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Some species of scatter-hoarding rodents direct seed dispersal by dispersing seeds into areas where the densities
of conspecific trees are low. This behavior seems to be an immediate response to cache pilferage and is
accomplished by multiple movements. We evaluated whether this directed dispersal also occurs when the scatter-
hoarding rodents Maxomys surifer disperse seeds away from parent trees when no pilferage has occurred. We
simulated parent trees by releasing seeds at different sites in semi-natural enclosures, which prevent pilferage,
in Xishuangbanna region, Southwest China. We found that M. surifer preferred to disperse seeds into areas with
fewer conspecific seeds and that seeds cached in areas of low seed density were more likely to survive than those
in areas of high density. Our results indicate that M. surifer could provide directed dispersal when they initially
disperse seeds away from parent trees, without pilferage. This finding suggests that directed seed dispersal is not
an immediate response after pilferage, but an instinctive behavior to reduce the potential for density-dependent
cache pilferage. Further, our study indicates that directed seed dispersal is important to mast-seeding plants or

species whose seeds are unlikely to be dispersed several times by scatter-hoarding animals.
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Seed-dispersing animals regenerate many plant species by dis-
persing seeds away from the parent trees (Howe and Smallwood
1982; Smith and Reichman 1984; Vander Wall 1990). Some of
these animals also can disperse seeds non-randomly to favor-
able sites where seeds are more likely to establish and survive,
known as directed dispersal (Howe and Smallwood 1982;
Wenny 2001). Typical examples of directed dispersal include
mistletoe dispersal by birds, dispersal of elaiosome-bearing
seeds by ants, and scatter hoarding by corvids (reviewed in
Wenny 2001).

Recently, a number of studies have shown that scatter-hoard-
ing rodents also could provide directed dispersal. For example,
Briggs et al. (2009) found that small rodents preferred to cache
seeds in favorable microsites and at a depth where the emergence
or survival of seedlings would be enhanced. Yi et al. (2013)
reported that Siberian chipmunks (Zamias sibiricus) preferred
to cache acorns in moist soils favorable for establishment.

Hirsch et al. (2012) found that agoutis (Dasyprocta punctata)
direct dispersal of Astrocaryum standleyanum palm seeds by
dispersing the seeds into areas where conspecific densities were
lower, thereby reducing the density-dependent theft of cached
seeds. Several other studies also found that scatter-hoarding
animals preferred to disperse seeds to specific microsites (e.g.,
an open area) to reduce cache pilferage (Munoz and Bonal
2011; Steele et al. 2014, 2015).

Escaping density-dependent mortality and increasing the
colonization of new habitats are key benefits of seed disper-
sal (Janzen 1970; Connell 1971; Howe and Smallwood 1982;
Vander Wall 1990). Consequently, effective seed dispersal
requires the deposition of seeds not only far from their own par-
ent trees but also far from other conspecific adult trees. Scatter-
hoarding rodents could disperse seeds into areas with low
densities of conspecific trees (Munoz and Bonal 2011; Hirsch
et al. 2012), which in turn may reduce density-dependent
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mortality of seeds and seedlings. This behavior could be an
immediate response to pilferage of caches, aiming to reduce
density-dependent theft of cached seeds (Munoz and Bonal
2011), and it is accomplished by multiple attempts to re-cache
seeds. Pilferage is higher around parent trees owing to higher
seed abundance attracting more foragers (Munoz and Bonal
2011). Despite this, it is unclear whether directed dispersal
occurs in the absence of pilferage.

Recent studies found that most seedlings were from the pri-
mary caches (Vander Wall 2002; Xiao et al. 2013; Cao et al.
2016). Typically, small seeds are not dispersed multiple times
by scatter-hoarding animals (Vander Wall 2002; Xiao et al.
2004, 2005a, 2005b; Cao and Guo 2011; Wang et al. 2012),
although a few studies suggested that rodents could disperse
seeds up to 36 times in a tropical forest (Hirsch et al. 2012;
Jansen et al. 2012). As a result, it would be most beneficial
to the parent tree if dispersal occurs directly into areas of low
conspecific density.

Regeneration of seedlings usually occurs in years of high
seed abundance for mast-seeding plants (Silvertown 1980;
Kelly 1994; Vander Wall 2001, 2002; Yi et al. 2011). In a mast-
seeding year, high seed abundance can satiate seed predators
and benefit seed survival. Further, seeds usually are dispersed
a shorter distance and survive longer in mast-seeding years
(Jansen et al. 2004; Xiao et al. 2005a, 2013), because of a lower
pilferage rate in these years (Moore et al. 2007). Ultimately,
the establishment of seedlings is usually accompanied by lower
pilferage rate. Consequently, the question remains whether
scatter-hoarding rodents still tend to disperse seeds far from
conspecific trees in mast-seeding years when pilferage is low
or even non-existent.

We simulated seed dispersal by scatter-hoarding rodents in
semi-natural enclosures (simulating focus trees and neighbor-
ing conspecific trees) in the Xishuangbanna region, Southwest
China. The semi-natural enclosure experiments prevented pil-
ferage. We aimed to investigate whether scatter-hoarding ani-
mals provided directed seed dispersal by dispersing seeds into
areas with low conspecific tree density when they initially dis-
perse seeds away from parent trees, even when no pilferage
occurs.

MATERIALS AND METHODS

Study site and study species.—The study was carried out
in a tropical area in the Xishuangbanna Prefecture, Yunnan
Province, China. The average annual rainfall is approximately
1,500 mm, with 80% of the annual rainfall occurring during the
wet season (May—October) and 20% falling in the dry season
(November—April—Cao and Zhang 1997). The primary vegeta-
tion in Xishuangbanna can be divided into 4 types: tropical rain
forest, tropical seasonal moist forest, tropical montane evergreen
broad-leaf forest, and tropical monsoon forest (Zhu 2006). The
tropical montane evergreen broad-leaf forest and tropical rain
forest are the predominant vegetation types in this region.

In the study area, Niviventer confucianus and Maxomys suri-
fer are the dominant rodent species (Wang et al. 2014; Cao et al.
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2017). Previous studies found that the predominant behavior of
M. surifer was scatter hoarding; N. confucianus showed some
scatter hoarding, but more commonly exhibited larder hoarding
(Caoetal. 2011a,2011b; Wang et al. 2014). We used M. surifer
as the experimental animal because this was the only species
in the study site that exhibited predominantly scatter-hoarding
behavior.

The seeds used in this study are from the Castanopsis hys-
trix tree, a dominant species in the tropical montane evergreen
broad-leaf forest (Zhu 2006). This species showed marked
mast-seeding in the study site (L. Cao, pers. obs.). The fresh
seed mass of C. hystrix is 0.93 = 0.04 g (mean + SE), with
a coat thickness of 0.34 + 0.01 mm (mean + SE), and a low
tannin content of 0.15% (Wang et al. 2014). Previous studies
found that all rodent species in the study site had a preference
to depredate and hoard C. hystrix seeds (Wang et al. 2014).
As a result, these seeds were suitable for investigating the
predation and hoarding behavior of scatter-hoarding rodents.
We collected seeds from the forest during the fruiting time in
November 2012 and then stored them (mixed with dry sand) at
4°C for later use.

Enclosure experiments.—We captured rodents by using
live traps made of steel wire mesh (14 x 14 x 30 cm—Chang
et al. 2009), baited with shelled peanuts and Pittosporopsis
kerrii seeds. Species, body mass, and reproductive status of
captured rodents were recorded. Adult M. surifer individuals
were taken to the laboratory for use in enclosure experiments.
Pregnant or juvenile individuals were immediately released
back into the field. All animals were kept in individual cages
(40 x 30 x 25 cm) and provided with adequate food, water, and
nest materials. A photoperiod cycle of 12:12 h (light:dark) was
maintained. Animals were acclimatized in the laboratory for a
minimum of 1 week prior to experimental trials.

Experiments were conducted in 8 semi-natural enclosures
(10 x 10 m, with 1.5-m walls—see Wang et al. 2014 for details)
from February to August 2013. During the enclosure experi-
ments, 1 animal was placed in the enclosure for observation at
a time. The animal was provided with laboratory food on the
Ist day to ease acclimation to the new environment. On the 2nd
day, 50 tagged C. hystrix seeds were placed at the center of the
enclosure, simulating seeds from focal trees, and 2 groups of
seeds (each group containing 50 tagged C. hystrix seeds) were
placed in different corners of 1 side of the enclosure, simulating
seeds from neighboring conspecific trees (Fig. 1). Seeds were
marked by attaching a small, coded plastic tag to each seed by
a thin steel thread (Zhang and Wang 2001; Xiao et al. 2006).
The plastic tags may provide obvious records of cached seeds
to any potential pilferer. However, our study was conducted in
the semi-natural enclosure, and no pilferer existed.

During the experiments, we also conducted a comparison
study to investigate whether the underground burrow had an
effect on hoarding behavior of rodents. For 15 individuals (6
females and 9 males), the seeds simulating neighboring con-
specific trees were placed at the side near the underground
burrow (Experiment A; Fig. 1a), and for the other 14 individu-
als (5 females and 9 males), the seeds simulating neighboring
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Fig. 1.—Diagram of the semi-natural enclosure and location of focal seeds (black circle) and seeds simulating conspecific trees (white circles).
The seeds simulating neighboring conspecific trees were placed at the side a) close to or b) far from the underground burrow.

conspecific trees were placed far from the underground burrow
(Experiment B; Fig. 1b).

From the 3rd day, we recorded the fate of each seed as at
the seed station or removed (eaten, scatter hoarded, recovered,
or missing) every day until most seeds were consumed. The
endpoint of the experimental trial was determined when less
than 10 seeds remained in the caches and seed stations (includ-
ing focal seeds and seeds simulating neighboring conspecific
trees), or missing seeds had been dispersed to underground
burrows. The experiment lasted 5—-16 days for each individual.
We did not check the seeds that were dispersed into the under-
ground burrow until the experiment had finished to avoid dis-
turbing the hoarding behavior of the rodents.

This study followed guidelines of the American Society of
Mammalogists (Sikes et al. 2016) and was approved by the
administrative panel on the ethics of animal experiments at
Xishuangbanna tropical botanical garden, Chinese Academy of
Sciences (Permit Number: XTBG2013-002). After the experi-
ments were finished, all rodents were released at the site where
they were captured.

Data analysis.—A generalized linear mixed model (GLMM,
in package Ime4) was used to analyze the probability of seed
removal and scatter hoarding with a binomial distribution and
logit-link function using R version 3.3.2 (R Development Core
Team 2017). Fixed effects were experimental treatment (i.e.,
A or B), sex, and their interaction. The rodent ID was treated as
a random effect. A GLMM also was used to test the difference
of the probabilities of seed scatter hoarding and seed survival
between the low-seed-density area (i.e., far from neighboring
conspecific seed sources) and the high-seed-density area (i.e.,
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close to neighboring conspecific seed sources), and rodent ID
was treated as a random effect. A Cox regression model (in the
survival package in R) was used to compare the difference in
survival time between the seeds cached in the low-seed-density
areas and the ones in the high-seed-density areas.

RESsuULTS

All released seeds were harvested (eaten or removed from the
seed stations) by rodents during the experiments. We found
77.1 £ 26.1% (mean = SD, n = 1,118) of the focal seeds and
73 +£24.7% (n=2,117) of the neighboring seeds were removed,
and 53.2 +£29.6% (n="771) and 47.8 + 28.3% (n = 1,385) were
scatter hoarded, respectively. The experimental treatment,
rodent sex, and their interaction showed no effect on the prob-
ability of seed removal or scatter hoarding for both focal seeds
and neighboring seeds (GLMM, all P > 0.05).

In both experiments, the neighboring seeds were more likely
to be scatter hoarded near the seed sources (Experiment A,
z7=-17.25, P <0.001; Experiment B, z = -24.154, P < 0.001),
which made the side with the seed sources become a high-seed-
density area, while the other side became a low-seed-density
area (side far from neighboring seed sources; Figs 1 and 2a).
For focal seeds, the probability of seeds being scatter hoarded
in the low-seed-density area was significantly higher than that
in the high-seed-density area in both experiments (Experiment
A, z7=28.614, P < 0.001; Experiment B, z = 9.511, P < 0.001;
Fig. 2b).

For focal seeds, there was no significant difference
between the survival time (defined here as days until eaten)
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Fig. 2.—The proportion of seeds being scatter hoarded near to (gray
bar) or far from (black bar) neighboring conspecific seed sources
for a) neighboring seeds and b) focal seeds, when neighboring seed
sources were placed on the side close to (Experiment A) or far from
(Experiment B) the underground burrow. The horizontal axis repre-
sents the location of neighboring seed sources.

of scatter-hoarded seeds cached in low- and high-seed-density
areas in Experiment A (z = 0.139, P = 0.889; Fig. 3a), but
the survival time of scatter-hoarded seeds cached in the low-
seed-density area was significantly longer than that of the
seeds cached in the high-seed-density area in Experiment B
(z=-2.145, P =0.0319; Fig. 3a). At the end of the experiment,
many more seeds survived in the area with low seed density
than in the area with high density for both Experiment A and B
(Experiment A, z=2.083, P =0.0372; Experiment B, z = 2.486,
P =0.0129; Fig. 3b).

DiscussioN

Our study indicates that M. surifer provides directed seed dis-
persal by dispersing seeds into areas with lower densities of
conspecific seeds when they initially disperse seeds away from
seed stations, even when no cache pilferage exists. This find-
ing suggests that the directed seed dispersal behavior is not an
immediate response after caches are pilfered, but an instinctive
behavior to reduce the potential for density-dependent cache
pilferage. This directed seed dispersal behavior seems critical
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Fig. 3.—Mean survival time (a; mean + SD) and proportion of sur-
viving to the end of experiment (b) of scatter-hoarded seeds for focal
seeds that were cached near to (gray bar) or far from (black bar) neigh-
boring conspecific seed sources, when neighboring seed sources were
placed on the side close to (Experiment A) or far from (Experiment B)
the underground burrow.

to mast-seeding plants, as seedling regeneration predominantly
occurs in mast-seeding years when pilferage is low. This pattern
occurs because animals that pilfer are often also seed hoarders
(Vander Wall and Jenkins 2003).

A previous study suggested that some species of scatter-
hoarding animals could disperse seeds into areas where the
densities of conspecific trees were lower by multiple move-
ments, due to strong pilferage pressure (Hirsch et al. 2012).
This cannot be the case for many plant species, especially
small-seeded species and mast-seeding species, as their seeds
are usually only dispersed a few times by scatter-hoarding ani-
mals. Furthermore, recent studies showed that most success-
fully established seedlings were from primary caches (Vander
Wall 2002; Xiao et al. 2013; Cao et al. 2016). Thus, directed
dispersal made in the primary-caching process may play a more
important role in seed dispersal and seedling establishment
than the proposed multiple-caching processes.

In our study, directed dispersal into an area with a low
density of conspecific seeds did not increase the mean sur-
vival time of scatter-hoarded seeds. However, because there
were more caches made from focal seeds in areas away from
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neighboring seed sources (Fig. 2b), many more seeds ulti-
mately survived in the areas with lower density of conspe-
cific seeds. Hirsch et al. (2012) posited a similar prediction:
directed dispersal by dispersing seeds into areas with lower
density of conspecific trees will benefit both post-dispersal
seed survival and seedling survival. That a low density of
conspecific trees may benefit post-dispersal seedling survival
also was predicted by the Janzen—Connell hypothesis (Janzen
1970; Connell 1971).

The patterns in seed survival that we detected were due solely
to the consumption of seeds cached by our individual study
animals in each experimental trial; these individuals made the
caches and know where they are. As food supply dwindled
during each experimental trial, focal individuals would have
to harvest these cached seeds, which may have diminished
potential differences in survival between high- and low-seed-
density areas that would be seen under more natural conditions.
In nature, other conspecifics as well as other species that con-
sume these seeds will be foraging for them. Locating caches
by hoarders or other foragers, are concentrating their activity
in high-seed-density areas should add to the relative survival
prospects for seeds beyond the differences we observed in our
semi-natural enclosures.

Whether scatter-hoarding rodents could provide directed seed
dispersal has been debated for many years (Wenny 2001; Briggs
et al. 2009). Recently, increasingly more studies have reported
that scatter-hoarding rodents can provide directed dispersal for
plant seeds. For example, scatter-hoarding rodents directed
seed dispersal towards favorable microsites and cached at a
depth where emergence or survival of seedlings were enhanced
(Briggs et al. 2009; Yi et al. 2013). This was considered the 1st
form of directed dispersal offered by scatter-hoarding rodents
(Hirsch et al. 2012). Burial of seeds that may decrease predation
while increasing establishment was considered the 2nd form
(Wenny 2001). Hirsch et al. (2012) demonstrated a 3rd form,
suggesting that scatter-hoarding rodents disperse seeds towards
areas with low densities of conspecific adult trees.

Our study has demonstrated this 3rd form, and further supplied
new information that the behavior of dispersing seeds towards
areas with low densities of conspecific adult trees is not an imme-
diate response after caches are pilfered, but a behavior based on
experience or heredity. We also have shown that this directed
dispersal can be accomplished during the initial transportation
of seeds away from parent trees by scatter-hoarding rodents. Our
findings suggest that this form of directed seed dispersal may be
a widespread phenomenon, as predicted by Hirsch et al. (2012).
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