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Abstract

Background: Seed dispersal by scatter-hoarding animals can affect the developmental dynamics of plant
communities. However, how animals might participate in plant inter-community competition has rarely been
investigated. Forest community junction is an area where the competition between plant communities is most
prominent and animal activity is more frequent. At present, little is known about how scatter-hoarding animals
might assist competitions by adjacent plant communities. Thus, for 3 years (2015-2017), we tracked the fate of
2880 tagged seeds (Quercus aliena var. acuteserrata, Pinus tabuliformis, and P. armandii seed) placed near an edge
where the forest composition changes from a pine forest to an oak forest in northwestern China.

Results: We found that the seed fates differed when Quercus and Pinus seeds entered adjacent stands. In contrast
to Pinus seeds, acorns that entered pine forests were characterized by higher caching rates and longer dispersal
distances. Pinus seeds had the highest probability of being predated (85%) by rodents, and eleven Q. aliena var.
acuteserrata seedlings were established in pine forests, although none survived in the later stages. In addition,
rodents exhibited obvious selectivity in terms of the microhabitats for the seed caching sites.

Conclusions: Seed fates differed when Quercus and Pinus seeds entered adjacent stands. The predation pressure by
rodents on the seeds of Pinus species limited the germination of seeds and seedling establishment in oak forests.
The different seed fates after their bidirectional dispersal could affect the differences in natural regeneration between
pine and oak forests, and they might increase the recruitment rates for oak at the edge of an adjacent community.
Rodent-mediated seed dispersal could potential unintentionally affect the competition between plant communities.
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Background

Forests provide an important food source for animals
and these animals also influence the spatial structure of
the plant population, community assembly, and forest
dynamics through their inconspicuous foraging behavior
(Wang and Chen 2009; Vander Wall 2010; Spiegel and
Ran 2012; Lichti et al. 2017). Rodent-mediated seed dis-
persal can be regarded as an important process in the re-
generation, survival, and distribution of plant species. In
general, scatter-hoarding animals subsist on seeds during
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some or all of the year (Vander Wall and Beck 2012),
they play crucial roles in seed dispersal, where they can
indirectly facilitate long-term seed germination and nat-
ural regeneration (Zhang et al. 2013; Yu et al. 2014),
while successful natural regeneration is the foundation
of healthy forest development (Yan et al. 2016).
Rodent-mediated seed dispersal is a crucial secondary
dispersal process after seeds leave the parent tree falling
to the ground (Vander Wall 2003), where it indirectly af-
fects natural forest regeneration and the plant commu-
nity structure (Vander Wall 1990; Vander Wall 2010). It
is generally accepted that seed dispersal by rodents can
help seeds to reach a more suitable position for
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germination compared with undispersed seeds that re-
main below the parent tree (Vander Wall 1993; Yu et al.
2014; Wang and Corlett 2017). The spatial distribution
of scatter hoards by scatter-hoarding animals represents
a trade-off between the energy invested in establishing
caches and the increased risk of pilferage (Steele et al.
2015; Yang et al. 2016; Dylewski et al. 2020). Some seeds
that escape predation are more likely to be recruited
successfully if the burial position is in a suitable habitat.
When the ambient food availability is higher than the
size of the animal population, scatter-hoarding animals
are less dependent on stored seeds, and thus many
cached seeds will escape predation (Vander Wall 2002;
Bergeron et al. 2011; Soler et al. 2017). However, the
overall effect of scatter-hoarding animals on seed disper-
sal and seedling recruitment is conditionally mutualistic
(Xiao and Krebs 2015; Lichti et al. 2017). This mutualis-
tic relationship between the plant community and
scatter-hoarding animals is affected by various biotic and
abiotic factors in forest ecosystems, such as predation,
forest habitat, and human disturbance (Yu et al. 2015;
Kellner et al. 2016).

The reciprocal relationship between rodents and
plants community varies in different forest habitat, it is
particularly important to understand the role of scatter-
hoarding animals in plant inter-community competition.
Forest community junction is considered a unique envir-
onment, it is an area where the competition between
plant communities is most prominent (Kang et al. 2017)
and animal activity is more frequent because of the
greater diversity and abundance of food resources (Yu
et al. 2018). Many previous studies have investigated the
ecological process, stand development dynamic and
population characteristics of plant community junction
(Gracia et al. 2002; Mendes et al. 2016; Kang et al
2017), whereas few have considered the relationships
among animals and plant community competition ac-
cording to their foraging behavior. Thus, it would be
useful to determine whether scatter-hoarding behavior
and cache establishment by animals might act as a driv-
ing force to help species infiltrate adjacent communities.

Pine—oak (Pinus—Quercus) mixed forests are the dom-
inant forest type in the Qinling Mountains, China, where
the pine and oak forests exhibit patch mosaic spatial dis-
tributions at the landscape scale. In general, mixed for-
ests exhibit high species richness and distinctive species
compositions, and they have essential roles in maintain-
ing biodiversity and ecosystem functions (Stone 2006).
Previous studies have indicated that competition gradually
increases with the development of populations in the edge
between pine and oak forests, where Pinus species are
considered to be the pioneer species during succession
and they are usually invaded by late successional Quercus
species (Gracia et al. 2002; Yu et al. 2014; Kang et al
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2017). However, the mechanism responsible for driving
the invasion process is not well understood. Some of the
gaps that frequently form in the Qinling pine forest due to
disturbances (such as steal cutting, wild fire and wind) are
eventually supplemented by oaks (those phenomena ac-
cording to personal investigations and inquiries from local
forest managers). Some oak seedlings were found in pine
forests at the top of mountains during our previous sur-
vey, which could not be reached by gravity dispersal due
to the topography. Therefore, the appearance of oaks in
pine forests may be due to complex environmental effects
where animal assistance may mediate their initial invasion
of pine forests, thereby suggesting that the competition
among animals may participate in the development of
plant communities. Yu et al. (2014) documented that over
30% of the released acorns were dispersed by rodents into
the P. armandii stands where they established some seed-
lings. Moreover, seed dispersal and seedling recruit suc-
cessfully is also influenced by biotic (seed ripening season,
seed quality, seed size, pericarp thickness, predator age,
predator preferences, community type, vegetation under
the canopy, etc.) (Wang and Chen 2009; Vander Wall
2010; Santos-Filho et al. 2012; Zhou et al. 2013; Yu et al.
2015; Bartlow et al. 2017; Soler et al. 2017; Wang and Cor-
lett 2017; Dylewski et al. 2020) and abiotic factors (e.g.,
soil moisture, light, temperature, slope) (Garcia et al.
2002; Yu et al. 2013). Most previous studies of seed dis-
persal only considered animal behavior and few investi-
gated the relationships between animals and plant
community dynamics based on the long-term tracking of
the survival dynamics of seedlings that germinate after
burial by rodents. Therefore, determining whether small
animals play a major role in the forest succession process
may provide insights into how oak invades pine forests.
The invasion behavior of many plant species depends
greatly on the propagule pressure (Lonsdale 1999; Clair
et al. 2016; Wrobel and Zwolak 2019), and a previous
study showed that Quercus aliena var. acuteserrata for-
est has a natural regeneration bottleneck (Kang et al.
2017). To better understand the community competition
and driving forces responsible for the invasion of oak
into pine forests, and how different forest communities
affect the dispersal and fate of seeds from adjacent com-
munities, we selected a mosaic region of pine—oak mixed
forest in the Qinling mountains and simultaneously
cross-released seeds of each type in the opposing forest
stands to simulate seed dispersal, before determining the
fates of the seeds that entered the stands, i.e. the per-
formance of seeds after entering the adjacent stands.
Here, the seed dispersal drivers include both abiotic
(e.g., wind) and biotic (e.g., rodents, jay) factors. We also
measured the forest structure in the two communities to
identify changes that might affect acorn predation and
dispersal, and tracked the germination and growth of the
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seeds cached by rodents over 3 years. We also measured
seed production in the pine and oak forest to consider
the possible variability in ambient food availability. We
addressed the following questions: (1) Do forest rodents
influence the seed dispersal patterns of pine seeds and
oak seeds that enter stands of each other? (2) How do
forest rodents influence the natural regeneration and de-
velopmental dynamics of pine—oak mixed forests? Thus,
we aimed to determine the effects of rodent-mediated
seed dispersal on the plant community competition in a
typical pine—oak mosaic mixed forest to provide a theor-
etical basis for plant community system and forest man-
agement, especially maintaining the stability of mixed
forests.

Methods

Study site and species

The experiments were conducted during the autumn
(October—December) of 2015 in the Huoditang forest
region (108°21'-108°29" E, 33°18'-33°28" N), Shaanxi
Province, northwestern China. The forest region is lo-
cated in the middle of the Qinling Mountains, which are
characterized by a moist temperate climate. The annual
precipitation ranges from 1000 to 1200 mm, and it is
distributed fairly unevenly throughout the year, but most
falls from July to September. The average temperature
ranges from 8 °C to 10 °C, with a maximum of 28.6 °C in
July and a minimum of —9.5°C in January (Yu et al.
2013). The vegetation mainly comprises mixed conifer
and deciduous forests, as well as conifer forests, where
the forest coverage rate is 93.8%. The dominant tree spe-
cies are Q. aliena var. acuteserrata, Pinus tabuliformis,
P. armandii, Q. variabilis, Tsuga chinensis, Carpinus
turczaninowii, Betula albosinensis, and Acer davidii.
Pine—oak (Pinus—Quercus) mixed forests are the domin-
ant forest type in this region. The rodent species com-
position varied at the study site but the dominant
species were Apodemus draco, A. peninsulae, Sciurota-
mias davidianus, and Niviventer confucianus (Chang
et al. 2012; Yu et al. 2014).

Seed disperser identification

After field reconnaissance, a forest edge between oak
and pine plant communities was selected in a typical
pine—oak mosaic mixed forests in the Huoditang forest
region. Whitmore’s characterization of the forest mosaic
to distinguish between two types of patches was used
(Whitmore 1978), i.e., pine forests dominated by P.
tabuliformis and P. armandii and oak forests dominated
by Q. aliena var. acuteserrata. The sample plot-specific
factors, ground vegetation, total coverage, and natural
regeneration were measured according to the “Observa-
tion Methodology for Long-term Forest Ecosystem Re-
search” in the National Standards of the People’s
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Republic of China (GB/T 33027-2016). We used 30 live
wire cage traps (27 cm x 14 ¢cm x 11 cm) baited with pea-
nuts and melon seeds to verify the abundances and spe-
cies composition of rodents at the study site after the
seed dispersal experiment. All of the steel wire traps
were placed in P. armandii—P. tabuliformis forests (pine
forests) and Q. aliena var. acuteserrata forests (oak for-
ests) along each of two transects at an interval of 5m
apart during November 14-18, 2015. The traps were
opened in the same direction and checked every day at
sunrise after the experiment commenced. This experi-
ment was conducted for four consecutive days. The total
number of trapping days and nights was 150 (15 traps x
two transects x 5 days and nights) for the plot. Trap suc-
cess (%) = (trapped individuals / trap nights) x 100%. The
captive animals were identified, weighed, and photo-
graphed, and then released in situ immediately.

Seed production survey

During 2015 and 2016 (August—November), we col-
lected seeds from Q. aliena var. acuteserrata, P. tabuli-
formis, and P. armandii using seed traps in the plot in
order to analyze the seed crops. Three transect lines
were set at the centers of the pine forests and oak forests
to determine the production rate and distribution of
seeds in the plot. Ten traps were spaced 10 m apart
along each transect, which were separated by 15m. In
total, we placed 60 traps (10 traps x three transects x
two forests) in the plot (Fig. S1). Each trap had a diam-
eter of 79.8cm and it was set about 1 m above the
ground using three bamboo poles to reduce the interfer-
ence from animals. The seed traps comprised nylon net
(1 mm mesh) and iron wire (diameter = 4.1 mm), with a
collection area of 0.5m? The traps collected seeds that
were as small as possible but without being destroyed by
the rain or snow. When the seed rain commenced, we
regularly collected seeds from 60 traps and transported
them to the laboratory for counting and identification
each year. Seed rain density (m™?) =seed amount/seed
trap area.

Seed preparation

During the seed rain from Q. aliena var. acuteserrata,
mature and fresh Q. aliena var. acuteserrata acorns were
collected near the study site for the seed dispersal ex-
periment. Water flotation and visual examination were
used to identify sound and insect-damaged/empty
acorns. Q. aliena var. acuteserrata acorns are oval and
vary considerably in size. Thus, we selected 720 fresh
and sound large Q. aliena var. acuteserrata acorns
(1.692 £ 0.033 g mass; 22.485 + 0.114 mm long, 13.821 +
0.072 mm wide, mean + standard error, #n = 100) and 720
small Q. aliena var. acuteserrata acorns (0.733 +0.018 g
mass; 15.131 £0.151 mm long, 9.271 +0.095 mm wide)
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(total of 1440 seeds). It was designed to compare the
performance of acorns of different sizes after entering
the pine forest in order to assess the relationship be-
tween the seed size and rodents. Mature and fresh P.
armandii and P. tabuliformis pine cones collected in the
fall of 2015 were bought from local farmers. We selected
720 fresh and sound P. armandii seeds weighing 0.274 +
0.006 g and 720 fresh and sound P. tabuliformis seeds
weighing 0.022 +£0.001g (total of 1440 seeds). Coded
plastic tags (Yi and Zhang 2008) were used to study the
dispersal of Q. aliena var. acuteserrata, P. armandii, and
P. tabuliformis seeds. A tiny hole measuring 0.3 mm in
diameter was drilled through the husk away from the
cotyledon and embryo in each seed, and a white plastic
tag (3.0cm x2.0cm, <0.1g) was tied through the hole
in each seed using a steel thread with a diameter of 0.3
mm and length of 12 cm. Tagging has been shown to
have a negligible effect on seed removal and hoarding by
rodents (Xiao et al. 2006). For each plastic tag, we re-
corded the seed site, seed category, seed number, and
other information in order to ensure that each seed
could be tracked.

Seed release

In the plot, eight transect lines were placed vertically
along the boundary of the forest edge between pine and
oak forests, and six seed stations were established on
each transect line at intervals of 10 m apart. Each of the
seed stations was set as a distance group, i.e., 0, 10, 20,
30, 40 and 50 m, which were the distances from the for-
est edge between the pine and oak forests (Fig. S1). The
large and small Q. aliena var. acuteserrata acorns were
placed at each seed station in the pine forests, and P.
armandii and P. tabuliformis seeds were placed at each
seed station in the oak forests. Thirty tagged seeds from
each species (1-2 m) were placed separately at each seed
station. The total number of seeds released was eight
(transects) x six  (stations) x 60 (seeds) = 2880 tagged
seeds. We checked the seed stations every other day
after seed release, and searched the area around each
seed station as well as possible to classify the fates of all
the released seeds according to six categories (Yi and
Zhang 2008): (1) intact in situ (IIS), (2) eaten in situ
(EIS), (3) eaten after removal (EAR), (4) intact but not
buried after removal to another location (IAR), (5) scat-
ter hoarding after removal (SH), and (6) missing (M)
when we could not find them and were unable to deter-
mine their fates. When a seed was removed, we carefully
noted the seed code number and measured the distance
and direction of the tagged seed from its original seed
station. The microhabitats were recorded for IAR and
SH seeds, where five categories of microhabitats were
classified as follows (Li and Zhang 2003): (1) under
shrub, (2) shrub edge, (3) hole, (4) grassland, and (5)
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bare land. The successful seedlings at the cache sites se-
lected by rodents were tracked in 2016 and 2017. In
addition, we measured the basal diameter, height, and
leaf number of each seedling to evaluate the seedling
growth and vitality.

Statistical analysis

Data analysis was conducted using SPSS for Windows
version 21.0. To ensure normality and homogeneity of
variance, the proportions of remaining, eaten, and
cached seeds were arc-sine transformed before statistical
analysis. The x> test was used to compare the differences
in the rodent species among the two types of forests.
Paired-sample ¢-tests were used to detect the differences
in the seed crops from Q. aliena var. acuteserrata, P.
armandii, and P. tabuliformis in the two years. Cox
regression analysis was used to compare the times until
removal from the seed stations for the four seed types in
pine and oak forests. We analyzed the seed fate and dis-
persal distance based on the seed tracking experiments.
Generalized linear models were used to test differences
in the seed rates for IIS, EIS, EAR, IAR, SH among the
four seed types as well as the effects of distance groups
on the removal distance. Tukey’s HSD post hoc tests
were applied for multiple comparisons of seed fates be-
tween the six distance groups. Two-way analysis of vari-
ance was used to test the interactions between seed
species and distance group. Data were expressed as the
mean * standard error.

Results

Rodent abundances

The results obtained from the seed disperser identifica-
tion experiments were based on 30 live steel-wire traps
(15 each in pine and oak forests). Three rodent species
were trapped during 150 trap days and nights with a trap
success rate of 34.00%. In total, 26 and 25 rodents were
captured in the pine and oak forests, respectively
(Table 1), and the rodent species and capture rates did
not differ between the two forests ()(2 =0.267,df=1, P>
0.05). Apodemus peninsulae was the dominant species in
the pine and oak forests, where it accounted for 57.69%
and 80.0% of the rodents trapped, respectively.

Seed crops

There were significant differences in the seed crops be-
tween 2015 and 2016 for each of the three species (all
P <0.001). Furthermore, the seed crops from pine forests
and oak forests differed significantly in 2015 and 2016
(2015: t=-3.048, df=29, P=0.005; 2016: ¢=-11.554,
df=29, P<0.001). The seed crops from Q. aliena var.
acuteserrata, P. armandii, and P. tabuliformis were
3320 +4.07m % 2247 +9.19m % and 18.33+2.35m™ >
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Table 1 Number of small rodents captured (n= 150 trap days and nights) in the plot

Species Pine forests Oak forests
Trapped individuals Trap success (%) Trapped individuals Trap success (%)
Apodemus peninsulae 15 200 20 26.7
A. draco 7 9.3 3 40
Sciurotamias davidianus 4 53 2 27
Total 26 346 25 334

in 2015, respectively, and 4.40+0.5m 2, 1.93+0.61
m~?, and 1.13 £ 0.69 m™ ? in 2016 (Table 2).

Removal rates from seed stations

The tagged seeds were generally removed by small ro-
dents within 25 days of their release in the plot (Fig. 1).
However, there were differences in the seed dispersal
rates by rodents for the different seeds in pine and oak
forests. Cox regression analysis indicated that there was
no significant difference in the seed removal rates for
large and small Q. aliena var. acuteserrata acorns in
pine forests (Wald = 3.576, df =1, P = 0.059). By contrast,
there was a significant difference in the seed removal
rates for P. armandii seeds and P. tabuliformis in oak
forests (Wald = 31.660, df =1, P < 0.001).

Seed fates

The proportion of small Q. aliena var. acuteserrata
seeds classified as EIS was higher than that for large Q.
aliena var. acuteserrata seeds (45.42% + 3.48% compared
with 23.61% +2.93%, respectively), and more large Q.
aliena var. acuteserrata seeds were classified as EAR and
SH than small Q. aliena var. acuteserrata seeds in pine
forests (47.64% + 3.09% compared with 32.50% + 3.04%
for EAR, respectively, and 17.36% * 3.68% compared
with 7.78% + 1.98% for SH). The seed fate proportions
for EIS, EAR, SH and M differed among the two types of
seeds in pine forests (EIS: F=22.560, df=1, P<0.001;
EAR: F=12.120, df=1, P=0.001; SH: F=4.145, df=1,
P=0.048; M: F=4.437, df=1, P=0.041) (Fig. 2). In oak
forests, the seed fate proportions for EIS, EAR, IAR, SH,
and M differed among the two species (EIS: F = 137.40,
df=1, P<0.001; EAR: F=95.340, df=1, P<0.001; IAR:

F=9217, df=1, P<0.001; SH: F=9.282, df=1, P=
0.004; M: F=36.40, df=1, P<0.001) (Fig. 2). The preda-
tion rates (EIS and EAR) of pine seeds in oak forests
(85.49 £ 2.46%) were significantly higher than those of
oak seeds in pine forests (74.58 + 2.81%).

In the dispersal prophase (2 days after release), the pro-
portions of large acorns classified as SH and M differed
among the distance groups (SH: F=3.075, df=5, P=
0.035; M: F =3.854, df=5, P=0.015), where the SH rates
for large acorns were markedly higher in the 0 m distance
group than the 10 and 20 m distance groups (P <0.05),
and the M rates for large acorns were significantly higher
in the 10 m distance group than the 40 and 50 m distance
groups (P<0.05). In addition, there were no significant
differences in the other seed fates of the four seed types
among the different distance groups (all P > 0.05). By con-
trast, in the dispersal anaphase (25 days after release), the
proportions of large acorns classified as M differed among
the distance groups (F=7.753, df=5, P<0.001), where
the M rates for large acorns were significantly higher in
the 10 m distance group than all of the distance groups
except 30 m (P <0.05). The fates of the other seed types
did not differ significantly among the distance groups dur-
ing the dispersal anaphase (all P>0.05) (Fig. 3). In pine
forests, the proportions of acorns classified as EIS differed
at 30 m (F=14.35, df=1, P =0.009), 40 m (F = 6.064, df =
1, P=0.049) and 50 m (F=6.33, df=1, P=0.046), those
classified as EAR differed at 20m (F=15.32, df=1, P=
0.008) and 30 m (F=30.54, df=1, P=0.001), those classi-
fied as SH differed at 30 m (F=6.542, df=1, P=0.043)
and 50 m (F = 6.386, df=1, P =0.045), and those classified
as M differed at 40 m (F =9.069, df = 1, P = 0.024) between
the large and small acorns during the seed dispersal

Table 2 Seed densities and abundances in pine forests and oak forests during 2015 and 2016

Forest Species Seed category 2015 2016
Seed amount Seed density (m™) Seed mount Seed density (m™)
Pine forests Pinus armandii Sound 337 2247 £9.19 29 193 + 061
P. tabuliformis Sound 275 1833 £235 17 113 £0.69
Total 612 40.80 + 9.02 46 3.07 £ 088
Oak forests Quercus aliena Sound 498 3320 + 4.07 66 440 + 050
var. acuteserrata 1 e 567 37.80 + 534 293 1953 + 143
Total 1065 71.00 £ 9.18 359 2393 £ 1.58
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anaphase. In oak forests, the proportions of seeds classi-
fied as EIS and EAR differed in all of the distance groups
(all P<0.05), those classified as IAR differed at 0m (F =
366.1, df=1, P<0.001), 20m (F=122.1, df=1, P<0.001),
and 50 m (F=125.6, df=1, P<0.001), and those classified
as M differed at Om (F=10.14, df=1, P=0.019), 40m
(F=9.0,df=1,P=0.024) and 50 m (F =236.63, df=1, P=
0.003) among the two pine seed species during the seed
dispersal anaphase. Moreover, the interaction between
seed type and distance group was not significant during
the dispersal prophase and anaphase in oak forests, but
the seed fate of SH was significantly different during the
dispersal prophase (F=4.198, df=5, P=0.004) and ana-
phase (F = 3.246, df =5, P = 0.016) in pine forests.

In addition, a higher proportion of the acorns in pine
forests were removed (EAR, SH, and M) by rodents in
the 0, 10, and 20 m distance groups compared with the
other groups, and the highest eaten in situ rates (EIS)

Seed dispersal distances
Most of the four seed types in the different distance
groups were dispersed less than 10 m in the plot (Fig. 5).
Most of the P. tabuliformis seeds were dispersed less
than 1 m in all of the distance groups. After statistically
considering the effect of average dispersal by seed types,
as predicted, we found that there were significant differ-
ences in the average dispersal distances among the seed
species at all seed stations in pine and oak forests (all

were found in the 20 and 30 m distance groups (Fig. 4).
Higher proportions of acorns were discarded after re-
moval (IAR) by rodents in the 40 and 50 m distance
groups compared with the other groups. The highest
predation rates in oak forests occurred in the 30 and 50
m distance groups, and higher proportions of pine seeds
were removed (EAR, IAR, SH, and M) by rodents in the
0, 10, and 20 m groups.
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P <0.001), and the interaction between seed species and
distance group was significant in pine forests (F=
12.970, df=5, P<0.001) (Fig. 5). In pine forests, large
acorns appeared to be moved further than small acorns
(F=16.090, df=1, P<0.001) and the effect was signifi-
cant at 0m (F=102, df=1, P<0.001). In oak forests, the
removal distances of P. armandii seeds were markedly
longer than those of P. tabuliformis seeds (F=42.580,
df=1, P<0.001), and we also found significant differ-
ences between the two seed species at all distance
groups (all P <0.05).

The maximum dispersal distances of large Q. aliena
var. acuteserrata and small Q. aliena var. acuteserrata
seeds were 26.0 and 13.0 m in pine forests, respectively,
and those for P. armandii and P. tabuliformis seeds were
12.5 and 4.1 m in oak forests. The maximum dispersal
distances of acorns in pine forests were found in the 10
m distance group. The maximum dispersal distances of
P. tabuliformis and P. armandii seeds in oak forests were
found in the 0 and 10 m distance groups, respectively.

Scatter hoarding and discard site microhabitats

The proportions of seeds scatter hoarded under shrubs
were higher for large and small Q. aliena var. acuteser-
rata acorns and P. armandii seeds, i.e., 45.60%, 71.43%,
and 62.50% of the total number of seeds after scatter
hoarding by rodents, respectively (Fig. 6a). A lower pro-
portion of seeds was scatter hoarded in bare land. In
addition, we found that over 24% of the Q. aliena var.
acuteserrata seeds were carried to holes by rodents
(Fig. 6a). P. tabuliformis seeds were not scatter hoarded,
but the scatter-hoarded rates for the other three seed
types tended to decrease as the microhabitat changed
from complex to simple (shrub to grassland, shrub edge,
and bare land) (Fig. 6a). The change in the discard
microhabitat was the opposite and all of the P. tabulifor-
mis seeds were discarded in bare land after removal by

rodents. The proportions of seeds discarded in bare land
were higher for small Q. aliena var. acuteserrata, large
Q. aliena var. acuteserrata, and P. armandii seeds, i.e.,
60.87%, 45.95%, and 41.67% of the total seeds discarded
by rodents, respectively (Fig. 6b).

Germination of surviving seeds

The P. tabuliformis seeds were not cached but 205
cached seeds survived in secondary caches according to
our final survey, where 165 Q. aliena var. acuteserrata
and 1 P. armandii seeds were cached under the canopy
in pine forest, 23 P. armandii and 16 Q. aliena var.
acuteserrata seeds were cached under the canopy in oak
forest (Table 3). During 2016, 11 Q. aliena var. acuteser-
rata seedlings emerged from the tagged seeds within the
pine community, i.e., three seedlings under shrubs, seven
seedlings at shrub edges, and one seedling in grassland,
where the growth vitality levels of these seedlings were
moderate, strong, and moderate, respectively (Table 3).
By contrast, almost all of cached acorns and P. armandii
seeds were recovered and subsequently consumed. In
July 2017, we found that no Q. aliena var. acuteserrata
seedlings had germinated from the surviving tagged
seeds.

Discussion

Seed removal rates of Quercus acorns and Pinus seeds
differed after entering pine and oak forests

The seed dispersal process is affected by several factors,
including the availability of food resources, environmen-
tal pressure, and the size and composition of the dis-
perser community (Lichti et al. 2017). In the current
study, we found that the rodent species and capture
rates did not differ between pine and oak forests. The
seed removal rates by rodents differed for various seed
species, but the lack of any difference in the removal of
large and small Q. aliena var. acuteserrata acorns
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demonstrates the importance of rodents for effective
seed dispersal in pine forests. In addition, the different
removal rates for P. tabuliformis and P. armandii seeds
indicate that rodents employ selection strategies and
favor specific seeds. These results are consistent with
previous reports that small rodents play important roles
in seed dispersal (Vander Wall 2003; Xiao et al. 2005;
Chang et al. 2012; Yu et al. 2014). We found an acorn
have removed by rodent to the tree trunk, and observed
Sciurotamias davidianus eaten acorn on the oak tree
many times during investigation. S. davidianus was the
main disperser involved in long distance seed dispersal,
especially in the vertical direction in pine—oak mixed
forests. We also found traces of wild pig activity at two
seed stations, thereby demonstrating that the compos-
ition of the seed dispersers was diverse, and we could
not exclude the possibility that birds, ants, and pheasants
may have participated in the seed dispersal process
(Cheng et al. 2010; Soler et al. 2017), although their ef-
fects were probably negligible compared with small ro-
dents (Chang et al. 2012). Our results showed that the
removal rate was lower than that reported by Yu et al.
(2014) in the same research region, this could be caused

Table 3 Germination of surviving seeds in pine and oak forests

by the field seed release experiments were conducted
during the seed rain in a mast year (Table 2) and the
widely accepted predator satiation hypothesis states that
the seed removal rate decreases in mast years (Vander
Wall 2002; Li and Zhang 2007; Borchert and Defalco
2016).

Different seed fates of Quercus acorns and Pinus seeds in
pine and oaks forests affect the regeneration modes
Animals make choices regarding the seeds allocated to
consumption or storage, seed preparation, and cache
placement in response to the traits of particular seeds
(Lichti et al. 2017; Wang and Corlett 2017). Thus, seed
traits such as the seed size, shape, shell thickness and
hardness, energy density (fat, protein, digestive inhibitors,
etc.), dormancy, insect infestation, and seed secondary
compounds (e.g., tannin) significantly influence the seed
fates and disperser behavior (Acamovic and Brooker 2005;
Zhou et al. 2013; Yu et al. 2015; Smallwood et al. 2016;
Bartlow et al. 2017). We found differences in the seed fates
for Q. aliena var. acuteserrata acorns in pine forests and
P. tabuliformis and P. armandii seeds in oak forests,
where the Q. aliena var. acuteserrata acorns had the most

Species Total cached seeds Seed germination in different microhabitat type (in 2016) Survival
(in 2015) Under shrub Shrub edge Hole Grassland Bare land (in 2017)

Quercus aliena 181 (large and small) 3 7 0 1 0 0

var. acuteserrata

Pinus tabuliformis 0 - - - - - -

P. armandii 24 - - - - - -

Seedling growth vitality Moderate Strong - Moderate - -




Kang et al. Forest Ecosystems (2020) 7:56

evident removal and scatter-hoarding patterns. By con-
trast, the P. tabuliformis and P. armandii seeds were heav-
ily predated by rodents, as shown in previous studies (Yu
et al. 2014). We found that the proportions of EAR, IAR,
and SH were higher for large Q. aliena var. acuteserrata
acorns than small Q. aliena var. acuteserrata acorns. It
has been widely reported that rodents have a preference
for foraging large Q. aliena var. acuteserrata acorns
(Wang and Chen 2009). Our results also showed that the
proportions of EAR, IAR, and SH were much lower for P.
tabuliformis seeds than P. armandii seeds, and P. tabuli-
formis seeds were eaten almost entirely in situ by rodents,
which may be attributed to the P. armandii seed traits
due to their thick and hard shells. The energy consump-
tion and predation risks associated with the predation
process for rodents are also issues that cannot be ignored
(Steele et al. 2015; Bartlow et al. 2017). Our results partly
agree with those obtained in previous studies, which
showed that most seeds with thick and hard shells were
eaten after their removal by rodents (Yan et al. 2012;
Wang et al. 2017). In our study, only a few large Q. aliena
var. acuteserrata acorns and P. armandii seeds were eaten
at the seed stations, thereby suggesting that large and high
nutritional value seeds were more likely to be cached for
future use. It should be noted that eating seeds in situ is
time consuming and it could lead to a high predation risk
for rodents. In addition, most of the pine seeds in oak for-
ests were eaten by rodents whereas more oak seeds were
cached in pine forests. Therefore, this difference can be
explained by the seed traits, animal foraging decisions,
and the survival context where the decisions were made
(Lichti et al. 2017).

After comparing the different distance groups, we
found that the seed dispersal patterns differed in the dis-
persal prophase and anaphase in pine and oak forests.
We found that seeds were removed rapidly by rodents in
all of the distance groups in the dispersal prophase.
These results support the hypothesis that rodents
employed a rapid sequestering seed harvest strategy for
a limited food resource in order to make them unavail-
able to competitors, and they spaced out the caches to
make them less vulnerable to pilferage by other rodents
(Jenkins and Peters 1992). Moreover, we found that the
seed fates differed significantly in different distance
groups, possibly because the various microhabitats
around the seed stations affected the dispersal decision-
making processes of rodents. The proportions of scatter-
hoarded Q. aliena var. acuteserrata acorns were signifi-
cantly higher in the O m and 10 m distance groups (edge
between pine forests and oak forests) compared with the
other distance groups in pine forests, and higher preda-
tion rates were found in the 20m and 30 m distance
groups compared with the other distance groups (Figs. 3,
5). Therefore, the regions located away from the edge
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(20m and 30m distance groups) were relatively safe
from predation by rodents in the pine forests. However,
the 0-10 m distance group had a higher removal rate,
which indicates that there was a higher predation risk
(low vegetation coverage) or fierce competition for food
resources at a distance of 0-10 m. In our study, there
was an area of low vegetation coverage caused by an
artificial disturbance (picking medicinal herbs) in the
edge between pine forests and oak forests. Similarly, pre-
vious studies also showed that complex vegetation con-
ditions can effectively reduce the foraging risk (Jones
et al. 2003; Fedriani and Manzaneda 2005). Furthermore,
although the habitat structure has been shown to influ-
ence seed dispersal (Kellner et al. 2016), the effects of
the understory cover might be complex, and thus further
research is required to determine whether diverse sur-
face vegetation influences the seed germination process.
The dispersal distance indirectly reflects the value of
food resources to animals (Dally et al. 2006). In the
present study, the dispersal distances were much longer
for Quercus acorns in pine forests than those for Pinus
seeds in oak forests, and the dispersal distance was
mostly short in the dispersal prophase. These results
conform with models that explain the evolution of ro-
dent caching behavior based on the influence of the
value of food resources, thereby predicting how rodents
should distribute their caches to avoid cache pilferage
(Vander Wall and Jenkins 2003; Dally et al. 2006). In
simple terms, food with low nutritional value should be
stored near the resource site, whereas food with high
nutritional value is more likely to be cached away
from the resource site to prevent it from being stolen
by competitors. Thus, the dispersal strategies of ro-
dents can affect the spatial distribution pattern and
survival mode of seeds, especially for Quercus acorns,
where they can allow them to avoid high mortality
below the parent tree. Indeed, dispersal by rodents
can greatly enhance the dispersal distance of Quercus
acorns and it has important effects on seed germin-
ation and seedling growth. In addition, we found that
the amount and distance of seed transport were sig-
nificantly higher in the O0m distance group compared
with the other groups, thereby indicating that the ani-
mals at the forest edge were active and they com-
peted strongly for food resources (Yu et al. 2018).

Seedling survival associated with the integrated effects of
microhabitats on the seed dispersal process and long-
term seedling success

The risk of predation also affects cache placement
(Lichti et al. 2017) and it can help to regulate plant—ani-
mal interactions by influencing how prey animals use
their habitats (Laundra et al. 2014). In particular, rodents
respond to variations in anti-predator cover by
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preferentially moving seeds into secluded shelter (Zhang
et al. 2013) or by deliberately placing caches in risky lo-
cations (Steele et al. 2014; Steele et al. 2015). Seeds are
passively dispersed due to the predatory behavior of ani-
mals to generate unique and complex distributions and
regeneration patterns. The microhabitats in the scatter-
hoarding sites for the surviving seeds indicated that at
least at a small scale, rodents intentionally removed
seeds to specific microhabitat types, rather than distrib-
uting them randomly, and similar results have been ob-
tained previously (Zhang and Zhang 2008; Zhang et al.
2013). Most of the Pinus seeds were discarded after their
removal by rodents in bare land, but they were available
for subsequent seed germination. Most, but not all, of
the cache microhabitats were unsuitable for seedling
germination and only a few Q. aliena var. acuteserrata
seedlings germinated from seeds cached by rodents in
the second year. We found that the number of seedlings
was slightly higher in bare land compared with the other
scatter-hoarding sites. Previous studies also showed that
bare land with adequate light, soil, and space resources
under the canopy can facilitate seed germination and
seedling establishment (Zhang et al. 2013). However, our
results suggest that due to the conflicting demands of
rodents for caching seeds in more secure sites, the ro-
dents might trade-off an increased exposure to predation
risk for lower pilferage risks (Lichti et al. 2017).

We also found that the different microhabitats ap-
peared to influence the germination of different seed
types and seedling establishment. Many plants exhibit
subtle differences in their environmental preferences for
seed germination and seedling growth (e.g., Q. aliena
var. acuteserrata seedlings are shade tolerant but obvi-
ous competition for light and space occurs when they
become saplings), and thus the optimal microhabitats
for seed germination may not favor subsequent seedling
growth. According to previous studies, there is great un-
certainty about whether animal-preferred cache sites
might facilitate long-term seedling establishment and
growth (Briggs et al. 2009) because the microhabitat
conditions in dispersal sites are not always ideal for
seedling establishment and growth (Spiegel and Ran
2012; Zhang et al. 2013). Compared with the other
microhabitat types, shrub edges have superior light and
soil conditions, and they are characterized by low inter-
specific competition (Zhang 2001). Our results indicate
that seeds dispersed to bare land and shrub edge sites
had higher rates of germination and establishment.
However, the seedlings did not survive in the later stages
because we found that all of the seedlings were dead in
2017 due to various unknown effects, such as environ-
mental factors, species features, and interspecific compe-
tition, although we suspect that extreme weather (e.g.,
blizzards and low temperatures) prevented the seedlings
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from surviving the winter. In addition, it should be
noted that the drilled seeds have a greater risk of infec-
tion, which will reduce their germination rate and make
the relationship between rodent-mediated seed dispersal
and seedling establishment more complicated and
uncertain.

Conclusions

Quercus and Pinus seeds had different fates after their
bidirectional dispersal in pine and oak forests, respect-
ively. Many Pinus seeds were heavily eaten by rodents,
which strongly determined the lack of Pinus seedlings in
oak forests. The predation pressure by rodents on the
seeds of Pinus species limited the germination of seeds
and seedling establishment in oak forests. In addition,
the specific preferences for seed scatter hoarding, preda-
tion, and discarding in certain microhabitats by rodents
led to positive conditions for seed germination. The im-
pacts of forest rodents on seed dispersal were as expected,
it seems to act as a “promoter” for the community compe-
tition. The different seed fates after their bidirectional dis-
persal could affect the differences in natural regeneration
between pine and oak forests, and they might increase the
recruitment rates for oak at the edge of an adjacent com-
munity. However, the contributions of rodents in terms of
the dispersal of Pinus seeds into oak forests cannot be ig-
nored (due to the high P. armandii seed caching rates and
enhanced communication between plant communities).
Rodent-mediated seed dispersal unintentionally affects the
competition between plant communities, and thus the
natural regeneration and plant community dynamics of
pine and oak forests are complex in the Qinling Moun-
tains where stable pine—oak mixed forest is the main land-
scape pattern.
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