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Abstract

Biological invasions are expected to alter food web structure, but there are limited

empirical data directly comparing invaded versus uninvaded food webs, particu-

larly in species-rich, tropical systems. We characterize for the first time the food

web of Lake Gatun—a diverse and highly invaded tropical freshwater lake within

the Panama Canal. We used stable isotope analysis to reconstruct the trophic

structure of the fish community of Lake Gatun and to compare it to that of a min-

imally invaded reference lake, Lake Bayano. We found significant differences

between the trophic structures of these two Neotropical lakes, notably that Lake

Gatun’s fish community was characterized by a longer food chain, greater isotopic

diversity, a broader range of trophic positions and body sizes, and shifts in the iso-

topic positions of several native taxa relative to Lake Bayano. The degree of isoto-

pic overlap between native and non-native trophic guilds in Lake Gatun was

variable, with herbivores exhibiting the lowest (20%–29%) overlap and carnivores

the greatest (81%–100%). Overall, our results provide some of the first empirical

evidence for the ways in which multiple introduced and native species may parti-

tion isotopic space in a species-rich tropical freshwater food web.
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INTRODUCTION

A central goal in ecology is to understand the mecha-
nisms that influence the size and structure of food webs
(Polis & Winemiller, 2013). One major influence on

contemporary food webs is the addition of non-native
species via human-mediated introductions. Introduced
species can influence the abundance, distribution, behav-
ior, and trophic ecology of native species and, thus, can
alter both the nodes and links of food webs, resulting in
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complex changes in overall food web structure in invaded
systems (David et al., 2017; Jackson et al., 2017; Sagouis
et al., 2015). Freshwater ecosystems provide interesting
systems to explore these effects, as they tend to be heavily
invaded and have also been frequently used as model sys-
tems to develop and test theory in trophic ecology
(Jackson et al., 2017).

Rigorously quantifying invader impacts at the whole food
web level requires directly comparing an entire food web
before versus after invasion and/or comparing similar food
webs that vary in the level of invasion; however, a recent sys-
tematic review concluded that such studies were “exceed-
ingly rare” (David et al., 2017). Indeed, to our knowledge,
only five studies have tested for the consequences of inva-
sions in freshwater systems at the food web scale
(Amundsen et al., 2013; Britton et al., 2010; Ozersky et al.,
2012; Vander Zanden et al., 1999; Wainright et al., 2021;
Woodward & Hildrew, 2001)—and all of these focused on
temperate ecosystems. These studies found evidence for
marked changes in food web structure following invasion,
including increases in food chain length (Walsworth et al.,
2013; Woodward & Hildrew, 2001) and overall isotopic niche
breadth (Rogosch & Olden, 2020; Wainright et al., 2021).

The lack of comparative food web studies from the
tropics limits our understanding of the global conse-
quences of invasions given that the diversity of both
native (Lévêque et al., 2008) and introduced (Sax, 2001)
fishes varies with latitude. There is also evidence that
biotic resistance toward non-native species may be stron-
ger in the tropics (Freestone et al., 2013), so we might
expect the food web consequences of invasions to be very
different in species-rich tropical assemblages than they
are in more depauperate temperate lakes. The Neotropics
in particular are home to the most taxonomically and
functionally diverse fish fauna in the world (Albert et al.,
2020; Toussaint et al., 2016), yet a review of 45 studies
that examined the trophic consequences of freshwater
fish invasions found that only 2% were conducted in the
Neotropics (Cucherousset et al., 2012).

Here, we seek to address this gap by characterizing the
food webs of two large Neotropical lakes that vary in their
level of invasion. We compared the isotopic structure of a
highly invaded fish community (Lake Gatun; with
16 non-native species) to that of a minimally invaded ref-
erence lake (Lake Bayano, with only a single non-native
fish species). Both lakes have a similar history of impound-
ment and similar morphometry and physiochemical vari-
ables (Sharpe et al., 2017), and their native communities
derive from rivers with similar freshwater fish faunas
(Meek & Hildebrand, 1916; Smith & Bermingham, 2005).

The unique invasion history and biogeographical con-
text of this system make it a good model for exploring how
novel food webs are structured when multiple species with

little or no coevolutionary history begin interacting with one
another. Lake Gatun was formed by the damming of the
Chagres River in 1914, which bridged the continental divide
and brought the historically separate Atlantic and Pacific
freshwater fish faunas into secondary contact (Meek &
Hildebrand, 1916; Smith et al., 2004). The lake was initially
colonized by native riverine species from the Rio Grande
and Chagres watersheds, leading to a rich assemblage of
native freshwater fishes (Breder, 1944). The newly formed
Lake Gatun also formed part of the Panama Canal—one of
the world’s major interoceanic shipping routes. This has
allowed for multiple freshwater-tolerant marine and estua-
rine species from both the Atlantic and Pacific oceans to dis-
perse into Lake Gatun over the past century
(Castellanos-Galindo et al., 2020; Cohen, 2006; Hildebrand,
1939). Finally, between the 1960s and 1990s, multiple
non-native freshwater fishes were intentionally introduced
for aquaculture or fishing (Gonzalez, 1995), most notably
the predatory Peacock bass (Cichla monoculus), which had
dramatic and long-lasting effects on the diversity and struc-
ture of the native fish community (Sharpe et al., 2017;
Zaret & Paine, 1973). Although efforts have been made to
document these invasions (Castellanos-Galindo et al., 2020;
Guiterrez et al., 1995; Schreiber et al., 2023; Sharpe et al.,
2017) and to understand their impacts on community struc-
ture (Sharpe et al., 2017; Zaret & Paine, 1973), their conse-
quences for the food web remain unexplored.

To empirically compare the food webs of these two
lakes, we use stable isotope analysis (SIA)—an approach
that infers trophic relationships among species from mea-
surements of the ratios of carbon and nitrogen isotopes
in their tissues (Fry, 2006; Peterson & Fry, 1987). SIA is
now widely used to visualize food web structure (Layman
et al., 2012), study trophic niches (Bearhop et al., 2004;
Newsome et al., 2007), and quantify food web responses
to perturbation (Layman et al., 2005; Layman,
Quattrochi, et al., 2007). We posed the following ques-
tions: (1) How does trophic structure (food chain length,
isotopic niche breadth, trophic position [TP] and body
size distributions) differ between a minimally invaded
(Bayano) versus heavily invaded (Gatun) assemblage?
(2) To what extent do native and non-native trophic
guilds overlap in isotopic niche space? (3) How do the
TPs of native species shift between lakes?

METHODS

Study sites and field collections

Our study focused on lakes Gatun and Bayano, located
approximately 120 km apart in central Panama
(Appendix S1: Figure S1). Both are artificial reservoirs
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and are similar in terms of morphometry, physiochemical
parameters, and original freshwater fish faunas, but differ
in invasion history, with Gatun having at least
16 non-native fishes and Lake Bayano having only one
(Appendix S1: Tables S1–S3). Gatun’s non-native fishes
include freshwater fishes stocked for aquaculture and
recreational fishing between the 1960s and 1990s, as well
as marine species that appear to have migrated from the
ocean through the locks, most of which began regularly
appearing in catches in Gatun after 2013 (Appendix S1:
Table S2). Some of these marine species have established
permanent breeding populations in Gatun
(e.g., Microphis lineatus [Breder, 1944]), but it remains
unclear whether or not the majority breed in the lake.

Fish and invertebrates were collected between 2013
and 2018 using a variety of gear, including multipanel
experimental gill nets, beach seines, cast nets, minnow
traps, baited bottle traps, and angling (see Appendix S1
and Sharpe et al., 2017 for details). All field samples were
collected with permission from Panama’s Ministerio del
Ambiente (Permit nos. SE/AP-21-13, SC/A-29-13,
SE/AP-11-15, and SE/AP-40-15), and all handling of live
vertebrates was done in compliance with the
Smithsonian Tropical Research Institute’s (STRI)
Institutional Animal Care Committee (IACUC Protocol
nos. 2013-0507-2016, 2016-0224-2019). We collected
surface-grazing snails (Pomacea sp. and Melanoides
tuberculata) and filter-feeding bivalves (Anodonta luteola,
Corbicula fluminea) to characterize the base of littoral
and pelagic food webs, respectively (Cabana &
Rasmussen, 1996; Post, 2002). Fish were classified by tro-
phic guild (herbivores, omnivores, and carnivores;
Appendix S1: Table S4) and by origin (native, marine, or
introduced; Appendix S1: Table S2). We considered both
of the latter categories (marine and introduced) to be
“non-native,” as they both gained access to the lake via
anthropogenic vectors.

Food web reconstruction

The trophic structure of the fish communities of both
lakes was reconstructed using SIA. Muscle tissues were
dissected, ground, and dried following standard protocols
(Appendix S2). Isotopic ratios (δ13C and δ15N) were mea-
sured with a mass spectrometer and are reported using δ
(delta) notation, where

δ13C and δ15N¼ Rsample

Rstandard
− 1

� �
× 1000,

where R is the ratio of 13C:12C or 15N:14N, and the stan-
dards are Pee Dee Belemnite for carbon and atmospheric

nitrogen for N. Isotopic baselines differed across lakes
(Appendix S2: Figures S2 and S3), and so δ15N values of
all fishes were corrected to facilitate more direct compari-
sons between the two food webs, as follows:

δ15Nadj ¼ δ15Ni − δ15Nbaseline,

where δ15Ni is the raw (unadjusted) isotopic values for
the ith individual, and δ15Nbaseline is the lake-wide mean
δ15N of primary consumers (mean δ15N for pelagic
and littoral primary consumers, respectively, were similar
for Gatun [6.40± 0.14 vs. 6.41± 0.22] and Bayano
[3.12± 0.08 vs. 3.69± 0.22]). There was no significant
ontogenetic variation for the majority of fish species
examined (Appendix S2: Figures S4 and S5), suggesting
that our sampling approach (of targeting only adults) was
largely effective at controlling for this potential
confounding factor (see Appendix S2 for details). We also
examined the magnitude of interannual variation in iso-
topic signatures (Appendix S2: Figures S6–S8). We found
that relationships among species remained consistent
through time, and years were therefore pooled in all sub-
sequent analyses.

We used the Stable Isotope Bayesian Ellipses (SIBER)
package in R (Jackson et al., 2011) to estimate the isoto-
pic niche widths of native, introduced, and marine tro-
phic guilds (Appendix S2: Table S1) and to estimate the
overall isotopic niche breadth of each food web using
community-wide metrics (Layman et al., 2007). These
included (1) δ15N range (NR), which provides an estimate
of the vertical structure within a food web; (2) δ 13C
range (CR), which provides an estimate of the variety of
basal resources exploited; (3) total convex hull area (TA);
and (4) mean distance to centroid (CD), where both of
the latter two metrics provide an overall measure of tro-
phic diversity within the food web.

We estimated the TP of each fish species (Jepsen &
Winemiller, 2002; Post, 2002) using the equation

TP¼ λ+
δ15Ni − δ15Nbaseline
� �

Δn
,

where λ is the TP of the organisms used to estimate
δ15Nbaseline, in this case two for primary consumers (gas-
tropods and bivalves); δ15Nbaseline is the mean δ15N of pri-
mary consumers, measured directly; and Δn is trophic
fractionation rate. We used a fractionation rate of 2.54‰,
which was the mean from 134 controlled studies
(Vanderklift & Ponsard, 2003). The food chain length of
each lake was estimated as the maximum TP.

We visualized trophic structure by plotting mean TP
for each species (estimated from our isotopic data, see
above) against mean body size and relative biomass
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(estimated from our 2013–2015 field surveys; see Sharpe
et al., 2017 and Appendix S2 for details). Finally, we com-
pared the baseline-adjusted isotopic signatures (δ15Nadj)
of all native, freshwater taxa that were present in both
lakes using t-tests or Wilcoxon tests (see Appendix S2 for
details).

RESULTS

Stable isotope biplots revealed key differences in overall
trophic structure between Lake Bayano (14 species with
one non-native species, ca. 7%) and Lake Gatun (29 spe-
cies with 16 non-native species, ca. 55%; Figure 1). In
Lake Bayano, native fishes were relatively tightly clus-
tered in isotopic space, resulting in a relatively small
native convex hull area (Figure 1a). The native pike
characid Ctenolucius beani, a piscivore, was the most
δ15N-enriched, and the native herbivore, Cyphocharax
magdalenae, had the lowest mean δ15N (Figure 1a).
Lake Bayano contained a single introduced fish, the
herbivorous Nile tilapia, Oreochromis niloticus, which

clustered closely in isotopic space with the native
herbivore C. magdalenae (Figure 1a). The core isotopic
niche (SEAc) of native herbivores in Lake Bayano
overlapped to a moderate degree with that of the single
introduced herbivore, O. niloticus (Figure 2a).

In Lake Gatun, native species were more widely dis-
persed in isotopic space, resulting in a much larger native
convex hull area than Lake Bayano (Figure 1b). The food
web for Lake Gatun also contained 16 novel species, of
which seven were introduced freshwater species and nine
were marine species that entered the lake through the
Panama Canal locks (Castellanos-Galindo et al., 2020;
Sharpe et al., 2017). In terms of their trophic guilds,
11 were carnivores, four were herbivores, and one was an
omnivore. Isotopic means for the majority (nine out of
16) of these non-native species were located either on the
periphery, or outside, of the isotopic niche space occu-
pied by native species (Figure 1b). For example, six
marine carnivores (the anchovy Anchoa parva, the fat
snook Centropomus parallelus, the swordspine snook
C. ensiferus, the common snook C. undecimalis, the yel-
low jack Caranx sp., and the tarpon snook C. pectinatus)

F I GURE 1 Stable isotope biplots for Lakes Bayano (a) and Gatun (b). Data shown are mean (±1 SE) adjusted δ15N (‰) and δ13C (‰)

for all species of fish sampled, grouped by trophic guild and by origin. Please see Appendix S1: Table S2 for species codes. Species and genera

that are common to both lakes are in bold. The dashed line is a convex hull polygon around the native fish community. The pelagic and

littoral baselines are the mean δ13C values of bivalves and snails, respectively.
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were more δ15N-enriched than all native freshwater
carnivores. In addition, the non-native herbivores
(the redbreast tilapia Coptodon rendalli, the flag cichlid
Mesonauta festivus, and the white mullet Mugil curema)
were more enriched in δ13C than all native herbivores
(Figure 1b).

At the level of entire trophic guilds, there was a high
degree of overlap in Gatun in the core isotopic niches
(SEAc) of native, marine, and introduced carnivores
(Figure 2b). However, this overlap was asymmetrical,
with native carnivores experiencing the highest degree
of overlap (Figure 3a), both from marine carnivores
(81% overlap) and introduced freshwater carnivores
(100% overlap). In contrast, introduced freshwater carni-
vores experienced the lowest degree of overlap
(Figure 3c), with only 41% overlap from native carnivores
and 53% from marine carnivores. Marine carnivores
experienced an intermediate level of overlap (Figure 3b),
with 62% overlap with native carnivores and 81% overlap
with introduced carnivores. There was low niche overlap
among the herbivores in Lake Gatun, with native and
introduced herbivores showing 20% and 29% isotopic
niche overlap, respectively. Indeed, there was clear
niche partitioning among Gatun’s herbivores along the
δ13C axis. Native herbivorous fishes (C. magdalenae,
Hemiancistrus aspidolepsis and Poecilia gilli) were more
depleted in δ13C, suggesting a greater reliance on pelagic
primary production. In contrast, introduced/marine species
(O. niloticus, C. rendalli, M. festivus, and M. curema) were

more enriched in δ13C, suggesting a greater reliance on
littoral carbon sources (Figures 1b and 2b).

The fish community of Lake Gatun had a longer food
chain (length = 4.89) than that of Lake Bayano
(length = 4.05). Community-level indices revealed
greater isotopic diversity for fishes in Lake Gatun relative
to Lake Bayano (Appendix S2: Figure S9). Specifically,
Gatun’s fish community spanned a broader range of δ15N
and δ13C (Appendix S2: Figure S9a,b) values relative to
Bayano. As a result, the fish community of Gatun as a
whole occupied a much broader isotopic niche space,
which was reflected in a larger total convex hull area and
greater mean distance to centroid (Appendix S2:
Figure S9c,d) relative to Lake Bayano.

There were striking differences in the distribution of
TPs and the size structure of the fish communities
of Lakes Bayano and Gatun (Figure 4). Lake Bayano had
only a single consumer with a TP greater than
4 (C. beani) and relatively few large-bodied species.
Native omnivores and herbivores (Brycon striatulus and
C. madgalenae) were a dominant component of the bio-
mass (Figure 4a). In contrast, Lake Gatun contained
many more large-bodied and higher-trophic-level species
than Bayano (note upper-right quadrant of Figure 4),
many of which were non-native. Notably, the six
species at the top of Gatun’s food web were all marine:
C. parallelus (TP = 4.89), A. parva (TP = 4.83 ± 0.04),
C. ensiferus (TP = 4.75), C. undecimalis (TP = 4.65),
Caranx sp. (TP = 4.61 ± 0.10), and C. pectinatus

F I GURE 2 Core isotopic niches of the major trophic guilds of fishes in Lakes Bayano (a) and Gatun (b). Data points are isotopic values

of individual fish, coded by trophic guild and by origin. Ellipses represent the standard ellipse area—an estimate of the core isotopic niche

that encompasses approximately 40% of data points.
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(TP = 4.59 ± 0.03). Large-bodied introduced carnivores
(Peacock bass, C. monoculus, the jaguar cichlid
Parachromis managuensis, and the Oscar, Astronotus
ocellatus) and the introduced O. niloticus were among the
greatest contributors to community biomass (Figure 4b).
Finally, introduced and marine species spanned all tro-
phic levels and size classes (Figure 4b). For example, the
smallest-bodied fish in our data set was the introduced

insectivore Gambusia holbrooki, and the species with the
lowest TP in the food web was the white mullet,
M. curema—a marine fish (TP = 1.85).

Three native freshwater taxa exhibited shifts in isoto-
pic position between the minimally invaded (Bayano)
and highly invaded context (Gatun). The native piscivore
Hoplias microlepis was enriched on average by 1.73‰ in
δ15N in Gatun relative to Bayano (W = 170, p < 0.001),

F I GURE 3 Pairwise isotopic niche overlap between native freshwater (a, white), marine (b, light blue), and introduced (c, dark red)

carnivores in Lake Gatun. Ellipses (extracted from Figure 2) are the standard ellipse area (SEA), an estimate of the core isotopic niche that

encompasses approximately 40% of data points. Numbers on the ellipses represent the proportional overlap (from 0 to 1) between each pair

shown, based on their SEAc (standard ellipse area corrected for small sample sizes). Representative species shown are (top to bottom)

Hoplias microlepis and Gobiomorus dormitor (a), Centropomus sp. and Caranx sp. (b), and Cichla monoculus and Parachromis managuensis

(c). Photo credits: Diana M. T. Sharpe.
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which corresponds to an increase of roughly 0.70 trophic
levels (assuming a fractionation rate of 2.54‰). The
native scale eater Roeboides sp. was enriched by 0.99‰ in
δ15N in Gatun relative to Bayano (W = 0, p = 0.002),
corresponding to an increase of approximately 0.4 trophic
levels. In contrast, the omnivore Brycon sp. was signifi-
cantly depleted in δ15N in Gatun relative to Bayano
(t = 9.09, p < 0.001), which corresponded to a drop in 1.5
trophic levels. For Brycon sp., this drop in TP was accom-
panied by an almost 10-fold reduction in the relative bio-
mass of Brycon sp., from 40.8% of community biomass in
Bayano to only 4.6% of biomass in Gatun (Figure 4).

DISCUSSION

To examine how invasion might alter food web structure,
we characterized for the first time the food webs of two

large Neotropical lakes that differ markedly in the level
of invasion.

In what follows, we review the major structural differ-
ences between these two food webs and discuss the
extent to which these differences may relate to biological
invasion versus other ecological factors.

How does trophic structure differ between
a heavily invaded versus minimally
invaded assemblage?

We found that the fish community of the heavily invaded
Lake Gatun exhibited a longer food chain and greater
overall isotopic diversity relative to the minimally
invaded Lake Bayano. This is consistent with findings
from temperate freshwater systems, where increases in
food chain length (Walsworth et al., 2013; Woodward &

F I GURE 4 Trophic and size structure of fish communities of Lakes Bayano (a) and Gatun (b). Data points show the mean trophic

position (calculated from isotopic data) and body size (log-transformed mean standard length [in centimeters]) of each fish species. The size

of each circle is scaled to represent the relative biomass (in percentage) of that species in the lake, based on data from standardized gill-net

surveys conducted from 2013 to 2015 (Sharpe et al., 2017). Species that were not captured in gill nets, and thus are lacking biomass

estimates, are represented by a point only. The apex consumer in Bayano is the native freshwater characid Ctenolucius beani (inset in panel

a) and in Gatun the marine snook, Centropomus parallelus (inset in panel b). Photo credits: Diana M. T. Sharpe.
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Hildrew, 2001) and overall isotopic niche breadth
(i.e., trophic dispersion; Rogosch & Olden, 2020;
Wainright et al., 2021) have been reported following inva-
sion. This increase in isotopic diversity may be partially
driven by the greater richness of Lake Gatun, as the core
isotopic niche (SEAc) has been shown to correlate posi-
tively with species richness globally (Sagouis et al., 2015).
The longer food chain in Gatun was due in part to inva-
sions by multiple novel apex predators (mostly of marine
origin, e.g., Centropomus sp.), reminiscent of the
“top-heavy” food webs that often characterize anthropo-
genically impacted lakes (Eby et al., 2006). However, the
lengthening of the food chain in Gatun was also due to
the introduction of novel herbivores at the bottom of the
food web (e.g., M. festivus, M. curema). This is consistent
with a meta-analysis by Sagouis et al. (2015), who found
that, across 305 lentic ecosystems globally, the number of
non-native primary consumers was positively associated
with δ15N range.

Body size distributions also differed markedly
between the two lakes, with Lake Gatun occupying a
greater length range relative to that occupied by the pri-
marily native freshwater fish community of Lake Bayano.
While this was primarily due to the addition of
large-bodied non-native fishes (matching global patterns:
Blanchet et al., 2010; Eby et al., 2006), it was also driven
by the introduction of small-bodied insectivores like
G. holbrooki. Body size is a key functional trait that is
known to scale with a number of life history and ecologi-
cal attributes (e.g., metabolic rate, ingestion rate, longev-
ity, TP, numerical abundance, home range size), which
in turn can influence ecosystem function (Woodward
et al., 2005). Shifts in body size distribution can influence
community structure and dynamics in a variety of ways,
including by altering the prevalence of intraguild preda-
tion, the potential for stoichiometric imbalances, and the
temporal and spatial scaling of food webs. Most impor-
tantly, shifts toward larger body sizes (as observed here)
can increase the probability of disturbances being propa-
gated through a food web and, thus, decrease stability
(Woodward et al., 2005).

To what extent do native and non-native
trophic guilds overlap in isotopic niche
space?

Theory suggests that successful invasion and establish-
ment are more likely if an invader differs from resident
species in terms of traits and/or resource use
(David et al., 2017; Olden et al., 2006). In the context of
isotopic niches, this leads to the prediction that
established non-native species should be found either

completely outside, or at the margin of, the isotopic niche
space defined by the resident community. This prediction
was partially supported by our data from Lake Gatun,
with patterns varying across trophic guilds. For carni-
vores, the mean isotopic positions of several non-native
species were located outside, or on the periphery, of the
isotopic niche space defined by native species. However,
at the guild level, there was considerable overlap in the
core isotopic niches (SEAc) of native and non-native
carnivores. Notably, this overlap was asymmetrical, with
native carnivores experiencing the highest degree of over-
lap, both from marine carnivores (81% overlap) and intro-
duced carnivores (100% overlap). Substantial overlap in
the isotopic niches of native and non-native species has
also been observed in marine fishes in the Eastern
Mediterranean (Fanelli et al., 2015) and in North
American desert stream fishes (Rogosch & Olden, 2020;
Walsworth et al., 2013).

The apparent coexistence of multiple native and
non-native carnivores with highly overlapping isotopic
niches has several possible explanations. First, it is possi-
ble for species to exhibit similar isotopic signatures but
still have subtly different underlying diets, for example, if
they consume different prey species, but these prey have
similar isotopic signatures (Layman et al., 2012). Second,
species may have similar diets but may partition
resources along other unmeasured niche dimensions, for
example, by feeding at different times of day or in differ-
ent habitats. Third, unmeasured increases in the biomass
at the base of the food web (e.g., due to eutrophication)
may facilitate the coexistence of multiple higher con-
sumers. Either way, the addition of so many non-native
carnivores without any associated extirpations of native
carnivores (Sharpe et al., 2017; Valverde et al., 2020)
might suggest that the original food web of Gatun was
not saturated. This echoes earlier findings from the same
watershed, where biotic interchange following the com-
pletion of the Panama Canal led to increases in local spe-
cies richness and no extirpations, suggesting local
freshwater fish communities were not saturated (Smith
et al., 2004). However, most of the non-native carnivores
included in our food web have arrived within the last few
decades (Gutiérrez et al., 1995; Sharpe et al., 2017;
Zaret & Paine, 1973). The fact that many native carni-
vores and omnivores had substantially lower abundance
and biomass in Lake Gatun relative to Lake Bayano
(Sharpe et al., 2017; Valverde et al., 2020) suggests that
they could be experiencing lower growth and reproduc-
tion rates due to competition with non-native carnivores,
and their populations may decline over time. Therefore,
it is possible that not enough time has yet elapsed for
competitive exclusion to occur, and this apparent coexis-
tence may be transitory. Alternatively, biotic resistance
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due to negative interspecific interactions with native
species might limit the establishment of some of these
recently arrived species in the long-term.

In contrast to the pattern seen for carnivores in
Gatun, three out of four non-native herbivores in Gatun
had mean isotopic positions that were far outside of the
native convex hull polygon, and we observed low
(20%–29%) overlap in the core isotopic niches of native
versus non-native herbivores. This low contemporary
overlap may reflect niche shifts in native herbivores,
something that is supported by comparing the contempo-
rary isotopic position of C. magdalenae across lakes. In
Lake Bayano, this species had a δ13C signature that was
intermediate between the pelagic and littoral baselines,
suggesting a roughly equal integration of both source
pools. However, in Lake Gatun, it was located directly
above the pelagic baseline, suggesting a much stronger
reliance on pelagic carbon sources like phytoplankton.
This shift might indicate competitive displacement by
introduced littoral herbivores (M. festivus, C. rendalli, and
M. curema), although differences in basal resources
across lakes could also play a role (see following
discussion).

How do the trophic positions of native
species differ across lakes?

Three native freshwater taxa exhibited shifts in isotopic
position between the highly invaded (Gatun) versus mini-
mally invaded (Bayano) context. First, the native omni-
vore Brycon sp. had a substantially lower TP and reduced
biomass in Lake Gatun relative to Lake Bayano. We
hypothesize that these shifts could be due to competition
from multiple introduced piscivores in Gatun. In a con-
current study of the diet of this species, we found evi-
dence for a shift from piscivory in Lake Bayano to
insectivory in Lake Gatun (Sharpe et al., in preparation).
Specifically, in Lake Bayano, B. striatulus fed primarily
on terrestrial plants (56%) and fish (36%). In contrast,
in Lake Gatun, its congener Brycon chagrensis fed mainly
on aquatic insects (83%) and terrestrial plants
(17%; Sharpe et al., in preparation). However, because we
were limited to mensurative comparisons between two
lakes, alternative hypotheses cannot be ruled out (see fol-
lowing discussion). In contrast, we observed an increase
in TP (i.e., more enriched δ15N signatures) in two native
carnivores, H. microlepis and Roeboides sp., in Gatun rela-
tive to Bayano. This observation was somewhat unex-
pected, given that native predators have often been found
to shift to feeding on lower trophic levels in association
with the introduction of novel apex predators (Olowo &
Chapman, 1999; Rogosch & Olden, 2020; Vander Zanden

et al., 1999; Wainright et al., 2021). However, it may be
explained by the particular feeding ecology of these two
species. H. microlepis is typically a strict piscivore, but
our previous work showed that it has broadened its tro-
phic niche to include scavenging on fishery discards in
Gatun, probably in response to increased availability of
this resource coupled with competition for its natural fish
prey with C. monoculus and other introduced piscivores
(Valverde et al., 2020). Roeboides spp. are scale-eaters that
feed by rapidly approaching live fishes (often much larger
than themselves) and quickly tearing away scales and tis-
sue (Breder, 1927; Bussing, 2002). The enriched δ15N sig-
nature of Roeboides spp. in Gatun may reflect feeding on
scales from several of the introduced piscivores now pre-
sent in the lake, although this hypothesis awaits direct
testing through examination of stomach contents.

Caveats and alternative hypotheses

Overall, we found significant differences in trophic struc-
ture between a heavily invaded (Gatun) versus minimally
invaded (Bayano) lake. We hypothesize that fish inva-
sions are likely the major driver of these differences,
especially since the lakes are similar in many other key
aspects (Appendix S1). However, as noted earlier, given
the lack of replication and mensurative nature of our
study, we cannot conclusively rule out alternative
hypotheses, which we consider here. First, Lake Gatun
experiences high levels of ship traffic through the
Panama Canal. Noise pollution from shipping can influ-
ence fish movement patterns and foraging behavior
(Popper & Hawkins, 2019) and, thus, could indirectly
influence trophic structure. Second, parts of Lake Gatun
are regularly dredged to maintain canal operations,
which results in high levels of turbidity in some areas
(Escobar-Camacho et al., 2019). Turbidity limits the
range of wavelengths available to visual predators and,
thus, can alter their functional responses to different prey
and, ultimately, their diets (Huenemann et al., 2012).
Dredging also affects the quality of the benthic habitat
and the availability of benthic prey, which could have
bottom-up effects on the food web. However, given the
large geographic extent of our sampling and the fact that
we did not sample near these localized disturbances, it
seems unlikely that they strongly influenced our results.
Third, more generally, the abundance and diversity of
basal resources (e.g., detritus, phytoplankton, periphyton,
macrophytes) could differ across lakes. While we were
able to account for some of this variation by correcting
the isotopic values of secondary consumers by
lake-specific isotopic baselines, differences in the abun-
dance of basal resources across lakes could still indirectly
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drive additional variation in food web structure. Fourth,
the abundance and diversity of terrestrial and avian apex
consumers (e.g., crocodiles, piscivorous birds) were not
quantified here but could vary across lakes. Future work
incorporating both higher and lower trophic levels in the
lake and surrounding riparian habitats would enhance
our understanding of the whole-food-web consequences
of fish invasions in Lake Gatun, including cascading
effects on other trophic levels, as hypothesized by Zaret
and Paine (1973). Fifth, there are artisanal fisheries in
both lakes, primarily targeting Nile tilapia and Peacock
bass (PREPAC, 2005, 2006). Temporal and spatial varia-
tion in fishing pressure both within and across lakes
could affect the distribution and biomass of target spe-
cies, with indirect effects on the food web.

Sixth, it is still unknown whether the recently arrived
marine species have established permanent breeding
populations in Lake Gatun or whether they move repeat-
edly in and out through the locks. In our study, all of the
marine fish were collected from sites in Lake Gatun that
were located between 25 and 34 km inland. Thus, it
seems fairly improbable that the individuals we captured
at these sites would be regularly migrating back and forth
to the Atlantic Ocean (a round-trip distance of 50–70 km,
which would include navigating three sets of locks in
each direction). Furthermore, we quantified carbon and
nitrogen ratios in dorsal muscle tissue, which has a turn-
over time of approximately 1–3 months in fish
(Buchheister & Latour, 2010). Thus, even if some of these
marine fishes had migrated into Lake Gatun as juveniles,
it is most likely (given the distances reported above) that
they were residents of the lake for at least several months
prior to capture, that is, for the time scale relevant to our
sampling. Finally, reservoir age is known to affect fish
community composition and trophic structure
(Agostinho et al., 1999). Lakes Gatun and Bayano differ
in age (108 vs. 48 years, respectively); however,
Neotropical reservoirs typically stabilize 5–10 years after
impoundment (Agostinho et al., 1999), so this difference
in age may not be consequential. Future research should
focus on trying to disentangle the influence of invasion
from these other potential drivers.

CONCLUSION

The global breakdown of biogeographic barriers, in con-
cert with other forms of global change, is increasingly
leading to the formation of novel, or “no-analog,” ecosys-
tems with high proportions of non-native species that
bear little resemblance to historical assemblages (Hobbs
et al., 2009). These mixed assemblages provide fascinat-
ing opportunities to observe how novel food webs are

assembled when multiple species with little or no coevo-
lutionary history begin interacting with one another. Past
work in invaded temperate freshwater systems suggests
that food webs in mixed assemblages are structurally dif-
ferent, and usually isotopically more diverse, than the
original food webs they replaced (Rogosch & Olden,
2020; Wainright et al., 2021; Woodward & Hildrew,
2001). Our work extends these findings to tropical sys-
tems, which generally have fewer established invasive
species relative to comparable ecosystems at higher lati-
tudes (Sax, 2001). One hypothesis for this pattern is that
stronger interspecific interactions in the tropics limit the
establishment of non-native species, essentially providing
a form of “biotic resistance” to invasion (Elton, 1958).
Indeed, recent experimental evidence indicates that pre-
dation on non-native species—a key form of biotic
resistance—is three times greater in marine epifaunal
communities in Panama relative to the temperate zone
(Freestone et al., 2013). Interestingly, our work suggests
that even a highly diverse tropical lake like Gatun can
accommodate (in the short term at least) multiple
non-native species that show strong trophic overlap with
native species. Future work should focus on quantifying
the proportion of these species that becomes permanently
established in the lake and how the structure and dynam-
ics of the food web might continue to change over the
coming decades. This will be particularly important given
that the influx of marine and estuarine species into Lake
Gatun appears to have accelerated in recent years, likely
as a result of the recently completed expansion of the
Panama Canal (Castellanos-Galindo et al., 2020;
Schreiber et al., 2023).
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