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Abstract – Clarifying the mechanisms associated with the coexistence of invasive species is important to
understand the overall impact of multiple invasions on recipient communities. Here we examined whether
divergence or convergence in dietary niche occurred when invasive Lepomis gibbosus and Australoheros
facetus coexist in Iberian streams. We used stomach content analyses to determine dietary niche
composition, width, and overlap in allopatric and sympatric counterparts in the Lower Guadiana throughout
the dry-season. The variations in dietary niche between pumpkinseed and the cichlid were consistent with
predictions derived from the niche divergence hypothesis. Although there were no changes in the use of
plant material from allopatry to sympatry in either species, sympatric pumpkinseed and the cichlid displayed
marked shifts in the use of animal prey and a decrease in niche width relative to allopatric counterparts.
Moreover, sympatric pumpkinseed and cichlid showed similar niche width but differed significantly in plant
and animal prey use. Taken together these results suggest that divergence in dietary niches may play a role in
mediating coexistence of multiple invaders in Iberian streams.

Keywords: species coexistence / biological invasions / trophic ecology / sympatry / allopatry

Résumé – Divergence de niche trophique de deux poissons invasifs dans les rivières
méditerranéennes. Comprendre les mécanismes associés à la coexistence des espèces invasives est
important pour comprendre les effets des invasions multiples. Ici, nous avons évalué l'existence possible de
divergence ou de convergence de niche trophique lorsque de Lepomis gibbosus et de Australoheros facetus
invasives coexistent dans des rivières de la péninsule Ibérique. Nous avons analysé des contenus stomacaux
pour déterminer la composition, la taille et le chevauchement des niches trophiques dans les zones
allopatriques et sympatriques de la zone aval de la rivière Guadiana, pendant la saison sèche. Les variations de
niche trophique observées entre la perche soleil et le cichlidé indique une potentielle divergence de niche.
Bien qu'il n'y ait pas eu de changement dans l'utilisation des ressources végétales, les perches soleil et cichlidé
sympatriques présentaient des changements marqués dans l'utilisation des proies animales avec une
diminution de la taille de la niche par rapport aux individus allopatriques. De plus, les perches soleil et
cichlidés sympatriques avaient une taille de niche similaire mais utilisaient différemment les ressources
animales et végétales. Ces résultats suggèrent que des divergences de niches trophiques peuvent jouer un rôle
dans la coexistence des envahisseurs multiples dans les rivières ibériques.
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1 Introduction

Accelerating rates of biological invasions are resulting
in communities being subjected to multiple introductions,
with invasive species increasingly coexisting outside of
their native range (Jackson and Grey, 2013; Seebens et al.,
2017). Interactions among multiple invaders may be
positive, as some invaders alter ecosystem conditions in
favor of other invaders (Ricciardi 2001; Simberloff, 2006),
negative, as strong competitive and predator invaders
accumulate and limit establishment of new invaders (Ross
et al., 2004; Johnson et al., 2009) or neutral, with no clear
effect on invasion process (Cope and Winterbourn, 2004).
Although this can have important implications for the
overall impact of biological invasions (Orchan et al., 2013),
our knowledge on the networks of ecological interactions
among multiple invaders within recipient communities is
still limited.

A key process modulating species coexistence is the
ecological niche. According to niche theory, species with
similar ecological niches should not coexist because competi-
tion should lead to the exclusion of the weaker species or the
development of species-specific differences in resource use,
with species specializing and consuming fewer alternative
resources and thereby reducing niche widths (Schoener, 1974;
Abrams, 1983; Chesson, 2000). However, the competitive
exclusion principle has been increasingly challenged and
potential alternative mechanisms to niche differentiation for
coexistence have been advanced (Schoener, 1989; Wiens,
1993). Competitive coexistence with similar ecological niches
might occur when sympatric species are similar in their skills
to compete for a limited resource and neither can exclude the
other (Keddy, 1989), and/nor if the resource is severely limited
and species are forced to converge to exploit the remaining
resources and overlap becomes high (Schoener, 1989; Wiens,
1993), with reductions in the frequency of preferred resource,
leading to increased niche widths (Schoener, 1971; Stephens
and Krebs, 1986).

Trophic interactions are recognized as one of the most
important ecological processes by which invaders induce
ecological impacts on recipient communities (Rosewarne
et al., 2016). However, empirical investigations on the
mechanisms that may facilitate coexistence of invader species
with similar trophic niches remains scarce (but see Jackson and
Britton, 2014). Moreover, evidence for species coexisting with
similar trophic niche is controversial, with some studies
indicating that sympatric species exhibit narrower dietary
niches than their allopatric conspecifics (Bolnick et al., 2010;
Jackson et al., 2012) and display broader niches when
resources are abundant (Jackson and Britton, 2014; Rothhaupt
et al., 2014), whereas other studies show that the dietary niche
of sympatric species converge (Cucherousset et al., 2007;
Gabler and Amundsen, 2010). Closer examination of the
interplays between dietary niche, niche width and overlap
among invaders in allopatric and sympatric situations is thus
critical to clarify mechanisms allowing invasive species
coexistence.

Mediterranean streams are ideal systems to examine
mechanisms by which fish invaders may coexist. Indeed, there
is a long history and accelerating rate of fish introductions in
streams in the Mediterranean Basin (e.g. Clavero et al., 2010;
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Hermoso and Clavero, 2011), with multiple invaders of
variable origins and ecological niches coexisting in space and
time (Vila-Gispert et al., 2005; Ribeiro et al., 2008).
Moreover, Mediterranean streams are mostly shaped by
annual drought events, with concentration of fish in reduced
space likely strengthening competition for limited food
resources among species (Magalhães, 1993a; Magalhães
et al., 2002). Nevertheless, current knowledge on the trophic
ecology of invasive fish during the dry-season is limited (but
see Godinho et al., 1997; Ribeiro et al., 2007) and determining
if dietary niche divergence is observed when invasive species
coexist are important.

Here, we quantified variations in dietary niche between
allopatric and sympatric pumpkinseed sunfish Lepomis
gibbosus (Linnaeus) and chameleon cichlid Australoheros
facetus (Jenyns), in the Lower Guadiana Basin, in southern
Iberian Peninsula. We selected the pumpkinseed and the
cichlid as model species because they are highly invasive and
have established populations in the area (Ribeiro et al., 2009),
are similar in size, lifespan and parental care traits (Ribeiro
et al., 2008) and have been demonstrated to impact recipient
communities (e.g. García-Berthou and Moreno-Amich, 2000;
Almeida et al., 2014). The evidence available from single-
species studies indicates that pumpkinseed and the cichlid
display some variations in dietary niche, differing in the use of
plant material but preying on similar macroinvertebrates
(Godinho et al., 1997; Ribeiro et al., 2007; Gkenas et al.,
2016). However, food resource use and dietary niche of the two
species when in sympatry have never been quantified,
particularly during the dry season, when macroinvertebrates
tend to be in short supply (Pires et al., 2000).

Specifically, we tested two hypotheses and their attendant
predictions to clarify mechanisms allowing coexistence of
invasive pumpkinseed and chameleon cichlid. We first
hypothesized that niche divergence was associated with
invader coexistence and predicted that:
f

i.
10
resource use by one or the two species differs between
allopatry and sympatry, resulting in variations in dietary
niche and low niche overlap between the two species when
in sympatry and;
ii.
 niche width is narrower in sympatry than in allopatry.
Alternatively, we hypothesized that niche convergence
and/or limited resources regulate the coexistence of invaders
and we predicted that:

i.
 the two species converge to exploit the same resources
when in sympatry, occupying similar dietary niche and
showing high niche overlap, and;
ii.
 niche width is broader in sympatry than in allopatry.
2 Materials and methods

2.1 Study area and model species

The Lower Guadiana Basin (hereafter LGB; 37°–39°
30N, 7°–8°W) is described in detail elsewhere (Ribeiro et al.,
2007; Ribeiro and Collares-Pereira, 2010). Briefly, the LGB is
11.700 km2, and drains mainly schist-derivate rocks, and
highly impermeable soils, with little groundwater. Climate is
typically Mediterranean, with mean monthly temperature



C. Gkenas et al.: Knowl. Manag. Aquat. Ecosyst. 2019, 420, 24
ranging from 9.3 °C (January) to 24.4 °C (July). Annual
rainfall varies markedly from year to year (333–1.044mm),
but 80% of the rain occurs between October and March and
there is virtually no rain from June to September. The flow
regime is highly dependent on rainfall patterns, with floods
occurring in winter and early spring and low or zero flows
prevailing in summer and early fall. Throughout the dry-
season, flow may persist in the main-stem and the largest
tributaries, but smaller tributaries typically dry to isolated
pools. Fish assemblages include a pool of 11 native species,
10 of which are threatened, and 11 non-native species, 7 of
which are restricted to reservoirs and regulated downstream
reaches.

The model species have long been established in the LGB
but show considerable differences in distribution and
abundance patterns. The pumpkinseed, native to the Great
Lakes region in North America, was first recorded in 1979
(Almaça, 1983), and is currently abundant across most of the
basin, except of few locations in the southern tributaries.
Conversely, the cichlid, native to South America, was first
recorded in 1962 (Ribeiro et al., 2009), and occurs only in the
main-stem and some southern tributaries, seldom in high
abundance. Both species are generally less than 13 cm in total
length (TL), live up to 7 years and mature in 2 years, and build
and guard spawning nests and fry (Rios-Cardenas andWebster,
2005; Ribeiro et al., 2008; Ribeiro and Collares-Pereira, 2010).
The pumpkinseed is invertivore whereas the cichlid is
omnivore, though both prey upon macroinvertebrates, shifting
from small, soft-bodied towards large, hard-shelled prey
during ontogeny (Godinho et al., 1997; Ribeiro et al., 2007,
Gkenas et al., 2016).

2.2 Fish sampling

Fish samples were collected throughout the dry-season of
2003 at three sites, one in the Degebe (�7.690E, 38.478N),
one in the Vascão (�7.621 E; 37.489N) and one in the Ardila
rivers (�7.301E, 38.148N). Sampling location was con-
strained by the distribution of the model species, with
pumpkinseed and the cichlid occurring in allopatry in the
Degebe and Vascão, respectively, and in sympatry in the
Ardila. Other fish species also occurred in the sampling sites,
but local assemblages were generally similar, being dominated
by native barbels and non–native mosquitofish. Pumpkinseed
and the cichlid were also equally abundant in the Ardila
(Ribeiro F., unpublished data). There were also some
variations in stream flow, width, depth and water temperature
among sites (Supplementary Table 1), with the Degebe and
Vascão rivers being reduced to isolated pools, whereas the
Ardila river maintained persistent flow throughout the dry-
season. Nevertheless, rainfall in the LGB (37°940N, 7°600W)
between October 2002 and September 2003 was close to the
long-term annual median since 1980 (485 vs. 484.4mm; www.
snirh.pt), causing dry-season conditions to be less severe and
heterogeneous among sites than in drier years.

Fish sampling was conducted early in May and June,
when flow conditions were still similar among sites, and in
August and September, shortly before rains. Each month,
sampling was conducted during consecutive days, in the
morning, to avoid circadian variations in the diet. At each site,
a 200-m reach was sampled using a single anode
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electrofishing gear (300V, 2–3 A, DC), always operated by
the same person. All individuals were euthanized by
immersion in tricaine methanesulfonate (MS-222), and
placed on ice, and later deep-frozen (�20 °C). To minimize
variation due to ontogenetic diet shifts, we restricted our
analysis to adult individuals (60–90mm, standard length).

2.3 Diet analysis

Diet data for the cichlid were previously reported by
Ribeiro et al. (2007), and for consistency, we used the same
methods to gather diet data for the pumpkinseed. In brief, fish
were dissected, stomachs were opened and assessed for
fullness, and individuals with empty stomachs were excluded
from the analyses. Food contents were spread on gridded Petri
dishes and examined under a binocular dissecting micro-
scope. Plant material (i.e. algae, vascular plant parts, and
seeds) was recorded and its proportional contribution in terms
of area to the stomach contents was estimated by eye. Animal
prey items were identified to the lowest readily recognizable
taxon and counted.

In total, 60 pumpkinseed and 58 cichlid individuals with
non-empty stomachs were used in the analyses, with sample
sizes per site varying between 11 and 22 individuals (Fig. 1).
Selected individuals had enough prey items for analysis
(>3; Bowen, 1996) and prey counts were not significantly
related to fish standard length in both pumpkinseed
(P = 0.450) and the cichlid (P = 0.168). A total of 5734 prey
items were identified, indicating that the prey sample sizes
likely provided sufficient power in analyses, given the small
length range of fish used. For analysis, prey items were
grouped into ten categories: Chironomidae, Ephemeroptera,
Hemiptera, Trichoptera, Ostracoda, Cladocera, Copepods,
Hydracarina, Mollusca, and other. These categories were
defined following taxonomic affinities, so that each category
contributed to >1% of the total prey at least for one of
species, and at one site. The category “other” comprised rare
and unidentified prey.
2.4 Data analysis

To test the predictions of the two alternative niche
hypotheses, our analyses focused on detecting variations in
dietary niche composition and niche width for each species
between allopatry and sympatry, and in characterizing dietary
niche composition, width and overlap between species when
in sympatry. Because food resource supply and fish diets may
vary over the dry-season (e.g. Godinho et al., 1997; Pires
et al., 2000; Ribeiro et al., 2007), two separate sets of
analyses were conducted for the early (May-June) and the late
dry-season (August-September). Unless otherwise indicated,
analyses were conducted using the R software (v.3.4.2, R
Development Core Team, 2017), and significance of
statistical testing was assessed at P< 0.05.

Variation in dietary niche composition was evaluated
using both plant material and animal prey. Specifically, we
tested for differences in the frequency of occurrence (FO)
and in the proportional area (PA) of plant material between
allopatric and sympatric counterparts and between species
using the chi-squared test of independence and the Mann-
f 10
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Fig. 1. Plant material in the diet of pumpkinseed Lepomis gibbosus and the cichlid Australoheros facetus in allopatric (Degebe and Vascão)
and sympatric (Ardila) sites in the Lower Guadiana Basin throughout the dry-season. Upper-panels frequency of occurrence of plant
material in the diet in the early (a) and late (b) dry-season; lower panels proportional area (mean ± SD) of plant material in the diet in the
early (c) and late (d) dry-season. The values above each column are the number of individuals with the non-empty stomachs analysed (n, in
italics).
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Whitney test, respectively. We summarized variation in
animal prey proportions using Non-Metric Multidimension-
al Scaling (NMDS) based on the Bray-Curtis similarity
index (Clarke et al., 2014). Prior to analysis, data were
square-root transformed to reduce the influence of abundant
prey. The NMDSs (PCs) were taken as niche dimensions,
that typically represent gradients in prey use. Because low
stress values (<0.2) indicated that two-dimensional axes
were sufficient to achieve reliable and robust separation of
the data (Clarke et al., 2014), we contrasted the main
structure of prey use between groups using NMDS1 and
NMDS2 scores.

Analysis of Similarity (ANOSIM) was used to test the null
hypothesis of no difference in prey use between groups. In this
analysis, the Global-R statistics ranges from zero to one,
indicating no and complete separation between groups,
respectively. The significance level of the R statistics was
calculated using a procedure including 5000 permutations of
the dataset and was corrected for multiple testing using
Bonferroni sequential method. We used the R values derived
from ANOSIM to assess overlap in animal prey use.
Specifically, R values� 0.25 were considered to represent
substantial overlap, values 0.26–0.5moderate overlap, and
values >0.5 little to no overlap in prey use (Creque and
Czesny, 2012). Finally, similarity percentage (SIMPER)
analysis (Clarke, 1993) was used to examine the contribution
of each prey category for dissimilarities in prey use between
Page 4 o
groups. Prey categories were listed in decreasing order by their
average contribution to the total average dissimilarity, with a
cut-off at 50% of cumulative average dissimilarity.

Dietary niche width was quantified based on animal prey
only, using the Shannon-Wiener index, as:

H ¼ �
Xn

i

pi ⋅ logðpiÞ;

where pi is the proportion of prey category i in a given species'
diet, and n is the number of prey categories. The index
ranges from zero to∞, increasingwith the number and evenness
of prey categories in the diet (Colwell and Futuyma, 1971). To
evaluate variation in nichewidth between groups, we resampled
the dataset 5000 times and calculated bootstrapped 95%
confidence intervals around the index. We considered that
non-overlapping confidence intervals indicated significant
differences in niche width, and that otherwise differences were
not significant.

3 Results

There was considerable variation between pumpkinseed
and the cichlid in the use of plant material and animal prey.
The diet of pumpkinseed included plant material (FO: 12.5–
33.3%) but always in low proportions (PA: 0.4–3.6%), while
f 10



Fig. 2. Percent contributions by number of each prey category to the
diet of pumpkinseed Lepomis gibbosus and the cichlid Australoheros
facetus in allopatric (Degebe and Vascão) and sympatric (Ardila) sites
in the Lower Guadiana Basin, during the early (a) and late (b) dry-
season. The values above each column are the number of individuals
with non-empty stomachs (n, in italics) and the number of prey items
(N, in bold) in each sample. Prey code are: CHI, Chrironomidae; EPH,
Ephemeroptera; HEM, Hemiptera; TRI, Trichoptera; OST, Ostra-
coda; CLA, Cladocera; COP, Copepoda; HYD, Hydracarina; MOL,
Mollusca; Other, Other prey.

C. Gkenas et al.: Knowl. Manag. Aquat. Ecosyst. 2019, 420, 24
this was very frequent in the diet of the cichlid (FO: 90.9–
100%) and often in high proportions (PA: 17.3–40.4%;
Fig. 1). In overall, both pumpkinseed and the cichlid preyed
mostly on Chironomidae (64.8% and 49.2%, respectively),
with other prey contributing to >10% of the diet including
Hemiptera (13.2%) and Copepoda (6.7%) for pumpkinseed
and Ephemeroptera (18.7%) and Hydracarina (11.1%) for
the cichlid (Fig. 2). In allopatry, pumpkinseed consumed
mostly Chironomidae (42.3–48.7%) and used also Hemiptera
(19.8%) and Ostrocada (14.6%) early in the dry-season and
Copepoda (27.2%) late in the dry-season whereas the cichlid
preyed mostly on Ephemeroptera (44.2–52.7%) and used high
proportions of Hydracarina (29.2%) early in the dry-season and
of Chironomids (20.2%) and Other prey (11.5%) late in the
dry-season. In sympatry, Chironomidae were prevalent in the
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diet of both pumpkinseed (58.8–86.4%) and the cichlid
(69.3–72.4%), particularly late in the dry-season. Hemiptera
(25.5%) and Ostracoda (14.9%) were also consumed in high
numbers by pumpkinseed early in the dry-season and by the
cichlid late in the dry-season, respectively.

3.1 Dietary niche in allopatry and in sympatry

There were no significant differences in the frequency of
occurrence (FO) and the proportion (PA) of plant material in
the diet between allopatry and sympatry neither for pumpkin-
seed in the early (FO: x2 = 2.548, P = 0.474; PA: U-test =
103.000, P = 0.520) and in the late dry-season (x2 = 0.514,
P= 0.474; U-test = 122.00, P = 0.477) nor for the cichlid in the
early (x2 = 0.516, P = 0.473; U-test = 262.50, P = 0.278) and
late dry-season (x2 = 0.032, P = 0.859; U-test = 88.50,
P= 0.536). Conversely, there was considerable variation in
animal prey use between allopatry and sympatry for both
species, but most notably for the cichlid (Fig. 3). Early in the
dry-season, NMDS1 scores for the cichlid in allopatry tended
to differentiate from those in sympatry, but no similar tendency
was found for pumpkinseed. Conversely, late in the dry-
season, there was a much stronger separation in the ranges of
NMDS1 scores of allopatric and sympatric cichlid, and
NMDS1 scores for pumpkinseed in allopatry also tended to
differentiate from those in sympatry. No variation was found
between the ranges of NMDS2 in allopatry and sympatry for
both species throughout the dry-season. The ANOSIM
corroborated the existence of significant variations in animal
prey use between allopatry and sympatry for both species early
and late in the dry-season (Tab. 1), indicating that the
separation was major for the cichlid late in the dry-season
(R = 0.85) but also marked early in the dry-season (R = 0.44).
For both species, dissimilarities in animal prey use between
allopatry and sympatry were consistently related to contribu-
tions of Chironomidae (17.43–21.91%), but Hemiptera
(15.82–21.93%) and Ephemeroptera (13.40–28.29%) were
also important contributors in the case of pumpkinseed and the
cichlid, respectively (Tab. 1). Additional prey with important
contributions early in the dry-season included Ostracoda
(20.55%) for pumpkinseed.

There was considerable variation in niche width between
allopatry and sympatry for the pumpkinseed and a slighter
tendency was also found for the cichlid (Fig. 4). Bootstrapped
95% confidence intervals for the Shannon-Wiener indicated
that niche width for pumpkinseed was narrower in sympatry
than in allopatry, early (H = 0.69 vs. 0.92) and particularly late
(H= 0.39 vs. 0.91) in the dry-season, and that sympatric cichlid
also displayed a decrease in niche width relative to allopatry
during the late period (H = 0.68 vs. 0.93).
3.2 Dietary niche variation between species when in
sympatry

There were significant differences in the frequency of
occurrence and the proportion of plant material in the diet
between sympatric pumpkinseed and the cichlid (Fig. 1), both
early (x2: 12.185, P< 0.001, df=1; U-test = 9.50, P< 0.001)
and late in the dry-season (x2: 11.914, P< 0.001; U-test = 8.50,
P< 0.001).
f 10



Fig. 3. Box plots illustrating variation in the first and second NMDS scores for animal prey in the diet of pumpkinseed Lepomis gibbosus and the
cichlid Australoheros facetus in allopatric (Degebe and Vascão) and sympatric (Ardila) sites in the Lower Guadiana Basin (Portugal) during the
early (a) and (c) and the late (b) and (d) dry-season. The box represents the interquartile range (IQR; 25th and 75th percentiles), and the line
within the box is the median. Whiskers represent the 75th percentileþ 1.5 x IQR and the 25th percentileþ 1.5 x IQR. Data beyond the end of the
whiskers are outliers and plotted as points. The stress values for each NMDS are given in the upper panels (a) and (b).
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There was also some variation in animal prey use between
species throughout the dry-season (Fig. 2). Although NMDS
scores showed no marked contrasts between species through-
out the dry-season (Fig. 3), ANOSIM results indicated that
variations in animal prey use between species were significant
both in the early (R = 0.28) and late (R = 0.23; Tab. 1) dry-
season, though overlap in animal prey was still moderate to
high. Dissimilarities in animal prey use were mostly related to
contributions of Hemiptera (23.66–24.56%), with other
contributors including Ephemeroptera (18.12%) and other
Page 6 o
prey (18.59%) early in the dry-season and Ostracoda (24.33%)
and Chironomidae (14.00%) late in the dry-season (Tab. 1).
Prey niche width also did not differ between pumpkinseed and
cichlid when in sympatry throughout the dry-season (Fig. 4).

4 Discussion

The variations in the dietary niche of invasive pumpkinseed
and the cichlid found in this study were consistent with
predictions derived from the niche divergence hypothesis.
f 10



Table 1. Results of the ANOSIM and SIMPER analyses of animal prey in the diet of allopatric and sympatric pumpkinseed Lepomis gibbosus
and the cichlid Australoheros facetus in the Lower Guadiana Basin (Portugal) throughout the dry-season. Asterisks represent significant
differences in pairwise comparisons of animal prey proportions (R) based on the sequential Bonferroni method (a= 0.05, k= 3). Prey categories
contributing>20% to average dissimilarity (AvD) are highlighted in bold and ranks of prey contributions are shown in brackets. Prey codes are:
CHI, Chrironomidae; HEM, Hemiptera; EPH, Ephemeroptera; OST, Ostracoda; COP, Copepoda; HYD, Hydracarina; Other, Other prey.

R AvD CHI EPH HEM OST COP HYD OPREY

Early dry-season
Allopatry vs. Sympatry
Pumpkinseed 0.17* 48.61 17.43(3) 21.93(1) 20.55(2)
Cichlid 0.44* 58.59 26.99(1) 21.02(2) 15.16(3)
Sympatry
Pumpkinseed vs. Cichlid 0.28* 42.41 18.12(3) 23.66(1) 18.59(2)

Late dry-season
Allopatry vs. Sympatry
Pumpkinseed 0.22* 49.06 19.23(1) 13.40(4) 15.82(2) 14.89(3)
Cichlid 0.85* 69.16 21.91(2) 28.29(1)
Sympatry
Pumpkinseed vs. Cichlid 0.23* 34.05 14.00(3) 24.56(1) 24.33(2)

Fig. 4. Dietary niche width based on animal prey in the diet of pumpkinseed Lepomis gibbosus and the cichlid Australoheros facetus in allopatric
(Degebe and Vascão) and sympatric (Ardila) sites in the Lower Guadiana Basin (Portugal) during the early (a) and late (b) dry-season. Error bars
are the bootstrapped 95% confidence intervals.
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Although there was no change in the use of plant material,
sympatric pumpkinseed and the cichlid displayed marked
shifts in the use of animal prey and a decrease in niche
width relative to their allopatric counterparts. Moreover, in
sympatry, pumpkinseed and the cichlid showed similar niche
width and some overlap in animal prey but differed markedly
in plant material use.

Because it was based on a field-approach, this study was
constrained by fish assemblage distribution in the LGB during
Page 7 o
the dry-season, with invaders generally occurring together
with native species and concentrating in the few remaining
persistent refuges (Pires et al., 1999). Moreover, to guarantee
that model species were sufficiently abundant to yield enough
sample sizes and that local assemblages were similar, we were
unable to replicate sample locations within rivers. This makes
it impossible to characterize the results as occurring broadly
or being site specific but minimized the risks of other
potentially more serious confounding effects. Although
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differences in the diet of the model species may still reflect at
least to some extent their interactions with other species, this
was unlikely to have substantial effects in the case of the
cichlid because fish assemblages in the Ardila and Vascão
were very similar in species composition and abundance. This
limitation was potentially more significant in the case of
pumpkinseed because mosquitofish was more abundant in the
Degebe than in the Ardila river (Ribeiro F., unpublished data),
but the latter is a small sized species, that generally prey
heavily on zooplankton rather than macroinvertebrates, and
thus is unlikely to strongly interact with pumpkinseed with
respect to prey type and size (Godinho et al., 1997; Mieiro
et al., 2001). Small sample sizes in some sites may also
induce some shortcomings to our approach. However, this is
unlikely to have any significant effects other than weakening
the observed patterns because fish were all in the same range
of body length and stomach contained enough prey for
analysis. Nevertheless, quantifying trophic niche trajectories
during ontogeny should provide additional information about
species coexistence.

Variations in dietary niche between allopatry and sympatry
observed for bothpumpkinseedand the cichlid reflected changes
in the use of main prey such as Chironomidae, Ephemeroptera
and Hemiptera, but also minor prey such as Ostracoda and
Hydracarina. These changes in prey use can be at least partially
associated with variations in local prey availability, which were
not evaluated in this study. This is an important shortcoming to
our approach, given in Mediterranean streams, macroinverte-
brate communities generally tend to be more diverse and
abundant in permanent than in intermittent sites throughout the
dry-season (Pires et al., 2000; Bonada et al., 2007). In particular,
we have found a tendency for sympatric fish decreasing niche
width in the permanent stream relative to their allopatric
counterparts in intermittent streams, which can be associated
with higher availability of preferred prey in the former systems.
Therewas, however, no apparent decrease in the consumption of
plants by the cichlid in the permanent river despite that prey
availability was likely higher (Magalhães, 1993b; Alexandre
et al., 2015). This suggests that our findings might not be an
artefact of local conditions. Future studies should thus quantify
the extent to which prey availability may affect resource use by
each species, prey type and size, and the extent towhich thismay
limit species coexistence.

The divergence in dietary niche found for pumpkinseed
and the cichlid between allopatry and sympatry is consistent
with results obtained for invasive topmouth gudgeon
Pseudorasbora parva (Temmnick and Schlegel) and common
carp Cyprinus carpio (Linnaeus), which shifted dietary niche
composition and decreased niche width when in sympatry with
native fish (Tran et al., 2015; Busst and Britton, 2017).
However, contrasting patterns have been observed for goldfish
Carassius auratus (Linnaeus) which tended to share resources
with sympatric native species, though still displayed narrower
niches relative to their allopatric counterparts (Britton et al.,
2018). Although dietary niche narrowing, rather than niche
broadening, might be the pattern in invaded fish communities
where resources could otherwise have been limiting (Jackson
and Britton, 2014; Tran et al., 2015; Ba�sić and Britton, 2016),
trophic interactions among multiple invaders might be
variable, depending at least to some extent on regional and
species-specific influences.
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Sympatric pumpkinseed and the cichlid showed similar
niche width and overlapped in the use of animal prey, but there
were still some significant variations in the use of
Chironomidae, Hemiptera and Ostracoda. Differences in the
contributions of major preys might form an important
mechanism reducing interspecific competition (Pompei
et al., 2014; Quirino et al., 2015; Olson et al., 2016),
especially when sympatric species are likely to share space-
restricted habitats (Magalhães, 1993a; Jackson et al., 2012).
Indeed, similar patterns have also been perceived in other
studies, with for instance sympatric topmouth gudgeon and
common carp strongly partitioning prey (Jackson and Britton,
2014). Slight variations in prey preferences between invasive
species as found here might still be important to potentiate
some dietary segregation and facilitate coexistence.

Besides variations in animal prey use, sympatric pump-
kinseed and the cichlid differed substantially in the use of plant
material. Indeed, plant material was of negligible importance
in the diet of pumpkinseed but was commonly found and in
high proportions in the diet of cichlid. This is consistent with
previous studies indicating that plant material is key in the diet
of cichlids in native (Gutierrez et al., 1986; Yafe et al., 2002)
and invaded areas (Ribeiro et al., 2007), but that pumpkinseed
seldom uses this resource in both native (Mittelbach, 1984;
Mittelbach et al., 1992) and invaded areas (Godinho et al.,
1997; García-Berthou and Moreno-Amich, 2000; Gkenas
et al., 2016). This may at least to some extent reflects variations
in morphological traits and feeding capabilities between
species, as for instance the presence of pharyngeal jaw
apparatus in pumpkinseeds may potentiate the use of hard-
shelled prey relative to other resources (Wainwright, 1996).
Regardless of its direct cause, this divergence in plant use may
influence trophic interactions between the two species, with
advantages for the cichlid. Plant material is a highly accessible
and persistent resource in Mediterranean streams (Alexandre
et al., 2015) and may constitute an alternative and efficient
buffer strategy against prey scarcity (Magalhães, 1993a).

In conclusion, the patterns in dietary niche composition,
width, and overlap found for pumpkinseed and the cichlid
suggest that divergence in dietary niches may play a role in
mediating coexistence of multiple invaders in Iberian streams.
This is particularly noteworthy because dietary niche
divergence might not only contribute to decrease the risk of
competition for shared resources but also result in contrasting
impacts between invasive species on recipient ecosystems
which remain to be quantified.

Supplementary Material

Table S1. Environmental characteristics (mean ± SD) of the
three sites in the Lower Guadiana Basin.
The Supplementary Material is available at https://www.kmae-
journal.org/10.1051/kmae/2019018/olm.
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