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ARTICLE INFO o . . .
Food hoarding is critical to rodents for their survival and reproduction. However, the seeds cached by

rodents often suffer heavy pilferage by competitors. Therefore, compensation for cache loss is crucial,
especially for scatter-hoarding rodents, as they cannot aggressively defend their stored seeds, whereas
larder-hoarding rodents can. Pilfering caches of other individuals may be an effective way to compensate
for cache loss for rodents. Hence, cache pilfering is likely to be as important as hoarding to food-hoarding
rodents. Scatter-hoarding rodents may rely on their olfactory abilities and explore a wide area to retrieve
their cached seeds, which may help to increase the probability of encountering and pilfering others'
caches, whereas it is not essential for larder-hoarding rodents. We hypothesized that rodents that
showed stronger scatter-hoarding behaviour would be better pilferers. To test this hypothesis, we
investigated the relationship between scatter-hoarding and pilferage behaviours among four coexisting
species of rodents using seminatural enclosure experiments in southwest China. Both hoarding and
cache pilfering differed significantly between the four species. The predominant scatter-hoarding ro-
dents, red spiny rats, Maxomys surifer, had a strong cache-pilfering behaviour, whereas yellow-bellied
rats, Rattus flavipectus, mainly adopted larder-hoarding strategies and had a weak cache-pilfering
behaviour. Chinese white-bellied rats, Niviventer confucianus, and chestnut rats, Niviventer fulvescens,
had moderate scatter-hoarding and cache-pilfering behaviours. The intensity of cache pilfering was
negatively correlated with the intensity of larder hoarding, but positively correlated with the intensity of
scatter hoarding among the coexisting food-hoarding rodents. Our study suggests that the positive
correlation between the intensities of scatter hoarding and cache pilfering is likely to facilitate reciprocal
pilferage among scatter-hoarding rodents, which helps to maintain the stability of scatter-hoarding
behaviour in these populations.
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Food hoarding is critical to rodents both to survive periods of
food shortage and to reproduce (Vander Wall, 1990). Stored food,
however, often suffers heavy pilferage due to both interspecific and
intraspecific competition (Clarke & Kramer, 1994; Dally, Clayton, &
Emery, 2006; Jansen et al., 2012; Lichti, Steele, & Swihart, 2017;
Vander Wall et al., 2006). Existing theory of hoarding behaviour
predicts that hoarding would not be a stable strategy if the hoarder
is not the most likely individual to retrieve the stored foods
(Stapanian & Smith, 1978, 1984). However, some studies have found
that food-hoarding rodents have evolved a series of strategies to
reduce cache pilferage, for example to repeatedly recover and move
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caches, aggressively defend caches, switch from scatter to larder
hoarding (see review by Dally et al., 2006) or directly disperse seeds
to areas with low seed density (Geng, Wang, & Cao, 2017; Hirsch,
Kays, Pereira, & Jansen, 2012; Munoz & Bonal, 2011) or open
areas (Steele et al., 2014, 2015). Relying on these strategies, cache
owners can retrieve most of their stored seeds, although many
caches are lost by pilfering (Gu, Zhao, & Zhang, 2017). In addition,
some rodents appear to compensate for their cache losses by
pilfering food reserves of other individuals, which makes pilferage
reciprocal among these rodents (Dittel, Perea, & Vander Wall, 2017;
Vander Wall & Jenkins, 2003). Therefore, strategies of reducing
cache pilferage and reciprocal pilferage among rodents may facili-
tate the stability of hoarding in rodent populations (Vander Wall &
Jenkins, 2003).

Hoarding behaviours usually differ between sympatric rodents,
and some species may behave predominantly as scatter-hoarders
or as larder-hoarders, whereas others exhibit both scatter and
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larder hoarding (Geng et al., 2017; Hollander & Vander Wall, 2004;
Wang, Cao, & Zhang, 2014; Zhang et al., 2016). Larder-hoarding
rodents store food items in one or a few sites (e.g. deep under-
ground borrows) and aggressively defend them, which effectively
reduces cache pilferage by competitors (Clarke & Kramer, 1994;
Dally et al., 2006). In contrast, scatter-hoarding rodents distribute
their caches throughout numerous small sites (containing one or a
few seeds) across a large area. Therefore, aggressively defending
caches appears to be difficult and even impossible for scatter-
hoarding rodents. Because high rates of cache pilferage are inevi-
table, compensation for cache losses is vital to the survival and
reproduction of scatter-hoarding rodents. Increasing seed storage
or pilfering cached seeds of other rodents will be effective ways to
compensate for the losses experienced by scatter-hoarding rodents
(Huang, Wang, Zhang, Wu, & Zhang, 2011; Vander Wall & Jenkins,
2003). Increasing seed storage, however, is not always guaranteed,
because of the limitations in seed availability due to seasonal
fluctuations or mast seeding of seed production (Jansen, Bongers, &
Hemerik, 2004; Kelly, 1994; Vander Wall, 2002). Thus, pilfering
cached seeds of other rodents seems to be an alternative strategy
for scatter-hoarding rodents to compensate for cache losses from
pilferers.

The differentiation of hoarding behaviours between sympatric
rodents has been well studied (Chang & Zhang, 2014; Hollander &
Vander Wall, 2004; Wang et al., 2014; Zhang et al., 2016). In com-
parison, knowledge about the ability to pilfer caches in sympatric
food-hoarding rodents is limited (Vander Wall, Enders, & Waitman,
2009; Yi, Wang, Zhang, & Zhang, 2016) and studies on pilferage
behaviour among sympatric food-hoarding rodents at the com-
munity level are also rare (but see Dittel et al., 2017). Previous work
has shown that the intensity of scatter hoarding (defined as num-
ber of seeds scatter-hoarded per rodent individual per unit time)
and pilfering (defined as number of seeds pilfered per individual
per unit time) may be highly correlated; specifically, cache-
pilfering intensity is high in scatter-hoarding rodents (e.g. yellow
pine chipmunks, Tamias amoenus) and weak in larder-hoarding
rodents (e.g. golden-mantled ground squirrels, Spermophilus later-
alis, Vander Wall et al., 2009). To our knowledge, the relationship
between hoarding and pilfering intensities among sympatric food-
hoarding rodents at the community level has not been quantita-
tively investigated. Cache pilfering depends heavily upon the ro-
dents' olfactory ability (Hollander, Vander Wall, & Longland, 2012),
and scatter-hoarding rodents could also rely on their olfactory
ability to retrieve their own caches (Briggs & Vander Wall, 2004;
Steele et al., 2011; Vander Wall, 2000). We thus predicted that
the intensity of scatter hoarding and pilfering should be positively
correlated.

In this study, we quantitatively investigated the relationship
between scatter-hoarding and pilferage behaviours among four
sympatric rodent species in seminatural enclosures to test our
hypothesis. We predicted that rodents that showed stronger
scatter-hoarding behaviour would be better pilferers than those
that showed weak scatter-hoarding behaviour, and vice versa.

METHODS
Study Site and Study Species

Our study was conducted in the tropical Xishuangbanna region
of Yunnan Province (21°55’N, 101°15’E), southwest China. Tropical
montane evergreen broadleaf forest and tropical rainforest are the
predominant vegetation types in this region (Zhu, 2006).

Four common rodent species were selected as experimental
animals. Red spiny rats, Maxomys surifer, and Chinese white-bellied
rats, Niviventer confucianus, are the dominant rodent species in the

tropical montane evergreen broadleaf forests and tropical rain-
forests (Cao, Guo, & Chen, 2017; Cao et al., 2011; Wang et al., 2014).
Chestnut rats, Niviventer fulvescens, and yellow-bellied rats, Rattus
flavipectus, are also common in these forests.

Previous studies have shown that seed traits significantly affect
rodent foraging behaviour, including both pilfering and hoarding
propensity (Hollander et al., 2012; Zhang et al., 2016). Therefore, we
used two species of seeds (Castanopsis hystrix and Pittosporopsis
kerrii) that differed greatly in their traits, to test whether intensity of
scatter hoarding was positively correlated with cache pilfering in-
dependent of seed species. Both species are the dominant tree
species in the tropical montane evergreen broadleaf forest and
tropical rainforests, respectively (Lan et al., 2008; Zhu, 2006). The
rodents in our study area were frequently observed to eat and hoard
seeds of both species (Cao et al., 2016, 2017; Chen, Tomlinson, Cao, &
Wang, 2017). The fresh seed mass of C. hystrix is 0.93 + 0.04 g
(mean + SE, N =53), the dry mass is 0.64 + 0.03 g, the seed coat s thin
(0.34 + 0.01 mm), the tannin content is low (0.15%) and the nutrient
content is high (starch 78.7%, fat 0.25% and protein 3.1%; Wang et al.,
2014). The fresh seed mass of P. kerrii is 5.57 + 0.14 g (N = 98), the dry
mass is 2.6 + 0.2 g, the seed coat thickness is 0.72 + 0.02 mm, the
tannin content is low (0.27%) and the nutrient content is low (starch
38%, fat 1.8% and protein 5.6%; Cao et al., 2011).

Enclosure Experiments

Experiments were conducted in eight seminatural enclosures
(10 x 10 m and 1.5 m high; see Wang et al., 2014 for details), which
were located within the Xishuangbanna Tropical Botanical Garden
(21°54'N, 101°15’E, elevation 550 m).

To avoid the potential influence of repeatedly removing the
animals and their cached seeds from enclosures on their subse-
quent behaviours (Huang et al., 2011), we used different individuals
in the hoarding and pilfering experiments (for sample sizes see
Table 1). The top of the enclosures was covered with plastic cloth to
keep rainwater out. To maintain the same environment during the
experiments (Wang et al., 2014), we created wet soil conditions in
the enclosures, simulating field conditions, by spraying water
evenly for 5 min 1 day before the experiments commenced.

For hoarding experiments, one individual was placed in each
enclosure and given laboratory food on the first day, to allow for
habituation to the enclosures. On the second day, either 50 marked
C. hystrix seeds or 40 marked P. kerrii were placed at the centre of
the enclosure. Seeds were marked by attaching a small coded
plastic tag by a thin steel thread (Xiao et al., 2006; Zhang and Wang,
2001). On the third day, we searched the whole enclosure for the
seeds. Seed fates were divided into eaten in situ, eaten after being
removed, scatter-hoarded (seeds dispersed away from the seed
station and buried by rodents under leaf litter or in the soil in a

Table 1
The number of individuals for each rodent species used in hoarding and pilfering
experiments for two seed species

Rodent species No. of individuals

Hoarding Pilfering

Using seeds of Castanopsis hystrix

Maxomys surifer 16 8
Niviventer confucianus 14 8
Niviventer fulvescens 12 8
Rattus flavipectus 16 8
Using seeds of Pittosporopsis kerrii

Maxomys surifer 18 8
Niviventer confucianus 16 8
Niviventer fulvescens 12 8
Rattus flavipectus 11 8
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cache of usually one but up to eight seeds) and larder-hoarded
(seeds taken into underground burrows).

For pilfering experiments with C. hystrix seeds, we first put one
individual of M. surifer in each of eight enclosures (50 seeds offered
per individual), as M. surifer is the rodent species showing the most
scatter-hoarding behaviour (Cao et al., 2011; Geng et al., 2017). We
recorded the scatter-hoarded sites and removed all seeds in each
enclosure. Then, we repeatedly buried the same number of seeds in
the exact locations where the rodents had established their own
caches, which allowed us to set a uniform experimental condition
to compare pilfering between rodent species. The numbers of
scatter-hoarded sites in the eight enclosures were 10, 10, 13, 14, 20,
24, 42 and 43, respectively. On the first day of the experiment, one
marked C. hystrix seed was buried under leaf litter at each site
where the individuals of M. surifer had made their caches. The tag
was also buried under leaf litter to eliminate visual cues. On the
second day, one rodent individual was introduced into each
enclosure and allowed to pilfer the artificial caches. On the third
day, we checked the seed fates of the artificial caches. Their fates
were divided into pilfered (removed or eaten) or remained, and we
searched the enclosure to check the fates of removed seeds. To
avoid disturbance from human odour, disposable PVC gloves were
worn throughout.

We failed to obtain enough cache sites to perform the pilfering
experiments using P. kerrii seeds, because rodents scatter-hoarded
very few of them. Therefore, we simulated caching behaviour and
established 30 caches in three microhabitats (bare ground, under
shrubs or near the wall of the enclosure; 10 caches per microhab-
itat). We detected cache fates of P. kerrii seeds using the same
method as for C. hystrix.

Ethical Note

We captured rodents using live traps made of steel wire mesh
(14 x 14 cm and 30 cm high; Chang, Xiao, & Zhang, 2009), baited
with shelled peanuts and P. kerrii seeds. Carrots were supplied as
food and a water source and dry leaves as shelter materials. Traps
were checked twice daily in the early morning and late afternoon.
Species, body mass, reproductive status and sites of each captured
individual were recorded. Pregnant or juvenile individuals were
released immediately. Adults of target species were taken back to
the laboratory for enclosure experiments. Before the enclosure
trials, all rodents were kept in individual cages (40 x 30 cm and
25 cm high) and provided with nest material, commercial mouse
chow (provided by Animal Experiment Center of Sichuan Univer-
sity, Chengdu, China), apple, corn and water ad libitum. A photo-
period cycle of 12:12 h (light:dark) was maintained. All the animals
were held in captivity for less than 20 days. After the experiments,
all animals were examined by a veterinarian to ensure their health
prior to release at the original sites of capture. Returning animals to
the location where they were trapped is not the same as putting
them back into the environment from which they were taken
because trapping some individuals might change the social condi-
tions. However, these rodents disperse frequently and might easily
adapt to conditions at the release site.

This study followed the Guidelines for the care and use of lab-
oratory animals of China and the ASAB/ABS Guidelines for the
treatment of animals in behavioural research and teaching, and was
approved by the Institute of Zoology, and Xishuangbanna Tropical
Botanical Garden, Chinese Academy of Sciences.

Data Analysis

Generalized linear models (GLMs) were used to analyse differ-
ences in the proportion of larder hoarding, scatter hoarding and

cache pilfering between the four rodent species, using R version
3.4.1 (The R Foundation for Statistical Computing, Vienna, Austria,
http://www.r-project.org), while rodent species was treated as a
fixed variable. The sampling unit was the proportion of seeds
larder-hoarded, scatter-hoarded (the proportion of the seeds pre-
sented to each individual; sample sizes and fates of seeds for each
individual are given in Appendix Tables A1 and A2) or pilfered
(proportion of the presented seeds; Appendix Table A3) by an in-
dividual, modelled as a binomial distribution with a logit-link
function. Tukey's test (implemented through the Ismeans pack-
age) was applied for post hoc pairwise comparison between rodent
species. Analysis of variance with Wald chi-square tests were per-
formed to test the significance of fixed categorical variables in GLMs
using the Anova function in the car package of R software. Because
no seeds of C. hystrix were scatter-hoarded by R. flavipectus, this
rodent species was excluded when we analysed the differences in
the proportion of scatter hoarding between species.

We used the Pearson chi-square test and Fisher's exact test
(using SPSS for Windows 20.0) to compare the fates of pilfered
seeds (larder-hoarded and scatter-hoarded) between rodent spe-
cies. We only did this analysis at the species scale, not at the indi-
vidual scale, because of the small sample size of seeds pilfered by
each individual, especially for N. fulvescens and R. flavipectus
(Appendix Table A3).

RESULTS
Hoarding Behaviour

The proportions of larder-hoarded (C. hystrix: ¥3 = 510.8,
P < 0.0001; Fig. 1a; P. kerrii: %3 = 310, P < 0.0001; Fig. 1d, Table 2)
and scatter-hoarded seeds (C. hystrix: x% =218.1,P < 0.0001; Fig. 1b;
P. kerrii: x% = 266.9, P < 0.0001; Fig. 1e, Table 2) for both plant
species differed significantly between the four species of rodents.
The proportions of larder hoarding for both seed species were
highest for R. flavipectus, followed by N. confucianus, N. fulvescens
and M. surifer. The proportions of scatter hoarding for both seed
species were highest for M. surifer, followed by N. confucianus,
N. fulvescens and R. flavipectus.

Pilfering Behaviour

The pilfering intensity differed significantly between the four
species of rodents provided with the two seed species (C. hystrix:
¥3 = 86.6, P = 0.001; Fig. 1c; P. kerrii: %3 = 50.5, P < 0.0001; Fig. 1f,
Table 2). The proportion of cache pilfering for both seed species was
highest for M. surifer, followed by N. confucianus, N. fulvescens and
R. flavipectus.

Of the pilfered seeds, R. flavipectus larder-hoarded more of them
than the other three species (Fig. 2a, c; results of Pearson chi-square
and Fisher's exact tests are shown in Appendix Table A5), similar to
the results of the hoarding experiments. More pilfered seeds were
scatter-hoarded by M. surifer and N. confucianus than by
R. flavipectus and N. fulvescens (Fig. 2b, d).

Relationship Between Hoarding and Cache Pilfering

For both seed species, M. surifer showed the highest, and
R. flavipectus the lowest, proportion of both scatter hoarding and
cache pilfering. Both N. confucianus and N. fulvescens showed
moderate proportions of scatter hoarding and cache pilfering for
both seed species. These results indicate that the proportion of
cache pilfering was positively correlated with that of scatter
hoarding, but negatively correlated with the proportion of larder
hoarding between rodent species.
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Figure 1. The differences in the percentages (means + SE) of (a, d) larder hoarding, (b, e) scatter hoarding (in hoarding experiments) and (c, f) pilfering (in pilfering experiments)
between rodent species for (a, b, ¢) C. hystrix seeds and (d, e, f) P. kerrii seeds. Different letters indicate significant differences between species (P < 0.05, a > b > ¢ > d). The number of
seeds presented was 50 (a, b; C. hystrix) or 40 (d, e; P. kerrii) for each individual in the hoarding experiments and 10—43 (c; C. hystrix) or 30 (f; P. kerrii) for each individual in the
pilfering experiments. Sample sizes and seed fates for each individual are shown in Appendix Tables A1—A3.

In addition, N. confucianus scatter-hoarded a larger proportion
of, and showed a stronger cache-pilfering intensity for, C. hysrix
seeds, compared with P. kerrii seeds (scatter hoarding: 7 = 291.7,
P < 0.0001; pilfering: 7 = 17.6, P < 0.0001).

DISCUSSION

Our results indicated that both hoarding and the intensity of
cache pilfering differed significantly between four coexisting food-
hoarding rodents. Maxomys surifer predominantly scatter-hoarded
both seed species, R. flavipectus predominantly larder-hoarded
and N. confucianus and N. fulvescens did both. Cache-pilfering in-
tensity was strong in M. surifer for both seed species, weak in
R. flavipectus and moderate in N. confucianus and N. fulvescens.
These results indicated that cache-pilfering intensity was positively
correlated with scatter hoarding, but negatively correlated with
larder hoarding. This correlation is likely to facilitate reciprocal
pilferage among scatter-hoarding rodents and maintain the sta-
bility of scatter hoarding in the population (Dittel et al., 2017;
Vander Wall & Jenkins, 2003).

Strong cache-pilfering intensity is important to scatter-hoarding
rodents: pilfering food reserves of other rodents helps to
compensate for cache losses, which is critical to survival and
reproduction for scatter-hoarding rodents. Previous studies

suggested that pilferage was reciprocal among coexisting food-
hoarding rodents (Dittel et al., 2017; Vander Wall & Jenkins,
2003). However, if pure thieves, for example larder-hoarding
R. flavipectus in this study, pilfer many seeds cached by scatter-
hoarding rodents that cannot reciprocate, the pilfered seeds will
be consumed or larder-hoarded after pilfering, but not scatter-
hoarded elsewhere, similar to our results (see Fig. 2). There will
thus be no seeds available for the original hoarders to pilfer, and the
pilferage will no longer be reciprocal; therefore, scatter hoarding
would not be a stable strategy in the population (Stapanian &
Smith, 1978, 1984). To achieve symmetrical pilferage and main-
tain the stability of hoarding, a positive correlation between the
intensities of scatter hoarding and cache pilfering is necessary
among the coexisting food-hoarding rodents. Thus, it is likely
that scatter hoarding and cache pilfering evolved together, not
separately, during the evolutionary history of foraging behav-
iours in food-hoarding rodents. A strong scatter-hoarding
behaviour is expected to be accompanied by a strong cache-
pilfering intensity in food-hoarding rodents, and vice versa.
Our results concur with previous work that showed that a
scatter-hoarding rodent, the yellow pine chipmunk, had a strong
cache-pilfering intensity, while a larder-hoarding rodent, a
ground squirrel, had a weak one (Vander Wall et al., 2009).
Moreover, Dittel et al. (2017) found that the number of caches



Z. Wang et al. / Animal Behaviour 141 (2018) 151-159 155

Table 2
The summary of GLMs analysing the differences in larder hoarding, scatter hoarding
and cache pilfering between the four rodents

Estimate + SE z P
Larder hoarding (using C. hystrix seeds)
(Intercept) —4.73 £ 0.38 -12.5 <0.0001
N. confucianus 3.11 £ 039 7.9 <0.0001
N. fulvescens 297 +04 7.5 <0.0001
R. flavipectus 441 + 0.39 114 <0.0001
Larder hoarding (using P. kerrii seeds)
(Intercept) -3.61 +0.23 —15.52 <0.0001
N. confucianus 1.84 + 0.26 7.11 <0.0001
N. fulvescens 0.86 + 0.3 2.87 0.004
R. flavipectus 3.16 £ 0.25 12.55 <0.0001
Scatter hoarding (using C. hystrix seeds)’
(Intercept) -0.12 + 0.07 -1.6 0.104
N. confucianus -0.25+0.1 24 0.017
N. fulvescens -1.83 £ 0.14 -12.9 <0.0001
Scatter hoarding (using P. kerrii seeds)
(Intercept) —-1.13 £ 0.09 -13.0 <0.0001
N. confucianus —2.03 £0.22 -9.3 <0.0001
N. fulvescens —-2.54+03 -83 <0.0001
R. flavipectus —3.85 £ 0.59 —6.6 <0.0001
Cache pilfering (using C. hystrix seeds)
(Intercept) —0.71 £ 0.16 —-4.4 <0.0001
N. confucianus —0.36 + 0.24 -1.5 0.129
N. fulvescens -2.21+0.38 -5.38 <0.0001
R. flavipectus —2.47 + 042 -5.9 <0.0001
Cache pilfering (using P. kerrii seeds)
(Intercept) —0.95 + 0.14 —6.6 <0.0001
N. confucianus -1.25+0.26 —4.8 <0.0001
N. fulvescens -1.2 +0.26 -4.7 <0.0001
R. flavipectus -1.69 + 0.3 -5.7 <0.0001

The results in this table show comparisons between M. surifer and the other three
rodent species (N. confucianus, N. fulvescens, R. flavipectus).

2 As R. flavipectus did not scatter-hoard any C. hystrix seeds, it was excluded from
the analysis of the differences in the proportion of scatter hoarding between rodent
species.

lost and gained by pilfering was almost the same among three
species of sympatric scatter-hoarding rodents, but the number of
caches lost was greater than the number gained among species
exhibiting larder hoarding.
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Why do rodents that predominantly scatter-hoard show a
strong cache-pilfering intensity? Possible reasons could be food
exploration patterns and olfactory abilities of scatter-hoarding ro-
dents. It is well established that scatter-hoarders rely not only on
spatial memory (Hirsch, Kays, & Jansen, 2013; Huston & Oitzl, 1989;
Smulders, Gould, & Leaver, 2010), but also on their strong olfactory
abilities to retrieve their own caches (Briggs & Vander Wall, 2004;
Steele et al., 2011; Vander Wall, 2000). It has been proposed that
scatter-hoarding rodents locate their cache initially using spatial
memory, and secondarily use their olfactory abilities to retrieve the
seeds. Strong olfactory ability not only helps them to relocate their
own caches, but also may increase their ability to pilfer cached
seeds of other rodents. In addition, scatter-hoarding rodents need
to explore a wide area to collect or retrieve their cached seeds,
because they often spread their caches across a large area (Vander
Wall, 1990, 2001). Thus, they are more likely to encounter caches
belonging to other rodents.

In our study, the larder-hoarding rodents exhibited a weak
cache-pilfering intensity. The possible reason for this observation is
that cache pilfering is not as important for larder-hoarding rodents
as for scatter-hoarding rodents. Larder-hoarding rodents usually
hoard all their seeds in one or a few sites, such as tree holes or their
underground burrows. They aggressively defend their caches to
prevent cache pilferage by competitors (Dally et al., 2006). Indeed,
the larder-hoarding species R. flavipectus was more aggressive than
the other three species (Z. Wang and L. Cao, personal observation).
Previous studies found that larder-hoarding animals aggressively
defend their caches by excluding potential competitors from their
territory or area around their burrow (Clarke & Kramer, 1994a;
Jenkins & Breck, 1998; Price, 1994). Strong olfactory abilities and
intensive search effort, which may increase the probability of
encountering and pilfering others' caches, may not be essential for
larder-hoarding rodents to retrieve or defend their caches; thus,
they have a low ability to pilfer cached seeds of other rodents. It
would be interesting to study the relationships between aggres-
siveness and hoarding of coexisting food-hoarding animals (e.g.
rodents and birds) and between the food exploration patterns (or
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Figure 2. The differences in the percentages of (a, c) larder hoarding and (b, d) scatter hoarding of pilfered seeds between four rodent species for (a, b) C. hystrix seeds and (c, d)
P. kerrii seeds. Different letters indicate significant differences between species (P < 0.05, a > b > ¢ > d). N is the total number of seeds pilfered by all individuals within a species.

Sample sizes and seed fates for each individual are shown in Appendix Table A4.
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searching efforts) and pilferage intensity of these animals. It will
help us further understand the evolution of hoarding and pilfering
in food-hoarding animals.

Our results also showed that the intensities of hoarding and
pilfering were seed-species dependent. Niviventer confucianus
scatter-hoarded a large percentage of C. hystrix seeds (41%), but few
P. kerrii seeds (4.1%). Previous studies also found that hoarding
differed when different species of seeds were encountered by a
given rodent (Chang & Zhang, 2014; Wang et al., 2014; Zhang et al.,
2016). Similarly, N. confucianus pilfered a high percentage of
C. hystrix seeds (19.3%), but few P. kerrii seeds (10%). These differ-
ences can be attributed to different preferences of rodents for seeds
with contrasting traits (Wang et al., 2014). The intensity of scatter
hoarding and pilfering in N. confucianus decreased (or increased)
simultaneously when encountering different seeds, which further
supports our conclusion that scatter-hoarding and cache-pilfering
intensities are well matched in food-hoarding rodents. We ex-
pected food-hoarding rodents to display different caching and
pilfering intensities when encountering seeds with different traits;
however, the relationship between the scatter-hoarding and cache-
pilfering intensities of rodents was positive despite differences in
seed species. Our results suggest that different sources of seeds
could affect hoarding by rodents. For example, M. surifer larder-
hoarded less than 2% of seeds in the hoarding experiments
(Fig. 1a and b), but larder-hoarded nearly 20% of the seeds pilfered
from artificial caches in pilfering experiments (Fig. 2a and b). Our
results may help us understand the switching mechanism between
scatter and larder hoarding in food-hoarding animals (Clarke &
Kramer, 1994; Dally et al., 2006; Vander Wall, Hager, & Kuhn, 2005).

As cache pilfering and hoarding are common in many animal
species (Dally et al., 2006; Vander Wall & Jenkins, 2003), we expect
the mechanism observed here could also be useful to explain the
food-hoarding behaviour of other hoarding animals, such as cor-
vids. However, birds may show different mechanisms from rodents,
when they retrieve their own caches or pilfer caches of other ani-
mals. For example, birds may not rely on olfaction to search for
stored seeds, but they may directly observe other individuals
storing seeds and use observational spatial memory to pilfer others’
caches (Daily, Emery, & Clayton, 2004, 2005).

In this study, we investigated the differentiation in the in-
tensities of cache pilfering between different rodent species under
well-controlled experimental conditions. Therefore, the observed
differences can be mainly attributed to differences in the intrinsic
characteristics or behaviours between species. However, many
other factors may affect cache pilferage in the field, such as seed
species, seed abundance, density of rodents, risks of predation,
cache density and soil water content (Cao et al., 2018; Galvez,
Kranstauber, Kays, & Jansen, 2009; Lichti et al., 2017; Vander
Wall, 2000). In this study, we only investigated the relationships
between hoarding and pilfering at the interspecific level; however,
we found that they also differed between individuals within spe-
cies. We suggest future studies should combine the effects of some
other potential factors and test the interactions between hoarding
and pilfering at both the species and the individual level.

In conclusion, our study indicates that hoarding and cache-
pilfering intensity differ significantly between coexisting food-
hoarding rodents. Scatter-hoarding intensity was positively corre-
lated with cache-pilfering intensity, indicating that scatter hoard-
ing and cache pilfering may evolve together in food-hoarding
rodents. Concurrent evolution of strong cache pilfering and scatter
hoarding is essential to scatter-hoarding rodents, enabling recip-
rocal pilferage among coexisting food-hoarding rodents and sta-
bilizing scatter hoarding in the population.
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APPENDIX

Table A1
The number of seeds larder-hoarded or scatter-hoarded by each individual for four rodent species in hoarding experiments when using Castanopsis hystrix seeds

Maxomys surifer Niviventer confucianus Niviventer fulvescens Rattus flavipectus

Individual Larder Scatter Total Individual Larder Scatter Total Individual Larder Scatter Total Individual Larder Scatter Total

hoarded  hoarded hoarded  hoarded hoarded  hoarded hoarded  hoarded

Surl 1 27 50 Conl 1 0 50 Full 10 0 50 Flal 2 0 50
Sur2 0 15 50 Con2 7 0 50 Ful2 11 0 50 Fla2 50 0 50
Sur3 0 6 50 Con3 45 0 50 Ful3 1 0 50 Fla3 47 0 50
Sur4d 1 41 50 Con4 12 37 50 Ful4 3 42 50 Fla4 4 0 50
Sur5 1 32 50 Con5 1 6 50 Ful5 10 4 50 Fla5 24 0 50
Sur6 0 30 50 Con6 4 44 50 Ful6 5 0 50 Fla6 6 0 50
Sur7 0 37 50 Con7 1 17 50 Ful7 0 6 50 Fla7 50 0 50
Sur8 0 32 50 Con8 1 40 50 Ful8 12 11 50 Fla8 6 0 50
Sur9 0 2 50 Con9 0 12 50 Ful9 35 6 50 Fla9 1 0 50
Sur10 0 33 50 Conl0 9 37 50 Full0 1 0 50 Fla10 31 0 50
Surll 0 29 50 Conll 7 42 50 Full1l 0 4 50 Flal1 1 0 50
Sur12 0 44 50 Conl2 6 40 50 Ful12 0 2 50 Fla12 49 0 50
Sur13 4 37 50 Conl3 18 2 50 -— — — 50 Fla13 0 0 50
Sur14 0 4 50 Conl4 4 10 50 -— - - 50 Fla14 50 0 50
Surl5 0 7 50 -— - - - - - - 50 Flal5 13 0 50
Sur16 0 1 50 - — - — — — — 50 Fla16 2 0 50
Mean 04+10 236+151 50 Mean 83 +11.7 20.8+182 50 Mean 73+99 63+118 50 Mean 21+214 0 50

Total: the total sample of seeds presented to an individual. Mean: the mean number (+SD) of seeds larder-hoarded or scatter-hoarded by an individual in a species.
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Table A2

The number of seeds larder-hoarded or scatter-hoarded by each rodent individual for four rodent species in hoarding experiments when using Pittosporopsis kerrii seeds
Maxomys surifer Niviventer confucianus Niviventer fulvescens Rattus flavipectus
Individual Larder Scatter Total Individual Larder Scatter Total Individual Larder Scatter Total Individual Larder Scatter Total

hoarded hoarded hoarded hoarded hoarded  hoarded hoarded hoarded

Sur17 0 3 40 Conl5 1 1 40 Ful13 2 0 40 Fla17 0 1] 40
Sur18 1 3 40 Conl6 7 1 40 Ful14 2 0 40 Fla18 1 0 40
Sur19 0 8 40 Conl7 3 0 40  Full5 0 1 40 Fla19 2 1 40
Sur20 0 10 40 Conl18 8 0 40 Ful16 10 7 40 Fla20 40 0 40
Sur21 0 5 40 Con19 0 3 40 Ful17 0 4 40 Fla21 11 0 40
Sur22 0 7 40 Con20 3 1 40 Ful18 12 0 40 Fla22 13 2 40
Sur23 3 5 40 Con21 1 1 40  Ful19 1 0 40 Fla23 40 0 40
Sur24 0 0 40 Con22 33 1 40  Ful20 1 0 40 Fla24 2 0 40
Sur25 4 8 40 Con23 2 6 40 Ful21 1 0 40 Fla25 23 0 40
Sur26 0 8 40 Con24 10 0 40  Ful22 0 0 40 Fla26 2 0 40
Sur27 0 18 40 Con25 2 4 40  Ful23 0 0 40 Fla27 38 0 40
Sur28 2 8 40 Con26 17 1 40 Ful24 0 0 40 - — — —
Sur29 1 22 40 Con27 3 1 40 - - — — — — — —
Sur30 0 10 40 Con28 0 2 40 - — — — — — — —
Sur31 3 6 40 Con29 0 1 40 — - — — — — — —
Sur32 2 4 40 Con30 3 3 40 - - - - - - — -
Sur33 3 36 40 - - — — - — — — — — — —
Sur34 0 15 40 - - — - - — — — — — — —
Mean 1.1+14 98+85 40 Mean 58+84 16+16 40 Mean 24+41 1+22 40 Mean 156 +16.7 03 +06 40

Total: the total sample of seeds presented to an individual. Mean: the mean number (+SD) of seeds larder-hoarded or scatter-hoarded by an individual in a species.

Table A3
The number of seeds pilfered by each individual for four rodent species in pilfering experiments

Maxomys surifer Niviventer confucianus Niviventer fulvescens Rattus flavipectus

Individual  Pilfered Total sample  Individual Pilfered Total sample  Individual  Pilfered Total sample  Individual Pilfered Total sample

Using Castanopsis hystrix seeds

Sur35 4 10 Con31 0 10 Ful25 2 10 Fla28 1 10
Sur36 2 10 Con32 2 10 Ful26 0 10 Fla29 0 10
Sur37 12 13 Con33 1 13 Ful27 1 13 Fla30 0 13
Sur38 14 14 Con34 0 14 Ful28 0 14 Fla31 1 14
Sur39 11 20 Con35 2 20 Ful29 5 20 Fla32 3 20
Sur40 10 24 Con36 12 24 Ful30 0 24 Fla33 0 24
Sur41 2 42 Con37 27 42 Ful31 1 42 Fla34 0 42
Sur42 3 43 Con38 1 43 Ful32 0 43 Fla35 2 43
Mean 73+50 22+135 Mean 56+95 22+135 Mean 1.1+17 22+135 Mean 09+11 22+135
Using Pittosporopsis kerrii seeds

Sur43 3 30 Con39 2 30 Ful33 1 30 Fla36 2 30
Sur44 22 30 Con40 7 30 Ful34 0 30 Fla37 0 30
Sur45 16 30 Con41 4 30 Ful35 9 30 Fla38 1 30
Sur46 11 30 Con42 2 30 Ful36 2 30 Fla39 0 30
Sur47 3 30 Con43 1 30 Ful37 2 30 Fla40 3 30
Sur48 1 30 Con44 2 30 Ful38 5 30 Fla41 1 30
Sur49 4 30 Con45 2 30 Ful39 0 30 Fla42 4 30
Sur50 7 30 Con46 4 30 Ful40 6 30 Fla43 5 30
Mean 84+74 30 Mean 3+19 30 Mean 31+£32 30 Mean 2+19 30

Total sample: the total sample of seeds presented to an individual. Mean: the mean number (+SD) of seeds pilfered by an individual in a species.
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Table A4

The number of pilfered seeds larder-hoarded or scatter-hoarded by each rodent individual in pilfering experiments
Maxomys surifer Niviventer confucianus Niviventer fulvescens Rattus flavipectus
Individual Larder Scatter  Total Individual Larder Scatter  Total Individual Larder Scatter  Total Individual Larder  Scatter  Total

hoarded hoarded hoarded hoarded hoarded hoarded hoarded hoarded

Using Castanopsis hystrix seeds
Sur35 2 1 4 Con31 0 0 0 Ful25 0 0 2 Fla28 0 0 1
Sur36 1 1 2 Con32 0 1 2 Ful26 0 0 0 Fla29 0 0 0
Sur37 8 4 12 Con33 0 1 1 Ful27 1 0 1 Fla30 0 0 0
Sur38 0 6 14 Con34 0 0 0 Ful28 0 0 0 Fla31 0 0 1
Sur39 0 2 11 Con35 0 0 2 Ful29 0 1 5 Fla32 3 0 3
Sur40 0 8 10 Con36 0 10 12 Ful30 0 0 0 Fla33 0 0 0
Sur41 1 1 2 Con37 5 21 27 Ful31 0 0 1 Fla34 0 0 0
Sur42 0 0 3 Con38 0 1 1 Ful32 0 0 0 Fla35 1 0 2
Mean 15+27 29+29 7.3 +50 Mean 06+18 43+76 5.6+95 Mean 0.1+04 01+04 1.1+ 1.7 Mean 05+11 0 09+ 1.1
Using Pittosporopsis kerrii seeds
Sur43 2 1 3 Con39 0 0 2 Ful33 1 0 1 Fla36 2 0 2
Sur44 2 20 22 Con40 5 0 7 Ful34 0 1] 1] Fla37 0 0 0
Sur45 5 10 16 Con41 2 1 4 Ful35 1 0 9 Fla38 1 0 1
Sur46 0 4 11 Con42 1 0 2 Ful36 1 0 2 Fla39 0 0 0
Sur47 2 1 3 Con43 0 0 1 Ful37 0] 1] 2 Fla40 3 0 3
Sur48 1 0 1 Con44 1 1 2 Ful38 0 0 5 Fla41 1 0 1
Sur49 0 1 4 Con45 0 0 2 Ful39 0 0 0 Fla42 3 0 4
Sur50 1 6 7 Con46 0 0 4 Ful40 1] 0 6 Fla43 2 0 5
Mean 16+16 54+68 84+74 Mean 1.1+17 03+05 3+19 Mean 04+05 0 3.1 + 3.2 Mean 15+12 0 2+19

Total: the total number of seeds pilfered by an individual. Mean: the mean number (+SD) of seeds larder-hoarded or scatter-hoarded by an individual after pilferage in a
species.

Table A5
Comparison of the fates of pilfered seeds between rodent species
Pairwise between species Using Castanopsis hystrix seeds Using Pittosporopsis kerrii seeds
Larder hoarding Scatter hoarding Larder hoarding Scatter hoarding
x P x P x P x P
M. surifer and N. confucianus 1.7 0.194 13.2 <0.001 3.2 0.076 —* <0.001
M. surifer and N. fulvescens —* 0.677 —* 0.142 0.7 0.405 —* <0.001
M. surifer and R. flavipectus 4.5 0.034 —* 0.045 19.0 <0.001 —* <0.001
N. confucianus and N. fulvescens —* 1 —* 0.001 4.3 0.038 —* 0.235
N. confucianus and R. flavipectus 9.0 0.003 —* <0.001 54 0.02 —* 0.508
N. fulvescens and R. flavipectus —* 0.106 —* 1 16.7 <0.001 - -

Comparisons were done with the Pearson chi-square test, except for those marked with an asterisk which were done with a Fisher's exact test.
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