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Rapid amphibian community recovery following removal of non-native fish from 

high mountain lakes 
 
Abstract 
Amphibians of high mountain lakes face many threats related to global change, 
including novel pathogens, development, climate change and overexploitation. 
However, the foremost threat is the presence of non-native fish. One of the objectives of 
the LIFE+ LIMNOPIRINEUS project (2014-2019) was the recovery of protected 
amphibian communities (including the endemic Calotriton asper) in eight naturally 
fishless Pyrenean high mountain lakes, by controlling or eradicating non-native trout or 
minnows. During the summer months of 2015 to 2019, we removed 95–100% of the 
fish present in these lakes, and monitored changes in their amphibian populations, as 
well as surveyed 56 nearby control lakes with or without fish. We found rapid natural 
recovery of amphibian communities as fish removal work progressed. The fish-removal 
lakes achieved typical richness figures for the area one year after fish removal began, 
and typical species abundances after three years (with the only exception of Rana 
temporaria). We documented a total of 16 colonisation events, all by amphibian species 
from the same valley. The two earliest colonisation events were observed in the year in 
which fish removal began, with eight events the following year. The lack of 
colonisation from nearby valleys in the study period highlights the crucial role of nearby 
residual populations not affected by human impacts. We show that whole amphibian 
communities from high mountain lakes recover rapidly after eliminating or reducing 
non-native fish, proving that this is a powerful tool to improve the conservation status of 
endangered amphibians. 
 
Keywords 
Alpine lakes, Habitat management, Invasive alien trout, Naturally fishless, Non-native 
minnow, Restoration  
 
1. Introduction 

Amphibian populations in high mountain lakes are threatened by globally 
recognized stressors such as emerging diseases, deposition of atmospheric pollutants, 
local use of pesticides, tourism, exploitation (for food, medicine or the pet trade), 
habitat loss and climate change (Bradford et al., 2011; Maxwell and Knapp, 2018; 
Mobaraki et al., 2014; Smith et al., 2017; Tapley et al., 2018). However, worldwide the 
most frequently reported amphibian threat in high mountain lakes has been non-native 
fish (Catalan et al., 2006; Moser et al., 2019; Ventura et al., 2017) even in traditionally 
managed mountain landscapes (Denoël et al., 2019). High mountain lakes are mostly 
naturally fishless ecosystems due to natural barriers that have prevented the colonisation 
of fish species from lower streams (Pechlaner, 1984; Pister, 2001). However, numerous 
trout introductions have been reported in mountain ranges around the world, mainly 
since the 19th century, and linked to angling purposes (e.g. Miró and Ventura, 2013; 
Wiley, 2003). In addition, minnows have also been introduced since the 1900s to some 
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mountain areas as live-bait for recreational fishing (e.g. Miró and Ventura, 2015; 
Museth et al., 2007) and this practice has expanded rapidly to many other areas (e.g. in 
the Alps; Tiberti et al., 2020). 

Non-native trout in high mountain lakes have been associated with drastic 
reduction or elimination of native amphibian species in North America, both at local 
(i.e. single lake; Knapp, 2005; Maxwell et al., 2011) and catchment scales (Pilliod et al., 
2010). Similar effects from non-native trout have been noted for European high 
mountain lake amphibians in several mountain ranges of the Iberian Peninsula 
(Martínez-Solano et al., 2003; Orizaola and Braña, 2006; Toro et al., 2006), the Italian 
Alps (Tiberti and von Hardenberg, 2012) and the Pyrenees (Miró et al., 2018). 
Nevertheless, the presence of predation refugees within the invaded lakes (e.g., aquatic 
vegetation, shallow waters; Kenison et al., 2016; Miró et al., 2018), and the persistence 
of non-invaded alternative breeding habitats close to the invaded lakes and ponds 
(Tiberti, 2018) can facilitate the survival of amphibian populations and the coexistence 
of amphibians and fish. Despite their small size minnows can impact mountain 
amphibian populations in a similar manner to salmonids (Miró et al., 2018), and indeed 
by virtue of their size, they are able to predate larval amphibians in shallow water, and 
other areas that would function as refugia from predation by larger fish. 

Since the 1930s, numerous attempts have been made to eradicate or reduce 
populations of unwanted fish from freshwater ecosystems using chemicals, harvest 
regimes, physical removal, drainage or biological control (Rytwinski et al., 2019). A 
pioneering project for eradicating non-native trout from naturally fishless high mountain 
lakes was carried out in Sierra Nevada, California, in the 1990s, showing the efficacy of 
gill-netting methods in those ecosystems while avoiding negative effects on non-target 
species (Knapp and Matthews, 1998). This initial eradication action, together with 
others in the area, allowed both rapid recovery of several resident populations of the 
endangered native mountain yellow-legged frog (Rana muscosa), and rapid colonisation 
of nearby unoccupied habitats, only one to three years after non-native trout eradication 
began (Knapp et al., 2007; Vredenburg, 2004). Cascades frog (Rana cascadae) in 
Klamath mountains, North California, and common frog (Rana temporaria) in the 
Italian Alps, also exhibited a rapid response, with populations showing significant 
recovery only two to five years after non-native trout eradication in three and four high 
mountain lakes in each area, respectively (Pope, 2008; Tiberti et al., 2019). However, 
recolonisation of lakes can fail when the target species has a low dispersal range (<1 
km), as is the case for mountain yellow-legged frog in mountainous areas (Pope et al., 
2001), and for other amphibians in lowland habitats (Jehle and Arntzen, 2000; 
Schabetsberger et al., 2004). In contrast to the body of evidence generated on the 
effectiveness of trout-removal actions for amphibians, eradication of non-native 
minnows has not, to our knowledge, been attempted yet for such purposes. 

Whilst these studies provide considerable evidence that removal of non-native 
trout can reverse the decline of endangered species, such as the mountain yellow-legged 
frog (e.g. Knapp et al., 2007; Knapp et al., 2016), there is little understanding of the 
recovery of entire amphibian communities. In high mountain lakes, these can comprise 
several species, including frogs, toads and, in the northern hemisphere, newts or 
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salamanders (e.g. Knapp, 2005; Miró et al., 2018). Evaluation of the ability of 
amphibian communities to recover following minnow removal is complicated by a 
range of  other factors, including global and local concerns such as emerging diseases, 
increasing temperatures, use of pesticides and tourism development (Bradford et al., 
2011; Maxwell and Knapp, 2018; Tapley et al., 2018). The main objective of this study 
was to investigate whether the recovery of native amphibian communities in eight 
naturally fishless high mountain lakes is feasible after controlling or eradicating non-
native fish. Specifically, our objectives were to test: (i) whether recovery of whole 
amphibian communities in high mountain lakes can be achieved solely by removing 
non-native fish, (ii) whether the recovery period for the whole amphibian communities 
can be as short as has been found for single amphibian species, and (iii) whether the 
colonisers come from nearby or remote locations. Since comparative effectiveness 
studies between intervention and control sites can provide valuable guidance for 
evidence-based conservation actions (Schmidt et al., 2019), we investigated the efficacy 
of non-native fish removal for the restoration of amphibian communities in eight high 
mountain lakes in comparison with 56 nearby control lakes. The conclusions of the 
study provide the first published evidence of the recovery of whole amphibian 
communities, and the first evaluation of the benefits of minnow removal in high 
mountain water bodies. This will be valuable for policy makers within government and 
conservation organizations, and can be applied to the design and execution of future 
conservation projects in high mountain lakes. 

 
2. Material and methods 
2.1. Study lakes 

We carried out the study on eight high mountain lakes located within Pyrenean 
protected areas (0°W, 42°N ‒ 2°E, 42°N) within the EU Natura 2000 Network, five of 
which are in the Aigüestortes and Estany de Sant Maurici National Park (Lakes Dellui 
Mig, Dellui Nord, Subenuix, Cabana and Cap de Port) and the other three in the Alt 
Pirineu Natural Park (Lakes Closell, Naorte and Rovinets) (Fig. 1; see illustrative 
photos in the Supporting Information). All sites were subjects of the LIFE+ 
LIMNOPIRINEUS project (2014-2019), one of the main objectives of which included 
restoration of high mountain lakes and the recovery of native aquatic fauna, either by 
eradication, or intensive control, of introduced trout and minnow. Most of the lakes 
were below the tree line with the exception of Lake Cap de Port. Catchments were 
partially covered by meadows. Lakes had altitudes ranging from 2074 to 2521 m.a.s.l. 
and surface areas from 0.35 to 7.35 ha (Table 1). To provide benchmarking data, we 
selected 56 control lakes located in the same area and with similar characteristics to 
those of the eight fish-removal lakes (Fig. 1). Half of the control lakes had trout or 
minnow, or both (control fish lakes), and the other half had no fish (control fishless 
lakes). 

 
2.2. Eradication of non-native fish 

Three of the fish-removal lakes had minnows (Phoxinus sp.) only, three lakes 
held each one a different single trout species (Salmo trutta, Oncorhynchus mykiss or 
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Salvelinus fontinalis), and the two remaining lakes had both trout (S. trutta) and 
minnow (Table 1). Eradication of introduced trout and minnow began in 2015 in most 
lakes. Due to the volume of work entailed, eradication could not commence in all lakes 
simultaneously, therefore, we started eradication work at different years depending on 
the expected complexity of each lake, starting in 2015 (see Table 1 for starting periods 
for each lake). The one exception was Lake Closell, where the eradication work started 
in 2013 as a pilot to assess effectiveness of possible methods to eradicate minnow in 
high mountain lakes. We used three eradication methods: gill netting, electro-fishing 
and fyke netting. Gill nets were used in the pelagic habitat and the littoral area, while 
electro-fishing and fyke nets were used in the littoral zone (see illustrative photos in the 
Supporting Information). Gill nets and electro-fishing had already been tested in high 
mountain lakes in California, Canada, the Alps and the Iberian Peninsula, and were 
known to be effective for the capture of trout (Knapp and Matthews, 1998; Pacas and 
Taylor, 2015; Tiberti et al., 2019; Toro et al., 2020). Fyke nets were mounted almost 
submerged and supported on the rocky or muddy bed of the shoreline, and were highly 
effective in capturing minnows. Nets and traps were checked and emptied once a day at 
the start of the project, declining to once per week at subsequent seasons as the catches 
decreased. Where used, littoral electro-fishing was carried out approximately once a 
week. 

 
2.3. Amphibian survey 

We recorded both presence and abundance of amphibians before, during and 
after fish eradication in the eight fish-removal lakes. Control lakes were surveyed once 
during the study period. Censuses in previous studies had recorded five species of 
amphibians in the study area (Miró et al., 2018). Three anurans, common frog (R. 
temporaria), spiny toad (Bufo spinosus) and Catalonian midwife toad (Alytes 
almogavarii) (Jeroen et al., 2020) were recorded, together with two caudatans, the 
endemic Pyrenean brook newt (Calotriton asper) and the palmate newt (Lissotriton 
helveticus). All these species are protected by national legislation, which forbids their 
killing, capture or disturbance. Three of the species are also included in the European 
Directive 92/43/EEC for the conservation of natural habitats and of wild fauna and 
flora: Pyrenean brook newt and Catalonian midwife toad are listed in Annex IV, and 
common frog in Annex V. Pyrenean brook newt is also listed on Appendix II of the 
Bern Convention, and has been categorized as Near Threatened by the International 
Union for Conservation of Nature (IUCN) red list. 

Whilst all five amphibians were surveyed, it is important to note that the spiny 
toad, like other species of the family Bufonidae, is normally not negatively affected by 
introduced fish (Knapp, 2005; Miró et al., 2018), due to toxins present in the skin of 
both the larval and adult phases (Benard and Fordyce, 2003) and may even benefit from 
competitive release. At the beginning of the fish eradication work, only two fish-
removal lakes had amphibian populations that were detectable by the monitoring 
methods used, i.e. Lake Closell (spiny toad) and Lake Rovinets (palmate newt) (Table 
1). Data on the presence and abundance of amphibians in the eight fish-removal lakes 
came from two different sources: bycatch from fish eradication work, and targeted 
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amphibian survey. Once fish densities declined, bycatch of adult amphibians and larvae, 
particularly in littoral fyke nets, allowed rapid documentation of colonisation events. 
Since the end of each fyke net was always positioned out of the water, no mortality of 
amphibians was observed (with the exception of two Pyrenean brook newts found dead 
in 2018) and captured amphibians were released once registered and measured. We did 
not find any dead amphibian bycatch in the gill nets. 

A structured survey was used to detect and quantify amphibians, during the 
summers of the years 2012 to 2019 at both fish-removal and control lakes, following the 
pre-established amphibian monitoring schedule of the LIFE+ LIMNOPIRINEUS 
project. To estimate amphibian abundance per meter of shoreline, daytime visual 
encounter was focused on the littoral (Crump and Scott Jr., 1994). We surveyed 
between 5 and 30 shore segments depending on the water body perimeter, 
proportionally allocated across the different substrates found along the perimeter of 
each water body. Shore segments were 2 m long, parallel to the shoreline, ran 2 m into 
the water and 2 m into the terrestrial strip. This was most effective at finding amphibian 
eggs and larvae, anuran metamorphs and, to a lesser extent, adult caudatans. Nocturnal 
torching (flash-lighting) walking along the entire lake shore, as described in the British 
NARRS protocol (ARG-UK, 2013), was used to find and quantify the mostly nocturnal 
Pyrenean brook newt. This technique yielded around seven times as many individuals as 
the more conventional search method of daytime stone turning and had the advantage of 
reducing disturbance to non-target organisms. Palmate newt was most commonly found 
in the fyke nets, presumably since they are quite active in the water column, where they 
frequently swim or feed. We transformed palmate newt abundance into captures per unit 
effort (CPUE), expressed as individuals/trap×day. All surveying followed national and 
European guidance, to ensure welfare of both target and non-target species, and the 
disease and non-native species control measures advised for amphibian field workers 
(e.g. ARG-UK, 2013). 

 
2.4. Statistical analysis 

We carried out different statistical analyses to test each of the three specific 
objectives. In order to describe the changes that occurred over time in the eight fish-
removal lakes, we standardized all data based on the year when fish eradication began. 
For each fish-removal lake, we assigned the value ‒1 to the year prior to the start of the 
eradication work, the value 0 to the year in which eradication began, and the values +1, 
+2, +3, +4, +5 and +6 to subsequent years. Since fish eradication work did not all begin 
in the same year, the number of lakes in some standardized year categories differ (i.e. 
sample size), as are shown here in brackets: ‒1 (8), 0 (8), +1 (8), +2 (8), +3 (7), +4 (3), 
+5 (1), +6 (1). The standardized years +4, +5 and +6 were not used in all statistical 
analyses, because of their small sample sizes. 

We calculated the abundance of fish in the fish-removal lakes from the catches 
of trout in the gill nets and minnow in fyke nets, since these were the most effective 
methods to catch each taxon respectively. We transformed the data into captures per 
unit effort (CPUE), expressed as individuals/100 m of net×day for trout, and 



10 
 

individuals/trap×day for minnow. We had data up to standardized year +6 for minnow 
abundance, and up to year +4 for trout, where eradication began later. 

The recovery of the amphibian species at the fish-removal lakes, and the time 
elapsed, were assessed by computing both the yearly species richness of each lake, and 
the yearly abundance of each species at each lake. Then, we compared the data from the 
different standardized years (from ‒1 to +4) with the two groups of control lakes (with 
fish and fishless), by means of non-parametric Kruskal-Wallis analyses and post-hoc 
tests with Bonferroni correction. The recovery of the whole amphibian community and 
the time elapsed were investigated by performing a non-parametric permutational 
multivariate analysis of variance (PERMANOVA, Anderson and Gorley, 2008) of the 
Euclidean distance matrix based on the amphibian communities in the eight fish-
removal lakes against the factor standardized year (from year ‒1 to year +4). We also 
included two reference categories corresponding to the control fish and fishless lakes, 
and performed a post-hoc test with Bonferroni correction. To balance the range of 
abundances and the weight of the different species and survey methods, we computed 
the Euclidean distance matrix on the log-transformed, re-scaled (between 0 and 1; 
Legendre and Legendre, 2012) and Hellinger normalized (Legendre and Gallagher, 
2001) amphibian abundances. In order to have the values with absence of amphibians as 
reference, we also kept the locations without any species in the data tables. To avoid 
accidental correlations, the two species of caudatans studied (C. asper and L. helveticus) 
were grouped together, since their distribution in the valleys of the fish-removal lakes 
was basically discordant and concordant, respectively, with the presence/absence of 
minnow (Miró et al., 2018). The PERMANOVA analysis was illustrated on a PCA 
space built using the same Euclidean distance matrix described before. 

We investigated the proximity of colonising populations by building a 
contingency table with all those amphibian species studied that had the potential to 
colonise. This gave us a total of 38 potential colonisation events: 5 species × 8 fish-
removal lakes, minus two cases where amphibians were present in the fish-removal 
lakes at the beginning of fish eradication. We then applied a χ2 test to the factors 
colonisation event throughout the period studied (yes/no) and presence of the species in 
the same valley of each fish-removal lake (yes/no). Additionally, we investigated the 
importance of nearby colonisations by calculating the Mantel correlation (Legendre and 
Legendre, 2012), for the different standardised years separately (from ‒1 to +3), 
between the geographic distance matrix for the fish-removal lakes, and the Euclidean 
distance matrix extracted from their amphibian communities as described before (but 
including the two caudatans separately). The Mantel tests were calculated by applying 
the Pearson correlation and 9999 permutations (Legendre and Legendre, 2012). 

We performed all statistical analyses using R statistical software basic functions 
(R Core Team, 2018) and the vegan package (Oksanen et al., 2018), except for the 
PERMANOVA analysis, which we carried out with the PERMANOVA+ for PRIMER 
(Anderson and Gorley, 2008). The level of significance adopted for all analyses was α= 
0.05. Homogeneity of variances between categories of the factor standardized year, was 
assessed applying a permutation analysis for homogeneity of multivariate dispersions 
with 9999 permutations (Anderson, 2006). 
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3. Results 
3.1. Fish eradication 

The decline of fish population was always rapid, with a high proportion of fish 
captured in the first year of work (standardized year 0) and values of zero captures, or 
close to zero, after two years for trout and three years for minnow (standardized years 
+2 and +3 respectively; Fig. 2a). In the summer of 2019, the final year in which data 
were collected, no trout were caught in four of the fish-removal lakes, i.e. Lake 
Subenuix, Lake Dellui Mig, Lake Dellui Nord and Lake Cabana, and no minnows were 
caught in Lake Closell and Lake Dellui Mig (Table A2 in the Supporting Information). 
For the rest, we obtained reductions in populations of 95 to 99% (Table A2). 

 
3.2. Amphibian recovery 

The amphibian communities of the eight fish-removal lakes quickly responded 
to the decline in fish populations. Species richness recovered to the same levels as 
control fishless lakes, only one year after the eradication began (year +1; Fig. 2b). The 
rapid pace of colonisation and establishment of new populations meant that by year +2, 
all eight fish-removal lakes supported amphibians. Pyrenean brook newt and palmate 
newt recovered to the abundance level of the control fishless lakes at year +3, but 
common frog did not (Fig. 2c). The abundances of common frog in the fish-removal 
lakes were an order lower than those of the control fishless lakes at the end of the study 
period (Fig. 2c). The number and abundance of species present for the whole amphibian 
community increased in each of the eight fish-removal lakes from the first year after 
fish eradication began (year +1; Fig. 3b). However, amphibian communities did not 
reach the level of the control fishless lakes at the end of the study period, mostly 
because of the low abundances of common frog (Fig. 3). 

Nearby populations in fish-free refugees in each valley appeared to have been 
crucial to foster the rapid recovery of the amphibian communities. Of the 38 potential 
colonisation events that could occur in the eight fish-removal lakes, we recorded 16 
during the study period, two of which occurred during the year in which eradication 
began, and eight during the following year (standardized years 0 and +1, respectively; 
Table 2). In all cases, colonisation involved species present in the same valley as the 
fish-removal lake (χ2 = 17.23, p <0.001). Four potential colonisations by species that 
were in the same valley have not yet occurred. There was no colonisation by species 
present in nearby valleys during the study period. The two caudatan species were the 
first colonists, with colonisation occurring in the year eradication began, or the 
following year (standardized years 0 and +1, respectively; Table 2). However, 
colonisation by common frog was slower, with three lakes colonised the year after fish 
eradication began and others in later years until seven of the eight lakes were occupied 
(Table 2). The Mantel tests confirmed the importance of nearby refuge populations in 
explaining the composition of the amphibian communities. This analysis illustrated that, 
in year ‒1 and 0 (with zero and two colonisations, respectively), there were no 
geographic patterns of similarity among amphibian communities of fish-removal lakes 
(Mantel r= 0.354, p= 0.075 for standardized year ‒1 and Mantel r= 0.222, p= 0.065 for 
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standardized year 0). In contrast, in year +1 and in subsequent years (with six, two and 
two colonisations, respectively), amphibian communities showed a positive correlation 
with geographical distances, with the closest lakes being most similar to each other 
(Mantel r= 0.627, p= 0.005 for year +1; Mantel r= 0.619, p= 0.006 for year +2; and 
Mantel r= 0.674, p= 0.021 for year +3). Amphibian community abundances did not 
show significant multivariate heteroscedasticity against year (test for homogeneity of 
multivariate dispersions, p= 0.788). 

 
4. Discussion 
4.1. Amphibian recovery 

Amphibian richness and abundance in all eight fish-removal lakes recovered to 
the levels of control fishless lakes (except for common frog), without the need for 
translocation or reintroduction. This shows the high resilience of the amphibian fauna of 
the Pyrenean lakes once released from predation by non-native fish. Our results are in 
line with studies of individual frog species in California and the Alps, which showed 
rapid recovery within periods of only a few years (Knapp et al., 2007; Pope, 2008; 
Tiberti et al., 2019; Vredenburg, 2004). As well as individual species, amphibian 
communities also recovered to levels typical of fishless lakes: the first time that 
amphibian recovery after fish eradication has been evaluated at the community level. 
This  pattern of high resilience is similar to that found in studies on invertebrate 
communities in high mountain lakes following eradication of non-native fish (Knapp et 
al., 2001; Tiberti et al., 2019; Toro et al., 2020). 

 
4.2. Colonisation trends 

We found that the different species of native amphibians present in each valley 
were quick to colonise lakes once fish eradication began. At every lake, the first natural 
colonisations by amphibians were observed in the first or second year of the eradication 
work, even though there were still some fish remaining. Our study suggests that 
amphibian colonisation happens primarily within valleys, rather than across watersheds, 
since no lake was found to be colonised by species absent from its own valley. 
Molecular studies carried out in the same study system confirm this finding for the 
endemic Pyrenean brook newt, although they also show that migration among 
watersheds is taking place very occasionally (Lucati et al., 2020a; Lucati et al., 2020b). 
This shows the conservation importance of fish-free refugia in each valley, not only to 
ensure local survival of the species, but to act as a source population for colonisation. 
The only species present in the area that did not colonise any fish-removal lake was the 
Catalonian midwife toad. Although this species is present at some localities around fish-
removal lakes, it has not been found in the glacial cirques where the fish-removal lakes 
are situated. Catalonian midwife toad has specific ecological requirements, such as 
relatively high water conductivity, which is low in most of the fish-removal lakes and 
their vicinity (Miró et al., 2018). 

We found that the rate of colonisation varied between species. While European 
newts typically have low colonisation ranges and are slower to colonise than anurans 
(Baker and Halliday, 1999; Beebee, 1997; Montori et al., 2008), in our study Pyrenean 
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brook and palmate newts were quicker to colonise and breed than the common frog, 
despite the latter’s well-documented high powers of dispersal and colonisation 
elsewhere (Vences et al., 2017). There are several possible explanations for this 
phenomenon and further study would be useful to elucidate the reasons for our findings. 
Newts may be less sensitive to chemical cues (kairomones) from fish and not 
discriminate against waterbodies where fish are present (Beebee, 2007). On the other 
hand, common frogs may be better able to detect the presence of fish kairomones and 
thus avoid lakes with fish: Rana sp. tadpoles are known to reduce their activity when 
fish are present (Nicieza, 1999). However, Laurila and Aho (1997) found no evidence 
that common frogs could perceive fish kairomones. We even found a degree of inertia 
after the danger of predation disappears. In the case of the two newt species, the 
dynamics that we have observed may be explained by numerous migrations to the ponds 
regardless of whether fish are present or not. In this scenario, these migrant newts 
would usually be preyed upon when they reach a lake with fish, or their eggs and larvae 
may all be consumed and thus fail to establish populations. An alternative explanation is 
that newts, which feed in water throughout the year, are quick to detect lower levels of 
fish kairomones and thus colonise quicker than frogs, which principally come to the 
water to breed in the spring. In some lakes with adequate habitat, it is also possible that 
small numbers of adult newts co-occur with fish, living cryptic lifestyles to avoid 
predation, but become less secretive as fish, and thus kairomones, decline. The use of 
predation refuges to avoid fish has been demonstrated in different species of American 
and European newts (Hartel et al., 2007; Kenison et al., 2016; Miró et al., 2017), 
including Pyrenean brook newt (Miró et al., 2018). Since newts have prolonged 
breeding seasons, they may even be able to quickly capitalize on predator release, 
unlike explosive-breeding anurans, which only reproduce once a year. Given the 
benefits of greater understanding of the colonisation process following fish removal, 
both in high mountains and lowlands these mechanisms should be the subject of further 
study. 

 
4.3. Conservation implications 

Here we report the first evidence of amphibian community recovery in high 
mountain lakes after removing minnows. This is a novel finding, since previous 
eradication projects in high mountain lakes had been carried out solely on non-native 
trout species (Knapp et al., 2007; Pope, 2008; Tiberti et al., 2019; Vredenburg, 2004). 
We have shown that eradication or control of introduced fish in high mountain lakes is a 
powerful conservation tool. Eradication can be used to improve the status of protected 
or endemic amphibian species and whole amphibian communities, in these lakes and 
potentially in any area of the world with lakes with similar characteristics, including not 
only high mountain lakes. In the Pyrenees, we promoted the recovery of three 
amphibian species protected by national legislation (common frog, Pyrenean brook 
newt and palmate newt), two of which are also protected by EU conservation legislation 
(common frog and Pyrenean brook newt). Conservation of Pyrenean brook newt should 
be specially highlighted, since this is endemic to the Pyrenees mountain range and 



14 
 

nearby areas, listed on Appendix II of the Bern Convention and categorized as Near 
Threatened by the IUCN red list. 

Because of the relatively high financial cost of these actions, especially those for 
eradicating minnows, restored lakes must be protected against any future fish 
introduction. For those lakes where complete eradication of minnows is not easily 
achievable (e.g. such as Lake Naorte in our study lakes, see Table A2), a reduction or 
control of the fish population may give similar results for the conservation of 
amphibians. However, this technique has the main drawback that control works must be 
repeated every few years in order to maintain minnow densities low enough for 
amphibian survival. 
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TABLES 

 

Table 1 

Descriptive characteristics of the eight fish-removal lakes, listing species of fish and 
amphibian breeding.  

Lake name (code) 
Protected 
areaa 

Maximum 
depth (m) 

Surface 
area (ha) 

Altitude 
(m) 

Fish species 
2012b 

Year fish 
removal 
began 

Amphibian 
species 
2012 

Amphibian species 
2019c 

Dellui Nord (1831) PNAESM 6.7 0.35 2306 STF, PPH 2015 ‒ Casp 

Dellui Mig (1838) PNAESM 6.2 1.09 2314 STF, PPH 2015 ‒ Rtem, Bspi, Casp 

Cap de Port (2213) PNAESM 31.7 7.35 2521 STF 2016 ‒ Rtem, Casp 

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

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

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

Naorte (2479) PNAP 14 3.94 2150 PPH 2015 ‒ Rtem, Bspi, Lhel 

Rovinets (2654) PNAP 5.4 0.37 2223 PPH 2016 Lhel Rtem, Lhel 

a  PNAESM: Aigüestortes i Estany de Sant Maurici National Park. PNAP: Alt Pirineu Natural Park. 
b  STF: Brown trout (Salmo trutta). OMY: Rainbow trout (Oncorhynchus mykiss). SFO: Brook trout (Salvelinus 
fontinalis). PPH: European minnow (Phoxinus sp.). 
c  Rtem: Common frog (Rana temporaria). Bspi: Spiny toad (Bufo spinosus). Casp: Pyrenean brook newt (Calotriton 
asper). Lhel: Palmate newt (Lissotriton helveticus). 

 

 

 

Table 2 

Amphibian colonisation events in the eight fish-removal lakes by standardized year. 

Amphibian species 
Standardized yeara 

Total 
‒1 0 +1 +2 +3 +4 +5 +6 

Rana temporaria 0 0 3 2 1 0 1 0 7 

Bufo spinosus 0 0 1 0 0 1 0 0 2 

Alytes obstetricans 0 0 0 0 0 0 0 0 0 

Calotriton asper 0 1 3 0 1 0 0 0 5 

Lissotriton helveticus 0 1 1 0 0 0 0 0 2 

Total 0 2 8 2 2 1 1 0 16 
a  Due to the sequential beginning of fish eradication works, the standardized year categories had different number of 
lakes, which are shown here between brackets: ‒1 (8), 0 (8), +1 (8), +2 (8), +3 (7), +4 (3), +5 (1), +6 (1). 
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FIGURES 

 

 

Figure 1 

 

 

Fig. 1. Map of the study area showing the fish-removal lakes (named), and control lakes 
for the amphibian monitoring plan of the LIFE+ LIMNOPIRINEUS project. 
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Figure 2 

 

 

Fig. 2. Changes in non-native fish abundance during fish removal works (a), amphibian 
richness (b), and amphibian abundance (c) in the eight fish-removal lakes by 
standardized year. Panel a shows the mean and SE catches per unit effort (CPUE) of 
non-native minnow and trout. Panel b shows the mean and SE amphibian richness. 
Panel c shows the abundance per meter of shoreline of the four amphibian species 
found: Rana temporaria, Bufo spinosus, Calotriton asper and Lissotriton helveticus. 
Circles indicate the mean abundance, error bars the SE (only negative values), and 
semitransparent squares the median. In panels b and c, we added the two reference 
categories of control fish and fishless lakes, and the results of the Kruskal-Wallis main 
tests. Significant differences in the post-hoc Kruskal-Wallis pairwise tests were 
represented by different letters. Due to the sequential beginning of fish eradication 
works, the standardized year categories had different number of lakes, which are shown 
here between brackets: ‒1 (8), 0 (8), +1 (8), +2 (8), +3 (7), +4 (3), +5 (1), +6 (1). 
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Figure 3 

 

 

Fig. 3. Changes in the whole amphibian community composition and abundances. Panel 
a shows the PCA built on the amphibian communities of the control fish and fishless 
lakes. Panel b shows the projection, in the same PCA space, of the yearly centroids and 
SE of the amphibian communities in the fish-removal and control lakes across 
standardized years. The position occupied by the lakes without amphibians is 
highlighted (square). In panel b, we added the two reference categories of control fish 
and fishless lakes, and the p-value of the PERMANOVA main test. Groups of 
categories with different letters showed significantly different amphibian communities 
in the post-hoc pairwise permutational multivariate analysis of variance 
(PERMANOVA). Due to the sequential beginning of fish eradication works, the 
standardized year categories had different number of lakes, which are shown here 
between brackets: ‒1 (8), 0 (8), +1 (8), +2 (8), +3 (7), +4 (3). 
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Appendix A 
 
Supplementary data 
 
 
Rapid amphibian community recovery following removal of non-native fish from 
high mountain lakes 
 
 
 
Table A1. Columns in the CSV file with raw data of amphibian communities and 
factors. 
 
N: number of row 
CODIBASE: code number of the lake 
SamplingDate: day of the field survey 
Group: Factor indicating if the lake was fish-removal lake, control fish lake or control 
fishless lake. 
X_ETRS89: longitude UTM coordinate, ETRS89 system, 31T zone. 
Y_ETRS89: latitude UTM coordinate, ETRS89 system, 31T zone. 
ALT: Altitude of the lake (m.a.s.l.) 
SURF: Surface of the lake (ha) 
Removal_year: year when fish eradication began. 
Standardized_year: ‒1= year prior to the start of the eradication work, 0= year in which 
eradication began, subsequent years = values +1, +2, +3, +4, +5 and +6. 
Rtem_AB: Rana temporaria abundance (tadpoles/m of shoreline). 
Aobs_AB: Alytes obstetricans abundance (tadpoles/m of shoreline). 
Bspi_AB: Bufo spinosus abundance (tadpoles/m of shoreline). 
Casp_AB: Calotriton asper abundance (individuals/m of shoreline). 
Lhel_AB: Lissotriton helveticus abundance (individuals/trap×day). 
Amph_Rich: Amphibian species richness. 
STF_CPUE: Salmo trutta abundance (CPUE, individuals/100 m of net×day). 
OMY_CPUE: Oncorhynchus mykiss abundance (CPUE, individuals/100 m of net×day). 
SFO_CPUE: Salvelinus fontinalis abundance (CPUE, individuals/100 m of net×day). 
SALM_CPUE: trout abundance (CPUE, individuals/100 m of net×day). 
PPH_CPUE: Phoxinus sp. abundance (CPUE, individuals/trap×day). 
Rtem_P_Val: Rana temporaria presence in the valley (Yes/No). 
Bspi_P_Val: Bufo spinosus presence in the valley (Yes/No). 
Aobs_P_Val: Alytes obstetricans presence in the valley (Yes/No). 
Casp_P_Val: Calotriton asper presence in the valley (Yes/No). 
Lhel_P_Val: Lissotriton helveticus presence in the valley (Yes/No). 
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Table A2. Fish captures per standardized year, fish-removal lake and fish species, 
during the LIMNOPIRINEUS project eradication works until year 2019. 

Lake (fish species) 
Standardized yeara 

Total 
0 +1 +2 +3 +4 +5 +6 

Dellui Nord (Salmo trutta) 5 2 0 0 0 - - 7 

Dellui Mig (Salmo trutta) 348 53 0 0 0 - - 401 

Cap de Port (Salmo trutta) 1416 192 57 4 - - - 1669 

Subenuix (Salvelinus fontinalis) 4720 275 2 0 - - - 4997 

Cabana (Oncorhynchus mykiss) 501 64 0 - - - - 565 

Dellui Nord (Phoxinus sp.) 9954 5582 2439 3275 137 - - 21387 

Dellui Mig (Phoxinus sp.) 2315 1338 50 3 0 - - 3706 

Closell (Phoxinus sp.) 6249 4053 6169 152 3 1 0 16627 

Naorte (Phoxinus sp.) 46009 22747 8557 6505 3800 - - 87618 

Rovinets (Phoxinus sp.) 3111 664 119 27 - - - 3921 

a  Due to the sequential beginning of fish eradication works, the standardized year categories had 
different number of lakes, which are shown here between brackets: ‒1 (8), 0 (8), +1 (8), +2 (8), +3 (7), +4 
(3), +5 (1), +6 (1). 
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Figure A1. Photos of the fish-removal lakes: Dellui Mig (a), Dellui Nord (b), Subenuix 
(c), Closell (d), Naorte (e), Rovinets (f), Cabana (g), and Cap de Port (h). 
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Figure A2. Photos of the methods applied during the non-native fish-removing works: 
electro-fishing (a, b), fyke nets (b, d) and gill nets (c, e, f). 
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