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A B S T R A C T   

Scatter-hoarding rodents are important seed predators and dispersers in various forest ecosystems and signifi-
cantly influence the seed fate and seedling regeneration of many tree species. Canopy openness is believed to 
have an important influence on the foraging behavior of scatter-hoarding rodents, mainly because of the vari-
ation in predation risk between open and canopy microsites. Most of the current studies have mainly focused on 
the spatial variation in canopy openness within a forest or on comparisons among forests; however, the question 
of how variation in canopy openness at the individual tree scale affects seed-rodent interaction has received little 
attention, although tree-to-tree variation in canopy openness is ubiquitous. In this study, we measured the in-
dividual canopy openness of 45 trees belonging to three species in a subtropical forest, and compared seed 
dispersal and predation by rodents under the selected trees by labeling and tracking 4,500 seeds. Our results 
showed that canopy openness differed among individual trees both within and across species. More importantly, 
our results proved that individual tree variation in canopy openness significantly affected seed dispersal and 
predation by rodents, although not all species followed a consistent pattern. Seeds under trees with larger canopy 
openness were more likely to be removed rather than eaten in situ and dispersed farther. Our study highlights the 
pattern that individual tree characteristics (e.g., canopy openness) have profound effects on rodent-mediated 
seed dispersal services, which may further lead to tree-to-tree variation in seed fate and seedling regenera-
tion. Our results also provide important implications for forest conservation and management: crown pruning 
can promote seed dispersal by rodents and natural seedling regeneration.   

1. Introduction 

In forest ecosystems, the canopy of trees blocks most of the sunlight 
that directly influences the photosynthesis and energy accumulation of 
underground vegetation, especially for tree seedlings (Brooks et al., 
1996, Robakowski et al., 2004, Giertych et al., 2015). Furthermore, high 
density of seeds and seedlings under the canopies usually leads to a 
disproportionate mortatily of seeds and seedlings around mother trees 
because of its huge attraction for specialist enemies (Janzen, 1970, 
Connell, 1971, Chesson, 2000, Comita et al., 2014). Therefore, canopy 
openness plays a crucial role in a series of ecological processes in forest 
regeneration such as seed germination, seedling growth and survival, 
and biodiversity maintenance (Winkler et al., 2005, Goodale et al., 
2014, Lu et al., 2018). Furthermore, canopy openness can also affect the 

foraging behavior of forest-dwelling animals (e.g., herbivores, seed 
predators, and dispersers) mainly because of the variation in shelter and 
predation risk between open and canopy microsites (Iida, 2006, Perea 
et al., 2011, Zhang et al., 2017), thus in turn influencing forest regen-
eration indirectly (Basset et al., 2001, Yang et al., 2016, Barrere et al., 
2021). 

Scatter-hoarding rodents are important seed predators and dispersers 
in various forest ecosystems, and significantly influence the seed fate 
and seedling regeneration of many tree species (Vander Wall, 2010, Cao 
et al., 2016, Wang and Ives, 2017, Bogdziewicz et al., 2020). Canopy 
openness is believed to have an important influence on the foraging 
behavior of scatter-hoarding rodents, mainly because of the variation in 
predation risk between open and canopy microsites (Iida, 2006, Pérez- 
Ramos et al., 2008, Perea et al., 2011). For example, the giving-up 
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densities, the densities at which foraging at a site is given up, of rodents 
were lower under the tree canopies compared to open sites, and rodents 
preferred to cache seeds at open sites because the high predation risks 
may reduce the cache pilferage (Steele et al., 2014, 2015); while some 
other studies found that seeds cached in open microsites were detected 
and removed faster than those under canopies (Dimitri and Longland, 
2021). 

Current studies discussing the effects of canopy openness on rodent- 
seed interaction have mainly focused on one of two scales of compari-
son: (i) the among-forest scale, with comparisons among forests with 
different canopy densities, such as logged forest vs. unlogged forest, and 
thinned forest vs. unthinned forest (Lambert et al., 2005, Zhang et al., 
2016, Wang et al., 2019); or (ii) the within-forest scale, with compari-
sons among sites within the same forest, such as inner vs. edge of the 
forest, forest understory vs. canopy gaps, and among sites with different 
distances to the base of the tree or canopy gaps (Chen et al., 2017; 
Greenler et al., 2019; Smit et al., 2008; Steele et al., 2015; Yu et al., 
2014). 

In both these comparisons, the environments under the canopies of 
different trees in the forest are treated equally and the canopy openness 
effect is explored at the community level, while the variation in canopy 
openness under individual trees is ignored. However, trees in the forest 
often differ substantially in height, crown size, foliage luxuriance, and 
spatial arrangement of branches and leaves (King, 1998, Reinhardt and 
Kuhlemeier, 2002, Rosell et al., 2009, Shenkin et al., 2020, Santopuoli 
et al., 2022), all of which may lead to tree-to-tree variation in canopy 
openness. Furthermore, because of the high density of seeds during the 
fruiting season, rodents often show much more activity under tree 
crowns. Therefore, the effects of canopy openness on rodent foraging 
behavior under trees may be much stronger than that in open sites. 
Moreover, focusing on the effect of canopy openness at the individual 
tree scale may also provide some new perspectives; for example, the 
tree-to-tree variation in canopy openness may consequently lead to 
variation in seed predation and dispersal by rodents and, in turn, the 
fitness of individual trees. Surprisingly, the question of how variation in 
canopy openness at the individual tree scales affects seed-rodent inter-
action has so far received little attention. 

In this study, we measured the individual canopy openness of 45 
trees belonging to three species in a subtropical forest, and compared the 
seed dispersal and predation by rodents under the selected trees by la-
beling and tracking 4,500 seeds. We aimed to address the following 
questions: 1) Does canopy openness differ among individual trees? 2) 
Does tree-to-tree variation in canopy openness affect seed predation and 
dispersal by rodents? 3) If so, do the species follow the same rules? 

2. Material and methods 

2.1. Study site 

The field experiment was conducted in 2020 in a subtropical ever-
green broadleaf forest in the Ailao Mountains, southwestern China 
(24◦32′ N, 101◦01′ E, altitude 2045 m). The mean annual temperature is 
11.7 ℃ and precipitation is 1,923 mm. The dominant tree species were 
of the Fagaceae family (e.g., Lithocarpus xylocarpus and Lithocarpus 
hancei), all of which depend on scatter-hoarding rodents for seed 
dispersal. The dominant rodent species were Niviventer confucianus, 
Apodemus ilex, and Niviventer excelsior, all of which could both scatter- 
hoard and larder-hoard plant seeds, and were responsible for the 
cosumption and dispersal of our experimental seeds (Feng et al., 2021; 
Lang and Wang, 2016; Wang et al., 2018; Xiao and Zhang, 2012, 
unpblished camera-trap data). 

2.2. Study species and experimental design 

Three stone oak species were selected for the study: Lithocarpus 
xylocarpus, Lithocarpus hancei, and Lithocarpus pachyphyllus. In 

November 2020, intact seeds were collected directly from the forest 
floor, and the woody-enclosed receptacles were removed manually. A 
0.6 mm hole was drilled in each seed at the base end of the seed and 
connected with a white plastic tag (3.5 cm × 2.5 cm) by a 15 cm long 
steel line (0.2 mm in diameter), and each tag was numbered for indi-
vidual seed identification (Xiao et al., 2006, Wang and Ives, 2017). 

Fifteen adult trees of each target species, spaced >30 m apart from 
each other, were chosen from the forest. Under the canopy of each tree, 
one seed releasing point was randomly established. At each point, 100 
conspecific seeds were placed along a circle (30 cm in diameter), with 
tags pointing outwards. In total, 4,500 seeds were released (100 seeds ×
15 trees × 3 species) in December 2020. The released seeds did not differ 
in seed mass among the individual trees for all the three species (one- 
way ANOVA test, all p values > 0.09). The canopy openness for each tree 
was monitored with a hemispheric camera placed 1 m above the seed 
releasing point. The Gap Light Analyzer software was used to analyze 
the canopy photos and calculate the percentage of canopy openness 
(Frazer et al., 1999). 

The overwinter fate of each seed was checked in the May month of 
the following year. Rodents usually transport seeds over distances that 
are <30 m in our study forest (Feng et al., 2021; Lang and Wang, 2016, 
unpublished data). Therefore, we conducted an intensive and complete 
search around each tree with a radius of 30 m, beyond which we per-
formed a haphazard search to locate as many seeds that were removed as 
possible. Seed fates were first classified as seeds eaten by rodents in situ, 
seeds removed by rodents, and seeds left intact at the releasing points. 
The removed seeds included seeds that were eaten after being trans-
ported, seeds that were not found with their fates unknown (i.e., missing 
seeds), and seeds that were dispersed successfully (seeds deposited on 
the ground or buried in the soil intact after being removed by rodents). 
When a removed seeds was relocated (including both the seeds eaten 
after removal and seeds dispersed successfully), the dispersal distance to 
its original point was measured. 

2.3. Data analysis 

A GLM (general linear model) was used to analyze the differences in 
canopy openness and seed fates among trees and among species. Pear-
son’s correlation coefficient was used to evaluate the correlation be-
tween individual tree canopy openness and the seed fates under each 
tree (i.e., the proportions of seeds eaten in situ, removed, and success-
fully dispersed, and the dispersal distance). We first analyzed all the 
trees together and we then analyzed the trees of each species separately. 
All statistical analyses were conducted using the statistical software R 
(version 3.6.1). 

3. Results 

3.1. General pattern of canopy openness 

The mean canopy openness differed among the 45 trees, ranging 
from 3.8% to 8.2%. The canopy openness showed significant differences 
among tree species (GLM: F2,42 = 3.408, p = 0.043): the canopy open-
ness of L. xylocarpus was 5.20 ± 0.75 (Mean ± SD), with the range being 
3.76–6.43; the canopy openness of L. hancei was 5.68 ± 1.17, with the 
range being 4.23–8.06; and the canopy openness of L. pachyphyllus was 
6.14 ± 0.99, with the range being 4.94–8.21. 

3.2. General pattern of seed fates 

Of the 4,500 seeds released, 1,020 (22.7%) were eaten in situ, 3,478 
(77.3%) were removed by rodents, and only two seeds were left intact 
under the canopy. Of the 3,478 seeds removed, 1197 (34.4%) were 
eaten, 87 (2.5%) were cached and survived overwinter (i.e., being suc-
cessfully dispersed), and the remaining 2,194 seeds (63.1%) were 
missing (Fig. 1). The mean dispersal distance was 2.73 ± 2.89 m, with 
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the range being 0–27.33 m. 

3.3. Effects of canopy openness on seed eaten in situ 

The proportion of seeds eaten in situ differed considerably among the 
45 trees, ranging from 0% to 83%. A significantly negative relationship 
was detected between canopy openness and the proportion of seeds 

eaten in situ (r = − 0.453, p = 0.002), with the result that seeds under 
the trees with larger canopy openness were less likely to be eaten by 
rodents in situ (Fig. 2a). When analyzing each tree species separately, a 
negative trend was detected among the trees of L. pachyphyllus (r = −

0.583, p = 0.023), but not among the trees of either L. hancei (r = −

0.430, p = 0.11) or L. xylocarpus (r = − 0.121, p = 0.668) (Fig. 2a). 

3.4. Effects of canopy openness on seed removal 

The proportion of seeds removed differed among trees, ranging from 
17% to 100%. A significantly positive relationship was detected between 
canopy openness and the proportion of seeds removed (r = 0.453, p =
0.002), suggesting that seeds under trees with larger canopy openness 
were more likely to be removed by rodents (Fig. 2b). When analyzing 
each tree species separately, a positive trend was detected among the 
L. pachyphyllus trees (r = 0.583, p = 0.023), but not among the trees of 
either L. xylocarpus (r = 0.121, p = 0.668) or L. hancei (r = 0.430, p =
0.11) (Fig. 2b). 

3.5. Effects of canopy openness on successful dispersal 

The proportion of seeds dispersed successfully differed among trees, 
ranging from 0% to 40%. There was no significant relationship between 
canopy openness and proportion of seeds dispersed successfully (r =
0.051, p = 0.739) (Fig. 2c). Similarly, when analyzing each tree species 
separately, none of the species showed a clear trend between canopy 
openness and seed successful dispersal (all p values > 0.2) (Fig. 2c). 

Fig. 1. Seed fates at the original releasing points (a) and after being removed 
by rodents (b). Numbers above the bars are the sample sizes. 

Fig. 2. The Pearson’s correlation between the individual tree canopy openness and the proportion of seeds eaten in situ (a), removed (b), successfully dispersed (c) 
and dispersal distance (d). 
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3.6. Effects of canopy openness on dispersal distance 

The dispersal distance of seeds differed substantially among trees 
(GLM: F44,1239 = 6.544, p < 0.001), ranging from 0.6 ± 0.3 m to 6.7 ±
5.8 m. A significantly positive relationship was detected between can-
opy openness and dispersal distance (r = 0.096, p = 0.001), suggesting 
that seeds under the trees with larger canopy openness were dispersed 
farther (Fig. 2d). When analyzing each tree species separately, a positive 
trend was detected among the trees of L. pachyphyllus (r = 0.116, p =
0.007) but a negative trend was detected for L. xylocarpus (r = − 0.130, 
p = 0.023). No clear trends were detected for L. hancei tree species. (r =
− 0.025, p = 0.607) (Fig. 2d). 

4. Discussion 

Overall, our study showed that canopy openness differed among 
individual trees both within and across species. More importantly, our 
results suggested that individual tree variation in canopy openness 
significantly affected seed dispersal and predation by rodents, although 
not all species followed a consistent pattern. Seeds under trees with 
larger canopy openness were more likely to be removed rather than 
eaten in situ and to be dispersed at a further distance. 

Canopy openness affects seed dispersal and predation by rodents, 
mainly because of the effects of light conditions on rodent foraging 
behavior, which lead to different predation risks (Pérez-Ramos et al., 
2008, Perea et al., 2011). As discussed previously, most of the current 
studies have mainly focused on the spatial variation in canopy openness 
within a forest or on comparisons among forests, while ignoring the 
canopy openness variation among individual trees (Lambert et al., 2005, 
Steele et al., 2015, Zhang et al., 2016, Greenler et al., 2019). However, 
our results showed that the canopy openness also differed among indi-
vidual trees. Furthermore, the individual tree variation in canopy 
openness affected the foraging behavior of scatter-hoarding rodents, 
which in turn led to tree-to-tree variation in seed fate. Our study indi-
cated that the canopy openness could promote seed dispersal effec-
tiveness by increasing seed removal probabliltiy and dispersal distance. 
In this case, trees with larger canopy openness may benefit more in the 
seed dispersal process, with may further translate into the following 
seedling establishment process. Furthermore, such findings occurred 
both within and across species; therefore, we may expect that the effect 
of individual tree canopy openness on seed dispersal plays an important 
role in seedling regeneration at both population and community level. 

Several studies have attempted to test the individual tree variation in 
seed dispersal and predation; however, all of these studies have mainly 
focused on the effects of the variation on seed production and seed traits 
(e.g., seed size and tannin content) among trees (Shimada et al., 2015, 
Xiao et al., 2015, Wang and Ives, 2017). Our results indicated that even 
after the seeds are dropped from their mother tree, their seed dispersal 
and predation processes are subsequently affected by the different light 
conditions (i.e., canopy openness) provided by the mother tree. In this 
case, the canopy openness, seed production, as well as seed traits of the 
mother tree co-influenced seed dispersal and predation, which may lead 
to an unequal contribution of seedling regeneration among individual 
trees. A trade-off can be expected: on the one hand, a larger crown and 
more branches and leaves may enable the production of more energy 
and more number of seeds, and a higher density of seeds may result in 
either a higher survival rate (Predator satiation hypothesis, Kelly and 
Sork, 2002, Xiao et al., 2013) or better dispersal service with more seeds 
being dispersed and further dispersal distances (Predator dispersal hy-
pothesis, Vander Wall, 2002; Wang et al., 2021). On the other hand, a 
large luxuriant crown may decrease the canopy openness, which may in 
turn increase the probability of seeds being eaten in situ but decrease the 
probability of seeds being dispersed and reduce the dispersal distance. 
Such a trade-off may reduce the tree-to-tree variation in terms of the 
contribution of seedling regeneration, so that many trees, with large or 
small canopies, have the probability to produce their own seedlings and 

the population may maintain a high level of genetic diversity. In such a 
case, an interesting question that can be asked is: which side of this 
trade-off has a greater impact on tree-to-tree variation in terms of seed 
predation and dispersal by rodents? It is difficult to address this question 
based on the findings of the current study, as we only focused on the 
effects of individual variations in canopy openness. However, tree-to- 
tree variation in seed production and seed traits usually varies sub-
stantially among years (Vander Wall, 2002, Xiao et al., 2013, Wang and 
Ives, 2017), while the individual variation in canopy openness does not 
often change considerably. Therefore, we may expect that the relative 
magnitudes of the two sides of this trade-off are dynamic. 

The effects of canopy openness did not follow the same pattern 
among species, indicating that the effect of canopy openness on seed 
dispersal and predation by rodents may be species-specific. Similar 
interspecific variation has also been reported in other seed-rodent 
interaction studies, for example, the density effect on seed predation 
by rodents (Wang, 2020), and the fine-scale spatiotemporal variation in 
seed dispersal and predation by rodents (Feng et al., 2021). The inter-
specific variation in seed traits may be a potential explanation, as it can 
determine the rodent foraging preference for multiple species of seeds 
(Gong et al., 2015; Lichti et al., 2017; Vander Wall, 2010). Nevertheless, 
the species-specific variation in canopy openness effects on seed-rodent 
interaction may influence, at least to a certain extent, the seedling 
composition of the community, especially when extreme weather events 
occur (e.g., extreme snow and drought), and the canopy openness 
changes rapidly because of the death of trees and damage to crowns. 
Because seed-rodent interactions respond to canopy changes differently 
among tree species, a consequent change in the species-specific varia-
tion in seed survival and seedling regeneration can be expected, which 
may further change the species composition of the whole seedling 
community. 

In addition, our results are also helpful in understanding the fine- 
scale spatial variation in seed dispersal and predation by rodents, for 
example, similar seeds often suffer different fates (predation vs. 
dispersal) at different sites or under different trees (Feng et al., 2021; 
Shimada et al., 2015; Wang and Chen, 2008). Logically, the individual 
tree variation in canopy openness does not change dramatically over 
time, especially in primary forests dominated by evergreen tree species; 
therefore, we undertook this experiment for only one year. However, our 
one-year results clearly indicate that the tree-to-tree variation in canopy 
openness, which has been usually ignored by relevant studies, plays an 
important role in seed-rodent interactions. 

5. Conclusion 

Our study highlights the pattern that individual tree characteristics 
(e.g., canopy openness) have profound effects on rodent-mediated seed 
dispersal services, which drive plant recruitment of diverse forest eco-
systems. The tree-to-tree variation in canopy openness detected in our 
study forest ranged from 3% to 8%; however, such moderate variation 
could still lead to tree-to-tree variation in seed-rodent interactions, thus 
affecting the seed fates of individual trees. In some other forests, espe-
cially temperate forests, such variation in canopy openness may be even 
larger, and a stronger effect on seed-rodent interaction can be expected. 
Our results provide important implications for forest conservation and 
management; crown pruning can promote seed dispersal by rodents and 
natural seedling regeneration. 
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