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Abstract

The introduction of fish into originally fishless high-mountain lakes can strongly alter
aquatic food webs. Littoral aquatic macroinvertebrates are heavily preyed upon by fish,
yet they also represent an important food resource for several terrestrial and semi-aquatic
insectivorous species, including the unique diving passerine, the white-throated dipper
(Cinclus cinclus). We tested whether competition for this shared resource reduces dipper
occurrence, consistent with the competitive exclusion hypothesis. More than 400 visual
surveys were conducted to detect dippers across 60 high-mountain lakes in the Alps and
Pyrenees. Lakes were categorized as fish-free, undergoing mechanical fish eradication, or
hosting established fish populations. Large benthic macroinvertebrates (i.e., the primary
prey of dippers) were also assessed to evaluate the likelihood of dipper occurrence across
lake categories and along a prey availability gradient influenced by fish predation, as well
as other environmental factors (e.g., elevation, hydrological connectivity). Introduced fish
negatively affected dipper occurrence, with lakes largely avoided when fish were present,
while hydrological connectivity with streams emerged as a key factor facilitating dipper
use of high-mountain lakes. This pattern appears to be driven by competitive exclusion via
the depletion of large benthic macroinvertebrates. Even though dippers can thrive in areas
without high-mountain lakes, relying exclusively on riverine habitats, their association
with pristine fishless lakes, together with their recognizability and public appeal, make
them effective flagship species to stimulate broader discussion on the impacts of invasive
species in mountain freshwater ecosystems and their consequences for native fauna.
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Introduction

Among passerines, true underwater diving is restricted to dippers (Cinclus spp.), which
have unique adaptations to forage by swimming and diving underwater, including in fast-
flowing streams (Ormerod and Tyler 2005). This ability is supported by morphological and
physiological adaptations, including waterproof and insulating feathers, robust legs, wings,
tail and claws, allowing them to move and anchor to the substrate while foraging underwa-
ter, nasal flaps to prevent water from entering nostrils, higher haemoglobin concentration in
blood, an immediate drop in heart rate upon submersion, and great power of eye accommo-
dation for underwater vision (Tyler and Ormerod 1994). Dippers primarily feed on benthic
macroinvertebrates caught underwater, with larvae of caddisflies, stoneflies and mayflies
constituting their main prey (Ormerod 1996).

Dippers typically inhabit clear, well-oxygenated and largely unpolluted streams and riv-
ers, typically found in mountain and hilly regions (Ormerod and Tyler 2005). Despite being
considered primarily lotic, dippers are also commonly observed foraging in lentic habitats
(Garwood et al. 2009). Records include clear, nutrient-poor lakes in Britain (Ormerod and
Tyler 2005), low elevation ponds and lakes in Alaska (Willson and Hocker 2008), and high-
mountain lakes of North America (Palmer 1927; Bakus 1959; McEneaney 2002; Garwood
et al. 2009) and Europe (Tiberti et al. 2019).

At higher elevations, lakes can be viewed as hotspots of prey which move from aquatic
habitats to terrestrial consumers, mostly in the form of emerging aquatic insects (Piovia-
Scott et al. 2016). In addition, aquatic invertebrates as well as emerging insects are generally
rich in polyunsaturated fatty acids and therefore possess higher nutritional value than ter-
restrial insects (Schindler and Smits 2017; Twining et al. 2019). Terrestrial and semi-aquatic
predators are therefore attracted to lakes not only for drinking (Seibold et al. 2013) but
also for foraging (e.g., Matthews et al. 2002; Finlay and Vredenburg 2007; Epanchin et al.
2010). Many native insectivore predators, such as adult amphibians, bats, birds and ground-
dwelling invertebrates, can access aquatic prey when they exit the water, i.e., emerging
insects (Bartels et al. 2012). However, a few semi-aquatic predators, such as water shrews
and dippers, can dive and hunt aquatic insects and macroinvertebrates before they eventu-
ally emerge. Some studies suggest that high-mountain lakes can be valuable feeding areas
for semi-aquatic vertebrates (e.g., water shrews; Bello et al. 2024). For example, Garwood
et al. (2009) describe how American dippers Cinclus mexicanus largely exploit high-moun-
tain lakes in the Trinity Alps, California, during summer, benefiting from the favourable
conditions of these lakes in providing food resources. However, the potential role of high-
mountain lakes as seasonal feeding areas for dippers and the influence of lake characteristics
(e.g., elevation, morphology, seasonal dynamics, and hydrological connectivity with the
surrounding stream network) have so far been largely overlooked.

This is not a trivial knowledge gap, because one the most pervasive threats to high-
altitude lake ecosystems—namely introduced fish—has well-documented and long-lasting
severe impacts on aquatic macroinvertebrates (Knapp et al. 2001b; Tiberti et al. 2014; Toro
et al. 2020; Osorio et al. 2022), which constitute the main dietary component of dippers
(Ormerod 1996). This overlap in resource use allows the hypothesis that introduced fish
and dippers may compete, and demonstrating fish impacts on a charismatic and well-known
species such as dippers would provide a powerful and publicly accessible argument for the
conservation and management of high-mountain lakes.
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Over the past decades, game-fish (i.e., Salmonidae) and other fish families used as live
baits (e.g., minnows) have been introduced into more than 50% of mountain lakes (> 0.5 ha)
across Europe and North America (Bahls 1992; Ventura et al. 2017; Mir6 and Ventura 2015).
Their impacts are well documented (Knapp et al. 2001a; Ventura et al. 2017; Tiberti et al.
2019; Osorio et al. 2022): introduced fish can disrupt aquatic food-webs, causing major
shifts in invertebrate and amphibian communities (Knapp et al. 2001b; Tiberti et al. 2014;
Ventura et al. 2017; Osorio et al. 2022) and influencing nutrient cycling (Schindler et al.
2001). Their impact can extend further beyond lake boundaries, propagating into surround-
ing terrestrial ecosystems, reducing insect emergence (Pope et al. 2009), and negatively
affecting native insectivores (Epanchin et al. 2010; Bello et al. 2024; Clapp et al. 2025).
Negative impacts due to fish competition have already been demonstrated across multiple
semi-aquatic groups, including amphibians (Joseph et al. 2011), reptiles (Matthews et al.
2002), and small mammals, such as shrews (Bello et al. 2024). In all these cases, fish pres-
ence is associated with local extinctions, population declines, or behavioural avoidance of
lakes by native insectivores, consistent with competitive exclusion dynamics.

So far, despite dippers being fully embedded in mountain aquatic food webs, including
high-mountain lakes, their trophic interactions with fish have been little considered, prob-
ably because the role of birds within aquatic ecosystems has often been overlooked (Green
and Elmberg 2014).

In the European Alps and the Pyrenees, the only occurring species of dipper is the white-
throated dipper Cinclus cinclus. The present study focuses on high-mountain lakes in the
Western Italian Alps and Catalan, South Eastern Pyrenees, where dippers are frequently
observed during fieldwork and sampling activities. Ongoing restoration actions in these
lakes, based on the mechanical eradication of introduced fish (www.liferesquealpyr.eu),
provided a unique opportunity to implement a whole-ecosystem manipulative study. Within
this framework, we also quantified native insectivorous vertebrates to better understand
ecosystem recovery processes and interactions between fish and native species. Dipper pres-
ence and abundance data were collected through surveying the lake shores, while prey avail-
ability was assessed through standardized littoral macroinvertebrate sampling.

In this paper, we tested the hypothesis that introduced fish could reduce the attractiveness
of high-mountain lakes to dippers by depleting benthic macroinvertebrates, particularly
conspicuous groups such as caddisflies (ord. Trichoptera), mayflies (ord. Ephemeroptera)
and stoneflies (ord. Plecoptera), which constitute an important and highly nutritious compo-
nent of the diet for dippers.

We predicted that dippers would occur less frequently at lakes with fish than at naturally
fishless ones, since the availability and abundance of prey is expected to be lower where
fish are present. Moreover, we also expected dipper occurrence to be positively associated
with prey availability and presence of a hydrological connection to the hydrographic system
(i.e., permanent outlet) and therefore to increase as macroinvertebrate communities recover
in lakes undergoing fish eradication.

@ Springer


http://www.liferesquealpyr.eu

229 Page4of16 Biodiversity and Conservation (2026) 35:229

Materials and methods
Study sites

A total of 60 high-mountain lakes and ponds (hereafter collectively referred to as ‘lakes’
for simplicity) were surveyed in four protected areas of the Western Italian Alps (N=36
lakes) and Catalan Pyrenees (N=24 lakes). All lakes are typical high-mountain mountain
lakes characterised by relatively small size, extreme thermal conditions (e.g., ice covered
for about 6-10 months per year), low primary productivity and predominantly ultraoligo-
trophic and oligotrophic conditions (see Table 1 for a summary of their characteristics and
Online Resource 1 for detailed lake characteristics). Although these ecosystems are natu-
rally fishless and are located within protected areas, they have nevertheless been affected
by fish introductions. Most fish introductions were legal stockings of game species (i.e.,
Family Salmonidae), including Salmo trutta, Salvelinus fontinalis, Salvelinus alpinus, and
Oncorhynchus mykiss. These introductions occurred before protected areas established
restrictive regulations (e.g., bans on fish stocking and fishing) that prevented further intro-
ductions and limited their spread (Mir6 and Ventura 2013). In addition, several lakes host
non-game species used as live bait for trout fishing, namely minnows belonging to the Fam-
ily Leuciscidae, including Phoxinus spp. and Telestes muticellus. These were illegal, collat-
eral introductions mediated by anglers (Mir6 and Ventura 2015). Consequently, introduced
fish communities currently vary among lakes, with some containing game species, others
only non-game species, and some both. Several of these populations are currently undergo-
ing eradication actions. Although the effects of fish presence on lake food webs may vary
depending on population density and species-specific feeding behaviours, they are generally
profound, with littoral macroinvertebrates being among the most sensitive groups (Tiberti et
al. 2019; Osorio et al. 2022). Lakes were therefore subdivided in three categories: fishless
lakes (FL; N=25), lakes with introduced fish (F; N=20), and lakes under fish eradication (E;
N=24) (Table 1). For lakes undergoing fish eradication (E), we also classified observations
according to the number of years since the start of fish removal, as lake attractiveness to
dippers was expected to increase throughout the restoration process. This temporal variable
was subsequently used to evaluate changes in prey availability and dipper occurrence. Note
that nine lakes (see Online Resource 1 and 2) changed treatment category, shifting from
‘Fish’ to ‘Eradication’ after conservation actions were initiated during the study period;
consequently, they were counted in both categories, first in the former and later in the latter.

Table 1 Summary of the main characteristics (mean+SD; range in parentheses) of high-mountain lakes
grouped by fish categories, where white-throated dipper occurrence was assessed

Lake treatment Elevation Perimeter Area Max. depth
(ma.s.l.) (m) (ha) (m)
Fishless 2440.5+237.6 592.4+324.1 22+£1.8 9.7+6.6
(N=25) (1802-2765) (111-2249) (0.4-8.4) (2.2-31.7)
Eradication (N=24) 2426.7+219.9 690.4+£514.1 2.1+2.4 7.6+6.3
(1995-2703) (224-2198) (0.2-14.7) (1.6-52.3)
Fish 2363.5+255.4 1254.9+613.0 7.3+5.9 17.8+£15.0
(N=20) (1885-2703) (341-2198) (0.7-16.9) (1.2-52.3)
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White-throated dipper monitoring

The presence of white-throated dippers at such small high-mountain lakes is usually easy to
detect. However, the data used in this study are restricted to observations recorded during
standardized shoreline Visual Encounter Surveys (VES), that were originally designed to
monitor amphibians and fish (Crump and Scott 1994; Tiberti et al. 2022), and whose scope
was subsequently extended to include other semi-aquatic taxa such as semi-aquatic snakes
of the genus Natrix and dippers. A VES is a rapid assessment consisting of walking along
the lake shoreline and counting all individuals of the different target species. Although this
is used as a multi-taxa monitoring method, not specifically designed for avian monitoring,
it provides a consistent and standardized measure of dipper presence and relative abun-
dance across lakes and years. Sometimes, observations were facilitated by hearing the call
of white-throated dippers that flew over the lake or fled from a rocky shelter near the shores
while operators were passing by. The use of binoculars also guaranteed good support to
spot the dippers from distance and attention was paid to prevent double-counting of the
same individual(s) moving along the shoreline. VES were conducted from August 2014 to
October 2025, in all the cases in the May-October period, that is during the breeding season
of the dippers.

Prey availability assessment

To relate white-throated dipper presence to prey availability gradient, littoral macroinverte-
brate sampling was performed by the lakes’ shores, using a standard d-framed net (mouth,
25%20 cm; mesh 0.5 mm). Semiquantitative benthic macroinvertebrate samples were col-
lected at all study sites lakes following Knapp et al. (2001b). After classifying shores by
three clast diameter categories, namely sand (clast<2 mm), gravel (2 mm<clast<64 mm)
and boulders (clast>64 mm), ten standard sweeps about 1 m long were performed for each
habitat type. Subsequently, samples were preserved in 70% ethanol and identified to the
family or genus level under stereoscope, following Campaioli et al. (1994) and Tachet et
al. (2010), and counted; counts represent the total number of individuals collected across
the 10 standardized net sweeps performed within each microhabitat (for a total of 30 stan-
dard sweeps) and were used as a semiquantitative estimate of macroinvertebrate abundance
associated with a standardized sampling effort. At all eradication lakes (E), where macroin-
vertebrate communities were expected to recover during fish eradication, macroinvertebrate
samples were collected once or twice per year ensuring that at least one prey sample was
available for each year in which dipper surveys were conducted. In contrast, fish (F) and nat-
urally fishless (FL) lakes were assumed to represent relatively stable ecological conditions
and where therefore sampled less intensively (mean+SD: 2.64+1.59 prey samples per lake;
range: 1-5). In the subset of control lakes, where only a single prey sample was available,
this reflected a limited number of dipper surveys at those sites (mean+SD: 2.46+£1.76).

In all the cases, we used the sample closest in time to each dipper survey as a refer-
ence for prey availability during that survey. Although occasionally asynchronous with dip-
per surveys, we are confident that these estimates reliably reflect prey availability, because
macroinvertebrate communities include many multi-year species and represent a relatively
stable component of high-mountain lakes across seasons and years (Tiberti et al. 2014;
Osorio et al. 2022).
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Data analyses

Two generalized linear mixed models (GLMMs), implemented using the Ime4 package in R
(R Core Team 2026) with a binomial family, were used to examine the factors influencing
dipper presence/absence data from VES surveys. Both initial models included a random
intercept for site_id to account for multiple observations per lake, and the following fixed
effects: elevation (scaled numeric variable), a binary variable indicating whether the lake
had a permanent connection (outflowing river) with the rest of the hydrosystem, julian date
(scaled numeric variable), and lake perimeter (scaled numeric variable). In one model, we
included a three-level treatment variable, indicating whether the lake was fishless (FL), con-
tained fish (F), or was undergoing fish eradication (E), while in the other model, we included
the abundance of preferred dipper prey (benthic insects) as a log-transformed numeric vari-
able to reduce the influence of extreme values and improve model fit. We could not include
both in the same model due to the collinearity between prey availability in the lake catego-
ries (Fig. 1, lower panel).

To identify the most parsimonious models, we performed backward stepwise selection
based on Akaike’s Information Criterion (AIC) and likelihood ratio tests (LRT). The back-
ward elimination process was carried out using the drop1() function from the lme4 package
(Bates et al. 2015). At each stage, the significance of each variable was assessed based on
changes in AIC and LRT p-values. Variables associated to AAIC values greater than 2 and
significant LRT p-values (p<0.05) were retained in the model and selected for the subse-
quent analyses.

To explore the mechanistic pathways underlying the patterns highlighted by the GLMM,
we extended the analysis using a structural equation modelling (SEM) framework, which
allowed us to test whether the effect of fish presence on dipper occurrence is mediated
through prey availability rather than acting directly (e.g., through direct disturb or predation
attempts). We therefore fitted a linear mixed-effects model (Imer) to predict prey availability
(log transformed) from treatment and number of years since the start of fish removal, which
were included as a continuous predictor with site identity included as a random intercept to
account for site-level variation. For lakes where fish eradication lasted for more than four
years, all observations from the fourth year onward were aggregated to homogenize the
temporal structure of the dataset and to reduce potential violations of linearity assumptions
arising from medium- to long-term stabilization of the target species typical of recovery
dynamics. Dipper presence/absence was modelled using a generalized linear mixed-effects
model (GLMM; glmer function) with a binomial error distribution, including prey avail-
ability and a binary variable indicating whether the lake was connected by a permanent
river to the rest of the hydrographic system as fixed effects, and site identity as a random
effect. The SEM was constructed using the psem function from the piecewiseSEM R pack-
age (Lefcheck 2016), linking the prey and dipper models. The hypothesised causal struc-
ture assumed that treatment affected dipper occurrence indirectly through prey availability;
accordingly, the absence of a direct effect of treatment on dipper occurrence was evaluated
using Shipley’s test of directed separation (Fisher’s C statistic), together with the overall
model fit. Model residuals were checked using standard diagnostic plots for the linear model
and simulated residuals (DHARMa package; Hartig 2026) for the binomial model to ensure
no major violations of model assumptions.
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Fig. 1 Barplots showing the frequency of dipper occurrence (upper panel) and boxplots illustrating the
log-transformed availability of preferred prey (lower panel) across the three lake categories: lakes with
fish (F), fishless lakes (FL) and lakes under eradication, subdivided by the years since eradication began
(Y=1: first, Y=2: second, Y=3: third, Y>4: from fourth year onward)
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Results

Out of 409 surveys, 44 dippers were observed on 34 occasions across 20 lakes, resulting
in a detection probability of approximately 8% for VES. The frequency of dipper detection
(Fig. 1, upper panel) was 1.82% in lakes with introduced fish, compared to 12.6% in fishless
lakes. Lakes undergoing eradication showed a gradual increase in dipper occurrence over
the years, rising from 2.33% in the first year to 15.4% from the fourth year onward (Fig. 1,
upper panel).

The first GLMM (Model-treatment; Table 2) revealed a significant negative association
between dipper occurrence and fish presence, particularly when comparing lakes invaded by
fish with fishless lakes (F vs. FL), whereas the other comparisons among treatments showed
no significant differences (Table 2). The second GLMM (Model-prey availability; Table 2)
showed a significant positive association between dippers and prey availability (Table 2;
Fig. 1, lower panel). The presence of a river connecting the lake to the hydrological system
had a significant positive effect on dipper presence in both models (Table 2). Instead, Julian
date, lake perimeter and elevation were removed by model selection in both models, as they
did not significantly improve model predictions.

We then tested whether the effect of fish presence on the white-throated dipper is medi-
ated by prey availability using a structural equation model. Prey availability (log-trans-
formed large benthic invertebrate abundance) was significantly influenced by treatment,
with the highest values in fishless lakes (Estimate=5.07, p<0.001), and lower values in

Table 2 Summary of the results from the generalized linear mixed model (GLMM) for dipper presence/
absence in high-mountain lakes from the Alps and Pyrenees. The table presents the estimates (Estimate),
standard errors (SE), Wald z-scores (z value), and p-values for all variables included in the initial model.
Treatment - FL: fishless lake; Treatment - F: lake with introduced fish; Treatment - E: lake under fish eradi-
cation; Status - Retained: variable retained in the final model during the backward selection process; Status
- Removed: variable removed from the final model; LRT: p-value from the Likelihood Ratio Test using the
drop1() function

Model Covariates Status Estimate SE z p-value LRT
Model- treatment Intercept Retained -2.885 0.4581 -6.299 <0.001 -
Treatment® Retained <0.05
Fvs. FL -2.262 1.052  -2.150 <0.05
Evs. FL -0.483 0410 -1.178 0.24
Evs. F 1.779 1.067 -1.667 <0.10

Hydrological connec- Retained 1.294 0442 2926 <0.01 <0.01
tion (Yes vs. No)

Julian date Removed 0.230 0.151 1.521 0.13  0.15

Lake perimeter Removed  -0.225 0.262  -0.860 0.39 036

Elevation Removed 0.076 0.128  0.361 072 0.72
Model- prey Intercept Retained -4.946 0.765  -6.469 <0.001 <0.01
availability

Prey availability Retained 0.475 0.166  2.584 <0.01 <0.01

Hydrological connec- Retained 1.315 0.445 2952 <0.01 <0.01
tion (Yes vs. No)

Julian date Removed 0.234 0.148 1.579 0.13  0.13
Elevation Removed 0.213 0.194  1.101 0.27 0.29
Lake perimeter Removed -0.284 0.258 -1.098 0.27 0.24

*To present all pairwise comparisons among treatment levels (F, FL, E), the model was refitted once using
a different reference level for the categorical factor Treatment
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Fig. 2 Depiction of the structural equation model results showing the relationships between lake category
(F: fish, E: eradication, FL: fishless; orange circles), years since the start of eradication (grey circle with
a clock), hydrological connectivity (blue circle) and large benthic prey availability (green circle) in rela-
tion to dipper occurrence. Numbers along the arrows represent the estimated regression coefficients from
the corresponding models; coefficients are reported on their respective model scales and are therefore not
directly comparable between Gaussian (hydrological connectivity and prey availability) and binomial
components (lake categories and years since the start of eradication). Asterisks indicate increasing levels
of statistical significance (*, *¥*, **%*)

fish-containing lakes (Estimate=2.04, p<0.001) and lakes under fish eradication (Esti-
mate=1.98, p<0.001), which, however, increased with the number of years since the start
of fish removal operations (Estimate=3.08, p<0.001; Fig. 1, lower panel and Fig. 2).

Prey availability positively affected dipper presence (Estimate=0.47, p<0.01). The test
of directed separation found no evidence of residual association between treatment and
dipper occurrence after accounting for prey availability (independence claim, p=0.27), sug-
gesting that the effect of fish on dipper occurrence is primarily indirect and primarily medi-
ated through prey availability. Connection by a permanent river also had a significant effect
(Estimate=2.14; p<0.01), accounting for some of the local variation in dipper detection
probability. Random effects for site identity accounted for site-level variation, and residu-
als did not indicate violations of model assumptions. The overall model fit was satisfactory
(Fisher’s C=4.34, p=0.63).
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Overall, these results support the hypothesis that the observed exclusion of dippers from
fish-containing lakes is ecologically mediated by prey depletion, and that dipper occurrence
increases as prey recover during the eradication process.

Discussion

Aquatic invertebrates support a wide range of bird species across diverse aquatic environ-
ments and are exploited through a variety of foraging adaptations. These range from probing
soft sediments for burrowing invertebrates, as is typical of many shorebirds (e.g., sandpip-
ers), to surface filter-feeding, characteristic of flamingos and many waterfowl, and active
underwater foraging through diving, as in diving ducks, grebes, and dippers. Birds can
compete with fish for the same prey, but evidence of such interactions is largely limited to
filter-feeding and actively foraging ducks and grebes (Eriksson 1979; Wagner and Hansson
1988; Hancock et al. 2023; Hurlbert et al. 1986; Haas et al. 2007; LeBourdais et al. 2009;
Kloskowski et al. 2010). Such competition might also be considered a conservation con-
cern, as some studies focus on non-native fish and their impacts on aquatic food webs and
native bird species (Kear and Burton 1971). However, birds are still often excluded from
models of aquatic food webs (Green and Elmberg 2014).

In particular, interactions between aquatic birds and aquatic food webs have rarely been
considered in high-mountain lakes. A few studies have addressed the effects of reduced
aquatic subsidies (in the form of emerging aquatic insects) on insectivorous birds, dem-
onstrating cross-ecosystem effects on terrestrial species (e.g., Gray-crowned Rosy-Finch
Leucosticte tephrocotis dawsoni; Epanchin et al. 2010) and on entire avian communities
(Clapp et al. 2025). However, the effects of fish on birds fully embedded in aquatic ecosys-
tems have never been assessed in high-mountain lakes, despite introduced fish being widely
recognized as a major source of impact resulting from their apical trophic level. As a matter
of fact, in these systems, most aquatic birds, such as waterfowl and sandpipers, are generally
rare, typically occurring in small numbers at lower elevations or only as transient species
during migration. By contrast, these environments are regularly used by dippers (Cinclus
spp.; Garwood et al. 2009; Clapp et al. 2025) which use high-mountain lakes as feeding
habitats mostly during their breeding season (Palmer 1927; Bakus 1959; McEneaney 2002;
Garwood et al. 2009; Tiberti et al. 2019). Therefore, in this study, we examine for the first
time the impact of introduced fish on an aquatic bird in high-mountain lakes, hypothesizing
that fish presence reduces the probability of occurrence of the white-throated dipper.

Consistent with our hypothesis, dipper occurrence was negatively affected by fish pres-
ence and positively associated with prey abundance, which was in turn strongly reduced
by fish. Structural equation models suggest that this effect is mainly mediated by competi-
tion between fish and dippers for their prey, whereas alternative trophic interactions, such
as direct predation (or perceived predation risk), are likely negligible, as indicated by the
absence of a residual effect of treatment (fish categories) on dipper occurrence.

Accordingly, direct predation by fish on birds was never observed in our study area (Tib-
erti et al. 2016 and authors’ observations) nor in high-mountain lakes: although very large
salmonids may be anatomically capable of ingesting dippers, dippers have been seldom
observed in their diet and only in riverine habitats (Johnson 1953; Elliot and Peck 1980;
Hegelbach 2014). On the other hand, small fish could represent an alternative prey for dip-
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pers (Tyler and Ormerod 1994), entirely or partially buffering the effects of macroinverte-
brate depletion. However, if this occurs, it is not sufficient to compensate for the observed
negative effects of competition for their main food resource. Although small fish may occa-
sionally be included in the diet of dippers, particularly during the breeding season (Tyler and
Ormerod 1994; Garwood et al. 2009), they represent only a minor component of their diet,
likely not enough to buffer the effects of fish on macroinvertebrates.

The hypothesis that fish negatively affect dippers through competition for prey is further
strengthened by an independent line of evidence from lakes undergoing non-native fish
eradication, where incidental bycatch of dippers increased progressively as fish densities
declined (Tiberti et al. 2026). We interpret this pattern as a consequence of the increasing
attractiveness of restored lakes as foraging habitats and the resulting higher frequency of
dipper occurrence. Notably, the increase in dipper occurrence occurred concurrently with
the increase in incidental captures, suggesting that bycatch did not measurably deter dippers
from using these habitats during the restoration process.

In conclusion, competition with non-native fish for large benthic insects, represents the
main driver of dipper exclusion from high-mountain lakes. Changes in aquatic invertebrate
communities affected by fish introductions are well documented (Knapp et al. 2001b; Tib-
erti et al. 2014, 2019; Osorio et al. 2022), mostly resulting in lower abundance or local
extinction of conspicuous taxa of emerging insects (e.g., mayflies, caddisflies; Knapp et al.
2001b; Pope et al. 2009). The rapid recovery of large benthic taxa observed in lakes under-
going fish eradication (Fig. 1), together with the concomitant increase in dipper occurrence,
provides a clear example of how such a pattern of exclusion operates and can be reversed
through habitat restoration.

This evidence adds to a growing body of literature indicating that introduced fish in high-
mountain lakes can affect terrestrial and semi-aquatic insectivores and that fish removal
can reverse such effects. This has already been demonstrated for amphibians (Finlay and
Vredenburg 2007; Joseph et al. 2011), small mammals (shrews; Bello et al. 2024), terrestrial
insectivore birds (Epanchin et al. 2010; Clapp et al. 2025) and now for dippers. In addition,
owing to their strong habitat specificity and reliance on the sensitive EPT macroinvertebrate
group, namely Ephemeroptera, Plecoptera, and Trichoptera (Wallace et al. 1996; Hodkinson
and Jackson 2005), dippers are regarded as valuable bioindicators of freshwater ecosystem
quality, particularly with respect to pollution (Maznikova et al. 2024). Our findings suggest
that dippers may also serve as indicators of impacts mediated by the introduction of alien
species in high-mountain lakes.

At present, fish introductions in high-mountain lakes are unlikely to represent a major
threat to this highly mobile species, currently classified as Least Concern by the [IUCN
(BirdLife International 2018), as its primary habitat is mountain rivers, which also represent
the main pathway through which dippers reach headwater lakes, as suggested by the posi-
tive effect of hydrological connectivity on their probability of occurrence.

Although the importance of high-mountain lakes for dippers remains poorly understood,
and these ecosystems likely represent non-essential habitats for the species (e.g., seasonal
feeding grounds; Tyler and Ormerod 1994; Garwood et al. 2009), the observed relationship
between introduced fish and dipper occurrence helps clarify the role of these lakes for dip-
pers and highlights how dipper presence may be linked to their ecological integrity.

Owing to their conspicuous behaviour and easily recognizable appearance, dippers can
be considered charismatic species (Albert et al. 2018), as they readily attract public atten-
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tion. For the same reasons, and as indicators of habitat integrity, they may also function
either as flagship and umbrella species, whose protection can benefit less popular freshwater
biodiversity (Cesarini et al. 2024). In this context, the study of dippers at high-mountain
lakes may help foster broader discussion on the consequences of fish introductions, extend-
ing the debate beyond strictly aquatic systems and species, and promoting conservation and
restoration efforts of high-mountain lakes.
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