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Abstract

1. The Sierras Pampeanas Centrales, one of the most important extra-Andean moun-

tain systems of Argentina, harbour endemic and threatened amphibian species. In

the past century, two alien predatory fish species (brook trout and rainbow trout)

were introduced into rivers and streams of the area where amphibian species

breed.

2. We hypothesized that the presence of trout would adversely affect the distribu-

tion of native amphibians in streams of the area. To test this hypothesis, the habi-

tat requirements of trout and native amphibians were compared, and the effect of

trout presence on amphibian occurrence was evaluated.

3. Transects (n = 126) were surveyed along rivers and streams in high-altitude grass-

lands of the area, and the occurrences of trout and amphibians and habitat vari-

ables were recorded.

4. The habitat requirements of each species were compared using multivariate

methods. Generalized linear mixed models were used to evaluate whether the

occurrence of amphibians depends on trout, habitat variables or both. The distri-

bution of each species between streams orders was assessed.

5. The results showed that the presence of trout was the main factor conditioning

the distribution of two endemic amphibian species (Boana cordobae and

Odontophrynus achalensis) in basins of the study area.

6. This threat needs to be incorporated urgently into action plans to guide conserva-

tion efforts towards the management of trout populations.
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1 | INTRODUCTION

Biological invasions are one of the main causes of the global decline

of amphibians, the group of tetrapod vertebrates with the highest

proportion of species under some category of threat (Hoffmann

et al., 2010; Pimm et al., 2014; Stuart et al., 2004). The decline of

amphibians caused by the introduction of alien species results from

hybridization, the introduction of pathogens, competition and preda-

tion (Bucciarelli, Blaustein, Garcia, & Kats, 2014; Collins &

Storfer, 2003). In some regions, trout are invasive predatory fishes

that have been widely distributed for recreational or commercial fish-

ing purposes, with consequent severe changes to freshwater ecosys-

tems (Leprieur, Beauchard, Blanchet, Oberdorff, & Brosse, 2008;

Ventura et al., 2017). The introduction of trout has devastating effects

on aquatic ecosystems and native species, including amphibians

(Dunham, Pilliod, & Young, 2004; Kadye, Chakona, Marufu, &

Samukange, 2013; Kats & Ferrer, 2003; Pilliod & Peterson, 2001). The

mechanisms underlying these impacts on amphibians include
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behavioural and physiological changes, as well as competition for

shared food resources and predation, which can often lead to popula-

tion extirpation of amphibians at both local and landscape levels

(Bosch, Rincón, Boyero, & Martínez-Solano, 2006; Brönmark &

Edenhamn, 1994; Collins, 2010; Knapp & Matthews, 2000).

The introduction of trout in South America began in the early

1900s for sport and commercial fishing, and for aquaculture (Gubiani

et al., 2018; Ventura et al., 2017). The main areas of trout population

establishment were in high-altitude lakes and rivers, where the

basins provided suitable habitat (Baigun & Quiros, 1985; Gubiani

et al., 2018). These high-elevation sites coincide with areas of particu-

lar biological importance because they harbour a great number of

endemic species; hence, trout invasion affects native species that

have high conservation value (Aigo et al., 2008; Buria, Albariño, Diaz

Villanueva, Modenutti, & Balseiro, 2007; Macchi & Vigliano, 2014;

Martín-Torrijos et al., 2016; Molineri, 2008). In Argentina, introduced

trout are widespread in mountain-range water bodies. Although some

authors have mentioned trout as a potential conservation problem for

endemic or micro-endemic anurans in these systems (Brunetti, 2008;

Cuello, Perotti, & Iglesias, 2009; Vaira et al., 2012), to date evidence is

scarce: only one study has reported changes in populations of two

amphibian species resulting from the presence of trout (Velasco

et al., 2018).

The Sierras Pampeanas Centrales (SPC) of Argentina is an

extra-Andean mountain range that is important for conservation

owing to its large number of endemic species (Cabido, Funes, Pucheta,

Vendramini, & Diaz, 1998; Lescano et al., 2015; Martínez, Arana,

Oggero, & Natale, 2016). High-altitude grasslands from the SPC

(>1,600 m a.s.l.) contain four amphibian species that depend on lotic

water bodies for breeding and tadpole development: Boana cordobae,

Odontophrynus achalensis, Rhinella achalensis and Rhinella arenarum

(Lescano et al., 2015; Verga, Leynaud, Lescano, & Bellis, 2012). Except

for R. arenarum, the remaining three species are endemic to the SPC

and are categorized as Vulnerable or Threatened (Lavilla & Di

Tada, 2004; Lavilla, Di Tada, & Reading, 2010). As well as the

restricted distribution range, amphibians from this area face threats

such as landscape modifications by human activities, and

chytridiomycosis (Cingolani et al., 2014; Lescano et al., 2015; Lescano,

Longo, & Robledo, 2013). Rivers and streams in the high-altitude

grasslands of the SPC were free from predator fishes until 1930 when

two trout species were introduced: rainbow trout (Oncorhynchus

mykiss, Salmonidae) and brook trout (Salvelinus fontinalis, Salmonidae)

(Baigun & Quiros, 1985; Bistoni & Hued, 2002; Ferriz, Baigún, &

Dominino, 2010). At present, most rivers and streams of the SPC have

been invaded by trout (Bistoni & Hued, 2002; Ferriz et al., 2010);

however, their impact on the biodiversity of the area has not yet been

evaluated. There is an urgent need, therefore, to understand the

impact of trout on the aquatic ecosystems of the SPC in order to

establish management priorities for conservation purposes and to

raise awareness among environmental authorities with jurisdiction in

this extra-Andean mountain range of great importance for conserva-

tion. We hypothesized that the presence of trout would have a detri-

mental effect on the distribution of native amphibians in streams of

the area. To test this hypothesis, the habitat requirements of trout

and native amphibians were compared, and the effect of trout

presence on amphibian occurrence was evaluated.

2 | METHODS

2.1 | Study area

The study area covered 1,134 km2 in Sierras Grandes-Sierras de

Comechingones, a mountain range within the SPC formation (central

Argentina). The study was conducted between 1,600 and 2,800

m a.s.l., which coincides with the distribution range of the endemic

amphibian species of the area (Lescano et al., 2015). The landscape of

the region consists of valleys and ravines with different degrees of

slope, rocky mountains and cliffs (Cabido & Acosta, 1985). The

vegetation is a mosaic of Polylepis australis forests, lawns and tussock

grasses dominated by Poa stuckertii, Deyeuxia hieronymi and Festuca

tucumanica. The average annual temperature in the area is 9.6�C, with

absolute maxima exceeding 30�C and absolute minima below −10�C,

without frost-free months. The average annual rainfall is 870 mm,

concentrated between October and April (data obtained at 2200 m a.

s.l. from Las Ensenadas meteorological station belonging to Instituto

Nacional del Agua, Argentina).

A total of six basins were surveyed, some of which were

located within Quebrada del Condorito National Park and some

outside this protected area. Lotic water bodies from the study area

are first- to fourth-order streams with a mean depth of 0.36 m,

ranging from 0.06 to 3.66 m (Ferriz et al., 2010 and data from the

present study). The pH of the streams is slightly alkaline, with an

average pH of 8.17 (range 6.5–9.13); water electrical conductivity

varies between 19 and 67 μS cm−1, with an average of 44.29 μS

cm−1 (Ferriz et al., 2010). Temperature and dissolved oxygen

range between 6.9 and 17�C and between 7.7 and 10.2 mg l−1,

respectively (Ferriz et al., 2010).

2.2 | Study design

Data were collected during two amphibian breeding seasons

(August 2013 to March 2014 and August 2014 to March 2015).

Sampling was conducted in 37 rivers and streams belonging to six

basins. The selection of rivers and streams within these basins was

based mainly on the presence and distribution of natural barriers

(3–50 m high waterfalls) that establish a limit to trout invasion

upstream. Thus, within each basin there were invaded sectors and

sectors free from trout. In these water bodies, 126 of 150 m long

transects were surveyed by two observers to record trout, amphib-

ians and habitat data. Transects were at a distance of at least

200 m from each other and were located above and below the

natural barriers identified. The most distant transects were at a

straight-line distance of 54 km (coordinates of the northern tran-

sect, 31�14044,60 0 S, 64�52035,30 0 W; coordinates of the southern
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transect, 31�4609,310 0 S, 64�49057,10 0 W). Owing to the extent of

the study area, the lack of roads and difficulties in gaining access

for sampling streams, all the transects were sampled once.

2.3 | Amphibian and trout surveys

Amphibian surveys were conducted in each transect during both day

and night to evaluate the presence or absence of breeding adults,

clutches or tadpoles. During the day, surveys included an active

search of tadpoles with hand nets. At night, all transects were

resampled using auditory surveys and Visual Encounter Surveys in

search of adults of amphibian species (Crump & Scott, 2001;

Zimmerman, 2001). Trout presence/absence was recorded in each

transect by two methods: visual assessment and rod angling. Rod

angling has proved to be an effective and low-error method for

detecting the presence of some trout species such as Salmo trutta and

O. mykiss (Woodford & McIntosh, 2013).

2.4 | Habitat variables

Local biotic and abiotic variables were recorded to characterize and

compare the type of habitat used by amphibians and trout. In each

transect, measurements were made of stream width (m), average

stream depth (m), percentage cover of aquatic vegetation, canopy

cover, herbaceous vegetation and type of substrate (rocky, loamy or

sandy). All variables were measured in three 5 m stream stretches

separated from each other by 75 m (one at the beginning of the

transect, another in the middle and the last at the end of the transect).

River width was obtained by measuring a shore-to-shore transversal

river section with a tape measure at the centre of each 5 m stream

stretch. Along each transversal river section, the average stream depth

was obtained by taking three depth measurements. The percentage of

aquatic vegetation cover and substrate composition were visually

estimated in each 5 m stream stretch. Canopy cover and herbaceous

vegetation were measured as the percentage of the shorelines of each

5 m stream stretch covered with trees and herbaceous vegetation.

These variables were also visually estimated.

2.5 | Data analysis

The habitat requirements of trout and each amphibian species present

in the system were compared via a multi-response permutation

procedure (MRPP) test using PC-ORD version 6 software. This

non-parametric method was used to determine whether there were

significant differences in multiple habitat variables of transects used

by amphibian species and trout. MRPP calculates a value A = 1 −

(Δ observed/Δ expected by chance). When there are significant statis-

tical differences between groups (P < 0.05), the value of A may range

from 1 to 0: A = 1 (all variables are homogeneous within groups);

A = 0 (heterogeneity within groups is equal to that expected by

chance); A < 0 (heterogeneity within groups is greater than expected

by chance) (McCune & Grace, 2002). If P > 0.05, there is no clustering

and, therefore, no differences between groups.

The relationship between the occurrence of amphibian species

and trout presence was analysed with R software (R Development

Core Team, 2019) using generalized linear mixed models (GLMMs)

with glmmadmb function from the glmmADMB package with a bino-

mial distribution and a logit linkage function (Fournier et al., 2012;

Skaug, Fournier, Nielsen, Magnusson, & Bolker, 2013). Models

included the presence/absence of amphibian species as response

variables, and trout presence/absence, surveyed season and habitat

features as explanatory variables. A correlation analysis was

performed between the independent variables to detect and exclude

variables with redundant sources of variation. Herbaceous vegetation

and sandy substrate were excluded following this exercise. Basins

were included in the GLMMs as a random effect factor. The dredge

function from the MuMIn package was used to build all possible

combinations of variables, which were compared using the Akaike

information criterion (AIC) (Mazerolle, 2006). Those with an AIC

difference less than 2 were considered the best models and were used

to build an average model.

The stream orders used by trout and amphibian species were also

compared. For this a contingency table analysis was performed for

the number of transects occupied by each species (amphibian species

and trout) in different stream orders. To check the deviation of

observed patterns from random, a Pearson χ2 test was performed

using InfoStat software (Di Rienzo et al., 2018).

3 | RESULTS

Trout were present in 61% of the sampled transects (n = 77). Boana

cordobae was found in 44% (n = 56), O. achalensis in 27% (n = 34),

R. arenarum in 16% (n = 20) and R. achalensis in 4% (n = 5) of the sur-

veyed transects. The mean and standard deviation of the habitat vari-

ables of the transects used by each species are reported in Table S1.

MRPP showed no significant difference in habitat variables between

invaded and non-invaded transects (Table S2). Occurrence patterns

indicated that the presence of B. cordobae and O. achalensis decreased

in the presence of trout (Figure 1). In contrast, the two Rhinella

species were found both in invaded and non-invaded sites (Figure 1).

The presence of B. cordobae and O. achalensis was affected

adversely by the presence of trout. The results of the average models

showed that the presence of trout was the only significant variable

that explained the occurrence of both amphibian species (Tables 1–4).

No variable was significant in explaining the occurrence of

R. arenarum (Tables 5 and 6). The construction of average models

included a null model, which indicated that the presence of this

species is not associated with any variable considered in the study

(Table 5). The low occurrence recorded for R. achalensis (present only

in five out of 126 transects) was a limitation for statistical analysis.

The use of streams of different order differed between species

(Table 7). The two amphibian species for which occurrence was
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influenced by the presence of trout (B. cordobae and O. achalensis)

were more frequent in low-order streams, where trout are less

frequent than expected from random (Tables 7 and S3). On the other

hand, R. achalensis did not show a clear pattern in the use of streams

of different orders, and R. arenarum was more frequent in

fourth-order streams (Tables 7 and S3).

4 | DISCUSSION

According to the results, the amphibian and trout species studied

inhabit streams with similar characteristics; nevertheless, there is low

co-occurrence of B. cordobae and O. achalensis with trout in the sites

surveyed. The main factor explaining the absence of both amphibian

species in the stream surveyed was the presence of trout. As a conse-

quence, the distribution of these species within streams is constrained

by trout invasion, displacing them to low-order streams in headwaters

(Table 7). As stated by Tiberti and von Hardenberg (2012), the

patterns observed could result either from local population extirpa-

tions caused by trout predation or from amphibians avoiding invaded

habitats. Although these hypotheses were not addressed in the

present study, during the years of field surveys, personal observations

have indicated several predation events by trout on adults and

tadpoles of the two amphibian species. Co-occurrence of B. cordobae

and trout was found in 15 surveyed sites, indicating that at least this

species does not completely avoid invaded streams.

The effect of trout presence on O. achalensis was even more

severe, as co-occurrence with trout was almost zero (n = 2), although

habitat features in invaded transects are suitable for the species. This

low co-occurrence could be related to the biology of tadpoles of the

species. According to unpublished field data recorded by the authors,

O. achalensis tadpoles are frequently associated with poorly vegetated

sectors and with a greater proportion of rock in the substrate.

According to Orizaola and Braña (2006), the use of aquatic vegetation

F IGURE 1 Occurrence patterns. Percentage of sites with
presence of amphibian species in invaded (grey bars) and non-invaded
(black bars) transects. BC, Boana cordobae; OA, Odontophrynus
achalensis; RAR, Rhinella arenarum; RACH, Rhinella achalensis

TABLE 2 Average model for the pattern of occurrence of B. cordobae

Variables Estimate Standard error Adjusted SE Z-Value Pr(>jZj)
(Intercept) 3.43 1.03 1.04 3.29 0.0009*

Trout presence −3.99 0.69 0.69 5.75 <2 × 10−16*

Rocky substrate −0.02 0.01 0.01 1.96 0.0503

Canopy cover 0.03 0.02 0.02 1.13 0.2578

Depth 0.55 0.67 0.67 0.82 0.4129

Width 0.08 0.11 0.11 0.66 0.5069

Aquatic vegetation −0.01 0.01 0.01 0.45 0.6524

Loamy substrate −0.01 0.02 0.01 0.43 0.6701

*The statistically significant variables of the model.

TABLE 1 Best generalized linear mixed models (GLMMs) explaining the occurrence of Boana cordobae

Variables d.f. logLik AIC Δ AIC ωi

Trout presence + Rocky substrate 4 −52.71 113.75 0.00 0.31

Trout presence + Rocky substrate + Canopy cover 5 −52.11 114.73 0.98 0.19

Trout presence + Depth + Rocky substrate 5 −52.34 115.18 1.44 0.15

Width + Trout presence + Rocky substrate 5 −52.48 115.46 1.72 0.13

Trout presence + Rocky substrate + Aquatic vegetation 5 −52.60 115.71 1.96 0.11

Trout presence + Loamy substrate + Rocky substrate 5 −52.61 115.72 1.98 0.11

Abbreviations: d.f., degrees of freedom; logLik, Log-Likelihood-Ratio; AIC, Akaike's information criterion; Δ AIC, difference between the AIC value of the

models and the AIC of the best model; ωi, the weight of Akaike.
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TABLE 4 Average model for the pattern of occurrence of O. achalensis

Variables Estimate Standard error Adjusted SE Z-Value Pr(>jZj)
(Intercept) 0.45 0.48 0.49 0.93 0.354

Trout presence −4.73 0.99 10.07 4.69 2.6 × 10−6*

Canopy cover 0.06 0.03 0.03 1.85 0.065

Aquatic vegetation 0.01 0.01 0.01 0.99 0.318

Width 0.15 0.15 0.15 0.99 0.319

Sampled season −0.33 0.57 0.58 0.56 0.573

*The statistically significant variables of the model.

TABLE 3 Best GLMMs explaining the occurrence of Odontophrynus achalensis

Variables d.f. logLik AIC Δ AIC Weight

Trout presence + Canopy cover 4 −39.52 87.36 0.00 0.31

Trout presence 3 −40.91 88.01 0.65 0.22

Trout presence + Aquatic vegetation + Canopy cover 5 −39.00 88.49 1.13 0.17

Width + Trout presence + Canopy cover 5 −39.01 88.52 1.16 0.17

Trout presence + Season sampled + Canopy cover 5 −39.35 89.20 1.84 0.12

TABLE 5 Best GLMMs explaining the occurrence of Rhinella arenarum

Variables d.f. logLik AIC Δ AIC Weight

Null 2 −49.17 102.43 0.00 0.39

Width 3 −48.94 104.08 1.65 0.17

Trout presence 3 −49.08 104.36 1.92 0.15

Loamy substrate 3 −49.09 104.37 1.94 0.15

Sampling season 3 −49.09 104.39 1.95 0.15

TABLE 6 Average model for the pattern of occurrence of R. arenarum

Variables Estimate Standard error Adjusted SE Z-Value Pr(>jZj)
(Intercept) −1.99 0.79 0.79 2.41 0.0161

Width 0.07 0.11 0.11 0.67 0.5047

Trout presence 0.24 0.58 0.58 0.41 0.6791

Loamy substrate −0.01 0.02 0.02 0.38 0.7023

Sampling season 0.25 0.65 0.65 0.37 0.7084

TABLE 7 Contingency table of the number of transects used by each species in each stream order

Species

Stream order

TotalFirst Second Third Fourth

Boana cordobae 19 (34%) 26 (47%) 8 (14%) 3 (5%) 56

Odontophrynus achalensis 15 (44%) 19 (56%) 0 0 34

Rhinella arenarum 3 (15%) 8 (40%) 3 (15%) 6 (30%) 20

Rhinella achalensis 1 (20%) 1 (20%) 2 (40%) 1 (20%) 5

Trout 7 (9%) 25 (32%) 33 (43%) 12 (16%) 77

Note: χ2 = 56.56, d.f. = 12, P < 0.0001.
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as a refuge may be a key mechanism that allows amphibian species to

survive at sites invaded by trout. Moreover, tadpoles of this species

have a very long development time (more than a year). This trait

combination could lead to the high exposure of O. achalensis tadpoles

to predation by trout, explaining the extirpation of local populations

from almost all of the invaded transects.

Taking into account these results, our observations on

predation and the time since invasion, we conclude that the lack

of these amphibian species in most invaded streams is the result

of the depletion of populations by historic predation pressure

(Pilliod & Peterson, 2001). Constant invasion for almost a century

may have prevented recruitment and the establishment and

survival of larval and adult stages that eventually arrive at the sites

from non-invaded streams. As found by Tiberti (2018) in lakes,

B. cordobae and O. achalensis are currently restricted to non-

invaded streams in the headwaters. At the same time, by forcing

endemic amphibians to use low-order streams (that often are small

and shallow), trout invasion may jeopardize the long-term persis-

tence of local populations, as O. achalensis and B. cordobae have

overwintering tadpoles and are therefore susceptible to drying and

freezing (Pilliod & Peterson, 2001). Overall, these strong negative

associations between trout and amphibians agree with previous

research conducted in lotic and lentic water bodies (Bosch

et al., 2006; Ficetola et al., 2011; Hartel et al., 2007; Manenti &

Pennati, 2016; Orizaola & Braña, 2006; Pilliod & Peterson, 2001).

It is remarkable that the pattern of exclusion found for

O. achalensis and B. cordobae was different from that observed for

R. achalensis and R. arenarum (two species belonging to the family

Bufonidae). In contrast to the prediction, the occurrence of R. arenarum

did not respond to the presence of predators, and although

R. achalensis was rare in the samples (which agrees with findings

reported by Lescano, 2017), its occurrence in both invaded and non-

invaded transects was quite similar. Within the Bufonidae there is a

phylogenetic tendency towards the development of toxic substances in

the skin as a defence mechanism against predation (Ficetola

et al., 2011; Grasso, Coleman, & Davidson, 2010; Jara & Perotti, 2009;

Regueira, Dávila, & Hermida, 2016). Grasso et al. (2010) conducted

palatability experiments and showed that S. fontinalis does not

consume eggs, larvae or adults of Anaxyrus canorus (Bufonidae), even

under conditions of extreme food shortages. Therefore, based on the

results reported here, together with other available information, we

suggest that trout introduced in the SPC do not have a direct detrimen-

tal effect on these two species owing to tadpole unpalatability. Further

experimental studies will be needed to confirm this hypothesis.

The damaging effect of trout on B. cordobae and O. achalensis,

two endemic amphibian species from the SPC, reveals part of a

problem that may have even more complex consequences for the sys-

tem. Based on previous studies (Matthews, Knapp, & Pope, 2002), we

suggest that amphibian extirpation caused by alien fishes could affect

terrestrial amphibian-specialized predators such as the endemic snake

Lygophis vanzolinii. Indeed, the extirpation of amphibian populations in

the area may have indirect cascading effects modifying ecosystem

functioning (e.g. nutrient cycles, primary production and ecological

connection with surrounding terrestrial ecosystems; Eby, Roach,

Crowder, & Stanford, 2006). The existence and magnitude of such

potential effects should be evaluated in the future, in order to provide

a complete picture of the effect of alien aquatic fishes in the area.

The results of the present study have important implications for

developing conservation action plans; these plans are important

because the two affected species are endemic, and O. achalensis is

categorized as Vulnerable at national and international levels (Lavilla &

Di Tada, 2004). Moreover, besides trout invasion, these species are

facing other threats such as chytridiomycosis (Lescano et al., 2013).

Although some attempts to remove trout are under way to counteract

invasion within Quebrada del Condorito National Park (pers. comm.

from technical staff of the protected area), these actions are isolated

and only cover two small segments in two streams. In contrast, trout

invasion is widespread and extends beyond the protected area; thus,

management actions should be consistent with the extent and

severity of the problem. This implies the need for a joint management

plan involving both the provincial environment authorities and the

National Park administration. In addition, any management action on

trout populations in the area should be accompanied by a robust

public awareness campaign, given the popularity of these fish among

anglers and local people who use them as a protein resource.

In our opinion, a stringent control plan prohibiting new trout

introductions and fry commercialization, together with the control

and monitoring of the distribution of currently established populations

would represent an important starting point. The eradication of trout

populations will result in a significant benefit not only for endemic

amphibians in the area but also for the whole river ecosystems in this

fragile environment, as found in other montane aquatic habitats

(Bosch et al., 2019; Tiberti et al., 2019; Vredenburg, 2004).
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