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ABSTRACT 
Vertical seed dispersal toward higher or lower altitudes has been recognized as one of 
the critical processes for plants to escape from climate change. Studies exploring 
vertical seed dispersal are scarce, preventing the prediction of future vegetation 
dynamics. In the present study, we show that the timing of fruiting, rather than 
topography, determines the direction of vertical seed dispersal by mammals and birds 
across mountains in central Japan. We found strong uphill seed dispersal of summer 
fruiting cherry and weak downhill seed dispersal of summer-to-autumn fruiting cherry, 
irrespective of mountains and animals. The ascent or descent of animals, following the 
altitudinal gradients in food plant phenology in the temperate zone, was considered to 
be a driver of the biased seed dispersal. We found that megafauna (i.e., bears) 
intensively dispersed seeds vertically. The results suggest that the timing of fruiting 
and megafauna strongly affect whether animal-dispersed temperate plants can 
maintain their populations under climate change. 
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INTRODUCTION 
Vertical seed dispersal, that is, seed dispersal toward higher or lower altitudes, has now been 
recognized as one of the critical processes for plant migration, especially under climate change (1, 
2). Uphill or downhill seed dispersal is advantageous or disadvantageous, respectively, for plant 
escape and expansion under global warming, and vice versa under global cooling (3). Under 
current global warming, which shifts suitable plant habitats to colder areas (i.e., higher altitudes 
and latitudes) (4), uphill seed dispersal is essential for plants to maintain their populations. Seed 
dispersal toward higher latitudes is also beneficial for plants; however, vertical seed dispersal is 
far more efficient than latitudinal one because the temperature decrease with increasing altitude is 
100–1000 times more than that of an equivalent latitudinal distance (5).1 

 The prediction of vertical seed dispersal by animals is considered to be difficult compared 
to other seed dispersal modes that utilize abiotic physical factors, such as wind and water flow. 
Many previous studies on horizontal seed dispersal have shown that animal behaviors that 
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determine seed dispersal patterns are affected by various factors at different spatial scales (6–8). 
The fact that the seeds of one plant species are generally dispersed by various animal species (9) 
makes the seed dispersal pattern more complex. In vertical seed dispersal, altitudinal changes in 
biotic and abiotic factors, including food resources and climates, are also likely to affect the 
behavior of frugivores (i.e., fruit-eating animals). The difficulty in predicting vertical seed 
dispersal by animals largely prevents the prediction of future forest dynamics under global 
warming because many of trees, in terms of the number of species and abundance, depend on 
animals for seed dispersal (10). At present, it is important to accumulate observations of vertical 
seed dispersal in the field and set up hypotheses based on them. However, there are only three 
studies that have investigated vertical seed dispersal itself, due to the technical difficulty or high 
cost (1–3). 

 Recently, Naoe et al. hypothesized that the timing of fruiting determines the direction of 
vertical seed dispersal: uphill seed dispersal occurs in spring- and summer-fruiting plants and 
downhill seed dispersal occurs in autumn- and winter-fruiting plants because frugivores ascend or 
descend mountains following food plant phenology in the temperate zone (1), which proceeds 
from the foot to the top of mountains in spring–summer and from the top to the foot in autumn–
winter (11, 12). Considering that most animal-dispersed trees fruit in autumn–winter in the 
temperate zone (10), this hypothesis suggests that populations of autumn-to-winter fruiting trees 
dispersed by animals may not sufficiently escape from current global warming in the temperate 
zone (3). However, this hypothesis is based on observations of vertical seed dispersal by 
mammals on one mountain range, and thus its generality should be tested in several aspects, 
including topography, the extinction of megafauna, and seed dispersal by birds. Previous studies 
did not explicitly evaluate the effect of topography. On steep mountains, farther vertical seed 
dispersal is expected to occur compared to gently sloping mountains because frugivores can 
ascend and descend more efficiently (2, 3). Surface areas at lower altitudes are generally larger 
than those at higher altitudes (13), and thus downhill seed dispersal is likely to occur if frugivores 
move randomly in the mountains (3). Human activities represented by habitat fragmentation and 
hunting can dramatically change frugivore composition, often resulting in the local extinction of 
megafauna, which plays an important role in seed dispersal (14–16). Therefore, vertical seed 
dispersal patterns can differ depending on the megafauna that are present/extinct in the mountains. 
Considering that these aspects can vary among mountains, it is essential to examine whether this 
hypothesis is consistently supported irrespective of the mountains. In addition, it is also essential 
to examine whether this hypothesis is supported in vertical seed dispersal by birds, which are 
another major group of frugivores (10). 

   In this study, our study aim was to clarify whether the timing of fruiting determines the 
direction of vertical seed dispersal by mammals and birds, irrespective of the mountains. We set 
up three specific questions: 1) Does the timing of fruiting and/or topography affect the direction 
of vertical seed dispersal? 2) Do patterns of vertical seed dispersal differ between by mammals 
and birds? and 3) Does the extinction of megafauna limit vertical seed dispersal? To answer these 
questions, we investigated the vertical seed dispersal of two cherry species (Cerasus leveilleana 
and Padus grayana) by mammals and birds in the Ashio-Nikko Mountains (hereafter, ASH), 
Abukuma Highlands (ABU), and Kanto Mountains (KAN) in central Japan (Fig. 1AB; Table S1). 
The two cheery species have similar fruit traits (e.g., fruit size and nutrition) and share frugivores; 
however, they fruit at different times (17), providing a good opportunity to evaluate whether the 
timing of fruiting affects vertical seed dispersal. We estimated the vertical seed dispersal distance 
by using the altitudinal gradient of the oxygen isotope ratios of seeds to locate the altitudes of the 
mother trees (18) (Fig. S1). The fauna of frugivores are relatively well-preserved in three 
mountains; however, frugivorous megafauna in Japan, that is, the Asian black bear (Ursus 
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thibetanus), has become locally extinct in ABU. In ABU, Japanese macaque (Macaca fuscata) 
has also become locally extinct. As for KAN, we reanalyzed the data of a study (1) that reported 
on vertical seed dispersal by mammals. To examine the effect of topography on the direction of 
vertical seed dispersal, we estimated the expected vertical seed dispersal by simulation, assuming 
that frugivores randomly move and disperse seeds based on the topography in their home ranges, 
and compared the expected and observed vertical seed dispersals.   

 

Fig. 1. Locations of the Ashio-Nikko Mountains (ASH), Abukuma Highlands (ABU), Kanto 
Mountains (KAN) (A), and the rough topography around the study areas (B). Topography was 
obtained from the Geospatial Information Authority of Japan (https://maps.gsi.go.jp/).  

 

RESULTS  
Amount of seed dispersal 
The number of mammal-dispersed Cerasus leveilleana seeds in ASH was much higher than that 
in ABU, where bears and macaques are locally extinct, in both study years; 1,937 vs. 724 seeds in 
2014, and 5,147 vs. 513 in 2015, respectively (Fig. 2A; Table S2). In ASH, bears, macaques, 
martens, and raccoon dogs accounted for 43.9%, 42.0%, 9.0%, and 5.1% of the dispersed seeds in 
2014, and 58.8%, 15.0%, 26.2%, and 0.0% in 2015, respectively. In ABU, martens and raccoon 
dogs accounted for 79.7 and 20.3% in 2014, and 100.0% and 0.0% in 2015, respectively. The 
number of bird-dispersed C. leveilleana seeds in ASH was greater than that in ABU in both study 
years; 29 vs. 8 seeds in 2014, and 105 vs. 14 in 2015, respectively (Fig. 2B; Table S2). 
 The number of mammal-dispersed Padus grayana seeds in ASH was much higher than 
that in ABU in both study years; 3,144 vs. 1,215 seeds in 2014, and 4,593 vs. 835 in 2016 (Fig. 
2A; Table S2). In ASH, bears, macaques, martens, and raccoon dogs accounted for 53.7%, 23.3%, 
23.0%, and 0.0% of the dispersed seeds in 2014, and 66.8%, 0.7%, 32.5%, and 0.7% of dispersed 
seeds in 2015, respectively. In ABU, martens and raccoon dogs accounted for 96.7% and 3.3% of 
the dispersed seeds in 2014, and 71.3% and 28.7% of dispersed seeds in 2015, respectively. The 
number of bird-dispersed C. leveilleana seeds in ASH was much lower than that in ABU in 2014, 
but the number in ASH was greater than that in ABU in 2016; 73 vs. 1,509 seeds in 2014, and 170 
vs. 121 in 2016, respectively (Fig. 2B; Table S2). 
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Fig. 2. Number of dispersed seeds of Cerasus leveilleana and Padus grayana by (A) each mammal species 
and (B) bird.  

 
Calibration lines for the estimation of vertical seed dispersal distances 
Calibration lines for the vertical seed dispersal estimates were successfully constructed for both C. 
leveilleana and P. grayana; negative correlations between the altitudes and isotope ratio of non-
dispersed reference seeds were detected for all sites and species (Fig. S1AB; Table S3). The R̂ 
values of all the parameters in the Bayesian inference for estimating calibration lines were <1.01, 
indicating that our model convergence was good (19). The ranges of isotope ratios of non-
dispersed C. leveilleana and P. grayana seeds almost fully covered those of dispersed seeds. The 
ranges of isotope ratios of non-dispersed and dispersed C. leveilleana seeds were 24.18‰–
36.25‰ vs. 28.76‰–35.42‰ in ASH, and 18.53‰–35.89‰ vs. 21.40‰–32.63‰ in KAN, 
respectively. The ranges of isotope ratios of non-dispersed and dispersed P. grayana seeds were 
20.55‰–28.53‰ vs. 22.12‰–29.16‰ in ASH, and 21.88‰–29.00‰ vs. 21.47‰–26.86‰ in 
ABU, respectively. These results indicate that the effect of extrapolation is negligible when we 
estimated the vertical seed dispersal distance. The R̂ values of all the parameters in the Bayesian 
inference for estimating vertical seed dispersal distance were <1.06, indicating that our model 
convergence was good. 
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Vertical seed dispersal distance 
For C. leveilleana, which fruits in early summer, the direction of estimated seed dispersal was 
biased toward the top of the mountains regardless of the mountains and frugivores (Fig. 3; Table 
1). In ASH, bears, macaques, martens, and birds intensively dispersed seeds uphill. In KAN, bears 
and martens intensively dispersed seeds uphill. Differences in the vertical seed dispersal distance 
among frugivores were not clear in ASH (bear: mean +292.9 ± 29.3 m SE, macaque: +314.6 ± 
20.9 m, marten: +333.6 ± 18.6 m, bird: +328.8 ± 26.6 m) (Fig. 3), while bears dispersed seeds 
uphill farther compared to martens in KAN (bear: +310.7 ± 33.3 m, marten: +196.3 ± 27.3 m). 
The absolute vertical seed dispersal distance was nearly identical to the vertical seed dispersal 
distance in each species in both ASH and KAN (Table S4), because downhill seed dispersal 
rarely occurred. In the simulation, assuming that frugivores randomly move and disperse seeds in 
their home ranges based on the topography, the expected mean vertical seed dispersal was +3.9, 
+4.4, -11.3, -48.8, and 1.8 m in ASH, when r = 0.1, 0.5, 1, 3, and 10 km, respectively (Fig. 4). 
These results indicate that strong uphill or downhill seed dispersal rarely occurs if frugivores 
disperse seeds randomly. The expected mean vertical seed dispersal distance was ca. 300 m less 
than that observed by all frugivores in ASH. In KAN, the expected mean vertical seed dispersal 
was +11.8, +54.0, +113.9, +157.2, and +156.1 m, respectively. These results indicate that uphill 
seed dispersal occurs if frugivores disperse seeds randomly, but the values were ca. 100–150 m 
less than those observed by bears and martens in KAN. The expected absolute mean vertical seed 
dispersal distance in KAN was greater than that in ASH irrespective of the r values (Table S4), 
indicating that KAN is steeper than ASH, and thus a farther vertical seed dispersal distance occurs 
in KAN than in ASH if frugivores move randomly. However, there was no such tendency in the 
observed absolute vertical seed dispersal distance between KAN and ASH (Table S4). 

 
Fig. 3. The estimated vertical seed dispersal distance by each mammal species and bird in each mountains. The 
dots indicate the mean vertical distance, and the vertical bars indicate the 95% credible interval of each 
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dispersed seed. The seeds with a 95% credible interval crossed zero are shown in a gray background. Silhouette 
images of the bear, marten, and bird (by L. Shyamal) were obtained from PhyloPic (http://phylopic.org). 
 
 For P. grayana, which fruits from late summer to early autumn, the direction of estimated 
seed dispersal was biased toward the foot of the mountains regardless of the mountains and 
frugivores, except for martens in ABU, but the tendency was weak (Fig. 3; Table 1). In ASH, 
bears, martens, and birds tended to disperse seeds downhill. In ABU, martens tended to disperse 
seeds uphill, and birds tended to disperse seeds downhill. Differences in the vertical seed 
dispersal distance among the main frugivores were not clear in ASH (bear: -42.3 ± 35.7 m, 
marten: -10.9 ± 33.9 m, bird: -12.1 ± 19.6 m)(Fig. 3), while the vertical seed dispersal distance by 
martens was greater than that by birds in ABU (marten: +54.9 ± 31.4 m, bird: -33.0 ± 39.7 m). 
Differences in the absolute vertical seed dispersal distance among frugivores were not clear in 
both ASH and ABU (Table S4). In the simulation based on topography, the expected mean 
vertical seed dispersal was -0.2, -23.5, -80.5, -169.9, and -271.8 m in ASH, when r = 0.1, 0.5, 1, 3, 
and 10 km, respectively (Fig. 4). This indicates that weak or strong downhill seed dispersal 
occurs if small-to-intermediate-sized frugivores or bears disperse seeds randomly. The values 
were relatively similar to those by all frugivores except for bears in ASH. In ABU, the expected 
mean vertical seed dispersal was -4.7, -15.0, -31.4, -61.7, and +0.1 m, indicating weak downhill 
seed dispersal. The values were relatively similar to those by birds, but not to those by martens in 
ABU. The expected absolute mean vertical seed dispersal distance in ASH was much greater than 
that in ABU irrespective of the r values (Table S4), indicating that ASH is much steeper than 
ABU, and thus that a farther vertical seed dispersal distance occurs in ASH compared to ABU if 
frugivores move randomly. However, there was no such tendency in the observed absolute 
vertical seed dispersal distance between KAN and ABU (Table S4). 
 
Table 1. The direction of vertical seed dispersal of Cerasus leveilleana and Padus grayana in the Ashio-Nikko 
Mountains (ASH), Abukuma Highlands (ABU), and Kanto Mountains (KAN). 
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Fig. 4. The expected vertical seed dispersal distance by simulation assuming that frugivores move and disperse 
seeds randomly in their home range (r = 0.1, 0.5, 1, 3, and 10 km). Each r value is roughly correspondent to the 
home range sizes of small birds, intermediate-sized birds, large birds and intermediate-sized mammals, Asian 
black bears in KAN, and Asian black bears in ASH, respectively. 
 
Contribution of each frugivore to whole vertical seed dispersal 
When we combined the amount of seed dispersal and vertical seed dispersal distance by each 
mammal, the contribution of bears to the seed dispersal of C. leveilleana was apparent in both 
ASH and KAN: bears dispersed many seeds over long distances (Fig. 5A). Similarly, the 
contribution of bears to the seed dispersal of P. grayana was apparent in ASH (Fig. 5B). In ABU, 
where bears have become extinct, the amount of seed dispersal and long-distance vertical seed 
dispersal were highly limited. In ABU, birds seemed to compensate for the lack of long-distance 
vertical seed dispersal by bears, although we could not compare their contribution to that of 
mammals in terms of the amount of seed dispersal because of the different sampling methods.  
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Fig. 5. Frequency distribution of dispersed seeds of (A) Cerasus leveilleana and (B) Padus grayana by each 
mammal species and bird. 
 
 
DISCUSSION  
The results of the two cherry species, which share frugivores but fruit at different times, supported 
the hypothesis that uphill seed dispersal occurs in spring- and summer-fruiting plants, and 
downhill seed dispersal occurs in autumn- and winter-fruiting plants owing to the movement of 
frugivores following food plant phenology in the temperate zone, irrespective of the mountains 
and frugivores. In addition to that previously reported in KAN, we observed strong uphill seed 
dispersal of C. leveilleana, which fruits in early summer, in ASH. All frugivores, that is, bears, 
macaques, martens, and birds, intensively dispersed seeds uphill. The frugivores’ simple tracking 
of ascending food plant phenology, and their daily foraging pattern—movement toward lower 
altitudes for cherry fruits and subsequent movement toward higher altitudes for young edible 
vegetation (i.e., herbs, buds, young leaves, and flowers) and accompanying larvae of herbivorous 
insects that are no longer abundant at lower altitudes because of the phenological progress—are 
considered to be the reasons for uphill seed dispersal (1). We observed the weak downhill seed 
dispersal of P. grayana, which fruits in late summer to early autumn in ASH and ABU. All 
frugivores, except martens in ABU (which dispersed seeds +54.9 m uphill), dispersed seeds 
downhill. Vertical seed dispersal distances of P. grayana (i.e., -56.5–+54.9 m) were intermediate 
values of those of summer-fruiting C. leveilleana (ca. +200–+300 m) and those of autumn-fruiting 
Actinidia arguta (ca. -300–-100 m, except for raccoon dogs) (3). This is probably because there 
were no strong altitudinal gradients in the phenology of food plants at the time of P. grayana 
fruiting, which is during the transitional period between summer and autumn. During this period, 
frugivores would not have a strong motivation to ascend or descend the mountains, resulting in 
less biased vertical seed dispersal. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 27, 2020. ; https://doi.org/10.1101/2020.05.24.112987doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.24.112987
http://creativecommons.org/licenses/by-nc-nd/4.0/


9 

 
 Frugivores did not move and disperse seeds simply based on the topography of mountains, 
indicating that the effect of topography on the direction of vertical seed dispersal is relatively 
small compared to that of the timing of fruiting. The observed vertical seed dispersal distances of 
C. leveilleana in ASH and KAN were much greater than the expected one assuming that 
frugivores move and disperse seeds randomly based on the topography around the census routes. 
In addition, the previously reported vertical seed dispersal distance of A. arguta in KAN (3) was 
much less (ca. 100–450 m) than the expected one of C. leveilleana, which were estimated using 
the same census route as A. arguta. In KAN, which is steeper than ASH, farther vertical seed 
dispersal compared to ASH was expected, but such a tendency was not detected. The observed 
vertical seed dispersal distances of P. grayana in ASH and ABU, which showed weak downhill 
seed dispersal (except by martens in ABU), were relatively similar to the expected ones based on 
the topography. You might think that frugivores moved and dispersed seeds randomly when they 
did not have strong motivation to ascend or descend the mountains. However, the observed 
vertical seed dispersal distance by bears in ASH (mean of -42.3 m) was much greater than the 
expected one (mean of -271.8 m), which corresponds to their home range in ASH (i.e., r = 10 km). 
This indicates that bears maintained their altitudinal locations, and thus moved and dispersed 
seeds non-randomly at the fruiting time of P. grayana. Padus grayana fruits from August to mid-
September, which is the hottest period in Japan. During this period, the bears in ASH decrease 
their daily activity (20) partly because they need to maintain their metabolism (Koike unpublished 
data). Their reluctance to move, especially toward lower and thus warmer altitudes, is likely to 
explain this non-random seed dispersal. In ASH, which is far steeper than ABU, farther vertical 
seed dispersal compared to ABU was expected, but such a tendency was not detected. Combined 
with the gaps between the observed and expected vertical seed dispersal of P. grayana, it was 
considered that frugivores do not simply move and disperse seeds randomly based on topography, 
even when there are no strong altitudinal gradients in the phenology of food plants. In this study, 
we expected that the surface areas at lower altitudes are larger than those at higher altitudes (13), 
resulting in downhill seed dispersal if frugivores move randomly. However, the distributions of 
the expected vertical seed dispersal distance by simulation were not clearly biased toward lower 
altitudes, even if r = 10 km, in three out of four cases (i.e., C. leveilleana in ASH, and P. grayana 
in ASH and ABU) (Fig. 4). The effect of larger surface areas at lower altitudes will not much 
matter at the spatial scale of the home range of frugivores, including megafauna.   
 
 Differences in vertical seed dispersal distances among frugivores were not necessarily 
clear. In the previous studies, mammals with larger home ranges dispersed the seeds of C. 
leveilleana and A. arguta farther toward higher or lower altitudes in KAN (1, 3). Such a 
relationship was not detected in the vertical seed dispersal of C. leveilleana in ASH. It was 
surprising that even birds, which are expected to have the smallest home range [except for the 
jungle crows, whose home range can reach up to 3,000 ha (21)], showed strong uphill seed 
dispersal, as did bears. Efficient use of the steepness around the census route of C. leveilleana in 
ASH by frugivores would affect the results. Altitudes around the census route dramatically 
change with horizontal distance, from the lowest 900 to 1,400 m a.s.l. at 1,500 m horizontal 
distances (i.e., a slope of 18°). Such steepness would give frugivores—especially birds which can 
fly—opportunities to easily visit higher altitudes where different food resources are available 
because of the altitudinal gradient of the phenological stage (1), resulting in strong uphill seed 
dispersal. Uphill seed dispersal by birds might also be affected by their breeding activity. The 
timing of C. leveilleana fruiting corresponds to the timing of bird breeding (22). Birds need to 
protect nests during the breeding period, while they need to search for many food resources to 
nurture their chicks. Adherence to their nests while visiting higher altitudes for foods might 
reinforce uphill seed dispersal. As for P. grayana in ASH and ABU, differences in vertical seed 
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dispersal among frugivores and among mountains were not remarkable in terms of both vertical 
and absolute vertical seed dispersal distance, probably due to the  low motivation to ascend or 
descend mountains. The exception is martens in ABU, which weakly dispersed seeds toward 
higher altitudes, while birds in ABU and frugivores in ASH weakly dispersed seeds toward lower 
altitudes. The altitudes of the census route of P. grayana in ABU were 550–700 m a.s.l., which 
are the lowest altitudes compared to those of the other route, correspond to the transitional area 
between the hilly and montane zones. In the montane zone, A. arguta, the fruits of which are the 
one of the most preferred by mammals in Japan (3), are more abundant than in the hilly zone (23). 
We sometimes observed the feces of martens, including seeds of A. arguta, when we collected 
mammal-dispersed seeds of P. grayana in the census route. Therefore, the martens in ABU might 
ascend to visit the montane zones searching for the fruits of A. arguta, resulting in the weak uphill 
seed dispersal of P. grayana.  
 
 When we combined the amount of seed dispersal and vertical seed dispersal distance, it 
was evident that bears play a critical role in the vertical seed dispersal of both C. leveilleana and 
P. grayana (Fig. 5). In both cherry species, bears accounted for ca. 50% of seed dispersal by 
mammals, and the number of mammal-dispersed seeds in ASH was at most 10 times larger than 
that in ABU, where bears are locally extinct, despite the fact that the densities of mature cherry 
trees between ASH and ABU were not much remarkably different. More than 84% of bear-
dispersed seeds of C. leveilleana in ASH and KAN, and more than 17% of bear-dispersed seeds 
of P. grayana in ASH, were dispersed uphill, and thus contributed to cherry migration toward 
higher and thus colder altitudes under global warming. Although the effect of bear extinction on 
the recruitment of C. leveilleana and P. grayana in terms of the genetic structure of mature trees 
is not detected at present (24), the effect is likely to become clear in the warming world. 
Macaques dispersed a considerable number of seeds of C. leveilleana toward higher altitudes in 
ASH; however, their contribution to C. leveilleana dispersal in KAN was slight and their 
contribution to P. grayana in ASH was not necessarily high. Macaque species, including the 
Japanese macaque, are omnivores and have very broad food habits. For example, Japanese 
macaques in a deciduous forest eat woody leaves, flowers, fungi, seeds including nuts, fruits, buds, 
bark, herbaceous plants, insects, spiders, limpets, and frogs (25). Because they choose foods from 
various candidates in the mountains, both cherry species would not be necessarily chosen despite 
that they are common fleshy-fruited plants in all mountains. Martens dispersed a considerable 
number of C. leveilleana and P. grayana seeds toward higher altitudes in all mountains. It is 
noticeable that in ABU, where bears and macaques are extinct, martens were apparently the most 
important frugivorous mammals in both the number of seed dispersal and vertical seed dispersal 
distance. Other intermediate-sized frugivorous mammals, that is, red foxes, Japanese badgers, and 
raccoon dogs, which are less frugivory (12), contributed little to the vertical seed dispersal of both 
cherry species in all mountains. Birds contributed to the uphill seed dispersal of both C. 
leveilleana and P. grayana in ASH and ABU, although we could not compare their contribution 
to that of mammals in terms of the number of seed dispersal due to the different sampling 
methods used. As for C. leveilleana, considering that the number of bird-dispersed seeds seems 
small (Fig. 2) and that fruit removal rate by birds is constantly low (ca. 10% for three years) (7), 
the contribution of birds to the overall vertical seed dispersal will be low. As for P. grayana, 
considering that the number of bird-dispersed seeds seems high and that the fruit removal rate by 
birds can be high (57% at most in the three years studied), the contribution of birds to overall 
vertical seed dispersal will be high. In areas of Japan where bears are absent, martens and birds 
that widely inhabit various forests (26, 27) may compensate for the loss of bears for both cherry 
species to some extent. Considering that seed dispersal by marten species and various birds are 
frequently reported in a wide range of the temperate zones, including North America and Europe 
(2, 28), they are likely to compensate for the lack of vertical seed dispersal of many fleshy-fruited 
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plants by megafauna in many regions where seed dispersal by megafauna is currently not 
expected. Their compensation may be critically important in Europe (except Russia), where 
remaining frugivorous megafauna (i.e., brown bears) has almost extinct (26). 
 
 In this study, we attempted to grasp the whole image of vertical seed dispersal by animals 
for the first time, and there are several specific caveats to consider in future research. First, there 
is an inconsistency between vertical and previous horizontal seed dispersal distances. The 
absolute mean vertical seed dispersal distance of C. leveilleana (328.8 m in ASH), and P. grayana 
(105.3 and 172.9 m in ASH and ABU) by birds seems too large compared to the mean horizontal 
seed dispersal distance of them by birds, which is estimated to be ca. 40–90 m in ABU (7). It is 
possible that the previous study underestimated the horizontal seed dispersal distance; it was 
estimated based on the assumption that seeds are not dispersed more than 500 m horizontally, in a 
closed old-growth forest, which failed to evaluate long-distance seed dispersal by jungle crows, 
which often disperse seeds including cherry ones, outside of closed forests (29, 30). In a different 
model in the same forest, the horizontal seed dispersal distance of C. leveilleana was longer than 
that of the previous one (i.e., more than 50% of seeds were estimated to be dispersed more than 
175.7 m) (31), suggesting the necessity of validating the estimated horizontal seed dispersal 
distance. However, combined with the fact that 95% credible intervals of vertical seed dispersal 
distance are quite large, especially in C. leveilleana in ASH (Fig. 3), we need to be careful about 
the validity of mean vertical seed dispersal distance at present, and need to shorten the credible 
intervals by improving the isotope analysis (3). Second, we could not distinguish the bird species 
of dispersed seeds. Seed dispersal patterns can differ among bird species (32, 33). It is necessary 
to distinguish them to understand the details of vertical seed dispersal by birds using the methods 
such as the genetic approach (34). Third, we conducted the study in forest landscapes. There are 
open lands, such as pastures, on some human-disturbed mountains, and alpine tundra above forest 
lines on high mountains. In a mosaic landscape of forests and open lands, forest specialist and 
habitat generalist frugivores may move—and thus disperse seeds—differently (2). The evaluation 
of vertical seed dispersal in such landscapes, especially in alpine zones, where many endangered 
plants are distributed, is encouraged. Finally, it is noticeable that we conduct studies in rather 
midslopes of mountains, not in extreme locations such as the very top of mountains where uphill 
seed dispersal is not expected, and the very bottom of mountains or plains where downhill seed 
dispersal is not expected. At such locations, the effect of topography on the direction of vertical 
seed dispersal may be higher than that of the timing of fruiting. 
 
 Our study suggests that the timing of fruiting, rather than topography, determines the 
direction of vertical seed dispersal by mammals and birds in the temperate zone, irrespective of 
mountains. In the temperate zone, endozoochorous plants (i.e., fleshy-fruited plants), one of the 
major types of animal-dispersed plants, account for ca. 35%–42% of woody species in temperate 
forests (10). Synzoochorous plants (i.e., nut plants), another major type of animal-dispersed plants, 
are dominant in temperate forests in terms of their biomass. Considering that most of these 
animal-dispersed plants fruit in autumn–winter, our results predict that downhill vertical seed 
dispersal by animals becomes pervasive and may cause drastic changes in forest composition in 
the temperate zone. Although we need to investigate plant recruitment after vertical seed dispersal 
for the judgement of migration success or failure (4), there is a concern over the spreading effects 
of biased vertical seed dispersal by animals on forest ecosystems. In this situation, the role of 
megafauna in the migration of animal-dispersed plants will be a double-edged sword. We 
confirmed that megafauna play an essential role in vertical seed dispersal, similar to previous 
studies investigating horizontal seed dispersal (14, 16), although their vertical seed dispersal 
distance was not necessarily longer than that of other frugivores. Megafauna are expected to be 
highly helpful to the escape of spring- and summer-fruiting plants under global warming. By 
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contrast, megafauna could be highly harmful to the escape of autumn- and winter-fruiting plants 
by dispersing many seeds toward lower and thus warmer altitudes. However, it is also true that 
they disperse a non-negligible number of seeds of autumn-fruiting plants toward higher altitudes 
(3). It is necessary to evaluate whether such uphill dispersal by megafauna effectively facilitates 
the escape of autumn- and winter-fruiting plants to understand their overall contribution under 
global warming. 
 
MATERIAL AND METHODS 
Study site 
The study sites were located in the Ashio-Nikko Mountains (ASH, 36.7°N, 139.4–139.5°E), 
Abukuma Highlands (ABU, 36.9°N, 140.6°E), and Kanto Mountains (KAN, 35.8°N, 139.0°E), 
central Japan (Fig. 1A). The annual mean temperature and precipitation at the nearest weather 
stations in ASH, ABU, and KAN are 7.2 ℃ and 2,231 mm (1,292 m a.s.l.), 10.7 ℃ and 1,910 
mm (555 m a.s.l.), and 12.3 ℃ and 1,610 mm (550 m a.s.l.), respectively (35, 36). ASH and KAN 
comprise steep mountains, and ABU comprises gentle-sloped mountains (Fig. 1B). The nearest 
peaks in ASH, ABU, and KAN around the study sites are Mt. Nantai (2,486 m a.s.l.), Mt. 
Eizomuro (882 m a.s.l.), and Mt. Hiryu (2,077 m a.s.l.), respectively. The study areas are 
mountainous and covered with forest vegetation. Natural forests and conifer plantations 
(Cryptomeria japonica, Chamaecyparis obtuse, and, partially, Larix kaempferi) cover most of the 
area (15, 37, 38). The natural forest vegetation is similar in the three mountains. In KAN, forests 
are dominated by Quercus serrata and Castanea crenata in the hilly zone (0–800 m a.s.l.); Q. 
crispula and Fagus crenata in the montane zone (800–1,800 m a.s.l.); and Abies veitchii and 
Tsuga diversifolia in the subalpine zone (1,800–2,500 m a.s.l.) (3). In ASH and ABU, where the 
study sites are ca. 100 km north of KAN, while dominant tree species are in common with KAN, 
the altitude of each vegetation zone is ca. 200 m lower than that in KAN (15, 38) (15, 38) (Naoe 
personal observation). ABU lacks the subalpine zone due to its low altitude. 
 In the three mountains, fauna of frugivorous mammals and birds are relatively well-
preserved (1, 29, 37, 39–41). For example, all of the representative intermediate-sized frugivorous 
mammals in Japan [red fox (Vulpes vulpes), Japanese badger (Meles anakuma, previously known 
as a subspecies of Meles meles), raccoon dog (Nyctereutes procyonoides), and Japanese marten 
(Martes melampus)] are present. However, larger frugivorous mammals—Asian black bear and 
Japanese macaque have been locally extinct in ABU for more than decades, probably due to 
intensive clear-cutting of forests and economic use of remnant forests (39). Most frugivorous bird 
species are observed in both ASH and ABU, where we investigated seed dispersal by birds, but 
the composition of dominant birds differs between the mountains. In ASH, the dominant 
frugivorous birds are the narcissus flycatcher (Ficedula narcissina), brown-headed thrush (Turdus 
chrysolaus), Asian brown flycatcher (Muscicapa dauurica), and Eurasian jay (Garrulus 
glandarius) (40). In ABU, the dominant frugivorous birds are the brown-eared bulbul (Hypsipetes 
amaurotis), narcissus flycatcher (F. narcissina), grey thrush (T. cardis), and Japanese white-eye 
(Zosterops japonicus) (22). The largest frugivorous bird in Japan (29), the jungle crow (Corvus 
macrorhynchos), is the fifth-most dominant in both mountains. 
 
Plant materials 
We targeted two fleshy-fruited cherry species common in mountainous areas in central Japan: the 
wild flowering cherry Cerasus leveilleana (Koehne) H. Ohba (syn. Prunus verecunda) and the 
Japanese bird cherry Padus grayana (Maxim.) C. K. Schneid (syn. Prunus grayana). Cerasus 
leveilleana is a deciduous canopy tree species with a minimum reproductive diameter at breast 
height (DBH) of 11.8 cm (22). It produces ball-shaped red to black fleshy fruits (7.0 mm in 
diameter) from mid-June to mid-July (17). Padus grayana is a deciduous subcanopy tree species 
with a minimum reproductive DBH of 7.2 cm. It produces tear-shaped red to black fleshy fruits 
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(7.0 mm and 5.2 mm in longer and shorter diameter) from August to mid-September. Their fruits 
are dispersed by various mammals and birds (9, 17, 42).  
 
Sampling of dispersed and non-dispersed seeds 
Samplings of mammal- and bird-dispersed seeds were conducted in 2014 and 2015 for C. 
leveilleana, and in 2014 and 2016 for P. grayana, when the fruit production of each cherry 
species was high. To collect dispersed seeds, we set two 2 km-census routes in both ASH (850–
1,200 m a.s.l.) and ABU (550–750 m a.s.l.) along paved roads mainly going through natural 
forests (3–4 m in width) (for details, see Table S1). One route was set for C. leveilleana, and 
another was set for P. grayana, where the target cherry species were abundant. The densities of 
mature trees along and around the routes in ASH and ABU were 13.1 and 13.0 individuals per km 
for C. leveilleana, and 22.3 and 11.5 per km for P. grayana, respectively (24). To collect 
mammal-dispersed seeds, we visited the routes weekly during the fruiting season of each cherry 
species, and examined all fresh mammalian feces found along the routes in situ for the seeds of 
the cherry species. Mammalian species were identified based on the shape and smell of the feces 
(37). Each fecal sample was washed through a series of sieves, after which the number of mature 
intact seeds was counted. To collect bird-dispersed seeds, we set 40 seed traps along the routes in 
both ASH and ABU. Seed traps had a surface area of 0.5 m2 and were made of nylon cloth (mesh 
size of 1 mm). The seed traps were set 1 m above the ground to avoid predation by woody mice. 
When we set seed traps for the first time (for C. leveilleana in 2014), 20 seed traps were set rather 
regularly, and 20 traps were set just outside the tree crown of the fruiting target cherry species. 
But this method failed to sample sufficient bird-dispersed seeds. Thus, we set 20 traps rather 
regularly and 20 traps under the tree crown of them in the subsequent samplings (i.e., for C. 
leveilleana in 2015 and P. grayana in 2014 and 2016). We collected seeds that fell into the traps 
every two weeks during the fruiting seasons. Pulpless seeds were considered to have been 
dispersed by birds through either regurgitation or defecation. The locations of all sampling points 
were recorded using handheld GPS receivers (GPSMAP 60CSx, 62S, or Oregon 550; Garmin 
Ltd., Olathe, KS, USA). 
 We collected non-dispersed reference seeds from fruiting trees at various altitudes. This is 
because it is necessary to confirm the negative correlation between altitudes and the oxygen 
isotope ratio of non-dispersed seeds, and use it as the calibration line to estimate the vertical seed 
dispersal distance (18). This sampling was conducted for C. leveilleana in ASH in 2015 and for P. 
grayana in ASH and ABU in 2016. For seed sampling details in KAN, please see the literature (1). 
Briefly, mammal-dispersed seeds of C. leveilleana were collected along and around a 16 km-
census route (550–1,650 m a.s.l.) at 10-day intervals during the fruiting season in 2010–2013. The 
subsequent methods were the same as those conducted in ASH and ABU. 
 
Estimation of vertical seed dispersal distance 
The estimation of vertical seed dispersal distance was conducted based on the method described 
in the literature, as follows (3): first, we confirmed the negative correlation between altitudes and 
the oxygen isotope ratio of non-dispersed seeds; second, we estimated the altitudes of the mother 
trees of dispersed seeds by using the negative correlation (i.e., by using the regression equation as 
a calibration) and the oxygen isotope ratio of dispersed seeds; third, we calculated the vertical 
seed dispersal distance by subtracting the altitudes of the mother trees from those of the dispersed 
seeds.  
 Calibration lines can vary annually owing to climatic factors (18). This variation may 
cause uncertain errors in vertical seed dispersal estimates if the sampling year of dispersed seeds 
is different from that of non-dispersed seeds for calibration. Considering this carefully, we only 
used dispersed seeds that were collected in the same year that the calibration line was made for 
estimation (C. leveilleana, seeds collected in ASH in 2015; P. grayana, seeds collected in ASH in 
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2016 and ABU in 2016). For KAN, dispersed seeds were collected in 2010–2013 and non-
dispersed seeds in 2012 and 2013 (1). Following the previous study (1), we applied the calibration 
line in 2012 to estimate the vertical seed dispersal distance of dispersed seeds collected in 2010 
and 2011. This is because the correlation is extremely strong between the oxygen isotope ratios of 
non-dispersed seeds and mean air temperature in May in KAN, when the seeds are developing (r 
= 0.9487, n = 15, P < 0.0001), and because the air temperatures in May 2010–2012 were almost 
identical (14.9–15.1°C) (1). We did not conduct this procedure for the dispersed seeds in ASH 
and ABU, because differences in air temperatures among the sampling years of dispersed and 
non-dispersed seeds were relatively large (> 0.5°C) in most cases (3), and because the relationship 
between the oxygen isotope ratios of non-dispersed seeds and mean air temperature was not 
examined in ASH and ABU. 
 We measured the oxygen isotope ratio of the endocarps of the seeds, which are the most 
external dead and hard tissue of the diaspores of cherry species (18). For non-dispersed seeds to 
make calibration lines, we analyzed three seeds at each altitude (1). For dispersed seeds, we 
randomly selected one seed from each fecal or seed-trap sample and analyzed them. We measured 
the oxygen isotope ratio by continuous flow (CF) combustion and isotope ratio mass spectrometry 
(IRMS) analysis using a high-temperature elemental analyzer (TC/EA; Thermo Fisher Scientific, 
Waltham, MA, USA) coupled online with a mass spectrometer (Delta Plus XP; Thermo Fisher 
Scientific) using a ConFlo III interface (Thermo Fisher Scientific). Detailed methods are 
described in the literature (18). The sample gases were calibrated by measuring the reference 
substances (IAEA-601 and IAEA-602 benzoic acid; 23.14‰ and 71.28‰, respectively) of known 
isotope compositions (43). The isotopic composition of a sample is conventionally expressed as 
the ‘δ’ value by comparison with the international primary reference material (V-SMOW) as 
follows: 
    δ18O = Rsample/Rreference - 1 
where R denotes the ratio of numbers (N) of each isotope, as follows: 
    R = N(18O)/N(16O) 
The standard deviation of the replicates was approximately 0.2‰ (1σ) for the measurements. 
 
Evaluating the effect of topography on vertical seed dispersal 
To examine whether the topography of the mountains affect vertical seed dispersal, we estimated 
the expected vertical seed dispersal by simulation, assuming that frugivores randomly move and 
disperse seeds based on the topography in their home ranges. We used the locations where 
dispersed seeds were collected and topography around the locations for the simulation. One 
location was randomly sampled from a circle with a horizontal radius of r km centered on each 
location where dispersed seeds were collected. To sufficiently reflect the topography, we 
conducted this procedure five times per dispersed seed. Then, the altitudinal distribution was 
obtained by summarizing these locations. A circle assumes the home range of frugivores. We 
tried different values for r: 0.1, 0.5, 1, 3, and 10 km, which result in 3, 75, 300, 2,700, and 30,000 
ha in the circular area, respectively. These are roughly correspondent to the home range sizes of 
small birds, intermediate-sized birds, large birds and intermediate-size mammal, Asian black 
bears in KAN, and Asian black bears in ASH, respectively (26, 27). These simulations were 
performed for each cherry species and site. 
 
Contribution of each frugivore to whole vertical seed dispersal 
To assess the contribution of each frugivore to whole vertical seed dispersal, we multiplied the 
number of dispersed seeds and vertical seed dispersal distance of each frugivore, and generated 
histograms for each cherry species and mountains. Because we only analyzed one dispersed seed 
per feces because of the labor involved, we assumed that the vertical seed dispersal distance of 
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remaining the non-analyzed seeds in each feces was identical to that of analyzed seed in the same 
feces. 
 
Statistical analysis 
When we estimated the vertical seed dispersal distance based on the calibration lines, Bayesian 
inference was used to evaluate errors in the altitude identification of the mother tree, and thus, the 
vertical seed dispersal distance. Uniform distributions were used as the prior distributions for all 
parameters. We ran the Markov chain Monte Carlo (MCMC) algorithm for three independent 
chains of 110,000 iterations. In each chain, the first 10,000 iterations were abandoned as a burn-in 
and the remaining chain was thinned every 50 steps, resulting in 2,000 values per chain sampled 
from the posterior. Finally, 6,000 samples were obtained from three chains, which were used to 
yield the posterior distributions and summarize the parameters. Model convergence was assessed 
visually and using the R̂  values (the Gelman–Rubin statistic) (19). These analyses were 
performed using R version 3.5.2 (44) and WinBUGS version 1.4.3 (45). 
 
Supplementary Materials 

Fig. S1. Calibration lines (i.e., negative correlation between altitudes and the isotope ratio of non-
dispersed reference seeds) for the vertical seed dispersal distance of (A) Cerasus leveilleana and 
(B) Padus grayana. Dots indicate non-dispersed reference seeds, and lines indicate calibration 
lines. 
 
Table S1. Detailed sampling of the target species Cerasus leveilleana and Padus grayana in the 
Ashio-Nikko Mountains (ASH), Abukuma Highlands (ABU), and Kanto Mountains (KAN). We 
only estimated the vertical seed dispersal distance of dispersed seeds that were collected in the 
same year that the calibration line was made (see Methods for details). 
 
Table S2. Number of dispersed and analyzed seeds of Cerasus leveilleana and Padus grayana. 
 
Table S3. Results of Bayesian inference for calibration lines (oxygen isotope ratio of seed = a × 
altitude + b) of Cerasus leveilleana and Padus grayana. 
 
Table S4. Observed and expected absolute mean vertical seed dispersal distances of Cerasus 
leveilleana and Padus grayana in ASH, ABU, and KAN. 
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