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ABSTRACT

The LIFE+ LimnoPirineus project (2014-2019) includes 
the recovery of amphibian populations in eight lakes of 
the Aigüestortes i Estany de Sant Maurici National Park 
and the Alt Pirineu Natural Park, by eradicating or con-
trol non-native fish. During the summers from 2014-
2018 practically all of the fish present in the lakes have 
been removed. We found that most of the autochthonous 
amphibian species present in each valley have naturally 
colonised all lakes during or following fish removal. This 
shows the high resilience of the amphibian fauna of high 
mountain lakes, following reduction or removal of pres-
sure from non-native fish.

INTRODUCTION

A
s in many other aquatic ecosystems, the 
amphibian species that live in the high 
mountain lakes of the Pyrenees are part 
of different food compartments, and are 
involved in complex trophic relationships 

that make them key species (Wells, 2007). Firstly, tadpoles 
are fundamentally herbivorous and they live on algae and 
other microorganisms (mainly bacteria and archaea) 
that grow on the stones or sediment of the lake bed, thus 
maintaining the natural structure and functionality of 
the benthic community (Altig et al., 2007; Nyström et al., 
2001). At the same time, tadpoles represent a source of 
food for natural aquatic predators, such as beetle larvae 
and adults, dragonfly larvae, adult water striders and 
backswimmers, and adult newts (McDiarmid & Altig, 
2000). In addition, adult amphibians are part of the 
super-predator level in natural lakes. They are at the top 
of the trophic chain and feed on different invertebrates, 
among which are insects that prey on tadpoles (Wells, 

2007). Finally, amphibians in general are preyed upon by 
birds, reptiles and land mammals that may visit the lake 
more or less frequently, which is an entry of matter and 
energy to the surrounding ecosystems (McDiarmid & 
Altig, 2000; Wells, 2007).

Despite their ecological importance, amphibians of 
high mountain lakes are in decline worldwide due to 
different threats that reduce or eradicate entire populations 
(Whittaker et al., 2013). In this regard, different studies 
have shown the negative effect of pesticides, emerging 
infectious diseases and the global increase in temperature 
(Bradford et al., 2011; Maxwell & Knapp, 2018; Smith et 
al., 2017). However, the most documented threat in many 
mountain ranges, including the Pyrenees, is the presence 
of exotic fish (Miró et al., 2018; Ventura et al., 2017).

High mountain lakes are isolated from rivers in the 
lower part of the basins by hydrographic barriers that 
prevent natural colonization by fish (Pechlaner, 1984; 
Pister, 2001). However, especially during recent centuries 
and in order to promote sport fishing, a global process of 
introducing fish has been carried out, which has meant 
a significant presence in these bodies of water through-
out the world (e.g. Miró, 2011; Reissig et al., 2006; Wiley, 
2003). In the Pyrenees, the introductions were carried out 
in historical times in some cases, but also in recent times 
in many others, and have involved the presence of differ-
ent species of trout or minnow in 35-85% of the lakes, 
depending on the valley (Miró & Ventura, 2013; 2015). 
The impact caused by exotic fish in lakes is that, in these 
ecosystems, fish become a higher trothic level that did 
not previously exist. Fish (both trout and minnow) prey 
directly on amphibian larvae, juveniles and adults until 
they are eliminated in most cases (Knapp, 2005; Miró et 
al., 2018; Tiberti and von Hardenberg, 2012), but also in-
directly harm them by depleting insect larvae and other 
invertebrates that are shared prey (Maxwell et al., 2011).

During recent decades, different conservation proj-
ects combined with scientific studies have shown that the 
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impacts described can be reversed (Knapp et al., 2016). In 
the 1990s, the first experience of eradicating exotic trout 
from high mountain lakes in Sierra Nevada, California 
(Knapp & Matthews, 1998) was carried out. This study, 
together with others in the same field, documented the 
effectiveness of gillnetting to eradicate populations of 
exotic trout from high mountain lakes and, thus, facili-
tate the recovery of native amphibian populations within 
a period of between one and three years after the eradi-
cation begins. Those studies showed the recovery of the 
populations of a threatened native frog in Sierra Nevada, 
the Rana muscosa (Knapp et al., 2007; Vredenburg, 2004). 
Subsequently, more recent work has shown the recovery 
of two other frog species, the Rana cascadae in the Klam-
ath mountains, in Northern California, and the Rana tem-
poraria in the Italian Alps; in both cases within a period 
of between two and five years after eradication projects 
began (Pope, 2008; Tiberti et al., 2018). The aforemen-
tioned studies have also documented the difficulty that 
some high mountain amphibians have to colonise new 
locations, such as R. muscosa, which is conditioned by a 
maximum dispersion distance of 1 km (Pope et al., 2001).

Recent experiences in California and the Alps 
demonstrate the rapid recovery of a frog species in each 
case, after eradicating exotic trout. However, native 
amphibian communities in high mountain lakes can have 
up to four or five species (Knapp, 2005; Miró et al., 2018), 
and may be threatened by the presence of minnow as well 
as the presence of trout (Miró and Ventura, 2015; Miró 
et al., 2018). Therefore, it is of general interest to study to 
what extent it is possible to recover the entire amphibian 
community of a lake by eradicating exotic fish, which 
may include trout, but also minnow. Answering these 
questions is especially important for the conservation of 
high mountain amphibians, since there are other known 

additional negative factors that endanger them and add 
uncertainty to the chances of recovery. We are talking 
about pesticides, emerging infectious diseases and the 
global increase in temperature (Bradford et al., 2011; 
Maxwell and Knapp, 2018; Smith et al., 2017).

The main objective of this study has been to investigate 
the recovery of the amphibian community in eight high 
mountain lakes in the Pyrenees after initiating actions to 
eradicate exotic trout and minnow. Specifically, we wanted 
to answer four questions: (i) Is the natural recovery of the 
entire amphibian community possible as a result of the 
eradication of exotic fish? (ii) Can recovery be achieved 
in just a few years as we know happens with some anuran 
species? (iii) Would individuals and colonizing species 
come from nearby or remote locations? (iv) Would there 
be any difference in the recovery of amphibians depending 
on whether the exotic fish present in the lake are trout or 
minnow? The conclusions of the study may be useful to 
design, evaluate and execute future conservation projects 
with similar objectives.

METHODS

Study Area
We have carried out the study in the eight lakes subject to 
the LIFE+ LimnoPirineus project (2014-2019), where we 
have carried out actions to eradicate and control exotic 
trout and minnow (Buchaca et al., 2016). The eight lakes 
are located within protected areas included in the Natura 
2000 Network, five of them in the Aigüestortes and Estany 
de Sant Maurici National Park (Dellui Mig, Dellui Nord, 
Subenuix, La Cabana and Cap del Port) and the other 

Name (code)
Protect 
areaa

Maximum 
depth
(m)

Surface 
area (ha

Altitude 
(M.A.S.L.)

Fish 
species 
2012b

Year of
commencement
of fish eradication

Amphibian 
species 
2012c

Amphibian 
species 
2018c

Dellui Nord (1831) AESMNP 6.7 0.35 2306 STR, PPH 2015 Casp

Dellui Mig (1838) AESMNP 6.2 1.09 2314 STR, PPH 2015
Rtem, Bspi, 
Casp

Subenuix (2066) AESMNP 11 2.64 2194 SFO 2015 Rtem, Casp

Cap del Port (2213) AESMNP 31.7 7.35 2521 STR 2016 Rtem

Cabana (2259) AESMNP 11.7 2.33 2376 OMY 2017 Rtem, Casp

Closell (2468) APNP 3.7 0.75 2074 PPH 2013 Bspi
Rtem, Bspi, 
Lhel

Naorte (2479) APNP 14 3.94 2150 PPH 2015 Rtem, Lhel

Rovinets (2654) APNP 5.4 0.37 2223 PPH 2016 Lhel Rtem, Lhel
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three in the Alt Pirineu Natural Park (Closell, Naorte 
and Rovinets). Table 1 shows the descriptive topographic 
features of the eight lakes and the fish and amphibian 
species present. For comparative reference data, we chose 
56 control lakes with similar characteristics, located in 
the same study area (Figure 1). Half of the control lakes 
had trout or minnow or both, and the other half had no 
fish. Most of the control lakes in this study coincided with 
the control lakes chosen for the limnological monitoring 
program of the LimnoPirineus project (Buchaca et al., 
2016), to which we added other lakes with the presence 
of specific amphibian species. In all cases, we knew the 
previous presence / absence of amphibians by censuses 
conducted in previous studies (Miró et al., 2018).

Eradication of exotic fish
As of 2015, we have carried out the eradication of 
exotic trout and minnow from the eight target lakes, as 
planned in the LimnoPirineus project. Three of the target 
lakes only had minnow populations, three others had a 
different species of trout each, and the last two had both 
groups of fish (Table 1). Since most of the fish are caught 
at the beginning of eradication and a large volume of 
work is created, extraction operations cannot be initiated 
at all locations at the same time. Therefore, we started in 
the first lakes in 2015 and, over the following years, we 
progressively began to work on the others. (Table 1; first 
chapter this volume). By way of exception, in the case of 
Closell, we began the eradication work in 2013, under 
the context of a specific experimental project to evaluate 
the possibilities and most appropriate methods for the 
eradication of minnow in high mountain lakes (Table 1).

Three methods have been used in the campaigns for 
the eradication of exotic fish: gillnetting (5 to 43 mm mesh 
size), electric fishing along the shore, and small mesh 
(4 mm) creels. The first two methods had already been 
previously tested in high mountain lakes in California 
and the Alps, and we knew their efficacy for catching 
trout (Knapp & Matthews, 1998; Tiberti et al., 2018). 

 Table 1. Descriptive features of the eight lakes in the LIFE+ LimnoPirineus project and fish and amphibian species present.
a) AESMNP: Aigüestortes i Estany de Sant Maurici National Park. APNP: Alt Pirineu Nature Park.
b) STR: Brown trout (Salmo trutta). OMY: Rainbow trout (Oncorhynchus mykiss). SFO: Brook trout (Salvelinus fontinalis). PPH: Common 
minnow (Phoxinus sp.).
c) Rtem: Common frog (Rana temporaria). Bspi: Spiny toad (Bufo spinosus). Casp: Pyrenean brook salamander (Calotriton asper). Lhel: Palmate 
newt (Lissotriton helveticus).

 Figure 1. Map locating the target and control lakes for the LIFE+ 
LimnoPirineus project amphibian monitoring plan.
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The tubular creels, almost submerged and resting on the 
rocky or muddy bed of the shore, had been quite effective 
in catching minnow in a previous project conducted at 
Closell. The review and emptying of nets and traps were 
carried out on a daily basis at the start of the tasks in each 
lake and on a weekly basis once the catches decreased.

Monitoring amphibians
Whilst in the process of eradicating the fish, we 
documented the changes in the amphibian populations 
of the target lakes, both in terms of presence and 
abundance. Censuses from previous studies had shown 
the presence of five amphibian species in the study area 
(Miró et al., 2018). Three were anurans or amphibians 
without a tail: the common frog (Rana temporaria), the 
spiny toad (Bufo spinosus) and the common midwife 
toad (Alytes obstetricans). The other two were urodeles or 
amphibians with a tail: the Pyrenean brook salamander 
(Calotriton asper) and the palmate newt (Lissotriton 
helveticus). These are the five amphibian species that we 
included in this study. However, it should be noted that, 
one of them, the spiny toad, like the other species of the 
Bufo genus, is not usually negatively affected by exotic 
fish (Knapp, 2005; Miró et al., 2018), due to the toxins 
present in its skin, both in the larval and adult phase, 
(Benard & Fordyce, 2003). At the beginning of the fish 
eradication work, there were only two target lakes that 
had amphibians: the spiny toad inhabiting Closell and the 
palmate newt in Rovinets (Table 1).

Data on the presence and abundance of amphibians in 
the eight target lakes come from two different sources: (i) 
the catches of accompanying fauna during fish eradication 
and, (ii) specific amphibian censuses. Regarding the first 
information source, once fish densities were considerably 
reduced, catches of amphibian adult and larvae specimens 
increased, which allowed us to quickly document 
colonization events. The catches were found mainly in 
the creels installed on the shore of the lakes, and showed 
no damage to the amphibians captured, which were 
released again in the same area of the lake once recorded 
and measured.

Regarding the second data source, we have conducted 
annual censuses of presence and abundance of amphibians 
in the eight target lakes during the summers from 2012 to 
2018. We have carried out the censuses in the control lakes 
over the same study period (2012-2018), visiting each 
one of them once following the pre-established schedule 
of limnological monitoring of the LimnoPirineus project 
(Buchaca et al., 2016a; Buchaca et al., 2019).

Amphibian censuses are conducted using the visual 
encounter methodology (Crump & Scott Jr., 1994). 
Preferably during the hours of greatest sunshine, we 
walked all along the lake shore visually looking for 
amphibian larvae and adults, estimating the abundance 
per metre of the corresponding shore. In the case of the 
Pyrenean brook salamander, since they are basically active 
during the hours of darkness, we conducted additional 
nocturnal censuses. The nocturnal methodology was 
also visual encounter, in this case while we illuminated 

the lake shore with headlamps, as indicated by the British 
protocol specialised in this task (ARG-UK 2013). In the 
case of the palmate newt, since they are very active in 
the water, where they frequently swim to feed, we used 
creel catches. In all cases, for each species, we have used 
the same census methodology at all the lakes studied. 
The differences in abundance that could be related to the 
specific methods and the diverse reproduction strategies 
in terms of the number and size of larvae produced, we 
have homogenised by re-scaling abundance by species 
(see detailed explanation in the following paragraphs).

Statistical analysis
Once the data was obtained, we performed different 
specific statistical analyses to answer each of the four 
questions that we proposed at the end of the introduction. 
Previously and in order to correctly assess the temporal 
changes in amphibian communities, we standardised all 
the data according to the year in which the fish eradication 
tasks began. Thus, for each target lake, we assign the 
value -1 to the year prior to the start of eradication 
work, the value 0 to the year in which we the eradication 
tasks began, and the values +1, +2, +3, +4 and +5 to the 
following successive years. The standardised +4 and +5 
years are not used in some statistical analyses because, in 
these two years, we had only included one lake, Closell.

The abundance of extracted fish was calculated from 
the trout catch in the nets and the minnow catch in the 
creels. We transform the data into catch per unit of effort 
(CPUE). Specifically, in the case of trout, we transform 
them into “individuals / hm of net × day”, and in the case 
of minnow “individuals / trap × day”. For the abundance 
of minnow, we have data up to the standardised year +5, 
while for trout, we have up to year +3 since we started 
work two years later.

The recovery of the amphibian community in the 
target lakes and the timeframe within which they could be 
reached are simultaneously quantified using two different 
methods. First, we calculate the specific abundance of 
each lake, and second, the abundance of each species 
we find. Then we compare the data for the different 
standardised years (from -1 to +3) between them and 
with the two control lake groups, with and without fish, 
by means of the Kruscal-Wallis non-parametric group 
homogeneity test (Hollander et al., 2014).

The proximity of the colonising populations is 
investigated by building a contingency table with all the 
amphibian species studied which are potential colonisers 
of the target lakes. This gives us a total of 38 potential 
colonisations: 5 species × 8 target lakes, but excluding 
the two cases of amphibians already present in the target 
lakes at the start of eradication. Then we apply a Chi-
squared test (Agresti, 2007) on the combined factors 
“colonisation event during the entire period studied (yes 
/ no)” and “presence of the species in the same valley of 
the target lake (yes / no)”.

Additionally, we have investigated the importance 
of nearby colonisations by calculating the Mantel 
correlation (Legendre and Legendre 2012), for the 
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different standardised years separately (from -1 to 
+2), between the geographic distance matrix for the 
target lakes, and the distance matrix extracted from 
their amphibian communities. The distance matrix of 
amphibian communities is constructed by calculating the 
Euclidean distances between lakes from the abundance 
tables for the different species, for each standardised 
year. Previously, and to reduce the difference in the 
range of abundances and balance the weight of the 
different species, we transformed abundances into 
logarithm + 1, and we re-scaled them between 0 and 1 
for each species separately (Legendre & Legendre, 2012). 
Finally, we normalise abundances, using the Hellinger 
transformation (Legendre & Gallagher, 2001). In order to 
have the values with absence of amphibians as reference, 
we also kept the locations without any species in the data 
tables. The Mantel tests were calculated by applying the 
Pearson correlation and 9999 permutations (Legendre & 
Legendre, 2012).

We investigated the possibility that the type of exotic 
fish present in each target lake (trout or minnow) could 
have some influence on the recovery of the amphibian 
community, using a permutational multivariate analysis 
of variance (PERMANOVA, Anderson & Gorley, 2008). 
The analysis was applied to the same matrix of Euclidean 
distances based on the amphibian community and 
explained in the previous paragraph. In this case, to 
avoid casual correlations, we joined the two species of 
newts studied (C. asper and L. helveticus) into a single 
taxon, called tritons, since their distribution in the 
valleys of the target lakes was basically discordant and 
concordant, respectively, with the presence / absence of 
minnow (Miró et al., 2018). In this way, we were able to 
test the relationship of the amphibian community, in each 
standardised year (from -1 to +2), with the two factors 
“presence of trout in the lake (yes / no)” and “presence of 
minnow in the lake (yes / no)”.

Finally, in order to identify possible biases in the 
PERMANOVA analyses, we tested the homogeneity of 
multivariate variance of the amphibian data matrices, for 
the two positions (yes / no) of the factors presence of trout 
and presence of minnow, for standardised years from -1 
to +2. We investigated this by applying an ANOVA to test 
the differences between the distances of the members of 
each category to the centroid (spatial median) in a main 
coordinate space (PCoA; Anderson, 2006).

We performed the statistical analyses with the R 
program, using the basic functions (R Core Team, 2018) 
and the vegan package (Oksanen et al., 2018), except 
the PERMANOVA analysis, which we carried out with 
the PERMANOVA + program for PRIMER (Anderson 
& Gorley, 2008). The significance level we used for all 
analyses was α = 0.05.

RESULTS

The eradication actions allowed the catching of most 
of the exotic fish during the year in which they started 
(standardised year 0), and zero catch values, or very close 
values, were reached two years after the work began in the 
case of trout and three years later in the case of minnow 
(standardised years +2 and +3 respectively; Figure 2a). 
The summer of 2018, the last one that provided data for 
this study, no trout were caught in three of the target 
lakes, Subenuix, Dellui Mig and Dellui Nord. For the rest, 
we obtained reductions in populations of more than 98%.

The amphibian community of the eight target 
lakes responded quickly to the decline in exotic fish 
populations. Specific abundance was recovered to match 
the levels of the control lakes without fish, only one year 
after the eradication work began (standardised year +1; 
Figure 2b). On the other hand, the abundance of the 

 Figure 2. Mean and ±SE of annual catches per unit of effort (CPUE, individuals / trap × day for minnow and individuals / hm of net × day 
for trout) of exotic fish (a), and boxplots that show the taxonomic abundance of amphibian species for standardised years in the eight target 
lakes (b). At the ends of graph b we have added the abundance and the standard error in the control lakes with and without fish. The lower part 
of the graph shows the number of lakes included in each category and the upper part shows the p-value of the Kruscal-Wallis homogeneity test 
between all categories. The brown boxplots show significant differences compared to the green ones in the post-hoc test. The white dot in the 
boxplots indicates the arithmetic mean.
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different species sensitive to the presence of fish (common 
frog and Pyrenean brook salamander and palmate newt) 
did not reach the level of the reference lakes without fish 
during the entire study period (Figure 3). In the case of 
the common frog especially, the abundance of the target 
lakes in standardised year +2 were an order lower than 
those of the control lakes without fish (Figure 3a).

The nearby populations that continued to take refuge 
in the different valleys were crucial in promoting the 
rapid recovery of the amphibian community. Of the 38 
potential colonisations that could occur, we documented 
14 during the study period, two of them during the 
year in which eradication work began and eight during 
the following year (Table 1 and Figure 4a). In all cases, 
colonisations were carried out by species present in the 
same valley of the target lake (Chi-squared = 19.95, p 
value <0.0001). Six potential colonisations of species that 
were in the same valley have not yet occurred. Similarly, 
none of the 18 potential colonisations of species that were 

not in the same valley have occurred.
Colonisations starring the two species of newts were 

the earliest and all occurred in the same year as or the 
year following the start of eradication work (standardised 
years 0 and +1 respectively; Table 1 and Figure 4a). On 
the other hand, the common frog has a slower but more 
prolonged colonisation pattern, since, apart from starring 
in some colonisations a year after the start of eradication, 
it continued colonising over the rest of the years until 
it became established in seven of the eight target lakes 
(Figures 4a and 4b). The high rate of colonisation and 
establishment of the new populations has meant that, in 
the summer of 2018, there were already amphibians in 
all eight target lakes, with the combined presence of four 
of the five species that could potentially colonise them 
(Figure 4b).

Mantel tests confirmed the importance of nearby 
localities to explain the composition of amphibian 
communities of the target lakes. This analysis illustrated 

 Figure 3. Abundància i SE per anys estandarditzats de les espècies d’amfibis trobades als vuit estanys objectiu, Rana temporaria (a), Bufo 
spinosus (b), Calotriton asper (c) i Lissotriton helveticus (d). Als extrems de cada gràfica hem afegit l’abundància i l’error estàndard dels estanys 
control, amb peixos i sense peixos. A la part superior de la gràfica es pot veure el nombre d’estanys inclosos en cada categoria i el p-valor del test 
Kruscal-Wallis d’homogeneïtat entre totes les categories. Els segments SE indiquen només el valor negatiu.
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that, the year before the start of eradication, there was 
no correlation between amphibian communities and 
geographical distances between lakes (Mantel r = 0.354 
and p-value = 0.071, standardised year -1). On the other 
hand, the year in which the eradication work began and 
the subsequent years, amphibian communities showed a 
positive correlation with geographical distances, with the 
closest lakes most similar to each other (Mantel r = 0.454 
and p-value  =  0.012 for standardised year 0, Mantel 
r = 0.644 and p-value = 0.004 for the year +1, and Mantel 
r = 0.617 and p-value = 0.043 for the year +2).

We have not found differences in the recovery of the 
amphibian community of the target lakes depending 
on whether they were occupied by different types of 
exotic fish, i.e. trout or minnow. PERMANOVA analyses 
showed that the two factors “presence of trout (yes / no)” 
or “presence of minnow (yes / no)” were not significant 
in explaining the composition and abundance of the 
amphibian community for the different years studied, 
from the year prior to eradication work starting up to 
two years after starting. The p-values obtained for the 
presence of trout and presence of minnow factors were, 
respectively: 0.440 and 1 for standardised year -1, 0.640 
and 0.637 for the year 0, 0.517 and 0.600 for the year 
+1, and 0.540 and 0.616 for the year +2. In the only year 
where there was enough data to analyse the interaction 
between the two factors (standardised year +2), this was 
also insignificant (p-value = 0.404).

The PERMANOVA analyses described for the four 
standardised years that we investigated have proved 
insignificant, although, in some cases, there was no 
homogeneity of multivariate variance in the amphibian 
data for the two categories (yes / no) of the “presence 
of trout” or “presence of minnow” factors. The p-values 
obtained in the multivariate variance homogeneity 
analysis for the two factors were, respectively: 0.002 and 
0.266 for standardised year -1, 0.073 and 0.004 for the 

year 0, 0.974 and 0.475 for the year +1, and 0.951 and 
0.332 for the year +2.

DISCUSSION

The data we have collected has allowed us to answer all 
the questions we had asked ourselves. (i) The recovery 
of the entire amphibian community in high mountain 
lakes can be achieved by taking action to eradicate exotic 
fish. (ii) Recovery at the level of specific abundance is 
achieved the year after the eradication action begins. The 
recovery of abundance for the different species needs a 
longer period of time than we had in this study. (iii) The 
nearby refuge locations are crucial for restoration, since 
all 14 colonisations of amphibian species documented 
during the study period come from nearby populations 
located in the same valley as the receiving target lake. (iv) 
The available data did not show any influence regarding 
the type of exotic fish present in the target lake (trout or 
minnow) in the recovery of the amphibian community.

The data shows that amphibian populations have 
recovered by their own means, reaching the specific 
abundance levels of the natural control lakes, as we 
have progressed in the eradication of fish. This shows 
the high resilience of the amphibian fauna of high 
mountain lakes, following reduction or removal of 
pressure that kept them absent. Our results are in line 
with those obtained in studies conducted with species 
of the Frog genus in California and in the Alps, which 
showed rapid recoveries, within periods of only a few 
years (Knapp et al., 2007; Pope, 2008; Tiberti et al., 2018; 
Vredenburg, 2004). Other groups of organisms, such as 
the more conspicuous macroinvertebrates or planktonic 
crustaceans, had also shown very high resilience, in high 
mountain lakes in California, after eradicating exotic fish 
(Knapp et al., 2001). In the Pyrenees, results obtained in 

 Figure 4. Esdeveniments de colonització (a) i presència acumulada (b) d’espècies d’amfibis als vuit estanys objectiu. A la part superior del 
gràfic (a) s’indica el nombre d’estanys recollit dins de cada any estandarditzat. El codi de color per a cada espècie es mostra a la llegenda de la 
gràfica (b).
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a parallel study (Buchaca et al., 2019), show that, after 
amphibians, the group that presents the clearest response 
to the eradication of fish are littoral macroinvertebrates, 
which increase the abundance of taxa progressively, at 
the same time as their composition converges with that 
of natural lakes. The change in the biomass of peripheral 
algae is less pronounced and only occurs where minnow 
was the only fish species or was accompanied by some 
salmonid. In the pelagic ecosystem there was only an 
increase in the abundance of crustaceans and a decrease 
in the phytoplankton biomass where minnow the only 
species (Buchaca et al., 2019).

However, the most remarkable fact in our case is the 
combined recovery of the entire amphibian community 
after eradicating or controlling exotic fish. Until now, 
only the recovery of a single frog species had been 
described in different cases (Knapp et al., 2007; Pope, 
2008; Tiberti et al., 2018; Vredenburg, 2004), but not the 
entire community.

We have verified that the different species of native 
amphibians present in each valley have colonised the 
lakes quickly and progressively. We have observed the 
first natural colonisation of amphibians, in all cases, from 
the first or second year of the eradication work, although 
there is still a certain percentage of fish in the lakes. In this 
sense, the conservation of isolated amphibian populations 
sheltered in some valleys is of great importance. These 
marginal populations have a direct capital significance, 
since they maintain the possibility of local survival of the 
species. At the same time, they also have great indirect 
importance, as a source population to provide colonising 
individuals in the context of possible similar conservation 
actions.

As for the speed of colonisation of the different 
species, it seems that, in general, the Pyrenean brook 
salamander and palmate newt colonise and reproduce in 
the lakes quicker than the common frog. This suggests 
that newts are less sensitive to the presence of fish and 
discriminate less among the lakes where they are present. 
On the other hand, the delayed colonisation of the 
common frog, suggests that, for reproduction, adults of 
this species refuse lakes where there have been fish or 
where fish remain, even, with a certain inertia after the 
risk of predators disappears. This could be explained by 
a greater sensitivity in detecting the presence of chemical 
substances excreted by fish, which would lead this species 
to prioritise safer locations. In the case of the Pyrenean 
brook salamander and the palmate newt, the dynamics 
we have observed leads us to think that they take part 
in a certain number of migrations to the lakes regardless 
of whether or not there are fish. A large number of these 
migrant newts would usually be preyed upon when they 
reach a lake with fish.

We have observed the recovery of amphibian 
populations, with the same speed and elasticity in the 
eight lakes, regardless of the species of fish introduced. 
This is more remarkable news that our study provides, 
since, until now, all eradication action in high mountain 
lakes had been carried out only by working with exotic 
trout. Our data shows that the eradication of minnow 

requires more time than that of trout, but finally, in both 
cases, the same result is obtained, completely satisfactory 
in terms of the recovery of native amphibians.

However, the recovery of amphibians we have 
observed remains at an obvious risk if, in some cases, all 
the fish present cannot be eradicated or, if control actions 
are stopped before completing eradication (in some cases, 
during the LimnoPirineus project, the objective for lakes 
with minnow was to control but not eradicate exotic fish). 
In this case, only a few fish that survived the eradication 
or control tasks would be sufficient to restore entire 
populations in a few years. With the aim of reducing 
this risk, from its inception, the LimnoPirineus project 
provided a post-project plan that aimed to facilitate the 
continuation of eradication or control actions, when 
necessary, beyond its completion, in May 2019. Future 
actions considered in this plan should ensure the control 
of exotic fish populations in lakes that have not been freed 
of fish. Only in this way will it be possible to ensure that 
the recovery of native amphibians can be consolidated 
and sustained in the medium and long term.

CONCLUSIONS

We must conclude that the recovery of the entire amphi-
bian community in high mountain lakes is possible after 
eradicating or drastically reducing exotic fish populati-
ons. In addition, it is clear that, at the level of amphibian 
occurrence, recovery can be achieved just two years after 
initiating eradication action. These conclusions can be 
clearly applied to the design or execution of future con-
servation projects in high mountain lakes. However, if we 
want to go beyond conservation objectives, we need to 
actively encourage the abandonment of fish introducti-
ons in high mountain lakes, regardless of whether or not 
they are within a protected area. This would be the best 
way to prevent the suitable and preferable amphibian ha-
bitat from decreasing further in mountainous areas.
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