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Abstract

Seed dispersal mutualisms evolve in complex communities of plants and frugivorous
animals, within which indirect interactions such as competition and facilitation can
occur. Many tropical plants reproduce subannually in multiple episodes per year.
Yet, the consequences of episodic reproduction on interactions with seed dispers-
ers remain largely unexplored. We studied Guarea guidonia (Meliaceae), a subannually
reproducing tree, to examine temporal variation in seed dispersal within a tropical for-
ested landscape in the central Dominican Republic. We hypothesized that foraging by
dispersers would (a) increase with daily ripe fruit set on focal trees, (b) decrease with
increasing ripe fruit biomass of neighboring plants, and (c) decrease in response to the
fruiting periods of other taxa at the landscape scale. Over 18 months, we tracked the
phenology of 24 focal trees and quantified foraging during fruiting phases through
repeated observations, simultaneously measuring seed dispersal in traps beneath iso-
lated bird perches across the study landscape. Date was the only clear predictor of
frugivore visitation, with early and late peaks in activity during the 5-month fruiting
period. The midseason decline in foraging at focal trees matched a decline in Guarea
dispersal to seed traps independently of fruit abundance. Declines in Guarea dispersal
were inversely related to peak dispersal of higher quality lipid-rich fruiting species.
Our results suggest that multiple flowering episodes and subsequent asynchronous
fruit ripening of low-quality fruits can reduce competitive pressure from other higher
quality fruiting species, implying that this potential bet-hedging strategy may be an
overlooked factor in the evolution of subannual reproduction.

Abstract in Spanish is available with online material.
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1 | INTRODUCTION

Seed dispersal plays an essential role in the life history of sexually
reproducing plants, with diaspore movement acting as an under-
lying driver of species distribution and community composition
(Cain et al., 2000; Hamrick et al., 1993; Levine & Murrell, 2003).
Dispersal mutualisms with frugivorous animals are the predominant
mode of seed dispersal in many tropical forest ecosystems (Howe
& Smallwood, 1982). To increase fitness, plants dependent on this
process must attract frugivores that provide effective seed disper-
sal through the delivery of propagules to suitable habitats (Schupp,
1993; Schupp et al., 2010). Seed dispersal mutualisms, however,
rarely occur as obligate pairwise relationships between species but
instead are typically networks of interactions among many species
within a community (Howe, 1984; Jordano, 1987b). Consequently,
spatial and temporal variation in fruit availability often determines
the outcome of seed dispersal, since the process is mediated through
selective feeding behaviors by frugivores. The abundance of alterna-
tive fruit resources within plant neighborhoods leads to competition
among fruiting plant species, particularly when dispersal services
are limiting, or facilitation when frugivorous animals are attracted
to the area (Carlo, 2005; Donoso et al., 2017). Fruiting phenology,
therefore, affects both the individual and the community of fruiting
species because frugivores adjust their feeding behaviors according
to preference and fruit availability (Carlo et al., 2003; Naoe et al.,
2018). In contrast to temperate ecosystems, where seed dispersal
by frugivores is largely a discrete episodic process with annual cy-
cles (Griz & Machado, 2001; Herrera, 1982; Stiles, 1980; Thompson
& Willson, 1979), many tropical forest trees have fruits available
year-round with high intra-annual fluctuation of ripe fruit availabil-
ity that shapes frugivore resource selection (Carnicer et al., 2009;
Gleditsch et al., 2017). Much of this variation is driven by plant taxa
that reproduce in multiple episodes per year by flowering / fruiting
subannually, or even continuously (Newstrom et al., 1994). While
various studies have examined the role of heterospecific neighbor-
hood fruits on frugivore-mediated competition and facilitation of
seed dispersal (Gleditsch et al., 2017; Rumeu et al., 2019), few have
considered how subannual reproduction influences the temporal dy-
namics of seed dispersal in tropical plant communities.

As a general principle, plants that produce greater quantities
of flowers and seeds increase fitness by maximizing the number
of propagules dispersed away from the source plant (Blendinger
& Villegas, 2011; Murray, 1987; Palacio & Ordano, 2018). Higher
quantities of ripe fruits are expected to increase the probability of
detection and frequency of dispersal by frugivores (i.e., “the crop
size hypothesis,” Snow, 1971). Plants, therefore, trade-off costs of
growth with the frequency and intensity of reproduction that al-
lows for effective interactions with seed dispersers (Obeso, 2002;
Ordano et al., 2017). Two alternative fruit production strategies by
bird-dispersed plants have consistently been recognized in tropical
forests (Howe & Estabrook, 1977; Howe & Smallwood, 1982; Janzen,
1970; McKey, 1975; Snow, 1971). On the one hand, trees that attract
primarily obligate frugivores tend to have larger seeds, energy-rich

fruit pulp with high lipid and protein content, lower overall fecundity,
and extended periods of ripe fruit availability. On the other hand,
trees that attract generalist or facultative frugivores, generally have
smaller seeds, high water-content sugary fruits, and relatively high-
quantity fruit yields that ripen over a short period (Howe, 1993).

The scale at which frugivorous animals perceive and travel across
the landscape is a key determinant of fruit selection and seed dis-
persal for species that fruit simultaneously (Carlo & Morales, 2008;
Morales et al., 2013). Resource tracking, an increase in consumer
feeding rate with increasing resource abundance, can be driven by
either (i) a numerical response where more consumers are drawn
to a resource or (ii) a behavioral response where individual animals
increase foraging effort relative to a particular resource (Yang et al.,
2008). As predicted by optimal foraging theory, frugivores recruit
to patches of high resource density and avoid areas where feeding
opportunities are scarce (Blendinger et al., 2015; Reynolds, 2012;
Root, 1973). At finer spatial scales, increasing fruit quantity can lead
to increased visits from seed dispersers from surrounding areas
(Blendinger & Villegas, 2011).

In this study, we investigated temporal variation in seed disper-
sal interactions between a subannually reproducing tropical tree,
Guarea guidonia (Meliaceae), and an assemblage of resident frugiv-
orous birds. We monitored the reproductive phenology of a marked
population of fruiting trees and conducted focal observations of
frugivorous bird foraging activity to test the extent to which seed
dispersal depends on fruit availability at three spatial scales: (a) At
the scale of individual trees, we hypothesized that the abundance of
ripe fruit of the focal tree would have a positive effect on visitation
rate from avian seed dispersers; (b) at the scale of neighborhoods,
we hypothesized that the abundance of alternative fruit resources
would have a negative effect (i.e., competitive) on visits to focal
Guarea trees; and (c) at the landscape scale, we predicted a negative
effect of alternative fruit availability beyond the neighborhood on

visits to Guarea trees.

2 | METHODS

2.1 | Studyarea

The study was conducted from March 2016 to August 2017 on a pri-
vate farm in the foothills of the Cordillera Central of the Dominican
Republic near the town of Jarabacoa (500-625 m a.s.l.). The study
area was restricted to 180 ha of a mosaic landscape containing
remnant and secondary broadleaf forest fragments embedded in
a matrix of other cover types, including palm (Roystonea hispanio-
lana) savannas, cattle pastures, pine (Pinus occidentalis) stands, and
other small-scale subsistence agricultural practices. Mean annual
precipitation is 1340 mm, and while winter (Jan-Feb) and summer
months (Jun-Aug) are comparatively drier, there is no distinct wet or
dry season and mean monthly rainfall is typically >70 mm (https://
en.climate-data.org/north-america/dominican-republic/la-vega/
jarabacoa-766532/). Previous surveys of this site and surrounding
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areas identified 71 woody plant species—including trees, shrubs,
and lianas—with nearly all native species producing fleshy fruits
(Schubert unpublished). A total of 76 avian species have been docu-
mented at the site, with 48 of these known to feed on fruits based
on either direct observation or reports from the literature (Table S1).

2.2 | Focal tree species & phenology

We selected Guarea guidonia (Meliaceae) as a focal species to investi-
gate temporal patterns in seed dispersal. Guarea guidonia (hereafter
“Guarea”) is a large dioecious tree, widespread across the Caribbean
and mainland Neotropics (Pennington & Clarkson, 2013). Fertilized
flowers develop into lignacious, globular capsules that dehisce after
8-10 months to expose 3-4 seeds with a fleshy, red-orange aril.
Seeds are in ovaloid shape, averaging 10.6 mm in length and 6.6 mm
in diameter (Liogier, 1978). The fleshy aril accounts for only ~15%
of the total seed dry mass and is rich in lipids (Table S2). Phenology
data from other studies indicate that this species varies from annual
to subannual (Carlo et al., 2003; Zimmerman et al., 2007). Subannual
phenology is also well documented from other members of the
genus Guarea (Bawa et al., 2003; Bullock et al., 1983).

We used ArcMap 10.0 (ESRI, Redlands, CA, USA) to generate 50
random sampling points over ~50 ha of riparian forest fragments,
manually classified using hand-drawn polygons, based on satellite
imagery (ESRI World Imagery 2016). Each point was visited March-
May 2016 to search for the closest Guarea tree within 10 m of each
point. Only reproductive trees (>12 cm in diameter at breast height
[dbh]) that could be unambiguously identified as female (i.e., fruit-
bearing, based on a combination of crown and ground surveys for
fruit capsules) were selected for the study. Any trees with an ob-
structed view from surrounding dense vegetation such that <50% of
the crown was visible from within 15 m of the tree were excluded.
All individuals selected were marked and measured for dbh. A total
of 24 female trees were marked for the study. Each tree was visited
every 13-15 days (hereafter “biweekly”) over an 18-month period,
May 2016-October 2017, to record characteristics of reproduc-
tive phenology. Recording the presence and condition of flowers
enabled us to track the number of flowering episodes and, hence,
anticipate the fruit cohorts that would later mature. Observers
used standardized 30-s counts to quantify reproductive character-
istics in 2-3 non-overlapping sections of the crown (Koenig et al.,
1994). Counts were conducted for flowers and fruits with counts
performed separately for trees where both flowers and fruits were
present. We differentiated among inflorescences and enumerated
the number of inflorescences with at least one flower blooming, and
we differentiated ripe from unripe fruits based on whether capsules
had dehisced and bore at least one red, arillated seed. The seeds
were probed from the fruits by birds when first dehiscing, but after
several days often hung loosely from the fruits, at which point they
soon fell naturally to the ground. Thus, freshly ripe fruits were dis-
tinguishable from lingering old fruits whose seeds had already been
consumed or had fallen.
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2.3 | Foraging observations

We sampled foraging at focal Guarea trees from March 18 to August
10, 2017. Observations began following the first detection of ripe
fruits during the biweekly phenology censuses, and observations
concluded once all mature fruits had begun to rot and had fallen
from the crowns of the trees. The fruiting period was divided into
four non-overlapping subperiods, each spanning approximately
5 weeks, in which each tree with ripe fruit detected in the surveys
was observed once, to distribute observer effort evenly across the
population during the fruiting period. Before each foraging observa-
tion, the observer quantified the number of ripe and unripe fruits
to estimate the density of ripe fruits on the focal tree. Focal forag-
ing observations proceeded with the observer seated quietly from
a position 10-15 m away from the tree. Visits from all birds were
recorded over the course of a 2-hr period. Observations were sub-
divided into alternating 30-min intervals in which the observer re-
corded either (a) the duration of stay of each bird (i.e., arrival and
leave times) in the crown of the tree or (b) foraging behavior of in-

dividual birds (i.e., failed to remove seed, swallowed, or dropped).

2.4 | Neighborhood plot surveys

To evaluate the effect of neighborhood context on Guarea
frugivory, we conducted two sets of surveys accompanying each
focal observation to record bird and fruit abundance within 15-m
radial plots around the focal tree. All stems were identified, meas-
ured, and marked at the beginning of the study. Before the forag-
ing observation, we conducted point counts of all potential avian
consumers of Guarea. Upon arrival at the focal tree, the observer—
following a 5-min period of silence to account for potential dis-
turbance to the area—recorded visual and auditory detections
of all potentially frugivorous bird species over a 10-min period.
Distance of birds from the focal tree was estimated using a range-
finder (Halo XL450, Halo Optics, New Roads, LA, USA). Given that
birds detected 15-25 m from the focal tree were likely to stray
into the 15-m radius plot after the 10-min count period, we also
included those detections in the final analyses of local frugivorous
bird abundance.

Following each observation, we conducted surveys in the 15-m
circular plots around the focal tree to quantify neighborhood fruit
availability. During each fruit survey, the observer surveyed the crown
of each plant to quantify fruit abundance. Classification of ripe fruits
varied and was based on taxon-specific criteria, including color change
(e.g., from green to red/blue/black), stage of dehiscence, and presence
of beak marks indicating the fruit had softened enough to be palat-
able to birds (e.g., Cecropia schreberiana). All fruit abundance surveys in
neighborhood plots were conducted immediately after the avian focal
observation was complete. When possible, we enumerated all fruits in
view. However, in cases of exceptionally large fruit sets or plants for
which the crown was partially obscured, we counted fruits in 2-3 non-
overlapping sections of the crown and estimated the fruit abundance
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FIGURE 1 (a)Blooming flower and

(b) ripe fruit phenology observed in the
Guarea study population (24 female trees)
between June 2016 and October 2017
based on the proportion of individuals

displaying reproductive characteristics on
each biweekly survey
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using a logarithmic fruit abundance index (FAl, i.e., 1 = 1-10, 2 = 11-50,
3=51-100,4 = 101-500, 5 = 501-1,000, 6 = 1,001-5,000, 7 = 5,001~
10,000, 8 > 10,000) to quantify both immature and ripe fruits held by
each plant (Saracco et al., 2005). To produce a plot-level metric for our
analyses, we estimated fruit dry mass using species-specific measure-
ments of these values of fruits collected from the study area and data
from the literature, when samples could not be collected for certain
species (Jordano, 2007). For each plot survey, we estimated the quan-
tity of fruits by taking the median value within the FAI score range and
summed these for all plants with ripe fruits, by species. Estimated to-
tals were then converted to dry species-specific fruit pulp mass (here-
after “neighborhood fruit biomass”) to account for large disparities in

fruit size among taxa.

2.5 | Landscape seed dispersal patterns

To address whether landscape-level patterns of fruit availability
influenced seed dispersal of focal trees, we monitored seed depo-
sition in collection traps as a proxy measure of fruit presence and
relative quantity. We deployed 20 screen traps from a PVC frame
(0.5 m2, 1 m tall, 1 mm mesh) in four pasture areas within the
boundaries of the study area. Traps were placed haphazardly be-
neath different types of isolated perches that had no other canopy
or perching structure within 10 m. Perch types included palms,
dead palms, live fence trees (Gliricidia sepium), and mango trees
(Mangifera indica). Traps in each field were spaced 20-60 m, and all
fields were separated by at least 200 m. Seed deposition by grav-
ity occurred only in traps set beneath R. hispaniolana, and these
seeds were distinguished from seeds dispersed by frugivores based
on whether the exocarp of the fruit was removed by digestion or
was intact. We visited traps biweekly to collect the contents and
enumerate seeds of all species, identified with the aid of a refer-
ence collection from the site. Previous field research from a similar
agroforestry study area in Puerto Rico showed that seed quanti-
ties of most bird-dispersed plants collected from beneath isolated
bird perches approximately reflect their abundance in neighboring
forest patches, albeit with the most common species slightly un-
derrepresented and some rare species relatively overrepresented
(Carlo & Morales, 2016).

2.6 | Data analysis

We used an information-theoretic approach to evaluate candi-
date models assembled from potential predictor variables of avian
frugivore activity at focal study trees. Because the data were over-
dispersed, we used a hurdle approach to generalized linear mixed
models, fitted to a truncated Poisson distribution to evaluate the ef-
fects of predictor variables (Martin et al., 2005; Zuur et al., 2009).
Hurdle models allowed for separating the process of disperser visits
into two parts: (a) whether any visits occurred, and (b) the number of
visits for non-zero observations. This was realized by first estimating
the probability of a non-zero count, and then separately evaluating
the non-zero data using a truncated count model. We considered
fixed effects: day-of-year expressed in radians, focal tree ripe fruit
count, and neighborhood fruit biomass with Guarea and heterospe-
cific taxa considered separately. In addition to examining date with
respect to the annual calendar, we considered an additional bimodal
effect of date by measuring radians with an origin at the midpoint of
the fruiting period recorded for Guarea. All models included tree /
plot ID and observer ID as random effects. We ranked a priori can-
didate models using Akaike's information criterion (AlCc) values for
small sample sizes (Burnham & Anderson, 2002), and we considered
all models with AAICc < 7 to show support (Burnham et al., 2011).
Because the landscape measures of seed dispersal in collection traps
were collected continuously and at a sampling frequency independ-
ent of the focal foraging observations, we relied on date-related var-
iables in our primary analysis but interpreted their effects relative to
trends in seed trap data.

We conducted a second analysis of the effects of neighbor-
hood fruit biomass on local avian abundance. We classified birds
as either Guarea dispersers or frugivores that do not consume
Guarea, determined a posteriori (Table S1). We used generalized
linear mixed models to analyze the effect of Guarea and hetero-
specific neighborhood fruit biomass on each of these two groups
of birds. We considered tree / plot ID and observer ID as random
factors and used a Poisson distribution. All analyses were con-
ducted using R 3.5.1 (R Development Core Team 2021) with pack-
ages “bbmle” (Bolker, 2020) and “glmmTMB” (Magnusson et al.,
2017) used for analyses and “ggplot2” (Wickham et al., 2016) used
to produce figures.
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3 | RESULTS

3.1 | Phenology and seed dispersers
Flowering occurred in the Guarea population in eight distinguish-
able episodes over the 18-month monitoring period (Figure 1). In
2016—the beginning of the reproductive activity that produced the
2017 fruit crop—two large flowering peaks were observed in June
and August with a smaller subset of individuals flowering again
October-December (Figure 1). Female trees flowered between 1
and 4 episodes in 2016, with 62.5% of trees flowering twice (n = 24).
Fruits from the 2016 cohort first began maturing in March 2017.
Time to fruit maturity from the onset of first bloom ranged from
250 to 344 days (mean 311 + 21 [SD]). The duration of the ripe fruit
phase ranged from 58 to 147 days (mean 110 + 21 [SD]), and dura-
tion of ripe fruits on the tree was positively predicted by the num-
ber of flowering episodes (linear regression: p = 15.395, SE = 7.276,
t = 2.116, p = 0.0471; Figure 2). The multimodal flowering pattern,
however, was not reflected at the population level. Instead, we ob-
served a single protracted period of ripe fruit availability (Figure 1).
Werecorded 437 detections of 18 frugivorous bird species across
all point counts. From 160 hr of foraging observations at focal trees,
we recorded 344 visits from 10 frugivorous species (Table S1). Only
six species were observed feeding on Guarea seeds, with two species
feeding on seeds on only a single occasion (Figure S1). Hispaniolan
Woodpeckers (Melanerpes striatus) were the most frequent seed dis-
persers at focal trees, accounting for more than half (52.1%) of visits.
Black-whiskered Vireos (Vireo altiloquus) were the second-most fre-
quent seed dispersers (35.7%). Seed dispersers also varied in their
feeding behavior during visits to the tree. Hispaniolan Woodpeckers,
Black-whiskered Vireos, and Gray Kingbirds (Tyrannus dominicensis)
typically only consumed one seed (Figure S2). However, these spe-
cies showed varying capacities as seed dispersers based on foraging
behavior. For example, Hispaniolan Woodpeckers ingested as many
as eight seeds in a single visit, while the maximum number of seeds
consumed for Black-whiskered Vireos and Gray Kingbirds were four
and two, respectively. On the contrary, we recorded only one in-

stance of a Black-crowned Palm Tanager (Phaenicophilus palmarum)
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swallowing seed out of four occasions where we observed feeding
behavior, with most foraging attempts resulting in seeds falling to

the ground.

3.2 | Drivers of frugivory at focal trees

The abundance of avian frugivores that did not consume Guarea
exhibited a positive relationship with heterospecific fruits. The
best predictor of seed disperser visits, as determined by the best-
supported candidate model, was bimodal date (Table 1). Foraging ac-
tivity of seed dispersers was greatest at the beginning of the Guarea
fruiting period with a second peak in the final two months (Figure 3).
Seed dispersers were less likely to visit trees at the tails of the fruit-
ing period (i.e., closer to beginning and end); however, those trees
that did register at least one visit were more likely to have a greater
number of visits during these subperiods (Table 2).

Contrary to expectation, we did not detect a positive effect of
daily ripe fruit set of focal trees on visits by seed dispersers. The
best-supported model did not contain ripe fruit density (Table 1).
Similarly, neither heterospecific nor conspecific neighborhood fruit
biomass was predictive of seed disperser visits. This lack of influence
of neighborhood fruits on seed dispersers was further demonstrated
by our findings that showed no relationship between the abundance

of these species and neighborhood fruit biomass (Table 3).

3.3 | Seed dispersal & landscape fruit availability

The bimodal pattern of visit frequency by avian seed dispersers to
Guarea trees corresponded closely with patterns of seed dispersal
observed in seed traps (Figure 4). Guarea seed deposition in traps
increased beginning in late March and peaked in mid-April before
a sudden decline. A smaller peak in Guarea dispersal was observed
in July and early August. The decline in Guarea seed dispersal was
independent of fruit availability, since the number of trees bearing
ripe fruit changed little over this period. This decline in Guarea seed

dispersal corresponded with large peaks in Cupania americana and

150

5125
FIGURE 2 Length of the ripe fruit §
phase of focal trees (i.e., number of =
days between first and last ripe fruits L 100
observed) by flowering frequency. Boxes _“9’
show interquartile ranges with median line =
and with vertical lines showing minimum 75
and maximum values. Sample size for
each reproduction frequency class shown

above the median marker. Two outliers are 1
shown as black dots

2 3 4
# of Flowering Episodes
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Ocotea coriacea, alternative fruit-bearing species fed upon by Guarea

dispersers.

4 | DISCUSSION

Despite flowering subannually, Guarea trees produced ripe fruits
continuously over a single extended period. The length of a particu-
lar tree's ripe fruit phase related positively to the number of prior
flowering episodes, demonstrating that trees with multimodal flow-
ering provided fruits to seed dispersers over a larger temporal win-
dow. Counter to expectation, the daily ripe fruit set of focal trees

was not predictive of interactions with seed dispersers, suggesting

TABLE 1 AIC table with ranking and relative support of
candidate models that predicted the visitation rate of seed
dispersers to focal trees

Candidate Model k  AAICc LogLik Weight
Day from fruit period midpoint 5 0.0 21.9 0.997
Full model 9 113 253 0.003
Focal tree-ripe fruit density 5 254 12.0 <0.001
Calendar day 5 264 11.5 <0.001
Heterospecific fruit biomass 5 266 11.4 <0.001
Guarea fruit biomass 5 267 11.3 <0.001
Intercept 4 37.6 0 <0.001

Note: Tree ID and Observer ID were included as random effects.

a lack of consistent tracking of Guarea by seed dispersers. Even at
the neighborhood scale, neither conspecific nor heterospecific ripe
fruit biomass was predictive of foraging activity of seed dispersers,
suggesting that resource composition did not play a large role in
seed dispersal at the scales examined. While fruit availability did not
show a pronounced temporal modality, disperser visits to focal trees
were markedly bimodal over the fruiting period. Visits peaked late
March-early April and again, to a lesser extent, in July. These pat-
terns suggest that bird activity and seed dispersal were controlled
by processes at larger spatial scales than the local or neighborhood.
By examining the temporal changes in seed deposition across the
landscape, our observations indicate that the most likely driver of
the midseason decline in Guarea seed dispersal was the emergence
of ripe fruits of alternative fruiting species over the landscape. Once
Ocotea coriacea and Cupania americana ripened, seed dispersal of
Guarea, both at the scale of the individual trees and landscape (i.e.,
in seed traps), decreased precipitously, despite the continued abun-
dance of ripe Guarea fruits.

The finding that focal tree daily ripe fruit set had no effect on
seed disperser visits contrasts with most field studies that show
a positive relationship between tree crop size and fruit removal
(Davidar & Morton, 1986; Jordano, 1987a; Ortiz-Pulido & Rico-Gray,
2000; Palacio et al., 2017). In a meta-analysis of seed dispersal field
studies of 50 plant species from 27 families, Palacio and Ordano
(2018) found broad support for crop size having a positive effect on
both visits and fruit removal by frugivorous birds and evidence for

strong selection on crop size, a trait known to be heritable (Denton

FIGURE 3 Raw dataon seed disperser
visits to focal trees during the 2017
fruiting period with a fitted smoothing
function (loess). The shaded gray region
represents standard error. Visits were
most frequent in foraging observations
conducted near the beginning of the
fruiting period when Guarea trees were
first observed bearing ripe fruits. Visits
declined into late May and June before
reaching another peak extending through
July and August
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TABLE 2 Top candidate model (with >99% weight) summary for visit rates of avian seed dispersers to focal study trees based on a

generalized linear mixed hurdle model

Zero-Inflated Model

Conditional Model

Variable Estimate 95% ClI z-score Estimate 95% ClI z-score
Intercept -0.080 (-1.932,1.771) -0.085 -0.309 (-1.022,0.405) -0.848
Day from fruit period midpoint -1.873 (-3.641, -0.105) -2.077 1.1762 (0.674, 1.678) 4.594

Note: The zero-inflated component of the model considered the binary result of all data points (i.e., whether or not any seed dispersers visited during
focal observation). The conditional model considered the magnitude of the response for all non-zero data (i.e., only observations with at least one

visit). Bold print indicates confidence intervals that do not include zero.
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TABLE 3 Generalized linear mixed model summaries for the effect of neighborhood fruit biomass of Guarea and heterospecifics on

Guarea dispersers and other frugivorous birds, respectively

Abundance of Guarea Dispersers

Abundance of Other Frugivores

Variable Estimate 95% Cl

Intercept 0.638 (0.263, 1.01)
Guareafruit biomass 6.80e-3 (-6.38e-3, 2.00e-2)
Heterospecific 4.43e-4 (-2.66e-4,1.15e-3)

fruit biomass

Note: Bold print indicates confidence intervals that do not include zero.

301

Seeds / m2

z-score
3.34
1.01
1.22

Estimate 95% Cl z-score

1.624
-2.256e-3
6.53e-4

(1.38,1.87)
(-1.24e-2, 7.90e-3)
(1.64e-4, 1.14e-3)

13.2
-0.435
2.62

Species
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FIGURE 4 Seed quantities sampled from traps (n = 20) at 14-day intervals throughout the Guarea fruiting period. A smoothing function
(loess) was applied to better visualize peaks/troughs in the seed trap data. Displayed is a subset of species known from the diet of the

two most important Guarea seed dispersers—Hispaniolan Woodpecker and Black-whiskered Vireo. The first peak in Guarea dispersal is in
early April, but quickly diminishes as Ocotea coriacea and Cupania americana become the most numerous seeds found in the traps. Guarea
dispersal reaches a second, smaller peak during the month of July as these two species decline. Mean daily ripe fruit density for the Guarea
study population is shown for reference (red dashed line) of relative Guarea fruit abundance in the study landscape

& Nwangburuka, 2011; Manju & Sreelathakumary, 2006; Meena &
Bahadur, 2014; de Moraes et al., 2005). Phenology, however, can
potentially mediate selection on crop size, where plant species with
shorter fruiting periods experience stronger selection on crop size
from interactions with their seed dispersers (Palacio & Ordano,
2018). When compared with plants with annual reproduction that
present fruits to dispersers in a single episode, species with suban-
nual reproduction are more likely to experience temporally variable
interactions with seed dispersers, obscuring any obvious selection
on crop size. Moreover, as evidenced from the Guarea phenology
data, crop size within the same fruiting period can result from the
accumulation of multiple flowering events, presumably decoupling
selective pressures on flower and fruit production.

Although our analysis detected no distinguishing effects of
neighborhood fruit biomass driving either facilitation of fruit removal
or competition among the focal species and other fruiting plants,
seed trap data implied interspecific competition among plants at
larger spatial scales. There is a general lack of consensus from stud-
ies that have considered the indirect effects of plant neighbors on
seed dispersal, suggesting that such effects are highly variable and
context-dependent by species over space and time (Gleditsch et al.,
2017; Smith & McWilliams, 2014). Some of the clearest examples

of neighbor-induced competition in tropical environments come
from situations in which crowded conspecific neighborhoods lead
to lower per capita visits to trees (Manasse & Howe, 1983; Saracco
et al.,, 2005). While it is possible that intraspecific competition at
larger spatial scales—particularly during the middle of the fruiting
season when Guarea is at peak fruit abundance—could have played
a role in depressing foraging activities at focal trees, this dynamic
would not lead to a decline of Guarea seeds in seed traps. Hence,
the most parsimonious explanation for the reduced foraging and
dispersal of Guarea, despite sustained ripe fruit abundance in the
population, is interspecific competition.

Fruits of the genera Guarea, Cupania, and Ocotea all contain lipid-
rich pulp (i.e., >50% nutritional content, Galetti et al., 2000; Stevenson
et al., 2017). Preference for energy-rich lipid nutrients in fruit pulp by
frugivorous birds is associated with metabolic demands of migratory
birds (Smith & McWilliams, 2010), but it is also a preferred dietary
strategy of many tropical birds to meet the high metabolic demands
associated with caring for offspring at the nest (Carleton & Smith,
2016; Lamperti et al., 2014). All avian dispersers of Guarea at our study
site were breeding residents known to feed on Cupania americana,
Ocotea coriacea, and O. leucoxylon (Schubert and Walters unpublished).
While fruits of these genera have similar lipid content and propagule
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size, the per-seed pulp dry mass of Ocotea was 6.72 and Cupania 3.10
times greater than Guarea, respectively (Table S2). Based on seed trap
data, these relative values matched the hierarchical fruit preference
of these taxa at times when all three fruits were available (Figure 4).
Periods of relatively high Guarea dispersal corresponded closely with
the absence, or low abundance, of these lipid-rich taxa, suggesting
that interspecific competition was mediated through resource pref-
erence. Ripe Ocotea and Cupania fruits were relatively abundant and
frequent in the neighborhood plots during their respective fruiting
phases, recorded at 61% and 52% of plots, respectively. However, we
found no evidence that this local-scale availability affected foraging
activity at focal Guarea trees.

The lack of facilitative or competitive effects at the scales of focal
trees or plant neighborhoods is likely manifested by the compara-
tively stronger temporal variation in fruiting at the landscape scale for
Guarea seed dispersers. Because Guarea dispersers are resident year-
round, their breeding phenology implies that fruits are generally fed
upon by birds that are either in the process of acquiring a breeding
territory, already nesting, or provisioning food to recently fledged off-
spring. Consequently, frugivorous birds in our study were interacting
with fruit resources over relatively confined home ranges as opposed
to migratory or nomadic movements that might take place at other
times of the year. Hispaniolan Woodpeckers, the most numerous seed
disperser at the study site, radio-tagged for a separate study at the
site spent most of their time within 800 m of their nest tree during
the breeding season but occasionally moved 22 km (Schubert unpub-
lished). While little information is available for Black-whiskered Vireos,
the next most numerically important seed disperser, movement stud-
ies in other vireos have shown that resident vireos in forested envi-
ronments can readily foray up to 2 km daily (Morton et al., 2010). This
range of movement for such avian taxa is consistent with the scale of
our study area and point to a generally larger scale of movement and
tracking of fruits at a scale much larger than the neighborhood scale
used in the present study. Curiously, the bimodal effect of date was
manifested by trees with ripe fruits that were less likely to be discov-
ered by seed dispersers early and late in the fruiting period. Trees that
were attended were disproportionately more likely to recruit many
frugivore visitors. Such a dynamic may suggest a positive feedback
response driven by social cues among birds to locate Guarea fruits
during times when other preferred resources are relatively scarce (Gu
et al., 2017; MacDonald et al., 2019).

Previous studies have highlighted the critical role of some tropical
plant taxa with protracted phenologies in sustaining frugivore popu-
lations in times of low or unpredictable fruit availability in the com-
munity (Carlo et al., 2003; Terborgh, 1986; Van Schaik et al., 1993).
Extended fruit production as a reproductive strategy is hypothesized
to have evolved, in part, as a result of predictable and reliable dispersal
by frugivores that specialize on such fruit resources (Carlo et al., 2003;
Howe & Estabrook, 1977). Our study, however, highlights apparent
resource switching of frugivores from Guarea to other more preferred
resources. We offer an alternative hypothesis for the adaptive value
of extended fruit production. Rather than evolving in the context of
reliable frugivore presence and fruit removal, extended fruiting could

potentially serve as a form of bet hedging in landscapes where the
response of frugivores is highly context-dependent in the phenology
and availability of other more preferred fruit resources. By displaying
few ripe fruits at any given point in time but extended over a period
when other ripe fruits are available, plants with relatively inferior fruit
quality may capitalize on temporally unpredictable seed dispersal ser-
vices. While this bet-hedging strategy of fruit production likely has
prevalent effects on tropical forest communities, we urge caution in
interpreting a direct evolutionary link between frugivory and phenol-
ogy, since other environmental conditions such as the presence of
pollinators, solar irradiance, and precipitation likely play a large role in
fruiting phenology (Van Schaik et al., 1993; Zimmerman et al., 2007).
Future work, integrating both community phenology and animal seed
dispersal data, especially including the applications of network anal-
yses and long-term data sets, promises to provide a venue for more

effectively integrating the various drivers of fruiting phenology.
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