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Abstract

By tracking the fate of individual seeds from 6 frugivore-dispersed plants with contrasting seed traits in a frag-
mented subtropical forest in Southwest China, we explored how rodent seed predation and hoarding were influ-
enced by seed traits such as seed size, seed coat hardness and seed profitability. Post-dispersal seed fates var-
ied significantly among the 6 seed species and 3 patterns were witnessed: large-seeded species with a hard seed
coat (i.e. Choerospoadias axillaries and Diospyros kaki var. silvestris) had more seeds removed, cached and
then surviving at caches, and they also had fewer seeds predated but a higher proportion of seeds surviving at
the source; medium-sized species with higher profitability and thinner seed coat (i.e. Phoebe zhennan and Pa-
dus braohypoda) were first harvested and had the lowest probability of seeds surviving either at the source or
at caches due to higher predation before or after removal; and small-seeded species with lower profitability (i.e.
Elaeocarpus japonicas and Cornus controversa) had the highest probability of seeds surviving at the source but
the lowest probability of seeds surviving at caches due to lower predation at the source and lower hoarding at
caches. Our study indicates that patterns of seed predation, dispersal and survival among frugivore-dispersed
plants are highly determined by seed traits such as seed size, seed defense and seed profitability due to selective
predation and hoarding by seed-eating rodents. Therefore, trait-mediated seed predation, dispersal and survival
via seed-eating rodents can largely affect population and community dynamics of frugivore-dispersed plants in
fragmented forests.

Key words: frugivore-dispersed plants, secondary seed dispersal, seed-eating rodents, seed predation, seed
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INTRODUCTION

Post-dispersal seed fates mediated by seed-eating ro-
dents and other seed predators have fundamental im-
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seed-eating rodents may have negative impacts on for-
est regeneration due to limited seed production in frag-
mented forests (e.g. Hulme & Hunt 1999; Cramer ef al.
2007; Velho et al. 2012). However, growing evidence
indicates that scatter-hoarding rodents can also act as
secondary seed dispersers for many frugivore-dispersed
plants (e.g. Forget & Milleron 1991; Vander Wall ef al.
2005; Forget & Cuijpers 2008; Cao et al. 2011), as they
act as primary seed dispersers for nut-bearing plants.
Therefore, it is expected that scatter-hoarding rodents
might conpensate for seed dispersal and subsequent re-
cruitment of frugivore-dispersed plants at least at local
scales, especially when vertebrate frugivores are func-
tionally extinct in a wide range of habitats (e.g. Wright
2003; Cao et al. 2011; McConkey et al. 2012).

Similar to predator-dispersed plants, such as nut-
bearing species, frugivore-dispersed plants also produce
seeds varing in seed size, seed defense (e.g. seed coat
hardness and chemicals) and seed profitability (food val-
ue) (see Moles et al. 2003). Thus, rodent seed predation
and dispersal may vary considerably among frugivore-
dispersed plants, primarily depending on specific traits
from their seeds (e.g. Moles et al. 2003; Garcia et al.
2005). However, how rodent seed predation and disper-
sal are related to seed traits among frugivore-dispersed
plants has been explored little. Compared to other seed
traits, seed size is found to cause differential seed preda-
tion by rodents (e.g. Moles et al. 2003): larger seeds are
expected to experience higher predation and lower sur-
vivial than smaller seeds (e.g. Moles et al. 2003; but see
Dirzo et al. 2007; Mendoza & Dirzo 2007). In contrast,
those studies with scatter-hoarding rodents and nut-
bearing plants indicate that larger seeds are more likely
to be removed and cached (dispersed), rather than eaten
in situ (e.g. Jansen et al. 2004; Xiao et al. 2004, 2005,
2006b). Seed coat hardness or thickness may also in-
fluence rodent seed predation and dispersal (e.g. Jacobs
1992; Xiao et al. 2003, 2005). Zhang and Zhang (2008)
show that harder seeds are more likely to be cached but
consumed less at the source. Seed profitability (e.g. ed-
ible seed kernel proportion) is often the reverse of seed
defense, and, thus, higher-profitability seeds are ex-
pected to experience higher predation (e.g. Moles et al.
2003) or higher dispersal (i.e. more seeds scatter-hoard-
ed) (e.g. Jansen et al. 2004). Therefore, selective preda-
tion and dispersal by seed-eating rodents may impose
strong selection on frugivore-dispersed seeds and veg-
etation dynamics (e.g. Moles et al. 2003; Mendoza &
Dirzo 2007; Jorge & Howe 2009; Melo et al. 2010; Vel-
ho et al. 2012).

Rodent seed predation, dispersal and survival

In this study, we explore how seed predation and
scatter-hoarding by rodents influences seed survival
among frugivore-dispersed plants with contrasting seed
traits in a fragmented subtropical forest in Southwest
China. In the study site, frugivorous birds are important
seed dispersers for many fleshy-fruited plants producing
smaller seeds (Jiang et al. 2010). However, due to in-
tense hunting and other human disturbance, most large
mammals (e.g. frugivorous primates and deer) are local-
ly extinct, and Paguma larvata (C. E. H. Smith, 1827)
is the only mammal species known to feed on fruits and
to defecate intact seeds. Recently, using camera traps
(Ltl Acorn 5210), we found that P. larvata can vis-
it many fleshy-fruited plants (over 10 species recorded,
including those with larger seeds [e.g. Choerospoadi-
as axillaries and Diospyros kaki var. silvestris]). Frugi-
vore-dispersed seeds are also found to be consumed by
rodents, and some seeds are cached in surface soil or un-
der leaf litters. Thus, we expected that scatter-hoarding
rodents such as Leopoldamys edwardsi (Thomas, 1882)
(see Xiao et al. 2003, 2008; Cheng et al. 2005; Chang &
Zhang 2011) might act as secondary seed dispersers for
some frugivore-dispersed plants. Here, 6 common fru-
givore-dispersed plants are studied: C. axillaries and D.
kaki var. silvestris, which were primarily dispersed by
mammals (here, P. larvata), and Phoebe zhennan, Padus
braohypoda, Elaeocarpus japonicas and Cornus con-
troversa, which were primarily dispersed by both mam-
mals and birds. Fruits and seeds of these seed plants
varied in size, color, seed defense and food value (Table
1). We addressed the following specific questions:

1. How are selective predation and dispersal by rodents
related to seed traits of frugivore-dispersed plants (e.g.
seed size, seed coat hardness and seed profitability)?

2. How do differential seed predation and hoarding by
seed-eating rodents affect population and community
dynamics of frugivore-dispersed plants in forest frag-
ments?

MATERIALS AND METHODS

Study site and study species

This study was performed in the Banruosi Experi-
mental Forest (altitude 700-850 m, 31°4'N, 103°43'E)
in Dujiangyan City of Sichuan, Southwest China during
autumn of 2008 and spring of 2009. The Experimen-
tal Forest is highly affected by human disturbance, in-
cluding farming, logging and hunting. The study site
has subtropical forest-type vegetation, but many com-
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[Rattus norvegicus (Berkenhout, 1769)], Sichuan field
mouse (Apodemus latronum Thomas, 1911), Chevri-
er’s field mouse [Apodemus chevrieri (Milne-Edwards,
1868)], South China field mouse [Apodemus draco
(Barrett-Hamilton, 1900)], striped field mouse [Apode-
mus agrarius (Pallas, 1771)] and harvest mouse [Micro-
mys minutus (Pallas, 1771)] (Xiao et. al. 2002, unpubl.
data). These rodents feed and/or hoard nuts and seeds
from nut-bearing plants (mostly Fagaceae) and some
fleshy-fruited plants (Xiao et al. 2003, 2005).

Seed predation and dispersal experiment

After fruits ripened, we collected fruits (seeds) of the
6 tree species from the ground or directly from fruit-
ing plants. Seeds were washed with water for seed pre-
dation and dispersal experiments. We randomly selected
360 sound seeds from each species (for a total of 2160
seeds), and all seeds were marked by attaching a small
coded plastic tag to each seed through a 10 cm thin wire
(see details in Xiao ef al. 2006a).

We selected 4 separated secondary stands (stand area
approximately 1-3 ha) as experimental plots for seed
predation and dispersal experiments. For each experi-
mental plot, we established 3 cafeteria stations 20-30 m
apart along a transect line and placed 180 tagged seeds
at each cafeteria station (i.e. 30 seeds for each seed spe-
cies on the ground within an area of 1 m’). We tracked
and recorded the fate of each tagged seed at 1, 2, 3, 5,
7 and 19 weeks after seed exposure. Seed fate at the
source (stations) were categorized as survival in situ,
eaten in situ and removed. Those removed from stations
were categorized as dispersed (cached in soil or beneath
leaf litters, left in the surface), eaten or missing (fate un-
known). During each survey, we recorded the distances
of eaten and cached seeds after they were removed from
seed stations, and used numbered bamboo sticks to mark
the cached seeds. At subsequent surveys, we checked
all the previous marked tagged seeds. If a marked seed
was removed, the area around the cache was extensively
searched. At the last visit, we retrieved all the seeds that
we could find and recorded seed fate and distances from
seed stations.

Monitoring seed-eating rodents

Surveys for seed-eating rodents were conducted in
the same stands used for the seed predation and disper-
sal experiments in Oct 2008 (slightly earlier than the ex-
periments). We trapped seed-eating rodents using large
wired cage traps (30 X 25 x 20 cm, of our own design

Rodent seed predation, dispersal and survival

approved by the Institute of Zoology, Chinese Academy
of Sciences), baited with chestnuts and small pieces of
cabbage as food and water. Dry leaves of local species
were provided as nest materials. For each stand, we set
40 traps along 2 or 3 trap lines for 3 consecutive nights.
Each trap and each trap line were set 10—15 m apart.
Traps were placed at 1800—1900 hours in the evening
and were checked 12 h later. All captured animals were
identified to species, sex and reproductive status (females
pregnant, lactating or not; males with testes descend-
ed or not). Individuals were then marked with a colored
paint to allow identification during the 3-day survey, if
they were recaptured. We released each animal at their
original point of capture.

Data analysis

For seed fate data (pooled for each stand), the fol-
lowing variables from source to cache sites were consid-
ered: (i) the proportion of non-dispersed and not eaten
seeds at each stand (i.e. survival at the source); (ii) the
proportion of seeds removed at each stand (the follow-
ing spring) (i.e. removal from the source); (iii) the pro-
portion of seeds cached in primary caches after removal
(i.e. dispersed); and (iv) the proportion of seeds finally
surviving for all cached seeds the following spring (i.e.
survival at caching sites). Because the above seed fate
data were proportion data, generalized linear mixed-ef-
fects models were used to test their differences, with a
logit link function and seed species as a fixed factor and
stand as a random factor.

In this study, we used Kaplan—Meier survival anal-
ysis to calculate the mean time (weeks) to seed har-
vest from seed stations for each seed species and each
stand. The mean distance of primary caches or eaten
seeds after removal from the source were also calculat-
ed for each seed species and each plot. One-way analy-
sis of variance was used to compare the difference in the
mean time (log-scale) to seed harvest from seed stations
among the 6 seed species, and two-way analysis of vari-
ance was used to compare the difference in the mean
distance (log-scale) with seed species and seed fate (dis-
persed vs eaten after removal). The y’-test was used to
test the difference in trap success of all rodent species
among the 4 stands.

Generalized linear mixed-effects models were car-
ried out using the R program (version 2.8.1), and other
statistical analyses were conducted using SPSS for win-
dows (version 10.0).
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RESULTS

Seed predation, dispersal and survival

During the experimental period, rodents differential-
ly harvested (either consumed or removed) the seeds
at each stand: seeds from Ph. zhennan and Pa. brao-
hypoda were harvested first and suffered higher preda-
tion, compared to the other 4 species (Figs 1 and 2). The
mean lifetime of the tagged seeds at seed stations varied
significantly among seed species (Wald = 159.691, df =
5, P <0.001): Ph. zhennan and Pa. braohypoda seeds
had the shortest lifetime, but D. kaki var. silvestris and E.
Japonicas seeds had the longest lifetime (Fig. 1).

For all 6 seed species, 35.1% of the tagged seeds
were removed from seed stations, while 8.3% of the
tagged seeds were dispersed (i.e. scatter-hoarded) af-
ter removal. We relocated most (88.3%) of the removed
seeds. The proportion of seeds removed from seed sta-
tions varied significantly among seed species (z =
10.989, P <0.001): D. kaki var. silvestris had the high-
est removal proportion (57%), followed by C. axil-
laris (53%), Ph. zhennan (49%) and Ph. braohypoda
(43%), with no more than 6% for E. japonicas and Co.
controversa (Fig. 2a). After removal, the proportion of
dispersed seeds also varied significantly among seed
species (z=5.914, P <0.001): 19.7% of D. kaki var. sil-
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Figure 1 The time (weeks, mean + SD) to seed harvest at the
source (seed stations) after placed for 7 weeks among 6 seed
species. CA, Choerospoadias axillaris; CC, Cornus controver-
sa; DK, Diospyros kaki var. silvestris; EJ, Elaeocarpus japoni-
cus; PB, Padus braohypoda; PZ, Phoebe zhennan.

vestris seeds were dispersed, followed by C. axillar-
is (18.1%) and Ph. zhennan (5.6%), but the rest of the 3
seed species had less than 5% of seeds dispersed (Fig.
2b).

At the end of this experiment (approximately 5
months), 5 of the 6 seed species had part of the seeds
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Figure 2 Seed fate (proportion, mean + SD) among 6 seed spe-
cies across different dispersal stages: (a) removed from the
source (seed stations); (b) dispersed in caches, including intact
seeds buried in the soil or under leaf litter; and (c) final sur-
vival of seeds either at the source (i.e. survival at the source)
or at caches (survival at caches). CA, Choerospoadias axillar-
is; CC, Cornus controversa; DK, Diospyros kaki var. silvestris;
EJ, Elaeocarpus japonicus; PB, Padus braohypoda; PZ, Phoe-
be zhennan. Bars with the same letter are not significantly dif-
ferent (P > 0.05).
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Figure 3 Dispersal distances (m, mean + SD) of seeds eaten or
cached after removed from seed stations among 6 seed species:
CA, Choerospoadias axillaris; CC, Cornus controversa; DK,
Diospyros kaki var. silvestris; EJ, Elaeocarpus japonicus; PB,
Padus braohypoda; PZ, Phoebe zhennan.

surviving at the source. The proportion of seeds surviv-
ing at the source varied significantly among seed spe-
cies (z=11.735, P <0.001): 2 small-seeded species (Co.
controversa, 89.4%; E. japonicas, 76.9%) had the high-
est proportion of seeds surviving at the source, but Pa.
braohypoda (0%) and Ph. zhennan (4%) had the lowest
proportion. The proportion of seeds surviving at caching
sites also varied significantly among seed species (z =
3.902, P < 0.001): the 2 large-seeded species with hard
seeds (C. axillaris and D. kaki var. silvestris) had the
highest proportion of seeds surviving at caching sites,
but Ph. zhennan and Pa. braohypoda, with higher prof-

Rodent seed predation, dispersal and survival

itability, had the lowest proportion of seeds surviving at
caching sites due to strong predation and less hoarding
(Fig. 2).

The mean dispersal distance was similar (F) 55 = 0.065,
P =0.479) between eaten seeds and hoarded seeds after
they were removed from the source (Fig. 3). However,
the mean dispersal distance varied significantly among
seed species (Fs,s = 13.032, P < 0.001): C. axillaris
seeds had the longest mean distance and D. kaki var. sil-
vestris seeds ranked second, with the dispersal distance
of these 2 seed species being 2—-3 times longer than that
of any other seed species (Fig. 3).

Seed-eating rodents

Five rodent species were trapped over 120 trap nights
across 4 secondary stands: L. edwardsi, N. confucianus,
N. fulvescens, A. latronum and A. draco (Table 2). The
total trap success of these rodents was similar among
the 4 stands (y’ = 0.464, df = 3, P = 0.927; Table 2).

DISCUSSION

In this study, our results showed that 2 seed species
(Ph. zhennan and Pa. braohypoda) received extremely
higher predation (95%—-100%), although a tiny portion
(<4%) of their seeds were also scatter-hoarded. Another
2 seed species (C. axillaries and D. kaki var. silvestris)
had approximately 20% of seeds scatter-hoarded and
most of these hoarded seeds survived at caching sites. In
the study site, our previous and ongoing survey (2000—
present) has shown that seed-eating rodents are the main
seed predators for nut-bearing plants (Xiao et al. 2003,
2005, 2006b, 2008). Moreover, our field experiments
and behavioral experiments in large enclosures have

Table 2 Seed-eating rodents captured in each separated stand (n = 120 traps for 3 consecutive nights) used for seed predation and

dispersal experiments in Oct 2008 (before the experiments)

Rodent species Scatter-hoardingt Stand
A B C D
Leopoldamys edwardsi Yes 2 1 1 2
Niviventer confucianus No 3 0 1 0
Niviventer fulvescens Not frequently 0 4 1 0
Apodemus latronum Not frequently 0 0 1 0
Apodemus draco Not frequently 1 2 1 5
Trap success (%) 5.00 5.83 4.17 5.83
+Sourced from Xiao et al. (2003, 2008, unpubl. data); Cheng et al. (2005) and Chang and Zhang (2011).
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identified that L. edwardsi is the primary scatter-hoarder
(seed disperser) for nut-bearing species compared with
other rodent species (e.g. Niviventer spp. and Apodemus
spp.) (Xiao et al. 2003, 2008; Cheng et al. 2005; Chang
& Zhang 2011). Therefore, the 5 rodent species trapped
in this study are most responsible for seed predation of
frugivore-dispersed plants, but scatter-hoarding rodents
(primarily L. edwardsi) aew also important for second-
ary seed dispersal and subsequent survival of some fru-
givore-dispersed plants (see below).

Our results also showed that post-dispersal seed fates
varied greatly among the 6 seed species, and rodent seed
predation and hoarding are highly determined by seed
traits of frugivore-dispersed plants. Our study further
confirmed that seed size had pronounced impacts on
seed removal, seed dispersal (scatter-hoarding and dis-
persal distance) and seed survival (Figs 2 and 3). This is
most consistent with our previous studies with nut-bear-
ing plants in the same study site: larger seeds are more
likely to be removed, hoarded and to survive as seed-
lings than smaller seeds (Xiao ef al. 2003, 2005, 2006b).
However, we found that smaller seeds from E. japonicas
and Co. controversa with lower profitability experienced
extremely lower predation levels and had the highest
survival probability at the source. This indicates that the
smaller seeds (<0.2 g) produced by many frugivore-dis-
persed plants have a significant advantage for better dis-
persal by vertebrate frugivores (frugivorous birds in
particular) and/or escaping from rodent seed predation,
although they do not have the advantage for secondary
dispersal by scatter-hoarding rodents (see Vander Wall
& Beck 2012). In this study, higher profitability (edi-
ble proportion) and lower physical defense (thinner seed
coat) explain why medium-sized seeds (i.e. Ph. zhennan
and Pa. braohypoda) experienced higher predation level
and much lower survival both at the source and at cach-
ing sites. In addition, harder seeds such as C. axillaries
and D. kaki var. silvestris had lower predation levels, al-
though these seeds are also larger and even more profit-
able (i.e. D. kaki var. silvestris). This is consistent with
our previous study that hard nuts from Li. harlandii are
less predated but hoarded more in the same study site
(Xiao et al. 2005; Xiao & Zhang 2006).

Due to forest fragmentation and human disturbance
(e.g. hunting), many medium/large frugivorous mam-
mals and birds are found to decline dramatically or to
be locally extinct (e.g. Corlett 2002; Wright 2003; McConk-
ey et al. 2012). Compared with population decline or lo-
cal extinction of many vertebrate frugivores, however,

many seed-eating rodents suffer little from hunting and
are less sensitive to habit changes in fragamented for-
ests (e.g. Wright 2003; Dirzo et al. 2007). According to
our study, selective predation and dispersal by seed-eat-
ing rodents may have strong impacts on seed survival
among frugivore-dispersed plants and thus drive plant
population and community dynamics in fragmented for-
ests. In this study, 3 patterns of seed predation, disper-
sal and survival were recognized for the 6 frugivore-dis-
persed plants.

Large-seeded species with hard seeds

Large-seeded species with hard seeds (i.e. C. axillar-
ies and D. kaki var. silvestris) had more seeds removed,
cached and then surviving at caches. They also had few-
er seeds predated but a relatively higher proportion of
seeds surviving at the source. Thus, scatter-hoarding ro-
dents can have positive effects on secondary seed dis-
persal and subsequent survival for some frugivore-dis-
persed plants producing large seeds and/or high-defense
seeds. Moreover, secondary seed dispersal by scat-
ter-hoarding rodents can compensate for limited seed
dispersal of these frugivore-dispersed plants in frag-
mented forests where medium/large vertebrate frugiv-
ores are locally extinct (Wright et al. 2007; McConkey
etal. 2012).

Medium-sized species with higher profitability
and thinner seed coat

Medium-sized species with higher profitability and
thinner seed coat (i.e. Ph. zhennan and Pa. braohypo-
da) were first harvested and had the lowest probabili-
ty of seeds surviving either at the source or at caches
due to higher predation before or after removal from the
source. Obviously, heavy seed predation by seed-eating
rodents can have significantly negative effects on seed
survival and seedling recruitment of these frugivore-dis-
persed plants producing high-profitability seeds, espe-
cially when populations of these plants are small and
seed crops are also limited in fragmented forests. This
is consistent with the fact that both Ph. zhennan and Pa.
braohypoda had much lower populations in the study
site.

Small-seeded species with lower profitability

Small-seeded species with lower profitability (i.e. E.
Jjaponicas and Co. controversa) had the highest prob-
ability of seeds surviving at the source but the lowest
probability of seeds surviving at caches due to lower
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predation at the source and lower hoarding. This may be
one key reason that these small-seeded species are dom-
inant in the study site compared with the other 4 spe-
cies.

CONCLUSION

In conclusion, our study had shown that post-disper-
sal seed fate varied greatly among the 6 seed species
and patterns of seed predation, dispersal and survival
among frugivore-dispersed plants are highly determined
by seed traits, such as seed size, seed defense and seed
profitability, due to selective predation and hoarding by
seed-eating rodents. Obviously, our results suggest that
for frugivore-dispersed species, seed size may combine
other seed traits (e.g. seed defense and seed profitabili-
ty) to affect seed selection (predation and hoarding) by
seed-eating rodents and other seed predators, which, in
turn, largely influences seed survival, seedling recruit-
ment and vegetation diversity. Therefore, trait-mediat-
ed seed predation, dispersal and survival via seed-eating
rodents may drive population and community dynamics
of frugivore-dispersed plants in fragmented forests.
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