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Edge effects, driven by human modification of landscapes, can have critical impacts
on ecological processes such as species interactions, with cascading impacts on
biodiversity as a whole. Characterizing how edges affect vital biotic interactions such as
seed dispersal by frugivores is important for better understanding potential mechanisms
that drive species coexistence and diversity within a plant community. Here, we
investigated how differences between frugivore communities at the forest edge and
interior habitats of a diverse tropical rainforest relate to patterns of animal-mediated seed
dispersal and early seedling recruitment. We found that the lemur communities across
the forest edge-interior gradient in this system showed the highest species richness
and variability in body sizes at intermediate distances; the community of birds showed
the opposite pattern for species richness. Three large-bodied frugivores, known to be
effective dispersers of large seeds, tended to avoid the forest edge. As result, the forest
edges received a lower rate of animal-mediated seed dispersal compared to the interior
habitats. In addition, we also found that the seeds that were actively dispersed by
animals in forest edge habitats were smaller in size than seeds dispersed in the forest
interior. This pattern was found despite a similarity in seed size of seasonally fruiting
adult trees and shrubs between the two habitats. Despite these differences in dispersal
patterns, we did not observe any differences in the rates of seedling recruitment or seedsize distribution of successful recruit species. Our results suggest that a small number of
frugivores may act as a potential biotic filter, acting on seed size, for the arrival of certain
plant species to edge habitats, but other factors may be more important for driving
recruitment patterns, at least in the short term. Further research is needed to better
understand the potential long-term impacts of altered dispersal regimes relative to other
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environmental factors on the successional dynamics of edge communities. Our findings
are important for understanding potential ecological drivers of tree community changes
in forest edges and have implications for conservation management and restoration of
large-seeded tree species in disturbed habitats.
Keywords: edge effects, habitat fragmentation, species interaction, seed dispersal, tropical forest, primate

services and alter the composition of seeds moving toward the
forest edge with implications for forest regeneration patterns.
Differences in the composition of frugivores in edge habitat
could, therefore, influence the distribution of important plant
functional traits, such as the size of plant propagules that are more
likely to arrive in the disturbed community (Cordeiro and Howe,
2001; Michalski et al., 2007; Santos et al., 2008; Albert et al., 2015).
Thus, in addition to habitat characteristics on the forest edge,
altered seed dispersal patterns may contribute, in the long-term,
to tree communities that are taxonomically less diverse and have
lower phylogenetic and functional diversity than those in interior
habitats (Santos et al., 2010; Haddad et al., 2015; Razafindratsima
et al., 2018a). While much work has focused on how plant
communities differ in forest edge habitat, more empirical work
is needed to better understand and link how altered ecological
processes such as animal-mediated seed dispersal may contribute
to these differences (Murcia, 1995; Farwig et al., 2017; Bovo et al.,
2018; Pires et al., 2018; Rehm et al., 2018; González-Castro et al.,
2019).
Characterizing how edge effects alter the composition of
disperser assemblages and how this may reflect on patterns of
seed-dispersal and recruitment may provide important insights
into the mechanisms structuring plant communities in forest
edges and provide a better understanding of successional
processes in disturbed habitats. To address this, we investigated
how a frugivore community differed across a gradient from forest
edge to the interior in a diverse tropical rainforest in Madagascar.
We then examined how these differences may relate to patterns
of animal-mediated seed dispersal and early seedling recruitment
in forest edge and interior habitats.
We tested the hypothesis that larger frugivores, which often
prefer more pristine habitat in many tropical systems (Emer
et al., 2018; Messina et al., 2021), would avoid forest edges,
reducing overall frugivore diversity, and that smaller-bodied
frugivores would be more abundant in edge habitat because of
habitat preferences and/or competitive release (Pfeifer et al., 2017;
Püttker et al., 2019). If larger-bodied frugivores are less common
near edge habitat, we predicted that this would be reflected by
an overall smaller size of seeds dispersed by frugivores in edge
habitat. We also predicted that differences in the rates or patterns
of seed dispersal between habitat types would be reflected in
subsequent recruitment patterns.

INTRODUCTION
Human-induced habitat loss, fragmentation, and degradation
of forested habitats around the world have resulted in
70% of the world’s forested area existing within 1 km
of a forest edge (Haddad et al., 2015). While there has
been a long history of studies examining the influence
of edge habitat on forest ecosystems (Ries et al., 2004;
Lindenmayer and Fischer, 2007; Ruffell and Didham, 2016),
how ecological processes respond to edges remains poorly
explored. Understanding processes that affect forest regeneration,
such as seed dispersal, is critical for our ability to predict
the impacts of forest fragmentation on forest structure and
composition (Magrach et al., 2014). It also has implications
for designing conservation and management practices for
maintaining biodiversity (Camara-Cabrales and Kelty, 2009).
In forest edges, abiotic factors such as reduced soil moisture or
increased sunlight exposure can act as an environmental filter by
preventing or favoring the establishment of certain plant species
(Kraft et al., 2015). Along with these abiotic factors, changes
in ecological processes and species interactions such as seed
dispersal by animals (zoochory) can also act as a potential filter
for plant communities by limiting or increasing seed supply,
which will affect the initial template for regeneration and may
ultimately affect the patterns of species occurrence and diversity
in a local community (George and Bazzaz, 1999; Myers and
Harms, 2009; Albert et al., 2015). Differences in abundance
and composition of frugivores may differ due to avoidance or
attraction to habitat or resource characteristics present on the
forest edge (Johns and Skorupa, 1987; Gray et al., 2007; Gomes
et al., 2008).
Edge effects (i.e., the impacts of creating edges of forest
habitat as a result of fragmentation) have altered the diversity
and density of animal communities across many systems. In a
global analysis of 1,673 vertebrate species, the abundances of
85% of species were affected positively or negatively by forest
edges (Pfeifer et al., 2017). These effects result from behavioral
and physiological tolerances to the environmental conditions,
increased hunting, predation pressures, and differences in
available resources (Murcia, 1995; Lenz et al., 2014; Haddad et al.,
2015; Pfeifer et al., 2017). For example, edge-related variations in
the quality of lemur food trees and the pressures associated with
predation avoidance have been found to influence lemur density
and distribution in a Malagasy dry forest (Lehman et al., 2006a,b).
These edge-driven changes in the floral and faunal communities
may affect the dynamics of species interactions. For example,
the different environmental conditions at the edge may lead to
avoidance of or attraction to the area by certain important seeddispersing frugivores, which is likely to impact seed dispersal
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Study Site and Systems
We carried out this project in a forest managed by local
communities in the Andasibe region, within the rainforest Ihofa.
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During these surveys, we made 2,096 animal sightings in total,
including 60 species of birds, 14 species of lemurs, two species of
carnivores, and two species of rodents (details in Supplementary
Table 2). We focused the analyses in this article on birds
and lemurs because these are the known major taxonomic
groups serving as primary seed dispersal agents in Malagasy
ecosystems among these encountered taxa (Razafindratsima,
2014; Razafindratsima et al., in press). While the carnivoran
species Galidia elegans and the rodent species Nesomys rufus
and Eliurus sp. also consume fruits and/or seeds in other
systems (Nowak, 2005; Garbutt, 2007; Razafindratsima, 2017;
Razafindratsima et al., in press), we did not include them as
part of the frugivore community in this study because we
observed each species only once during the 1-year-long transect
surveys and their ability to disperse seeds is unknown. It is
also important to note that fruit bats also play an important
role in seed dispersal services in Madagascar (Racey et al., 2010;
Andrianaivoarivelo et al., 2012; Razafindratsima et al., in press).
They might also be present in our study site given their current
geographic distribution (Racey, 2016; Andrianaivoarivelo et al.,
2019, 2020). However, we did not encounter any fruit bats during
our transect monitoring. The only bat species we saw passing
by in a few instances was Miniopterus manavi, an insectivorous
species (Rakotoarivelo et al., 2007). The other vertebrate species
were either seed predators or are not known to consume or
disperse fruits/seeds (Razafindratsima et al., in press).
We assigned each bird/lemur species as being frugivorous
if the species is known to consume fruits/seeds and present
seed dispersal behavior. Data on these behaviors were based
on frugivory observations during the transect sampling, direct
and camera-trap observations of animal visitors feeding in
fruiting trees in the area (Raoelinjanakolona, unpbl. data), and
on data from the literature (Razafindratsima et al., 2018c,d;
Razafindratsima et al., in press). Thus, we had 21 species of birds
and 11 species of lemurs categorized as frugivores in this study
(Supplementary Table 2).
To describe the frugivore community, we determined species
richness, encounter rates (number of individuals per sampling
effort), and distribution of body masses for encountered
frugivores for each 100-m increment along the edge-interior
transects (i.e., 0–100 m, 101–200 m, etc.). We used quadratic
polynomial regression models to investigate how these metrics
varied as a function of distance from forest edge for each
taxonomic group. Polynomial regressions were used because
ecological edge effects are unlikely to be linear with distance from
the edge (Murcia, 1995; Lehman et al., 2006a,b) and because it
was clear that linear regressions were a poor fit to the data. We
ran these models in R (R Core Team, 2020).
We also examined the patterns of encounters for individual
species that we expected to be especially important dispersers
for large-seeded plant species in the community. We
focused specifically on fruit-eating pigeons (Alectroenas
madagascariensis and Treron australis) and the large-bodied
frugivorous lemurs, Eulemur fulvus, E. rubriventer, and Varecia
variegata, because they are known to play an important
role as seed dispersers in Madagascar’s forested ecosystems
(Bollen et al., 2004; Razafindratsima and Dunham, 2015;

This forest is part of the Mantadia-Zahamena corridor, located
in eastern Madagascar and transversed by the Ihofa River. Its
protection is partly overseen by community-based management,
but intense anthropogenic pressures (e.g., unmanaged shifting
agricultural practices, logging, and hunting) persist. During our
study period (January 2017–2018), the field site experienced
an average temperature of 19.2◦ C (range: 10.8–34.7◦ C) and
an average monthly rainfall of 76.97 mm (range: 6–333 mm)
(Razafindratsima, unpbl.). The forest boundaries or edges,
where we set up the transects and plots described below,
are characterized by soft edges with a small expanse of
successional fields separating the forest from the adjacent
small-scale agricultural fields. These fields result from shifting
agricultural practice, in which part of the forest is clearcut, burnt, and converted for cultivation. According to local
communities, the edges in this study were created between
1990 and 2012; thus, many of the current adult trees
at the forest edge may have been remnants from the
edge creation. Such a landscape matrix is similar to other
forested environments found along Madagascar’s eastern biome
(Razafindratsima et al., 2018a). Fruiting in the site during our
study period occurs year-round with a peak in the number
of species fruiting and in the intensity of fruiting in June
(Supplementary Appendix 1).

Frugivore Communities
To characterize the frugivore community of the area, we
conducted animal surveys along five linear transects running
3 km from forest edge to the interior, for a total of 253 days of
sampling. These transects were at least 1 km apart from each
other. We surveyed each transect once a week from January to
December 2017, for a total of 49–54 sampling days per transect
(Supplementary Table 1). Each survey took place either during
the day (starting at 05:00 h) or at night (starting at 17:30 h). It
took between 2 and 9 h (for an average of 3 h and 40 min) to
complete each survey. Longer sampling time was a result of the
difficulty in hiking the steep terrain during or after heavy rains.
We conducted our weekly day and night surveys for each transect
on two consecutive dates (i.e., 2 days in a row) but alternated
between edge and interior where we started the survey of each
transect. For example, on a given week, we first started the day
survey at the forest edge and then did the night survey starting at
the forest interior for the same transect, and these patterns were
then alternated for our repeated weekly surveys. For the night
surveys, we used LED Flashlights (Maglite ST3D016) to help with
the visibility on the trail; whenever we encountered an animal,
we used a headlamp with Red LED Light to help identify the
species. Walking along the trail at a slow pace and pausing every
few steps, a team of 2–3 people looked in every direction for any
animal (on trees, on the ground, and in cavities if present). When
encountering a vertebrate, we recorded the following standard
survey data: time and location of sighting along the transect,
identity and number of animals detected, perpendicular distance
to the animal sighted from the transect (visual estimation), and
animal behavior (Buckland et al., 2010; Brook et al., 2019). If the
animal was observed feeding on plants, we recorded the food item
(e.g., leaves, fruits, and flowers) and the plant species.
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and the proportions of zoochoric plant species and individuals.
To compare species composition between habitat types, we
used a non-parametric permutational multivariate analysis
(PERMANOVA) with the R-package vegan (Oksanen et al., 2007)
based on Bray-Curtis similarity metrics with 9999 permutations
(McArdle and Anderson, 2001). We also examined how the
richness, density, and proportions of the species that were
actively dispersed by animals during this study (found in seed
traps as described below) differed between the two habitat
types using linear mixed-effects (LME) regression models with
the R-package nlme (Pinheiro et al., 2017). For each LME,
we considered each metric as a dependent variable (richness,
density, and proportions), habitat type as fixed effect (edge vs.
interior) and transect as random effect. We incorporated latitude
and longitude into the model to account for potential spatial
autocorrelation.

Razafindratsima et al., in press). While the large-sized folivorous
lemur species Indri indri and Propithecus diadema also consume
fruits and, thus, were considered as part of the larger frugivore
community, they are known to masticate and consume large
seeds and are likely not important dispersers for large-seeded
plants (Dew and Wright, 1998; Powzyk and Mowry, 2003;
Semprebon et al., 2004).
We investigated how the frugivore communities differed
across the edge-interior gradient in terms of diversity in
body mass by characterizing the functional diversity of each
community in the 100-m increments. To do that, we calculated
the Petchey and Gaston’s (2002) functional diversity index, FD,
a dendrogram-based metric that estimates the dispersal of a
community of species in a trait space. We used the R-package
pincate (Kembel et al., 2010) to calculate FD values. We also
performed quadratic polynomial regressions to determine how
the values of FD vary as a function of distance from forest edge
for each taxonomic group.

Seed Dispersal Rates
We sampled animal-mediated seed rain using seed traps, a widely
used method in estimating seed rain in other studies (e.g.,
Razafindratsima and Dunham, 2016; Rogers et al., 2017), from
January to December 2017. Each trap was made of a fine-mesh
net attached to a flexible wood ring and hung on trees at 1.50 m
high to reduce predation by ground-dwelling rodents that may
predate and/or remove the seeds. This set-up is adequate for this
study because the birds and lemurs in this system either fly or
are arboreal; thus, they are likely to defecate, regurgitate, or drop
most of the seeds they consume or handle from above. We used
a total of 90 seed traps, placed at regularly spaced points in the
square grid plot described above (9 traps × 5 plots × 2 habitats).
We checked each trap at least once a week, during which we
identified, counted, and measured the length of all seeds found
in the trap. The timing of trap monitoring varied over time due
to some logistical constraints (for example, heavy rain may have
prevented the team from getting into the site). To account for
these differences, we incorporated the number of days between
monitoring into the calculation of seed dispersal rates, which was
then defined as the number of animal-dispersed seeds into each
trap per m2 per day. Any trap that did not have seeds or fruits
in it at a given monitoring day was assigned a value of zero.
When needed for accurate identification, and when possible, we
compared the seed from the trap with seeds from plants that
were fruiting during the vegetation surveys. Additionally, we also
relied on the expert knowledge of the local research technicians
familiar with the local flora to identify the species based on
specific seed characteristics. We focused our analyses of seed
dispersal rates on seeds that appeared to have been dispersed by
animals (active dispersal), i.e., depulped seed (pericarp removed)
still in feces or with some fecal material attached to it, or it
was a depulped seed from a species with an animal-dispersal
syndrome. We compared how the mean rates of active seed
dispersal differed between the two habitat types by performing an
LME regression model, in which we considered the habitat type
as a fixed effect (edge vs. interior) and transect as a random effect.
An initial visualization of the data through boxplot showed some
outliers; thus, we used the interquartile range (IQR) criterion
(Vinutha et al., 2018) to identify and exclude these outliers in

Adult Tree and Shrub Communities
To better understand how adult tree and shrub communities
found in edge and interior forest habitats may be associated
with patterns of dispersal and recruitment, we established ten
botanical plots of 40 × 40 m. We set up one plot at the start
and end of each transect (five plots in forest edge and five in
interior habitats). Within each plot, we identified all trees/shrubs
greater than 10 cm in diameter at breast height (DBH, set at
1.30 m from the ground). We also tagged these individuals using a
numbered aluminum tag nailed to each tree. Local Malagasy field
technicians with extensive knowledge of the local flora helped
identify the trees to their vernacular names. We determined the
scientific names using a database of vernacular species names in
the area previously established with expert Malagasy botanists
(Razafindratsima, unpbl.). If they could not identify the species
in the field, we collected samples of leaves and any reproductive
materials present (flowers and fruits) for identification by
specialists at the Malagasy National Herbarium at the Parc
Botanique et Zoologique de Tsimbazaza (PBZT). Using this
dataset, we measured the species richness and density of the adult
trees/shrubs in forest edge and interior habitats. We assigned
the dispersal mode of each identified plant species as zoochoric
or abiotic, based on frugivory and seed dispersal data found in
the literature and reported in databases (Razafindratsima et al.,
2017; Razafindratsima and Dunham, 2019; Albert-Daviaud et al.,
2021), from direct and camera-trapping observations of animal
consuming fruits (Raoelinjanakolona, unpbl. data; Nantenaina,
unpbl. data), from the observations of seeds found in feces in
our seed traps, and from observations of seed and fruit traits.
We gathered information on the seed length of each species from
these same sources as available. We focused only on seed length
as a measure of seed size because it made our data comparable
to other studies in Madagascar and other tropical systems (Osuri
et al., 2016; Razafindratsima et al., 2018b) and seed length and
diameter were strongly correlated in our system (Supplementary
Figure 1; N = 79, R2 = 0.89, p < 0.001).
We analyzed how the habitat edge and interior differed
in terms of adult plant species composition, richness, density,
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initial counting. We analyzed how seedling recruitment differed
between the two habitat types by performing an LME, using two
types of datasets: (1) only the species found in the seed traps
and (2) all the species in the seedling plot. The first one allows
us to examine the link between animal-mediated seed dispersal
rates and seedling recruitment. The second one considers passive
dispersal, given that seeds within fruits may still be able to
germinate. In either case, we consider seed species as a random
factor because different species may have different recruitment
probabilities. We also examined the association between dispersal
rates and seedling recruitment using a Pearson correlation test.
To test if recruitment of species that we observed being actively
dispersed in our study was biased in terms of seed size in either
habitat, we ran a generalized linear model in R (R Core Team,
2020), with seed length of the recruited species as the dependent
variable and habitat type as the factor.

the model. We also incorporated in the model the exact location
of each trap within the plot grid to account for potential spatial
autocorrelations. We examined how the patterns of distribution
frequency of seed length varied between the two habitat types by
comparing the median of seed length in the two habitat types
using a two-sample Wilcoxon test.
In addition to this active dispersal of seeds by animals, we
also recorded the dispersal of seeds that were still contained
within fruits, and we assumed they were dispersed by abiotic
means regardless of dispersal syndrome (defined here as passive
dispersal). We considered these dispersal events as passive
because they may have reached the traps without assistance
from animal dispersers (e.g., falling from nearby adults when
ripe, being knocked down by wind). We performed the same
statistical analyses as with the active seed dispersal for the
passively dispersed seeds.

Seedling Communities

RESULTS

We examined community structure and early-stage recruitment
of seedlings through observations in plots of 10 by 10 m
that we established at a random location within each of the
aforementioned botanical plots. Each plot was left open but
delimited with inconspicuous material to easily locate it for later
monitoring. We identified and counted all seedlings that were
between 2 cm and 100 cm tall within each plot; we also tagged
each individual using a Tyvek water-resistant wristband marked
with a waterproof marker. We set up these plots in February–
May 2017 and monitored them in November–December 2018 to
check whether each tagged seedling was still alive (approximately
21 months). During the monitoring, we recorded and tagged all
newly established seedlings that had reached 2 cm in height.
Similar to the analysis of the adult plant community, we
also analyzed how the habitat edge and interior differed in
terms of seedling species composition, richness, and density. To
determine differences in species composition, we used a nonparametric permutational multivariate analysis (PERMANOVA)
with the R-package vegan (Oksanen et al., 2007) based on BrayCurtis similarity metrics with 9999 permutations (McArdle and
Anderson, 2001). We performed linear mixed-effects (LME)
regression models to examine statistical differences in seedling
species richness and density between the two habitat types. For
each LME, we considered habitat type as a fixed effect (edge vs.
interior) and transect as a random effect. We also incorporated in
the model the latitude and longitude where the plots were located
to account for potential spatial autocorrelation.
We examined the linkages between the seedling and adult
communities by comparing species richness at both stages with
a PERMANOVA and by investigating how the percentages of
dispersed seedlings (those without adults of the same species
occurring in the same plot) differed between edge and interior
habitats using an LME (with habitat type as a fixed effect, transect
as random effect and longitude and latitude incorporated to
account for potential spatial autocorrelation).
We calculated a recruitment rate for each plot, as follows:
RR = (Ni − D + E)/Ni in which Ni is the initial number of
seedlings, D corresponds to the number of seedlings that died,
and E represents the number of seedlings that emerged after the
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Frugivore Community
Species richness values of birds and lemurs across the edge to
interior gradient were not explained by linear relationships, but
showed marginally significant or significant fit, respectively, to
polynomial (quadratic) regression models. Bird richness showed
a weak “U” shaped relationship across the gradient (Figure 1A;
R2 = 0.04, F 2,147 = 3.12, p = 0.05) while lemurs displayed a
humped shaped pattern of species richness with higher richness
at intermediate distances (Figure 1A; R2 = 0.12, F 2,147 = 9.54,
p < 0.001). The mean encounter rates (number of individuals
encountered per sampling efforts) of birds and lemurs showed
no relationship to distance to edge habitat (Figure 1B; Birds:
R2 = 0.01, F 2,147 = 0.15, p = 0.86; Lemurs: R2 = 0.03, F 2,147 = 2.45,
p = 0.08).
There were also no significant patterns (Figure 1C) regarding
the size distribution of fruit-eating birds (R2 = 0.03, F 2,147 = 2.38,
p = 0.09) or lemurs (R2 = 0.01, F 2,147 = 0.14, p = 0.87) along
the edge-interior gradient. Among these fruit-eating species, 11
bird species and 4 lemur species were observed within 100 m
of the forest edge; however, all of them were also found in
the interior habitats (Supplementary Table 2). None of the
fruit-eating bird species appeared to be edge-specialists, as
they were all observed in the interior forest up to 3,000 m
from the edge. With the exception of four species (Eurystomus
glaucurus, Coua caerulea, C. reynaudii, and Coracopsis vasa), the
bird species found near the edge were small-sized (<100 g).
The site’s two frugivorous pigeons, A. madagascariensis and
T. australis, may avoid edge habitat as they were absent from
forest edges and were only observed at a minimum distance of
475 and 1,529 m from the edge, respectively (Figure 1C and
Supplementary Table 2). None of the encountered lemur species
in our study appeared to be edge-specialists; however, one of
the three large-bodied (>1,500 g), seed-dispersing lemur species,
V. variegata, was only encountered in the interior, at ≥1,829 m
(Supplementary Figure 2). The other two large-bodied, seeddispersing lemur species, E. fulvus and E. rubriventer, were
observed both near the edge and in the interior habitats.
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FIGURE 1 | Species richness (A), encounter rates (B), body mass (C), and functional diversity measures of size variation (D) of frugivorous birds (left) and lemurs
(right) along an edge-interior gradient in transects of 3,000 m. Circles represent mean values across transects, whiskers indicate standard deviations. The blue line
corresponds to the fit of a significant quadratic polynomial regression. Taxa illustrations by Finaritra Randimbiarison.

R2 = 0.042, F 2,27 = 0.594, p = 0.559). However, for frugivorous
lemurs, functional diversity of body sizes demonstrated a weak
hump-shaped curve with the highest values at intermediate
distances between habitats, mirroring the pattern of species
richness, though the significance of the pattern was only marginal
(Figure 1D; R2 = 0.194, F 2,27 = 3.265, p = 0.053).

Our most common lemur encounters at the edge habitat
were small-sized omnivorous and folivorous lemurs (Microcebus
lehilahytsara and Avahi laniger) and the large-sized folivorous
species, Indri indri (Supplementary Table 2).
Functional diversity of size did not show a clear pattern
across the habitat gradient for the bird community (Figure 1D;

Frontiers in Ecology and Evolution | www.frontiersin.org

6

September 2021 | Volume 9 | Article 655441

Razafindratsima et al.

Edge Effects on Seed Dispersal

Seedling Richness, Density, and
Recruitment Dynamics

Adult Tree/Shrub Richness and Density
We sampled tree/shrub communities on the forest edge and
interior habitats for comparison. In total, we surveyed 1,305
individual trees and shrubs greater than 10 cm in diameter (601
in forest edge and 704 in interior) of 140 species. The plant
species making up the assemblages in the forest edge and interior
habitats showed no significant difference in species composition
(F 1,8 = 0.85, p = 0.65). In addition, the two habitat types had
similar size distributions of adult trees (diameter and height;
Supplementary Figure 3). Further, they did not differ in terms of
species richness (t 4 = −0.24; p = 0.82; Supplementary Figure 4A)
or density (t 4 = 1.49, p = 0.21; Supplementary Figure 4B).
We found that on average, across plots, a higher percentage
of plant species in the interior were zoochoric (84.93% at
the edge vs. 89.52% interior); these differences were small but
statistically significant (t 4 = 5.02; p < 0.01). However, there
was no significant difference in the percentage of zoochoric
plant individuals between the edge and interior plots (t 4 = 2.20;
p = 0.09; 86.60% zoochoric individuals in the edge vs. 92.28%
in the interior). Additionally, we found that the density of
the adult plant individuals of the species that were actively
dispersed by animals during this study did not differ between
the two habitat types (t 4 = 0.82; P = 0.45). These communities
of plants also had similar patterns of seed sizes between the
edge and interior habitats (Supplementary Figure 5; t 48 = −0.46,
p = 0.65).

The forest edge and interior had significantly different species
compositions of seedlings (F 1,8 = 1.75, p = 0.04). However, the
seedling communities in these two habitat types did not differ
significantly in terms of species richness (t 4 = 1.00; p = 0.37;
Figure 3A) or density (t 4 = 0.19, p = 0.86; Figure 3B).
Overall, we found significantly different species compositions
between the seedling and adult stages (F 1,18 = 6.08, p < 0.001);
Some species found at the seedling stage were not present at
the adult stage in the same habitat type but were potentially
actively dispersed (Supplementary Table 5). At the edge habitats,
we estimated that an average of 60.99% of seedling species, did
not have the same species of adults in the plot where they
occurred; whereas in the forest interior, it was the case for 67.76%
of the seedling species. These differences, however, were not
significantly different (t 4 = 1.66, p = 0.17).
When we looked only at species that were also found in
seed traps, we did not find a significant difference in seedling
recruitment (t 136 = −0.15, p = 0.88; Figure 3C) between the
two habitat types. There was also no significant difference found
when all the seedlings in the plot were considered in the analysis,
i.e., both passive and active seed rain (seedling recruitment:
t 159 = 0.52, p = 0.60; Supplementary Figure 7). We found that the
rates of seedling recruitment were not associated with the rates of
seed dispersal, neither for actively dispersed seed species found in
the traps (t 8 = −0.13, p = 0.29) nor when all the seedling species
were considered (t 8 = −0.09, p = 0.93). We also found no bias in
seedling recruitment of animal-dispersed species between the two
habitat types in terms of seed size of the plant species recruiting
over the 21 months of study (t 102 = −0.542, p = 0.589).

Seed Dispersal Rates
The mean rates of active seed dispersal, based on the count
of animal-mediated seed rain into the traps, were significantly
different between habitat types, with a higher rate reaching
the forest interior than the forest edge (t 77 = 2.14, p = 0.04;
Figure 2A). The frequency distribution of the length of seeds
dispersed by animals appears to be different, with a higher
proportion of small seeds dispersed in the forest edge than the
interior habitats, which had a higher proportion of mediumsized seeds (Figure 2B). The median length of the seeds in
the edge habitats was shorter than that of seeds in the interior
habitats (p < 0.0001). Nine out of 13 identified species of seeds
collected in the seed traps that were actively dispersed in the
forest edge were absent from the seed rain observed in the forest
interior. In comparison, 15 out of the 19 identified seed species
in the interior seed rain were not present in the forest edge
(Supplementary Table 3).
Seeds dispersed passively (i.e., whole fruits found within the
seed rain), accounted for 86.20% of the total collected propagules
in the seed traps. Dispersal rates of passively dispersed seeds
in the edge and the interior forest did not differ significantly
(average dispersal rates in the edge: 0.07 fruits per m2 per
day, interior: 0.08 fruits per m2 per day; t 30 = 0.41, p = 0.68).
Regarding the distribution of the size of the fruits in the traps,
both edge and interior habitats appear to have a high proportion
of small-sized fruits, but the interior forest also received a
higher proportion of medium-sized fruits than the forest edges
(Supplementary Figure 6). However, these differences were not
statistically significant (p = 0.81).
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DISCUSSION
Edge habitats are pervasive around the world as deforestation
and fragmentation of forested ecosystems continue to intensify
through human activities (Murcia, 1995; Haddad et al., 2015).
Understanding how forest edges affect ecosystem processes
such as seed dispersal is critical for better understanding
potential mechanisms driving plant community differences in
edge habitats (Magrach et al., 2014). In our study of Madagascar’s
eastern rainforest, one of the most biodiverse and endangered
forest ecosystems in the world, we found, as predicted, that
the seeds reaching edge habitat through dispersal by frugivores
were smaller in size than those dispersed in the interior despite
no difference in seed size distributions of the adult plant
communities. While fruit-eating primate and bird species were
not, on average, smaller near the edge habitat, one lemur and two
bird species that are known to be effective dispersers of large seeds
were not observed near the forest edge. Such findings suggest
that a small number of frugivores may act as a potential biotic
filter for incoming dispersal of plant propagules. While seedling
recruitment overall was not affected in terms of rates or seedsize distribution of successful recruits, long-term suppression
of dispersal of some species could ultimately affect community
regeneration patterns. Results suggest that active management
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FIGURE 2 | Rates of animal-mediated seed dispersal (A) and size distribution of the animal-dispersed seeds (B) in forest edge and interior habitats.

FIGURE 3 | Species richness (A) and density (B) of seedlings as well as rates of seedling recruitment after 21 months (C), for the zoochoric species that were
captured in seed traps, in forest edge and interior habitats.

edge habitat. Indeed, the forest edge in our study site was
not frequented by the most frugivorous large-bodied lemur
species in this system, Varecia variegata, which is one of the
most important seed dispersers for large-seeded tree species in
many of Madagascar’s ecosystems (review in Razafindratsima
et al., in press), nor by the two fruit-eating pigeons known
to swallow large seeds (Supplementary Table 2). In contrast,
the edge habitat is frequented by small-sized omnivorous and
folivorous lemurs (such as Microcebus and Avahi) and by the
large-sized folivorous Indri indri (Supplementary Table 2).
Species within the genera Microcebus and Avahi have been found
to have a flexible diet and high tolerance to different types of
forest, such as disturbed habitats (Rendigs et al., 2003; Murphy
et al., 2016; Knoop et al., 2018; Ramananjato et al., 2020;
Ramananjato and Razafindratsima, 2021), and they are
frequently observed to forage in forest edge habitats. Primate
species that have a high proportion of leaves in their diet, such as
Indri indri, are also often less vulnerable to habitat disturbance

might be necessary to maintain, restore and manage rare largeseeded tree species in fragmented habitats. These findings also
highlight the complexity of animal-mediated seed dispersal as a
determinant of plant diversity.
The lemur frugivore communities across the forest edge to
the interior gradient in this system showed the highest species
richness and variability in body sizes at intermediate distances.
These patterns may be a result of the variable preferences and
tolerance levels of animal species to the environmental conditions
across the gradient (Murcia, 1995; Haddad et al., 2015). While
our data is inconclusive, intermediate distances may harbor the
highest diversity in species and body sizes because it may be
frequented by species preferring either edge or interior habitats
as well as generalist species.
While we did not find an overall association of larger frugivore
body size with distance to the edge habitat as we expected, our
seed dispersal data suggests that the most effective dispersers
of large seeds in this system may be reduced or missing in
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dispersed plants did not differ overall, and there was no bias in
recruitment of small-sized plant species on the edge habitat. It is
also possible that historical seed bank composition (Klanderud
et al., 2010) and other ecological processes, such as competition
or alteration of the seed bank through secondary dispersal
and/or seed predation (Dausmann et al., 2008; Razafindratsima,
2017), may have important influences on patterns of recruitment
(Eriksson, 1995; Eriksson and Eriksson, 1997; Wenny, 2000).
For example, research in the Amazonian rainforest has shown
that tree seedling recruitment in cleared habitat is less likely
to originate from seed rain than from the seed bank (Young
et al., 1987; Lawton and Putz, 1988), most likely due to
the high rates of seed predation of newly fallen seeds by
animals (Uhl, 1987). Regardless of the mechanism, these findings
support the general concept that although seed species supply
through dispersal is important, it is not sufficient on its
own to structure plant communities; it interacts with local
environmental conditions (Myers and Harms, 2009). Further,
we also suspect that the short duration of this study may
have limited our ability to detect significant impacts or even
to differentiate the existence of competitive exclusion from
environmental filtering.
While we found no differences in recruitment patterns in
our study, further work should examine how biases in dispersal
patterns may translate into differences in seed bank compositions
and successional impacts in forest edges over longer time
scales. Size-biased patterns of seed rain may influence the
successional dynamics of plant communities in forest edges
over time because these patterns may create opportunities for
some species with particular traits to become more prevalent
in the edge community (Brodie and Aslan, 2012; Kurten et al.,
2015). Seed rain also may influence the composition of the
seed bank for future recruitment (Wandrag et al., 2015). The
forest edge habitat could become dominated by small-seeded
pioneer plants, lose rare tree species, and become homogeneous
in terms of floristic composition over time (Oliveira et al., 2004;
Melo et al., 2010; Lôbo et al., 2011). Small seed size is also
associated with lower aboveground carbon storage in trees in
this region (Razafindratsima et al., 2018b); thus, future succession
of edges toward fast-growing species with smaller seed sizes
could result in a large-scale reduction of carbon storage from
fragmented forests. It is also possible that the differences in the
biotic processes and abiotic environment in edge habitat may
outweigh any impacts that more subtle differences in seed rain
may have (Balcomb and Chapman, 2003; Orrock et al., 2006).
Further studies examining the role of seed dispersal limitation
on the dynamics and biodiversity of tree communities in edge
habitats may help resolve this.

than species with a diet dominated by fruits because of the
relatively high density and quality of foliage that is often available
in disturbed habitats (Glessner and Britt, 2005; Irwin et al., 2010;
Seaman et al., 2018).
Many of the bird species in this study site also seem to
avoid the forest edge, as only 30% of all the encountered
bird species (n = 60) were observed in the forest edge, and
none of them were edge-specialists (Supplementary Table 2).
Of the frugivorous birds, only 11 out of 21 species were
observed in the edge habitat. As with lemurs, a majority of
the large-sized frugivorous bird species, such as fruit-eating
pigeons (T. australis and A. madagascariensis) and a frugivorous
coua (C. serriana), may be interior specialists as they were
absent from forest edges. The absence of these species in
forest edges in Madagascar may have consequences for the
many plants that specialize in bird dispersal in Madagascar’s
diverse rainforests (Rakotomanana et al., 2003; Razafindratsima,
2014). These results also suggest forest fragmentation may be
an important threat to some frugivore bird populations in
Madagascar where increasing and extensive habitat disturbance
and fragmentation of forested habitat (Harper et al., 2007;
Vieilledent et al., 2018) may limit their populations. These
results were surprising, in part because none of the frugivorous
birds are currently listed as threatened by the IUCN Red
List (IUCN, 2021); however, further research and assessment
may be necessary.
These differences in frugivores visiting edge vs. interior forests
were associated with different rates of animal-mediated seed
dispersal, estimated from the seed rain, between the two habitat
types. The forest edge received a lower rate of animal-mediated
seed dispersal than the interior habitats. The reduced number of
large and highly frugivorous animals in edge habitats has been
suggested to drive the lower seed dispersal rates in edge habitats
in other systems (Magrach et al., 2014).
The median size of seeds reaching the forest edge habitat
through dispersal by animals was smaller than those dispersed
into the forest interior. Edge habitats had a higher proportion
of small seeds than interior habitats, which had a higher
proportion of medium-sized seeds. This result corroborates
findings in other systems, showing a higher percentage of
medium, large, and very large seeds in the seed rain received
by forest interior than forest edge habitats (Oliveira et al.,
2004; de Melo et al., 2006). This pattern of endozoochorous
seed dispersal we observed was unlikely to be a result of the
distribution of seasonally fruiting trees on the edge vs. interior
forest because we found no significant difference in the number
of these trees between habitat types. However, future work
should also consider fruit crop size, which may vary between
habitat types because of differences in abiotic conditions that
may influence fruit production (Restrepo et al., 1999; Dunham
et al., 2018; Gonçalves da Silva et al., 2018). We also found
that seeds of several plant species were only actively dispersed
by animals in one or the other habitat, which may reflect the
differences in frugivore species composition between the edge
and interior habitat.
Despite the bias in size distributions of seeds falling in edge
and interior forests, the rate of seedling recruitment of animal
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Conservation and Management
Implications
If seed supply is limiting for forest edge communities,
management of large-seeded species may need to be considered
in some areas. For example, encouraging key seed dispersers
to frequent the edge habitats could be useful for conserving
rare, large-seeded species and increasing plant diversity in these
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the College of Charleston (Research and Development
departmental funding) to OR.

areas (Couvreur et al., 2004; Cosyns et al., 2005; Chapman
and Dunham, 2018). Generalist seed dispersers could increase
the odds of many species reaching and establishing in these
areas, thereby increasing local species richness (Myers and
Harms, 2009; McConkey et al., 2012; Carlo and Morales,
2016). This is especially important to consider in current
human-modified landscapes, as land-use transformations pose
critical concerns for a large number of plant populations
worldwide (Murcia, 1995; Tylianakis et al., 2008; Haddad
et al., 2015), and particularly in the tropical forests of
Madagascar (Harper et al., 2007; Razafindratsima et al.,
2018a; Morelli et al., 2020). Plus, in the long-term, if not
properly managed, the forest edge could recede into the
core of the forest, affecting forest regeneration and succession
(Gascon et al., 2000). Encouraging seed dispersal into these
habitats could be possible by increasing the attraction of
animal frugivores to visit them – for example, by planting
specific food trees and/or installing human-made perching
structures (Wunderle, 1997; Martinez and Razafindratsima, 2014;
Mantia et al., 2019).
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