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Abstract Rainbow trout have been stocked in nat-
urally fishless lakes in the reproductive area of the
endangered Hooded Grebe, an endemic aquatic bird
of Southern Patagonia. The effects of trout introduc-
tion were proposed as one of the potential causes of
their critical situation. Trout could modify the trophic
structure of the aquatic community by altering the
trophic relationships of stocked lakes. Changes in
the spatial distribution and/or diet of the Grebe’s
main prey, which is dominated by amphipods, could
affect their trophic position, and introduce the use of
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alternative carbon sources. We compared the food
webs between fishless and stocked lakes using stable
isotope analysis and associated community metrics.
Results provided evidence that the presence of fish
influences the food web structure of the studied com-
munities. Stocked lakes showed higher values of §'°N
compared to fishless ones. Community metrics esti-
mation described an increase in trophic redundancy
in stocked lakes, which could be explained by the
high degree of trout omnivory. Additionally, the study
found changes in use of carbon sources in amphipods
between stocked and fishless lakes. The spatial distri-
bution of the amphipods toward littoral zone of the
stocked lakes, as an anti-predatory response, could
impact the Hooded Grebe.
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Introduction

Salmonids, in particular, the rainbow trout [Onco-
rhynchus mykiss (Walbaum 1792)], were widely
introduced into lakes and rivers on every continent
except Antarctica, causing fast and severe impacts
on the environments containing these predatory fish
(Townsend, 2003; Arismendi et al., 2019). The intro-
duction of a novel predator into lakes changes the
size spectrum and species composition of macroin-
vertebrates and zooplankton communities (Knapp
et al., 2001). Consequently, the introduction of the
omnivorous rainbow trout can result in top-down and
bottom-up controls that may alter the structuring of
aquatic food webs. In top-down controls, fish can
reduce the abundance of larger zooplankton by preda-
tion thus enhancing phytoplankton biomass (Blanco
et al.,, 2008). With bottom-up controls, enhanced
populations of algae can be triggered by an increase
in nutrients in the water column, which can occur by
direct nutrient excretion from fish (Vanni, 2002) and/
or from sediment resuspension generated by fish feed-
ing on benthic organisms (Schauss et al., 2002). Fur-
thermore, top-down and bottom-up processes owing
to fish introduction promote the shift to a more turbid
state of the water bodies that may become permanent
(Blanco, 2001).

Frequently, predation on the native fauna by intro-
duced fishes causes ecological impacts in higher
trophic levels, causing the reduction of the abundance
or the eradication of the most palatable species for the
introduced predator (Tyler et al., 1998; Knapp, 2005).
Rainbow trout were intensively introduced into fish-
less lakes of Southern arid Patagonia and have been
proposed as one of the main threats for the Hooded
Grebe (Podiceps gallardoi Rumboll 1974) (Roesler
et al., 2012), a globally, critically endangered diving
bird endemic to this region (BirdLife International,
2021). The Hooded Grebe with a population esti-
mated to be 800 individuals (Roesler et al., 2020) only
reproduce in natural fishless shallow lakes located on
a collection of basaltic plateaus of Southern Patago-
nia (Fig. 1). However, more than 40 of these lakes
were stocked with rainbow trout for aquaculture.
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The effects of trout introduction have been docu-
mented for several water bodies of the Patagonian
steppe, including changes in the size structure and
the species composition of the receiving lacustrine
communities (Reissig et al., 2006; Ortubay et al.,
2006). In the Strobel Lake Plateau, one of the most
important reproductive areas for the Hooded Grebe
(Roesler, 2016), trout have caused negative impacts
to the abundance and size distribution of organisms
that trout feed on (Lancelotti et al., 2017). Likewise,
there has been a documented greater phytoplankton
biomass and greater abundance of cyanobacteria in
lakes containing introduced fish (Izaguirre & Saad,
2014) and changes in the relative proportion of differ-
ent groups of pleustonic macroinvertebrates (Lopez,
2015).

Trout and Hooded Grebe are both visual predators
with diets restricted to a small number of crustacean
species (e.g., amphipods, copepods and cladocer-
ans) and insect larvae (Fjeldsa, 1986; Beltran et al.,
1992; Lancelotti et al., 2015), which can potentially
be predated by both species. In particular, amphi-
pods represent the most dominant prey group within
the trout diet, regardless of the size of the fish (Lan-
celotti et al., 2015). Amphipods also represent a pri-
mary prey item for the Hooded Grebe, suggesting a
strong dietary overlap with trout. In this context, the
reduction in prey availability due to trout introduction
could lead to competitive interactions, which could
potentially affect the survival of the endangered grebe
(Lancelotti et al., 2015; Roesler, 2016). Although
these two studies described the trout’s effects on the
community structure of the lakes, as well as poten-
tial effects on the grebe and its habitat, little is known
about the alterations in food webs and in changes in
sources of matter and energy as a result of fish intro-
ductions. This information is essential to evaluate
changes at ecosystem scales and to identify mecha-
nisms and processes that could modify extra-Andean
aquatic environments.

Shallow lakes are dynamic environments with
a spatial configuration characterized by a deeper
pelagic zone and shallower benthic and littoral zones
often covered by macrophytes (Scheffer, 1998). Fish,
as highly mobile organisms, link both the benthic and
the pelagic food webs (Schindler & Scheuerell, 2002).
This habitat coupling could have significant conse-
quences for nutrient cycling, predator—prey interac-
tions, and food web structure. In some environments,
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Strobel lake

Fig. 1 Geographic location of the surveyed shallow lakes: (1) R26 (2) R22 (3) R3 and (4) R2

for example, pelagic zone processes are characterized
by interactions that may include both the littoral and
benthic zones of the lake (Pace, 1993; France, 1995a;
Jeppesen et al., 1997; Covich et al., 1999; Rothhaupt,
2000; Schindler & Scheuerell, 2002; Rautio & Vin-
cent, 2007). For example, nutrient excretion by ben-
thivorous consumers can account for a substantial
portion of inputs to pelagic nutrients; benthic/littoral
resources also subsidize carnivore populations that
have important predatory effects on plankton com-
munities (Vander Zanden et al., 1999b; Schindler
& Scheuerell, 2002; Vander Zanden & Vadebon-
coeur, 2002). In addition, the complexity of littoral
habitats (e.g., the presence of macrophytes, rocks,
coarse woody debris) could have substantial effects
on predator—prey interactions between fish and their
invertebrate prey. Therefore, the magnitude of food
web alterations by the presence of fish may depend on
multiple factors related to the particular characteris-
tics of each water body (Carpenter & Kitchell, 1993;

Pace et al., 1999; Polis, 1999; Polis et al., 2000; Beis-
ner et al., 2003).

The introduction of a generalist predator in a novel
habitat, as is the case with rainbow trout, can alter the
pathways and rates of recirculation of organic matter
and nutrients. In particular, the extensive use of ben-
thic prey could subsidize fish populations, altering
trophic dynamics and the ecosystem processes of the
pelagic zone. Cross omnivory between benthic and
pelagic habitats by trout was observed in numerous
studies, highlighting the importance of an integrated
view of aquatic ecosystems, taking into account the
duality of pathways in benthic and pelagic produc-
tion (Schindler & Scheuerell, 2002; Vander Zanden &
Vadeboncoeur, 2002; Jeppesen et al., 2003).

The presence of predators can also induce anti-
predatory responses, altering the morphology, behav-
ior, and spatial distribution of their prey (Ferrari
et al., 2010; Lancelotti et al., 2017). On the Strobel
Lake Plateau, amphipods are abundant in both the
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water column and in littoral zones of shallow lakes
without fish, while in stocked ones, they are restricted
to littoral and benthic areas (Lancelotti, unpublished
data). These changes in the spatial distribution of
amphipods could induce alterations in the use of
resources in the presence of trout, directing the diet
of amphipods toward predominantly littoral/benthic
resources.

Based on the arguments discussed above, the
objective of this study was to analyze comparatively
the trophic structure, nutrients, and energy pathways
in shallow lakes of the Strobel Lake Plateau, evalu-
ating water bodies with similar limnological charac-
teristics that have been stocked with rainbow trout
or environments in their natural fishless state. Stable
isotopes at the natural abundance level were used to
determine the trophic structure.

Under the cited general conceptual framework,
trout effects in stocked lakes could generate changes
that alter the trophic position of their prey and also
the trophic structure of the entire community. In this
context, the following hypotheses were tested: (1)
Trout introduction modifies the trophic structure of
the community, altering the configuration of trophic
relationships of stocked lakes with respect to fishless
lakes; (2) Trout introduction generates changes in the
spatial distribution and/or diet of its main prey, affect-
ing their trophic position and forcing the use of alter-
native carbon sources.

Materials and methods
Study area

The study was conducted in shallow lakes of the
Strobel Lake Plateau (48°50’S, 71°20°W) in the
arid Patagonia (Fig. 1) during southern summer,
between February 18 and 26, 2017. This region is
characterized by its extreme conditions of cold and
dry weather. The average annual rainfall is about
300 mm, and the average temperatures are 2.9°C and
14°C in winter and summer, respectively.

The tectonic origin of this plateau was formed
during the Miocene-Pliocene periods (Panza &
Franchi, 2002), where the sinking of the underlying
mantle generated a wide diversity of water bodies
in terms of size, shape, and configuration (Pereyra
et al., 2002). These natural depressions collect snow
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during autumn and winter (Pereyra et al., 2002). The
number of water bodies on the Strobel Plateau varies
from 700 to 2000 depending on annual precipitation
(Lancelotti et al., 2020). While many water bodies are
quite shallow (<5 m maximum depth) and temporary,
numerous lakes are deeper than 10 m and permanent.
At these latitudes, the lakes experience high irradi-
ance and strong winds from the west, which generate
a continuously mixed full water column preventing
the establishment of thermoclines (Lancelotti, 2009).

Sampling and methodology

Samples were collected in four shallow lakes of the
Strobel Lake Plateau with similar characteristics of
limnological variables (i.e., without vegetation) and
morphometry (i.e., area and depth) (Fig. 1; Table 1):
two stocked with trout in 2013 (R2 and R3) and two
fishless (R22 and R26). These lakes correspond to
the organic turbid regimen (Porcel, 2020) from high
turbidity levels evaluated through the vertical attenu-
ation coefficient of photosynthetically active radiation
(kg) and chlorophyll a (Table 1). The morphometric
variables were similar among environments: the lake
areas had a range of 0.10 to 0.31 km?, and the mean
depth was 5 m. The protocol for measuring limno-
logical variables was fully described in Porcel et al.
(2020). Stocked lakes showed high values of conduc-
tivity, dissolved organic and inorganic carbon concen-
trations, and total nitrogen compared to fishless lakes.
These differences could be a response to the hydrol-
ogy of the lakes, as well as the presence of trout (Por-
cel, 2020).

Samples for stable isotopes analyses were taken
from the following groups (Online Resource 1,
Table 1_SI): (1) pelagic basal carbon based on par-
ticulate organic matter (POM), (2) benthic carbon
sources from biofilm associated with coastal rocks,
(3) pelagic, and (4) littoral crustaceans (copepods,
amphipods, and cladocerans), invertebrates (insect
larvae and leeches), and samples of dorsal muscle
of trout (at least 4 individuals per lake). POM sam-
ples were collected within the euphotic zone at the
subsurface layer (~30-50 cm depth). For the iso-
topic determination of POM, 100-500 ml of water
was filtered onto GF/F Whatman® filters (47 mm
diameter, 0.7 micron nominal pore size), previ-
ously muffled (550 °C; 15 h) (Wetzel & Likens,
2000). Biofilm samples were obtained by scraping
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The 6'3C values in ecosystems are generally indi-
cators of the energy or carbon source, whereas 6"°N
values reflect a consumer’s trophic level (Post, 2002).
In aquatic environments, consumers gain an average
of 3.4 %o in "N and 1 %o in 5"°C for each increase in
trophic level (Vander Zanden et al., 1999a), although
these values may vary according to the type of prey or
predator identity and the analyzed tissue (Caut et al.,
2009; Vander Zanden et al., 1999a). Primary produc-
ers show contrasting carbon (6'°C) isotope signals
depending on their habitat: organisms inhabiting litto-
ral and benthic zones tend to have more positive 5'°C
compared to those that inhabit pelagic zones (France,
1995b; Hecky & Hesslein, 1995; Vander Zanden &
Rasmussen, 1999). Therefore, these isotopic com-
positions are used as indicators of the energy flow
in aquatic food webs, since they reflect the signature
of the energy sources assimilated over time (from
days to years), depending on the tissue and organ-
ism size (Peterson & Fry, 1987; Fry, 1988; Pinnegar
& Polunin, 2000; Vander Zanden et al., 2003, 2015;
Thomas & Crowther, 2015).

Statistical analyses to test ecological hypotheses

Changes in trophic structure can be analyzed based
on the relative trophic position of the organisms that
make up the community, comparing environments
with and without predators. In the present work, a
community approach was used to comprehensively
analyze these changes. The analyses were based
on the metrics developed by Layman et al. (2007a),
which allow the study of the structure, function (for
example, energy flow among species), and food web
dynamics using Bayesian statistical tools (Jackson
etal., 2011).

Layman’s community-wide metrics were used to
describe the trophic structure of the studied shal-
low lakes (Layman et al., 2007a). These metrics use
stable isotope compositions of the food web compo-
nents to describe their structure. The first four met-
rics are measures of the total extent of space within
the §'3C-8'"N biplot space, providing information
about trophic diversity throughout the community.
The two final metrics reflect the relative position of
the species to each other within the niche space and
can be used to estimate the degree of trophic redun-
dancy. The six parameters are described below.
Total area (TA) is the area of the convex hull that
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encompasses all groups within the food web, giving
a measure of niche area. The §'°C range (CR) is the
distance between the groups with the most positive
and most negative 513C values (i.e., maximum-min-
imum 6'°C). High CR values indicate the existence
of basal values with alternative and contrasting car-
bon sources, which provide niche diversification
at the base of the food web. The 6'°N range (NR)
is the distance between the groups with the most
positive and most negative 6'°N values (i.e. maxi-
mum-minimum 6'°N). High NR values suggest
more trophic levels and, therefore, a higher degree
of trophic diversity. Mean distance to centroid (CD)
is the average Euclidian distance of each commu-
nity component to the centroid, giving an indica-
tion of the average trophic diversity. Mean nearest
neighbor distance (MNND) measures the density
of species packing: small MNND means increased
trophic redundancy. Finally, standard deviation of
nearest neighbor distance (SDNND) measures the
evenness of species packing: lower SDNND means
more even distribution of species, suggesting an
increased trophic redundancy as different groups
have more similar trophic ecologies. In addition,
the standard ellipse area (SEA) was calculated as a
measure of the "central isotopic niche". SEA pro-
vides a more accurate comparison of the isotopic
niche of a community than the parameter TA, since
it is less sensitive to the effects of extreme values
and therefore always increases with sample size
(Jackson et al., 2011).

The analyses to test the first hypothesis were
based on the general model proposed by Layman
shown in Fig. 2. This model proposes various sce-
narios of change in the trophic positions of the com-
munity through the introduction of a predator, ana-
lyzing the redistribution of the relative distances of
the community components—in the space defined
by the stable isotope values—depending on the rela-
tive position that the introduced species will occupy.
However, this model does not take into account the
possible re-distributions of prey induced by the
presence of the predator, although the metrics can
capture these changes. Therefore, the present study
proposes a complementary scenario focused on prey
(Model B, Fig. 2d) and also when the predator is
introduced (Model A, Fig. 2c). In the proposed sce-
nario, the presence of the predator induces changes
in the spatial distribution and/or diet of the prey,
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Fig. 2 Scenario models of possible changes in a food web
due to the species introduction (circles). a the trophic web of
a hypothetical community composed of three species. b and
¢, the resulting configuration is shown after the introduction
of a top predator and an omnivorous species, respectively. d
an alternative scenario: changes due to the relative position
of the species with respect to the introduced species (as in

which could be analyzed based on the same metrics
proposed by Layman et al. (2007a).

Based on Layman’s conceptual model (Fig. 2c)
and the alternative scenario (Fig. 2d) proposed in
the present study, the following predictions were
expected.

The presence of the rainbow trout:

(1.a) will increase the trophic niche area (TA/SEA)
because in these lakes the trout is omnivorous and has
a pelagic-benthic diet. It can force its main prey to
inhabit and use resources from benthic/littoral zones
(**C enrichment), increasing the range of 6'3C values
(Fig. 2d).

(1.b) will increase the CR since trout can force its
main prey to inhabit and use resources from benthic/
littoral zones ('*C enrichment, Fig. 2d).
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513¢c

c¢), the changes are generated by the relocation of one of the
prey species (triangles) of the introduced species (circles). a—c
scenarios are adaptations of the model proposed by Layman
et al. (2007a) (with permission of the author), d scenario is an
alternative model proposed in the present study. Legends show
the expected changes for every metric proposed by Layman in
each of the proposed scenario

(1.c) will have the same NR because the distance
between species with higher or lower values of §'°N
will not change, considering that the trout is an
omnivorous species and would not increase the num-
ber of trophic levels (Fig. 2c¢).

(1.d) will increase the CD, given the greater use of
benthic/littoral resources (Fig. 2d).

(1.e) the potential occurrence of C and D sce-
narios generates uncertainty about the directionality
of MNND and SDNND metrics. Under scenario C,
the species will be increasingly grouped within the
food web, generating redundancy among the groups
given by the trout’s omnivory (Fig. 2c). In contrast,
under scenario D, increases in these metrics could be
observed due to a greater diversity of resource use
(Fig. 2d).
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While the above-mentioned analyses are focused
on evaluating trophic changes at the community level,
the occurrence of alterations in the trophic position
of a particular prey would provide information about
specific processes involved on these community
changes. In this context, our second hypothesis pos-
tulates that trout introduction generates changes in the
spatial distribution and/or diet of its main prey, affect-
ing their trophic position and forcing the use of alter-
native carbon sources. Therefore, differences in the
carbon isotopic compositions of amphipods between
stocked and fishless lakes would indicate changes in
resource use, for example, pelagic vs. benthic/littoral
sources of carbon. By assuming the hypothesis 2, the
prediction is that in stocked lakes, amphipods will
have isotopic values with greater dependence on litto-
ral resources (higher values of §'°C and lower values
of 6'°N) than in fishless lakes, since this prey could
increase the use of benthic/littoral zones as an anti-
predatory response. On the other hand, significant
changes in 6'°C values are expected for other col-
lected groups that represent secondary prey of trout,
although occasionally cladocerans and copepods are
intensely preyed by trout (Lancelotti et al., 2015).

General description of the food webs

Biplots (6"C and 8'°N) were examined to determine
the relative position of the organisms on the graph
and to evaluate the occurrence of feeding pathways
that might be differentiated with isotopic analyses.
In lakes of the basaltic plateaus, POM is an adequate
indicator of the §'*C of the pelagic pathway (Lance-
lotti, 2009), while snails (Lymnaea) have been identi-
fied as reliable indicators of the 5'3C of the benthic/
littoral zone (Adami, 2016). For instance, the biofilm
that also is a potential candidate integrates organic
matter from both benthic and pelagic origin, present-
ing great variability in these aquatic environments
(Lancelotti, 2009). Although snails were not present
in our samples, our interpretations of the trophic
structure were based on the relative position of the
organisms only in relation to the pelagic pathway,
considering POM as the basal level for this zone,
with the theoretical expected trophic enrichment (3.4
%o 8N and 1.0 %o 6'3C). The raw "N values were
used to compare the trophic position of the studied
groups of organisms.
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In order to interpret the results in the context of
pelagic and littoral/benthic food webs, we used an
arbitrary threshold enrichment value to define the
benthic pathways from the pelagic pathways. Stable
isotopes analyses conducted in 12 lakes of the Strobel
(Lancelotti, 2009), and one lake of the Buenos Aires
Plateau (47°09' S, 71°14’ W; Adami, 2016), indicated
a difference of at least 10 %o in 5'°C between benthic
and pelagic pathways. This value was arbitrarily used
in this study to determine the placement of organisms
to one of these zones.

Data analysis

Six metrics (TA, CR, NR, CD, MNND and SDNND)
proposed by Layman et al. (2007a) were calculated
for the studied lakes and compared between lakes
using the package SIBER (Parnell & Jackson, 2013)
in R (R Core Team, 2016). This analysis is adequate
to compare communities that differ in §'*C range and
in sample sizes (Jackson et al., 2011). The results of
these tests were a posteriori distribution of the esti-
mates of each metric, providing a measure of uncer-
tainty and allowing comparisons with statistical
validation. These results were graphically compared
between lakes based on the visual analysis of the con-
fidence intervals (ClIs), where the degree of overlap
between the Bayesian distributions was used as an
indication of similarities/dissimilarities among lakes
(Abrantes et al. 2014). Based on the aforementioned
distributions, the corrected standard ellipse area
(SEAc) was also calculated using the package SIBER
(Jackson et al., 2011) in R (R Core Team, 2016). It
allows bias corrections due to small sample sizes and
differences in the groups analyzed number (Jackson
et al., 2011). Finally, the overlap between the SEA
among lakes was calculated as a quantitative measure
of the trophic similarity between the communities.

To test hypothesis 2, we generated Cls of the linear
distance of the average value of 6'3C of amphipods
with respect to the average value of §'°C obtained for
POM, and for the best represented organisms in the
samples. The null hypothesis was that there are no
significant differences in the mean distance between
amphipods and the groups analyzed between fishless
and stocked shallow lakes. The analyses were also
performed to evaluate variations in §'°N values. The
CIs for each isotope separately were generated from
Bootstrap resampling (Efron & Tibshirani, 1993).
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Results
Food webs

The aquatic communities of the four analyzed lakes
were dominated by three groups of crustaceans:
amphipods (Hyalella sp. of different sizes), copepods
of the species Parabroteas sarsi (Daday 1901) and
Boeckella spp. (two size classes), and cladocerans,
which were represented by several species of Daph-
nia and Alona (only in stocked lakes). Leeches (Hir-
udinea) were also relatively abundant in these envi-
ronments. Insect larvae of the Leptophlebiidae family
(Order Ephemeroptera) and Chironomidae family
(Order Diptera) were only collected in fishless lakes,
with an average of 18 individuals per sample.

The food webs of the four lakes showed two groups
of organisms clearly differentiated based on stable
isotope compositions: a strictly pelagic group (P. sarsi
and POM) and a group of organisms more related to
littoral resources (amphipods, Alona, Ephemeroptera
and Chironomidae larvae). Meanwhile, Boeckella,

Daphnia and Hirudinea were associated with both
groups (Fig. 3).

In stocked lakes, the communities had more posi-
tive 6'°N (4.7-16.9 %o) than in fishless lakes (0.6
— 11.7 %o) and also showed greater ranges of §'°C
values (— 26.7 %o to — 14.4 %o), with respect to fish-
less lakes (-30 %o to -18.1 %o) (Fig. 3 and Online
Resource 1, Table 1_ SI). The POM §'3C values
did not show substantial variations between the two
groups of lakes, ranging between — 27.5 %o and
— 26.2 %o in fishless lakes, and between — 26.6 and
— 25.9 %o in stocked lakes. The values of 6°C of
biofilm in fishless lakes ranging from — 25.7 %o to
— 23.9 %o, whereas in the stocked lake R2 was -26.3
%o. Unfortunately, carbonate contaminated the single
biofilm sample from the stocked lake R3.

We estimated qualitative trophic positions based
on nitrogen isotopic compositions of an organism
group relative to other organisms in the lakes. For
example, in the pelagic environment, P. sarsi occu-
pied the highest trophic position with §'°N values
of 11.5+3.0 %o with more negative values of §'°C
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/ /
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::1?’ K P. sars’i K
n , ’ fi N
9 .P. sarsi / +Hirudinea ) ..leudmea
7 Boeckellal )/ )/ BoeckellaL
. oeckella 4 / B¢IOF * BoeckellaS
- ) . ®Daphnia
3 _ o Omﬁnma@,gp"ang Boeckellas pome  EPhem M n o
L m A )
e Ephef Amsm_—h——lﬁmphs | _ Amphl. DAmphS
mZ
o R2 With fish R3 With fish .
15 - K ——O. mykiss P. sars/i/ * _¢—0. mykissH' .
— P sarsi ¢ Hirudi S e irudinea
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Fig. 3 6'3C and 6N values (mean and standard deviation) of
the most abundant groups in the four studied lakes. The dot-
ted lines indicate the expected enrichment under the hypotheti-
cal model (3.4 %o 6N and 1.0 %0 8'3C), with the particulate

I I I I I I [ [ I
o © © T N © w © <
@ a4 9@ o o « = - 7
3'°C
organic matter (POM) considered as the basal level of the

pelagic pathway. Amph: Amphipods; BIOF: Biofilm; Ephem:
Ephemeroptera; sizes: large (L), medium (M), and small (S)
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with respect to the rest of the organisms (Fig. 3
and Online Resource 1, Table 1_ SI). Both large
and small sized Boeckella spp. were at intermedi-
ate trophic positions with 6"°N of 9.3+3.7 and
8.4 +3.9 %o, respectively, although the smaller spe-
cies were more positive in 5'°C than the larger ones.
Daphnia spp. "N values suggested a lower trophic
position: 7.2+3.0 %o with relatively low &'°C
values. Hirudinea were located at 10.2+2.2 %o
5N, with 6'3C values more positive with respect
to the pelagic pathway. Within the fishless lakes,
the insect larvae (both Ephemeroptera and Dip-
tera) 8'°N were 3.2+ 1.4 %o, having more positive
513C with respect to POM, indicating these organ-
isms were at a very low trophic level. Alona spe-
cies, which appeared only in one stocked lake (R2),
were located at the same trophic level as Boeckella
(small size) and close to the Hirudinea group (Fig. 3

and Online Resource 1, Table 1_ SI). Littoral and
pelagic amphipods occupied the lowest trophic
position with respect to the rest of the organisms
and in some cases had more negative 5'°N than the
POM sample we measured. Amphipods collected
from pelagic and littoral zones showed similar 5'°C
values, related to the littoral zone in all four lakes
(Fig. 3 and Online Resource 1, Table 1_SI).
Although size and sex can affect stable isotope val-
ues in fish, no relationship between size and 5N or
813C was found for rainbow trout measuring 39.4 to
66.7 cm (Online Resource 1, Table 2_SI). Trout were
located at a trophic level higher than that of P. sarsi
based on nitrogen isotope compositions. The val-
ues of 6'3C and 6N varied from -24.2 to -18.1 %o
and 14.5 to 17.2 %o, respectively (Online Resource
1, Table 2_SI), showing an intermediate location
between the pelagic and littoral pathway. In lake R3,

Table 2 Summary of the expected and observed changes in the metrics according to model A (focus on the introduced species:
Oncorhynchus mykiss) and B (focus on the main prey of the introduced species: amphipods)

Model Metric Expected effect due

to the presence of

Explanation

Observed effect
by presence of

fish fish
A TA/SEA No changes The predator that joins the food web is omnivorous and has a No changes

pelagic-benthic diet

CR No changes Organisms already exist that make use of both pelagic and No changes
benthic sources

NR No changes Trout is an omnivorous species and does not increase the num-  No changes
ber of trophic levels

CD No changes The predator that joins is omnivorous and does not generate No changes
changes in the average euclidean distance among community
components

MNND SDNND Decrease The species will be more grouped within the food web gen- Decrease
erating redundancy among the groups given by the trout’s
omnivory

B TA/SEA Increase The predator that joins the food web is omnivorous that will No changes

prey mainly on amphipods, which will make greater use
of benthic/littoral resources as an anti-predatory response,
increasing the 6'3C space

CR Increase The distance between amphipods and the rest of the groups, No changes
with richer and poorer 5'3C values, will be greater

NR No changes Trout is an omnivorous species and does not increase the num-  No changes
ber of trophic levels

CD Increase The average Euclidean distance between the amphipods and the No changes

centroid will be greater, since they will make greater use of
the benthic/littoral resources

MNND SDNND Increase

The amphipods will make greater use of carbon of the littoral

Decrease

zone, breaking down into the food web

TA/SEA trophic niche area, NR 5PN range, CR s range, CD mean distance to centroid, MNND mean nearest neighbor distance,

SDNND standard deviation of the NND

@ Springer



Hydrobiologia (2022) 849:2057-2075

2067

the CPUE for trout was twice (1 fish per net h™") than
in lake R2 (Online Resource 1, Table 2_SI).

Community metrics

Isotope ratios of organisms from these lakes showed
substantial differences in the position of the isotopic
niche between fishless and stocked lakes (Fig. 4).
These two groups were clearly separated and did not
spatially overlap. The areas calculated as proxy for
the total isotopic niche size (TA), and the standard
ellipse areas (SEA), showed a clear shift regarding
the isotopic values of the stocked lakes, toward more
positive values of 6'3C and 8'°N. R3 (with fish) and
R26 (without fish) lakes presented the highest values
of niche areas 43.7 %o* and 56.7 %o>, respectively
(Fig. 4 and 5a), and corrected SEA (SEAc), 21.5 %0”
and 17.4 %o, respectively (Fig. 5b).

Although TA/SEA values did not show signifi-
cant differences among the studied lakes, R22 (fish-
less lake) presented the smallest total occupied niche
area compared to the rest of the water bodies. The TA
and SEA overlapped at 95% Cls between lakes with
and without fish (Fig. 5.a, 5.b and Online Resource
3), indicating that the community responded with the
type A model, which is focused on the novel species
added to the system (Table 2). The standard ellipses
only overlapped between the two defined groups of
lakes, accounting for 5.19 %> and 7.66 %.* for fish-
less and stocked lakes, respectively (Fig. 4).

All other metrics analyzed did not show sub-
stantial differences between fishless and stocked

Fig. 4 Values of 5'°C 20 7

and 6N of all samples R22
analyzed showing the total ESB
areas or total occupied 54 R3

niche (doted lines), and
areas of the standard ellip-
ses (solid lines). Symbols
corresponds to each lake

5°N (°/oo)

lakes (Table 2), as shown by the large overlaps in
CIs (Online Resource 3). While the highest CD was
obtained in one of the stocked lakes (R3=3.8 %o)
(Online Resource 2, Fig. 1a_SI), this value was not
significantly different to the other lakes, and no differ-
ences were observed among the rest of the water bod-
ies either. Likewise, the 6'°C ranges showed greater
variation within the groups defined by the presence/
absence of the trout than between them (Online
Resource 2, Fig. 1.b_SI). Lakes R3 (stocked) and R26
(fishless) showed the greatest range of 6'°C, 9.4 %o
and 10.1 %o, respectively. There were no significant
differences in the 5'°N ranges among any of the stud-
ied lakes (Online Resource 2, Fig. 1.c_SI). Finally,
the MNND and SDNND metrics showed higher val-
ues in fishless lakes (Fig. 5.c and 5.d), although only
significant differences were observed between R26
(fishless) and the rest of the lakes. These metrics sup-
ported model A, which is focused on the introduced
trout to the system (Table 2).

Amphipod analysis

In fishless lakes, amphipods were collected from both
littoral and pelagic zones. In the stocked lake R2,
no amphipods were found in the water column, and
only six individuals of different sizes were found in
the stocked lake R3 (Online Resource 1, Table 1_SI).
Amphipods collected in fishless and stocked lakes
occupied the first trophic position (Online Resource
1, Table 1_SI). Amphipods collected in pelagic and
littoral zones had 6'°C values related to the littoral
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Fig. 5 Density plots showing confidence intervals of the: a
areas of the total isotopic niche (TA), b standard ellipse areas
(SEA) occupied by the species in each lake, ¢ mean distance
of the nearest neighbor (MNND) and d standard deviation of

zone in the four analyzed lakes (Fig. 3). However,
in fishless lakes, large amphipods had more nega-
tive 6'°C than the small and medium size individuals
(closer to the pelagic zone; Figs. 3 and 6). In contrast,
in stocked lakes the 6'3C values of the amphipods of
all sizes clearly were more positive than fishless lakes
(Figs. 3 and 6).

Large amphipods showed shorter distances from
the mean value of '°C relative to every other com-
pared organism (Daphnia, Boeckella, and P. sarsi)
and POM, than medium size amphipods (Online
Resource 2, Fig. 2a_SI), indicating higher depend-
ence on pelagic resources for larger sized amphi-
pods. Additionally, these distances, for large and
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medium size amphipods, were significantly higher
in stocked lakes than in fishless lakes (Online
Resource 2, Fig. 2a_SI), indicating that amphipods in
stocked lakes comparatively depend more on littoral
resources.

A clear pattern has not been found among lakes
with and without fish in relation to the 6N dis-
tances values, when amphipods were compared
with the other analyzed groups (Online Resource 2,
Fig. 2b_SI). In general, shorter distances between the
5N means were observed among larger amphipods
vs. the selected groups (POM, Daphnia, Boeckella,
and P. sarsi). Particularly, a smaller 5N distance
between amphipods (large and medium sizes) vs.
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POM, Daphnia and P. sarsi was found in the R2 lake
(stocked).

Discussion

Comparative studies of fishless and stocked lakes of
the Strobel Plateau have shown the consequences at
several organizational levels in the aquatic commu-
nities, due to rainbow trout introductions. Stocked
lakes revealed changes in the planktonic communi-
ties: higher phytoplankton biomass, greater cyano-
bacteria abundances (Izaguirre & Saad, 2014), and
also the reduction of the abundance and size spec-
trum of zooplankton, with smaller Daphnia spp. and
Boeckella spp. (Lancelotti et al., 2017). Alternatively,
higher total zooplankton and macrozooplankton bio-
mass were registered in fishless lakes (Izaguirre et al.,
2018). Additionally, shifts in the community macroin-
vertebrate structure were observed with differences

mainly driven by the relative abundance of Ostra-
coda, Hyalella, Chironomidae, and Haliplus (Lopez
et al., 2021). In particular, Lancelotti et al. (2017)
showed the absence of pelagic amphipods in stocked
lakes and high abundance of these organisms in fish-
less ones. In line with these results, the findings pre-
sented here provide evidence that the presence of fish
exerts a marked influence on the food web structure
and nutrient cycles of the analyzed lakes, which could
have significant consequences for the receiving com-
munities, as it is discussed below.

Food webs and community metrics

Insect larvae appeared only in fishless lakes, indicat-
ing a direct effect of trout on the community compo-
sition. Similar results were reported for the pelagic
organisms in this lake system, in which trout were
responsible for the reduction of abundance and prey
size of their main prey (Lancelotti et al., 2017). The
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extinction and reductions of aquatic insects due to
fish introduction have been extensively covered in lit-
erature, as is the case of Ephemeroptera populations
(Luecke, 1990; Knapp et al., 2001; Caudill, 2003;
Finlay & Vredenburg, 2007; Epanchin et al., 2010).
Additionally, the reduction of the abundance of insect
larvae could suppress the grazing pressure on the
periphytic community, enhancing the development of
algal biomass, and changing algal species composi-
tion (Townsend, 2003).

The differences in 6'°C and 6'°N values between
fishless and stocked lakes can be explained by mul-
tiple factors related to natural variations among the
analyzed environments and by the presence of trout.
Our results are in line with bottom-up processes
in which the regulation of food web components
occurs via the type of primary producer or by limit-
ing primary producers’ nutrient resources (Pace et al.,
1999). The higher concentrations of total nutrients,
DOC, and higher conductivity, in addition to high
basal 5'°N values observed in the stocked lakes, could
be related to the presence of fish that would increase
organic matter resuspension and nutrient recycling,
as well as natural processes related to water levels,
drainage patterns, and bottom substrate composition
(Vanni, 1996; Schindler & Scheuerell, 2002; Feniova
et al., 2016). In shallow systems, fish are known to
increase turbidity significantly by bioturbation of
the sediment, as well as by indirect mechanisms that
influence algal biomass and phosphorus concentra-
tions (Jeppesen, 1998). The microbial decomposi-
tion of organic matter results in the initial release of
isotopically light nitrogen, such as ammonia, and the
residual organic matter becomes isotopically heavier
(Macko & Estep, 1985). Decomposition results in an
accumulation of isotopically heavy organic nitrogen
at the deeper depths, which can then be incorporated
by the periphyton, grazing invertebrates and finally
their predators (i.e., fish) (Estep & Vigg, 1985).

Trout modify the trophic structure of the aquatic
community of stocked lakes in the Strobel Plateau.
The strong overlap of the standard ellipses occupied
by the species of each lake within each set of lakes
(fishless and stocked) denoted the isotopic niches
superposition that reveal the similarity of the trophic
structure among the studied lakes with a clear shift in
values of 6"°N and §'*C between stocked vs. fishless
lakes. The variations in some metrics between the
two stocked lakes could be related with trout density
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and predation pressure and limnological differences
between lakes.

Among the Layman’s community metrics, the
MNND and SDNND were the most informative
about the trout’s effects, showing lower values on
lakes with trout, meaning that the organisms belong-
ing to lakes with O. mykiss had a more uniform spe-
cies distribution, which would indicate greater trophic
redundancy. This finding could be related to the fact
that trout and P. sarsi, a pelagic predatory/omnivo-
rous copepod (Hansson & Tranvic, 2003), occupied
a similar trophic role, resulting in an unaltered trophic
dimension but with higher number of components.
These results are coherent with model A, which is
focused on the introduced species, and not on the
main prey (amphipods). Similar results were obtained
in studies based on these metrics. For example, Lay-
man et al. (2007b) reported that the introduction of
a new predator caused a reduction of prey species,
because of a homogenization of energy flow pathways
to top predators. Vidal et al. (2020) suggested that fish
feeding in the pelagic zone in Tasmanian lakes caused
the reduction of trophic diversity of zooplankton.

Amphipod analysis

In the absence of trout, amphipods depend on both
littoral and pelagic resources, as previously reported
by Lancelotti (2009), based on stable isotopes analy-
ses in more than 12 water bodies. Additionally, the
available information indicates that in this lake sys-
tem, amphipods feed mainly on diatoms and bacteria
from periphyton and detritus (Lucchini, 1975; Casset
et al., 2001). In the present study, we infer that the
diet of amphipods changes throughout their life cycle,
with a greater use of pelagic resources in the larger
size classes and a greater dependence on littoral/ben-
thic resources in the smaller sizes.

Our study showed that trout generate changes in
the spatial distribution and/or diet of its main prey,
including the use of alternative carbon sources. In
stocked lakes amphipods showed higher dependency
on benthic/littoral resources, which could respond
to anti-predatory responses to the presence of trout.
Similar trophic changes in prey were observed in
other aquatic systems with fish introduction (Vander
Zanden et al., 1999b). The most noticeable changes
in the relative position of amphipods, between fish-
less and stocked lakes, were observed in relation to
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values of POM and organisms at the most basal levels
(Daphnia and small Boeckella), which are secondary
prey of trout (Bandieri, 2011; Lancelotti et al., 2015).
This result also supports the hypothesis of changes in
spatial distribution of amphipods as an anti-predatory
response, considering that the secondary prey did not
change the spatial distribution in comparison with
amphipods.

In contrast, the 8'°N distances between amphipods
and the analyzed groups did not produce conclusive
results regarding the presence/absence of trout. The
statistical distances calculated between amphipods vs.
large Boeckella and vs. P. sarsi showed higher varia-
tions when fishless and stocked lakes were compared.
This is an expected result, considering that these lat-
ter groups are secondary prey for trout and belong
to higher trophic levels than Daphnia and small
Boeckella.

Changes in spatial distribution of prey following
the introduction of exotic fish have been extensively
reported in the literature (Gliwicz & Rowan, 1984;
Fraser & Huntingford, 1986; Stuart-Smith et al.,
2008; Martinez-Sanz et al., 2010; Milano et al., 2010;
Vidal et al.,, 2020). Like amphipods, invertebrate
communities typically use macrophyte beds or rocks
as refuges against predators (McIntosh, 2000; Stuart-
Smith et al., 2008). Behavioral research in New Zea-
land streams addressed the effect of Salmo trutta Lin-
naeus 1758 introductions on grazing invertebrates,
confirming that they spend less time out in the open
and feed closer to refuges when trout are present
(Townsend, 2003). Experimental studies demon-
strated that galaxiids, a group of fish that inhabit most
aquatic systems of Patagonia, change their habitat use
in the presence of non-native predatory fish, tending
to spend less time in open waters, shifting to mac-
rophyte or rock beds while simultaneously reducing
their swimming activity (Stuart-Smith et al., 2008;
Milano et al., 2010).

Potential impact on the Hooded Grebe

The fishless and stocked lakes of the Strobel Lake
Plateau provided an opportunity to carry out this
“natural experiment” elucidating essential ecologi-
cal questions about rainbow trout introductions and
to provide basic information to support manage-
ment actions. The results of the present investiga-
tion reinforce the concerns about the effects of trout

on primary reproductive habitat and on the survival
of the Hooded Grebe. In particular, amphipods are
among the most abundant and largest prey in these
environments, and among the most important food
items recorded for this endangered species (Fjeldsa,
1986). The lack of amphipod availability in the
water column could involve a higher cost to obtain
alternative prey and also could drive grebes to use
less nutritive prey, affecting their performance from
a bioenergetic point of view. Besides, the reduction
of prey availability has been proposed as a poten-
tial cause of the abandonment of an active colony
of these birds (Fjeldsa, 1986). In this context, the
effects of trout introductions could be particularly
drastic in lakes with Hooded Grebe colonies, where
the survival of chicks strongly depends on food
availability.

The macrophytes, strongly dominated by Myrio-
phyllum quitense Kunth in this aquatic system, are
the building material and platform for the nests of
Hooded Grebe, representing also their main forag-
ing area (Roesler, 2016). The increase of nutrient
recirculation caused by trout could modify the lim-
nological characteristics of lakes, changing from a
clear water/macrophyte dominated state to a turbid
condition (Scheffer et al., 1993; Scheffer and van
Nes, 2007), favoring the development of phyto-
plankton and adversely affect the growth of aquatic
vegetation. The importance of these conditions is
supported by the higher values of total nitrogen and
6N observed in the studied stocked lakes com-
pared to fishless ones. In addition, the decrease in
water level on lakes may also enhance the adverse
effects of fish introduction in this lake system
(Izaguirre et al., 2018).

Based on the available evidence of the effects of
trout on this aquatic system, and their potential con-
sequences at community and ecosystem level, it is
recommended that non-native trout populations be
removed to guarantee the conservation of Hooded
Grebe. Furthermore, it is necessary to prevent new
fish introductions. There is an ongoing initiative of
trout eradication in several lakes of the Lake Strobel
Plateau, which involve non-governmental organiza-
tions, aquaculture producers, researchers, governmen-
tal authorities, and FAO/UN, which could represent a
first significant step to change the productive matrix
of this aquatic system, to a more sustainable scheme
in terms of habitat conservation.
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