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Background. Coexistence among sympatric, functionally similar species often hinges on
niche differentiation, especially as resource competition intensifies during the breeding
season. Individual specialisation (IS) can promote coexistence by narrowing individual
niches or increasing divergence among individuals. In colonial seabirds, aggregation at
limited breeding sites and central-place foraging amplify both intra- and interspecific
competition. Here, we assess seasonal shifts in individual and population isotopic niche
widths in two sympatric cormorant species to elucidate the mechanisms underlying their
coexistence.

Methods. We analysed isotopic composition (6 > C and 6 N) in four tissue types from
111 individuals of Poikilocarbo gaimardi and Leucocarbo atriceps captured at Pirén Islet
(Los Lagos, Chile) during breeding and non-breeding periods. Multivariate generalised
linear mixed models estimated isotopic niche components: total niche width (TNW), within-
individual component (WIC), and between-individual component (BIC).

Results. L. atriceps exhibited 2.2-fold greater TNW than P. gaimardi during non-breeding
and 2-fold greater during breeding. IS differed markedly between species: L. atriceps
showed a higher IS during non-breeding (0.541 vs 0.213 in P. gaimardi), but decreased by
79.3% during breeding, whereas P. gaimardi increased IS by 52.1%. Niche overlap was
asymmetric and seasonally variable: P. gaimardi exhibited high overlap with L. atriceps
(95.7% non-breeding, 89.6% breeding), whilst L. atriceps showed lower overlap (48.3%
non-breeding, 43.7% breeding). Competition indices increased substantially during
breeding in both species (307.2% in L. atriceps, 233.3% in P. gaimardi).

Discussion. Results suggest that coexistence relies on multiple mechanisms, including
subtle population niche differentiation, contrasting IS between species, and divergent
resource-use strategies. The high niche overlap and narrower niche of P. gaimardi suggest

greater competitive vulnerability for this Near Threatened species. Conservation of
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foraging habitat heterogeneity and prey availability is crucial for maintaining ecological
opportunities that sustain these coexistence mechanisms.
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Abstract

Background. Coexistence among sympatric, functionally similar species often hinges
on niche differentiation, especially as resource competition intensifies during the
breeding season. Individual specialisation (IS) can promote coexistence by narrowing
individual niches or increasing divergence among individuals. In colonial seabirds,
aggregation at limited breeding sites and central-place foraging amplify both intra- and
interspecific competition. Here, we assess seasonal shifts in individual and population
isotopic niche widths in two sympatric cormorant species to elucidate the mechanisms

underlying their coexistence.

Methods. We analysed isotopic composition (313C and 31°N) in four tissue types from
111 individuals of Poikilocarbo gaimardi and Leucocarbo atriceps captured at Pirén Islet
(Los Lagos, Chile) during breeding and non-breeding periods. Multivariate generalised

linear mixed models estimated isotopic niche components: total niche width (TNW),
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within-individual component (WIC), and between-individual component (BIC).

Results. L. atriceps exhibited 2.2-fold greater TNW than P. gaimardi during non-
breeding and 2-fold greater during breeding. IS differed markedly between species: L.
atriceps showed a higher IS during non-breeding (0.541 vs 0.213 in P. gaimardi), but
decreased by 79.3% during breeding, whereas P. gaimardi increased IS by 52.1%.
Niche overlap was asymmetric and seasonally variable: P. gaimardi exhibited high
overlap with L. atriceps (95.7% non-breeding, 89.6% breeding), whilst L. atriceps
showed lower overlap (48.3% non-breeding, 43.7% breeding). Competition indices
increased substantially during breeding in both species (307.2% in L. atriceps, 233.3%
in P. gaimardi).

Discussion. Results suggest that coexistence relies on multiple mechanisms, including
subtle population niche differentiation, contrasting IS between species, and divergent
resource-use strategies. The high niche overlap and narrower niche of P. gaimardi
suggest greater competitive vulnerability for this Near Threatened species. Conservation
of foraging habitat heterogeneity and prey availability is crucial for maintaining ecological
opportunities that sustain these coexistence mechanisms.

1. Introduction

Classical ecological theory posits that the coexistence of similar species depends on
niche differentiation when resources are scarce, with differences in diet, temporal
activity, and spatial distribution facilitating coexistence (Gause, Nastukova & Alpatov,
1934; Schoener, 1974; Phillips et al., 2017). However, this perspective often overlooks
the fact that individual niches may occupy rather small fractions of the population niche,
leading to highly divergent resource use patterns among individuals across taxa and
niche axes (Bolnick et al., 2003). Such individual-level niche partitioning can alleviate

intraspecific competition, thereby facilitating species coexistence even in the absence of
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strict interspecific niche differentiation (Bolnick et al., 2003, 2011; Araujo, Bolnick &
Layman, 2011). This phenomenon is associated with individual specialisation, which is
driven by inherent traits unique to each individual, rather than by collective factors such
as sex, size, or age, and has been shown to have profound implications for population
dynamics, species interactions, and community structure (Bolnick et al., 2011; Violle et
al., 2012; Barabas & D’Andrea, 2016).

Competition is a central force shaping both inter- and intraspecific niche segregation,
fundamentally driven by the limitation of resources such as food, space, or nesting sites.
This pressure is particularly acute among specialist species whose ecological
requirements and diets overlap, often resulting in intense competitive interactions
(Pianka, 1974; Connell, 1980; Letten, Ke & Fukami, 2017). Such competition not only
influences individual foraging strategies and population structure (Ward, Webster & Hart,
2006), but also drives evolutionary adaptations (Grant & Grant, 2006; Pfennig & Pfennig,
2012). Moreover, while much research has focused on competition between distantly
related species occupying different ecological roles, examining competitive dynamics
between closely related species is particularly valuable because these species share
similar ecological demands, making competitive interactions more nuanced (Webb et al.,
2002; Violle et al., 2011). For example, studies of closely related species, such as
Darwin's finches (Grant & Grant, 2006) and sympatric anurans (Cloyed & Eason, 2017),
reveal that even subtle differences can promote coexistence despite substantial niche
overlap. Ultimately, understanding these fine-scale niche partitioning mechanisms is
essential for unravelling the processes that maintain species diversity and stability within
ecological communities (Costa-Pereira et al., 2019).

Colonial nesting seabirds, concentrated in dense aggregations on scarce oceanic

breeding sites, face intensified intra- and interspecific competition that fundamentally
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shapes their foraging ecology (Ashmole, 1963; Wittenberger & Hunt, 1985). This spatial
limitation amplifies competition for prey in adjacent waters and creates potential "halo
effects” around colonies, whilst central-place foraging constraints during breeding force
frequent returns to nests for chick provisioning (Birt et al., 1987; Gaston et al., 2007).
Marine bird spatial strategies can be classified into three distinct categories: resident
species that remain at breeding sites year-round, dispersive species that undertake
irregular movements within regional areas, and migratory species that follow predictable
seasonal movements between distinct grounds (Newton, 2008; Bunnefeld et al., 2011;
Amélineau et al., 2021). Whilst these strategies appear similar during breeding when all
species face central-place constraints, they diverge markedly during non-breeding
periods, creating distinct ecological opportunities defined by the diversity of accessible
resources and habitats.

Fundamentally different spatial strategies generate distinct patterns of individual
specialisation across seasons. Resident species, constrained to exploit local marine
environments year-round, develop pronounced individual specialisation during breeding
when central-place foraging intensifies competition, as exemplified by Kerguelen shags
(Phalacrocorax verrucosus) and gentoo penguins (Pygoscelis papua) that maintain
consistent individual preferences in foraging behaviour and dietary selection
(Camprasse et al., 2017; Herman et al., 2017). Conversely, dispersive species show
reduced individual specialisation during breeding but develop marked individual
differences during non-breeding periods when accessing diverse marine environments,
as demonstrated by Cory's shearwaters (Calonectris borealis) and brown skuas
(Catharacta antarctica lonnbergi) that exhibit strong individual consistency in migration
strategies and habitat use across multiple years (Krietsch et al., 2017; Zango et al.,

2019). This fundamental difference in year-round resource accessibility creates dual
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sources of ecological variation that ultimately shape community structure and
competitive dynamics.

The cormorant family (Phalacrocoracidae) provides an excellent model for investigating
coexistence mechanisms, as its members share highly similar morphological and
functional traits whilst exhibiting significant ecological overlap (Frere, Quintana &
Gandini, 2005; Grémillet et al., 2005; Frere et al., 2008). These generalist divers
primarily feed on benthic and pelagic fish at high trophic levels, with several species
coexisting in shared coastal breeding habitats and restricted foraging areas (Humpbhries,
Hyndes, & Potter, 1992; Sapoznikow & Quintana, 2003; Forero et al., 2004). Despite
substantial potential for niche overlap, the mechanisms that prevent competitive
exclusion remain unclear, particularly given the ongoing environmental changes (Losos,
2008). ﬁividual specialisation may buffer the effects of interspecific competition, as
demonstrated in other taxa (Durell, 2007; Araujo, Bolnick, & Layman, 2011; Costa-
Pereira et al., 2019).

We focus on two sympatric cormorants: the Imperial Shag (Leucocarbo atriceps), which
disperses extensively during non-breeding periods (Yorio et al., 2020), and the Red-
legged Cormorant (Poikilocarbo gaimardi), which remains resident year-round (Frere et
al., 2004). Using stable isotope analysis, we quantified isotopic niche widths to assess
seasonal variations in individual specialisation and niche overlap between species at a
major colony in southern Chile. Stable isotopes provide insights into both bionomic
(resource-use) and scenopoetic (environmental) niche axes, with 3°N reflecting trophic
levels and &'3C indicating carbon sources (Bearhop et al., 2004; Cherel & Hobson,
2007; Newsome et al., 2007). Different tissue turnover rates reveal dietary information
across annual stages, enhancing understanding of niche breadth in mobile marine

organisms (Bearhop et al., 2006; Newsome et al., 2007; Jackson et al., 2011).
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In the present work, we seek evidence supporting the hypothesis that the coexistence of
P. gaimardi and L. atriceps on Pirén Islet is explained by one or more of the following
mechanisms: Segregation of population niches (M1), either through the contraction or
shift in niche position to enhance partitioning of resources between species; Enhanced
individual specialisation (M2) through either a reduction of individual niche widths
(1WIC) and/or an increase in distance between individual niche positions (1BIC) to
enhance partitioning of resources between individuals; Expansion of the total population
niche (M3) towards a greater range of less profitable but relatively more abundant prey
resources, which become exploited by different relatively specialised individuals; and
Expansion of the individual niche (M4) toward a greater range of less profitable but
relatively more abundant prey resources, which becomes exploited similarly by all
population members. While the first two mechanisms are inspired by the competitive
exclusion theory (Gause 1934; Hardin, 1960), the last two mechanisms are inspired by
the Optimal Foraging Theory (MacArthur & Pianka, 1966; Stephens & Krebs, 1986).

2. Methods

2.1. Study site

Pirén Islet (41°42’S; 72°41’0) covers an approximate area of 3.15 hectares and is an
important breeding site for numerous seabirds and marine mammals in the Reloncavi
Sound, known for its high species richness and abundance (Cursach et al., 2022). The
islet features a land substrate at its centre covered with shrub vegetation and some
trees, providing a resting and breeding ground for at least eight species of seabirds,
including four cormorant species: L. atriceps, P. gaimardi, Nannopterum brasilianus, and
L. magellanicus (Pérez-Santos et al., 2022). Recently, the reproduction of a fifth
cormorant species, L. bougainvillii, has been recorded, making this site the only location

where all five cormorant species have been reported to breed along the SE Pacific
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coast. The Reloncavi Sound is characterised by abundant freshwater, organic matter,
and nutrient contributions from Andean rivers such as the Puelo, Petrohué, and
Cochamd, which flow into it. These inputs enhance primary and secondary productivity,
including that of zooplankton and small pelagic fish, and sustain a rich and diverse
marine ecosystem (Iriarte, Pantoja & Daneri, 2014).

The main factors that likely determine the seasonal variability of prey available for
seabirds on Pirén islet are artisanal fishing, aquaculture production cycles (Jiménez et
al., 2013), other anthropogenic activities in the coastal area (e.g., agricultural runoff
introducing nutrients and pollutants into nearshore waters) (Iriarte, Gonzéalez &
Nahuelhual, 2010), climatic and oceanographic variability, and the seasonal migrations
of prey species (Toledo et al., 2020; Heredia-Azuaje, Niklitschek & Sepulveda, 2022).
Additionally, the intense fishing activity in the surrounding waters has led to the
overexploitation of small pelagic species (Subpesca, 2023), directly impacting
piscivorous bird species.

2.2. Capture and sample collection.

Adult individuals of L. atriceps and P. gaimardi at the study site were sampled during the
non-breeding season, defined as three months before the start of nesting activity (July-
September) of 2022 (five sampling events) and the breeding season (chick-rearing,
January-February) of 2022 and 2023 (six and two sampling events, respectively).
Sampling was abruptly suspended in 2023 due to the highly pathogenic avian influenza
epidemic that affected the SE Pacific coast (Azat et al., 2024). The study was conducted
in accordance with the general principles of non-lethal sampling (Waugh & Monamy,
2016) and animal welfare (Zemanova, 2020). Necessary sampling permissions were
obtained (Res. N° 7850/2021, Servicio Agricola y Ganadero, Chile), and the University

of Los Lagos Scientific Ethics Committee approved sampling protocols (CEC-Ulagos
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177 Captures were conducted at night, employing two distinct methodologies based on light-
178 attraction techniques. In some cases, researchers approached the island at night in a
179 boat and attracted the cormorants using high-intensity lights (10,000-20,000 lumens),
180 which exhibit positive phototaxis and dive toward the light source, landing in the water
181 near the boat (King et al., 1994). These birds were then captured using nets and

182 modified fishing rods (Morgenthaler, 2019; Alfaro & Aldabe, 2020). Alternatively,

183 researchers landed on the island at night and employed spotlights to dazzle individual
184 cormorants at close range. The intense illumination temporarily immobilises the birds
185 through disorientation, allowing for direct capture with hand-held nets. Following

186 capture, all birds were temporarily housed in cages (0.15-2 hours) before being

187 measured and sampled on the boat. After being measured and sampled, all individuals
188 were banded before release to allow identification of recaptures and prevent repeated
189 measurements. A calliper was used to measure the length of the beak, head, tarsus,
190 and wing, and a spring scale was used to determine body mass. Blood samples (0.5—
191 1.5 ml) were obtained from the brachial or tarsal vein using heparinised syringes with
192 23-25 gauge needles, and were subsequently refrigerated and centrifuged (4-8 hours
193 after extraction) for 20 minutes at 3,500 rpm. The plasma and red blood cells were dried
194 (48 h at 60 °C) and stored for later isotopic analysis (Cherel et al., 2013). Feather

195 samples from the body and wings (primaries) were collected to obtain isotopic

196 signatures from different periods, as these reflect the individual's diet during the moulting
197 period. Body feathers were used for the non-breeding period, and primary feathers were
198 used for breeding. These samples were cleaned with alcohol and distilled water, dried
199 (48 hours at 60°C), and cut before conducting isotopic analyses.

200 2.3. Niche analysis
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The red blood cells, plasma, and feather samples were ground until a homogeneous
consistency was achieved. Approximately 1 mg of each sample was encapsulated in tin
capsules to determine its isotopic signature. The stable isotope analyses of carbon
(6**C) and nitrogen (6*°N) were conducted at the Centre for Stable Isotopes of the
University of New Mexico, United States, using an elemental analyser coupled to an
isotopic ratio mass spectrometer with a continuous-flow interface. The stable isotopes
were expressed according to the following equation in d (delta) notation (Coplen, 2011)
in units per thousand (%e):

Rsample
Rstandar

= —1|*1000 %o

where X is **C or N, and R is the corresponding ratio of *C:**C or **N:*N. The standard
value of R is based on Vienna Pee Dee Belemnite (VPDB) for **C, and atmospheric
nitrogen (N.) for **N.

We utilised stable isotope data to model the within- and between-individual components
(WIC and BIC, respectively) of multidimensional population niches as variance-
covariance matrices (Ingram, Costa-Pereira & Araujo, 2018). WIC reflects the average
individual resource breadth, represented by the variation in 6'3C and 4*°N of their
resources. At the same time, BIC quantifies the average degree of variation in resource
use among individuals within a population (Roughgarden, 1972). Thus, the population
total niche width (TNW) was calculated as the sum of both components (TNW = WIC +
BIC; Roughgarden, 1972). Although individual specialisation (IS) is traditionally defined
as WIC/TNW, this relationship is counterintuitive: lower values correspond to greater
specialisation (Bolnick et al., 2002). To resolve this, we adopted the complementary
metric IS = BIC/TNW (Rosenblatt et al., 2015), which ensures that values directly reflect

the intensity of specialisation. Thus, the degree of IS increases when individual niches
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are narrower (low WIC) and/or more segregated (high BIC).

We estimated the parameters of the niche component matrices (BIC and WIC) using
multivariate generalised linear mixed models (MGLMM) through the R package
‘MCMCglmm’ (Hadfield, 2010), which implements a Monte Carlo Markov chain (MCMC)
analysis. We first standardised the data by sample type (e.g., plasma, red blood cells,
and feathers) to ensure the niche component matrices would be readily interpretable
(Ingram, Costa-Pereira & Araujo, 2018). Individual identity was modelled as a random
effect for each population and period to obtain the variances and covariances between
individuals (BIC) in 613C and '°N dimensions (the ‘G-structure’). Thus, the residual
variances and covariances (the ‘R-structure’) represented the average within-individual
variation (WIC). The posterior means of each variance-covariance matrix (BIC and WIC)
were then summed up to calculate the total niche width (TNW). In this context, the
average index of individual specialisation across multiple dimensions within a population
was calculated as the ratio between the size (i.e., the sum of the eigenvalues) of the BIC
matrix and the size of the TNW matrix (Ingram, Costa-Pereira & Araujo, 2018; Costa-
Pereira et al., 2019). Each MCMC run comprised 100,000 iterations (thinning interval =
10, burn-in = 5,000). Convergence was assessed using the Gelman-Rubin diagnostic
based on five independent runs.

2.4. Indicators of ecological opportunity

Although it was not possible to directly measure the magnitude of the main ecological
factors believed to affect individual specialisation, we employed two indirect indicators
previously proposed to evaluate ecological opportunity, defined as the diversity of
exploitable resources accessible to a population (Ingram, Costa-Pereira & Araujo,
2018). Seasonal variation in ecological opportunity was indirectly assessed by analysing

prey (fish otoliths, cephalopod jaws, polychaete remains, and crustacean exoskeletons)
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found in pellets collected on the island, which were likely produced by cormorants and
other seabirds (Morgenthaler, 2019). Sixty pellets were collected during the non-
breeding season (June and September) and 70 during the breeding season (November
and December) of the years 2020 and 2022. Pellets were wrapped in aluminium foil and
kept frozen until thawed at 60 °C for 20 minutes before dissection. Distilled water was
used to detach and separate the remains under a magnifying glass, which were then
stored in Eppendorf tubes with 70% alcohol, except for the otoliths, which were stored
dry. Each structure was photographed using magnifications of 0.5X and 6.3X.
Identification was made using taxonomic keys from Garcia-Godos (2001) and Xavier &
Cherel (2021) and assistance from experts (P. Toledo, B. Pacheco, and H. Heredia-
Azuje, Centro i~mar, Universidad de Los Lagos). Nominal richness and the reciprocal
Simpson index (Magurran, 2004) were used to characterise seasonal trends in prey
richness and diversity.

2.5. Indicators of competition

To quantify the intensity of competitive interactions in our study system, we estimated
potential competition using the effective abundance of hetero and conspecifics (Nz;
Costa-Pereira et al., 2018), a metric that integrates both the local abundance of
competing species and their phylogenetic relatedness as a proxy for ecological
similarity. This approach is grounded in the principle that competition intensity should be
stronger between closely related species due to their shared evolutionary history and
similar ecological requirements.

Competition indices were determined for each species during both periods based on the
presence of species from the orders Suliformes, Pelecaniformes, Charadriiformes, and
Sphenisciformes, which constitute the primary marine bird taxa exploiting similar prey

resources, particularly fish and cephalopods (Cherel & Klages, 1998; Furness et al.,
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2012). These taxonomic groups represent the main seabird competitors in marine
ecosystems, sharing overlapping trophic niches and foraging habitats despite
differences in foraging strategies and morphological adaptations (Forero et al., 2004;
Dehnhard et al., 2020). Census data were collected between May-August for the non-
breeding period and October-January for the breeding period, derived from
comprehensive surveys conducted between 2020 and 2024 using standardised visual
counting techniques combining aerial observations with DJI Mavic Pro drone platforms
and systematic direct counts using 10x42 binoculars, conducted during optimal weather
conditions by trained observers following established protocols for colonial seabird
monitoring (Bibby et al., 2000).
The effective abundance metric is based on the quantitative genetic competition model
proposed by Doebeli (1996), which models competitive interactions as a function of
phenotypic similarity between species. The index is calculated as:

Nz=) Nlz'lalz,z’)
Where N(z') represents the observed absolute abundance of hetero and conspecifics,
unlike Costa-Pereira et al. (2018), who employed relative abundance measures, we
utilised absolute abundance values to avoid potential scaling artifacts. This distinction is
important because relative abundance indices can produce identical values regardless
of actual population sizes, potentially masking true differences in the intensity of
competitive pressure.
The competitive impact a(z,z") represents the per capita reduction in population growth
of focal species z caused by each individual of competitor species z', and is modelled
using a Gaussian decay function (Doebeli, 1996; Costa-Pereira et al., 2018):
—lz-z"

2
a

alz,z'|=exp
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Where the phenotypic difference (z,z") corresponds to the phylogenetic distance
between species pairs, calculated from a time-calibrated phylogenetic cladogram
constructed using the R package "picante” (Kembel et al., 2010). Within the order
Suliformes, interspecific distances were obtained from values reported by Kennedy &
Spencer (2014). At the same time, for other potential competitor groups
(Charadriiformes, Sphenisciformes, Pelecaniformes), we used average phylogenetic
distances between each order and Suliformes as reported by Claramunt & Cracraft
(2015). The parameter 02 = 0.05 defines the rate at which competitive intensity declines
with increasing phylogenetic divergence, following Costa-Pereira et al. (2018) to
approximate the competitive function as a Gaussian curve.

2.6. Statistical analysis

All statistical analyses were performed using R version 4.4.3 (R Core Team, 2023).
Generalised linear models (GLM, McCullagh & Nelder, 1989) were used to assess
differences in morphometric traits—including mass, beak length and width, leg length,
and total length—between species, with the species as the explanatory variable.
Gaussian and gamma distributions were compared, and the most informative one was
selected using the second-order Akaike’s Information Criterion (AICc) and its relative
weight (AICw) as recommended by Burnham & Anderson (2004). Data for most
measurements were observed to fit the gamma distribution better.

Fitting GLM models also analysed ecological opportunity data for response indices
(Magurran, 2004): i) nominal richness, and ii) inverse Simpson diversity index, assuming
Poisson and normal distributions, respectively.

Distribution assumptions for morphometric and ecological opportunity data were tested
using Hartig's (2022) simulated and rescaled residuals method and the Kolmogorov-

Smirnov uniformity test. Homoscedasticity was assessed using Breusch and Pagan’s
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test (1979). Overall, we found no evidence against these two main assumptions. Lack of
independence among data from the same sampling event (collection day) was
addressed through a mixed models approach (Searle, 1987), which allowed for including
these events as a random factor.

Inference for morphometric and ecological opportunity data followed a multi-model
inference approach, where model selection was based on AlCc and AICw (Burnham &
Anderson, 2004). Inference about isotopic niche metrics was, instead, directly based on
the posterior distribution of the metrics of interest (Gelman et al., 2014).

Isotopic niche overlap between species was calculated as the proportion of the standard
ellipse representing the total niche width (TNW) of one species being overlapped by the
TNW standard ellipse of the other species. Ellipse and overlap computations were made
using the R package ‘sf’ in R (Pebesma & Bivand, 2023). This approach provided a
readily interpretable measure of relative niche overlap experienced by each population.
3. Results

1.1. Sampling success

A total of 111 individuals were captured: 25 P. gaimardi and 18 L. atriceps during the
non-breeding season and 31 P. gaimardi and 37 L. atriceps during the breeding season.
On average, the L. atriceps species exhibited higher values in mass (1.36 fold), wing
length (1.06 fold), beak breadth (1.24 fold), and leg length (1.13 fold) than the P.
gaimardi. In contrast, beak length was similar between species (Supplemental Table
S1).

3.1. Isotopic sighature

The isotopic composition analysis revealed clear differences in 53C and 85N values
between both species and tissue types for P. gaimardi and L. atriceps (Table 1). For

013C, body feathers exhibited similar values across species, while plasma showed the
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most depleted values overall, with L. atriceps being lower than P. gaimardi (Table 1).
Red blood cells displayed intermediate 13C levels, also differing between species, with
L. atriceps again showing values 2.47% lower than P. gaimardi. Regarding &SN values,
interspecific differences were evident only in plasma, where P. gaimardi was notably
enriched compared to L. atriceps. Primary feathers showed the highest 6'°N enrichment
in both species, whereas red blood cells exhibited the lowest values, particularly in P.
gaimardi (Table 1).

3.2. Niche components

During the non-breeding period, the L. atriceps TNW was substantially (2.2-fold) broader
than the P. gaimardi TNW (P [TNW<_atriceps™TNWp gaimarai]= 0.999; Table 2). This difference
was driven by a moderately (24.8%) larger WIC (P[WIC_ atriceps>WICp gaimarai] = 0.707), and
by a 5.7-fold larger BIC (P[BIC._aticeps>BICp gaimarai] = 0.998). Consequently, the L. atriceps
population displayed a much higher degree of individual specialisation (IS= 0.541),
estimated to be 60.1% greater than the P. gaimardi one (P[IS aticeps>|Sp gaimarai] = 0.985;
Table 2).

In contrast, during the breeding period, although L. atriceps maintained a 2-fold greater
TNW (P[TNW_ aiceps> TNWp gaimarai] = 1) and a 2.6-fold higher WIC

(P[WICL atiiceps>WICp gaimarsi] = 1) than P. gaimardi, but its BIC was 31.2% lower
(P[BICLatiiceps<BICp gaimarsi] = 0.750) than in P. gaimardi (Table 2). This shift resulted in
opposite changes in individual specialisation, where P. gaimardi exhibited an individual
specialisation index (IS= 0.324) 31.4% higher than that of L. atriceps (1S=0.112,

P[1Sk gaimardi>1SLaticeps] = 0.979).

When comparing periods within species, notable differences in TNW and its
components are evident. In P. gaimardi, TNW decreased by 21.4% from the non-

breeding to the breeding period (P[TNWpreeding< TNWron-breeding] = 0.902). This reduction
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was mainly driven by a 33.0% decline in the WIC (P[WICoureeding<WICron-breedging] = 0.974)
despite a 23.1% increase in the BIC (P[BICurecding™>BICron-breeding] = 0.632). L. atriceps
exhibited a similar (28.5%) decrease in TNW over the same period

(P[TNWoreeding< TNWhon-breeding] = 0.999); however, in this species, WIC increased by 43.0%
(P[WIChreeding™>WIChron-breeding] = 0.936), while BIC decreased sharply by 86.7%
(P[BIChrecding™>BICron-breeding] = 0.999) during the breeding period. Along with the overall
reduction in TNW, the individual specialisation index (IS) declined by 79.30% in L.
atriceps, indicating a lower individual specialisation during the breeding period
(P[ISbreeding<ISnon-breeding] = 0.999). In contrast, P. gaimardi showed a slight increase of
52.11% in this index (P[ISureeding<|Snon-breeding] = 0.818).

3.3.  Population niche overlap between species.

During the non-breeding season, P. gaimardi exhibited a very high degree of niche
overlap (95.7%) with L. atriceps. In contrast, only 48.3% of the L. atriceps’ niche
overlapped with that of P. gaimardi during this period, consistent with the much broader
trophic niche (TNW) of L. atriceps (Figure 2). During the breeding season, although the
overlap decreased by ~ 5-6% for each species, it remained substantially high (89.6%)
for P. gaimardi, while 43.7% of the L. atriceps’s niche overlapped with that of P.
gaimardi (Figure 2).

3.4. Ecological opportunity and interspecific competition

Overall, the richness and diversity of taxa found in seabird pellets from Pirén Islet were
greater during the non-breeding season than during the breeding season (Figure 3),
with species richness increasing by 43% and diversity by 14%. Despite these apparent
seasonal shifts, the null model—which assumes no seasonal differences—
demonstrated stronger empirical support than seasonal alternatives, suggesting these

fluctuations may reflect natural variability rather than systematic seasonal patterns.
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The competition index exhibited marked seasonal increases and substantial differences
between species (Figure 3). L. atriceps showed the greatest seasonal increment, rising
307.2% from the non-breeding to breeding season. In contrast, P. gaimardi
demonstrated a smaller yet considerable increase of 233.3%. Additionally, interspecific
differences intensified between seasons. During the non-breeding season, L. atriceps
recorded a competition index 63.2% higher than P. gaimardi, a disparity that widened to
99.4% during the breeding season. This pattern suggests heightened competitive
intensity for L. atriceps, particularly during reproductive periods (Figure 3).

4. Discussion

Our results show that two sympatric and closely related seabird species exhibit
substantial seasonal variation in the size and overlap of their trophic niches, as well as
in their niche components and levels of individual specialisation. This variability
suggests that these species respond to seasonal changes in prey availability, breeding
constraints, and differing dispersal behaviours. These patterns indicate that coexistence
is not maintained by a single mechanism, but rather through a combination and
alternation of various niche partitioning mechanisms aimed at reducing competition. In
the present work, we sought evidence of the relative importance of four non-exclusive
mechanisms facilitating coexistence during the breeding season: Segregation of
population niches (M1), enhanced individual specialisation (M2), expansion of the total
population niche (M3), and expansion of the individual niche (M4).

Following classical ecological theory, M1 posits that population-level niche differentiation
would be the primary mechanism enabling coexistence between ecologically similar
species (Hardin, 1960; Schoener, 1974). However, our results revealed a considerable
overlap in isotopic niches between the two cormorants during both seasons. This

unexpected finding aligns with recent evidence showing that high niche overlap does not
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inherently lead to competitive exclusion, particularly when individual specialisation and
plasticity buffer interspecific competition (Schirmer et al., 2020; Johnson et al., 2022;
Murray et al., 2023). Nonetheless, a subtle segregation in mean isotopic position
(primarily in 6**C) and niche overlap was observed during the breeding season,
revealing that some divergences in prey selection and/or foraging habitats had
contributed to mitigating direct competition at the time energetic and nest-guarding
constraints compel both species to forage near the colony (Cherel et al., 2007; Phillips
et al., 2017; Jessopp et al., 2020).

The considerable niche overlap we observed in the Pirén islet notably contrasts with the
findings of Morgenthaler et al. (2025), which showed great trophic segregation between
Atlantic populations of the same two species. These contrasting results may reflect
regional differences in ecological opportunity, such as higher prey abundance leading to
reduced interspecific competition in our study site. Oceanographic conditions
characterise and differentiate both study sites. The Reloncavi sound exhibits higher,
although seasonally variable, productivity related to freshwater inputs (Iriarte, Gonzéalez
& Nahuelhual, 2010). In contrast, the Patagonian Shelf is characterised by greater fish
diversity associated with the confluence of the warm Brazilian and the cold Malvinas
currents (Alemany, Acha & Iribarne, 2009). These geographical disparities underscore
the context-dependent nature of coexistence mechanisms, where local abiotic and biotic
factors interact with species-specific foraging strategies to shape niche dynamics
(Morgenthaler et al., 2025).

While finding marked but contrasting seasonal differences in individual specialisation
between the two studied species, our results provided limited support for the notion that
individual specialisation (M2) can play a significant role in mitigating the effects of

competition. Thus, the more resident species, P. gaimardi, exhibited some increase in
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individual specialisation during the breeding season, which was explained by a
moderate reduction in WIC as individuals differentiated their resource use, possibly to
reduce intraspecific competition under heightened breeding constraints (Phillips et al.,
2017). The magnitude of this response appears, however, to be small, given the
eightfold seasonal increase in the abundance of its competitor, L. atriceps. The more
dispersive L. atriceps showed, instead, a decrease in individual specialisation during the
breeding season, which was explained by a major reduction in BIC, which cancelled out
a minor decrease in WIC. This response was likely related to the drastic reduction in
ecological opportunity that faces this population during the breeding season as its
foraging range becomes limited by nest-guarding and chick-feeding constraints. This is
a pattern commonly reported in dispersive seabirds (Harris et al., 2015; Zango et al.,
2019), which are seasonally forced to become central-place foragers (Birt et al., 1987;
Dehnhard et al., 2020).

Unlike expectations from M3 and optimal foraging theory, the total population niche
width (TNW) did not increase during the breeding season in either of the two studied
species. Instead, a decrease in TNW—particularly pronounced in L. atriceps—was
observed during this period. This suggests that expanding the trophic population niche
to include suboptimal prey was not a strategy used to alleviate the seasonal increase in
potential competition, at least in this case study. We speculate that population niche
expansion was constrained by limited ecological opportunities around breeding sites,
given the relatively short foraging ranges reported for cormorants (L. triceps, 10-50 km;
P. gaimardi, 0.1-4.1 km; Gandini et al., 2005; Quintana et al., 2010). During the non-
breeding season, a noticeable expansion of TNW occurred in both species, but via
different mechanisms. In the dispersive L. atriceps, expansion occurred through

increased segregation between individual niches (BIC), following the niche variation
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hypothesis (Van Valen, 1965), which postulates that the release of competitive
constraints permits greater individual diversification in resource use. In contrast, in the
resident P. gaimardi, it occurred through an expansion of WIC, indicating that individuals
broadened their respective dietary niches via 'parallel release’ (Bolnick et al., 2010),
where all individuals simultaneously expand their niche widths in response to increased
ecological opportunity. These divergent mechanisms highlight how life-history strategies
influence species’ responses to ecological opportunities—a crucial consideration for
predicting resilience under environmental change.

The WIC of L. atriceps increased during the breeding season, as predicted by M4, i.e.
by the Optimal Foraging Theory operating at the individual level (Sheppard et al., 2018;
Costa-Pereira et al., 2019). The causal relationship between heightened competition
and the observed expansion in WIC in L. atriceps remains somewhat unclear. While
individuals likely expanded their trophic niche to compensate for the diminished
availability of optimal or preferred prey (Bolnick et al., 2010), this reduced availability
may have resulted from both the seasonally constrained foraging range and increased
competition during the breeding season. Regardless, this seasonal expansion of WIC
parallels responses observed in other dispersive seabirds facing seasonal spatial
constraints, where behavioural plasticity enhances resource exploitation efficiency (Ceia
& Ramos, 2015).

Opposing M4 predictions and L. atriceps’ responses, P. gaimardi exhibited a reduction
in WIC during the breeding season, which was consistent instead with M2 predictions,
i.e. with an individual niche partitioning strategy. These contrasting responses may
reflect physiological, anatomical, and behavioural differences between these two
species, leading to different levels of individual plasticity —a key trait for withstanding

environmental fluctuations and resource depletion (Bolnick et al., 2003; Valladares et al.,
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2015). The observed patterns may also reflect broader ecological principles: dispersive
species, such as L. atriceps, leverage plasticity to exploit variable resources (Phillips et
al., 2017; Zango et al., 2019), while resident species, like P. gaimardi, rely on
specialised, consistent foraging tactics (Lewke, 1982; Campana et al., 2022).

While our stable isotope analysis provided valuable insights into the trophic ecology of
L. atriceps and P. gaimardi, several methodological constraints common to this
approach warrant further consideration. First, isotopic niche metrics represent an
indirect approach to infer about resource use patterns and rely on several key
assumptions. Critical to our case is that isotopic baselines and discrimination factors are
spatially and temporally stable (Bearhop et al., 2004; Newsome et al., 2007). Second,
stable isotope analysis has a limited ability to resolve fine-scale dietary differences,
particularly when prey species share similar isotopic signatures (Newsome, Clementz &
Koch, 2010; Phillips et al., 2014). Third, quantifying ecological opportunity and
competition indices in marine systems remains inherently challenging due to the
dynamic nature of prey availability and the difficulty of directly measuring interspecific
interactions in pelagic environments (Harris et al., 2015; Phillips et al., 2017). Hence, our
reliance on surrogate indicators may have oversimplified the complex interplay between
resource partitioning and competition in this case study. Future studies, both here and
elsewhere, would benefit from integrating isotopic mixing models (e.g., SIAR, MixSIAR)
with direct dietary sampling methods (e.g., regurgitates, GPS tracking) to refine
estimates of prey contributions and validate niche partitioning mechanisms (Newsome et
al., 2012; lbarra et al., 2018).

Sampling limitations imposed additional limitations on the current study. The 2023
outbreak of highly pathogenic avian influenza (Azat et al., 2024) abruptly halted our

fieldwork, resulting in reduced sample sizes, particularly for P. gaimardi, during both the
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2023 breeding and non-breeding seasons. Additionally, the logistical difficulties of
capturing and handling these birds exceed our expectations, given their sensitivity to
disturbance. Furthermore, the roughness of the coastal terrain appears to be higher than
previously reported in other colonies of the same two species, particularly for the more
elusive P. gaimardi (King et al., 1994; Morgenthaler et al., 2025). Larger, multi-year
datasets would strengthen the robustness of individual specialisation metrics and
improve statistical power to detect subtle seasonal shifts (Bolnick et al., 2003; Ceia &
Ramos, 2015).

Despite the ecological and economic relevance of the SE Pacific coastline, few
ecological studies have addressed the trophic ecology and niche dynamics of coastal
seabirds, such as cormorants. Even fewer have focused on individual specialisation,
whose understanding may be critical to enhancing conservation strategies for marine
birds, given its role in buffering populations against environmental change (Bolnick et al.,
2011; Valladares et al., 2015; Manlick, Maldonado & Newsome, 2021). Our findings
demonstrate that the coexistence of sympatric cormorants hinges not on broad
population-level segregation but on nuanced individual strategies, underscoring the
importance of preserving heterogeneous foraging habitats to sustain ecological
opportunity. This consideration may be especially important for P. gaimardi, which is
currently classified as “Near Threatened” according to the [JUCN Red List (BirdLife
International, 2018). The species’ narrower individual niches and higher isotopic overlap
with L. atriceps suggest competitive vulnerability. Protecting prey availability and
environmental quality in foraging zones, as well as reducing anthropogenic pressures
over breeding sites, are the most urgent tasks here (Furness et al., 2012; Thaxter et al.,
2012; Soldatini et al., 2015).

5. Conclusions
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Our results indicate that coexistence between dispersive L. atriceps and the resident P.
gaimardi at the Pirén Islet is sustained by a dynamic interplay of niche partitioning and
resource-use strategies, which shift according to season and ecological conditions. The
dispersive species consistently exhibits a broader population niche than the resident,
particularly during the non-breeding season when ecological opportunity is greater and
competition is reduced. Despite a high degree of niche overlap between the species, the
dispersive cormorant’s ability to exploit a wider range of resources, likely due to its
mobility, appears to buffer direct interspecific competition.

The evidence for individual specialisation as a mechanism underpinning coexistence
between these cormorant species is suggestive but not unequivocal. While patterns of
individual specialisation are observed—such as higher specialisation in L. atriceps
during the non-breeding season and a modest increase in P. gaimardi during breeding—
these trends are not sufficiently strong or consistent to be considered definitive proof.
Instead, the results point to a more nuanced scenario in which individual specialisation
may contribute to coexistence, but its role is likely context-dependent and intertwined
with other ecological processes.

In summary, the coexistence of these closely related cormorant species cannot be
attributed to a single mechanism. Rather, it results from the combined effects of partial
niche segregation, varying levels of individual specialisation, and context-dependent
responses to competition and ecological opportunity. Crucially, divergent life-history
strategies also play a key role, highlighting the need to consider both intra- and
interspecific variation when analysing the ecological processes that sustain biodiversity
in complex communities.
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Table 1(on next page)

Stable isotope values (63C and 6'°N) for Red-legged cormorant (Poikilocarbo gaimardi)
and Imperial shag (Leucocarbo atriceps) across four tissue types.

Mean (x SD) stable isotope values of carbon (8*3C) and nitrogen (8*°N) for the Red-legged
cormorant (Poikilocarbo gaimardi) and Imperial shag (Leucocarbo atriceps) across four tissue
types (body feathers, primary feathers, plasma, and red blood cells). Different superscript
letters denote differences among tissue types within species, and shaded cells indicate
differences between species within each tissue, as determined by the most informative

model. Absence of superscript letters indicates no model achieved an AICw > 0.67.
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o"C

O"N

Sample type

P. gaimardi

L. atriceps

P. gaimardi

L. atriceps

Feather (body)

-14.33 £ 0.245°

-14.124 + 0.256°

17.426 + 0.1572

17.426 £ 0.932

Feather (primary)

-14.48 + 0.239°

-14.280 + 0.237°

17.683 £ 0.153°

17.667 £ 0.728

Plasma

-16.197 + 0.227°

-16.714 + 0.228°

16.993 + 0.139°

16.682 + 0.658

Red blood cells

-15.176 £ 0.227°

-15.561 + 0.228°

16.537+ 0.139¢

16.575 + 0.583
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Table 2(on next page)

Total niche width, niche components, individual specialisation, and population niche
overlap for Red-legged cormorant (Poikilocarbo gaimardi) and Imperial shag
(Leucocarbo atriceps) during breeding and non-breeding periods.

Total niche width (TNW), within-individual component (WIC), between-individual component
(BIC), individual specialisation (IS = BIC/TNW), and percentage of population niche overlap (%
Overlap) are presented for the Red-legged cormorant (Poikilocarbo gaimardi) and the
Imperial shag (Leucocarbo atriceps) during both breeding and non-breeding periods at Pirén
islet (Los Lagos, Chile). Values represent the mean = SE, calculated from the posterior
distributions of the analysed data. Different superscript letters (a, b) indicate differences
between periods within each species. The symbols (triangle, circle) denote differences
between species during the non-breeding period, while (diamond , plus) indicate differences
between species during the breeding period. The mean posterior distribution determined

this. Absence of superscript letters indicates that no differences were found at P > 0.67.
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Species Period TNW WIC BIC IS=BIC/TNW % Overlap

P. gaimardi | non-breeding | 1.39 +0.19** | 1.09 + 0.16**| 0.30+0.14*| 0.213 + 0.08** | 95.7 + 5.41**
breeding 1.09 +0.15°* | 0.73+0.10°* | 0.36+0.14% | 0.324 + 0.09°* | 89.6 + 6.97"*

L. atriceps | non-breeding | 3.06 + 0.71%® | 1.36 + 0.29%® | 1.70 + 0.72*® | 0.541 + 0.11*® | 48.3+9.39°
breeding 2.19+0.23°*| 1.94+0.22°*| 0.25+0.11°*| 0.112 +0.05"*| 43.7 £5.93*
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Figure 1

Isotopic niche components of Poikilocarbo gaimardi and Leucocarbo atriceps during
non-breeding and non-breeding periods at Pirén islet, Chile.

Total niche width (TNW), within-individual component (WIC), and between-individual
component (BIC) for two species, A) Red-legged cormorant (Poikilocarbo gaimardi) and B)
Imperial shag (Leucocarbo atriceps), during both breeding and non-breeding periods in Pirén
islet (Los Lagos, Chile). The figure was constructed using the posterior means of the model

parameters; for simplicity, the effects of parameter variability within the posterior

distributions are not shown.
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Figure 2

Isotopic niche overlap between Poikilocarbo gaimardi and Leucocarbo atriceps during
breeding and non-breeding periods at Pirén islet, Chile.

Population total niche width (TNW) overlap between Red-legged cormorant (Poikilocarbo
gaimardi) and Imperial shag (Leucocarbo atriceps) during A) breeding and B) non-breeding
periods at Pirén islet (Los Lagos, Chile). The figure illustrates the extent of isotopic niche
overlap, based on the posterior means of the model parameters; for simplicity, the effects of

parameter variability within the posterior distributions are not shown.

A) B)
P. gaimardi - Non-breeding —— P, gaimardi - Breeding
3 L. atriceps - Non-breeding 3 —— L. atriceps - Breeding
2 2 -
21 1o
= e
) )
® 0~ s 4
@ @
1 - 14
2 2
3 | I T T T J 8 =5 T | T | I J
3 2 1 0 1 2 3 -3 2 1 0 1 2 3
scale 6'°C %o scale §'°C %o

Peer] reviewing PDF | (2025:06:120584:0:1:NEW 15 Jul 2025)



PeerJ Manuscript to be reviewed

Figure 3

Taxonomic richness, diversity, and competition index of Poikilocarbo gaimardi and
Leucocarbo atriceps during breeding and non-breeding seasons at Pirén islet, Chile.

A) Taxonomic richness (mean % standard error) and B) diversity (i- Simpson index,
mean * standard error) of taxa identified in seabird pellets collected at Pirén islet (Los Lagos,
Chile) during breeding and non-breeding seasons in 2020 and 2022. C) Mean (* standard
deviation) competition index for the Red-legged cormorant (Poikilocarbo gaimardi) and D) for
the Imperial shag (Leucocarbo atriceps) during non-breeding and breeding seasons from

2020 to 2024 at Pirén islet (Los Lagos, Chile).
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