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Abstract

Post-dispersal seed removal by ground-foraging frugivores promotes secondary dispersal of large seeds, reducing seed
predation and increasing recruitment and regeneration. We studied how habitat disturbance influences seed removal
patterns in the large-seeded palm Phytelephas aequatorialis within three habitats forming a continuum of disturbance (agro-
forestry system, disturbed forest, and less-disturbed forest) using seed removal experiments and camera trapping. We
tested whether seed removal rates, and both richness and composition of seed remover communities varied between the
habitats. On average, 15 seeds were removed under each tree in the agroforestry system over seven days, which was
significantly lower compared to the disturbed forest (18) and the less-disturbed forest (19). Eight mammal species were
identified removing seeds in the three habitats. On average, one mammal species removed seeds at each station in the
agroforestry system, which was significantly lower than the two species observed in the two forests. The composition of
seed remover communities was significantly different between the three habitats. Our results suggest that the loss of forest
cover in the agroforestry system has reduced the richness of seed removers, which subsequently caused decreased removal
rates. Nevertheless, this habitat could still maintain effective seed dispersal events because spiny rats were important seed
removers. Our camera trap data should be taken as preliminary because we could only identify less than half of the animals
responsible for seed removal. This study highlights the importance of medium- and large-sized rodents for the removal and
effective dispersal of large seeds in disturbed tropical habitats.
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Most tropical woody plants produce fleshy fruits
adapted for animal consumption, and therefore,
depend extensively on frugivore animals for the effective
dispersal of their seeds (Howe, 2016; Howe &
Smallwood, 1982; Jordano, 1995). Seed dispersal is
important because it increases offspring survival and
recruitment by reducing seed accumulation around
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parental and conspecific plants, where density- and
distance-dependent mortality is high (Comita et al.,
2010; 2014; Connell, 1971; Hardesty et al., 2006;
Janzen, 1970; Johnson et al., 2014; Peters, 2003; Sezen
et al., 2009). Seed escape from high-mortality areas and
posterior establishment in turn shape patterns of plant
species diversity in species-rich tropical forests (Comita
et al., 2010; Harms et al., 2000; Wandrag et al., 2017).
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In addition, seed dispersal over long distances promotes
genetic connectivity between populations, colonization
of new available sites, and changes in species ranges to
follow climate change (Howe, 2016; Nathan, 2006;
Nathan et al., 2008). Thus, the future permanence of
tropical plant communities is linked to the maintenance
of the dispersal services provided by frugivore animal
communities (Caughlin et al., 2015; Howe, 1984).

Habitat disturbance may alter the diversity and the
composition of animal communities (Alroy, 2017;
Morris, 2010; Newbold et al., 2015), which in turn,
affects negatively seed dispersal dynamics in tropical for-
ests. A decrease in the richness and abundance of animal
seed dispersers reduces seed removal rates and the dis-
tance that seeds are dispersed (Blackham & Corlett,
2015; Galetti et al.,, 2006; Lehouck et al., 2009;
Ramirez et al., 2009; Wright et al., 2000; Wright &
Duber, 2001). Exceptions can occur when a highly effec-
tive disperser is introduced in disturbed habitats, allow-
ing higher rates of seed removal and dispersal than in
less-disturbed habitats with higher animal richness (da
Silva et al., 2011). Changes in the composition of animal
disperser communities can maintain seed removal rates
and dispersal over short distances because small-sized
generalist animals can provide these services in the
absence of larger animals (Farwig et al., 2017;
Neuschulz et al., 2011). However, rare dispersal events
over long distances may decrease in habitats with com-
munities of small and generalist animals because certain
plants, such as those with large seeds, rely on larger and
specialized animals for this purpose (Farwig et al., 2017;
Gonzalez-Varo, 2010; Howe, 2016).

Effective seed dispersal depends on the removal of
seeds followed by their deposition in places with favor-
able conditions for germination, establishment, survival,
and ultimately recruitment to become reproductive
adults (Schupp et al., 2010). Because of their size, the
effective dispersal of large seeds (4-10cm in diameter)
relies on ground-foraging animals that remove the seeds
from the ground after they have fallen by the action of
gravity or tree-foraging animals (Vander Wall, 2001;
Vander Wall et al., 2005). The falling of seeds could
imply horizontal displacement and be considered as pri-
mary dispersal, while the posterior removal of seeds (i.c.
post-dispersal seed removal) promotes either secondary
dispersal or seed predation ( Vander Wall et al., 2005).
Many generalist animals may only feed on the fleshy
fruit and do not provide effective dispersal for large
seeds (Howe, 2016). Some rodent species are considered
effective secondary dispersers of large seeds because they
promote directed dispersal to specific microsites, and
may scatter-hoard seeds in shallow caches for further
consumption (Aliaga-Rossel et al., 2008; Brodin, 2010;
Campos et al., 2017; Carvajal & Adler, 2008; Choo et al.,
2012; Dittel et al., 2015; Haugaasen et al., 2010; Jansen
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et al., 2012; Kuprewicz & Garcia-Robledo, 2019; Sunyer
et al., 2013; Vander Wall et al., 2005). Seeds that are not
recovered from such caches can germinate and establish
because seed burial reduces seed predation (Crawley &
Long, 1995; Forget et al., 1994), increasing plant recruit-
ment and regeneration (Dunham, 2011). Scatter-
hoarding by rodents even promote dispersal of large
seeds for distances over 100 m, potentially contributing
to plant population connectivity (Jansen et al., 2012).
Therefore, it is expected that the presence of rodents,
and particularly those that scatter-hoard seeds, would
ensure effective dispersal for large-seeded plants.

Here, we study post-dispersal seed removal of the
large-seeded palm Phytelephas aequatorialis and the
fauna associated with this process in three habitats
with different degrees of disturbance. Palms are keystone
species in tropical forests and they have been much stud-
ied to determine the effect of habitat disturbance and
degradation on seed dispersal dynamics (Carvajal &
Adler, 2008; da Silva et al., 2011; Dittel et al., 2015;
Galetti et al., 2006; Ramirez et al., 2009; Wright et al.,
2000; Wright & Duber, 2001). Phytelephas aequatorialis
is widely distributed in western Ecuador, which is a
highly threatened region because of high rates of defor-
estation and land conversion (Sierra, 2013). The fruits
and seeds of P. aequatorialis are an important food
resource for many animals in the forest (Brokamp
et al., 2014). In addition, the seeds of this palm are
widely commercialized in the region for their white and
hard endosperm also known as vegetable ivory (Barfod
et al., 1990; Escobar et al., 2019; Montufar et al., 2013).
All this makes P. aequatorialis a suitable biological
model for the study of how animal communities influ-
ence the removal of large seeds in disturbed habitats. We
studied seed removal within three common habitats in
the study area, which represent a gradient of disturbance
from an agroforestry system, over a disturbed forest to a
less-disturbed forest. We emphasize that we studied seed
removal and not seed dispersal because we did not
follow seed fate after removal (Christianini & Galetti,
2007; Vander Wall et al., 2005). We, therefore, use an
exploratory approach to quantify the contribution of
different animal species to seed removal by counting
the number of seeds removed by each species in captured
videos and pictures. We also explore how seed removal
rates, the numbers of different species of seed removers,
and the composition of seed remover communities vary
between the three studied habitats. We expect that seed
removal rates and the number of seed removers are
lower in the more-disturbed habitat (agroforestry
system) and that they increase along the continuum of
disturbance, and that animal communities are different
between habitats. We aim to: (1) describe seed remover
communities and their quantitative contribution to seed
removal; (2) test if rates of seed removal and richness of
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seed removers are lower in more-disturbed habitats than
in less-disturbed habitats; (3) test if the communities of
seed removers are different between habitats. We then
discuss our findings in the context of effective seed dis-
persal services provided by animal communities that
have been observed removing seeds, and how it could
influence plant recruitment and regeneration. With this
study, we hope to increase our understanding of the seed
dispersal dynamics of P. aequatorialis, which could help
the conservation of this keystone forest resource.

Methods
Study Species

Phytelephas aequatorialis Spruce is a large-seeded palm
endemic to western Ecuador, where less than 25% of the
natural forests remain (Sierra, 2013). It grows from sea
level up to 1600 masl in rain forests and seasonally dry
forests on the Pacific coastal plain, and in pre-montane
and montane forests in the west Andean foothills
(Borchsenius et al., 1998). This palm is common in dis-
turbed non-forest habitats such as agroforestry systems
or pastures where it is left standing for its economic
value (Borgtoft Pedersen & Skov, 2001). However, pop-
ulations in these altered habitats lack natural regenera-
tion due to the high mortality of juveniles and sub adults
(Brokamp et al., 2014; Velasquez Runk, 1998). The
absence of these cohorts may occur by mechanical
removal or low tolerance to direct sunlight of the palm
seedlings. Therefore, populations of P. aequatorialis that
grow in disturbed habitats may present altered dispersal
dynamics due to changes in the communities of seed
dispersers.

Phytelephas aequatorialis is an important Non-
Timber Forest Product (NTFP) in western Ecuador
where it is commercialized in rural and urban areas.
Natural populations are exploited mainly for their
seeds, locally known as tagua, which are collected from
the ground. The seeds of P. aequatorialis, like those of
other phytelephantoid palms, are the source of vegetable
ivory because of their very hard texture and white color.
They are used as a raw material in button and handicraft
manufacturing, and their commerce has been a profit-
able industry in the region since the 19th century until
today (Barfod et al., 1990; Brokamp et al., 2014,
Montufar et al., 2013). The leaves of this palm, which
are locally known as cade, are in turn harvested for
thatch and are commercialized locally (Borchsenius &
Moraes, 2006). The exploitation of fagua from natural
forests seems to be sustainable, whereas land conversion
is a more severe threat to the species (Brokamp et al.,
2014) and therefore, to its provisioning of income to the
local human population.
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In addition to its economic importance, the fruits and
seeds of P. aequatorialis are an important food resource
for many animals in the forest. Female palms carry 10—
25 spherical infructescences, which reach up to 30cm in
diameter (Barfod, 1991), each consisting of ~25 obcon-
ical fruits (Brokamp et al., 2014). Each fruit produces 4—
8 seeds that measure ~5cm in length and have an aver-
age dry weight of 36 g (Brokamp et al., 2014). Ripe fruits
detach from the infructescence axis and fall to the base
of the palm, opening and exposing the seeds, which are
encased in mesocarp that attracts frugivores. Animals
such as the Central-American agouti (Dasyprocta punc-
tata Gray), the paca (Cuniculus paca Linnaeus), the
Tomes’ spiny rat (Proechimys semispinosus Tomes), the
red-tailed squirrel (Sciurus granatensis Humboldt),
among others, feed on the lipid-rich fleshy mesocarp
that covers the seeds (Barfod, 1991; Brokamp et al.,
2014). Some of them may act as secondary seed dispers-
ers by removing seeds from the ground and transporting
them to their burrows or scatter-hoarding them for
future consumption (Brokamp et al., 2014). According
to a genetic parentage analysis, two-thirds of 92 seed
dispersal events measured in established seedlings
occured over 10m in the less-disturbed forest studied
here (see Study Sites), and only a few dispersal events
occured over 100 m (Escobar et al. unpubl. data). Seed
predation by insects such as bruchid beetles can be
extensive in wild populations of P. aequatorialis
(Borgtoft Pedersen, 1995), highlighting the importance
of seed dispersal for the survival and recruitment of this
palm.

Study Sites

We studied seed removal in the palm P. aequatorialis in a
seasonally dry region between the towns of Pedernales
and Jama at ~100 masl, in the coastal plain of Manabi
province in northwestern Ecuador (Figure 1). Over the
past 30years, half of this area has been deforested
(Haro-Carrion & Southworth, 2018). The temperature
fluctuates from 13-36°C, with a mean around 25°C.
Precipitation is seasonal with a humid season from
January to April with 100-400mm of rain every
month, and a dry season between May and December
with up to 20 mm of rain per month (Instituto Nacional
de Meteorologia e Hidrologia, 2014, 2015, 2017). Part of
the vegetation is deciduous (Clark et al., 2006).

We conducted our experiments within three habitats
that represent a continuum of disturbance (agroforestry
system, disturbed forest, less-disturbed forest). The agro-
forestry system (0°5°2” S, 80°7°35” W) was in an arca
where natural forests have been turned into farms and
crops. We worked in a private farm of six hectares where
natural vegetation had been replaced with banana,
cocoa, and coffee plantings. Most of the trees had
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Figure |. Study Sites. Maps and locations of the three habitats studied in western Ecuador. The dotted circles show the 20 experimental
stations placed within each habitat, and the white line represents the perimeter used to calculate the work area within each habitat type.

Landsat images from 2013 obtained from Google Earth Pro.

been cut but P. aequatorialis palms were left standing for
harvesting seeds and to provide shade. Farmers clear the
ground vegetation regularly as part of the agroforestry’s
maintenance, usually also removing palm seedlings. The
disturbed forest (0°4°16” S, 80°6’23” W) was located
2.6km from the agroforestry system. The landscape
here consists of smaller unprotected forest fragments
ranging from 5-80 hectares in a mosaic with pastures
of similar extent, where some individuals of
P. aequatorialis are left standing. We worked in a private
property of 17 hectares, where a pasture of around nine
hectares was surrounded by forest fragments, including
the largest fragment of 80 hectares. We worked only in
the forest fragments and avoided palms left in the pas-
tures so as not to expose the camera traps used. The less-
disturbed forest (0°5°12” S, 80°9° W) was located at
2.5km away from the agroforestry system, but in the
opposite direction of the disturbed forest. The less-
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disturbed forest was placed within a protected fragment
of mature forest. This fragment has an extension of 200
hectares and is part of the privately owned reserve Lalo
Loor. Our study plot in the less-disturbed forest covered
four hectares and was located in an area that was appar-
ently more humid than the rest of the fragment, where
P. aequatorialis was present. The density of female palms
here was 20 individuals per hectare (Escobar et al.,
unpubl. data).

Seed Removal Experiments and Camera Trapping

Seed removal experiments were conducted from July to
August 2018, during the dry season. The experiments
were done consecutively in the three habitats for logistic
reasons. We located 20 adult female palms with mature
and immature fruits in each of the three habitats
(n=60). The maternal palms were selected as far from
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each other as possible, separated by at least 30 m dis-
tance, which ensures independent seed removal observa-
tions (DeMattia et al., 2004). For each of the 60 palms,
we collected all seeds remaining enclosed in the meso-
carp of the mature fruits because the mesocarp attracts
frugivores and promotes the removal of seeds. We
removed mature seeds from nearby fruiting palms to
reduce the bias that could be generated if there would
be different densities of female palms between habitats.
At the base of each maternal palm, we cleared an area of
3-4m? of leaf litter to enhance the visibility of the seeds
during the experiments. This litter clearing process can
attract some mammals such as rodents, because the
clearing makes it easier for the animals to find the
seeds. Since rodents were supposed to be the main con-
sumers of fruits and seeds of this palm, and therefore its
dispersers (Brokamp et al., 2014), we did not consider
this process as a bias against other animal groups. In the
cleared area, we set up an experimental station with 20
seeds (total number of seeds = 1200), arranged in a circle
with a radius of 0.5m. When less than 20 seeds were
available below a focal palm individual, we used seeds
from other nearby palms. We visited the experimental
stations daily for seven days to count the seeds remain-
ing. We did not continue the experiment beyond seven
days because at that time the mesocarp attached to the
seeds had decomposed and was unattractive to seed
removers (see Results). We checked for seeds with
intact mesocarp in a radius of 2m around each station,
assuming that an animal could have accidentally moved
it while passing or removing other seeds. In this case, we

placed the seed again at the station assuming that the
seed had not been moved deliberately. We confirmed this
assumption at the end of the first day of the experiments
(24 hours after placing the stations), and therefore we
maintained the procedure. If a seed with the mesocarp
eaten was found within the 2 m radius, it was considered
as deliberately removed and displaced by an animal.
We placed one camera trap (Bushnell Trophy Cam
HD model 119537 C; Bushnell Corporation, Overland,
Kansas, USA) at each experimental station to identify
the animal species and quantify their contribution to
seed removal. We placed the camera 2-3 m from the sta-
tion on available trunks (or stakes), and 0.5-1 m from
the ground pointing to the seeds. Cameras were pro-
grammed to take three color photographs followed by
a color video of one minute (max length) when the
movement of a passing animal triggered their sensor;
the same procedure was repeated after one second if
the sensor was still detecting movement. We set the sen-
sors to the highest possible sensitivity. Photographs and
videos were used to count the number of seeds that each
animal species removed. Based on the daily amounts of
removed seeds per station, we classified as “unknown”
the animals that we could not identify due to camera
failing (see Results). A seed was considered as removed
when an animal took it with its mouth or front legs and
moved it out of the vision range of the camera
(Figure 2). We used The Field Guide of the Mammals
of Ecuador (Tirira, 2007) for animal identification. We
did not consider a seed as removed when an animal ate

Figure 2. Seed Removal by a Coati. Sequence of images of a white-nosed coati Nasua narica removing a seed of Phytelephas aequatorialis in
western Ecuador. (A) Coati arriving at the experimental station attracted by the fragrance of the seeds; (B) Coati taking the seed in its
mouth; (C) Coati leaving the experimental station with a seed in its mouth; (D) Coati moving away from the vision range of the camera.
Note that there are eight seeds in the station at the beginning of the sequence and there are seven seeds at the end.
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only the mesocarp without moving the seed out of the
station.

Data Analysis

We conducted statistical analyses in R 3.3.3 (R Core
Team). To examine how the rates of seed removal
varied between the three habitats, we conducted a
linear mixed-effects (LME) regression model using the
R-package nlme (Pinheiro et al., 2018). We used the
number of seeds removed from each experimental sta-
tion as a response variable and the type of habitat as a
fixed factor, and accounted for spatial autocorrelations
by incorporating latitude and longitude of each station
in the model. Even though we could not identify the seed
removers for all removal events (see Results), we com-
pared their richness and composition as an approxima-
tion of the actual variation of these parameters in the
studied habitats. For this purpose, we compared these
measures using only the removal events where we iden-
tified the responsible animal species. We conducted the
same analysis to see how the three habitats varied in the

richness of observed seed removers. We used the animal
species richness observed in each experimental station as
a response variable and the type of habitat as a fixed
factor. We examined differences in the frugivore com-
munity composition among the three habitats using a
nonparametric permutational multivariate analysis
(PERMNOVA) with the R-package vegan (Oksanen
et al., 2018) based on Bray-Curtis similarity metrics
(Anderson, 2001; McArdle & Anderson, 2001) with
9999 permutations.

Results

Seed Removal Rates

After seven days of observations in each habitat, a total
of 1048 seeds (87%) had been removed in the three hab-
itats. Animals removed 305 seeds (76%) in the agrofor-
estry system, 358 (89%) in the disturbed forest, and 385
seeds (96%) in the less-disturbed forest (Table 1). The
most intense seed removal occurred within the first two
days of observation in the less-disturbed forest, and

Table I. Summary of Seed Removal Experiments and Camera Trapping in Phytelephas aequatorialis in western Ecuador.

Total seeds Seeds removed Seeds with Remover richness
Habitat removed per station known remover per station
Agroforestry system 305 (76%) I5 (SD £+ 5.57)* 86 (28%) | (SD+0.5) *
Disturbed forest 358 (89%) 18 (SD£3.0l) 162 (45%) 2 (SD+£1.3)
Less-disturbed forest 385 (96%) 19 (SD £ 1.68) 158 (41%) 2 (SD+£1.3)

Note. Mean numbers of seeds removed and remover richness are averaged over 20 stations. Percentages of seeds with known remover are calculated from
the total of seeds removed. * shows significant differences with the other two habitats (P < 0.05; Linear mixed-effects (LME) regression model).
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Figure 3. Daily Seed Removal. Mean number of seeds of Phytelephas aequatorialis removed each day among three habitats studied in
western Ecuador. Vertical lines represent the standard error (S.E.) of the means.
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within the first three days in the other two more dis-
turbed habitats (Figure 3). Removal within the less-
disturbed forest extended up to the sixth day, whereas
one dispersal event occurred on the seventh day in both
the agroforestry system and the disturbed forest. The
mean number of removed seeds per experimental station
in the agroforestry system was 15 (SD 4 5.57), whereas
in the disturbed forest it was 18 (SD +3.01), and in the
less-disturbed forest, it was 19 (SD £ 1.68). The agrofor-
estry system had significantly lower rates of seed removal
than the disturbed forest (P=0.03, f=2.65, t=2.22,
DF =57) and the less-disturbed forest (P <0.01, =4,
t=23.35, DF=57). No significant differences in seed
removal were found between the disturbed forest and
the less-disturbed forest.

Richness and Composition of Seed Removers

Based on the pictures and videos, we identified the seed
removers in 28% of the removal events in the agrofor-
estry system, in 45% in the disturbed forest, and in 41%
in the less-disturbed forest (Table 1). We identified five

mammal species that removed seeds in the agroforestry
system, and seven in both the disturbed forest and the
less-disturbed forest (Table 2). The percentage of seeds
removed by each animal species varied among the three
habitats (Figure 4). We could not identify the animals in
all the removal events because the cameras failed in their
activation or were not fast enough to capture the moving
animals. Thus, the results obtained from camera traps
are preliminary and may not be fully representative of
the actual richness and composition of seed remover
communities. The medium-sized Tomes’ spiny rat
(Proechimys semispinosus) was the main seed remover
in the agroforestry system, whereas large-sized rodents
such as the Central-American agouti (Dasyprocta punc-
tata) and the paca (Cuniculus paca) were less important
for seed removal. Rodents of all sizes removed seeds in
the disturbed forest, including agoutis, spiny rats the
Talamanca trans-Andean mouse (7Transandinomys tala-
mancae Allen), and the Ecuadorian spiny pocket mouse
(Heteromys teleus Anderson, R. P. y Jarrin-V, P.). In the
less-disturbed forest, large-sized mammals such as pacas,

Table 2. Animal Seed Removers. Mammal species identified as removers of the large seeds of Phytelephas aequatorialis in three habitats in

western Ecuador.

Order Species Common name Habitat type Weight (kg)*
Carnivora Nasua narica White-nosed coati DF, L-DF 3.5-59
Didelphimorphia Didelphis marsupialis Common opossum DF, L-DF 0.75-2.5
Rodentia Cuniculus paca Paca AS, L-DF 5-13
Rodentia Dasyprocta punctata Central-American agouti AS, DF, L-DF 3-5
Rodentia Heteromys teleus Ecuadorian spiny pocket mouse DF 0.01
Rodentia Sciurus granatensis Red-tailed squirrel AS, DF, L-DF 0.21-0.53
Rodentia Proechimys semispinosus Tomes’ spiny rat AS, DF, L-DF 0.32-0.53
Rodentia Transandinomys talamancae Talamanca trans-Andean mouse AS, DF, L-DF 0.05-0.07

Note. AS = agroforestry system, DF = disturbed forest, L-DF =
*See Tirira (2007).

less-disturbed forest.

[ Agroforestry system [T Disturbed forest [ Less-disturbed forest

Percentage of seeds removed
o

dla_

L J.j_

Cumicuius Dasyp;uda Didelphi
marm.pnahs

Hafemrrrys

Mammal species

Naaua Proechimys Wrus Transandinomys

Figure 4. Contribution to Seed Removal. Total contribution of each mammal species to the removal of the large seeds of Phytelephas
aequatorialis among three habitats studied in western Ecuador. Removal events with an unknown animal seed remover are not shown.
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agoutis and common opossums (Didelphis marsupialis
Linnaeus) as well as spiny rats contributed the most to
seed removal. The actual contribution of small-sized
rodents may be higher in the three habitats because
they were not detected by the cameras due to their size
and rapid movement.

Based on the events where we were able to identify the
animals, we found, on average, one species (SD 4 0.5) of
seed remover per station in the agroforestry system and
two species per station in both the disturbed forest
(SD+1.3) and the Iess-disturbed forest (SD=+1.3;
Table 1). The number of species of seed removers was
significantly lower in the agroforestry system than in the
disturbed forest (P<0.01, f=1.5, t=4.19, DF=57)
and in the less-disturbed forest (P <0.01, f=1.45,
t=4.06, DF=57). No significant differences were
found between the disturbed forest and the Iess-
disturbed forest. Frugivore community composition sig-
nificantly differed among the three habitats (P <0.01),
although there is an overlap in species between the agro-
forestry system and the disturbed forest (Figure 5).

Discussion

We studied post-dispersal seed removal patterns in the
large-seeded palm Phytelephas aequatorialis within three
habitats with different degrees of disturbance. Even
though we could not determine all the frugivore species
removing seeds in our experiments, camera trapping
proved useful to describe the fauna associated with
seed dispersal in P. aequatorialis. The Tomes’ spiny rat
(Proechimys semispinosus) and the Central-American

agouti (Dasyprocta punctata) stand out as effective
seed removers and are potential seed dispersers over
short and long distances, respectively. We detected sig-
nificantly lower seed removal rates and richness of
animal seed removers in the agroforestry system com-
pared to the two forest habitats, indicating a negative
effect of habitat disturbance in the seed dispersal dynam-
ics of P. aequatorialis. The population growing in the
agroforestry system presented altered seed dispersal
dynamics; however, it could still maintain effective
seed dispersal over short distances because of the high
contribution of spiny rats to seed removal. Thus, the
future of this population depends on the maintenance
of its already reduced frugivore community.

Seed removal in P. aequatorialis is done by a variety
of frugivore mammals whose potential contribution to
effective seed dispersal depends on their size and behav-
ior (Howe, 2016). For instance, non-granivore animals,
such as the common opossum (Didelphis marsupialis)
and the white-nosed coati (Nasua narica Linnaeus),
may act as generalist dispersers for P. aequatorialis
seeds that only feed on the fruit mesocarp, leaving the
seeds near the removal site. Even though seed removal
by these generalist dispersers could help seeds to escape
density- and distance-dependent mortality (Comita
et al., 2010, 2014; Johnson et al., 2014), they may not
survive if they are not cached to reduce predation. The
small sizes of the Talamanca trans-Andean mouse
(Transandinomys  talamancae) and the Ecuadorian
spiny pocket mouse (Heteromys teleus) probably prevent
the seeds removed by them from escaping the surround-
ings of parental plants where mortality is high. Thus,
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Figure 5. Ordination of Seed Removers. Ordination of the animal communities that remove the large seeds of Phytelephas aequatorialis in
three habitats studied in western Ecuador in terms of species composition as represented by two axes of non-metric multidimensional

scaling (NMDS).
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their contribution to effective seed dispersal may be even
lower than that of the generalist dispersers. On the other
side, removal by larger rodents such as agoutis, spiny
rats, pacas (Cuniculus paca), and red-tailed squirrels
(Sciurus granatensis) could enhance effective seed dispers-
al because rodents cache seeds in microsites where they
have higher chances of being recruited to become repro-
ductive adults (Choo et al., 2012; Dunham, 2011). In
addition, agoutis, spiny rats, and squirrels scatter-hoard
seeds, which increases seed dispersal distances through
time (Brodin, 2010; Carvajal & Adler, 2008; Dittel
et al., 2015; Jansen et al., 2012; Kuprewicz & Garcia-
Robledo, 2019; Wright & Duber, 2001).

Regarding the relative contribution, spiny rats stand
out as effective removers of the large seeds of P. aequa-
torialis, particularly in the agroforestry system where
they removed most of the seeds that we could link to
an animal species. This rodent species is abundant in
tropical regions and common in disturbed habitats
(Carvajal & Adler, 2008; Rojas-Robles et al., 2012),
and extensively removes seeds of other large-seeded
palms (Carvajal & Adler, 2008; Dittel et al., 2015;
Hoch & Adler, 1997). Spiny rats can disperse large
seeds for distances larger than 10m (Dittel et al.,
2015), potentially enhancing seed survival and establish-
ment outside the surroundings of parental plants. The
relatively high rates of seed removal by spiny rats
observed in the agroforestry system suggest that this
rodent could play an important role in the recruitment
of P. aequatorialis in this habitat. Thus, spiny rats could
be key elements for the regeneration of P. aequatorialis
in disturbed habitats such as agroforestry systems
because they are the main contributors to seed removal.

The limited seed removal by larger rodents such as
agoutis and pacas in the agroforestry system suggests
that dispersal occurs mostly over short distances in this
habitat. Agoutis are the only rodents that are capable of
dispersing large seeds over long-distances through
scatter-hoarding (Jansen et al., 2012; Kuprewicz &
Garcia-Robledo, 2019). For instance, a single large
seed of the Neotropical palm Astrocaryum standleyanum
can be buried and re-cached up to 36 times by agoutis,
and in this way, become dispersed more than 100 m
away from the parental palm (Jansen et al., 2012).
Apparently, pacas do not scatter hoard seeds (Meritt,
1989); however, these rodents occupy large home
ranges of up to 212 hectares (Gutierrez et al., 2016),
which makes them able to occasionally disperse seeds
over long distances.Since these two large rodents are
commonly hunted for their meat (Galetti et al., 2006;
Gallina et al., 2012; Jones et al., 2019; Valsecchi et al.,
2014), they may avoid non-forest habitats where they are
exposed to hunters and predators (Gutierrez et al., 2016;
Jax et al., 2015). For this reason, seed dispersal over
long-distances must be rare in the agroforestry system.
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On the other side, agoutis and pacas are among the main
seed removers in the two forests, which is a habitat
where their populations are abundant (Aliaga-Rossel
et al., 2008; Beck-King et al., 1999; Kuprewicz &
Garcia-Robledo, 2019). Agoutis could be responsible
for long-distance dispersal events for more than 100 m
which were previously estimated in the less-disturbed
forest through a genetic parentage analysis in established
seedlings (Escobar et al. unpubl. data). Long-distance
dispersal may also occur in the disturbed forest where
agoutis removed a high amount of seeds.

Seed removal rates and richness of seed removers
seem to be negatively influenced by habitat disturbance.
Based on our camera trap results, removal rates and
richness of animal seed removers were lower in the agro-
forestry system, which is the most disturbed habitat ana-
lyzed here. These results agree with previous research in
which lower seed removal occurred in disturbed habitats
due to lower richness of seed removers compared to less-
disturbed habitats (Blackham & Corlett, 2015; Galetti
et al., 2006; Lehouck et al., 2009; Ramirez et al., 2009;
Wright et al., 2000; Wright & Duber, 2001). Additional
studies have described lower rates of seed removal in
disturbed habitats compared to less-disturbed habitats
without accounting for the richness of seed removers
(Brum et al., 2010; Iob & Vieira, 2008;
Razafindratsima, 2017; Sanchez-Cordero & Martinez-
Gallardo, 1998). These two parameters were statistically
similar between the two forest habitats, suggesting that
the loss of forest cover could lower animal species rich-
ness (Martensen et al., 2012) and subsequent reduction
in seed removal. In this perspective, populations of
P. aequatorialis that grow in non-forest habitats could
present altered seed dispersal dynamics because of lower
seed removal rates and lower number of frugivore spe-
cies that remove their seeds.

Relative high removal rates of P. aequatorialis seeds
occur in the three habitats studied even if the composi-
tion of seed remover communities was different between
the habitats. Although fewer seeds were removed in the
agroforestry system compared to the two forest habitats,
the percentage of removal in the agroforestry system
could be considered high when compared to the removal
rates of other large-seeded palms in well-preserved
Neotropical forests. For instance, 55% of the 1400
seeds of Astrocaryum standleyanum in 15 forested islands
in Panama were removed by spiny rats (Hoch & Adler,
1997). Nearby, on Barro Colorado Island, agoutis and
spiny rats removed 72% of 589 seeds from the same
species (Jansen et al., 2012). Spiny rats and squirrels
also removed 20% of 1500 seeds of the palm Attalea
butyracea and the tree Dipteryx oleifera on the same
island (Carvajal & Adler, 2008). Additionally, most of
the seeds of P. aequatorialis were removed during the
first four days of observation in the agroforestry
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system, similar to what we found in the disturbed forest.
Relatively high removal rates in the agroforestry system
suggest that different animal communities can maintain
functional roles such as seed removal to some extent in
disturbed habitats (Dehling et al., 2020; Farwig et al.,
2017; Neuschulz et al., 2011).

Identifying animal seed removers using camera traps
is a common practice in ecological research on seed dis-
persal (Blackham & Corlett, 2015; Campos et al., 2018;
Christianini & Galetti, 2007; Cramer et al., 2007; da
Silva et al., 2011; Dai et al., 2018; Galetti et al., 2015;
Iob & Vieira, 2008; Razafindratsima, 2017; Seufert et al.,
2010; Ssali et al., 2018). Several studies have used
camera traps to attribute single events of seed removal
to particular animal species (Brown et al., 2016; Jansen
et al., 2012; White et al., 2017). Our study used this same
method to identify animal seed removers and to quantify
their contribution to seed removal within a continuum of
habitat disturbance, although we could not determine
the animals responsible for all removal events due to
camera failing. Even if camera failing can occur
during seed removal experiments (Brown et al., 2016;
Razafindratsima, 2017; Seufert et al., 2010), we did
show that camera trapping is a useful tool for
describing the mammalian fauna associated with seed
removal processes and that it has the potential for eval-
uating the contribution of single mammal species to seed
removal.

Continued field observations may provide a deeper
understanding of the seed dispersal dynamics of
P. aequatorialis. First, identifying the animal species
responsible for all removal events would provide more
reliable conclusions on the relationship between seed
removal and the richness of animal seed removers. This
can be achieved by using cameras with greater sensitivity
and faster activation, or by placing more than one camera
at each experimental station. That could also help to
determine animal abundance, which can influence seed
removal (Galetti et al., 2006; Ramirez et al., 2009), by
recognizing different individuals for each animal species.
Alternatively, camera trapping can be complemented with
surveys to obtain better estimates of animal abundance.
Seed fate experiments should be added to determine the
mortality rates of seeds and the actual contribution of
scatter-hoarding rodents to the dispersal of P. aequator-
ialis seeds. Furthermore, replicating the experiments per-
formed in the three different habitats will provide more
reliable conclusions about the effects of habitat distur-
bance on the seed removal of P. aequatorialis and other
large-seeded plants. Such follow-up research could
enhance our understanding of the seed dispersal dynamics
of this palm, which would make possible the development
of conservation programs and politics that aim to keep
P. aequatorialis as a sustainable NTFP resource.
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Implications for Conservation

Frugivore communities studied in the three habitats
have the potential to ensure effective dispersal of large
seeds away from maternal palms, allowing the regener-
ation of populations (Comita et al., 2014). Spiny rats are
particularly important for recruitment in the agroforest-
ry system, where the contribution of larger animals to
seed removal was low. Thus, the future permanence of
P. aequatorialis populations in non-forest habitats
might depend on the presence of this rodent. In spite
of that, dispersal over long distances could be limited
in the agroforestry system because spiny rats tend to
disperse seeds over short distances (Dittel et al., 2015),
which is not enough for connecting populations. Long-
distance seed dispersal over distances larger than 100 m
occurs in the less-disturbed forest, as estimated by a
genetic parentage analysis (Escobar et al. unpubl.
data), probably because of the high rates of seed removal
performed by agoutis. Long-distance dispersal could
also occur in the disturbed forest because agoutis
showed a significant contribution to seed removal in
this habitat. Therefore, forest habitats could be con-
nected by the seed dispersal services provided by agoutis,
but non-forest habitats may be isolated from other
populations.

The absence of effective seed dispersal could endanger
the long-term persistence of local populations of P.
aequatorialis due to alterations in their demographic
and genetic patterns (Comita et al., 2014; Wotton &
Kelly, 2011; Young et al., 1996). The potential future
loss of populations growing in non-forest habitats such
as agroforestry systems or pastures could be caused by
the absence of medium- and large-sized rodents and their
seed dispersal services. This may not affect the conser-
vation of P. aequatorialis as a species; nevertheless, it
could reduce the connectivity between “healthy” popu-
lations growing in the few remaining forests of the
region. The loss of populations could also reduce the
species’ genetic diversity and its consequent capacity to
face future environmental changes (Nutt et al., 2016;
Wernberg et al., 2018). Considering than more than
75% of the natural forests in western Ecuador have
already been cleared or disturbed (Sierra, 2013), a
large proportion of P. aequatorialis populations would
be threatened under this scenario. Other large-seeded
plants distributed in the region could face a similar sit-
uation. To counteract that, plant-frugivore interactions
should be restored through forest regeneration and
forest conservation programs. Additionally, the conser-
vation of effective seed dispersers such as agoutis and
spiny rats could make a difference in the long-term pres-
ence of local populations of P. aequatorialis and other
large-seeded plants.
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