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Sympatric species are expected to use resources differently along one or more ecological
dimensions. This can be complex when there is partial separation along multiple dimen-
sions, such as where bird species exhibit similarities in habitat use and diet. We used
DNA metabarcoding to examine the diet of three sympatric warblers: the migratory Eur-
asian Reed Warbler Acrocephalus scirpaceus and Great Reed Warbler Acrocephalus arundi-
naceus, and the resident Cetti’s Warbler Cettia cetti, breeding in reedbeds in Catalonia,
Spain. Although the diets of the three species partially overlapped, each consumed some
distinct prey taxa, and/or key species at differing frequencies. Compared to the Eurasian
Reed Warbler, the Great Reed Warbler consumed a greater proportion of larger prey,
while Cetti’s Warbler consumed a greater proportion of terrestrial species. Together,
these results indicate a degree of dietary niche separation between warbler species, via
species-specific prey selectivity, which may explain their coexistence in Catalonian reed-
beds. Our findings have implications for understanding future competitive pressure and
coexistence of reedbed warblers under the dual, connected threats of climate change and
global invertebrate decline.

Keywords: Cetti’s Warbler, dietary segregation, Eurasian Reed Warbler, Great Reed Warbler,
niche overlap.

Resource partitioning theory predicts that sympatric
species should exhibit differences in resource use
along one or more ecological gradients (MacArthur
1958, MacArthur & Levins 1967, Schoener 1974b).
This has been demonstrated in a wide range of
organisms including birds (Lack 1976, Hiron
et al. 2006), bats (Salsamendi et al. 2012), lizards
(Pianka 1974) and arthropods (Albrecht &
Gotelli 2001), providing insights into competition,

coexistence and food web structure. Interspecific
competition between sympatric species may differ
across the focal species’ range, either intensifying or
relaxing in response to environmental conditions
(Schoener 1974a, Wiens 1977), or in the presence
or absence of additional competitors (Diamond
1973, Freeman et al. 2016). For sympatric bird spe-
cies, dietary niche differentiation can reduce com-
petition for food resources and facilitate the
coexistence of otherwise ecologically similar species,
which in turn supports biodiversity (MacArthur &
Levins 1967, Schoener 1974a, Kent & Sherry
2020).

Understanding how sympatric species partition
prey resources requires detailed knowledge of
diets. One of the greatest barriers to dietary stud-
ies is the lack of taxonomic resolution from tradi-
tional ‘hard-part’ analysis of prey remains
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(Pompanon et al. 2012). For many vertebrates,
DNA metabarcoding using faecal material or gut
contents allows greater taxonomic resolution and
detectability of dietary items (Valentini
et al. 2009, Shokralla et al. 2012, Bohmann
et al. 2014), resolving the subtle but important dif-
ferences in prey utilization between potential com-
petitors (Kr€uger et al. 2014, Crisol-Mart�ınez et al.
2016, Zurdo et al. 2023a, 2023b). This approach
is often applied to bird studies (Hoenig
et al. 2022), to investigate dietary partitioning in
avian communities (e.g. Trevelline et al. 2018b,
Spence et al. 2021, Zurdo et al. 2023a, 2023b)
and intraspecific variation among age or sex classes
(e.g. Davies et al. 2022, Stenhouse et al. 2023).

Warbler species with similar breeding habitat
requirements frequently co-occur in the same wet-
lands (Mart�ınez-Vilalta et al. 2002). This suggests
ecological segregation, either directly through dif-
ferences in foraging behaviour or microhabitat use
(Lovette & Hochachka 2006), or indirectly from
morphological differences in body size, bill size or
bill shape (MacArthur 1958, Pigot et al. 2018).
The reedbed ecotones of southern Europe com-
monly support three co-occurring warbler species:
the Eurasian Reed Warbler Acrocephalus scirpaceus,
the Great Reed Warbler A. arundinaceus and Cet-
ti’s Warbler Cettia cetti. While the Eurasian Reed
and Great Reed Warbler are congeneric
Afro-Palearctic migrants, the latter being approxi-
mately 2.7 times larger in body mass than the for-
mer, Cetti’s Warblers are non-migratory residents
of a separate family: the Cettiidae (Cramp &
Brooks 1992).

Dietary studies based on ‘hard part’ analysis
demonstrate that these three species consume a
wide array of aquatic, semi-aquatic and terrestrial
prey (Cardenas et al. 1983, Molina et al. 1998,
Ferreiro-Carballal et al. 2017, Ientile et al. 2022).
These analyses typically identify arthropods (par-
ticularly morphologically cryptic groups) to the
level of order or above, and potentially underesti-
mate dietary segregation and dietary niche breadth
at the level of prey species (Symondson 2002,
Pompanon et al. 2012). They are also biased
towards larger, harder-bodied prey (identified by
wing fragments and mandibles) that survive diges-
tion (Sherry et al. 2016) and may fail to detect or
identify easily digestible or softer-bodied prey such
as caterpillars and flies, leading to underrepresenta-
tion of these groups (Pompanon et al. 2012, Niel-
sen et al. 2018, Ientile et al. 2022).

Several factors may facilitate ecological segrega-
tion between the three species. First, reedbeds
comprise several microhabitats, often arranged
along a successional gradient from open water to
the surrounding terrestrial habitats. Differences in
microhabitat use by reedbed warblers are widely
recognized (Bibby & Green 1983, van der
Hut 1985, Leisler & Schulze-Hagen 2011, Koma
et al. 2021), with Great Reed Warblers preferring
more open areas of reedbed with thicker reed
stems, near open water zones and Eurasian Reed
Warblers using denser stands of thinner-stemmed
reeds, often in less productive areas (Dyrcz 1981,
Leisler 1981, Poulin et al. 2002, M�er}o et al. 2015,
Koma et al. 2021). Cetti’s Warblers primarily
inhabit areas of scrub that are often adjacent to,
and admixed with, areas of reedbed (Bibby &
Green 1983, Balanc�a & Schaub 2005).

Secondly, Eurasian Reed and Great Reed war-
blers are a widely cited example of asymmetric
competition between closely related species of dif-
ferent body sizes, with exploitation competition
(an indirect, negative interaction that occurs
through use of a shared, limited resource
(MacArthur & Levins 1967)) and predator-
mediated apparent competition (an indirect, nega-
tive interaction mediated by a shared predator
(Holt 1977)) thought to be among the primary
drivers of reproductive success in both species
(Hoi & Winkler 1994, Schaefer et al. 2006).

Finally, in general, resident species may monop-
olize the most profitable trophic resources year-
round, thus obliging the arriving migrants to widen
their dietary breadth and consume less optimal or
smaller prey (Poulin & Lefebvre 1996). In reedbed
systems, it follows that resident Cetti’s Warblers
may be more selective than migrant warblers.
However, this mechanism may be outweighed by
the differences in microhabitat use by Eurasian
and Great Reed Warblers. For example, the more
terrestrial habitat choice of the Cetti’s Warbler
may allow for a broader diet than expected if their
foraging habitat overlapped entirely with that of
Eurasian and Great Reed Warblers.

Conversely, other mechanisms may reduce eco-
logical segregation. Many arthropod prey are
highly mobile between wetland microhabitats and
available to consumers in each of those different
habitats (Wilson 2010). Different foraging
methods exhibited by sympatric species may still
result in each species capturing the same prey spe-
cies in the same or different microhabitats, leading
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to greater overlap than might otherwise be
expected (Poulin & Lefebvre 1996, Gordon
et al. 2019, Naval�on et al. 2019). Moreover, the
general habitat associations of reedbed warbler
species mask a degree of flexibility in nesting terri-
tories and foraging locations, challenging the idea
that reedbed warblers are highly habitat-specific
(Thomas 1984, Ceresa et al. 2016, Fontanilles
et al. 2024). A degree of habitat overlap between
conspecific species could be commonplace when
foraging, driving higher dietary overlap when and
where similar, abundant prey items are encoun-
tered and consumed.

In recent decades, Afro-Palaearctic migrants
have experienced greater declines than resident or
short-distance migrants (Vickery et al. 2014).
Causes are multifaceted and exacerbated by cli-
mate change, for example, the degradation of hab-
itat quality in breeding and non-breeding grounds,
extreme weather (including drought in the Sahel)
and changes to prey phenology driving trophic
mismatches during chick-rearing, with specialists
therefore more at risk than generalists (Di Cecco
& Hurlbert 2022). Despite conservation efforts in
Europe, evidence from a 30-year study suggests
that networks of small, protected areas favour gen-
eralist wetland species with less specific ecological
requirements over habitat specialists (Brambilla
et al. 2020). Understanding the diets and feeding
strategies of wetland insectivores, such as reedbed
warblers (both resident and migratory), will help
us to assess their vulnerability to the interacting
threats of climate change and documented world-
wide declines in arthropod abundance (Halsch
et al. 2021, Wagner et al. 2021). We used DNA
metabarcoding to characterize the diets of the
three focal warbler species, across four reedbed
study sites in Catalonia, Spain, over the 2018
breeding season. Few metabarcoding studies have
so far assessed dietary composition, breadth and
overlap in multi-species avian insectivore assem-
blages across multiple wetland sites and very few
consider differential consumption of prey by size,
or by functional group, for example, aquatic versus
terrestrial prey (Trevelline et al. 2018a, 2018b,
Hoenig et al. 2022). Addressing this gap will
advance our ecological understanding of how pas-
serines with similar life histories and habitat
requirements select prey and avoid competitive
exclusion in human-altered environments
experiencing insect decline and climate change
impacts.

We hypothesized that the three species parti-
tion prey resources, reducing dietary overlap. This
will be reflected by low values of Pianka’s measure
of dietary overlap (Ojk), and interspecific differ-
ences in (i) overall diet composition (frequencies
of individual prey items in the diet), (ii) the pro-
portion of aquatic prey species in the diet (i.e. dif-
ferent prey functional traits) and (iii) the body size
classes of consumed prey (i.e. different prey char-
acteristics). As generalist insectivores, we expected
that all three warbler species would show a broad
dietary niche to reflect the diversity of arthropods,
but we predicted significant differences in niche
breadth among the three warbler species, driven
by interspecific differences in foraging strategies
and prey selection.

METHODS

Study locations

Five research sites were included in this study
(Fig. 1), comprising four overall sites for analysis:

i Mas del Mat�a, a wetland site forming part of
the nature reserve Aiguamolls de l’Empord�a
(42°12047.5500N, 3° 5057.0500E) in northern
Catalonia.

ii The Llobregat Delta (comprising two con-
nected reserves; Cal Tet and Remolar Fili-
pines): (together; 41°1704400N, 2°604300E): a
series of coastal wetlands south of Barcelona.
In this study, we often refer to Cal Tet as sim-
ply Llobregat Delta, as this was the principal
site studied.

iii Reserva Natural de Sebes (41°14015.5700N,
0°30039.4900E): a wetland nature reserve along
the River Ebro in western Catalonia.

iv Canal Vell Biological Station (40°44034.6100N,
0°47010.2500 E): in the Ebro Delta Natural
Park at the northern shore of the Canal Vell
coastal lagoon, situated on the eastern coast of
Catalonia.

Sites differed in topography, proximity to the
coast, altitude and sub-climate, but comprised sim-
ilar warbler assemblages.

Common Reed Phragmites australis reedbeds
dominated large areas of all the sites. Reedbed
zones were fringed by areas of herbaceous vegeta-
tion and scrub, largely composed of Tamarix and
Salix species. In Sebes, an olive Olea plantation
was at the edge of the scrub. In Canal Vell, lines
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of the non-native figwort species Myoporum tenui-
folium, planted in the early 1990s, were present
throughout the site. The surrounding areas of the
Canal Vell lagoon were composed mainly of rice
Oryza fields.

Daily maximum temperatures in summer
2018 ranged from ~20°C to 35°C. Precipitation
was low, with rainfall events becoming less fre-
quent by mid-summer. The sites became increas-
ingly hot and dry over the study period, with
many aquatic habitats becoming desiccated by
July.

Field methods

Faecal samples were collected from mist-netted
birds that were ringed as part of SYLVIA, a moni-
toring programme led by the Catalan Institute of
Ornithology (Institut Catal�a d’Ornitologia, ICO).

Ringing sessions took place every 10–14 days, with
an average of four visits to each site (range = 3–6
visits, total visits = 15) and four visits per month
(range = 1–5 visits). At Canal Vell, Sebes and the
Llobregat Delta, all faecal samples were collected
between 11 May and 3 August 2018. At Aigua-
molls de l’Empord�a, sample collection took place
over two consecutive days of bird ringing activity
during the end of the spring migration in early
May.

Mist-nets were erected through reedbed rides
and along lines of adjacent scrub. While it was not
possible to standardize mist-net captures
completely, up to 21 nets of 6–18 m in length
were set at each site (range = 8–21 nets).
Mist-nets were opened at dawn (05:00–06:00
AM) and checked every 20 min. Birds were placed
into clean, cotton holding bags while they awaited
ringing and processing, so that faeces could be

Figure 1. Map of Spain (insert) and Catalonia (main map), with the study area indicated in the shaded box of the insert. Numbered
points indicate the location of the five study sites: 1. Mas del Mat�a (Aiguamolls de l’Empord�a), 2. Cal Tet (Llobregat Delta), 3. Remo-
lar Filipines (Llobregat Delta), 4. Reserva Natural de Sebes and 5. Canal Vell (Ebro Delta).

© 2026 The Author(s). IBIS published by John Wiley & Sons Ltd on behalf of British Ornithologists’ Union.
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collected. Birds were processed and released after
15 min in the bag regardless of whether defecation
occurred. To prevent unnecessary stress to the
birds, nets were taken down at 12:00–13:00 PM,
or earlier if temperatures rose above 35°C.

The collection of faecal samples followed
Davies et al. (2022). Faecal material was directly
transferred from the clean bags into 2 mL tubes
containing 100% ethanol in a ratio of 3:1 ethanol
to faecal material. Samples were stored in a
domestic freezer at �4°C until return to the U,
where they were stored at �80°C. An average of
17.5 samples was collected per visit (Canal
Vell = 18.3 (range 7–26), Llobregat Delta = 15.3
(range = 3–28), Aiguamolls de l’Empord�a = 18.5
(range = 9–28), Sebes = 17.5 (range = 12–24)),
giving an overall total of 265 samples available for
analysis. Of these, 243 samples were taken for-
ward for molecular analysis, the remaining 22
either containing insufficient material or represent-
ing a same-day, duplicate sample from the same
bird recaptured on the same morning.

Molecular analysis and bioinformatics

DNA extraction, PCR, pooling, library prep and
high-throughput sequencing (HTS) protocols were
carried out as described in Davies et al. (2022)
(see Data S1–S6). Arthropod DNA was success-
fully amplified in 194 samples. These were
included in the final pool for HTS, alongside
appropriate positive and negative controls, repli-
cate samples and mock community mixes. Mock
communities are composite samples containing
DNA from multiple known taxa (in this case
invertebrate species) in predefined ratios or com-
positions used to assess the reliability of
metabarcoding-derived results (Iwaszkiewicz-
Eggebrecht et al. 2023).

The bioinformatics pipeline, including taxo-
nomic assignment with BLAST+ (Camacho
et al. 2009) and subsequent data clean-up steps,
followed Drake et al. (2021) and Davies
et al. (2022) (S4). We applied sequence thresh-
olds to minimize the effects of ‘tag-jumping’;
that is, sequencing errors resulting from errone-
ous combinations of sample identity tags in HTS
outputs (Schnell et al. 2015). We also removed
sequences that were assigned to non-target taxa,
as well as known contamination and artefacts
(listed in S5).

Sequencing reads

After bioinformatic processing, 1 429 992 sequen-
cing reads were recovered from the faecal samples.
Of the total, 398 molecular operational taxonomic
units (MOTUs) retrieved from the taxonomic
aggregation step, 131 were considered potential
prey items, after sequence cleaning. We retained a
total of 1 226 502 diet reads, an average of
5988 � 4589 sd diet reads per Eurasian Reed War-
bler sample (n = 137), 8262 � 4069 sd per Cetti’s
Warbler sample (n = 26 samples) and
7529 � 4618 sd per Great Reed Warbler sample
(n = 26 samples).

Overall, 189 warbler diet samples contributed to
the final dataset (S7). The final number of reads for
each unique prey taxon was converted to
presence–absence data for each diet sample, in a
diet matrix. We calculated frequency of occurrence
(FOO), the proportion of samples in which each
unique dietary taxon was detected, and expressed
this as a percentage (% FOO) for each warbler spe-
cies. All samples (including those from a small
number of recaptured individuals) were included in
overall % FOO calculations and comparisons.

Statistical analysis

For all dietary analyses, we used the presence/
absence diet matrix of prey taxa 9 faecal sample
ID. All statistical tests and models were run in R
4.0.4 (R Core Team 2021). To avoid pseudorepli-
cation from inclusion of diet data from individual
birds sampled more than once on different dates
(n = 8), we randomly selected one sample from
each recaptured bird (identified by their ring num-
bers) prior to carrying out statistical analyses. Sam-
ple sizes were reduced to 132 Eurasian Reed
Warblers (five duplicate individuals removed), 26
Great Reed Warblers (no duplicates) and 23 Cet-
ti’s Warblers (three duplicates removed), giving a
total of 181 samples (a breakdown per species by
site and month is provided in S8).

Dietary overlap between pairs of warbler spe-
cies was quantified with Pianka’s overlap index
(Ojk) (Pianka 1973); this is a measure of the
degree to which two species use the same
resources, scaling from 0 (no overlap) to 1 (com-
plete overlap). Prey FOO matrices were generated
for each warbler species pair, comprising two
rows, one for each warbler consumer, where
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columns represent prey dietary taxa. Each cell is a
proportion, reflecting the number of times a given
prey taxon was consumed by a warbler species,
divided by the total number of diet samples for
that warbler species.

A null modelling approach was used to test
whether dietary overlap was significantly smaller
than expected, consistent with our hypothesis,
using the R package ‘EcoSimR’ (Gotelli & Elli-
son 2013). Randomization algorithm 3 (RA3) was
run for 10 000 iterations on the frequency of
occurrence matrix, randomizing prey species
within each warbler (row), so that the same values
of FOO were used but they were randomly reas-
signed to new prey identities. Niche breadth, here
defined as the range and evenness of prey species
consumed by each warbler, was kept constant; in
other words, the distribution of FOO values in
each row (warbler species) remained the same.
RA3 thus simulated the range of interspecific over-
lap expected by chance, in the absence of dietary
partitioning. Pianka’s index was generated for each
pair of warbler species, including observed values
and simulated (expected) values, alongside a mea-
sure of variance.

To assess the sensitivity of each pairwise com-
parison among warbler consumers to unequal
sample sizes, we used a parametric bootstrap of
the input FOO matrices, with binomial resam-
pling generating 500 replicate matrices for each
warbler pair. To simulate a realistic matrix of
prey occurrence, resampling was parameterized
by observed prey frequency of occurrence p (the
original FOO value in the observed diet matrix)
and the sample size for each focal warbler spe-
cies, n (Cetti’s Warbler = 23, Great Reed War-
bler = 26, Eurasian Reed Warbler = 132),
reflecting sampling uncertainty. In each of the
replicate matrices, every cell was given a new
prey FOO value, the result of n Bernoulli trials
(where n = sample size of the focal warbler spe-
cies) each representing presence/absence of prey
with probability of prey presence (p) determined
by the observed FOO value for the equivalent
cell in the original matrix. Each replicate boot-
strap matrix was run in EcoSimR under RA3 for
999 simulations. We then checked if the distribu-
tion of Pianka’s index overlap values and stan-
dardized effect sizes (SES) were centred on the
observed overlap estimates across bootstrap repli-
cates and whether the direction of null-model sig-
nificance was consistent.

To investigate the degree of individual diet spe-
cialization among warbler species, we used the R
package ‘iNEXT’ (Hsieh et al. 2016) to measure
dietary niche breadth. We plotted coverage-based
sampling curves, varying the diversity order
parameter q to capture three measures of Hill
numbers: q = 0 represents total prey species
counts in diet samples (richness based), ignoring
relative abundance or evenness; q = 1 represents
the exponential of Shannon entropy (Shannon
diversity), weighting prey species by their relative
abundance (frequency) in the diet; and q = 2 rep-
resents a down-weighting of rare prey species
(Simpson’s diversity) and focusing on the domi-
nant or core dietary niche. To account for the
uneven sample sizes between warbler species,
q = 0, q = 1 and q = 2 plots were examined at the
same target sample coverage (SC), a measure of
sample completeness (a proportion from 0 to 1
calculated by ‘iNEXT’). This ensured a direct
comparison of the dietary niche breadth of the
three warbler species at equivalent levels of dietary
sampling completeness.

Because warblers are insectivorous and expected
to consume a large and diverse pool of available
prey, SC was relatively low for each warbler spe-
cies, particularly for Cetti’s Warbler, the species
with the fewest samples (SC = 0.55). SC curves
showed that richness-based niche breadth (q = 0)
and Shannon-based Hill numbers (q = 1) contin-
ued to increase steeply for Cetti’s Warbler at low
coverage. To minimize bias, core dietary niche
breadth was estimated using the most conservative
order: Simpson-based Hill numbers (q = 2) (see
Data S11 for comparison of plots). Simpson-based
core dietary breadth was expressed as the effective
number of dominant prey taxa in the diet, stan-
dardized at 50% sample coverage (SC = 0.5), with
uncertainty quantified via bootstrap confidence
intervals. We confirmed the presence of significant
differences in core dietary niche breadth between
warbler pairs if the 95% confidence intervals (CIs)
around the estimates did not overlap.

Differences in prey composition between the
three species were tested at the species level using
generalized linear models for multivariate abun-
dance data, implemented using the manyglm func-
tion in the R package ‘mvabund’ (Wang
et al. 2012). The response variable was the
presence–absence diet matrix (warbler faecal sam-
ple 9 prey species) fitted using a binomial GLM
with a ‘cloglog’ link function. We included ‘Site’

© 2026 The Author(s). IBIS published by John Wiley & Sons Ltd on behalf of British Ornithologists’ Union.
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as a fixed covariate in the model, as the number of
study sites was small (n = 5 sites), but we treated
and interpreted it as if it was a ‘random’ term
(Gelman & Hill 2006). We used the anova.ma-
nyglm function to test for significant differences
among warbler species using Monte Carlo resam-
pling (resamp = ‘montecarlo’) and performed pair-
wise comparisons (‘pairwise.comp’ argument).
Univariate testing identified which prey taxa had
the strongest influence on the differences in diet
composition between the bird species and sites
(argument p.uni = ‘adjusted’). To determine if die-
tary differences were consistent across taxonomic
ranks, analyses were repeated with prey matrices
collapsed to prey family and order levels (see Data
S12). Broad differences in diet at the prey species
level were visualized in two dimensions, by plot-
ting a Non-metric Multi-Dimensional Scaling
(NMDS) ordination with Jaccard dissimilarities,
using the R package ‘vegan’ (Oksanen et al. 2018).

Information from the literature, specialist web-
sites and invertebrate keys was collated to estimate
the body length in millimetres of each prey species
detected in the bird diets (S6). For consistency
across taxa, we used reference imago body lengths
to calculate the mean adult body length of all
invertebrate prey species detected in each individ-
ual bird diet. Invertebrates were grouped according
to whether they were terrestrial or had an aquatic
life stage (classed as aquatic or semi-aquatic), and
the proportion of prey species present from
aquatic/semi-aquatic and terrestrial habitats was
calculated for each individual sample.

GLMs were fitted to examine the difference
between warbler species in (i) the average body
length of prey species in the diet samples and (ii)
the proportion of aquatic/semi-aquatic prey in diet
samples weighted by species richness. As with our
manyglm we included ‘Site’ as a fixed effect to
improve model fit but interpret the results as if it
were a random term. For the prey size model, a
Gamma family and identity link function gave the
best model fit. For the aquatic prey model, a bino-
mial family and logit link function was first used,
but overdispersion checks revealed a dispersion
parameter greater than 1.5 (theta = 1.57). There-
fore, we used a quasibinomial model in which the
variance was modelled with the parameter theta
(rather than being set to 0). In these binomial/
quasibinomial models, we used the argument
‘weights’ to weight the model by the richness of
prey species in each faecal sample.

Pairwise comparisons of estimated marginal
means (EMMs) between warbler species were car-
ried out using the least-squares means function in
the ‘emmeans’ package (Lenth & Piaskowski 2025),
using the Tukey adjustment argument to control
for multiple comparisons.

RESULTS

Warbler diet

In total, 30035 unique taxa were detected in the
faeces of the three study species (Cetti’s War-
bler = 153 taxa, Great Reed Warbler = 78, Eur-
asian Reed Warbler = 221). Most taxa were
identified to species level (85.1%) or genus level
(12.5%) with a minority (2.4%) identified to fam-
ily level or lower. The most frequently detected
prey family was the Chironomidae, with a fre-
quency of occurrence of 49.7% across the three
warbler species (S7), followed by noctuid moths
(24.9%), braconid wasps (20.6%), mosquitoes
(19.6%) and clubionid spiders (19.6%). The top
ranked prey consumed differed between the three
warbler species, at both the prey species level
(Table 1) and order level (Table 2; Fig. 2). Chiron-
omids were consistently highly ranked in Eurasian
Reed Warbler diet, whereas the top ranked prey in
Great Reed Warbler diets and Cetti’s Warbler
diets were more diverse, with Great Reed War-
blers often showing high frequency of large-bodied
prey such as bush crickets (e.g. Ruspolia nitidula).
In Cetti’s Warblers, a wide range of species, from
disparate arthropod orders (e.g. Psocoptera, Hemi-
ptera, Araneae and Hymenoptera) ranked highly.

Dietary overlap

Pianka’s measure of dietary overlap varied among
species pairs (Table 3), but overlap was greatest
between Eurasian Reed Warblers and Great Reed
Warblers (Ojk = 0.45, P = 0.002), indicating a sig-
nificantly greater niche overlap than expected by
chance. Bootstrapped FOO matrices run under the
simulation resulted in a median Pianka overlap
value slightly lower than the observed overlap
value for Eurasian Reed Warblers and Great Reed
Warblers (Ojk = 0.35), but still higher than
expected by chance, reflecting greater sampling
uncertainty for the consumer with the smallest
sample size. Nevertheless, there was significantly
greater niche overlap than expected by chance in

© 2026 The Author(s). IBIS published by John Wiley & Sons Ltd on behalf of British Ornithologists’ Union.
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Table 1. The most frequently detected prey taxa from faecal samples of Cetti’s Warbler, Great Reed Warbler and Eurasian Reed
Warbler, ranked from #1 to 43. Samples from a small number of recaptured individuals (n = 8) were included in the % FOO calcula-
tions but are omitted from later statistical analyses. A total of 43 taxa are displayed as this value includes at least the top 20 prey
items for each warbler species, where % FOO is equivalent to at least two samples testing positive for the taxa in Great Reed War-
bler and Cetti’s Warbler (the species with the smallest sample size; n = 26) and six samples for the Eurasian Reed Warbler
(n = 137). Taxa with the same frequency of occurrence (% FOO) in each warbler’s diet should be considered as equal in rank. Cells
coloured green indicate taxa ranked #43 or higher in more than one list.

Rank

Cetti’s Warbler (n = 26) Great Reed Warbler (n = 26) Eurasian Reed Warbler (n = 137)

Prey taxa
%
FOO Prey taxa

%
FOO Prey taxa

%
FOO

1. Psocoptera sp.a 26.9% Ruspolia nitidula
(Orthoptera: Tettigoniidae)

26.9% Chironomus plumosus
(Diptera: Chironomidae)

18.2%

2. Lepyronia coleoptrata
(Hemiptera: Aphrophoridae)

23.1% Chironomus sp.a

(Diptera: Chironomidae)
23.1% Ochlerotatus caspius

(Diptera: Culicidae)
16.1%

3. Chironomus riparius
(Diptera: Chironomidae)

19.2% Clubiona phragmitis
(Araneae: Clubionidae)

15.4% Chironomus sp.
(Diptera: Chironomidae)

14.6%

4. Philodromus cespitum
(Araneae: Philodromidae)

19.2% Simyra nervosa
(Lepidoptera: Noctuidae)

15.4% Clubiona phragmitis
(Araneae: Clubionidae)

14.6%

5. Apis millifera
(Hymenoptera: Apidae)

15.4% Episyrphus sp.a

(Diptera: Syrphidae)
11.5% Chironomus nuditarsis

(Diptera: Chironomidae)
12.4%

6. Chironomus sp.a

(Diptera: Chironomidae)
15.4% Chironomus nuditarsis

(Diptera: Chironomidae)
11.5% Cryptochironomus obreptans

(Diptera: Chironomidae)
8.8%

7. Neophilaenus lineatus
(Hemiptera: Aphrophoridae)

15.4% Clytie illunaris
(Lepidoptera: Erebidae)

11.5% Cricotopus sylvestris
(Diptera: Chironomidae)

8.8%

8. Polypogon plumigeralis
(Lepidoptera: Erebidae)

15.4% Ichneumonidae sp.a

(Hymenoptera)
11.5% Ochlerotatus detritus

(Diptera: Culicidae)
7.3%

9. Amphorophora rubi
(Hemiptera: Aphididae)

11.5% Lacanobia oleracea
(Lepidoptera: Noctuidae)

11.5% Diplazon laetatorius
(Hymenoptera: Ichneumonidae)

5.8%

10. Axylia putris
(Lepidoptera: Noctuidae)

11.5% Sympetrum fonscolombii
(Odonata: Libellulidae)

11.5% Sesamia nonagrioides
(Lepidoptera: Noctuidae)

5.8%

11. Dasysyrphus albostriatus
(Diptera: Syrphidae)

11.5% Chironomus plumosus
(Diptera: Chironomidae)

7.7% Orthocladiinae sp.
(Diptera: Chironomidae)

5.8%

12. Idaea dimidiata
(Lepidoptera: Geometridae)

11.5% Cryptochironomus obreptans
(Diptera: Chironomidae)

7.7% Cricotopus bicinctus
(Diptera: Chironomidae)

5.8%

13. Plutella xylostella
(Lepidoptera: Plutellidae)

11.5% Diplazon laetatorius
(Hymenoptera: Ichneumonidae)

7.7% Chironomus riparius
(Diptera: Chironomidae)

5.8%

14. Pollenia leclercqiana (Diptera:
Calliphoridae)

11.5% Sesamia nonagrioides
(Lepidoptera: Noctuidae)

7.7% Aphidius transcaspicus
(Hymenoptera: Braconidae)

5.1%

15. Cecidomyiidae sp.a 11.5% Chironomus curabilis
(Diptera: Chironomidae)

7.7% Aphis nerii
(Hemiptera: Aphididae)

5.1%

16. Chironomus transvaalensis
(Diptera: Chironomidae)

11.5% Hyalopterus pruni (Hemiptera:
Aphididae)

7.7% Orthocladius fuscimanus
(Diptera: Chironomidae)

5.1%

17. Clubiona terrestris
(Araneae: Clubionidae)

11.5% Anacridium aegyptium
(Orthoptera: Acrididae)

7.7% Chironomus curabilis
(Diptera: Chironomidae)

4.4%

18. Cricotopus sylvestris
(Diptera: Chironomidae)

11.5% Anoplius caviventris
(Hymenoptera: Pompilidae)

7.7% Cecidomyiidae spa

(Diptera)
4.4%

19. Diplazon laetatorius
(Hymenoptera:
Ichneumonidae)

11.5% Coreus marginatus (Hemiptera:
Coreidae)

7.7% Eupeodes spa

(Diptera: Syrphidae)
4.4%

20. Lysiphlebus testaceipes
(Hymenoptera: Braconidae)

11.5% Enicospilus sp.a (Hymenoptera:
Ichneumonidae)

7.7% Philodromus cespitum
(Araneae: Philodromidae)

4.4%

21. Stilbus testaceus
(Coleoptera: Philacridae)

11.5% Orthetrum albistylum
(Odonata: Libellulidae)

7.7% Hyalopterus spa

(Hemiptera: Aphididae)
4.4%

22. Abrostola triplasia
(Lepidoptera: Noctuidae)

7.7% Melanips sp.a

(Hymenoptera: Figitidae)
7.7% Salticus zebraneus

(Araneae: Salticidae)
4.4%

(continued)

© 2026 The Author(s). IBIS published by John Wiley & Sons Ltd on behalf of British Ornithologists’ Union.

8 S. R. Davies et al.

 1474919x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ibi.70105 by B

runo M
assa - C

ochraneItalia , W
iley O

nline L
ibrary on [28/09/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



85% of bootstrap replicates, indicating that uneven
sampling effort did not alter the overall overlap
inferred.

In contrast, significant dietary partitioning was
detected between Great Reed Warblers and Cetti’s
Warblers (Ojk = 0.23, P = 0.001). Pianka’s overlap
was significantly lower than expected under the
RA3 null model, and this finding was robust to

bootstrap resampling, with niche partitioning
detected in 79% of replicates.

We detected dietary overlap between Eurasian
Reed Warblers and Cetti’s Warblers, with a mod-
erate Pianka overlap value (Ojk = 0.4, P = 0.04).
Only 31% of bootstrap replicates showed signifi-
cantly elevated overlap from that expected from
the null model, however, indicating that this result

Table 1. (continued)

Rank

Cetti’s Warbler (n = 26) Great Reed Warbler (n = 26) Eurasian Reed Warbler (n = 137)

Prey taxa
%
FOO Prey taxa

%
FOO Prey taxa

%
FOO

23. Armadillidium vulgare
(Isopoda: Armadillidiidae)

7.7% Autographa gamma
(Lepidoptera: Noctuidae)

7.7% Corimalia tamarisci
(Coleoptera: Brentidae)

4.4%

24. Capitophorus pakansus
(Hemiptera: Aphididae)

7.7% Nacerdes melanura
(Coleoptera: Oedemeridae)

7.7% Praon abjectum
(Hymentopera: Braconidae)

4.4%

25. Clubiona phragmitis
(Araneae: Clubionidae)

7.7% Orthocladius oblidens
(Diptera: Chironomidae)

7.7%

26. Coenosia sp.a

(Diptera: Muscidae)
7.7% Rhaphigaster nebulosa

(Hemiptera: Pentatomidae)
7.7%

27. Episyrphus sp.a

(Diptera: Syrphidae)
7.7%

28. Eupithecia ultimaria
(Lepidoptera: Geometridae)

7.7%

29. Fannia canicularis
(Diptera: Fanniidae)

7.7%

30. Heterotoma planicornis
(Hemiptera: Miridae)

7.7%

31. Lachesilla pedicularia
(Psocoptera: Stenopsocidae)

7.7%

32. Lenisa geminipuncta
(Lepidoptera: Noctuidae)

7.7%

33. Meteorus pendulus
(Hymenoptera: Braconidae)

7.7%

34. Orthocladiinae sp.
(Diptera: Chironomidae)

7.7%

35. Otala punctata
(Gastropoda: Helicidae)

7.7%

36. Paradromius longiceps
(Coleoptera: Carabidae)

7.7%

37. Peribatodes rhomboidaria
(Lepidoptera: Geometridae)

7.7%

38. Philodromus ruficapillus
(Araneae: Philodromidae)

7.7%

39. Phlogophora meticulosa
(Lepidoptera: Noctuidae)

7.7%

40. Polypedilum cultellatumb

(Diptera: Chironomidae)
7.7%

41. Pseudolycoriella compacta
(Diptera: Sciaridae)

7.7%

42. Psychodidae sp.a

(Diptera)
7.7%

43. Sesamia nonagrioides
(Lepidoptera: Noctuidae)

7.7%

aUnidentified species. bBold type indicates taxa with an aquatic or semi-aquatic origin.

© 2026 The Author(s). IBIS published by John Wiley & Sons Ltd on behalf of British Ornithologists’ Union.
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was sensitive to sampling variation and should be
interpreted with caution.

A summary of the bootstrap resampling diag-
nostics is available in Data S10.

Dietary niche breadth

Dietary niche breadth, standardized at 50% cover-
age, differed significantly among the three con-
sumers, as indicated by non-overlapping CIs

(Fig. 3). Cetti’s Warblers (106.3) had the greatest
core dietary niche breadth (q = 2) of the three
species, closely followed by Eurasian Reed War-
blers (75.9), with Great Reed Warblers (45.8)
having a substantially narrower diet in comparison.

Predictors of diet composition

Diet composition differed between consumer spe-
cies (P = 0.001) and sites (P = 0.001, Table 4),
with dietary differences between species illustrated
by the NMDS plot (Fig. 4). Results of the multi-
variate analyses were consistent across prey taxo-
nomic ranks (Data S12). Univariate tests revealed
a significant difference in the frequency of just one
species, Ochlerotatus caspius, in the diets of the
three warblers (LRT = 12.8, P = 0.042), while
several prey species differed in occurrence among
the diets of warblers captured at different sites.

Prey size and selection of aquatic prey

Mean prey size (body length) differed significantly
between warbler species (likelihood ratio test:
F = 35.79, df = 2, P < 0.0001, Table 5a). Great
Reed Warbler samples contained prey species with
a greater mean body length (16.1 � 1.8 mm)
compared to either Eurasian Reed Warblers
(7.7 � 1.8 mm; z = 5.71, P = 0.001) or Cetti’s
Warblers (7.9 � 0.59 mm; z = 4.41, P = 0.001).
However, prey species size did not differ signifi-
cantly between Eurasian Reed Warblers and Cet-
ti’s Warblers (z = 1.15, P = 0.48, Table 5b). Site
was a marginally significant predictor of body
length (F = 2.77, df = 3, P = 0.043).

The proportion of aquatic prey differed
between warbler species (F = 8.53, df = 2,
P = 0.00029, Table 5a; Fig. 5). Pairwise compari-
sons of estimated marginal means (Table 5b)
showed that Eurasian Reed Warbler diet samples
had a higher proportion of aquatic prey (37% of
prey taxa) than Cetti’s Warbler samples (17%;
z = 3.1, P = 0.0054), but neither differed signifi-
cantly from Great Reed Warbler (29%). Site was
also a significant predictor of aquatic prey in diet
samples (F = 9.35, df = 3, P < 0.0001).

DISCUSSION

Our study is the first to use DNA metabarcoding
to study interspecific dietary patterns in reedbed
passerines, a community at risk of being adversely

Table 2. Frequency of occurrence (% FOO) of major inverte-
brate orders detected in Cetti’s Warbler, Great Reed Warbler
and Eurasian Reed Warbler faecal samples. Values in paren-
theses represent the total number of species (species rich-
ness) detected within each consumer category for each
invertebrate order. Samples from a small number of recaptured
individuals (n = 8) are included in the % FOO calculations but
are omitted from later statistical analyses. Cells are colour
coded by frequency of occurrence (darker blue tone = greater
% FOO value).

Order

All
consumers
(n = 189)

Cetti’s
Warbler
(n = 26)

Great
Reed
Warbler
(n = 26)

Eurasian
Reed
Warbler
(n = 137)

Araneae 38.62 (33) 61.54
(19)

19.23 (2) 37.96 (23)

Coleoptera 21.16 (26) 42.31
(13)

23.08 (5) 16.79 (14)

Decapoda 1.06 (1) – 3.85 (1) 0.79 (1)
Diptera 74.60 (90) 80.77

(36)
53.85
(21)

77.4 (72)

Gastropoda 3.70 (7) 23.08
(7)

3.85 (1) –

Hemiptera 30.69 (33) 57.69
(19)

42.31
(10)

23.36 (14)

Hymenoptera 47.61 (53) 61.54
(16)

61.54
(12)

42.35 (39)

Isopoda 2.12 (1) 7.69 (1) – 1.46 (1)
Julida 0.53 (1) 3.85 (1) – –
Lepidoptera 54.50 (73) 80.77

(32)
53.85
(16)

49.64 (44)

Mecoptera 1.06 (1) – – 1.46 (1)
Neuroptera 5.29 (4) 11.54

(3)
– 5.11 (4)

Odonata 3.70 (3) – 15.38 (2) 2.19 (2)
Opiliones 0.53 (1) 3.85 (1) – –
Orthoptera 7.41 (3) 3.85 (1) 34.62 (3) 2.92 (2)
Psocoptera 7.41 (2) 30.77

(2)
– 4.38 (2)

Thysanoptera 0.53 (1) 3.85 (1) – –
Trichoptera 2.65 (2) 3.85 (1) 3.85 (1) 2.19 (2)
Aquatic
Species

71.43 61.54 68.23 73.72

Terrestrial
Species

89.42 100 92.31 86.86

© 2026 The Author(s). IBIS published by John Wiley & Sons Ltd on behalf of British Ornithologists’ Union.
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impacted by climate change and insect prey
declines throughout their range. As predicted, the
three warbler species exhibited clear differences in
prey resource use and core niche breadth, and par-
titioned prey via several mechanisms: prey taxo-
nomic group, prey size and the proportion of
aquatic prey consumed. Great Reed Warbler diet
tended towards larger prey, and the narrowest core
dietary niche; Eurasian Reed Warblers consumed
the greatest proportion of aquatic prey, while Cet-
ti’s Warblers generally showed the broadest core
dietary niche, including the greatest proportion of
terrestrial prey.

We detected differences in diet composition,
the proportion of aquatic prey in diets, and to a
lesser extent prey size selection between all war-
blers sampled at different study sites. While
explanatory variables relating to capture locality
were not explicitly assessed in this study, these
findings may be partially due to dietary plasticity

in response to different compositions of prey com-
munities in different locations, or differences in
microhabitat use among localities of varied habitat
structure and composition. Arthropod abundance
and diversity are known to differ among the sites
studied (Davies 2020), which could influence the
observed patterns of prey selection and diet com-
position among warblers in different localities.
Moreover, significant prey partitioning was
observed between Great Reed Warblers and Cet-
ti’s Warblers, but there were significant levels of
dietary overlap between Eurasian Reed Warblers
and Great Reed Warblers, and to a lesser degree
between Eurasian Reed Warblers and Cetti’s War-
blers. For the latter pair, bootstrap resampling
indicated that overlap estimates were sensitive to
sampling variation and were therefore less robust
than for the other species pairs.

Although we could not directly measure com-
petitive pressure with this DNA-based approach,

Figure 2. Bipartite network plot presenting the dietary niches of the three warbler species. The width of the connecting arrows each
corresponds with the frequency of occurrence of the prey (i) families (left) and (ii) orders (right) detected across the faecal samples
collected for each focal bird species. In the order-level plot, Diptera B refers to Diptera within the sub-order Brachycera, whereas Dip-
tera N refers to Diptera in the sub-order Nematocera. Hymenoptera A refers to sub-grouping Aculeata and Hymenoptera P refers to
Parasitica, while Hymenoptera T refers to the superfamily Tenthredinoidea (sawflies).

© 2026 The Author(s). IBIS published by John Wiley & Sons Ltd on behalf of British Ornithologists’ Union.
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dietary partitioning is likely to be one of the main
mechanisms permitting coexistence during height-
ened periods of resource competition in songbirds,
such as during the breeding season. The moder-
ately high degree of diet similarity between two of
the three species pairs can be explained by each
species consuming common, frequently encoun-
tered prey taxa.

Dietary overlap and optimal foraging

We hypothesized that warbler pairs would parti-
tion prey and show low levels of dietary overlap.
Optimal foraging theory predicts that consumers
should specialize on a few highly profitable and
abundant prey types to maximize returns per unit
of energy expenditure and expand their diet to a
wider range of prey types when these ‘preferred’
prey become rare (MacArthur & Pianka 1966,
Pulliam 1985, Perry & Pianka 1997, Mart�ınez-
Curci et al. 2015). During prey-limited periods,
consumer diets broaden and converge on the
remaining prey available, with high dietary overlap
then driving stronger competition between species
as resources become depleted (Clare et al. 2014,
Salinas-Ramos et al. 2015, Cutting et al. 2016). It
is unlikely that the levels of overlap observed in
our study reflect severe food shortage; however,
because warbler diet composition showed subtle
but significant differences between species, sug-
gesting that consumers were not restricted in their
prey selectivity, and still partitioned prey as pre-
dicted under optimal foraging theory.

Where dietary overlap was significant, Pianka
values did not exceed 0.5, suggesting ‘moderate’
overlap (Novakowski et al. 2008) consistent with
the widespread sharing of abundant prey that were
available across multiple sites. When prey avail-
ability peaks, the diets of birds with different for-
aging strategies may converge if each species

Table 3. Pianka’s measure of dietary overlap (Ojk) between
pairs of warbler species. Expected overlap values (mean and
variance (latter in parentheses)) of the simulated index pre-
dicted by the null model, and the standardized effect size
(SES) are reported for each pairwise analysis below the
observed value. Negative SES values and an orange shade
indicate a lower observed overlap value than predicted by the
null model, whereas positive SES values and a green shade
indicate a higher observed overlap value than predicted by the
null model.

Eurasian Reed
Warbler

Cetti’s
Warbler

Great Reed
Warbler

Observed 0.45** 0.23**
Expected 0.27

(var = 0.0022)
0.39

(var = 0.0018)
SES 3.95 �3.68

Eurasian Reed
Warbler

Observed 0.40*
Expected 0.33

(var = 0.0015)
SES 1.82

Asterisks denote significantly higher or lower overlap than pre-
dicted from the null model (*P < 0.05; **P < 0.01).

Figure 3. Coverage-based rarefaction and extrapolation curves for Simpson-based dietary niche breadth (q = 2) for each of the
three warbler consumers. The q = 2 value reflects the effective number of dominant prey in the diet (core dietary breadth). The dot-
ted, vertical line indicates dietary niche breadth at the selected target sample coverage (50%). Shaded areas around the curves rep-
resent 95% confidence intervals around the estimates.

© 2026 The Author(s). IBIS published by John Wiley & Sons Ltd on behalf of British Ornithologists’ Union.
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opportunistically targets the same abundant prey
taxa (Wiens & Rotenberry 1979, Rotenberry 1980,
Rosenberg et al. 1982). Similar levels of overlap
between Neotropical migratory songbird nestlings
were described in an earlier metabarcoding study
(Trevelline et al. 2018b), consistent with dietary
opportunism permitted by an abundance of ripar-
ian insect prey during peak periods of insect avail-
ability. The high prevalence of locally abundant
prey groups in the diet of all three warblers in our
study, therefore, probably masks a degree of
species-specific prey selectivity expected under
dietary partitioning. Each warbler species special-
izes on a subset of profitable prey, but may
expand this to consume locally abundant,
non-limiting prey that, due to their high local

abundance, can be shared by multiple consumers.
These prey are energetically ‘profitable’ under
optimal foraging, as it is less energetically costly to
locate and capture abundant prey than it is to
search for rarer prey.

Many of the prey taxa consumed by more than
one warbler species were highly mobile arthropod
species that can readily disperse between micro-
habitats. Thus, even though each warbler species
may forage in different microhabitats within the
reedbed, these same prey species are likely to be
encountered by all three warbler species (Wil-
son 2010, Kent & Sherry 2020). For example, chi-
ronomids were detected at high frequency in
warbler faecal samples in the present study and
were regularly captured on sticky traps placed in
different microhabitats at the breeding sites over
the same period (Davies 2020). Due to their wide
emergence time-window, and often very high local
abundance during emergence events, chironomids
are generally widely available and form an impor-
tant component of the diet of many wetland pas-
serines (Dyrcz & Flinks 2000, L�opez-Iborra
et al. 2005, King et al. 2015).

The greatest reported dietary overlap was
between Eurasian Reed Warblers and Great Reed
Warblers. Despite some horizontal and vertical sep-
aration in habitat selection (Dyrcz 1981, Leis-
ler 1981), Eurasian Reed Warblers and Great Reed
Warblers nest in reedbeds in both terrestrial and
open-water zones (Cramp & Brooks 1992). During
the breeding season, habitat segregation between
these two species is limited, which may have
resulted in converging diets from encountering simi-
lar, abundant prey (Trevelline et al. 2018b). We
did, however, detect some significant differences in
diet composition and prey size selection, suggesting
that both species maintain a distinct dietary niche.

Dietary overlap between Cetti’s Warblers and
Great Reed Warblers was significantly lower than
expected by the null model, suggesting a higher
degree of dietary partitioning between these two spe-
cies, perhaps due to stronger pairwise divergences in
foraging habitat, morphology and life-history traits
(Cramp & Brooks 1992, Ara�ujo et al. 2016).

Cetti’s Warblers tend to nest in terrestrial
habitats such as low, dense vegetation and scrub.
Their foraging sites may be near water and include
some reedbed areas (Molina et al. 1998, Ara�ujo
et al. 2016), but they never include open-water
zones as is the case for the Great Reed
Warbler (Harvey 1977, Bibby & Thomas 1984,

Table 4. Test statistics for variables included in the manyglm
analysis investigating dietary differences between warbler spe-
cies and study sites. Individual prey species identified in the
univariate tests that varied significantly in warbler diets in line
with one or more of the modelled variables are also listed and
the level of statistical significance is reported.

Tested variable

Residual
degrees of
freedom

Df.
diff Deviance P value

Multivariate test
Intercept 180
Species 178 2 539.5 0.001***
Site 175 3 1530.7 0.001***
Pairwise tests
Species pair Deviance P value
Cetti’s Warbler
–Eurasian Reed
Warbler

608.3 0.001***

Great Reed
Warbler
–Eurasian Reed
Warbler

400.5 0.001***

Cetti’s Warbler
–Eurasian Reed
Warbler

370.9 0.001***

Univariate tests
Tested variable and prey taxon LRT P value
Species: Ochlerotatus caspius 12.80 0.042*
Site: Orthocladius fuscimanus 20.16 0.009**
Site: Leucania obsolete 18.32 0.015*
Site: Chironomus curabilis 16.06 0.052
Site: Aphidius transcaspius 17.13 0.023*
Site: Cricotopus bicinctus 27.43 0.002**
Site: Philodromus cespitum 16.94 0.026*
Site: Chironomus nuditarsis 21.76 0.01**
Site: Ochlerotatus caspius 17.89 0.017*
Site: Chironomus plumosus 16.89 0.026

Significance codes: *P < 0.05; **P < 0.01; ***P < 0.001.

© 2026 The Author(s). IBIS published by John Wiley & Sons Ltd on behalf of British Ornithologists’ Union.
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Balanc�a & Schaub 2005). These habitat associa-
tions, alongside the reduced dietary similarity with
Great Reed Warbler, could explain why Cetti’s
Warbler diets comprised a smaller proportion of
aquatic species than the other warblers.

Niche breadth

Great Reed Warblers had the narrowest diet
breadth of the three species, followed by Eurasian

Reed Warblers and Cetti’s Warblers. The narrower
core foraging niche breadth of Great Reed War-
blers suggests a more specialized diet in more
aquatic habitat. Interestingly, this contrasts with
the theory that resident species are more selective
than migrants, or that migrants are forced to
expand their diets to consume less profitable prey
(Poulin & Lefebvre 1996). Differences in body
size, morphology and habitat use between these
species may therefore play a larger role in

Figure 4. Non-metric multi-dimensional scaling (NMDS) plots of the invertebrate prey species detected in warbler diet samples col-
lected in Catalonia grouped by warbler species. Stress = 0.08. Stress measures how well the distances between points in the 2D
ordination plot reflect the actual dissimilarities (distances) in the original high-dimensional data matrix. A lower stress value (ideally
< 0.2) indicates that the reduced space accurately preserves the relative ranks of distances from the original data.

Table 5a. Test statistics for the two GLMs investigating differences in prey size and selection of aquatic prey by reedbed warblers.

Model response variable
Tested predictor
variable

Residual degrees of
freedom df F P value

Prey body length Species 178 2 35.79 < 0.0001***
Site 175 3 2.77 0.043*

Res. std error F statistic df Adjusted
R-squared

P value

4.62 16.81 5 and
175

0.3051 < 0.0001***

Tested predictor
variable

Residual degrees of
freedom

df F P value

Proportion of aquatic prey
species

Species 178 2 8.53 0.000291***
Site 175 3 9.35 < 0.0001***

Res. std error F statistic df Adjusted
R-squared

P value

0.52 8.66 5 and
175

0.176 < 0.0001***

Significance codes: *P < 0.05; ***P < 0.001.

© 2026 The Author(s). IBIS published by John Wiley & Sons Ltd on behalf of British Ornithologists’ Union.
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determining the degree of dietary specialization
and plasticity. For example, Cetti’s Warblers use a
variety of densely vegetated terrestrial and
semi-aquatic habitats during the breeding season,
where a diverse range of arthropods may be
encountered. The broader core foraging niche
observed in Cetti’s Warblers suggests a more gen-
eralized insectivorous strategy, consistent with its
wider and more terrestrial habitat use, making it
able to exploit a wider range of abundant prey
species and show greater foraging flexibility.

Simpson-based taxonomic diversity accumula-
tion curves (focusing on the dominant or ‘core’
prey present in the diet) stabilized slowly, suggest-
ing that fully characterizing dietary niche breadth
in these systems may require substantially larger
sampling effort. Nonetheless, our study allowed us
to identify differences in relative core dietary niche
breadth among warbler species.

Prey selection

Morphological differences in warbler body and bill
size, and different dietary requirements between
warbler species, lead to differential prey-size selec-
tion and reduced foraging competition (Marchetti
et al. 1996). Earlier studies suggest that Eurasian

Reed Warblers and Great Reed Warblers take prey
of different sizes (Bussmann 1979, Leisler 1991,
Schulze-Hagen 1991, Cramp & Brooks 1992).
Likewise, in the present study, the three warbler
species deviated significantly in their selection of
prey size classes. Aligning with a study of diet
among seven warbler species in Western France
(Bibby & Green 1983), in the present study, the
largest prey species were consumed by the largest
warbler species. Great Reed Warbler diet included
some very large prey species not consumed by the
other two warblers: Egyptian Locust Anacridium
aegyptium, White-tailed Skimmer Orthetrum albis-
tylum, Elephant Hawkmoth Deilephila elpenor and
Hornet Clearwing Sesia apiformis.

For smaller-bodied warbler species, the ener-
getic cost of capture and handling time needed to
consume large prey may exceed the calorific profit
(Turner 1982, Pulliam 1985). If, however, the
larger size of the Great Reed Warbler brings both
greater calorific demand and an increased ability to
handle large prey, then selecting larger prey would
be more efficient (Turner 1982, Robinson & Wil-
son 1998). This was illustrated by an earlier study
where Great Reed Warblers brought only the larg-
est female orb-web spiders to their chicks, whereas
Eurasian Reed Warblers in the same location pro-
visioned their nestlings with smaller spiders of the
same species (Leisler & Schulze-Hagen 2011).
Similarly, in Southern France, the Great Reed
Warbler specialized on larger prey relative to its
body and bill size, compared to the Eurasian Reed
Warbler and Moustached Warbler A. melanopogon
(Bussmann 1979). As they can only hold a few
prey items in their bill at a time, Great Reed War-
blers in Bussmann’s (1979) study brought a smal-
ler number of prey items comprising a greater
total mass per feed to their nestlings and provi-
sioned at a lower rate, whereas the other species
captured smaller prey in greater numbers, with a
higher feeding rate, resulting in roughly equal total
masses of food provisioned per hour across all
three species. Different specializations in foraging
and prey size thereby allow warbler species to
coexist with only minimal direct competition for
food.

As well as morphology and body size, prey size
partitioning between similar species can be a result
of ecological separation, as observed in aerial insec-
tivores (hirundines and swifts) feeding at different
air-space heights (Orłowski & Karg 2013), and
sympatric bats foraging in distinct habitats

Table 5b. Pairwise comparisons of estimated marginal means
(least-squares means) with a ‘Tukey’ adjustment (for multiple
comparisons) for GLMs investigating differences in prey size
and selection of aquatic prey by reedbed warblers.

Model
predictors Pairwise tests z-value P value

Prey body
length

Species Cetti’s Warbler–Eurasian
Reed Warbler

1.15 0.48

Great Reed Warbler
–Cetti’s Warbler

4.41 0.001***

Great Reed Warbler
–Eurasian Reed
Warbler

5.71 0.001***

Proportion of
aquatic prey

Species Cetti’s Warbler–Great
Reed Warbler

�0.869 0.66

Cetti’s Warbler–Eurasian
Reed Warbler

�3.104 0.0054**

Great Reed Warbler
–Eurasian Reed
Warbler

�1.92 0.32

Significance codes: **P < 0.01; ***P < 0.001.

© 2026 The Author(s). IBIS published by John Wiley & Sons Ltd on behalf of British Ornithologists’ Union.
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(Vesterinen et al. 2018). Size segregation can also
occur due to one competitor suppressing a second
competitor’s access to specific types of prey. The
Great Reed Warbler is known to exclude the Eur-
asian Reed Warbler from profitable nesting sites in

areas where they coexist (Dyrcz 1981, Hoi
et al. 1991, Honza et al. 1999, Schaefer
et al. 2006). This may lead to Eurasian Reed War-
blers encountering smaller prey than Great Reed
Warblers, although the energetic cost of selecting

Figure 5. Violin plots of: (i) mean body size (length in mm) of prey taxa in warbler faecal samples and (ii) the proportion of aquatic
prey taxa in warbler faecal samples among the three focal warbler species.

© 2026 The Author(s). IBIS published by John Wiley & Sons Ltd on behalf of British Ornithologists’ Union.
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the largest prey available may also be too high for
the former.

The frequent occurrence of emerging aquatic
insects in the diets of all three study species aligns
with the wider literature, although Eurasian Reed
Warblers showed a particular affinity for aquatic
prey. A growing number of studies document the
value of emerging aquatic prey (or aquatic subsi-
dies) for terrestrial consumers such as songbirds
(Trevelline et al. 2016, Twining et al. 2018,
Lewis-Phillips et al. 2020, Berzins et al. 2021).
Aquatic prey are rich in omega-3 long-chain poly-
unsaturated fatty acids (n-3 LC-PUFAs), important
for development and cognition in birds and other
terrestrial animals (Hixon et al. 2015,
Martin-Creuzburg et al. 2017, Twining et al. 2019,
2021, Berzins et al. 2021). These compounds are
lacking in terrestrial prey, so insectivores in riparian
habitats predominantly acquire LC-PUFAs from
aquatic insects (Lam et al. 2013, Martin-Creuzburg
et al. 2017, Twining et al. 2019, Kowarik
et al. 2021, Fehlinger et al. 2022). Warming summer
temperatures in the Mediterranean are likely to
exacerbate the loss of permanently wet aquatic hab-
itats (Jim�enez et al. 2018), which has implications
for future aquatic prey availability for insectivorous
birds.

Warbler age may also play a role in determining
the relative importance of aquatic groups to the
diet. Davies et al. (2022) found that aquatic
prey were taken more frequently by juvenile
(post-fledging) Eurasian Reed Warblers in the UK
compared to adults, and similar age-related dietary
variation may be present in our study sites.

Study limitations and recommendations

The proportion of samples from each of the focal
warbler species matched the relative proportions
of captures in mist-nets (inferred from ICO ringing
data for each site in 2018). Eurasian Reed War-
blers dominated the catches numerically, suggest-
ing high population density, whereas Great Reed
Warblers and Cetti’s Warblers were captured less
frequently. The potential impacts of sample
unevenness were considered in our analysis of die-
tary overlap and niche breadth. Collection of a
larger number of samples at each of the sites over
the summer and over multiple years would allow
more accurate characterization of diets and reveal
trends over time and space.

Our prey size analysis used adult (imago) refer-
ence body sizes, as the life stages of prey con-
sumed by the warblers sampled in the present
study were not possible to elucidate. As we expect
at least a proportion of Lepidoptera consumed to
be larvae, error may be introduced when using
imago reference values, causing an over- or under-
estimate of average prey body size per diet sample.
Given that most of the prey available to warblers
are likely to be emerged and winged (flying)
imagoes, particularly for very diverse taxa such as
Diptera, we expect this error to be relatively small
when all taxa are considered together. Size differ-
ences between diverse prey taxa are generally
greater than differences within species (even
among life stages), and small deviations in prey
body sizes are very unlikely to account for the
clear and consistent differences in prey size selec-
tion identified between Great Reed Warblers and
the two other warbler species.

Dietary overlap may change over time, due to
seasonal and between-year fluctuations in prey com-
position and abundance (Wiens 1977, McMartin
et al. 2009). Weather fluctuations can also alter
microhabitat selection and feeding intensity by birds
by directly altering the distribution, abundance or
activity of arthropods (Petit et al. 1990). We did not
have a large enough sample size of Cetti’s Warblers
and Great Reed Warblers to assess temporal
changes in pairwise dietary overlap between species,
but as shifts in local climate, stochastic weather
events and seasonality all influence prey availability
and transform the foraging habitats available to
birds (e.g. re-wetting and drying of aquatic zones,
reedbed die-back), we expect an influence on prey
availability and dietary composition.

CONCLUSION

The three study species partitioned their prey via
several mechanisms, particularly by (i) taxonomic
group, (ii) prey size and (iii) proportion of aquatic
prey consumed. The latter two mechanisms were
particularly important in distinguishing the diet of
Great Reed Warblers (larger prey body size) and
Cetti’s Warblers (terrestrial prey).

In the coming decades, climate change may
drive stronger resource partitioning in sympatric
warbler species in European wetlands. With
warmer conditions and increasing reedbed drought
during the summer breeding season, birds may

© 2026 The Author(s). IBIS published by John Wiley & Sons Ltd on behalf of British Ornithologists’ Union.
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experience stronger competition for prey during
periods of high resource demand; however, it is
likely that selection will continue to favour gener-
alists that can track local prey availability and
opportunistically exploit different prey groups.
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