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Simple Summary

Owls are night predators that eat mainly small animals such as rodents, birds, and large
insects. Many owl species live in the same regions and often hunt similar prey, but they
differ in body size, hunting behavior, and habitat use. Most studies of owl diets focus on lists
of prey species, which show what owls eat but not how diverse their food is in ecological
or evolutionary terms. In this study, we examined the diets of nine owl species breeding in
East-Central and South-Eastern Europe using a broader approach. We compared not only
how many prey species each owl consumed, but also how evenly prey were used, how
different prey were in their ecological traits, and how closely related prey species were. We
found large differences among owl species. Some owls ate many prey species but relied
mainly on a few dominant ones, while others consumed fewer prey species but drew from
a wider range of evolutionary lineages. These results show that owl diets are more complex
than species lists alone suggest. A better understanding of owl feeding strategies can help
scientists predict how owl populations may respond to environmental change and guide
conservation efforts in agricultural and natural landscapes.

Abstract

Diet diversity of owls has traditionally been studied using prey taxonomic composition,
but species identities alone do not necessarily capture ecological roles, energetic dominance,
or evolutionary breadth of prey. Here we quantified diversity across taxonomic, functional,
and phylogenetic dimensions of prey of nine European owl species: Aegolius funereus,
Asio otus, Athene noctua, Bubo bubo, Glaucidium passerinum, Otus scops, Strix uralensis, Strix
aluco, and Tyto alba. Using a unified Hill-number framework we estimated richness- and
evenness-sensitive diversity and evaluated prey assemblage structures using standardized
effect sizes from richness-controlled null models. Prey diversity varied strikingly among
owls. Diet strongly relied on a limited set of functionally and phylogenetically similar prey.
Bubo bubo showed high richness but low evenness, Otus scops specialization, Glaucidium
passerinum high evenness, and Athene noctua high phylogenetic breadth. Large differences
in taxonomic richness were frequently decoupled from functional or evolutionary breadth,
for example in Bubo bubo and Athene noctua. Structural analyses revealed phylogenetic
overdispersion in Athene noctua and Otus scops, clustering in Glaucidium passerinum, and
extreme functional clustering in Tytfo alba and Asio otus. Together, these results show that owl
diets are structured along multiple, partially independent axes, best revealed by combining
Hill-number profiles with null-model analyses.
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1. Introduction

Owls (Strigiformes) are key nocturnal predators in terrestrial ecosystems. Across Europe,
multiple owl species coexist at regional scales and exploit broadly similar
prey—predominantly small terrestrial vertebrates, in some species, large invertebrates—while
differing in body size, hunting strategies, and habitat use [1,2]. Owls can be treated as a for-
aging guild, defined as a group of species exploiting the same class of food resources in a
broadly similar way [3,4], within which dietary overlap is structured by niche partitioning
along multiple axes, including prey size, prey type, habitat, and temporal activity [5-8].

Traditionally, owl diet studies have focused on the taxonomic composition of prey
and prey frequencies derived from pellet analyses. This approach has generated extensive
knowledge on diet characteristics, prey selection, seasonal and geographic variation, and in-
terspecific dietary overlap of owls (e.g., [2,9-13]). Many studies of owl diets also considered
limited elements of functional traits of prey, like biomass, or habitat use (e.g., [5,12,14-16]).
More recently, some studies have applied multidimensional approaches. Vrezec et al. [17]
combined taxonomic composition with several prey functional traits to examine geographic
variation in the diet of Strix uralensis. Comay & Dayan [7] integrated prey taxonomy, nu-
merous prey traits, predator identity, and environmental variables to analyze prey selection
in five sympatric owl species. Ramellini et al. [8] showed that trophic niches within an
owl foraging guild segregate along multiple dietary axes, such as prey size, diet diver-
sity, evenness, and environmental gradients, rather than taxonomic composition alone.
In general, diet diversity of owls has been associated mainly with species (taxonomic)
richness, but taxonomic richness alone may provide an incomplete picture of trophic niche
structure, because species identities do not necessarily capture ecological roles or ener-
getic dominance of prey [18,19]. Diets that may be taxonomically highly diverse can be
functionally narrow if prey share similar traits, ecological roles, or evolutionary origin,
whereas diets with modest species richness may include ecologically or evolutionarily
diverse prey [20,21]. Consequently, separation of taxonomic, functional, and phylogenetic
dimensions of prey diversity is needed for understanding dietary specialization, general-
ism, and vulnerability to environmental change, because these dimensions of prey diversity
do not necessarily covary [22-24].

While some studies have addressed multiple aspects of owl diet diversity [7,8,17],
they have not integrated different dimensions of diet diversity within a single, consistent
analytical framework. In this study, we apply a unified framework of Hill numbers [25]
to simultaneously quantify prey diversity across taxonomic, functional, and phylogenetic
dimensions. Hill numbers express diversity as the effective number of species and provide
a replication-consistent framework that integrates richness and evenness and extends rigor-
ously to functional (FD) and phylogenetic (PD) diversity, enabling direct comparisons in
common units across facets [25-27]. Applied to owl diets, this multidimensional approach
allows a more comprehensive assessment of prey diversity that cannot be fully captured
by taxonomic diversity (TD) alone [25,26]. In addition to quantifying prey diversity across
these dimensions, we also evaluate the structural organization of prey assemblages by
testing whether they are more clustered or overdispersed than expected under null models,
independently of richness [20,22,28].
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We assessed the taxonomic, functional, and phylogenetic diversity of prey of nine
owl species (Aegolius funereus, Asio otus, Athene noctua, Bubo bubo, Glaucidium passerinum,
Otus scops, Strix uralensis, Strix aluco, and Tyto alba) breeding in the East-Central and
South-Eastern parts of Europe. Our objectives were to: (i) quantify multidimensional
prey diversity and dominance structure in the nine owl species; and (ii) explore how
differences in taxonomic, functional, and phylogenetic diversity and structure may reflect
resource partitioning within the owl guild. We hypothesize that in owl diets: (i) taxonomic
diversity will not necessarily correspond to functional and phylogenetic diversity; (ii) prey
assemblages will be dominated by a limited number of taxa; and (iii) owl species will differ
in the functional and phylogenetic structure of prey. By applying a unified Hill-based
framework, we aim to provide a consistent, multidimensional view of trophic diversity
and a framework for interpreting patterns relevant to owl guild coexistence.

2. Materials and Methods
2.1. Diet Data

We used published dietary data to study the diet diversity of nine owl species that
maintain breeding populations across the East-Central and South-Eastern Europe: Aegolius
funereus, Asio otus, Athene noctua, Bubo bubo, Glaucidium passerinum, Otus scops, Strix uralensis,
Strix aluco, and Tyto alba. To gather dietary information, we selected one representative
peer-reviewed study (Table 1) for each of the nine studied owl species. The selected studies
had mammalian and avian prey items identified to species level, quantitative estimates
of prey abundance (number of individuals or frequency of occurrence), and sufficient
sample sizes for ecological inference. Studies were conducted between 1974 and 2015,
representing breeding-season and/or year-round sampling periods across local to regional
spatial scales in East-Central and South-Eastern Europe. Prey material in the studies was
obtained through pellet analysis, in some cases, complemented by examination of nest prey
remains. Depending on the owl species, the material was obtained from different habitat
types, including coniferous and mixed forests, meadows, and agricultural landscapes
(Table 1). Because the dietary datasets originated from different regions, time periods,
sampling efforts, and study designs, they were aggregated to characterize broad species-
level dietary patterns and not local or temporal variation. While this pooling increases
overall sample size and allows robust estimation of multidimensional diversity metrics, it
may obscure spatial and temporal variability, and results should therefore be interpreted
as generalized species-level patterns rather than site-specific assemblages. For each owl
species, we recorded the taxonomic identity of prey items and their relative abundance as
reported in the original study. For each owl species, original data from multiple locations,
years, and/or seasons were pooled to obtain a single prey assemblage per owl species. Prey
taxonomic names were standardized to ensure comparability. Data matrix is provided in
Supplementary Table S1.

Table 1. Owl species that maintain breeding populations across the East-Central and South-Eastern
Europe and associated sources of prey data for each species, including information on study location,
sampling year, period, habitat, sampling method, and number of prey items (N).

Owl Species Data Source Location Sampling Year Sampling Period Habitat Sampling Method N
Tengmalm’s a .
Owl, Aegolius Rajkovi¢, 2018 centr.al 2011-2013 breeding season mountain pellets, nest prey 438

[29] Serbia spruce forests remains
funereus
dows

Long-eared Tome, 2003 central mea i

Owl, Asio otus [15] Slovenia 1982-2001 year-round ﬁekfis; g:;chy pellets 10,912
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Table 1. Cont.
Owl Species Data Source Location Sampling Year Sampling Period Habitat Sampling Method N
. Romanowski .
Little Owl, etal,, 2013 central 1995-1997 year-round agricultural pellets 3075
Athene noctua [30] Poland lands
Faele Owl Obuch and northern cultural
& ! Karaska, 2013 . 1980-2009 breeding season landscape, pellets 6872
Bubo bubo Slovakia -
[31] mixed forest
mountain
Pygmy Owl, . Czech, .
Cloucidium Mikusek et al., Slovakia, 1979-2000 breeding season spruce forest, pellets 1152
. 2001 [14] or year-round peat bogs,
passerinum Poland .
mixed forest
Scops Owl, Latkova et al., central . extensively
Otus scops 2012 [32] Romania 2008-2009 breeding season farmed land pellets 831
Tawny Owl Janzekovi¢ south- cultural
ny ’ etal., 2017 eastern 1984-2015 year-round landscape, pellets 2301
Strix aluco .. -
[33] Slovenija mixed forest
eastern and spruce forest,
Ural Owl, Strlx Obuch et/ al., northern 1974-2012 breeding season beech-oak pellets, nest prey 1333
uralensis 2013 [34] . forest, remains
Slovakia
clear-cuts
Barn Owl, Tyto Szep et al., eastern landscape
alba 2018 [35] Croatia 2007 year-round mosaic pellets 6201

2.2. Multidimensional Diversity

We quantified owl prey diversity across taxonomic, functional, and phylogenetic
dimensions using the Hill-number framework [36]. Hill numbers measure diversity as the
effective number of entities and provide a unified, replication-consistent framework for
direct and interpretable comparisons among assemblages [19,37]. For all three dimensions,
we estimated Hill numbers of orders q = 0, 1, 2, which differentially weight rare to dom-
inant entities and allow richness and evenness components of diversity to be evaluated
on a common scale. Functional and phylogenetic Hill numbers extend the taxonomic
framework by incorporating trait distances and evolutionary branch lengths, respectively,
while retaining the same effective-number interpretation [26,27]. All diversity estimates
were computed using the INEXT.3D R package version 1.0.12 [38].

Taxonomic Diversity—For TD analysis, prey data were organized into a rectangular
abundance matrix with prey taxa as rows and owl species as columns (Supplementary
Table S1). TD was quantified using Hill numbers of orders q = 0, 1, 2 representing species
richness (q = 0), the effective number of common species corresponding to the exponential
of Shannon entropy (q = 1), and the effective number of dominant species corresponding to
the inverse Simpson index (q = 2). TD was estimated using the INEXT.3D R package version
1.0.12 based solely on the prey abundance matrix (argument diversity = “TD”) following
the Hill-Chao framework [25,38]. All TD estimates were expressed in effective numbers of
species, allowing direct comparison among the diets of the owl species.

Functional Diversity—Functional traits relevant to prey ecology were compiled from
published literature and trait databases. For each prey taxon, we recorded body mass
(g), body length (mm), predominant diet category (e.g., herbivore, carnivore, insectivore,
scavenger), and primary habitat use (e.g., edaphic, epigeic, arboreal, aerial) (Supplementary
Table S2). Trait selection was constrained by the need for consistent availability across
all prey groups. Trait data for mammals were primarily obtained from the Handbook of
the Mammals of the World [39], for birds from The Birds of the Western Palearctic [1], for
reptiles and amphibians from the Handbuch der Reptilien und Amphibien Europas [40], and
for freshwater fishes from The Freshwater Fishes of Europe [41]. For invertebrate prey groups,
trait information was compiled from the authors” own curated trait database. Continuous
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traits were log-transformed to reduce skewness, while categorical traits were converted to
binary variables. When species-level data were unavailable, missing values were imputed
using genus- or family-level means. Trait imputation may introduce some uncertainty in
functional diversity estimates, but when applied consistently across taxa, it is unlikely to
substantially bias the main diversity patterns. Pairwise functional dissimilarities among
prey taxa were computed using Gower distances on the mixed-type trait matrix via the
DISTMIX() function in the KMED version 0.4.2 for R (method = “gower”) [42]. FD was
estimated as Hill numbers (orders q = 0, 1, 2) using the INEXT.3D R package version
1.0.12 based on prey abundances and the Gower distance matrix [38]. FD values represent
the effective number of functionally distinct entities derived from trait dissimilarities among
prey taxa, where q = 0 represented functional richness, q = 1 emphasized common functional
trait combinations, and q = 2 emphasized dominant functional trait combinations in prey
assemblages. FD was summarized as the area under the FD—t curve (AUC), integrating FD
across the full range of the functional threshold parameter T [38].

Phylogenetic Diversity—To construct a phylogenetic tree including all prey taxa, we
retrieved mitochondrial cytochrome b gene sequences for each taxon from GenBank
(Supplementary Table S3) via the NCBI portal. Sequences were aligned and a maximum-
likelihood phylogeny was inferred in MEGA11 version 11.0.10 [43]. The resulting phy-
logenetic tree was exported in NEWICK format (Supplementary Table S4). PD was then
quantified as Hill numbers (orders q = 0, 1, 2) by supplying the prey abundance matrix and
the NEWICK tree to INEXT.3D version 1.0.12 (argument diversity = “PD”). PD estimates
are expressed as effective total branch length and can be interpreted as effective lineage
diversity when standardized by total tree depth (mean-PD sensu Chao et al. [27]). Here,
q = 0 corresponded to Faith’s phylogenetic diversity (the total branch length connecting
all prey species), whereas q = 1 and q = 2 quantified the effective number of common and
dominant evolutionary lineages, respectively.

2.3. Standardized Effect Sizes (SES) and Null-Model Framework

Using the prey assemblages described in Section 2.1 Diet Data, we quantified phy-
logenetic and functional community structure for each owl species using standardized
effect sizes (SESs) based on mean pairwise distances (MPDs). SES values compare the
observed MPD of each prey assemblage to the distribution of MPD values generated from
null communities, allowing assessment of whether prey assemblages are more phylogenet-
ically or functionally dispersed or more clustered than expected by chance [20,28]. Null
communities were generated by randomizing prey identities while preserving the observed
prey species richness for each owl species, following commonly applied richness-controlled
null models implemented in the PICANTE framework version 1.8.2 [28]. Positive SES val-
ues indicate overdispersion, while negative SES values indicate clustering relative to the
null expectation.

Phylogenetic SES (PD_z) was computed using phylogenetic distance matrices, and
functional SES (FD_z) using trait-based distance matrices [44]. For clarity, we report
standardized effect sizes (PD_z and FD_z) in the main text and figures, while all underlying
MPD values and null-model parameters (mpd.obs, mpd.rand.mean, mpd.rand.sd, ranks,
p-values, and number of randomizations) are provided in Supplementary Tables S5 and Sé.

3. Results

Across all nine owl species, taxonomic diversity exceeded functional and phylogenetic
diversity at all Hill-number orders (Supplementary Table S7, Figure 1). Differences in
taxonomic prey richness were not necessarily matched by proportional differences in
functional or evolutionary breadth. Taxonomic richness (TDp) ranged from 13 prey taxa in
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Otus scops to 108 taxa in Bubo bubo, whereas functional and phylogenetic richness varied
over much narrower ranges (FDy = 2.19-7.56; PD = 3.42-14.70) spanning from Aegolius
funereus to Bubo bubo, respectively. In all three dimensions, a pronounced decline in diversity
with increasing Hill-number order (q = 0 to 2) was present in most owl species, except,
for example, in FD in Aegolius funereus. This decline was a result of low frequencies of a
large number of prey taxa that contributed little to the overall diet in individual owl species
(Supplementary Table S1). Low effective functional and phylogenetic diversity values at
the q =2 order (FD; = 1.08-2.02 and PD; = 1.13-1.49) also indicated that the dominant prey
taxa were functionally and evolutionarily similar, even if the diet was taxonomically rich.

Prey diversity varied substantially among the nine owl species. Bubo bubo had the
highest prey diversity richness at all three levels. However, effective diversity of its prey
dropped greatly with increasing Hill-number order of q (TD, = 3.74; FD, = 1.24; PD, = 1.31),
because its diet was highly uneven and strongly dominated by a few prey species or taxa,
mostly anurans, Microtus arvalis and Arvicola terrestris (Supplementary Table S1). On
the other end of the TDy spectrum, Otfus scops also showed strongly uneven taxonomic
diversity (drop from TDy = 13 to TD, = 1.30), with diet dominated by Orthoptera, but greater
phylogenetic dispersion indicated by a smaller drop in PD from q = 0 to 2 than in Bubo
bubo. In contrast to Bubo bubo or Otus scops, the high taxonomic richness of the Glaucidium
passerinum diet (TDy = 47) was accompanied by exceptionally high taxonomic evenness
(TDq =21.38; TD; = 15.41). High evenness was also evident in functional diversity, with
only a small decline from FDj = 3.21 to FD, = 2.02. In contrast to TD and FD, phylogenetic
diversity showed lower evenness and a more limited evolutionary breadth (PDy = 5.66).
PDy of Glaucidium passerinum was even lower than in some owls with fewer prey taxa (e.g.,
Athene noctua and Strix aluco). In fact, Athene noctua had one of the most phylogenetically
rich diets (PDg = 8.70) despite the diet being taxonomically narrow (TDj = 20) and uneven
(TDy = 2.37). In phylogenetic richness, Athene noctua and Strix aluco (PDy = 7.55) were
the closest to Bubo bubo, implying prey spanning evolutionarily distinct evolutionary
lineages. Strix aluco and Strix uralensis were also among the highest in functional richness
(FDg = 3.63 and 4.04), suggesting diets that incorporate prey from different ecological
niches. Nevertheless, FD; values were relatively low (1.39 and 1.22), indicating that a few
functional types dominate energy intake even when functional richness is high.

Across the nine owl species, standardized effect sizes (SES) revealed pronounced
interspecific differences in both phylogenetic and functional structure of prey assemblages
(Table 2; Figure 2). Functional SES values (FD_z) were predominantly negative (rang-
ing from —4.73 to —0.32), indicating widespread functional clustering of prey relative
to null expectations. In contrast, phylogenetic SES values (PD_z) had a broader range,
from strong negative values (—3.61) to high positive values (5.07), indicating substantial
taxonomic variation in phylogenetic structure. Species such as Athene noctua and Otus
scops exhibited strong phylogenetic overdispersion (high positive PD_z), which indicated
prey assemblages composed of evolutionarily distant lineages relative to null expectations.
In terms of functional structure, prey assemblages were moderately clustered in Athene
noctua (FD_z = —1.06) and close to random expectations in Otus scops (FD_z = 0.05). In
contrast, Glaucidium passerinum, as well as Bubo bubo, showed pronounced phylogenetic
clustering (negative PD_z), suggesting prey concentrated within closely related evolution-
ary lineages. The strongest functional clustering was characteristic for Tyto alba and Asio
otus (FD_z < —4.6).
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Figure 1. Visualization of (a) taxonomic diversity (TD), (b) functional diversity (FD), and (c) phylo-
genetic diversity (PD) of the prey of nine European owl species. Histograms illustrate Hill-number
profiles (q = 0 (richness), 1 (effective number of common entities), and 2 (effective number of dom-
inant entities)) for each dimension of diversity, highlighting contrasts in richness and evenness
among species.
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Table 2. Standardized effect sizes (SESs) of functional diversity (FD_z) and of phylogenetic diversity
(PD_z) for owl prey assemblages. Positive values reflect overdispersion; negative values indicate
clustering. Full null-model statistics (mpd.obs, mpd.rand.mean, mpd.rand.sd, p-values, ranks, runs)
are available in Supplementary Tables S5 and S6. p-values are shown in bold when the SES value
significantly differs from the null model.

Owl Species SESFD_z p SESPD_z p
Acgolius —202 0.034 ~096 0.169
funereus
Asio otus —4.66 0.001 —-1.14 0.120

Athene noctua —1.06 0.147 5.07 1.000
Bubo bubo —0.32 0.360 —2.53 0.014

Glaucidium —3.85 0.001 —3.61 0.001
passerinum

Otus scops 0.05 0.509 3.96 0.999
Strix aluco —2.94 0.002 0.93 0.821

Strix uralensis —1.45 0.077 -1.16 0.125
Tyto alba —4.73 0.001 —1.06 0.138
g

g g

Athene noctua

Functional
clustering

Strixc aluco
LoV e :
Glaucidinm passerinum '
Asio 01%1. '

Tyto d//%
-3 0 3 6
Phylogenetic Phylogenetic
clustering overdispersion

Figure 2. Standardized effect size (SES) values for phylogenetic (PD_z) and functional (FD_z)
structure of prey assemblages for nine owl species breeding in East-Central and South-Eastern
Europe. Positive SES values indicate overdispersion, negative SES values indicate clustering relative
to richness-controlled null communities.

4. Discussion

The diets of the nine owl species breeding in East-Central and South-Eastern Europe
significantly differed in prey biodiversity across taxonomic, functional, and phylogenetic
facets. Despite a broadly shared focus on small vertebrates in the owls’” diets, the Hill-
number profiles (q =0, 1, 2) demonstrated pronounced variation in prey richness, evenness,
functional breadth, and evolutionary span. Taxonomic diversity of all nine prey assem-
blages exceeded functional and phylogenetic diversity at all Hill-number orders. Large
differences in taxonomic richness (TDy = 13-108) were not reflected in proportional differ-
ences in functional or phylogenetic richness (FDy = 2.19-7.56; PDy = 3.42-14.70). Moreover,
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a pronounced decline from q = 0 to q = 2 in prey diversity was observed in most owls,
reflecting strong dominance by a small subset of prey taxa, for example, anurans, Microtus
arvalis, and Arvicola terrestris in the diet of Bubo bubo [31], and Microtus arvalis, Microtus
agrestis, and Apodemus sylvaticus in the diet of Asio otus [15]. Low effective diversity at
higher Hill orders in all nine owls (FD, = 1.08-2.02 and PD, = 1.13-1.49) showed that
dominant prey taxa were also functionally and phylogenetically similar, even in owls
whose diets were taxonomically rich. For example, extreme taxonomic richness in Bubo
bubo (TDy = 108) dropped significantly with higher Hill orders of effective functional and
evolutionary diversity (FD,= 1.24; PD,= 1.31). Conversely, Athene noctua with low taxo-
nomic richness (TDy = 20) maintained relatively high phylogenetic richness (PDy = 8.70)
despite strong taxonomic dominance (TD, = 2.37). This decoupling was evident not only in
richness (q = 0) but also in abundance-weighted diversity, emphasizing that dominance
structure was a key axis of dietary differentiation among the studied owls. Another exam-
ple is Glaucidium passerinum, which had relatively high taxonomic richness (TDy = 47) and,
unlike most other owls, exceptionally high taxonomic evenness (TD; = 21.38; TD, = 15.41),
indicating a balanced prey composition in which many taxa contribute substantially to the
diet. Otus scops mirrored Bubo bubo in taxonomic dominance structure despite lying at the
opposite end of the richness gradient (TDg = 13). This convergence in dominance structure
demonstrates that dietary evenness is largely independent of taxonomic prey richness and
highlights the importance of considering evenness when characterizing owl diets.

High functional richness in Bubo bubo, together with elevated FDy in Strix uralensis and
Strix aluco, indicated ecologically diverse diets and access to prey with varied traits, like
body length, mass, habitat use, and trophic level. Nevertheless, convergence toward low
FD, values (/21.2-1.4) in these species revealed strong dominance by a few functional types
and functional redundancy (occurrence of multiple prey taxa sharing similar ecological
roles [45]), consistent with trait-based interpretations of functional similarity [22]. In con-
trast to this pattern, Glaucidium passerinum maintained relatively high functional evenness
(FDg = 3.21; FD, = 2.02).

Bubo bubo, Athene noctua, and Strix aluco exploited prey spanning evolutionarily distant
lineages of small vertebrates and invertebrates, as reflected by high phylogenetic richness
(PDy). Because phylogenetic diversity accounts for branch-length differences among prey
taxa [25,27], it can reveal lineage-level breadth even when taxonomic richness is moderate,
as in Strix aluco, or relatively low, as in Athene noctua. Ecologically, high PDy coupled with
low abundance-weighted PD is consistent with access to multiple evolutionary lineages
but energetic reliance on a limited subset, like in Bubo bubo, which is a dietary generalist
that opportunistically targets many taxa but energetically depends on a limited number of
functional prey types, e.g., easily accessible profitable prey [31,46].

Together with Hill-number TD, FD, and PD profiles, SES analyses further revealed
that owl species differ in how their prey were structured along evolutionary and functional
axes. Glaucidium passerinum showed significant clustering of prey in both phylogenetic
and functional dimensions, suggesting specialization on closely related prey with similar
ecological roles, as expected under functional and evolutionary filtering [20-22]. Tyto
alba and Asio otus showed extreme functional clustering (FD_z < —4.6), revealing strong
ecological filtering that favored a narrow set of functionally similar prey and resulted in
dominance of a single functional prey type (FD, ~ 1.1) [22], e.g., small terrestrial mam-
mals [15,35]. Prey of Athene noctua and Otus scops exhibited phylogenetic overdispersion,
drawing prey from evolutionarily distant lineages. However, the weakly negative and
non-significant functional SES in Athene noctua indicated focus on a narrow set of functional
traits in prey despite broad lineage representation. This is consistent with the framework
of Webb et al. [20] showing that phylogenetic structure alone does not necessarily reflect
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functional differentiation. In Otus scops, high functional dominance (FD; = 1.08) did not
deviate from random expectations (FD_z =~ 0), suggesting that functional structure in this
species was driven primarily by a limited prey pool rather than strong ecological filtering
among many prey options. Indeed, the diet of Otus scops is exceptionally specialized on
insects, particularly Orthoptera [47]. But, because insects in this study were identified only
to higher taxonomic levels, this likely led to conservative estimates of diversity metrics in
Otus scops, compared to owl species relying predominantly on mammalian and avian prey
(e.g., Aegolius funereus, Glaucidium passerinum), which were identified to species level. Multi-
dimensional diet partitioning in the studied owls was consistent with differentiation within
a trophic guild of species exploiting similar prey resources [3,4]. Species reduce overlap by
diverging along evolutionary and/or functional axes. These patterns highlighted the need
to interpret phylogenetic and functional structure jointly, as reliance on a single dimension
can lead to ambiguous inferences about ecological filtering versus competition [22,25].
From an eco-evolutionary perspective, high functional and phylogenetic richness reflects
potential dietary breadth, whereas low abundance-weighted diversity indicates energetic
dependence on a limited set of prey traits and lineages. This combination helps to explain
how generalist predators can be simultaneously broad but vulnerable to disruptions af-
fecting dominant prey groups, as changes in prey dominance can occur without losses
of richness [21,22,24,48,49]. Conversely, species with higher dietary evenness distribute
energy intake more uniformly across functional prey types they exploit, and may achieve
greater stability, although within a narrower range of prey traits and evolutionary lineages.

Comparative diet studies of sympatric owls reported diet segregation through several
mechanisms, such as differences in prey size, functional prey traits, taxonomic preference,
temporal activity, selective habitat use, or hunting strategies, e.g., [2,5-7,16]. Owl species
considered in this study maintain breeding populations across the eastern part of Central
and Southern Europe, but do not all coexist in sympatry; instead, they occupy partially
distinct climatic regions, habitats, or elevational zones [1]. Therefore, the findings of this
study could be additionally evaluated in a spatial and environmental context. Moreover,
dietary patterns of owls may, among other factors, vary with season, interannual prey
fluctuations, habitat structure, geographic range, environmental factors, or sympatry with
other owls, e.g., [8,17,48-50], all of which can influence prey dominance and diversity in
addition to species-specific foraging strategies. Taken together, several sources of variability
that may influence owl diet structure and diversity were not controlled for in this study
and should be considered when interpreting the observed patterns. Datasets pooled in
this study varied in sampling locations, time periods, sampling efforts, and study designs.
Such heterogeneity may influence diversity estimates; for example, larger sample sizes
may increase taxonomic richness (TDy) by detecting rare prey, whereas limited sampling
may underestimate diversity. Pooling dietary data across locations, years, and seasons may
obscure spatial and temporal variation in prey availability and composition. Therefore,
the results should be interpreted as reflecting comparative species-level patterns in diet
structure rather than direct equivalence of local prey composition, which is inherently
shaped by regional and temporal variability. Nevertheless, consistent trends across diversity
dimensions and Hill-number orders (q = 0-2), especially at higher q values, suggest that
the main patterns remain ecologically meaningful.

To sum up, by integrating taxonomic, functional, and phylogenetic diversity with
abundance-weighted metrics and null-model expectations, our results demonstrate that
owl diets are structured along multiple, partially independent axes, revealing both shared
reliance on dominant prey groups and pronounced interspecific differences in dominance
structure, trait composition, and evolutionary breadth of prey. This multidimensional
perspective refines the understanding of trophic niche differentiation within owl guilds
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and highlights the value of combining Hill-number diversity profiles with SES analyses
to separate ecological generalism, specialization, and niche partitioning in predator—prey
systems. Although not the primary focus of this study, multidimensional diet metrics
may provide a useful framework for assessing potential vulnerability of predator species
to environmental change through their dependence on specific functional prey types or
evolutionary lineages.
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