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ABSTRACT
Forest rodents are important mediators of plant seed dispersal and their seed caching tactics are influenced by a variety of envi-
ronmental factors; however, the role of terrain slope remains uninvestigated. We examined how the dispersal of Castanea mol-
lissima seeds by an assemblage of scatter-hoarding rodents in the Qinling Mountains, China, was affected by slope direction and 
gradient in relation to seed fate. In this study, the topographic factor, which has been frequently overlooked in previous ecological 
studies, was investigated. It was revealed that the sloping terrain could affect the dispersal behavior of rodents toward plant seeds 
and ultimately influence the direction of plant dispersal. This finding brings new insights to ecological research. Overall, rodents 
were 1.55 more likely to transport seed downhill than uphill, and downhill mean translocation distance was 1.41 times greater 
than uphill, suggesting an overarching tendency for energy conservation. When comparing steep (> 35°) with shallow (< 35°) 
slopes, this gradient effect was strongest on gentle slopes, with other factors likely exerting a greater influence on steeper terrain. 
We discuss these findings both from the perspective of rodent optimal foraging in ‘landscapes of fear’ and heterogeneous ‘energy 
landscapes’, as well as in the context of the counteractive pressure for trees to achieve an uphill elevational shift in response to 
global warming.

1   |   Introduction

Rodent-mediated seed dispersal plays a vital role in ecosys-
tem functionality and the persistence of biodiversity (Vander 
Wall 1990). Seeds transported to favorable new sites, and thus 
avoiding proximity- and density-dependent mortality, result in 
plant recruitment success and the colonization of new areas 
(Vander Wall 1990). In turn, seeds provide rodents with an im-
portant food source, and thus a proportion of all seeds produced 
by plants are lost to seed predation (Chang and Zhang  2014; 

Fedriani and Manzaneda 2005; Moore et al. 2022) or caching for 
later consumption (Bogdziewicz et al. 2019).

In order to avoid the loss of stored food to decay or intra-guild 
competitors (Cao et  al.  2018), rodents select secure microsites 
to cache food (Wang and Corlett  2017), such as in rock fis-
sures, dense ground vegetation, or buried in soil (Bogdziewicz 
et  al.  2019). If safe caching microsites were randomly distrib-
uted across the landscape, rodents would likely transport seeds 
to these sites in random directions, resulting in non-directional 
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seed dispersal patterns around the parent tree (Shuai and 
Song  2011; Zhang et  al.  2008). In reality, however, seed dis-
persing rodents generally perform directed dispersal (Briggs 
et al. 2009), influenced by seed type, seed handling and trans-
portation energy costs, energy gain from consumption, and the 
long-term utility of seeds for future consumption for example, 
nutritional value, resistance to decay; (Moore and Swihart 2008; 
Xiao et al. 2004, 2005).

Scatter-hoarding rodents must balance energy expenditure 
during foraging, territorial defense, and other activities against 
energy rewards to maximize net fitness (Chimienti et al. 2020). 
For small rodents (e.g., Apodemus draco, a common scatter-
hoarding species in the study area, body mass ~15–25 g), a 7 g 
seed can constitute a substantial proportion of their own body 
weight, and therefore carrying this load over a distance exerts 
an energy expenditure cost (Moore et al. 2007). In montane hab-
itats, uphill seed transport by rodents incurs higher energetic 
costs (e.g., working against gravity), whereas downslope trans-
port is more energy-efficient (Birn-Jeffery and Higham  2014) 
According to optimal foraging (Lichti et  al.  2017) and energy 
landscape theories (Shepard et al. 2013), rodents are more likely 
to prioritize downhill seed dispersal to minimize energy expen-
diture, thereby influencing the directional bias of seed move-
ment. Rodents' energy-saving strategy of preferring downhill 
seed dispersal may counteract the uphill migration of tree species 
driven by climate warming. However, as global temperatures 
rise, plant communities are forced to shift to higher elevations 
to remain within their adapted bioclimatic envelopes (Corlett 
and Westcott 2013; Kelly and Goulden 2008; Lenoir et al. 2008; 
Naoe et  al.  2019). However, studies on vertical seed dispersal 
remain limited (González-Varo et  al.  2017; Naoe et  al.  2019; 
Zhang et al. 2022). Therefore, understanding whether seed dis-
persal trajectories exhibit a general downhill bias—contrary to 
the adaptive need for many plant communities to migrate uphill 
under climate warming—is critical for predicting future forest 
community structures (Alexander et  al.  2018; Frei et  al.  2010; 
Ruiz-Labourdette et al. 2011).

To address this knowledge gap, we hypothesized that rodents 
would preferentially disperse seeds downhill to minimize en-
ergy costs, thereby counteracting climate-driven uphill tree 
migration. In this study, we investigated whether a montane 
rodent assemblage exhibited bias in its vertical seed dispersal, 
specifically analyzing seed dispersal trajectories and distances, 
and seed weight, in relation to ultimate seed fates. We then con-
sidered the implications of our findings in the context of optimal 
foraging theory and climate-driven elevational shifts in forest 
plant communities.

2   |   Materials and Methods

2.1   |   Study Sites

This study was conducted in Shaanxi Foping National Nature 
Reserve between September 20nd to November 8th 2022 and 
September 21st to November 8th 2023. This is the natural period 
when local Fagaceae seeds fall and are transported and stored 
by rodents. The reserve is located on the southern slope of the 
central section of the Qinling Mountains (33°33′ N–33°46′ N, 

107°41′ E–107°55′ E), comprising the northern edge of the tran-
sition zone between the northern subtropical and warm temper-
ate climatic zones (average annual temperature: 11.4°C; average 
annual precipitation: 943 mm). The natural vegetation types are 
divided into three vertical natural zones by elevation height: 
conifer forest (above 2500 m), mixed broad-leaved and conifer 
forest (between 2000 and 2500 m), and deciduous broad-leaved 
forest (below 2000 m) (Chang et al. 2012). The study area is sit-
uated at an elevation of 1200 m in the deciduous broad-leaved 
forest zone that typifies the lower and middle mountain habitats 
in this region. In this forest, Fagaceae constitute the dominant 
species, principally Quercus aliena, Q. variabilis, Q. glandulifera, 
and Castanea mollissima. This region also has a diverse rodent 
community, including Niviventer confucianus, Apodemus draco, 
A. chevrieri, A. peninsulae, Cansumys canus, Mus minutoides, 
and Sciurotamias davidianus (Wang et al. 2021, 2017).

2.2   |   Seed Collection and Marking

Each year, during the C. mollissima (Chinese chestnut) seed 
ripening period (late September), 500 intact C. mollissima seeds 
(i.e., chestnuts) were collected (Chen et al. 2017). Each seed was 
weighed and marked using plastic tags (2.5 cm ×3 cm ×0.01 cm; 
< 0.1 g) (Xiao et al. 2005). This tin/plastic-tagged method does 
not affect rodents' seed dispersal and hoarding behaviors (Ho 
et al. 2021; Wang et al. 2021; Xiao et al. 2005), while enabling 
efficient and accurate tracking of individual seed fates through 
rapid tag identification.

2.3   |   Field Experiment Procedure

Ten experimental seed stations (seed release sites, minimum 
distance between sites 50 m, chosen to eliminate inter-site in-
terference and exceed rodent seed dispersal distances) were es-
tablished on uniformly sloping terrain within the mountainous 
forest zone of the study area. All sites comprised similar plant 
communities and vegetation cover. For each seed release site, 
the bearing (D0) of maximum incline was measured using a 
compass. This bearing of maximum incline was taken as the 
zero-degree angle at the release site, and the slope gradient lo-
cated 1 m away from this point was measured using a gradient 
meter at eight equally divided azimuths (0°, 45°, 90°, 135°, 180°, 
225°, 270°, 315°). The average of these measurements was then 
used to calculate the mean slope gradient α for each site and 
classified as gentle (α < 35°) or steep (α ≥ 35°).

In October 2022 and 2023, 50 uninfested chestnuts in good con-
dition and of known weight were labeled and placed in a pile 
at each of the 10 selected release sites (seed station), and then 
tracked daily for 30 consecutive days. This is based on our pre-
vious experimental observations; this approach ensures that 
over 90% of the seeds are detected and processed by rodents. 
Seeds were tracked within a 30 m radius of each seed station, 
as rodent seed dispersal distances in montane forests typically 
do not exceed this range (Briggs et al. 2009; Chang et al. 2012; 
Moore et al. 2007; Xiao et al. 2005; Wang et al. 2017). The ini-
tial locations and distances (S) of seed dispersal were recorded 
(subsequent relocation of seeds was discarded), and the fates of 
all experimental seeds were recorded based on where the seed 
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tags were relocated and categorized as: (1) Intact in situ (IIS): 
Seeds remained intact at the release point; (2) Eaten in  situ 
(EIS): Seeds were consumed at the release point; (3) Consumed 
after Moving (CAM): Seeds were consumed after being moved; 
(4) Scatter hoarded after Moving (HAM): Seeds were scattered 
and buried in the soil or grass after being moved; (5) Larder 
hoarded after Moving (LHM): Seeds remained intact at cen-
tralized storage sites (typically rodent nests); (6) Discarded after 
moving (DAM): Seeds were discarded intact on the ground 
surface after being moved (Cui et al. 2018). As the objective of 
this study was to investigate the effect of mountain slope on 
seed dispersal, all IIS and EIS seeds were excluded from further 
analyses. Additionally, all LHM seeds were excluded as larder 
hoarding typically occurs in rodent burrows or sheltered micro-
sites (e.g., rock crevices, root cavities), where cache location is 
primarily driven by safety rather than energy costs, which are 
central to this study's focus on slope effects. The bearing (D1) 
between the original seed release site and its initial dispersed lo-
cation was measured. The angle D (D = ∣D1—D0∣) between this 
seed dispersal bearing and the maximum incline bearing was 
then calculated to determine the slope direction in which the 
seed was dispersed, classified as dispersal upslope (0° ≤ D < 80° 
or 280° < D < 360°), downslope (100° < D < 260°), or horizon-
tally (i.e., flat) along the slope (80° ≤ D ≤ 100° or 260° ≤ D ≤ 280°) 
(Figure 1-A). Finally, the number, percentage, weight, and dis-
persal distance were calculated for each individual seed released 
at each site and attributed to one of these three slope direction 
groups for statistical comparison.

2.4   |   Statistics and Analysis

Data analysis was performed using SPSS version 20.0. An ex-
ploratory analysis was conducted initially to ascertain that 
data followed a normal distribution. Subsequently, a General 
Linear Models-Univariate (GLM-U) analysis was employed to 
assess the main effects of various influencing factors such as 
seed weight, fate, seed dispersal distance, and slope gradient 
on seed dispersal distance, seed weight, and the proportion of 
seeds in each directional category (upslope/downslope/horizon-
tal). A Chi-square test was applied to analyze the percentage 
of dispersed seeds in the upslope, horizontal, and downslope 
displacement classes. Furthermore, the interaction of the slope 

gradient α with seed weight, fate, and seed dispersal distance in 
each slope direction category (horizontal, upslope, downslope 
dispersal) was examined using separate tests for each parame-
ter. The level of significance was set at p = 0.05.

3   |   Results

From the 1000 chestnut seeds tracked over 2022 (n = 500) and 
2023 (n = 500), we ascertained a total of 721 valid seed fates cat-
egorized by slope direction. Three seeds dispersed farther than 
30 m were excluded from further analysis because this distance 
implies avian or rodent multiple dispersal, rather than rodent 
one-time dispersal, along with the exclusion of 36 LHM seeds 
cached centrally in burrows, where burrow location rather than 
slope likely affected the dispersal directions of these seeds. This 
yielded 682 valid seed dispersal directions for analysis, includ-
ing 499 HAM (73.2%), 148 CAM (21.7%), and 35 DAM seeds 
(5.1%). Among these, 352 seeds were transported to downhill 
locations from their release points (51.6%), 103 were moved to 
level positions relative to the release points (15.1%), and 227 were 
dispersed uphill from their original positions (33.3%, Table  1, 
Figure 1B).

The tendency for rodents to preferentially move seeds downslope 
was thus significant (p < 0.01, χ2 = 36.78). Furthermore, there 
was a significant tendency for longer distance downslope dis-
persal (p < 0.01, χ2 = 9.32) in the seed dispersal direction class, 
but with overall no significant effect of seed weight (p = 0.384, 
χ2 = 0.95, Table 1).

Seed fate dispersal was then analyzed separately for gentle (α < 35°, 
6 plots) and steep (35° ≤ α, 4 plots) slope gradient sites. From the 
seed station situated on gentle slope plots, 427 valid seed disper-
sal events were recorded, with 229 (53.6%) seeds transported 
downslope, 59 (13.8%) horizontally, and 139 (32.6%) upslope. There 
was a highly significant tendency for downslope seed transporta-
tion to involve longer displacement distances (p < 0.01, χ2 = 21.87). 
In comparison, of the 255 seed dispersals recorded on steep slopes, 
123 (48.2%) seeds were transported downslope, 44 (17.3%) horizon-
tally, and 88 (34.5%) upslope. No significant differences were ob-
served in seed weight and dispersal distances between the groups 
of seeds moved in different directions (Table 2).

FIGURE 1    |    Schematic diagram of the field seed dispersal experiment.
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On average, rodents dispersed seeds from release sites situ-
ated on steep slopes significantly farther in all directions than 
from sites on gentle slopes (p = 0.013, χ2 = 6.20) (Figure 2). This 
was primarily attributable to the highly significant difference 
in upslope seed displacement distances (p < 0.01, χ2 = 7.31). In 
contrast, there were no significant differences in seed displace-
ment distances for horizontal or downslope seed displacement 
(Table 2).

Using a logarithmic model, the correlation between seed 
weight and dispersal distance was highly significant (F = 14.87; 
p < 0.01). From the logarithmic curve depicting the relationship 
between seed weight and dispersal, heavier seeds tended to be 

dispersed over longer distances (Figure 3). Categorizing seeds 
as ‘lightweight’ (i.e., lighter than the mean, the average weight 
of seeds and standard deviation are:7.37 ± 2.08 g) or ‘heavy-
weight’ (i.e., heavier than the mean) also revealed significant 
differences in individual seed dispersal distances, as well as 
average dispersal distances per seed-weight category (p < 0.01, 
W = 17.62), in relation to slope trajectory category (Downslope: 
p = 0.021, W = 5.32; Horizontal: p = 0.001, W = 10.15; Upslope: 
p = 0.039, W = 4.27; Table  3). Seed weight category did not, 
however, have any significant effect on the percentage of seeds 
dispersed in relation to slope trajectory category (p = 0.419, 
χ2 = 1.74). In contrast, seed weight category had a significant 
effect on seed fate category (p = 0.001, χ2 = 13.35; Table 4).

TABLE 1    |    Statistical differences in seed dispersal trajectories.

Dispersal trajectory class
Number of 

seeds (n) Percentage (%)
Average 

weight (g)
Average 

distance (m)

Downslope 352 51.6 7.37 4.37

Horizontal 103 15.1 7.06 3.66

Upslope 227 33.3 7.37 3.10

Total 682 100 7.32 3.84

p-values 0.000000a 0.000000a 0.384 0.000086a

Wald Chi-squared 36.78 36.78 0.95 9.32
aDenotes highly significant.

TABLE 2    |    Differences in seed dispersal distances in relation to slope trajectory at gentle and steep slope seed station.

Slope gradient 
(Group)

Number 
of seeds

Mean 
dispersal 

distance (m)
Downslope 

distance (m)

Flat-slope 
distance 

(m)

Upslope 
distance 

(m) Intra-group p

Wald 
chi-

squared

Gentle Slope 427 3.58 4.17 3.32 2.72 0.000018b 21.87

Steep Slope 255 4.27 4.74 4.11 3.7 0.200 3.23

Inter-group 
p-value

— 0.013a 0.169 0.330 0.007b — —

Wald 
Chi-squared

— 6.20 1.90 0.95 7.31 — —

aDenotes significant.
bDenotes highly significant.

FIGURE 2    |    Rodent seed dispersal from release sites situated on gentle and on steep slopes.
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Within each seed fate category, slope trajectory significantly af-
fected dispersal distances: Dispersal distances for HAM seeds 
were longest for downslope trajectories (3.888 m), shorter for 
horizontal trajectories (3.077 m) and shortest for upslope trajec-
tories (2.799 m). CAM seeds were dispersed significantly farther 
upslope and downslope than HAM seeds (Downslope: 5.827 m, 
Horizontal: 5.861 m, Upslope: 4.323 m; Table 5). Due to the small 
sample size of only 35 DAM seeds, however, further analyses 
were not possible for this category.

There was a highly significant difference in the percentages of 
HAM and CAM seeds dispersed in all trajectories, especially 
with a significantly greater percentage of HAM seeds being dis-
persed upslope (Table 6).

4   |   Discussion

We found that slope topography exerted profound effects on 
rodent seed-dispersal behavior, where rodents exhibited an 
overall bias toward foraging tactics that conserved energy. 

Specifically, rodents exhibited a greater tendency to dis-
place seeds downslope and horizontally than upslope, with 
1.55 times more seeds transported downhill than uphill. 
Furthermore, the average distance seeds were transported 
downhill was 1.41 times greater than uphill. This suggests 
that, when rodents move seeds uphill, they compensate for the 
additional energetic demands incurred by overcoming gravity 
by reducing the transport distance.

Additionally, the horizontal sector spans only 40° laterally, 
accounting for 11.1% of the total available area (40°/360°), 
whereas both uphill and downhill sectors each cover 160°, 
equivalent to 44.4% of the area. If the horizontal area is 
weighted in the same proportion as the uphill and down-
hill directions, the percentage of seeds dispersed horizon-
tally (15.1% × 4 = 60.4%, combining CAM, HAM, and DAM 
seeds) was the highest, exceeding downhill caching by 8.8% 
(60.4%–51.6%) and uphill dispersal by 27.1% (60.4%–33.3%, 
Table  1). Considering only the final distribution of cached 
seeds, When only cached seeds (HAM) were considered, this 
disparity increased further to 12.9% compared to downhill 
caching (15.4% × 4%–48.7%) and 25.7% compared to uphill 
caching (15.4% × 4%–35.9%, Table  6). This highlights the ro-
dent tendency to minimize particularly uphill—but also to a 
lesser degree downhill seed dispersal to mitigate the energetic 
costs associated with topographical gradients. However, due 
to the smaller sector area classified as “horizontal” rodents 
ultimately relocated a greater number of seeds downhill.

The way in which energy conservation influenced rodent forag-
ing behavior was also sensitive to slope gradient. While rodents 
generally transported seeds greater distances downhill than 
uphill, when comparing steep with gentle slopes, this gradient 
effect was only significant for gentle slopes. This may be because 
rodents focus more on balancing and not falling when carrying 
seeds over the more rugged terrain on steeper slopes. Rodents can 
be more vulnerable to terrestrial and avian predators on rugged 
terrain (McDonald et al. 2020; Sullivan et al. 2001), likely favor-
ing shorter seed translocation distances. Nevertheless, in terms 
of slope direction, even on steep slopes, the average distance over 
which rodents transported seeds downhill was still 1.28 times 
greater than uphill. Indeed, on steep slopes, rodents transported 

FIGURE 3    |    Logarithmic curve fitted for the correlation between 
seed weight and dispersal distance.

TABLE 3    |    Differences in seed dispersal distances in each slope direction for each seed weight category.

Seed weight 
class

Seed 
count 

(Seeds)

Average 
weight 

(g)

Average 
dispersal 
distance 

(m)
Downslope 

distance (m)
Horizontal 

distance (m)

Upslope 
distance 

(m)

p 
within 
group

Wald 
value

Lightweight 
seed class

351 5.66 3.30 3.91 2.53 2.76 0.002b 12.63

Heavyweight 
seed class

331 9.09 4.42 4.82 4.95 3.49 0.006b 10.36

p-value 
between 
groups

— 0.000b 0.000b 0.021a 0.001b 0.039a — —

Wald value — 1358.65 17.62 5.32 10.15 4.27 — —
aDenotes significant.
bDenotes highly significant.
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seeds significantly farther in all directions compared with gentle 
slopes (i.e., 1.19 times). Interestingly, the distance rodents trans-
ported seeds uphill was also significantly greater on steep than 
on gentle slopes (i.e., 1.36 times). This suggests that despite the 
greater energy expenditure involved in seed transport on steep 
slopes, greater seed translocation distances are necessitated, 
likely due to the scarcity of suitable seed-caching microsites 
on more barren steep-slope terrain, where rodents may need to 
search over a larger area to find suitable caching sites. Further 
investigation is needed to corroborate this inference.

While there was no significant difference in the percentage of 
light vs. heavy seeds transported in any direction, seed weight 

class was influential on transport distance. Contrary to ex-
pectations, heavier seeds were transported longer distances 
than lighter seeds. The percentage of heavy seeds cached also 
markedly exceeded the cached percentage of light seeds, while 
a smaller percentage of heavy seeds were consumed after move-
ment. This suggests that transporting fewer heavier seeds pres-
ents a more efficient tactic than transporting more lighter seeds; 
that is, heavier seeds are more desirable and worthwhile to 
transport longer distances, as well as more worthwhile to cache 
for later consumption. This is congruent with the findings of 
Xiao et al. (2005), who found that in Sichuan Province dispersal 
distances (including mean, maximum and distribution range) of 
Fagaceae seeds in primary rodent caches increased significantly 

TABLE 4    |    Differences in the percentages of seeds dispersed in each slope trajectory with seed fate for each seed weight category.

Seed weight 
class

Seed 
count

Downslope 
percentage 

(%)

Horizontal 
percentage 

(%)

Upslope 
percentage 

(%)

Stored 
percentage 

(%)

Consumed 
percentage 

(%)

Dragged 
prercentage 

(%)

Lightweight 
seed class

351 49.9 15.7 34.5 68.7 25.6 5.7

Heavyweight 
seed class

331 53.5 14.5 32.0 77.9 17.5 4.5

p-value 
between 
groups

— 0.419 0.001a

Chi-squared 
value

— 1.74 13.35

aDenotes highly significant.

TABLE 5    |    Rodent seed dispersal distances in relation to slope direction category.

Seed fate class
Number 
of seeds

Average 
distance 

(m)
Downslope 

distance (m)
Horizontal 

distance (m)

Upslope 
distance 

(m) In-group p
Wald 

statistic

HAM 499 3.372 ± 2.79 3.888 ± 2.92 3.077 ± 3.10 2.799 ± 2.29 0.00017b 17.38

CAM 148 5.436 ± 4.95 5.827 ± 5.08 5.861 ± 5.99 4.323 ± 3.82 0.253 2.75

Between-group 
p-values

— 0.000000b 0.000108b 0.007b 0.003b — —

Wald statistics — 41.58 18.27 10.06 11.38 — —
aDenotes significant.
bDenotes highly significant.

TABLE 6    |    The percentages of seeds dispersed in each slope trajectory in relation to seed fate category.

Seed fate category
Number of 

seeds (n)
Percentage displaced 

downslope (%)

Percentage 
(%)displaced 
horizontally

Percentage (%) 
displaced upslope

HAM 499 48.7 15.4 35.9

CAM 148 58.1 15.5 26.4

Inter-group p-value — 0.000005a

Chi-squared value — 24.55
aDenotes highly significant.
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with seed size, and with the percentage of seeds eaten after 
transport. Nevertheless, for both heavy and light seeds, uphill 
transport distances were on average consistently shorter than 
downhill distances. These interactions between seed weight and 
transport gradient direction highlight that rodents are making 
complex decisions across the energy landscape in which they for-
age (Wilson et al. 2012), simultaneously co-influenced by their 
perceived risk of predation in different habitats while engaged 
in seed transport, that is, the ‘landscapes of fear’ (Gallagher 
et al. 2017; Papastamatiou et al. 2023).

We found that, on average, seeds were transported significantly 
farther in all directions for immediate consumption than for cach-
ing, with the reason that consuming seed incurs no burying and 
concealment costs, rodents can allocate more energy to transport-
ing seeds to a safe location for consumption (Palmer et al. 2021). 
As an alternative hypothesis, rodents may not be deciding a pri-
ori to transport seeds to consume them at safe sites, rather they 
might subsequently decide to eat the seed they are carrying if 
they do not encounter a suitable caching site after a certain extent 
of energy expenditure, that is, a ‘giving up’ tactic. In either case, 
the average movement distance for CAM seeds should be signifi-
cantly greater than that for HAM seeds. Meanwhile, there should 
be no significant difference in the proportion of CAM and HAM 
seeds moved in different directions. But, we found that, for CAM 
seeds, the percentage of downhill dispersed CAM seeds was 9.4% 
greater than that of HAM seeds, whereas the percentage of CAM 
seeds transported uphill was 9.5% less than that of HAM seeds. 
These significant differences in the percentage downhill CAM 
and HAM dispersed seeds, however, would not occur if con-
sumption was simply induced by a lack of caching sites, assuming 
cache site availability is equal in all slope directions. Thus, we 
conclude that rodents likely decide to consume or cache a seed a 
priori at the point of initial handling, not post hoc during moving, 
subsequently adjusting their movement directions and distances 
accordingly, where rodents can opt for downhill dispersal that 
consumes less energy without the need to extensively explore up-
hill for suitable caching sites.

In our experiments, however, it was technically challenging to 
discern whether the seeds were transported directly to feeding 
sites for immediate consumption or if they were buried at feed-
ing sites and later excavated for consumption. For the same rea-
son, in this study and previous studies, the movement distance 
was obtained by measuring the distance between the final po-
sition of the seeds and the release point, but the method could 
not distinguish between single or multiple transports. The “first 
transport” mentioned in all previous studies is actually only 
“the first discovered seed movement position”, and the possibil-
ity that rodents moved seeds multiple times during the record-
ing period cannot be ruled out because the path is not tracked 
throughout the process. Current technologies can only reduce 
the probability of multiple transports by shortening the record-
ing interval (e.g., this study uses the method of recording seed 
positions every day), but still cannot completely rule out second-
ary transports. If real-time GPS track recording or isotope tracer 
technology can be used to track the movement path of seeds 
in the future, this problem will be properly solved. Ultimately, 
the C. mollissima seed dispersal function in this study site was 
performed by an assemblage of seven rodent species, which will 
each exhibit different dietary preferences (Verde Arregoitia and 

D'Elía  2020) and foraging behaviors (Sivy et  al.  2011). Future 
research should, therefore, investigate whether species-specific 
biases exist in tendencies to transport seeds up- or downslope. 
Similarly, individuals belonging to the same species typically 
exhibit heterogeneous scatter-hoarding tactics, relating to 
their physiological state and personality (Feldman et  al.  2019; 
Merz et  al.  2023; Zwolak et  al.  2020), also warranting further 
consideration.

5   |   Conclusion

The findings of this study indicate that differential costs due to 
slope and terrain can affect the behavioral strategies of rodent 
seed dispersal and caching behavior. When confronted with 
sloping terrain, rodents adjust the direction and distance of 
seed transport according to slope angle and seed weight. Our 
observations indicate that rodents likely decide seed fate (i.e., 
consumption vs. caching) at the initial stage of seed handling, 
thereby determining the direction and distance of seed disper-
sal. However, this inference necessitates further experimental 
validation.

Despite species-based and individual-based heterogeneity and 
context dependence in seed dispersal mutualisms (Brehm and 
Mortelliti 2022), we detected a significant bias for C. mollissima 
seeds to be dispersed downhill. While this energy conservation 
tactic should benefit scatter-hoarding rodents, it opposes the 
directionality of seed dispersal that parent trees would ben-
efit from in relation to rising global temperatures (Freeman 
et al. 2018; Liu et al. 2018); a risk known to affect chestnut spe-
cies distribution in China (Xie et al. 2022). It is hoped that the 
clues obtained in this study will prompt researchers in the field 
to pay attention to this long-neglected influencing factor (slope 
and terrain).
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