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About 45 palm species occur in the Atlantic forest of Brazil, and most of them are affected by loss of seed dispersers
resulting from forest fragmentation and hunting. Here we report the effects of habitat loss and defaunation on the
seed dispersal system of an endemic palm, Astrocaryum aculeatissimum. We evaluated seed removal, insect and
rodent seed predation, and scatter-hoarding in nine sites, ranging from 19 ha to 79 000 ha. We report the seedling,
juvenile and adult palm densities in this range of sites. Endocarps remaining beneath the parent palm had a higher
probability of being preyed upon by insects in small, mostly fragmented and more defaunated sites. The frequency
of successful seed removal, scatter-hoarding and consumption by rodents increased in the larger, less defaunated
sites. Successful removal and dispersal collapsed in small (< 1000 ha), highly defaunated sites and frequently
resulted in low densities of both seedlings and juveniles. Our results indicate that a large fraction of Atlantic forest
palms that rely on scatter-hoarding rodents may become regionally extinct due to forest fragmentation and defau-
nation. Current management practices including palm extraction and hunting pressure have a lasting effect
on Atlantic forest palm regeneration by severely limiting successful recruitment of prereproductive individuals.
© 2006 The Linnean Society of London, Botanical Journal of the Linnean Society, 2006, 151, 141-149.
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INTRODUCTION tropics, acting as the main staple food source for most
animals in periods of fruit scarcity (Terborgh, 1986;
Galetti & Aleixo, 1998). Although some species are dis-
persed by a large coterie of frugivores (e.g. Euterpe
edulis; Galetti, Ziparro & Morelatto, 1999), several
palm species, particularly the large-seeded ones, rely
*Corresponding author. E-mail: mgaletti@rc.unesp.br on few animals for dispersal (Smythe, 1989; Silva &

The high importance of palms for vertebrates has led
to the concept that this family is keystone’ in the Neo-
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Tabarelli, 2001; Fragoso, Silvius & Correa, 2003).
Besides this lack of seed dispersers, palm populations
can also be highly affected by deforestation.

One of the tropical ecosystems facing a fast-paced
destruction is the Atlantic forest of Brazil. This eco-
system, which once stretched about 4000 km along the
coast of Brazil from the state of Rio Grande do Norte
(6°N) up to Rio Grande do Sul (30°S), covers more than
1 million km? and has one of the highest recorded lev-
els of endemism (Myers et al., 2000). For instance, 10
genera and about 45 species of palms occur in the
Atlantic forest, most of them endemic to this ecosys-
tem (Henderson, Galeano & Bernal, 1995; plus addi-
tions of Lorenzi et al., 2004). Today, less than 8% of the
Atlantic forest remains. The remaining forest occurs
as many small fragments and a few large blocks of for-
est (SOS Mata Atlantica & INPE, 1998). Among the
main threats to the palms are habitat loss, forest frag-
mentation (Scariot, 1999; Tabarelli, Silva & Gascon,
2004), palm harvesting (especially for edible species
such as the Euterpe edulis; Galetti & Fernandez, 1998)
and the pervasive effects of isolation (edge effects)
(Laurance et al., 2002; Fleury & Galetti, 2004).

A serious threat to local persistence of plant species
is the disruption of ecological interactions, both mutu-
alistic (such as pollination or seed dispersal) and
antagonistic (such as herbivory) (Wright, 2003). Seed
dispersal is particularly important, because this pro-
cess links the reproductive cycle of adult plants with
the establishment of their offspring, and has a pro-
found effect on vegetation structure and species dis-
tribution (Herrera et al., 1994; Wang & Smith, 2002).
A wide range of frugivore species has been recorded
feeding on the fruits and dispersing the seeds of Atlan-
tic forest palm species (Galetti, Paschoal & Pedroni,
1992; Galetti et al., 1999; Silva & Tabarelli, 2001;
Pimentel & Tabarelli, 2004; Guimarées et al., 2005).
Large-seeded palm species rely extensively on
medium- and large-sized birds and mammals for dis-
persal and recruitment (Zona & Henderson, 1989;
Fragoso & Huffman, 2000), yet this fauna is being
seriously threatened by increased hunting pressure
and habitat loss (Chiarello, 1999; Cullen, Bodmer &
Valladares-Padua, 2000; Peres, 2001; Fa, Peres &
Meeuwig, 2002; Wright, 2003).

Recent studies have shown that the loss of seed dis-
persers negatively influences recruitment by impair-
ing seed removal, increasing seed loss to pathogens
and vertebrate predators, and reducing seedling
establishment (Chapman & Chapman, 1995; Chap-
man & Onderdonk, 1998; Cordeiro & Howe, 2001,
2003). Therefore, we can predict that palms that rely
on large-bodied bird or mammal species for seed dis-
persal would be more vulnerable to local extinction
than species dispersed by small frugivores, which are
not severely affected by poaching or fragmentation.

Palm species that rely on scatter-hoarding rodents are
particularly prone to extinction in defaunated sites,
because very few frugivores can act as efficient seed
dispersers of these palms (Smythe, 1989; Forget, 1991,
Brewer & Rejmanek, 1999; Wright et al., 2000; Wright
& Duber, 2001). Moreover, several scatter-hoarding
rodents, such as agoutis, are among the most hunted
mammals in neotropical forests (Cullen et al., 2000).

This paper examines the effects of forest fragmen-
tation and defaunation pressure on the seed dispersal
and predation of the endemic palm Astrocaryum
aculeatissimum (Schott) Burret in the Brazilian
Atlantic Forest. Specifically, we studied patterns of
seed predation by both insects and rodents at the indi-
vidual level and how they correlated with habitat
preservation. In addition, we assessed dispersal effi-
ciency across forest tracts that vary in size and de-
faunation level, and examined how the density of
seedlings, juveniles and adults varied with forest size
and defaunation level.

MATERIAL AND METHODS

STUDIED SPECIES

Astrocaryum aculetassimum (Arecaceae) is endemic to
the Atlantic Forest of Brazil, occurring from Bahia to
Santa Catarina (Henderson et al., 1995; Lorenzi et al.,
2004). The fruits mature from May to December (Gal-
etti et al., 1999; A. S. Pires, unpubl. data). Infructes-
cences may have from 10 to 116 (N = 86) ovoid fruits
with a thin mesocarp and a hard endocarp. Maxi-
mum fruit length and diameter are 4.8 + 0.4 and
3.2+ 0.2 mm, respectively (N =30). Throughout the
paper, we use the terms ‘seeds’ or ‘endocarps’ inter-
changeably to refer to the whole structures sur-
rounded by the mesocarp, which are the propagules
consumed or dispersed by the animals.

The large fruit dimensions limit the range of frugiv-
orous vertebrates that can handle and consume Astro-
caryum fruits. Only peccaries and rodents have been
reported as consumers of the fruits of this genus, and
rodents are the main seed dispersers (Kiltie, 1981;
Smythe, 1989; Forget, 1991; Brewer & Rejmanek,
1999; Brewer, 2001). Agoutis either consume the seeds
in situ or scatter-hoard them for later consumption;
some of these seeds are not retrieved and survive to
the seedling stage. Small rodents (chiefly spiny rats,
Trinomys spp. and Proechymis spp.) may also disperse
seeds away from the parent palm (Brewer & Rej-
manek, 1999; Brewer, 2001).

STUDY REGIONS

The effects of forest fragmentation and defaunation
were investigated in nine Atlantic Forest sites in Rio
de Janeiro and Sdo Paulo states. These areas support
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Table 1. Characteristics of the study sites in the Atlantic forest of south-east Brazil

Site Region Area (ha) Defaunation level
Afetiva (Af) Rio de Janeiro 19 3
Vendaval (Ve) Rio de Janeiro 26 3
Santa Helena (SH) Rio de Janeiro 57 3
Xixova-Japui State Park (XJ) Sao Paulo 901 3
Unido Biological Reserve (Un) Rio de Janeiro 3100 2
Poco das Antas Biological Reserve (PA) Rio de Janeiro 3500 2
ITha do Cardoso State Park (Ca) Séo Paulo 15 100 1
Picinguaba State Park (Pi) Sao Paulo 47 500 2
Juréia-Itatins Ecological Station (JI) Sao Paulo 79 230 1

'The ranking of defaunation intensity varies from level 1 (areas with high densities of agoutis and other frugivores) to

level 3 (areas with low densities or absence of agoutis). See Material and methods: Study regions.

lowland Atlantic forest in different sucessional stages
(Oliveira-Filho & Fontes, 2000). Average annual
rainfall ranges from 2100 mm (Po¢o das Antas) to
3500 mm (Juréia). Taken together, these two regions
combine different levels of fragmentation and defau-
nation, and represent a wide sample of localities
where A. aculeatissimum is present. The study sites
include protected parks and reserves, and small forest
remnants located in private properties (Table 1),
encompassing a gradient of defaunation levels that
roughly corresponds with protection status and poach-
ing intensity. Details on the vegetation structure of
the fragments can be found in Carvalho (2005) for Rio
de Janeiro state and in Donatti (2004) for the areas in
Sao Paulo.

For all forest sites, we compiled ranked data on the
level of defaunation (three classes), based on line
transect censuses, camera trap data, footprints and
other observations (M. Galetti et al., unpubl. data).
These categories were based on the abundance of
agoutis, the main natural seed dispersal agent
(Smythe, 1989). Areas with the highest density of ago-
utis (2-5 individuals/km?) were assigned the lowest
category of defaunation (level 1), while areas with no
recent records of agoutis were assigned the highest
defaunation rating (level 3); the intermediate category
(level 2) was assigned to sites with moderate defau-
nation, where sizeable agouti densities can be found
despite sustained hunting (Sdo Bernardo & Galetti,
2004). Within each site we demarcated a variable
number of plots for seed removal experiments and sev-
eral locations of adult palms for monitoring of seed
fate (see below).

SEED PREDATION BENEATH THE PARENT PALM

In each site we collected all endocarps found within a
2 m radius around adult A. aculeatissimum individu-
als, each adult sampled was spaced at least 50 m

between each other and at least 5 m away from any
other conspecific adult that was not used in the sam-
ple. Adults sampled were located at least 5 m from
pre-existing trails and in a flat topography.

The collected endocarps were categorized as intact,
preyed upon by rodents, or preyed upon by insects.
Distinctive tooth marks of the rodents or exit holes of
insects were used as diagnostic criteria. However, we
also opened all intact endocarps that had no external
sign of insect damage and found that ~30% had insect
remains in them. Thus, predation estimates were
based on both external signs and dissection of
endocarps. Previous studies considering only external
evidence of seed viability (see Wright & Duber, 2001),
may have underestimated predation rates. Old
endocarps were not sampled (see, e.g., Wright et al.,
2000; Wright & Duber, 2001).

SEED REMOVAL EXPERIMENTS

Groups of five threaded endocarps (modified spool and
line method; Forget & Milleron, 1991; Donatti, 2004),
were placed in experimental stations spaced every
50 m along pre-existing trails within each site. We set
up 32 experimental stations (160 seeds) in each site in
the Séo Paulo region except Picinguaba (28 stations
and 140 seeds). In the Rio de Janeiro region, we set up
20 experimental stations (100 seeds) in each site.

All experiments were carried out in 2002 and 2003
(November to December), just after the beginning of
the period when ripe fruits naturally fall. Experi-
ments were run for 5 consecutive days in the Sao
Paulo sites, while a monitoring period of 30 d was
required in the Rio de Janeiro sites owing to lower
removal rates. The fate of every removed endocarp
was recorded as intact, preyed upon by rodents, dis-
persed but not buried, or scatter-hoarded (dispersed
and buried). Dispersal was recorded whenever the
seed (1) was moved from its initial presentation, (2)
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exhibited signs of handling by animals, or (3) was not
predated by insects or rodents.

SEEDLING, JUVENILE, AND ADULT PALM ABUNDANCE

At each site, the abundance of A. aculeatissimum indi-
viduals was estimated in plots situated in flat and
noninundated places. In each site we set up 40 plots,
50 m x 4 m (Sao Paulo region), or 10 plots, 50 m x 10 m
(Rio de Janeiro region). In each plot we counted
the number of seedlings, juveniles and adults of
A. aculeatissimum. We defined seedlings as individu-
als < 50 cm height; juveniles were individuals > 50 cm
height but without signs of current or previous repro-
duction; and adults were plants that either were
reproductive at census time or showed evidence of pre-
vious reproduction (modified from Scariot, 1999).

STATISTICAL ANALYSES

In order to analyse the fate of endocarps beneath the
parent palm, we calculated the proportions of intact,
rodent- and insect-consumed endocarps relative to the
total sample. These variables were fitted by two
different Generalized Linear Models (GLMs), both
specifying binomial errors and a logit link function
(Venables & Ripley, 2002). In the first model, our aim
was to search for differences among sites and we used
the site as predictor variable. In the second model our
aim was to investigate how variables related to
endocarp fate are affected by defaunation level and
site area, and we used both as predictor variables. The
same procedures and predictor variables were used to
analyse the significance of these factors for the
endocarp removal experiments.

The census data of seedlings, juveniles and adults
were analysed using GLMs (Venables & Ripley, 2002).
A model specifying defaunation level and site area
(log-transformed) was fitted to the number of individ-
uals in each stage obtained from the censuses in each
site, specifying a quasi-Poisson family and log link
function. All the analyses were carried out with the R
package (Venables & Ripley, 2002; R Development
Core Team, 2003).

RESULTS

SEED FATE BENEATH THE PARENT PALM

We collected a total of 4389 endocarps from 185 indi-
viduals. The probability of seed survival, defined as
the proportion of intact endocarps, varied significantly
among sites (F =86.2, d.f. =7, P<0.001; Fig. 1A). The
same is true for the probability of a seed surviving
insect damage (F'=122.0, d.f.=7, P <0.001; Fig. 1B)
or rodent predation (F'=98.5, d.f. =7, P <0.001; Fig.
1B).
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Figure 1. Seed fate of Astrocaryum aculeatissimum seeds.
A, percentage of seeds intact, preyed upon by rodents or
preyed upon by insects beneath the parent tree at Atlantic
forests sites in south-east Brazil. B, percentage of intact,
preyed-upon by rodents, scatter-hoarded by rodents, and
scattered seeds (removed but left on the ground surface by
small rodents) in controlled experiments. Each bar corre-
sponds to sites listed in Table 1.

In order to assess patterns of seed survival related
to site area and defaunation level, we ranked the sites
according to area (Fig. 1) and tested the pair wise dif-
ferences by means of Tukey HSD tests. Only the most
defaunated site (Af) showed a consistently lower prob-
ability of seed survival relative to the larger and/or
less defaunated sites (JI, Pi and Ca). The probability of
seed survival increased with area (F =347.5, d.f. =1,
119, P < 0.0001) and decreased with defaunation level
(F=11.4,d.f =1,120, P <0.001).

Seed loss to rodents and insects was extremely vari-
able among sites (Fig. 1A). The larger sites (JI, Pi, and
Ca) consistently showed a higher (> 20%) fraction of
seeds preyed upon by rodents, differing significantly
only with that of the smallest fragment (Af; Tukey
HSD test, P < 0.05). Both Ca and PA had significantly
higher fractions of seeds consumed by rodents relative
to smaller, more hunted sites (UN, XJ and SH). Along
the size—defaunation gradient, the probability of seed
loss to rodent seed predation increased significantly
with site area (F'=23.7,d.f.=1, 119, P <0.0001), but
decreased significantly in the more defaunated sites
(F=371.9,d.f. =1, 120, P < 0.0001).

The small and medium-sized (UN) or highly defau-
nated sites (XJ, SH and Af) consistently showed high
seed loss to insect predators (> 50%) relative to well-
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preserved and larger sites (JI, Pi and Ca; Fig. 1A),
which usually have < 25% of the seeds preyed upon by
insects beneath the parent (Tukey HSD test, P < 0.05).
Only the smallest, most defaunated site (Af) had
significantly higher insect seed predation relative to
the larger and/or better-preserved sites (JI, Pi and
Ca; Tukey HSD test, P < 0.05). The probability of seed
loss to invertebrate predation decreased with area
(F=361.0, df.=1, 119, P<0.0001) and increased
with defaunation level (F=279.0, df =1, 120,
P <0.0001). Overall, the effects of defaunation level,
measured as the coefficients in the GLM models, were
consistently higher than the area effects on the prob-
ability of seed survival, seed loss to rodent predation,
and seed loss to invertebrate predation. To sum up,
patterns of seed loss beneath the parent palm to
insects and rodents were largely complementary along
a gradient of decreasing site size and/or increasing
defaunation (Fig. 1A). Only sites with > 10 000 ha and
light or moderate defaunation level (JI, Pi and Ca) had
high rates of seed survival. Otherwise, seed predation
by insects or small rodents was too high to compensate
for the loss of agoutis, the main seed disperser.

SEED REMOVAL EXPERIMENTS

Among the 224 experimental stations placed in the
study sites 110 (49.1%) had at least one seed removed.
The number of experimental stations with removed
seeds differed among sites (y®=112.41, d.f. =9,
P <0.0001). Larger and less defaunated sites had
more stations showing removal and more defaunated
sites than smaller fragments. In order to test the
effects of defaunation and area on the probability of a
station having at least one seed removed, we fitted a
simple logistic regression. The probability of a station
showing removal decreased with both defaunation
level (x*=46.80, P <0.0001) and site area (y*=11.8,
P <0.0001). Defaunation explained a larger fraction of
variation (R? = 19.7%) than site area (R? = 4.1%) in the
proportion of stations with at least one seed removed.

Experimental seeds in a given station had distinct
fates across sites (Fig. 1B). The fraction of intact seeds
was > 80% for all the smaller sites (XJ, SH, Ve and Af),
although Pi also had a very high proportion of intact
seeds for its area as a result of its severe defaunation
(Fig. 1B). Predated seeds were relatively infrequent in
the experiments (always < 15%), especially in the
smaller sites. The proportion of seeds removed (either
buried or dispersed) per station differed among sites
(F=39.4, d.f =8, 215, P<0.0001; Fig. 1B). Smaller
and more defaunated sites (XJ, SH, Ve and Af) had a
significantly lower probability of seed removal per sta-
tion relative to the larger and/or less defaunated sites
(JI, Ca, Pi and PA) (Tukey HSD test, P < 0.05). The
proportion of scatter-hoarded seeds differed signifi-

cantly among sites (F'=3.95, d.f.=7, 76, P=0.003;
Fig. 1B), although only the Ca site, a relatively large
and less defaunated area, differed from the rest of
sites (Tukey HSD test, P < 0.05). The probability of
seeds being removed and/or scatter-hoarded tended to
decrease with increasing defaunation and decreasing
site area (all F>35.8, d.f.=1, 82, P<0.01,). The
effects of defaunation level on the probability of suc-
cessful removal and/or scatter-hoarding of the seeds
were consistently larger than the effects of site size, as
estimated from the GLM model coefficients.

SEEDLING, JUVENILE AND ADULT ABUNDANCES

Differences among sites in seedling, juvenile and adult
densities were highly significant (¥ > 8.6, d.f. = 8, 201,
P <0.0001 in all cases; Fig. 2). Seedling densities dif-
fered among sites, particularly when considering site
area (Fig. 2). The smallest sites (XJ, SH, Ve and Af)
with severe defaunation had < 50 seedlings/ha, a fig-
ure well below the larger, less defaunated sites. The
pattern for juveniles was very similar to that for seed-
lings (Fig. 2), although the SH site had an unexpect-
edly high density, perhaps as a result of its proximity
to the larger and less defaunated PA site. Variation in
adult densities deviated from the patterns observed in
seedlings and juveniles, with a trend for density
increasing in some of the smallest sites, probably a
result of past management history.

All the three stages (Fig. 2) showed significant
effects of defaunation level and site area, as revealed
by the GLM fits incorporating these effects (F' > 3.29,
P <0.01 in all cases). The densities of the three stages
decreased with increasing defaunation and decreasing
site area, with larger effects of defaunation as esti-
mated from the model effect coefficients. Sites with
defaunation levels 1 and 2 had significantly higher
seedling densities when contrasted with defaunation
level 3 (Tukey-HSD test, P < 0.05; Fig. 2), although the
contrast for levels 1 vs. 3 was only marginally signi-
ficant. The variation in adults, juveniles and seedlings
among sites was associated with site area and defau-
nation, but the negative effects of defaunation were
larger.

DISCUSSION

We examined how the combined effects of fragment
area and defaunation level influence seed removal, dis-
persal and survival of Astrocaryum aculeatissimum.
Scatter-hoarding rodents (chiefly agoutis) are key ele-
ments for the dispersal of this palm, because they
removed and buried up to 22% of the seeds away from
the parent plant. Astrocaryum seeds have higher seed-
ling recruitment when buried because they escape pre-
dation from bruchids and large vertebrates such as
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Figure 2. Mean density (number of individuals/ha; + 1 SE) of different demographic stages of Astrocaryum aculeatissimum
at nine sites (see Table 1) in the Atlantic Forest of south-east Brazil. Solid bars indicate largely preserved sites (defaunation
level 1); greyed bars, sites with moderate hunting pressure (defaunation level 2); and open bars, severely defaunated sites

(defaunation level 3).

peccaries (Smythe, 1989). In addition, squirrels and
spiny rats do not compensate for the decrease in seed
removal in the absence of agoutis, because they exhibit
low seed removal rates and short dispersal distances of
A. aculeatissimum seeds (Donatti, 2004). Therefore,
the interactions of seeds and scatter-hoarding rodents
can be widely variable across sites that differ in defau-
nation level and forest size. As a result, variable pat-
terns of seed mortality beneath the parent plants have
been previously reported (Wright et al.,2000; Wright &
Duber, 2001), but the success of scatter-hoarding dis-
persal and the escape from insect seed predators have
scarcely been studied experimentally.

Agoutis are usually absent in areas smaller than
2000 ha, because these fragments do not support sus-
tainable hunting (Peres, 2001). Therefore, a palm spe-
cies that relies on agoutis for seed dispersal will face
local extinction earlier in small forest fragments than
in larger fragments. Previous studies have shown that
the proportion of successfully dispersed palm seeds
was inversely related to poaching intensity, ranging
from 85-99% dispersal at protected sites to 4-50% at
unprotected sites (Wright et al., 2000). In defaunated
areas or small forest fragments, variation in the inten-
sity of seed predation beneath adult palms is driven
mainly by insects. In the range of sites studied here,
excluding the Sao Paulo state areas where the special-
ist bruchid Caryoborus serripes (subfam. Pachymeri-
nae) was never recorded, the proportion of seeds
beneath adult palms lost to insects was consistently
>50% in the smaller sites with higher defaunation
levels. Large, lightly hunted sites consistently had
< 25% of seeds preyed upon by insects.

Poaching also affects the seed dispersal rates for
large palms. For example, in Attalea butyracea and

Astrocaryum standleyanum, the proportion of seeds
dispersed away from fruiting conspecifics was
inversely related to poaching intensity, ranging from
0-10% at protected sites where mammals were abun-
dant to 3-40% at unprotected sites where poachers
were most active (Wright et al., 2000). Our results
concerning the density of individuals are in agree-
ment with the patterns of disruption of Astrocaryum
aculeatissimum seed dispersal observed in small,
defaunated fragments.

Our results indicate that seedling densities increase
with reduction of area and increasing defaunation.
However, in areas in which size is very small
(<1000 ha) and the level of defaunation is high,
the seedling recruitment collapses, and the natural
regeneration of the palm population is blocked.
For instance, demographic models have shown that
Attalea humilis populations in small forest fragments
will first increase, forming monospecific, high-density
stands, and then collapse under the prevalence of sec-
ondary vegetation and lack of rodent seed dispersers,
which are frequently extinct in such habitats (Souza &
Martins, 2004). In fact, forest fragmentation aggra-
vates the effects of defaunation because it: (1) reduces
and isolates vertebrate populations adverse to the
surrounding habitat matrix; (2) reduces the recoloni-
zation of highly defaunated areas from adjacent,
nondefaunated areas; (3) increases the accessibility to
hunters; and (4) reduces the area of suitable habitat
for species adverse to forest edges (see Peres, 2001).

The density of Astrocaryum seedlings in large frag-
ments may be a result of intense predation by white-
lipped peccaries (Tayassu pecari) in some rainforests
(Silman, Terborgh & Kiltie, 2003), but peccaries occur
in only two of our studied areas (Ilha do Cardoso and
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Juréia-Itatins). Harrington et al. (1997) did not detect
any significant response to fragmentation in terms of
the ratio of juveniles to adults for some large-seeded
species in Australia, a finding that suggests that long-
lived trees respond slowly to land use change. In any
case, the low density of seedlings in our large forests
may be as low as that of small (< 50 ha) fragments even
though the overall population size is much bigger.

The negative effects of forest fragmentation and
defaunation on the abundance of seedlings have been
reported for several plant species (Chapman & Chap-
man, 1995; Benitez-Malvido, 1998; Asquith et al.,
1999; Cordeiro & Howe, 2001; Bruna, 2003), including
palms (Scariot, 1999). Our results corroborate the evi-
dence that the loss of effective seed dispersers could be
an important cause of such patterns, especially for
large-seeded species. The seedling and juvenile densi-
ties showed similar responses to the gradient of
increasing defaunation and reduced area, with very
low densities in highly defaunated sites. In fact, the
direct negative effect of defaunation was higher than
the reduction in forest area.

The effects of lost seed dispersers can be especially
pervasive for plants that rely on few frugivore species
for seed dispersal, such as the large-seeded palms.
There is increasing evidence that neotropical, large-
seeded palms — including several Astrocaryum species
—rely mainly on scatter-hoarding rodents (e.g. Hoch &
Adler, 1997; Peres & Baider, 1997; Asquith et al., 1999;
Brewer & Rejmanek, 1999; Charles-Dominique et al.,
2003). Indeed, 19 species (or 45%) of Atlantic forest
palms are dispersed chiefly by scatter-hoarding
rodents, especially agoutis, or by the endangered low-
land tapir (Tapirus terestris) (Galetti et al., 2001; M
Galetti, unpubl. data), including several endemic spe-
cies and one endemic genus (Polyandrococos). Both
scatter-hoarding rodents and the tapir are vanishing
in small, defaunated areas (Chiarello, 1999), and the
Atlantic forest is now a mosaic of small fragments
with a few, large blocks of forest.

Our study provides a testable model for other large-
seeded species where seed removal and legitimate dis-
persal by large frugivores is a function of both forest
size and defaunation level (Fig. 3). The large-bodied
frugivores, which are preferred game species, affect
dispersal only in lightly hunted areas, while spiny rats
and squirrels might act as legitimate dispersers only
in extremely defaunated areas. Successful dispersal of
large-seeded palms relies on scatter-hoarding by ago-
utis (Dasyprocta spp.), but this mutualism collapses
in moderately hunted areas where the agoutis have
been extirpated. The fraction of undispersed seeds
increases as the probability of dispersal decreases, so
that in relatively small, highly defaunated areas most
seeds are preyed upon by insects. The sharp decline in
the probability of successful dispersal may occur at

removal and dispersal

Probability of successful

-
—

Dispersed

Guans, toucans @ O O O
Small rodents @ @ @ L 4
Agoutis @ @ O O
Primates @ O O O
Tapirs @ O O O
Minimal Moderate High Extreme

Defaunation level

Figure 3. A conceptual model for the probability of suc-
cessful seed removal and dispersal of large-seeded palms
dispersed by vertebrates in tropical forests under variable
defaunation intensity. Filled dots indicate the presence of
different frugivorous taxa at each defaunation level; greyed
dots indicate marginal abundances.

different defaunation levels depending on how hunt-
ing pressure covaries with area size. Successful dis-
persal events might be retained in large but severely
hunted areas or in small fragments located close to
larger, less defaunated areas. In any instance, local
extirpation of agoutis is a key factor promoting the col-
lapse of palm recruitment.

We expect a sharp collapse of scatter dispersal for
A. aculeatissimum and other large-seeded species, due
to the simultaneous effect of loss of the main seed dis-
perser and the disproportionate increase in insect
abundance in defaunated sites, which are usually also
severely fragmented.

Current management practices including palm
extraction, fragmentation and hunting pressure have
a lasting effect on Atlantic forest palm regeneration by
severely limiting successful recruitment of prerepro-
ductive individuals. The future of the populations of
several palm species will depend on intense manage-
ment, especially in small forest fragments.
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