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1. Introduction

Granivory by rodents has been identified as a key process
affecting the survival and recruitment of plants in temperate
ecosystems (Kerley and Erasmus, 1991; Li and Zhang, 2003;
Lu and Zhang, 2004; Xiao et al., 2005a). Although rodents con-
sume large proportions of seed crops of many plants (e.g. lida,
1996; Li and Zhang, 2003; Lu and Zhang, 2005a), they also have
important positive impacts on seedling establishment and
plant regeneration by scattering buried seeds in soil away
from the parent plants (Vander Wall, 1990, 2003). Those seeds
are not removed from parent plants often suffer higher preda-
tion and the subsequent seedlings often suffer higher density-
limited mortality. Thus, seed removal by rodents has direct
influences on dispersal fitness before seed caching, and thus
has important impacts on regeneration and colonization in
plant populations, and hence on plant community structure
(Zhang et al., 2008).

Many factors, such as seed traits, spatio-temporal variation
and the composition of vegetation, can affect seed removal by
rodents (e.g. Vander Wall, 1990; Li and Zhang, 2003, 2004). The
qualities of seeds and fruits are important factors affecting
which seeds rodents choose to remove and eat (Vander Wall,
1990), and knowledge of the physical and chemical attributes
of the seeds which are selected by rodents provides a basis for
the prediction of whether seeds of a species are likely to be
preyed on by rodents (Kelrick and MacMzhon, 1985). Several
seed traits affecting seed removal by rodents have been identi-
fied, e.g. seed size and mass (Price, 1983; Eriksson, 1999;
Jakobsson and Eriksson, 2000; Moles and Westoby, 2003; Xiao
et al.,, 2005a), handling time (Kaufman and Collier, 1981), and
content of moisture content (Frank, 1988; Hulbert and
Macmillen, 1988), energy and soluble carbohydrates (Kelrick
et al.,, 1986; Jenkins, 1988; Kerley and Erasmus, 1991; Xiao
et al,, 2005b), other nutrients (e.g. protein and fat) (Izhaki,
2002), and secondary chemical compounds (e.g. tannins and
other polyphenols) (Steele et al., 1993). Seeds of many tree spe-
cies have a hard coat (e.g., a woody endocarp). This trait would
not be expected to favor their removal or consumption by
rodents, because gnawing a hard coat not only increases the
energy expenditure required to carry or eat the seeds but also,
by increasing the time required to handle seeds, increases their
predation risk. Ganesh and Davidar (2005) reported that seed
predation levels varied from 1% to almost 96% among 35 tree
species, and that seed coat thickness was importantininfluenc-
ing patterns of seed selection. In an enclosure, both Chinese
white-bellied rat (Niviventer confucianus Muridae) and The
Korean field mouse (Apodemus peninsulae Muridae) preferred
to eat seeds of Liaodong oak (Quercus liaotungensis) (with very
thin and fragile endocarps) in situ and to cache seeds of Wild
apricot (Prunus armeniaca) (with woody endocarps) (Lu and
Zhang, 2005c¢,d). These results indicated that seed protection,
as estimated by endocarp thickness, showed a significant effect
in lowering seed predation.

Wild apricot (P. armeniaca), wild peach (Amygdalus davidiana),
cultivated walnut (Juglans regia), wild walnut (Juglans mandshur-
ica) and Liaodong oak (Q. liaotungensis) are very common tree
species in the Dongling Mountains, about 120 km northwest
of Beijing city, China. Their seeds have woody endocarps and

vary greatly in size, endocarp thickness, tannin content and
caloric value. Seeds of both J. mandshurica (fresh weight:
5.0-9.0 g) and J. regia (6.0-11.0 g) are large and their endocarps
are very hard. Seeds of both A. davidiana (2.0-5.0 g) and P. arme-
niaca (1.0-3.0 g) are small but their endocarps are also very hard.
Acorns of Q. liaotungensis (1.5-4.5 g) are small and their endocarp
is very thin and fragile. Apodemus peninsulae, N. confucianus and
Pere David’s rock squirrel (Sciurotamias davidianus Sciuridae) are
common seed predators in the study region. Sciurotamias davi-
dianus is very large (adult body mass: 200-260 g), N. confucianus
is medium-sized (adult body mass: 63-77 g), and A. peninsulae
is very small (adult body mass: 20-28 g).

The purpose of this study was to assess the role of seed
endocarp thickness and rodent body size on seed removal.
We were especially interested to determine whether the effect
of seed endocarp thickness interacted with that of seed size.
We artificially released intact cleaned seeds (without pulps)
of the above five tree species in the field during three seasons.
Selection of seeds of the five tree species by the above three
rodent species was also observed in cage experiments. Because
rodents should be at greater predation risk and suffer greater
energy loss when they carry or eat seeds with a hard coat, we
predicted that seeds with a thick endocarp would have low
levels of removal. Because seed removal and consumption
may be limited by rodent body size, we predicted that large
rodent species would eat or remove seeds of a broader range
of size or mass than would small rodent species.

2. Methods
2.1. Study site

This study was carried out near Liyuanling village in the
Mentougou District, a mountainous area in the Dongling
Mountains northwest of Beijing city, China (40°00" N, 115°30
E). Altitude of the study site is about 1 140 m; the study site
is characterized by a temperate continental monsoon climate.
The main types of landscape in this area are composed of
shrublands, abandoned farmlands and secondary forests, all
of which have been heavily disturbed by local residents and
domestic animals during the last several decades. Quercus liao-
tungensis, J. mandshurica, P. armeniaca, and A. davidiana are
dominant tree species (Li and Zhang, 2003, 2007; Lu and
Zhang, 2004, 2005a), and some Chinese pine (Pinus tabulaefor-
mis) has been sparsely planted in cropland. Our focal tree spe-
cies are very common in our study area; P. armeniaca and
Q. liaotungensis are more widespread than J. mandshurica,
A. davidiana and J. regia. Seeds of P. armeniaca and A. davidiana
mature and fall from mid-July to mid-August, while seeds of
Q. liaotungensis, J. regia and ]. mandshurica mature in late
August and fall within the next 30 days. Pulps surrounding
seeds of these species are not used by rodents and no animals
prey upon these seeds before they mature.

2.2. Selection of experimental plot

An area of about 7.5 ha was chosen as our experimental plot
on a southwest-facing slope (of 30°-45°). The main habitats
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are secondary broad-leafed deciduous forests, which connect
with a few shrubland and abandoned farmland habitats at the
foot of the slope. Quercus ligotungensis and P. armeniaca are the
dominant plant species and their average heightis 5.0 £2.2m
(n = 100). Additionally, some patches of young Q. liaotungensis
shrubs and some J. mandshurica, J. regia and A. davidiana trees
are sparsely distributed in the plot. The total coverage of trees
and shrubs is over 80%. Within the plot three parallel tran-
sects were established about 20 m apart along the slope
from the foot to the top; 20 experimental stations (0.5 m? for
each) 10-15m apart along each transect were sampled as
our seed release stations.

2.3. Seed collection and releasing in fields

During the seedfall period of the five experimental tree species
in 2004, fresh and intact cleaned seeds were collected from the
ground outside our experimental plot and kept in a dry and
ventilated place to prevent rotting, mildew and germination.
Seeds of all five species depended almost entirely on rodents
for dispersal because of their hard woody endocarps (Lu and
Zhang, 2004, 2005a,b,c). Some birds, e.g., the Eurasian jay
(Garrulus glandarius) (Li and Zhang, 2003, 2004), eat a few seeds
of Q. liaotungensis, but their effects are negligible because they
are very rare in our study area and hardly prey on acorns
under the canopy.

Intact cleaned seeds of the five species were chosen ran-
domly for field experiments. On May 5, Jul. 5 and Sep. 5, 2005,
20 seeds of each species were placed on the ground surface
together at each seed station. The total number of seeds
releasedin three seasons was 3 (transects) x 20 (stations) x 100
(seeds) x 3 (seasons) = 18,000 seeds. The number of seeds that
intact or eaten by rodents (fragments of endocarps or seed ker-
nel were found scattered at the seed stations) at each station
was recorded from 9:00 am to 11:00 am everyday for 16 days.
“Seed removal” was scored as the fate of seeds that were
removed by small rodents from the seed stations, and “seed
survival” was scored as the fate of seeds that were left intact
at the seed stations. Seed survival time at seed stations is
a measure of speed of seed removal by rodents in field. Those
seeds that were eaten by small rodents at seed stations were
regarded as eaten in situ.

2.4. Seed traits

Fifty intact seeds (each seed includes endocarp and kernel) of
each species were selected randomly for measurement of
morphological traits in the laboratory. Seed mass, kernel
mass and endocarp mass of individual seed were weighed
with an electronic scale (precision +0.01g) after drying at
80 °C for 24 h in a constant temperature stove. The percentage
of seed coat mass/seed mass was calculated. Seed length,
width, and endocarp thickness were measured with a vernier
caliper (precision + 0.02 mm). Because the hard woody endo-
carps of our focal seed species are similar in texture, the endo-
carp thickness and endocarp mass/seed mass were used to
reflect the mechanical defense ability of a given seed.
Mechanical protection should be expected to increase with
endocarp thickness and the ratio endocarp mass/seed mass.
Some (20-50) dry intact cleaned seeds of each species were

selected randomly as samples for measurement of nutritional
traits. Percentages of crude protein, crude fat, crude starch,
crude fiber and tannin of the seeds were measured by the
Cereal Quality Supervision and Testing Centre, Ministry of
Agriculture, China (No. 12, Southern Zhongguancun Road,
Haidian District, Beijing). To estimate the maximum energetic
benefit of each seed species for consumers, the caloric values
of seeds were calculated by the average gross energy equiva-
lents of protein (17.2 KJ/g), fat (38.9 KJ/g), and carbohydrates
(17.2KJ/g) (Yang, 2002), and caloric value per seed using
mean kernel mass x caloric value. The caloric value and calo-
ric value per seed were used to reflect the nutritional value,
and the tannin content was used to reflect the chemical
defense of each seed species.

2.5. Key rodents and their morphological traits

At the end of the day-by-day checking for each experiment
(May 21, July 22 and September 19, 2005), 40 live traps
(12 x 12 x 25 cm, made of steel wire, placed 5m apart and
open to one direction) baited with peanuts were placed along
each of three experimental transects to determine the rodents
that could potentially remove the released seeds. The traps
were checked every dawn and dusk and those with captured
rodents were replaced with new ones. After recording species
and sex, the captured rodents were released immediately in
situ. This experiment continued over 4 days. The total number
of trap-days was 40 (traps) x4 (days)x 3 (transects) x 3
(seasons) = 1440.

The morphological traits of the key rodent species (19
A. peninsulae, 26 N. confucianus and 17 S. davidianus) were mea-
sured. These rodents were captured with live traps at least
1500 m away from our experimental plot, to avoid effects of
trapping on rodent population density in the experimental
plot, and killed in the laboratory. The body mass, mass of
the masseter muscle (a measure of jaw strength), and body
length of rodents of the three species were recorded to assess
their seed handling abilities. A rodent with a larger body and
a stronger masseter should have a greater ability to handle
large and/or hard seeds.

2.6. Seed selection experiments in cages

Captured A. peninsulae and N. confucianus were fed in special
plastic boxes (37 x 26 x 17 cm), while S. davidianus were caged
in special wire cages (80 x 80 x 100 cm) individually at ambi-
ent temperature and photoperiod with abundant commercial
mouse feed and water. All of the fed rodents were captured
with live traps at least 1500 m apart from the experimental
plot, to avoid affecting rodent population density in the plot.
Sixteen (adults, eight male and eight female) individuals of
each rodent species were chosen for the seed feeding experi-
ment in cages after being housed for 2 weeks. Their initial
body weights were 63-77 g for N. confucianus, 20-28 g for A. pen-
insulae, and 200-260 g for S. davidianus. All experimental ani-
mals were deprived of food for 12h and all experimental
cages were cleaned before the experiment to avoid the effects
of previous food on their seed selection. Ten intact seeds of
each species were supplied together for each mouse to select
randomly. In the following 4 days, the seeds provided were
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Table 1 - Population abundance and compositions of rodent species in the study area

Season Traps Niviventer Apodemus  Sciurotamias  Apodemus  Tscherskia =~ Tamias  Total Trap

confucianus  peninsulae davidianus agrarius triton sibiricus success %
Spring 480 7 6 2 1 16 33
Summer 480 16 24 10 1 58 121
Autumn 480 17 16 5 5 43 9.0
Total 1440 40 46 14 1 15 1 117 8.1
Proportion % 34.2 39.3 12.0 0.9 12.8 0.9 100

checked every noon and the seed selection by each mouse was
recorded. Any seed eaten or hoarded in the nest or in the cor-
ner of the feeding box was regarded as having been “selected”
by rodents.

N. confucianus, 34.2%; Tscheskia triton, 12.8%; and S. davidianus,
12.0%. These four rodent species are common and the other
two rodent species, Apodemus agrarius and Tamias sibiricus,
were relatively rare in the study area. Tscheskia triton mostly

occurs in croplands near the forests, and the other rodent
species mostly inhabit forests or shrublands.

The body length, body mass and masseter mass of A. penin-
sulage were 98.8+5.1mm, 236+41g and 013+002g
(mean + S.D, n = 19), respectively; those of N. confucianus were
135.2 + 11.6 mm, 62.8 & 10.0 gand 0.31 + 0.03 g (n = 26), respec-
tively; and those of S. davidianus were 210.2+7.3 (n=26),
222.1+23.2gand 0.51 £+ 0.05 g (n = 17), respectively.

2.7. Statistics and analysis

SPSS for Windows (Version 13.0) was used for statistical anal-
ysis. Survival dynamics of released seeds at seed station in
different seasons were analyzed individually with Cox regres-
sion. The median survival times of seeds of each species both
at seed stations in three seasons and in cages were analyzed
with Life Table. Both at seed stations and in cages, the corre-
lations between the median survival times of seeds and seed 3.2.
traits were analyzed separately with Pearson correlation tests.
Differences in survival time of different seeds at releasing sta-
tions in different seasons and differences in seed removal by
the three rodent species in cages were tested individually
with Friedman tests.

Seed traits

Seeds of the experimental species differed greatly in their
morphological traits. Seeds of J. regia and J. mandshurica are
larger and heavier than those of the three other species,
A. davidiana and ]. mandshurica have a thicker endocarp and
a higher ratio of endocarp mass/seed mass than J. regia and
P. armeniaca, and Q. liaotungensis has the thinnest and fragile

3. Results endocarp and lowest endocarp mass/seed mass (Table 2).
Seed caloric values decreased in the order J. regia, J. mandshur-
3.1. Key rodents and their morphological traits ica, A. davidiana, P. armeniaca and Q. liaotungensis (Table 2),

whereas their tannin contents decreased in the order
Q. liaotungensis, J. regia, J. mandshurica, A. davidiana and
P. armeniaca (Table 2).

A total of 117 individuals of six rodent species were captured
(Table 1). Among them, A. peninsulae accounted for 39.3%;

Table 2 - Morphological and nutritional traits of the five seed species (mean + S.D.) (- denotes no data). Twenty to 50 dry
intact cleaned seeds of each species were used to measure crude protein, crude fat, crude starch, crude fiber and tannin.

The caloric values of seeds were calculated by the average gross energy equivalents of protein (17.2 KJ/g), fat (38.9 KJ/g),
carbohydrates (17.2 KJ/g), and caloric value per seed was calculated using mean kernel mass x caloric value

Seed traits Quercus Prunus Amygdalus Juglans regia Juglans
liaotungensis armeniaca davidiana mandshurica
Seed length (mm) 17.8 +2.8 221+1.6 21.2+20 30.5+ 2.8 341+24
Seed width (mm) 133+2.1 9.8+ 0.8 17.24+2.0 29.6 +£2.0 23.8+2.0
Endocarp thickness (mm) 0.3+0.1 1.1+£0.2 3.9+0.6 1.2+0.3 2.7 £0.5
Seed mass (g) 2.0+0.9 1.2+0.2 32+0.6 9.1+17 6.1+1.0
Endocarp mass (g) 0.3+0.1 0.8+0.1 3.2+0.6 48+1.0 5.1+0.9
Kernel mass (g) 1.7 +0.9 0.4+0.1 0.4+0.1 43+0.9 1.0+0.2
Endocarp mass/Seed mass (%) 14.8 £3.7 67.3+5.9 879+28 523 +5.3 83.6+2.1
Crude protein (g/100 g) 115 25.1 29.0 15.4 28.1
Crude fat (g/100 g) 1.5 53.1 52.7 70.7 62.3
Crude starch (g/100 g) 34.1 - - - -
Crude fiber (g/100 g) 41 2.9 3.0 1.4 1.0
Tannin (g/100 g) 8.6 0.1 0.1 0.6 0.5
Caloric value (KJ/g) 8.4 255 26.0 30.4 29.2
Caloric value per seed (KJ) 14.2 10.4 9.9 131.8 29.2
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3.3. Seed removal by rodents in field

Nearly half of the A. davidiana seeds and a few J. mandshurica
seeds still remained at the seed stations at the end of the exper-
iment, while all released seeds of other species were removed
by rodents within 16 days. Very few seeds were eaten in situ
during the time of the experiment. In general, speed of seed
removal by rodents decreased in the order Q. liaotungensis >
P. armeniaca > ]. regia > ]. mandshurica > A. davidiana in all sea-
sons (Fig. 1). The survival time of released seeds was signifi-
cantly different among tree species (Wald = 1122.568, df =4,
P <0.001) and seasons (Wald=1712.081, df =2, P < 0.001).
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Fig. 1 - Dynamics of removal of seeds released at seed
stations in three seasons. Error bars are standard errors.

Seed removal speeds were highest in autumn, medium in sum-
mer and lowest in spring (Fig. 1). When seasons were analyzed
separately, the differences of seed survival time among seed
species were significant in all seasons (x*=54.350, df =4,
P <0.001 in spring, x?=57.653, df =4, P < 0.001 in summer
and 2 = 54.203, df = 4, P < 0.001 in autumn). The order of me-
dian survival time was Q. ligotungensis <P. armeniaca <
J.regia < J. mandshurica < A. davidiana (Table 3). The median sur-
vival times of released seeds at seed stations were significantly
and positively correlated with endocarp thickness in all three
seasons, and significantly correlated with the ratio of endocarp
mass/seed mass in spring (Table 4). Thus we concluded that
endocarp thickness is the dominant factor determining seed
removal in the field.

3.4. Seed selection in cages

Sciurotamias davidianus chose a broader range of seed species
than N. confucianus and A. peninsulae. Apodemus peninsulae
showed a preference for seeds of Q. liaotungensis and P. arme-
niaca, but showed no selection on J. regia, J. mandshurica and
A. davidiana seeds (x>=15.351, df =4, P =0.004) (Fig. 2A).
Niviventer confucianus selected more seeds of Q. liaotungensis
and P. armeniaca, few seeds of J. regia and A. davidiana and no
seeds of J. mandshurica (x*> = 14.773, df = 4, P = 0.005) (Fig. 2B).
Sciurotamias davidianus consumed seeds of all five species,
with a preference for seeds of Q. liaotungensis and J. regia
(x* = 16.000, df = 4, P = 0.003) (Fig. 2C). The order of seed selec-
tion for S. davidianus, preference decreased following the order
Q. liaotungensis, J. regia, P. armeniaca, J. mandshurica and
A. davidiana (Fig. 2C), and the median survival time of these
five seed species were significantly and positively correlated
with the ratio of endocarp mass/seed mass (r=0.972,
P =0.005). In general, endocarp thickness was still dominant
in determining the order of seed selection in cages, but larger
rodents were able to consume a wider range of seed species of
different sizes. The order of seed selection by each of the three
rodent species in the cage experiments corresponded well to
that observed in the field except for the selection by S.
davidianus which showed preference of J. regia to P. armeniaca

4, Discussion

4.1. Population abundance and composition
of rodent species

Apodemus peninsulae, N. confucianus, T. triton and S. davidianus
are common rodent species and attributed to seed removal
in the field in the study area. In cage experiments, A. peninsulae
and N. confucianus mainly selected seeds of Q. liaotungensis and
P. armeniaca, while S. davidianus mainly selected seeds of
Q. liaotungensis, J. regia and P. armeniaca. Seeds of J. mandshurica
and A. davidiana were less selected by rodents. Although
A. agrarius and T. sibiricus have been shown to remove seeds
of Q. liaotungensis, J. regia and P. armeniaca in this area (unpub-
lished data), their effects on seed removal might be limited
because of their very low population numbers during the
study period.
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Table 3 - Median survival times (days) of seeds of the five species at seed stations in three seasons

Season Quercus liaotungensis Prunus armeniaca Amygdalus davidiana Juglans regia Juglans mandshurica
Spring 23 4.2 7.8 5.0 7.5
Summer 0.7 1.0 5.6 2.6 3.1
Autumn 0.6 0.7 5.6 2.0 4.7

Because of the hard endocarps of these species, seeds of
P. armeniaca, A. davidiana, J. mandshurica and J. regia can only
be consumed by rodents. Previous studies showed that some
other animals, such as deer, wild pigs, cattle, Eurasian jay
(Garrulus glandarius) and pheasant (Phasianus cochicus) might
also eat acorns of Q. liaotungensis (Li and Zhang, 2003; Lu and
Zhang, 2005a), but these animals were very rare in our study
area and their effects can be neglected.

4.2. Seasonal differences of seed removal speed

Speed of removal of seeds of these five tree species was much
higher in autumn and summer than in spring (Table 3, Fig. 1).
This observation further supports our previous studies in this
area (Lu and Zhang, 2004; Li and Zhang, 2007). Seasonal varia-
tion of rodent population densities might be the major reason
for seasonal differences in speed of seed removal. Live-
trapping results suggested that rodent population densities
were higher in summer (trap success 12.08%) and autumn
(8.96%) than in spring (3.33%) (Table 1). Kollmann et al. (1998)
reported that seed predation intensity decreased in the order
summer > autumn > spring > winter; and that temporal fluc-
tuation in rodent population densities were mostly responsible
for this variation. The increased effort of rodents in food stor-
age for over-winteringis also a likely cause of the rapid removal
of seeds in autumn (Vander Wall, 1990; Lu and Zhang, 2004).
Seasonal variation of fruiting phenology might affect
seasonal differences in seed removal because availability of al-
ternative food in food-abundant seasons may slow the removal
of thereleased seeds.Janzen (1971) and Sork (1983) showed that
large crops could slow seed removal by satiating seed predator-
dispersers. However, our results showed that the speed of seed
removal varied significantly among seasons and was fastestin
the food-richest season-autumn. The reason mightbe thatthe

crops of our focal tree species in 2005 were low and rodent
abundances were relatively high (unpublished data).

The order of removal of seeds of five tree species in the field
did not differ among seasons, a finding that conforms to pre-
vious observations (Jensen, 1993; Kollmann et al., 1998; Xiao
et al,, 2006). Kollmann et al. (1998) found that rodents demon-
strated species-specific selectivity among 12 fleshy-fruited
species and that seed preferences were notably consistent
among seasons and years.

4.3. Effects of body size of rodents on seed removal speed

Rodents with different body size have different seed handling
abilities, and therefore have different seed preferences (Rose-
nzweig and Sterner, 1970; Vieira et al., 2003; Lu and Zhang,
2005b,c). Small and medium-sized frugivores should be most
attracted by small fruits or seeds (Izhaki, 2002). In Atlantic for-
ests of Brazil, smaller rodent species (e.g. Akodon serrensis, Oli-
goryzomys nigripes and Wilfredomys pictipes) fed mainly on
small to medium-sized seeds (<10 mm diameter), medium-
sized rodents (e.g. Oecomys aff. Concolor and Oryzomys russatus)
fed on seeds with diameter <15 mm, and larger rodents (e.g.
Trinomys ihberingi and Nectomys squamipes) consumed seeds
of most species independent of seed size (Vieira et al., 2003).
The results of our seed selection experiments in cages sup-
ported this observation. Apodemus peninsulae, with a small
body and small, weak masseter muscles, could hardly open
hard endocarps and only selected relatively small and soft
seeds (e.g., those of Q. liaotungensis and P. armeniaca) and
rejected large and hard seeds (e.g., those of ]. regia, A. davidiana
and J. mandshurica). Niviventer confucianus, with intermediate
body size and heavier masseter muscles, selected seeds of
Q. liaotungensis and P. armeniaca and a few seeds of J. regia
and A. davidiana, while S. davidianus, with the largest body

Table 4 - Correlation coefficients (Pearson’s R) between median survival times of seeds of different species released at seed

stations, and seed traits with in three seasons. *Correlation was significant at the 0.05 level (2-tailed). **Correlation was

significant at the 0.01 level (2-tailed)

Seed traits Spring Summer Autumn
r P r P r P

Seed length 0.522 0.367 0.208 0.738 0.374 0.535
Seed width 0.403 0.501 0.355 0.558 0.371 0.538
Seed mass 0.335 0.581 0.269 0.661 0.272 0.658
Endocarp thickness 0.522* 0.011 0.950* 0.013 0.964" 0.008
Endocarp mass 0.742 0.151 0.590 0.295 0.668 0.218
Endocarp mass/seed mass 0.919* 0.027 0.731 0.161 0.776 0.123
Kernel mass —0.276 0.653 -0.174 0.779 —0.289 0.638
Tannin —0.734 0.158 —0.545 0.342 —0.503 0.388
Caloric value 0.720 0.170 0.509 0.381 0.497 0.3%4
Caloric value per seed —0.040 0.950 —0.002 0.997 —0.122 0.845
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Fig. 2 - Seed selection by the three rodent species in cage
experiments. Error bars are standard errors.

and the heaviest masseter, consumed all of the five seed spe-
cies regardless of seed size and endocarp thickness. However,
Price (1983) found six heteromyid rodent species with differ-
ent body size to have similar preferences for wheat particles
of various sizes.

Levey (1987) suggested that body size is the predominant
factor in determining fruit size selection by frugivorous birds.
This is because the maximum diameter of fruit and/or seed
swallowed by avian frugivores is mostly limited by their
gape size. In contrast, there is no upper size constraint for
mammalian granivores, as they are able to process fruit using
their teeth and hands. The fruit-size hypothesis may not be
applicable to the case of rodent selection of seeds of varying
size. However, seed mass may be also a factor constraining
decisions by rodents to remove and cache seeds. Small

rodents may have difficulty in handling and carrying heavy
(often large) seeds, and thus suffer high predation risk. The
husking time for four kinds of seeds (spinach, sunflower,
squash and pumpkin) by seven species of heteromyid rodents
varying in size from 8 to 114 g was inversely proportional to
the animal’s body size (Rosenzweig and Sterner, 1970). Seeds
of J. regia and J. mandshurica are over 10-20% of the body
mass of A. peninsulae and N. confucianus, but less than 5% of
the body mass of S. davidianus. The seed mass hypothesis is
likely to explain why large rodents consume both small and
large seeds, while small rodents select only small seeds.

4.4. Effects of seed traits on seed removal speed

The use by rodents of seeds of a given species may depend not
only on traits of the rodent species but also on traits (both
physical and chemical traits) of seeds. Our results clearly indi-
cated that endocarp thickness was the principal determinant
of the order of removal of seeds of the five species and sup-
ported our hypothesis. Speed of seed removal was negatively
correlated with endocarp thickness. This phenomenon has
also been reported by a very few other studies (e.g. Blate
et al.,, 1998; Izhaki, 2002). This is probably because thick and
hard endocarps would generally be rejected by seed predators
owing to the difficulty of handling them or to the high energy
expenditure or high predation risk this would entail. Very
large, physically well-protected seeds often suffer almost no
predation (Terborgh et al., 1993; Blate et al., 1998; Kollmann
et al., 1998). For seed predators, decisions concerning where
and what to eat depend on the trade-off between handling
time and predation risk (Lima and Dill, 1990). Spending more
time on hard seeds may increase predation risk in the field.
For instance, black-capped chickadees (Poecile atricapillus)
changed their foraging strategy depending on predation risk,
eating small, easy to handle items at unsheltered sites
(Lima, 1985). In another study, seed predation by rodents
was lowest among species with woody endocarps (e.g. Cornus
sanguinea, Crataegus spp.) (Kollmann et al., 1998).

Seed removal speed only represents dispersal fitness of
seeds by rodents before seed caching. Zhang et al. (2008) found
that seed dispersal fitness might be different before seed
removal and after seed removal. Though seed endocarp thick-
ness reduced seed removal speed, it may increase seed cach-
ing after seed removal, and then increase dispersal fitness in
the later stage. Our previous study indicates that both
N. confucianus and A. peninsulae prefer to eat seeds of Q. liaotun-
gensis in situ and to cache seeds of P. armeniaca in enclosure
tests in the same site studied here (Lu and Zhang, 2005c,d).
Ganesh and Davidar (2005) also suggested that endocarp
thickness is also significant in lowering seed predation.
Thus, the role of endocarp thickness in shaping interaction
between seeds and animals needs further investigations by
emphasizing effect of endocarp thickness on seed caching
and survival after seed removal.

Our results appear contradictory to the frequent finding
that larger seeds or those with higher nutritional values
are removed faster than small seeds or those with low nutri-
tional values (Brewer, 2001; Jansen et al., 2002; Vander Wall,
2003; Ulft, 2004; Xiao et al., 2004, 2005a, 2006; Celis-Diez and
Bustamante, 2005). According to optimal foraging theory
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(Pulliam, 1974), foragers should select a subset from the set
of potential food items that maximizes net energy intake
per unit time spent foraging. Rodents should forage for seeds
with high value that best satisfy their nutritional demands.
Many previous studies have tended to support this point of
view (e.g. Lewis, 1982; Levey, 1987; Henderson, 1990). Second-
ary chemical compounds (e.g., tannins and other polyphe-
nols) may also affect seed removal (e.g. Robbins et al,
1991; Dearing, 1997; Meiser et al., 2000; Burritt and Provenza,
2000; Dearing et al., 2000; Shimada and Saitoh, 2003).
Tannins, a diverse group of soluble phenolic compounds,
are thought to be defenses against herbivory (Robbins
et al.,, 1991; Dearing, 1997; Meiser et al., 2000; Shimada and
Saitoh, 2003). Rodents often avoid acorns with high tannin
concentration (Shimada, 2001; Shimada and Saitoh, 2003).
In our study, in addition to differences in endocarp thick-
ness, there were great differences among species in seed
size, nutritional value and tannin content. Of these variables,
only endocarp thickness was significantly correlated with
seed removal in the field. The effect of seed size, nutrition
and tannin on seed removal was probably obscured by the
strong effect of endocarp thickness. Kollmann et al. (1998)
also found that rodent preferences for seeds of 12 fleshy-
fruited species were not correlated with seed mass. Thus
seeds with an endocarp that is too thick would not be
favored for removal by rodents if the nutritional content
were similar. For example, P. armeniaca and A. davidiana
have a similar amount of caloric energy per seed, but
A. davidiana has a much thicker endocarp than P. armeniaca
(Table 2). Amygdalus davidiana was less often removed by
rodents than P. armeniaca in both the field and the laboratory
tests. However, when differences in nutritional value are
much greater than those in endocarp thickness, seed size
and nutrition might play a larger role in influencing seed
removal probability. For example, A. davidiana and J. man-
dshurica have similar endocarp thickness and endocarp
mass/seed mass, but J. mandshurica has much higher nutri-
tional content per seed than A. davidiana (Table 2). Amygdalus
davidiana is selected much less than J. mandshurica in both
field tests and laboratory tests (for S. davidianus). In the
seed selection experiments in cages, S. davidianus selected
the large seeds of J. regia over those of P. armeniaca,
J.mandshurica and A. davidiana, also indicating the effect of
seed size and nutrition when endocarp thickness is high.
In summary, speed of seed removal was determined
primarily by endocarp thickness in the temperate forest we
studied. The effect on seed removal of seed size, nutritional
content, and content of secondary compounds might be
hidden by the strong effect of endocarp thickness. The role
of the seed coat in affecting seed fates and recruitment suc-
cess in tree populations, and the evolutionary significance of
variation in this trait, are worthy of deeper exploration.
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