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Abstract

Understanding how niche overlap is structured across multiple dimensions is central to explaining
species coexistence. Most studies examining niche overlap focus on a single axis, and our
understanding of ecological conditions that promote niche overlap is limited. Here, we examined
multidimensional niche overlap among avian frugivores along dietary, vertical space-use, and temporal
axes in tropical evergreen forests of Anamalai and Namdapha Tiger Reserves in the Western Ghats and
eastern Himalaya, respectively. These sites differed in frugivore species richness but were otherwise
environmentally similar. Using > 1100 hours of focal observations, we quantified pairwise frugivore niche
overlap and tested how they varied with frugivore species richness, fruit abundance, tree identity, and
body-size differences between species. Observed pairwise overlaps were lower than expected by chance
across all niche dimensions, and were 1.6—-2.2 times lower in Namdapha, the more species-rich site,
indicating stronger niche differentiation in the more diverse assemblage. Overlap increased on trees with
larger fruit crops and was particularly higher on Ficus. Overlap declined with increasing body-size
differences between interacting frugivores. Our findings suggest that multidimensional niche overlap in
tropical frugivore assemblages is structured by competition, local resource context, and species traits,
thereby providing useful insights into the mechanisms promoting coexistence in diverse tropical
communities.

INTRODUCTION

A central challenge in community ecology is explaining how numerous ecologically similar species
coexist within local communities. Because species’ niches are inherently multidimensional (Hutchinson
1957), differentiation may occur along dietary, spatial, or temporal dimensions, or through combinations
of these dimensions. The extent to which sympatric species overlap in resource use influences the
strength of interspecific interactions and the potential for stable coexistence (Pastore et al. 2021; Reyes-
Puig et al. 2025). Even within a single foraging guild, species may differ in the types of resources they
consume (Kartzinel et al. 2015), their use of vertical space (Thiel et al. 2021), or their temporal activity
patterns (Albrecht and Gotelli 2001). Understanding how niche overlap is structured across multiple
dimensions is therefore critical for explaining the maintenance of high species diversity, particularly in
tropical assemblages.

The degree of niche overlap among coexisting species is context-dependent. Previous studies have
highlighted resource breadth and availability, and the number of co-occurring species (i.e., local species
richness) in the community as key factors in influencing niche overlap (Sushma and Singh 2006; Costa-
Pereira et al. 2019). The size of the local species pool may shape patterns of overlap by altering the
intensity of competition and opportunities for resource sharing, thereby allowing multiple species to
coexist. Abundant resources may reduce competitive constraints and permit greater niche overlap
among species (Perry and Pianka 1997). The effect of resource abundance on niche overlap, particularly
when resources are concentrated, has produced idiosyncratic results, with studies reporting both
positive (Correa and Winemiller 2014) and no relationships (Perini and Vieira 2026). Nevertheless, while
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many studies have emphasised niche differentiation as a mechanism of coexistence, comparatively less
attention has been given to the ecological conditions that may promote overlap among sympatric
species (but see Costa-Pereira et al. 2019).

In tropical ecosystems, plant—frugivore interactions are particularly important, as nearly 90% of woody
plant species produce fleshy fruits and a substantial proportion of bird species depend heavily on fruits
for nutrition (Jordano 2000). These interactions are shaped by multiple factors, including fruit and seed
traits, frugivore morphology, and resource availability (Bender et al. 2018; Palacio and Ordano 2018;
Rojas et al. 2021). From the plant’s perspective, seed dispersal by a diverse assemblage of frugivores
can provide complementary dispersal services, allowing escape from density-dependent mortality,
access to suitable recruitment sites, gene flow, and range expansion (Janzen 1970; Garcia and Martinez
2012). For frugivores, fruits are often patchily distributed in space and time (Levey 1988; van Schaik et al.
1993), potentially intensifying competition, particularly during periods of low fruit availability.
Consequently, plant—frugivore systems offer an interesting opportunity for examining how species
partition resources across multiple niche dimensions. Understanding how frugivores overlap and
segregate along dietary, spatial, and temporal axes is therefore key to explaining how numerous
frugivores coexist in diverse assemblages in tropical forests.

Past studies of frugivore assemblages have documented dietary differentiation (Kitamura et al. 2002),
dominance hierarchies during foraging (French and Smith 2005), and evidence for vertical stratification
within forest canopies (Thiel et al. 2021). However, most investigations have examined these niche
dimensions in isolation. Temporal partitioning among frugivores, in particular, remains comparatively
understudied (but see Li et al. 2026). In addition, simultaneous evaluation of dietary, spatial, and
temporal axes is rare. Yet coexistence may not require complete segregation across every dimension;
rather, substantial overlap along one axis could be offset by differentiation along another (Hutchinson
1957; Ayebare et al. 2023). A multidimensional approach is therefore necessary to understand how
overlap and segregation interact to structure frugivore communities.

Variation in the richness of the local species pool may further influence patterns of niche overlap. Local
assemblages are shaped by both historical processes (e.g., speciation and biogeographic history) and
ecological assembly processes such as environmental filtering, biotic filtering, and dispersal limitation
(HilleRisLambers et al. 2012). Tropical forest sites that are climatically similar, differ in species richness,
and have nested frugivore assemblages can provide a natural framework for testing how community
context shapes niche overlap (Swenson et al. 2016).

Fruit resource availability is also likely to mediate overlap among frugivores. Because fruits are spatially
and temporally patchy, frugivores often track trees with large fruit crops (Ortiz-Pulido and Rico-Gray
2000). High crop sizes may concentrate individuals (Abrahdo et al. 2024), potentially promoting spatial
and temporal overlap. In addition, fruit crop size often covaries with seed size and tree species identity
(Palacio and Ordano 2018), and different fruit types may vary in their influence on frugivore
assemblages. For instance, Ficus has been shown to have higher species strength (a measure of their
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importance to frugivores) than even other small-seeded trees (Naniwadekar et al. 2021), suggesting that
certain resource types may disproportionately structure patterns of niche overlap. Together, these
mechanisms indicate that both the quantity and identity of fruit resources may influence niche overlap
patterns across different dimensions.

In addition to resource context, species traits may further shape patterns of niche overlap. Ecological
theory predicts that sympatric species, particularly those that are functionally similar and closely related,
may diverge in resource use to reduce competitive overlap (MacArthur and Levins 1967; Schoener 1974).
At the same time, morphological constraints can limit the range of resources a frugivore can exploit. The
morphological trait-matching hypothesis posits that frugivore body size and gape width constrain the
size and type of fruits that can be handled efficiently (Wheelwright 1985; McFadden et al. 2022). Thus,
while competition may promote niche differentiation among similar species, shared morphological
constraints may simultaneously promote convergence in resource use. The trade-off between these
opposing factors could determine whether morphological similarity enhances or reduces niche overlap
within frugivore assemblages.

Given this background, we examined how niche overlap among sympatric avian frugivores is structured
by community context, resource dynamics, and species traits across three niche dimensions. We
compared patterns of overlap in diet, vertical space use, and temporal activity at two wet tropical forest
sites differing in species richness, and evaluated how fruit resource availability and identity (Ficus and
non-Ficus small-, medium-, and large-seeded species) influenced overlap across vertical and temporal
dimensions. Finally, we assessed whether these patterns are mediated by differences in frugivore body
size, reflecting morphological constraints on resource use. We predicted that 1) the extent of overlap
would differ among niche dimensions, 2) overlap would be lower in the species-rich assemblage if
stronger competitive interactions promote niche differentiation, 3) higher fruit crop sizes would facilitate
greater overlap by relaxing resource limitation, 4) Ficus, given its disproportionate importance in
frugivore networks, would promote greater overlap relative to other categories of fruiting trees, and 5)
greater differences in body size would be associated with reduced overlap due to trait-based constraints
on fruit resource use. By integrating community context, resource availability, resource identity, and
functional traits, this study provides a multidimensional understanding of the factors shaping niche
overlap in tropical frugivore assemblages.

MATERIALS AND METHODS
Study area

We conducted this study in two evergreen forest sites in India: Hornbill Plateau in the Namdapha Tiger
Reserve (27°23'-27°39'N and 96°15'-96°58'E; duration: November 2022 to April 2023; elevation range:
550-800 m asl) in the Eastern Himalaya, and Manamboli and Ulandy Ranges in the Anamalai Tiger
Reserve (10°12'-10°35'N and 76°49'-77°24'E; duration: November 2023 to May 2024; elevation range:
650-1000 m asl) in the Western Ghats. Both sites lie within protected areas with minimal anthropogenic
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disturbances and receive approximately 2,500 mm of annual rainfall, primarily during the southwest
monsoon (June-September) and the northeast monsoon (November-December). The forests at both
sites are classified as wet tropical rainforests (Proctor et al. 1998; Muthuramkumar et al. 2006) and fall
within the “Tropical and Subtropical Moist Broadleaf Forests” biome (Olson et al. 2001). Despite being
located in two distinct biodiversity hotspots (Himalaya and Western Ghats-Sri Lanka Biodiversity
Hotspots), the sites share several key frugivore lineages, including hornbills (Bucerotidae), barbets
(Psilopogon spp.), bulbuls (Pycnonotidae), Asian fairy bluebird (Irena puella), hill myna (Gracula spp.),
green-pigeons (Treron spp.) and imperial-pigeons (Ducula spp.), as well as representatives of key bird-
dispersed woody plant families, including Lauraceae, Moraceae, Meliaceae, Myristicaceae, and
Oleaceae. However, the two assemblages differ in overall frugivore species richness (Anamalai: 26;
Namdapha: 40 species recorded during the study period), allowing meaningful comparison of niche
overlap patterns across contrasting community contexts.

Plant-frugivore interactions

We searched for bird-dispersed tree species bearing ripe fruits along existing trails. Upon finding fruiting
trees, we conducted focal tree watches on a total of 67 trees in Namdapha and 119 trees in Anamalai,
representing 28 tree species at each site. We began each focal tree watch around sunrise and continued
for six hours, following established methods (Naniwadekar et al. 2025), using 8 x 40 or 8 x 42
binoculars. During each focal watch, we recorded the identity and number of visiting birds, arrival and
departure times, initial foraging height (measured from the base of the focal tree in five-metre bins using
a Bushnell Engage/Prime 1700 laser range finder), and feeding interactions (whether consuming fruits or
not). For analyses of vertical space use, each visit was assigned to the height stratum at which the bird
was first observed. Subsequent movements within the tree during the same visit were not considered
and were not significantly different from the initial height where the bird was observed (Fig. S4). We
classified bird species as frugivores for a given tree species only if they were observed consuming at
least one fruit, following previous studies (Naniwadekar et al. 2019). Observations where bird species
visited a tree species but never consumed a fruit during the study period at a site were excluded from the
analysis. Ripe fruit crop size (FCS) of each focal tree was estimated by counting the number of ripe fruits
on multiple branches and estimating it for the entire canopy for small-seeded species, dividing the
foliage into four quarters and counting fruits in one quarter and extrapolating it to others for medium-
and large-seeded plant species, and doing total counts for certain large-seeded species (e.g., Myristica)
following Davidar and Morton (1986) and Naniwadekar et al. (2025).

Fruit and frugivore traits

Tree species were grouped into four categories: Ficus (all trees belonging to the genus Ficus), non-Ficus
small-seeded (seed width < 5 mm), non-Ficus medium-seeded (5—-15 mm), and non-Ficus large-seeded
(> 15 mm), following Naniwadekar et al. (2021). Ficus was treated as a separate category due to its high
ecological significance to tropical frugivores (Lambert and Marshall 1991). Species-level body mass
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data for all avian frugivores were obtained from the ‘Avonet’ global bird trait database (Tobias et al.
2022).

Statistical analyses

Pairwise frugivore niche overlap across dietary, vertical
and temporal axes

We quantified pairwise niche overlap among frugivore species using Pianka’s index (Pianka 1973):

Op = X (i < pix) |V [(EPZij)(2p2ik)]

where 0y is Pianka's index of niche overlap between species j and k, and p; and p; are the proportional
use of resource i by species j and k, respectively. Pianka's index (0) ranges from 0 (no overlap) to 1
(complete overlap). Overlap was calculated separately for dietary, vertical, and temporal niche
dimensions at each site. For dietary overlap calculation, we constructed weighted plant—frugivore
interaction matrices in which each cell represented the visitation rate (number of bird visits per hour) of
a given frugivore species to a fruiting tree species, thereby standardising interactions for sampling
effort. We calculated vertical overlap from matrices representing frugivore counts across five-metre
height classes within each focal tree (measured from the base of the focal tree). We calculated temporal
overlap using matrices of frugivore counts in five-minute time bins for each focal tree during each six-
hour focal watch, irrespective of their vertical position within the tree. Five-minute time bins were
selected based on the minimum mean visit duration across frugivore species (Fig. S3).

To test whether observed niche overlap differed from random expectations, we generated 999 null
interaction matrices for each niche dimension (dietary, vertical, and temporal) separately for each site. In
each case, we preserved row and column totals while randomly redistributing visits among cells. For
each null matrix, pairwise Pianka’s niche overlap index was recalculated, and the mean overlap was
computed. The observed mean overlap was then standardised relative to the null distribution using
standardised effect sizes (SES; z-scores). Positive SES values (> 2) indicate greater overlap than
expected by chance, whereas negative values (< - 2) indicate lower-than-expected overlap. To assess
whether observed overlap differed between Anamalai and Namdapha, null models were run
independently for each site, and for each iteration, the difference in mean overlap between sites was
calculated. The observed difference was then compared to the resulting null distribution of differences.

Ripe fruit availability and frugivore overlap in vertical space
and time

To examine whether fruit availability influenced Pianka’s niche overlap index at the scale of individual
trees, we calculated pairwise vertical overlap (based on five-metre height classes discussed above) and
temporal overlap (based on five-minute time bins) for all possible frugivore species pairs visiting each
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focal tree individual that was used by at least two frugivore species. Because the distribution of overlap
values was strongly zero-inflated (~ 90% values were zeros), we modelled the occurrence of overlap
(absence =0, any overlap = 1) as a function of log-transformed fruit crop size using binomial generalised
linear mixed-effects models as implemented by the R package ‘gImmTMB’. A log transformation was
applied because fruit crop sizes varied by several orders of magnitude across tree watches. Individual
focal tree identity was included as a random intercept to account for multiple frugivore species pairs per
tree. In addition, the identities of both frugivore species within each interacting pair were included as
random intercepts to account for non-independence arising from shared species across multiple pairs.
Separate models were fitted for vertical and temporal overlap at each site. Since the dietary overlap
among frugivore species pairs was estimated at the tree species level and not at the individual tree level,
we did not carry out this analysis for dietary overlap.

Tree type and frugivore niche overlap

Seed size and tree type are known to influence the diversity and abundance of frugivores visiting fruiting
trees (Naniwadekar et al. 2021, 2025). We therefore examined whether a particular tree category
facilitated greater frugivore overlap in vertical space and time at each study site. Trees were categorised
as mentioned earlier: Ficus, non-Ficus small-seeded, medium-seeded, and large-seeded. Despite having
small seeds, we classified Ficus in a different category because they have been reported to have
significantly higher species strengths than other small-seeded trees (Naniwadekar et al. 2021). To
assess the contribution of each tree type to overlap across niche dimensions, we recalculated overlap
after sequentially excluding interactions associated with a given tree category. We compared these
values with those from the full dataset, including all tree types. A tree type was considered to contribute
significantly to niche overlap if the 95% confidence intervals of overlap estimates from the reduced
dataset did not include the mean overlap value from the full dataset, indicating a clear shift in overlap
following its exclusion (Cumming et al. 2007).

Body size of interacting frugivores and niche overlap

We analysed the relationship between pairwise niche overlap and body-mass difference (difference
between log-transformed body masses of interacting species) of frugivore species pairs using separate
generalised linear mixed-effects models (GLMMSs) for each combination of overlap type (dietary, vertical,
temporal) and study site (Anamalai and Namdapha) using the R package ‘glmmTMB’. Overlap values
(Pianka’s index) for all three niche axes in our study were continuous and bounded between 0 and 1;
therefore, we fitted each model with a beta error distribution and logit link. Overlap values of 0 or 1 were
adjusted slightly to fall within the open interval (0, 1). In each model, we included frugivore body mass
difference as a fixed effect. In addition, to account for non-independence arising from repeated
appearances of species across multiple pairs, we included the identities of each frugivore in a species
pair as random intercepts. Models were fitted separately for each site and overlap axis to allow effect
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sizes to vary independently across ecological contexts. We carried out all analyses in this study using R
(ver. 4.4.7).

RESULTS

We recorded a total of 26 and 40 avian frugivore species during our sampling periods in Anamalai and
Namdapha, respectively. However, many species visited focal trees infrequently, as is typical of
community ecology data (Preston 1980; McGill et al. 2007). To ensure meaningful interpretation of
pairwise niche overlap, we restricted analyses to frugivore species that visited > 10% of focal tree
individuals at each site. Consequently, our analyses included the nine relatively frequently observed
frugivore species in Anamalai (yielding 36 unique frugivore species pairs) and 18 species in Namdapha
(yielding 153 unique species pairs) (Table S1). Among all frugivore species pairs in Anamalai, Malabar
Barbet Psilopogon malabaricus and Southern Hill Myna Gracula indica exhibited the highest overlap along
the dietary (Pianka'’s index: 0.93) and temporal (0.28) niche axes, whereas Asian Fairy-bluebird Irena
puella and White-cheeked Barbet Psilopogon viridis showed the greatest overlap in vertical space use
(0.50) (Fig. 1). In Namdapha, Asian Fairy-bluebird Irena puella and Blue-winged Minla Actinodura
cyanouroptera showed the highest overlap in the dietary (0.90) and vertical axes (0.70), whereas Blue-
winged Minla Actinodura cyanouroptera and Rufous-backed Sibia Leioptila annectens exhibited the
greatest temporal overlap (0.41) (Fig. 1).

Pairwise niche overlap along dietary, vertical and temporal
axes

Across all niche dimensions (dietary, vertical, and temporal) in both Anamalai and Namdapha, the
observed mean pairwise niche overlap was significantly lower than expected under the null model
(Table 1). Standardised effect sizes were strongly negative at both sites across all three axes, indicating
significantly lower niche overlap than expected by chance. Null model means were similar between
Anamalai and Namdapha across all niche dimensions, suggesting comparable null expectations despite
differences in species richness. Frugivorous birds showed greater dietary, intermediate vertical, and low
temporal overlap, all of which were significantly lower than the niche overlap expected by chance.
Observed overlap was consistently higher in Anamalai (the species-poor site) than in Namdapha (the
species-rich site) across all three niche axes (Table 1; Fig. 2). Specifically, mean (95% Cl) dietary overlap
in Anamalai (0.45; 95% CI: 0.38-0.53) was 2.2 times higher than in Namdapha (0.21; 95% CI: 0.18-0.24)
(Table 1, Fig. 2). Similarly, vertical overlap was 1.6 times higher in Anamalai (0.21; 95% Cl: 0.17-0.26)
compared to Namdapha (0.13; 95% Cl: 0.11-0.15) (Table 1, Fig. 2). Temporal overlap was 2.2 times
higher in Anamalai (0.11; 95% Cl: 0.08-0.13) than in Namdapha (0.05; 95% Cl: 0.04-0.06) (Table 1,

Fig. 2).
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Table 1

Observed and null model estimates of mean pairwise niche overlap among frugivores (using Pianka’s
index) along dietary, vertical, and temporal niche dimensions in Anamalai (species-poor site) and
Namdapha (species-rich site). Standard deviations (SD) and standardised effect sizes (z-score) from the
null models are also reported. Observed niche overlap values across all dimensions in both sites are
consistently lower than null expectations, and the observed values in Anamalai are higher than in
Namdapha. Interestingly, the null mean values for both Anamalai and Namdapha are very similar.

Site/Inter-site Niche Observed Null Null z-
comparison dimension value mean SD score
Anamalai Dietary 0.452 0.713 0.034 -7.68
Namdapha Dietary 0.210 0.697 0.025 -19.42
Anamalai Vertical 0.211 0.737 0.014 -37.63
Namdapha Vertical 0.130 0.747 0.012 -50.30
Anamalai Temporal 0.106 0.381 0.005 -60.98
Namdapha Temporal 0.047 0.477 0.005 -85.73
Anamalai — Namdapha Dietary 0.242 0.016 0.043 5.31
Anamalai — Namdapha Vertical 0.081 -0.010 0.019 4.85
Anamalai — Namdapha Temporal 0.059 -0.096 0.007 22.50

Role of ripe fruit availability in influencing frugivore niche
overlap

The GLMM results suggested that the probability of pairwise frugivore niche overlap in both vertical
space and time increased significantly with ripe fruit availability at the level of individual fruiting trees in
both our study sites, Anamalai and Namdapha (Fig. 3, Table S2). In addition, variation in the probability of
overlap was explained by differences among focal trees and among frugivore species identities, with
random-effect variance attributed to focal tree individuals and to frugivore species within each frugivore
species pair (Table S3).

Tree type and frugivore niche overlap

The mean overlap values did not differ from the original ones after we dropped non-Ficus small-seeded
trees (except for dietary axis in Namdapha, where the mean (95% Cl) overlap increased from 0.21 (0.18-
0.24) to 0.29 (0.25-0.33)), non-Ficus medium-seeded trees (except for dietary axis in Anamalai, where
the mean (95% CI) overlap increased from 0.45 (0.38-0.52) to 0.53 (0.46-0.60)), and non-Ficus large-
seeded trees (except for dietary axis in Namdapha, where the mean (95% Cl) overlap increased from
0.21 (0.18-0.24) to 0.26 (0.22-0.29)) (Fig. 4). However, they decreased significantly after we dropped
Ficus from the analysis (except for dietary axis in Anamalai) (Fig. 4). Specifically, for dietary axis, the
mean (95% CI) overlap decreased from 0.21 (0.18-0.24) to 0.10 (0.07-0.13) in Namdapha, for vertical
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axis the mean (95% Cl) overlap decreased from 0.21 (0.16-0.26) to 0.15 (0.10-0.20) in Anamalai and
from 0.13 (0.11-0.15) to 0.06 (0.04-0.08) in Namdapha, and for temporal axis the mean (95% Cl)
overlap decreased from 0.11 (0.08-0.13) to 0.06 (0.04-0.08) in Anamalai and from 0.05 (0.04-0.06) to
0.02 (0.01-0.03) in Namdapha (Fig. 4). Taken together, these results suggest that among all tree types
examined in our study, Ficus allowed significantly higher frugivore niche overlap on them in all niche
axes, especially in species-rich site, Namdapha. This is despite Ficus having similar fruit crop sizes as
non-Ficus small-seeded tree species (Fig. S2).

Body size of interacting frugivores and pairwise niche
overlap

Among frugivore species observed during tree watches, both sites encompassed a similar range of body
masses. Specifically, the heaviest frugivore at both sites was the Great Hornbill Buceros bicornis (2,791
g). In contrast, the lightest species incorporated in the analyses were the Flame-throated Bulbul Rubigula
gularis (29.3 g) in Anamalai and the Whiskered Yuhina Yuhina flavicollis (16.9 grams) in Namdapha.
Across niche dimensions, pairwise overlap generally declined with increasing body mass difference
between frugivore species in a pair (Fig. 5, Table S4). This negative relationship was evident for vertical
and temporal overlap at both sites, and for dietary overlap in Namdapha, but was weak in Anamalai.
What is also evident is that, for smaller body-size differences, niche overlap was low to moderate,
whereas for large body-size differences, it was consistently low. Overall, these patterns indicate that
morphologically similar species may exhibit greater niche overlap, whereas species differing
substantially in body size are more strongly partitioned across niche dimensions.

DISCUSSION

In this study, we examined patterns of niche overlap among avian frugivores across three key
dimensions: diet, vertical space, and time, across multiple ecological contexts, including variation in
species pool size, fruit crop size, plant functional type, and body-size differences among sympatric
frugivore species. Multidimensional niche overlap among frugivore species pairs was generally low (<
50%) across both study sites, indicating substantial segregation along one or more axes. Notably,
overlap was consistently lower at the species-rich site, Namdapha, than at the relatively species-poor
site, Anamalai, suggesting stronger niche partitioning in the more diverse assemblage. Beyond
differences in species richness, niche overlap increased with fruit crop size, indicating that greater
resource availability may promote niche overlap. Tree type also influenced niche overlap patterns, with
Ficus fostering greater overlap among frugivore pairs across niche dimensions, reflecting its role as a
keystone resource. Additionally, morphologically similar species exhibited greater overlap across most
niche dimensions, highlighting the role of body size in influencing resource use and partitioning. Taken
together, these findings suggest fine-scale, multidimensional niche segregation facilitating coexistence
in species-rich tropical frugivore assemblages, while also underscoring the influence of species pool,
resource availability, resource type, and body size in shaping overlap patterns.
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Our multidimensional approach to quantifying niche overlap reveals consistently low overlap among
frugivore species across dietary, vertical, and temporal axes. Such limited overlap across multiple
dimensions suggests that fine-scale niche segregation facilitates the coexistence of numerous
sympatric frugivores in tropical forests (Todeschini et al. 2020). Importantly, overlap was consistently
lower in the relatively species-rich site than in the species-poor site, indicating stronger niche
differentiation in the more diverse assemblage. Interestingly, the sampling effort in terms of the duration
of study and human hours invested is similar across both sites, and we found an identical number of
fruiting tree species at both sites in the given time duration, suggesting that the underlying differences in
fleshy-fruited tree diversity may not be influencing the observed patterns. Furthermore, the similarity in
null expectations across sites for each niche dimension, together with the consistency of observed
overlap after controlling for sampling effort and frugivore group representation (Fig. S1), indicates that
the lower overlap observed in the species-rich site is unlikely to be an artefact of data structure. Instead,
these patterns are consistent with stronger niche differentiation in the higher-diversity assemblage
(Schoener 1974; Pastore et al. 2021). These findings contrast with previous work, which reported greater
niche overlap with increasing frugivore species richness (Dehling et al. 2022). However, that study
examined niche overlap primarily in relation to plant functional traits along the dietary axis only. By
contrast, our study utilised foraging observations and did not rely on plant functional traits to infer
overlap patterns.

In addition to dietary partitioning, our multidimensional framework captures segregation across spatial
and temporal dimensions, too, revealing patterns that may not be evident when diet is considered alone.
While we have not estimated stabilising fitness differences, these metrics provide process-informed
proxies of realised niche similarity among species (Levine et al. 2025). Lower overlap across multiple
dimensions suggests stronger niche differentiation, which is predicted to enhance stabilising
coexistence mechanisms. The lower overlap observed at the species-rich site is consistent with the
richness—specialisation hypothesis, which predicts a positive relationship between species richness and
niche specialisation (Belmaker et al. 2012; Pellissier et al. 2018), as documented in a recent study
(Mandal et al. 2026). Frugivores’ diets are known to be plastic and context-dependent (Naniwadekar et
al. 2021), with evidence for dietary niche expansion in the absence of competitors (Bolnick et al. 2010).
We speculate that similar expansion may occur not only in diet but also along vertical and temporal axes
in species-poor assemblages, resulting in comparatively greater multidimensional niche overlap.

Competition theory predicts that the strength of niche partitioning depends on the intensity of resource
limitation (Chesson 2000). When resources are scarce, interspecific competition is expected to promote
stronger niche differentiation (MacArthur and Levins 1967). Conversely, when resource availability is
high, competitive constraints may relax, allowing species to expand their realised niche and increasing
overlap (Colwell and Futuyma 1971). In line with this expectation, we observed greater dietary, vertical
and temporal overlap on trees with larger fruit crops. High fruit abundance may reduce direct
competitive interactions by relaxing resource limitation, thereby permitting greater behavioural plasticity
across niche dimensions. Similar context-dependent increases in dietary overlap under high resource
availability have been reported in rodents during mast years (Stephens et al. 2019), in frugivorous fishes
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during the period of high fruit abundance (Correa and Winemiller 2014), and in pollinators during periods
of floral abundance (Casanelles-Abella et al. 2023). Furthermore, the relatively higher temporal overlap
observed among similarly-sized species pairs may also reflect heterospecific facilitation, particularly
under conditions of high resource availability. For example, the arrival of a frugivore at a fruiting tree may
provide cues (e.g. vocalisations or movement) that attract other individuals, leading to increased
temporal co-occurrence, as has been reported for mass-fruiting trees (Gu et al. 2017).

Small-seeded bird-dispersed species often produce larger fruit crops than large-seeded species,
consistent with the quality-quantity trade-off in fleshy fruits and the greater accessibility of small fruits to
a wider range of frugivores; therefore, they are expected to facilitate greater niche overlap (Wheelwright
1985; Hazell et al. 2023). However, among small-seeded trees, Ficus permitted significantly higher
overlap than non-Ficus species, even though fruit crop size did not differ significantly between them (Fig.
S2). This indicates that factors beyond crop size, per se, drive the elevated overlap observed on figs.
Ficus species are widely regarded as keystone resources in tropical ecosystems due to their
asynchronous fruiting phenology, which provides reliable food during periods of general fruit scarcity
(Lambert and Marshall 1991; Kattan and Valenzuela 2013). By offering predictable and often temporally
buffered resources, figs may act as focal aggregation points where multiple frugivore species converge,
particularly during lean fruiting periods. Such convergence could increase fine-scale dietary, spatial, and
temporal overlap. In addition, most Ficus species in our study were large canopy trees, and tree stature
has been shown to influence frugivore visitation rates positively (Jayanth et al. 2024). Thus, structural
prominence may further enhance aggregation at figs. Nutritional attributes of figs, including high
calcium content (O’'Brien et al. 1998), may also increase attractiveness to frugivores. Together, these
characteristics suggest that Ficus function as ecological hubs that concentrate frugivore activity and
thereby modulate patterns of niche overlap. Future work should explicitly test whether overlap on Ficus
is strongest during periods of landscape-level fruit scarcity and disentangle the relative contributions of
phenology, crop size, and tree stature to frugivore co-occurrence patterns.

Most temporal overlap studies aggregate observations across multiple locations, thereby estimating
landscape-level similarity without accounting for fine-scale spatial segregation (Marinho et al. 2020;
Murray et al. 2023). However, temporal co-occurrence does not necessarily translate into competitive
interaction if species are spatially separated. By quantifying temporal overlap at the level of individual
fruiting trees, we incorporate spatial context directly into the analysis. Because competition requires co-
occurrence in both space and time, tree-level estimates provide a more ecologically meaningful measure
of potential interaction strength. Our results show that temporal overlap at this fine spatial scale is
relatively low, suggesting that apparent temporal similarity at broader scales may overestimate the
likelihood of direct competitive encounters. This spatially explicit perspective aligns with the modern
coexistence theory, which emphasises that interaction strength depends on realised encounters rather
than broad-scale similarity alone (Chesson 2000; Hart et al. 2017). Incorporating spatial context,
therefore, refines inferences about stabilising niche differences.
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We found that morphologically divergent species pairs consistently exhibited low niche overlap across
multiple dimensions. This pattern aligns with the concept of limiting similarity (MacArthur and Levins
1967) and modern coexistence theory (Chesson 2000), whereby greater trait differences reduce
interspecific competition by enhancing stabilising niche differences. Body size is a key functional trait
influencing resource acquisition, movement, and foraging behaviour (Brown et al. 2004), and thus can
mediate dietary, vertical, and temporal segregation among frugivores. Morphological constraints on
resource use, such as gape limitation, have been shown to drive dietary differentiation (Dehling et al.
2016; Naniwadekar et al. 2019), while vertical stratification further promotes partitioning among foraging
guilds, with larger-bodied species such as hornbills predominantly using the upper canopy and smaller
frugivores such as bulbuls foraging in lower strata (Shanahan and Compton 2001). It is interesting to
note that morphologically divergent species pairs in our study exhibited minimal temporal overlap. This
could be a likely outcome of differing activity patterns of large- and small-bodied species (van Schaik
and Griffiths 1996), an aspect that needs further investigation.

While species pairs with similar body sizes tended to exhibit greater niche overlap, they also exhibited a
wider range of overlap values across niche dimensions, especially in Namdapha (Fig. 5). For smaller
values of body-mass differences, niche overlap values could be high or low. This suggests that
morphologically similar species may either occupy similar niches due to shared constraints or reduce
competition by segregating along different niche axes. Such variability points to a balance between
optimal foraging and competitive interactions in shaping realised niches. While species may
preferentially exploit similar resources based on morphological suitability, interspecific competition,
through both exploitative and interference mechanisms, can drive niche divergence (Schoener 1974).
Empirical studies of Asian frugivore assemblages support this view, showing that closely-related and
similarly-sized hornbill species can differ in both diet composition and canopy use (Hadiprakarsa and
Kinnaird 2004). Specifically, sympatric hornbills vary in their reliance on figs versus non-fig fruits and in
how they partition vertical space, with some species foraging predominantly in the upper canopy and
others in mid- or lower strata. Together, these patterns highlight that the trait similarity does not
necessarily translate into niche equivalence, but instead allows for flexible partitioning across multiple
niche dimensions.

CONCLUSIONS

Empirical studies that examine species niches at fine spatial and temporal scales while explicitly
considering multiple niche dimensions remain relatively rare (but see Ayebare et al. 2023). To our
knowledge, our study is among the first to quantify overlap patterns among co-occurring tropical avian
frugivores across multiple niche dimensions and to evaluate how pairwise niche overlap in vertical space
and foraging time are influenced by fruit resource availability at the level of individual fruiting trees. Using
standardised sampling across two ecologically comparable tropical forest sites differing in species
richness, we show that multidimensional niche differentiation is a key feature of frugivore assemblages.
Lower niche overlap in the relatively species-rich assemblage suggests stronger partitioning across
dietary, vertical, and temporal axes. In addition, we demonstrate that niche overlap is context-dependent,
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increasing with local resource availability and varying across tree types, with Ficus likely functioning as
important aggregation points that may facilitate co-occurrence. Finally, trait differences, particularly
body size, further structure niche relationships, with morphologically divergent species exhibiting
consistently low overlap. These findings highlight how the interplay between species richness, resource
dynamics, and functional traits shapes multidimensional niche structure, providing insights into the
mechanisms that may facilitate coexistence in diverse tropical communities.
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Figure 1

Heatmaps showing pairwise overlap values between frugivore species in Anamalai (left column) and
Namdapha (right column) for three niche dimensions: dietary overlap (a, b), vertical overlap (c, d), and
temporal overlap (g, f). Each cell represents the pairwise overlap between two species, quantified using
Pianka’s niche overlap index, where values range from 0 (no overlap) to 1 (complete overlap). Diagonal
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cells represent self-overlap (value = 1). Warmer colours indicate greater overlap. Scientific names
associated with the bird species codes shown on both axes are listed in Table S1.

Dietary axis (a) Vertical axis (b) Temporal axis (c)

0

4 -
0-2- ' '

[ Anamalai [ Namdapha

Pianka’s index of niche overlap (Mean + 95% CI)

Figure 2

Mean (+ 95% Cls) pairwise frugivore overlap across three niche axes — dietary (a), vertical (b), and
temporal (c) — calculated using Pianka'’s index of niche overlap at the two study sites, Anamalai and
Namdapha.
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Figure 3

Predicted probability of pairwise frugivore overlap as a function of log-transformed ripe fruit crop size of
focal tree individuals across two niche axes: vertical space (a, b) and time (c, d), at the two study sites,
Anamalai and Namdapha. Black lines represent predictions from a binomial generalised linear mixed-
effects model (GLMM), shaded bands indicate 95% confidence intervals, and grey points denote
observed presence (1) or absence (0) of pairwise overlap on fruiting trees.
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Figure 4

Pianka’s overlap comparisons (mean + 95% Cls) between original values (including all tree species) and
values recalculated after excluding specific tree categories across dietary (a—b), vertical (c—d), and
temporal (e—f) niche axes in Anamalai (left) and Namdapha (right). For each panel, overlap values are
shown for the full dataset (“All trees”) and after sequentially excluding specific tree categories: non-
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Ficussmall-seeded (without NFS), non-Ficus medium-seeded (without NFM), non-Ficuslarge-seeded
(without NFL), and all Ficus species (without Ficus).
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Figure 5

Results of the generalised linear mixed-effects models (GLMMs) with beta error structure and logit link
examining the relationship between body mass difference (difference in log-transformed body mass) of
interacting frugivore species pairs and pairwise overlap in each niche dimension: dietary, vertical, and
temporal in two study sites: Anamalai (a, c, €) and Namdapha (b, d, f). Solid black lines represent the
fitted GLMM predictions, and shaded bands indicate 95% confidence intervals.
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