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Abstract

In sessile organisms like plants, interactions with strong fitness implications,
such as seed dispersal, are influenced by individual traits and the surrounding
environmental context. Recent studies have revealed that individual variation
in plant populations shapes mutualistic interactions, but the focus often
remains on the taxonomic diversity of partners. We examined how intrinsic
(phenotypic and phenological traits) and extrinsic (spatial context) drivers of
differences in individual plants influence the multidimensional functional
diversity of frugivorous birds. Our study system was a native plant population
of Schinus terebinthifolia, a species that is invasive worldwide and whose fruits
are highly attractive to birds. Despite the limited functional differentiation
among the most common generalist frugivores, our findings demonstrate that
plant phenotypic traits and local environmental conditions distinctly influence
multiple facets and dimensions of avian alpha diversity. Tree height increased
functional richness and divergence, while human infrastructure reduced both
indices. Crop size had positive effects on functional divergence and regularity,
and tree cover reduced functional richness. Most effects, particularly the stron-
gest ones, were mediated by species richness, highlighting how variation in
functional diversity largely stems from changes in the number of frugivorous
species foraging on plants. Our results underscore the importance of moving
beyond taxonomic metrics to understand diversity interaction patterns, provid-
ing insights into habitat management and restoration, and advancing our
understanding of how the diversity of frugivore traits influences frugivory and
seed dispersal of plant individuals.
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INTRODUCTION

Frugivory and seed dispersal by animals, particularly
birds, are critical for sustaining biodiversity and
maintaining ecosystem function (Bascompte & Jordano,
2007; Herrera, 2002; Kissling et al., 2009). These mutualis-
tic interactions, involving resource and service exchange,
form networks that regulate plant colonization and abun-
dance, vegetation growth and regeneration, and support
the persistence of frugivore populations (Bascompte &
Jordano, 2007; Herrera, 2002; Jordano et al., 2011). Despite
recent advances, research has focused mainly on
community-level interactions, leaving gaps in knowledge
about individual-level variation of interactions for plants,
particularly beyond the taxonomic facet of the diversity of
mutualist consumers (Bascompte & Jordano, 2007,
Jordano et al., 2011; Vissoto et al., 2022).

Within plant populations, plant-frugivore interac-
tions may be shaped by extrinsic drivers, including the
spatial context in which individuals grow, and intrinsic
drivers, such as phenotypic and phenological traits
influencing disperser attraction and foraging behavior
(Schupp et al., 2019; Tonos et al., 2022; Vissoto et al.,
2022). Plant height, crop size, and fruiting duration are
key intrinsic drivers shaping plant-frugivore interactions
by affecting disperser diversity and visitation rates
(Guerra et al., 2017; Miguel et al., 2018; Vissoto et al.,
2022; Vizentin-Bugoni et al., 2021). Among extrinsic
drivers, neighborhood effects from fruit density around
plant individuals, along with the cover of surrounding
vegetation and human infrastructure, play significant
roles in plant-animal interactions (Cruz et al.,, 2013;
Gleditsch et al., 2017; Herrera et al., 2011; Hopson et al.,
2020; Morales & Carlo, 2006; Schneiberg et al., 2020;
Vissoto et al., 2022). The relative influence of intrinsic
and extrinsic drivers can enhance or reduce frugivory
and seed dispersal rates, with important implications
for plant and frugivore population and community
dynamics (Miguel et al., 2018; Morales & Carlo, 2006;
Vissoto et al., 2022).

Plant-frugivore relationships at the population level
of plants have often been evaluated from a taxonomic
perspective (Crestani et al., 2019; Miguel et al., 2018;
Vissoto et al., 2022). Exploring these relationships from a
functional viewpoint may provide novel insights, as these
two facets of diversity are often complementary (Diaz &
Cabido, 2001). Functional diversity refers to the distribu-
tion and range of functional traits of the organisms in a
community, providing insight into how ecosystems
respond to environmental changes and contribute to eco-
system processes (Diaz & Cabido, 2001). Functional traits
are measurable characteristics of individual organisms
relating to morphology, physiology, phenology, and

behavior that reflect the role played by the species in the
ecosystem and can be used to explain and compare their
responses to the environment and/or their effects on eco-
system functioning (Dehling et al., 2014; Lefcheck
et al., 2015).

Recently, functional diversity studies have advanced
through a unified framework that defines three biologi-
cally complementary dimensions of alpha functional
diversity (FDa) metrics and incorporates improvements
in trait space representation (i.e., transformations or
visualizations of trait matrices used to assess functional
metrics; Blonder et al.,, 2014; Mammola et al., 2021;
Mammola & Cardoso, 2020). The Pavoine-Bonsall
scheme classifies FDa metrics into three core dimensions:
functional richness (FRic), divergence (FDiv), and regu-
larity (FReg), which correspond to the sum, mean, and
regularity of differences among observations, respectively
(Mammola et al., 2021; Pavoine & Bonsall, 2011).
Combined with probabilistic hypervolumes, which model
trait space as a cloud of stochastic points sampled from
species traits, enabling the detection of density variation
within the space, this framework offers a robust approach
for evaluating how FDa responds to environmental varia-
tion (Blonder et al., 2014; Mammola et al, 2021;
Mammola & Cardoso, 2020). FRic corresponds to the total
volume of the hypervolume, FDiv captures trait space
spread as the average distance among stochastic points or
to the centroid, and FReg (or evenness) measures the regu-
larity of trait distribution by comparing the observed
hypervolume to a hypothetical one with traits and abun-
dances evenly distributed (Mammola et al., 2021).

Within the functional facet of diversity, plant-
frugivore studies have assessed three main topics: (1) the
matching of functional traits between plants and frugi-
vores, (2) the flexible response of functionally specialized
dispersers to variation in fruit production, and (3) the
disruption of seed dispersal via the elimination of key
traits under environmental change (Bender et al., 2018;
Campagnoli et al., 2024; Quitian et al., 2019; Vizentin-
Bugoni et al., 2022). While these studies have advanced
knowledge on frugivory and seed dispersal theory and
informed restoration and conservation initiatives, they
were focused primarily on the community level. The
influence of individual plant variation and spatial con-
text on frugivore functional diversity has not been
adequately studied, with population-level research
usually limited to emphasizing complementarity and
redundancy of different functional groups in seed dis-
persal (e.g., Blendinger, 2017; Lavabre et al., 2016) or
how variation in local conditions across plant individ-
uals drives unequal functional contributions to seed dis-
persal (Isla et al., 2023). This limitation has hindered
our understanding of how characteristics of individual
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plants in a population influence complementary dimen-
sions of frugivore trait diversity, which potentially
impact frugivore populations, the dynamics of resource
use, and the demographic consequences of seed
dispersal.

Here, we assessed how intraspecific variation in
a Brazilian pepper Schinus terebinthifolia Raddi
(Anacardiaceae) population influences the diversity of
functional traits of birds consuming its fruits. This
abundant plant exhibits variable phenotypes, thrives in
diverse habitats, and serves as the primary source of
fruits during the cold season in southern Brazil
(Vissoto et al., 2019, 2022). In this region, it produces a
large crop of small fruits consumed by at least 19 bird
species across nine families, with six generalist frugivores
accounting for 80% of the fruit consumption (Vissoto
et al., 2019, 2022). This plant is globally invasive (Hight
et al., 2002) and understanding the mechanisms underly-
ing its seed dispersal is essential for developing effective
management strategies to limit its spread. Specifically, we
examined the effect of intrinsic and extrinsic drivers of
individual differences in a plant population on avian
FRic, FDiv, and FReg. We expected that increases in tree
height, crop size, fruiting duration, fruit density, and tree
cover around individual plants would positively influence
frugivore abundance and the occurrence of function-
ally distinct species, ultimately expanding the trait
space in volume and spread (Mammola & Cardoso,
2020; Vissoto et al., 2022). Taller trees are more detect-
able, while larger crops and longer fruiting periods are
more attractive and profitable for frugivores (Guerra
et al., 2017; Miguel et al., 2018; Vissoto et al., 2022;
Vizentin-Bugoni et al., 2021). High fruit density in the
vicinity can attract additional frugivore species and
promote frugivory through facilitation, while increased
vegetation cover can enhance frugivore species rich-
ness and frugivory rates (Gleditsch et al., 2017; Herrera
et al., 2011; Melo et al., 2020; Vissoto et al., 2022).
Conversely, increased human infrastructure negatively
impacts frugivory (Schneiberg et al., 2020; Vissoto
et al., 2022). Thus, we hypothesized a negative effect of
human infrastructure on FRic and FDiv and positive
effects of the remaining drivers on both indices. Since
the increased abundance of functionally similar species
is expected to maximize trait space evenness, while the
addition of functionally distinct species can offset this
by filling underrepresented areas (Mammola &
Cardoso, 2020; Mouchet et al., 2010), we hypothesized
a positive effect of human infrastructure on FReg,
while predicting a negative effect on the other drivers.
We summarized the above causal assumptions in the
directed acyclic graph (Figure 1). Since FDa metrics
can be closely related to species richness (Mouchet
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FIGURE 1 Directed acyclic graph showing the generative
model explaining changes in the functional diversity metrics (i.e.,
functional richness [FRic], functional divergence [FDiv], and
functional regularity [FReg]) of the bird community feeding on
Schinus terebinthifolia. This causal structure assumes that intrinsic
(green = plant height, fruiting duration, and crop size) and
extrinsic drivers (red = fruit density in the neighborhood, tree
cover, and infrastructure cover) can affect avian functional diversity
directly (e.g., plant height — FRic) and indirectly through its effects
on species richness (e.g., plant height — species richness — FRic).
Black arrows represent the estimands in this study, and gray arrows
indicate assumed dependencies between intrinsic and extrinsic
predictors not evaluated here.

et al., 2010), our estimates encompassed all direct
(i.e, X —FDa) and indirect (i.e., X — species
richness — FDa) effects mediated by species richness
on FDa metrics of the bird community in each individ-
ual plant (Figure 1).

METHODS
Study area

The frugivory dataset is available in Vissoto et al.
(2022), where additional details can be found. Data
were collected from March to July 2017 across
248 ha of rural and suburban areas in and around
the Capdo do Ledo Campus of the Universidade
Federal de Pelotas, the EMBRAPA Terras Baixas
Experimental Station, and adjacent private properties
(31°48'-31°49’ S; 52°24'-52°26' W) in Capao do Ledo
municipality, Rio Grande do Sul, Brazil. The landscape
comprises a mosaic of grasslands, wetlands, restinga
forest patches, agricultural and suburban residential
areas, and academic and research facilities. The cli-
mate is humid to subhumid, with an average annual
temperature of 17.8°C and precipitation of 1366.9 mm.
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Frugivory sampling

Frugivory events were sampled during austral autumn
and winter (March-July 2017), coinciding with the peak
fruiting season of S. terebinthifolia (Vissoto et al., 2019,
2022). Observations were conducted on 29 individual
plants representing key spatial and phenotypic contexts
in the study region. Bird visits, defined as events where a
bird consumed at least one fruit (Saracco et al., 2004),
were recorded using focal observations (Altmann, 1974)
over five 2-h periods per plant, totaling 290 h of sampling
effort (Vissoto et al., 2022). As interaction rates are not
biased by the time of day in this system, observations
were conducted throughout daylight hours (07:00-18:00),
but avoided days with strong winds or heavy rain
(Vissoto et al., 2019, 2022).

Intrinsic drivers included plant height, estimated
from base to tip; crop size, extrapolated from counts of
fruits in 10 sampled infructescences; and fruiting dura-
tion, measured as the interval from first ripening to fruit
removal or inactivity, with fortnightly monitoring.
Extrinsic factors included interspecific fruit density
within a 15-m radius, as well as tree cover and human
infrastructure cover within 100 m, quantified using satel-
lite imagery.

Avian functional traits

We used a limited set of traits that capture complemen-
tary functional aspects of birds (i.e., body size and the
feeding, perching and flying apparatuses) aiming to mini-
mize dimensionality, mitigate hypervolume boundary
effects, and ensure robust estimates of FDa indices:
(1) body mass, which relates to metabolic rate, foraging
behavior, longevity, and home-range size; (2) bill height/
width ratio, indicative of the size of fruits that birds can
manipulate and ingest; (3) tarsometatarsus length,
related to foraging behavior such as perching or hanging
abilities; and (4) wing length, linked to movement capac-
ity, indicating seed dispersal capacity (Luck et al., 2012;
Mammola & Cardoso, 2020; Sekercioglu, 2006). These
traits encapsulate the key ecological roles of frugivorous
birds in ecosystems and their responses to environmental
change (Dehling et al, 2014; Luck et al, 2012;
Sekercioglu, 2006). Body mass was obtained from the lit-
erature, while morphological measurements were taken
from museum specimens (detailed in Dias et al., 2020).
Length measurements were divided by the cubic root of
body mass to obtain relative dimensions independent
of absolute species size (Stiles, 1995). We prioritized con-
tinuous traits as proxies for habitat use and foraging

behavior, thereby mitigating subjectivity and limitations
of categorical variables (Laureto et al., 2015; Luck
et al., 2012). We used the “cor” function in R’s stats package
(v4.4.0; R Core Team, 2024) to assess trait correlations.
Wing and tarsometatarsus lengths were strongly correlated
(R = —0.75), so we retained wing length, as it is more bio-
logically relevant to seed dispersal (Appendix SI:
Table S1.1). The remaining traits showed weak correlations
(highest R = 0.6 between mass and wing length).

Functional diversity analysis

We began by constructing a community matrix with the
number of frugivory events of each of the 16 bird species
in each plant and a species-by-trait matrix using the
mean trait values for each species under the assumption
that interspecific variation outweighs intraspecific varia-
tion (Violle et al., 2012). The trait data were then central-
ized and normalized (i.e., z-scores). We built Gaussian
kernel density n-dimensional hypervolumes for each
plant using Euclidean distances and the three functional
traits (Blonder et al., 2014, 2018; Mammola & Cardoso,
2020). This was implemented using the “kernel.build”
function from the BAT package (v2.9.6; Cardoso
et al., 2024) in R. We used a single bandwidth value cal-
culated with the “estimate bandwidth” function from
the hypervolume package (v3.1.4; Ali et al., 2023; Blonder
et al., 2018). Since we used abundance data (i.e., frugivory
events are equivalent to abundance), the abundance-
weighted argument was set to TRUE. The Gaussian
method approximates trait values as stochastic point
clouds based on observed species traits, with abundance
data weighted by replicating each observation according
to its abundance (Blonder et al., 2018; Cardoso
et al., 2024). FRic, FDiv, and FReg were calculated with
the “kernel.alpha,” “kernel.dispersion,” and “kernel.
evenness” functions from the BAT package. FRic is the
total volume of the n-dimensional hypervolume
(Mammola & Cardoso, 2020). FDiv, calculated using the
“kernel divergence” method, is the average distance
between stochastic points and their centroid (Cardoso
et al., 2024; Carmona et al., 2019). FReg measures func-
tional evenness as the overlap between the observed and
a theoretical, evenly distributed hypervolume (Cardoso
et al., 2024; Carmona et al., 2016, 2019). FReg requires at
least two species per sampling unit, whereas FRic and
FDiv can be calculated with only one. Consequently, the
number of sampling units varied across analyses (n = 29
for FRic, 26 for FDiv, and 22 for FReg), although species
composition remained consistent. For FRic, we assumed
a zero value in plants with no frugivory events.
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Modeling the effect of intrinsic and
extrinsic drivers on avian FD«a

We aimed to assess the effect of intrinsic and extrinsic
drivers on bird FDa while accounting for the effect of
species richness on FRic, FDiv, and FReg (Figure 1).
To do so, we used a Bayesian hierarchical approach to
model the effect of predictors on species richness
(S) and FDa metrics as a set of hierarchical linear
equations:

S; ~ Student t(v =17, ;, 5)

H; = @ + Tindividual i + B, CTOP size; + P, height;
+ B;fruiting duration; + p,fruit density;
+ fstree cover; + Pginfrastructure cover; + €

FD metric; ~ Student t(v=17, ;, 6)

; = a + Tindividual ; + P1Si + P,crop size; + p;height;
+ B,fruiting duration; + psfruit density;,
+ Ptree cover; + p,infrastructure cover; + €

See the complete mathematical notation of the
models in Appendix S2: Section S3. We fitted the model
using z-scores of continuous response and predictor vari-
ables and used a Student ¢ probability distribution as the
likelihood function to model FDo metrics. We used
Gaussian processes to conduct partial pooling across indi-
viduals, that is, T parameter, and account for their spatial
correlation. To do so, we employed a quadratic kernel to
construct the covariance matrix of an MVnormal distribu-
tion to estimate correlated parameters (McElreath, 2020).
We used as input a matrix of spatial distances among
individuals calculated from their latitude and longitude
coordinates (Appendix S2: Section S2). We used skeptical
priors of strong effects, parameterized to encompass
values within the possible range of standardized FDa
metrics. To set up the Hamiltonian MCMC algorithm, we
defined three chains, 4000 sampling, and 500 warming
iterations, and a thinning rate of 3 (Appendix S2:
Sections S4.2, S6.2, and S8.2). Finally, we conducted sam-
pling diagnostics of the model through visual assessment
of chain convergence, Rhat < 1.05 and ess> 1000
(Appendix S2: Sections S4.3, S6.3, and S8.3). We also
assessed the quality of the models’ fit through posterior
predictive checks.

Once we verified the reliability of the models, we
selected the predictors that had the highest direct or indi-
rect effect (i.e.,, p [effect] > 0.8) on species richness or
each FDa metric. Then, we used the generative model to
simulate two types of interventions: (1) total effect—
effects of minimum and maximum values of the predictor

i on species richness (S) and their joint effect on the FDa
metric j (i.e., Xmin or max — S — FDOmetric j» Xmin or max —
FDoetric j); and (2) conditional effect—effects of mini-
mum and maximum values of predictor i on FDa metric
J» while holding species richness at the minimum value
(i.e., Xmin or max — FDOmetric ;). Finally, we estimated the
contrast between pairs of interventions to assess the
causal effect of predictor i on the FDa of birds. We fit
the models through the Hamiltonian MCMC algorithm
with Stan 2.32.2 through the cmdstanr 0.5.3 R package
(Gabry et al., 2025); data wrangling and plotting tasks
were conducted using base R, dplyr 1.1.1, magrittr
2.0.3, ggplot2 3.4.1, and cowplot 1.1.1 (Bache &
Wickham, 2022; Wickham, 2016; Wickham et al., 2023;
Wilke, 2020). See Appendix S2 for the code used in the
analysis, mathematical notation, Stan code, model
fitting, model diagnostics, and simulations of interven-
tions. A protocol for reproducible functional diversity
analyses (Palacio et al., 2022) is available in Appendix S3:
Table S3.1.

RESULTS

A total of 13 species consumed S. terebinthifolia fruits.
Bird species richness in plants ranged from 0 to 10 (3.2
+ 0.4 species [mean + SE]), while abundance varied from
0 to 126 (18.7 + 5.3). FRic had a value of 27.2 + 2.3, FDiv
1.50 + 0.05, and FReg 0.72 + 0.03.

Direct and indirect effects of drivers
on FRic

One intrinsic and two extrinsic drivers primarily
influenced FRic (Table 1, Figure 2), with the relative
importance of their direct and indirect effects varying by
predictor.

Tree height increased both species richness and
FRic, with comparable direct and indirect contribu-
tions. The total effect of tree height on FRic was an
increase of 17.68 units (46.4%), with direct effects
accounting for 11.64 units (28.7%). Infrastructure cover
reduced FRic primarily by lowering species richness,
with a total effect of —7.43 units (—21.4%), mostly indi-
rect. Tree cover had a moderate direct negative effect
on FRic (—6.41 units; —26.3%), with minimal effect via
richness. On average, tree height was 307.03 + 390.9%
and 160.86 + 90.29%, more important than the other
drivers in explaining species richness and FRic, respec-
tively. Model diagnostics and posterior predictive
checks showed that the model was well fitted
(Appendix S2: Section S4.3).
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TABLE 1 Summary of direct, total, and conditional effects of drivers on three alpha functional diversity indices: Functional richness

(FRic), functional divergence (FDiv), and functional regularity (FReg).

Driver Direct—SR Direct—FDx
FRic
Tree height 0.25 + 0.16; 0.24 + 0.14;
0.94 0.94
Infrastructure —0.19 + 0.14; —0.07 + 0.13;
0.89 0.70
Tree cover —0.04 + 0.15; —0.12 + 0.14;
0.59 0.80
FDiv
Tree height 0.11 £ 0.16; 0.11 + 0.13;
0.75 0.81
Infrastructure —0.25 + 0.14; —0.21 + 0.12;
0.96 0.96
Crop size 0.14 + 0.15; 0.19 + 0.15;
0.82 0.87
FReg
Crop size 0.08 + 0.16; 0.12 + 0.15;
0.70 0.80

Imp Total Conditional Change

0.0 117.6 + 8.04; T11.4 + 6.98; 64.8;
146.3 +17.8; 143.0 + 28.7; 0.93

0.98 0.93
161.5 1741 + 6.5; | 3.17 + 5.80; 422
1241 +21.4; 1114 + 42.5; 0.90

0.87 0.70
229.7 l64+78; 1 5.49 + 6.63; 0.0;
1 19.8 + 26.3; 127.5 +34.2; 0.59

0.80 0.79
0.0 10.14 + 0.13; 10.13 + 0.15; 0.0;
1 8.7 + 8.54; 1 8.42 + 9.84; 0.50

0.84 0.80
15.3 1 0.27 + 0.12; 10.22 + 0.12; 19.4;
| 22.8 +11.8; 1 18.8 +11.7; 0.87

0.98 0.95
32.2 10.28 + 0.20; 10.24 + 0.20; 13.8;
115.7 + 10.9; 113.9 + 12.2; 0.76

0.91 0.87
46.6 10.04 + 0.10; 10.09 +0.1; 45;
11.62 +24.1; 18.26 + 11.3; 0.68

0.62 0.80

Note: Direct—SR: Direct effect of the driver on species richness (p = SD; p [p > 0]). Direct—FDa: Direct effect of the driver on the functional diversity
index (B + SD; p [B > 0]). Imp: Relative importance (in percentage) of the parameter explaining species richness and the functional diversity index.
Total: Total effect of the driver on the functional diversity index, expressed as absolute change in index units (] increase/| decrease; mean + SD);
relative change in % (1/]; mean + SD); and posterior probability (p [contrast min-max > 0]). Conditional: Effect on the functional diversity index not
mediated by species richness, in the same format as Total. Change: Percent difference between total and conditional effects; p (total effect relative to

conditional effect).

Direct and indirect effects of drivers

on FDiv

Two intrinsic and one extrinsic driver primarily
influenced FDiv (Table 1, Figure 3), with the relative
importance of their direct and indirect effects varying by
driver.

Tree height and crop size increased FDiv, with the
latter having the strongest direct effect. Infrastructure
cover reduced FDiv primarily through its effect on spe-
cies richness. For all three drivers, total and conditional
effects were similar in magnitude. Tree height and crop
size increased FDiv by 0.14 units (8.7%) and 0.28 units
(15.7%), respectively, while infrastructure cover reduced
FDiv by 0.27 units (22.8%). On average, infrastructure
cover was 100.2 + 35.21% and 52 + 53.06%, more impor-
tant than the other drivers in explaining species richness
and FDiv, respectively. Model diagnostics and posterior

predictive checks indicated good model fit (Appendix S2:
Section S6.3).

Direct and indirect effects of drivers
on FReg

Crop size had a weak positive effect on species richness
and a slightly stronger effect on FReg (Table 1,
Figure 4). The total effect of crop size on FReg was
small and variable (2.0% increase), while the condi-
tional effect was somewhat stronger (8.3% increase).
Although the increase of FReg due to the conditional
effect of crop size was 45% higher compared to that of
the total effect, the differences between interventions
were not clear (Figure 4c-iii). Model diagnostics and
posterior predictive checks indicated good model fit
(Appendix S2: Section S8.3).



7 of 12

ECOSPHERE
@@)s4 O (ii) o4 (i)
2 -
2«
—~ ,qm: 11 25 4
S 11 5 -
g 2 2
2 4 0- %
N 04 > =
~ 2=
wn M 0 IR R R I
—14 | S S
Conditional effect
=24 -2 Total effect
-254
-1 0 1 2 -1 0 1 2 Min Max Contrast
Tree height (z-scores) Tree height (z-scores) Intervention of tree height
(b) 3 @) 54 (i) 504 (D)
2 -
~ 11
—_ ©n 25 4
g 1 &
2 8 .8
8 @ ()= 24
U
2 & =
\B Q O erevmreensnnnrnnasaassnansabelianans
2 24
~14 -1
-24 24 =251
: . : : . : . : Min Max Contrast
-1 0 1 2 -1 0 1 2 Intervention of
Infrastructure cover (z-scores) Infrastructure cover (z-scores) infrastructure cover
()34 O L4 () w04 (i)
2 -
~~ 1
— ;’l 254
o 1A o Q
53 .8
3 P 04 &
P N —
X 04 k) it = =t s i e e ot m o m i e m i e o me e
wn a2
=14
—14
24 -2 =1 T T -
, , , , . . : , Min Max Contrast
—1 0 1 2 —1 0 1 2 Intervention of
Tree cover (z-scores) Tree cover (z-scores) tree cover
FIGURE 2 (a)Intrinsic and (b, c¢) extrinsic drivers influencing the functional richness (FRic) and species richness (S) of birds foraging

on an Schinus terebinthifolia population. Effects on S (a-i to c-i-iii) imply indirect effects (i.e., X — S — FRic) on FRic, whereas effects on
FRic (a-ii to c-ii) denote direct effects (a-i-ii, b-i-ii and c-i-ii). The dots indicate observed values, the solid line is the average estimation,
the inner bands include 95% CI of the estimation, and the outer bands show 95% CI of the prediction. Error bars and dots in a-iii, b-iii, and
c-iii show 95% credibility intervals and average values of the causal effect of intervening factors to minimum and maximum values; the
contrast shows the difference between such interventions. The total effect implies both direct and indirect effects of driver i on FRic. In
contrast, the conditional effect denotes the direct effect of driver i on FRic while holding S at the minimum value.

DISCUSSION

To the best of our knowledge, this is the first study to
assess how the FDa of frugivorous birds responds
to intraspecific characteristics of fruiting trees. Our find-
ings show that plant phenotypic traits and local environ-
mental settings distinctly influence multiple dimensions
of avian FDa. Tree height had a strong positive effect on
FRic and a moderate effect on FDiv, while human

infrastructure showed strong negative effects on both
indices. Crop size had a clear positive effect on FDiv and
a modest positive effect on FReg, whereas tree cover had
a moderate and uncertain negative effect on FRic. Most
relationships, especially the strongest ones, were medi-
ated by species richness. Previous studies examining the
effect of intrinsic and extrinsic drivers of frugivory in
individual plants focused primarily on taxonomic diver-
sity (Crestani et al., 2019; Vissoto et al., 2022), while
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foraging on an Schinus terebinthifolia population. Panel structure and graphical elements follow those described in Figure 2.

functional  approaches  predominantly  examined
community-level dynamics (Bender et al., 2018; Melo
et al., 2020) or, when downscaled to the population level
(Blendinger, 2017; Isla et al., 2023; Lavabre et al., 2016),
seldom quantified trait diversity comprehensively or
explored multiple dimensions within an integrated ana-
lytical framework. By addressing these gaps, we show
that intrapopulational variation in fruiting plants shapes
trait-based frugivore diversity, with important implica-
tions for frugivory and seed dispersal.

As expected, plant height had a strong positive effect
on FRic and a moderate effect on FDiv, primarily by
increasing the number of bird species consuming

S. terebinthifolia fruits. Taller plants may serve as visual
cues and offer better foraging conditions, such as shelter
and reduced disturbance, which attract a broader range
of frugivores (Suhonen, 1993; Vissoto et al., 2022). Our
results suggest that plant height relaxes ecological filters
and promotes niche differentiation among abundant fru-
givores, thus increasing FRic and FDiv (Mammola
et al., 2021; Mouchet et al., 2010).

Crop size had a clear and positive effect on FDiv, with
a high effect size and reasonably strong posterior support.
The effect was stronger than on species richness and only
partly mediated by richness, indicating a trait-based
mechanism. This finding was expected since plants with
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large crops provide abundant resources that attract frugi-
vores with more diverse traits, fostering niche differentia-
tion among abundant and functionally dissimilar species
(Guerra et al, 2017; Mammola et al., 2021; Miguel
et al., 2018). As our system is dominated by morphologi-
cally similar Passeriformes, mainly Turdus species plus a
couple of tanagers and tyrannids (Vissoto et al., 2019,
2022), larger crops likely increase the abundance of these
species or, at most, add a few functionally redundant spe-
cies, shifting trait distributions and raising FDiv indepen-
dently of species richness. Because these species still
occupy similar regions of trait space, the overall extent of
trait combinations remains unchanged, which explains
the lack of effect on FRic, a metric generally more sensi-
tive to variations in species richness (Mason et al., 2005).

Crop size also had a modest but positive effect on
FReg, more evident in the direct effect than in the total
effect. Taken together, our results suggest that in a func-
tionally similar frugivore species pool, larger crops pro-
mote a more even distribution of species and abundances
in trait space, which enables a more regular and effective
use of resources (Mason et al, 2005; Perronne
et al., 2017). Although S. terebinthifolia fruits are small,
low-energy, and nutrient-poor (Quintero et al., 2020),
they are abundant and serve as a key winter resource,
amplifying the importance of crop size during periods of
food scarcity (Kwit et al., 2004; Vissoto et al., 2019). This
seasonal context may further enhance the influence of
intrinsic drivers such as plant height and crop size, as fru-
givores tend to prioritize reliable resources.

Contrary to our expectations, tree cover showed a
moderate negative effect on FRic that appeared largely
independent of species richness, though the evidence for
this relationship was limited. In our study area, few frugi-
vores are strictly forest-dependent, and the most

abundant species prefer edges and open habitats.
Increased forest cover may reduce the abundance of these
common frugivores and limit the occurrence of rarer,
functionally distinct species more associated with open
vegetation. As S. terebinthifolia in forested areas produces
fruits only on branches facing open spaces (Vissoto
et al., 2022), fruit display may be reduced, further filter-
ing traits either by lowering frugivore abundance or
excluding the few functionally distinct species, thereby
shrinking the hypervolume independently of species
richness.

Overall, our results indicate that intrinsic and extrin-
sic drivers may affect each dimension of FDa differently
and that strong relationships with these indices result
from the indirect effect of species richness. For example,
plant height, an intrinsic driver, was the strongest predic-
tor of FRic, while infrastructure cover, an extrinsic driver,
was the strongest predictor of FDiv. In both cases, how-
ever, these relationships were mediated by species rich-
ness, which increased the range of traits in the first case
but reduced trait differentiation in the latter (Mammola
et al., 2021; Mouchet et al., 2010).

Our study further revealed that a more functionally
diverse frugivore assemblage may also enhance the effec-
tiveness of seed dispersal by increasing the likelihood of
spatially heterogeneous seed deposition and longer dis-
tance dispersal events. This functional complementarity
can benefit plant recruitment by promoting germination
across a broader range of microhabitats and reducing
density-dependent mortality near parent plants (Bleher &
Bohning-Gaese, 2001; Isla et al., 2023). In our system,
where bird species differ in body size, foraging behavior,
and mobility, increased functional diversity likely trans-
lates into more diversified dispersal services at the indi-
vidual plant level.
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In conclusion, our findings show that phenotypic and
spatial variation among fruiting trees of a single popula-
tion drives the functional diversity of frugivorous birds.
Drivers such as plant height, infrastructure cover, and
tree cover are particularly important, as they simulta-
neously affect the taxonomic and functional facets of fru-
givore communities (Vissoto et al., 2022; this study). Our
results illustrate the importance of similar studies in
understanding how individual plants succeed in seed dis-
persal and offer practical applications in restoration ecol-
ogy and invasive species management. For instance,
taller individuals with larger crops can be prioritized for
planting when the goal is to accelerate habitat recovery
or for removal when the goal is to mitigate their spread
in regions where they are invasive. Further studies
should explore whether similar patterns occur in more
diverse ecosystems, such as tropical forests, and assess
the role of frugivore functional diversity in seed dispersal
of individual plants through manipulative experiments
and genetic markers. These efforts will shed light on the
mechanisms linking frugivory to plant population
dynamics, fitness, and evolutionary trajectories, fostering
a deeper understanding of how fruiting plants and frugi-
vores co-evolve and sustain ecosystem functions.
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