dependencies, computing
Variance Inflation Factors (VIF) for the whole dataset. All VIF values obtained were
below 3-5 (table A2), the threshold indicative of worrisome collinearity for regressions
(Zuur et al., 2009). All analyses were performed with R statistical software (R Core
Team, 2016) using the core functions and the packages spatstat (Baddeley et al., 2015),
fifer (Fife, 2017) and mgcv (Wood, 2006).

3. Results
3.1. Amphibian and fish occurrence

Among the 6 amphibian species present in Pyrenean water bodies, R. temporaria
was the most widely distributed (Fig. 1), being found in 1037 of the 1739 water bodies
(59.6%). A. obstetricans was found in 64 sites (3.7%), B. spinosus in 47 (2.7%), C.
asper in 40 (2.3%), L. helveticus in 65 (3.7%) and S. salamandra in 11 (0.6%) (Fig. 1).
The probability of detection after a single visit given presence was: 0.78 (£0.01 SE) for
R. temporaria, 0.84 (+0.03 SE) for A. obstetricans, 0.75 (+0.04 SE) for B. spinosus,
0.63 (+0.04 SE) for C. asper, 0.74 (£0.03 SE) for L. helveticus and 0.76 (+0.09 SE) for
S. salamandra. In addition, all species reached detection probabilities greater than 0.98
after the third survey except C. asper, which obtained a value of 0.95 after three visits
(Fig. Al).

Among the 1739 surveyed water bodies, 359 (20.9%) had introduced fish. Non-
native trout were observed in 306 water bodies (17.6%) and non-native minnows in 203
(11.7%). The number of water bodies with only trout or minnows was 156 (9%) and 53
(3%) respectively, while 150 (8.6%) had both types of fish coexisting. Gill nets, funnel
traps and scuba diving surveys confirmed that brown trout (Salmo trutta) was by far the
most common trout species (16% of the water bodies), while rainbow trout
(Oncorhynchus mykiss) and brook trout (Salvelinus fontinalis) were found rarely (<3%).

3.2. Fish effect

Non-native fish presence/absence showed a large effect on amphibian’s
occurrence in Pyrenean high mountain water bodies. Both trout and minnows had a
substantial negative effect on R. temporaria. This species had significantly higher
occurrence in fishless water bodies than in sites with trout or minnows or both types of
fish (Fig. 2). The GAM developed for the occurrence of R. temporaria resulted with a
weight of trout presence more than twice the explained deviance (20.8%) of any other



variable, together with a considerable importance (7.1 of explained deviance) of
minnow presence (Table 2; Fig. 3).

A. obstetricans, C. asper, L. helveticus and S. salamandra showed no significant
differences for the probability of occurrence between sites where non-native trout or
minnows were present versus absent (Fig. 2). Nevertheless, after accounting for
environment features (GAMs), trout presence was significant and negatively related to
the occurrence of A. obstetricans, C. asper and L. helveticus (Table 2; Fig. 3 and 4).
Neither trout nor minnow presence/absence were significant for explaining the
occurrence of S. salamandra, although all 11 presences detected for this species were in
fishless water bodies (Fig. 2). In contrast, B. spinosus had significantly higher
occurrence in lakes with trout or minnows than in fishless lakes (Fig. 2), although after
accounting for environmental characteristics the presence/absence of fish was not
significant (Table 2; Fig. 3).

The analyses of all five palatable species pooled together showed significantly
higher occurrence in fishless water bodies than in sites with trout or minnow or both
type of fish (Fig. 2). In addition, chi square tests excluding the high elevation unsuitable
water bodies gave the same pattern of results of the ones with the entire dataset.

3.3. Environmental variables

The GAM developed for modelling the occurrence of the five amphibian species
resulted with other significant environmental variables apart from non-native fish (Table
2; Fig. 3 and 4). The presence of predation refuge in the water body was linked to
higher occurrences of three species: R. temporaria, A. obstetricans and C. asper (Table
2; Fig. 3 and 4). Broadly, the variables altitude and cold site showed the association
between low water temperature and low occurrence of amphibians, while habitat
characteristics (surface area, soft habitat PCI1, aquatic vegetation, water conductivity
and temporary pond) highlighted the different habitat preferences of the different
amphibian species (Table 2; Fig. 3 and 4). The connectivity variable (distance to the
nearest pond occupied) had a positive relationship with the occurrence of all amphibian
species. Geographical location (UTM coordinates) showed higher probability of
occurrence of R. temporaria in the south east Pyrenees and A. obstetricans in the
western Pyrenees (Table 2; Fig. 3, 4 and A2).

4. Discussion
4.1. Fish impact

Some extensive studies mostly developed in western North America during
recent decades have shown negative effects of non-native trout on some autochthonous
amphibians in high mountain lakes (e.g. Knapp, 2005; Pilliod et al., 2010). Our
extensive study is also showing important negative effects of non-native trout, but also
of non-native minnows on European amphibians in high mountain lakes. Non-native
trout was significant and negatively associated with four out of the five Pyrenean
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species (the sixth species, S. salamandra, is very rare in high mountain lakes). This
proportion of species affected is greater than the proportion found in western North
America where approximately half of the species, mostly anurans, have been shown to
be negatively impacted by trout (e.g. Knapp, 2005).

In the Pyrenees, with the exception of B. spinosus, amphibians are almost absent
from water bodies with non-native fish. Indeed, B. spinosus was the only species
present in almost half of the lakes and ponds where amphibians and fish shared the main
body of the lake (e.g. excluding littoral refugees) (n=19). These results are consistent
with those obtained by previous studies such as those from lowland lakes and ponds
(Indermaur et al., 2010), or high altitude water bodies, which are well known for their
poorly structured habitat and high water transparency (Knapp, 2005; Pilliod et al., 2010;
Tiberti and von Hardenberg, 2012). The lack of impact that we found on B. spinosus
can be explained by the unpalatability and toxicity of this species’ tadpoles (Benard and
Fordyce, 2003). In fact, all species of the genus Bufo studied so far seem to benefit from
the presence of fish (Indermaur et al., 2010; Orizaola and Brafia, 2006).

We found that trout was a significant variable for a greater number of species
than minnows (four and one respectively). This result might lead to the erroneous
conclusion that trout has a more adverse impact than minnows. Trout was the first fish
species introduced in Pyrenean lakes, dating back to at least the middle ages (Mir6 and
Ventura, 2013), while minnows have been introduced as live bait for fishing trout only a
few decades ago (Mir6 and Ventura, 2015). Therefore only in lakes where trout was
previously present. This suggests that the negative effect of minnows is masked by the
presence of trout, which already eradicated most of the species before minnows were
introduced in the lakes. In fact, although there are only few lakes (ca. 30 in the present
study) where trout has disappeared and minnows remain as the only fish species, in any
of them amphibians other than B. spinosus have been able to recolonise these lakes.
There is little literature about the impact of minnows on high mountain lakes. However,
it has been reported that they can have an impact at least as strong as trout in the case of
zooplankton (Schabetsberger et al., 2009). Since most of the studied lakes with
minnows also have trout (n=156 in this study) it is likely that the lack of significance of
minnow for some species such as L. helveticus or S. salamandra, can be due to the low
number of occurrences found (Fig. 2). This is also suggesting that further studies with
more balanced datasets are needed to properly test minnow effects on amphibian species
with low occurrence.

4.2. Environmental characteristics

Altitude of the water body was significant for four species being in most of them
negatively correlated with species occurrences. It was especially important for B.
spinosus and L. helveticus. Since altitude is mostly linked to temperature in high
mountains (Thompson et al., 2009), this is suggesting that higher thermal requirements
of both species are largely constraining their distribution in high mountain lakes. This
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may explain why we only found B. spinosus at relatively low altitudes, almost always
below 2200 m. This finding is consistent with those obtained by previous studies from
the central part of the Pyrenees, which only found B. spinosus below 2160 m (Vences et
al., 2003). Nevertheless, the altitudinal limit of this species may also be influenced by
the high sensitivity of its tadpoles to UV-B radiation (Hékkinen et al., 2001). The model
of R. temporaria also selected altitude, but in this case, the highest probability of
finding the species was at intermediate values. The study of Vences et al. (2003) in the
central Pyrenees, also found a polynomic relationship between altitude and the log
probability of R. temporaria occurrence. In the Pyrenees, intermediate altitudes are
those with the higher proportion of ponds with respect to lakes. Therefore, since R.
temporaria is commonly found in ponds or small lakes where fish are not present, a
higher preference for intermediate altitudes is to be expected. Eventually, the presence
of cold water inflow during the summer (from cold springs or late melt-water), was the
second variable in terms of explained deviance and negatively associated with R.
temporaria occurrence. This species is known to select microhabitats with favourable
temperatures (Kohler et al., 2011), so its discrimination against excessively cold sites is
to be expected.

Conductivity appeared to be important for C. asper and especially for A.
obstetricans. The minimum conductivity for ponds and lakes with A. obstetricans was
10.4 puS/cm (95% of the species’ occurrences). These results contrast with the much
lower conductivity tolerated by R. temporaria or L. helveticus, which are found at
conductivities as low as 3.9 and 3.2 uS/cm respectively (95% of the species’
occurrence). Several physiological mechanisms are known in amphibians to keep
internal osmolality under control in changing environments. Aquaporin and other
channels allow hydro mineral transport through the epithelium and other membranes,
and some organs, such as the urinary bladder and kidneys, are involved in amphibian
homeostasis (Suzuki and Tanaka, 2009). However, our results show that amphibian
species have different tolerances to water conductivity in the field, with A. obstetricans
the least tolerant to low values. The distribution of A. obstetricans is also constrained by
the impossibility to use temporary ponds since this is a species that require several
summers to complete the larval period in high mountain areas. Similarly to Rana
muscosa, inhabiting high mountain lakes of North America (Knapp, 2005). These
specific ecological requirements, in addition to fish presence, result in substantial
limitations of suitable habitat for A. obstetricans, a species which is also highly
threatened by chytridiomycosis in the region (Walker et al., 2010).

The PC1 of the littoral and shore habitats (soft habitat PC1) was selected by two
models, but showed different sign. While R. temporaria was related to shallow or flat
littoral, fine grain littoral and vegetated shores, C. asper was associated with littoral
with moderate to steep slopes, coarse grain littoral and rocky shores. Previous studies
from high mountain lakes also showed that, after accounting for fish presence, some
urodeles such as Taricha torosa sierrae or Ambystoma macrodactylum are more
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frequent on coarse-grain littoral substrates (e.g. Knapp, 2005). Geographical location
was significant for R. temporaria, but was the most important variable explaining A.
obstetricans variance, showing the importance of spatial autocorrelation for the latter,
which is widely distributed in the western Pyrenees but scarcer in the eastern part.
Similar spatial patterns have been found in previous studies for some amphibians (e.g.
Knapp, 2005; Pilliod et al., 2010). The distance to the nearest pond occupied was
significant for all the five species modelled, and is also highlighting the positive
synergy given by the high abundance of nearer suitable habitats, as has been shown in
many studies about amphibians (e.g. Hartel et al., 2010).

4.3. Habitat fragmentation and conservation implications

Our results show that suitable amphibian habitat in high mountain lakes is highly
fragmented by natural factors for all amphibian species. The high presence of
introduced fish (i.e. 20.6% in our dataset) is locally making many water bodies
unsuitable and thus, markedly increasing the degree of isolation of breeding sites. In
general, it has been reported that species may be negatively affected by habitat
fragmentation, when suitable habitats have become too isolated; either by natural or
anthropogenic causes (e.g. Fischer and Lindenmayer, 2007). This fragmentation may
lead to loss of fitness through inbreeding or local extinction through stochastic effects
(Griffiths and Williams, 2000). This negative effect may still be stronger on species
with a small geographic distribution ranges (Sodhi et al., 2008) such as C. asper, which
should be urgently targeted for conservation.

5. Conclusions

After accounting for environmental characteristics, we found an important
negative effect of non-native trout on the occurrence of four of the six Pyrenean
amphibians studied: R. temporaria, A. obstetricans, C. asper and L. helveticus. Non-
native minnows were negatively linked with the occurrence of R. temporaria, the most
widely distributed amphibian in the mountain range. The recent expansion of minnows
and their uncontrolled introductions is certainly an issue of concern that may threat
other species in the future, since this is currently the most expanding non-native fish in
the mountain range. Our results clearly show that effective amphibian conservation
needs the implementation of management policies of high mountain water bodies
incorporating restrictive criteria about trout stocking and the use of minnows as live-bait
for angling.
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Tables:

Table 1

Description of environmental variables used in the analyses. See online Appendix A for

further details.
Variable Variable name Description
type
Non-native ~ Trout presence Binary factor determined by the presence of introduced
fish trout in the water body
Minnow presence Binary factor determined by the presence of introduced
minnows in the water body
Environment Predation refuge Binary factor determined by the presence of predation
refuge areas from fish in the water body
Altitude Altitude of the lake (m a.s.1.)
Surface area Surface of the lake (ha)
Soft habitat PC1 First principal component for littoral and shore features.
High values are associated with shallow or flat littoral, fine
grain littoral substrate and vegetated shores, while low
values are associated with moderate to steep slope littoral,
coarse grain littoral substrate and bare rocky shores (Table
Al in online Appendix A)
Aquatic vegetation % coverage of the littoral occupied by submerged or
emergent macrophytes
Conductivity Water conductivity (uS/cm)
Cold site Binary factor determined by the presence of cold springs or
late ice-snow in the water body
Temporary pond Binary factor describing if the pond dries up most of the
years during the ice-free season
Nearest pond occupied  Distance to the nearest neighbouring occupied water body.
This variable was built separately for each species
Spatial Geographical location Smooth function of UTM easting and northing of the water

body
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Table 2

Results of generalized additive models (GAM) developed for explaining the occurrence
of each amphibian species. The sign of the association between each significant variable
(except geographical location) and the probability of the species occurrence is shown in
parentheses: + positive, — negative and N positive with the centre of a unimodal curve.
The increase in deviance (equivalent to variance for this type of analyses) resulting from
dropping the selected variable from the model is shown also in parentheses. The

percentage increases were calculated as (deviance increase/(null deviance-model
deviance))x100 (Knapp, 2005). “Sometimes referred to as ‘‘residual’’ deviance.
Asterisks indicate the level of statistical significance associated with each variable: *P<
0.01; **P< 107*; ***P< 10 NS, not significant (P> 0.01). The model for Salamandra
salamandra was not built due to the low number of localities where it was present, 11 of

1739 water bodies.
Parameter Rana _ Alytes ) Bu_fo Calotriton Lissot_riton
temporaria obstetricans Spinosus asper helveticus

Null deviance 2346 548 432 381 555

Degrees of freedom (null model) 1738 1738 1738 1738 1738

Model deviance® 1498 169 193 183 215

Degrees of freedom (full model) 1695 1696 1707 1712 1710

Explained deviance (% of total) 36.1% 69.2% 55.3% 52% 61.2%

R? adjusted 0.42 0.59 0.34 0.38 0.47

Deviance increase
Trout presence 176 (-, 20.8)*** 41 (-, 10.7)**  0.06 (0.02)" 32 (-, 15.9)** 8 (- 2.5)*
Minnow presence 60 (=, 7.1)%** 0.04 (0.0 0.0 (0.0 0.0 (0.0 4012
Predation refuge 18 (+, 2.1)** 15 (+, 3.9)* 0.0 (0.0 17 (+, 8.6)* 2(0.7)NS
Altitude 25 (N, 2.9)%* 33 (-, 8.8)* 42 (-, 17.7)%%% 3 (1.4 37 (-, 10.8)**
Surface area 39 (-, 4.6)* 11 2.9 28 (11.9) 33 (N, 16.7)** 15 (N, 4.3)*
Soft habitat PC1 63 (+, 7.5)*** 13 (3.4 20 (8.3)N 21 (—, 10.6)** 15 (4.5)"8
Aquatic vegetation 14 (1.7)"8 6 (1.5 0.5 (0.2)N 0.0 (0.0 7 (2.0
Water conductivity 0.2 (0.02)™ 66 (+, 17.5)*** 2 (0.8 30 (N, 15.2)* 20 (5.9
Cold site 87 (-, 10.3)*** 8 (-, 2.D" 6 (2.5 0.0 (0.0)™ 0.0 (0.0)™
Temporary pond 5 (0.5 42 (11.1)* 0.0 (0.0)™S 0.0 (0.0)™ 0.0 (0.0)™
Nearest pond occupied 38 (—, 4.4)*** 65 (—, 17.1)** 56 (-, 23.6)** 20 (—, 10.1)* 26 (—, 7.5)*
Geographical location 44 (5.2)* 85 (22.5)*** 19 (8.1 8 (3.9 0.0 (0.0)™
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Figures

Fig. 1. Distribution of studied lakes along the Pyrenean range with the presence or

absence of non-native fish, either trout or minnows and the different amphibian species

found in the Pyrenean water bodies.
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Fig. 2. Percentage of water bodies where amphibian species were found grouped in four
categories: fishless, only trout presence, trout+minnow presence, and only minnow

presence. The absolute number of presences is indicated above the bars and between

brackets. The total number of water bodies in each category is indicated in the legend.
The total number of water bodies where each species was found is indicated below the

species name. p values of the chi-square tests are also indicated. For the species with

significant p values (< 0.05), the differences between categories obtained by post hoc

chi square tests corrected for multiple testing by Bonferroni method (o = 0.05) are also
indicated.
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Fig. 3 (next page). Estimated effect of each of the highly significant variables (p <
0.01) on the probability of occurrence of the anurans Rana temporaria (a), Alytes
obstetricans (b) and Bufo spinosus (¢), obtained with the generalized additive models
(GAM). The contour of the shaded areas and the error dashed lines are approximately
+/— 2 SE (95% CI) relative to the main estimate, and hatch marks at the bottom are a
descriptor of the frequency of data points along the gradient in continuous variables, or
within each category for categorical variables. The effect of UTM easting and northing
is shown as an isoline map, where light grey indicates positive effect and dark grey
indicates negative effect. A colour version of this isoline map is shown in Fig. A2 in the
online Appendix. “edf” indicates the estimated degrees of freedom of the smooth curve:
df=1 is equivalent to a linear relationship. Smoothing parameters were estimated by
general cross validation error (Wood, 2004). “D” indicates the percentage of explained
deviance. Dotted grey lines in smooth terms indicates the Y value = 0, allowing one to
see the regions where the effect on occurrence is positive or negative.
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Fig. 4. Estimated effect of each of the highly significant variables (p < 0.01) on the
probability of occurrence by the caudatans Calotriton asper (a) and Lissotriton
helveticus (b), obtained with the generalized additive models (GAM). See legend of Fig.
3 for further details on the plot.
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1. Supplementary materials and methods
1.1. Additional description of the study area

The studied lakes and ponds are spread along the Pyrenean mountain range (0°42°W -
2°09°E, 42°52° - 42°23°N; Fig. 1). There are 1080 lakes >0.5 ha and approximately
4500 small lakes and ponds either of glacial origin or modified by the activity of
quaternary glaciations. They range in altitude between 1500 and 2960 m with the
highest frequency found at ca. 2300 m. The unmodified lakes are relatively small and
deep, with average surface area of 4.5 ha and average maximum depth of 15 m, with the
largest being 44 ha and the deepest 105 m. Approximately 15% of the total lakes are
impounded, mostly the biggest. Among these semi-natural dammed lakes, the largest
has an area of 160 ha and the deepest a maximum depth of 123. The ponds can range in
surface area from between a few square meters to 0.5 ha, and in maximum depth from
between a few centimetres to 1-2 m. Some of them are temporary and may dry up in the
peak of the ice-free season.

Due to their common glacial origin, there is a close positive relationship between
surface area and maximum depth (Catalan et al., 2009b). Most of the lakes are above the
tree line with catchments partially covered by meadows, although some of them are on
or below the tree line. Approximately half of the lakes have catchments on granodiorite
bedrock, the remaining being located in catchments with metamorphic (25%), detrital
(15%) or carbonate (10%) bedrock, with a minority on Silurian slate (Casals-Carrasco et
al., 2009). The latter bedrocks, due to their high sulphate content, give natural acidity to
the waters (pH < 5.5). The ionic content is generally low, being the chemical factor
most strongly related to bedrock composition (Catalan et al., 1993). The lakes have low
phosphorous and chlorophyll content, being of oligotrophic nature (Buchaca and
Catalan, 2007). A general description of the climate, physic-chemical and biological
characteristics of Pyrenean lakes and a comparison with other European high mountain
lakes can be found elsewhere (Camarero et al., 2009; Catalan et al., 2009a; Kernan et
al., 2009; Thompson et al., 2009).

1.2. Detailed description of the environmental variables

We generated a set of descriptors (Table 1 in the main body of the paper) summarizing
the environmental characteristics of the studied water bodies as follows.

Altitude, lake surface area and geographical coordinates easting and northing of the
water bodies were obtained from a GIS generated from 1:25000 maps from various
governmental agencies (Casals-Carrasco et al., 2009).
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Littoral slope and littoral and shore habitats were characterized by visually estimating
substrate features and composition of the same shore segments where we had looked for
amphibians (see Study area and amphibian survey section, in the main body of the
paper). Data were expressed as % coverage for each category of littoral slope and shore
substrate composition. Littoral slope was categorized as shallow (<10 cm deep, <15°
slope), slight slope (15°-30° slope), sloping (30°-70° slope) or sub vertical (70°-90°
slope). Littoral substrate composition was categorized as organic material, silt-sand
(<0.5 cm), gravel (>0.5-2.5 cm), cobble (>2.5-25 cm), boulder (>25 cm—1 m), big
boulder (>1 m) or bedrock. Shore substrate composition was categorized as cobble-
boulder (2.5 cm—1 m), big boulder-bedrock (>1 m) or terrestrial vegetation. We adapted
these classifications from previous studies of high mountain and boreal lake fauna (e.g.
Johnson et al., 2004; Knapp, 2005; Knapp et al., 2003; Knapp et al., 2001). To reduce
the dimensionality of those data, we subjected to a principal component analysis the six
most contrasted categories: shallow or flat littoral (<10 cm deep, <15° slope), moderate
to steep slope littoral (30°—70° slope), littoral substrate categories of silt-sand (<0.5 cm)
and boulder (>25 cm—1 m), and shore substrate categories of cobble-boulder (2.5 cm-1
m) and terrestrial vegetation. Axis 1 explained a substantial amount of the total
variation in substrate and shore habitat characteristics (57.4%), so the scores were used
as the independent variable soft habitat PC1. High values of this variable were
associated with shallow or flat slope littoral, fine grain littoral substrate and vegetated
shores, while low values were associated with moderate to steep slope littoral, coarse
grain littoral substrate and bare rocky shores (Table Al in this online Appendix A).

The binary variable predation refuge was created to reflect the presence of littoral areas
in the lake where fish was assumed to be unable to access: shallow areas either with or
without macrophytes and stones.

Aquatic vegetation was assessed by estimating the percentage cover of submerged or
emergent macrophytes along the littoral of the lakes.

Conductivity, referred to 20°C, was measured during field surveying with handheld
meter WTW Cond 340i.

To describe extreme thermal characteristics of the water studied bodies, we made a
binary variable to highlight the sites with cold water inflow throughout the summer, and
that have as a result a lower water temperature than expected by their altitude. This
binary categorical variable was determined by the presence of cold springs or late
ice/snow in the water body during summer.

We also assessed the duration of the hydroperiod and we categorized the existence of
temporary ponds when they dry up almost annually, during most of the ice-free seasons.
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A measure of connectivity among the studied water bodies was computed as the
distance to the nearest neighbouring water body occupied by a given species. This
connectivity indicator has shown to be equally powerful than more complex indices and
more practical for many conservation applications (Prugh, 2009), specifically for
amphibians in fragmented landscapes (Hartel et al., 2010). The variable was generated
separately for each amphibian species using R statistical software (R Core Team, 2016)
with the package spatstat (Baddeley et al., 2015). Then the values were corrected for the
heterogeneous effect of the Pyrenean geology on the density of water bodies by
standardizing the values to zero mean and unit variance within each geology type. The
geology types were adopted from Casals-Carrasco et al. (2009). The distance to the
nearest neighbouring occupied water body was computed without imposing any
catchment restriction, since genetic analysis show that the phylogenetic structure of
amphibian populations in the Pyrenees despite having a strong spatial pattern, it does
not follow strict hydrological basins (e.g. Gongalves et al., 2015; Veith et al., 2002).
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3. Supplementary tables

Table A1

Pearson’s correlations between the variables describing the litoral substrate and the principal component
axis 1. The variance contained in the first axis is given between brackets and above the correlations (%
explained variance).

Axis 1 Sig.

Soft habitat PC1 : -
(57.4% explained variance)

Littoral slope
Shallow or flat (<10 cm deep, <15° slope) 0.83 <0.001
Moderate to steep slope (30°-70° slope) -0.71 <0.001

Littoral substrate
Silt-sand (<0.5 cm) 0.81 <0.001
Boulder (>25 cm) -0.71 <0.001

Shore substrate
Terrestrial vegetation 0.69 <0.001
Cobble-boulder (2.5 cm—1 m) -0.63 <0.001

29



Table A2

Variance Inflation Factors (VIF) of the datasets used in the GAM analyses. The values are given
separately for each species, since the variable nearest pond occupied was calculated specifically for each

taxon.
VIF values for each specific dataset
Variable Rana Alytes Bufo Calotriton Lissotriton
temporaria obstetricans spinosus asper helveticus
Trout presence 1.67 1.68 1.67 1.68 1.67
Minnow presence 1.59 1.59 1.60 1.59 1.59
Predation refuge 1.27 1.27 1.27 1.28 1.28
Altitude 2.00 2.02 2.03 2.00 2.00
Surface area 1.34 1.33 1.33 1.33 1.33
Soft habitat PC1 1.72 1.68 1.68 1.67 1.67
Aquatic vegetation 1.27 1.27 1.28 1.28 1.27
Water conductivity 1.30 1.32 1.32 1.33 1.34
Cold site 1.02 1.02 1.02 1.02 1.02
Temporary pond 1.19 1.20 1.20 1.19 1.20
Nearest pond occupied 1.09 1.37 1.07 1.34 1.32
Coordinate UTMx 1.55 1.94 1.56 1.89 1.55
Coordinate UTMy 1.81 1.79 1.79 1.80 2.04
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4. Supplementary figures

a) Rana temporaria b) Alytes obstetricans c¢) Bufo spinosus
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Fig. Al. Detectability curves for the 6 amphibian species found in the Pyrenean high mountain lakes
computed following Wintle et al. (2005): Rana temporaria (a), Alytes obstetricans (b), Bufo spinosus (c),
Calotriton asper (d), Lissotriton helveticus (e) and Salamandra salamandra (f). The graphics show the
accumulated probability of detecting a given a species in a water body when the number of visits increase
and the species is present, assuming that the probability of detection is the same at all visits and that the
detections are independent among visits. Error bars indicate the 95% confidence intervals (CI). Horizontal
grey dotted lines indicate the probability of detection equal to one.
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Fig. A2 Colour version of the GAM isoline maps for the estimated effect of the highly significant (P<
0.01) smoothing term UTM easting and northing on the occurrence of: Rana temporaria (a) and Alytes
obstetricans (b). Yelow colour indicates positive effect and red colour indicates negative effect on the
probability of species occurrence.
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