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Simple Summary: The external climate is an important factor affecting plant phenology. In this study,
we monitored seed rain of four sympatrically distributed Fagaceae species in the Qinling Mountains
of China for 10 consecutive years and also collected local climate data to clarify how the seed rain
dynamics of four sympatric species changed, whether and how climate variability will affect seed
rain drop dynamics of the four sympatric species, and how can the four species better coexist in the
same domain. We found there were differences in the seed rain dynamics among the four species,
which indicated that there was no concentrated flowering and fruiting among different species. Thus,
they could well avoid fierce competition for similar resources, which was also an important reason
why different species could co-exist well in the same domain. In addition, our study also found that
the seed rain dynamics of these four plants were different in response to different climatic factors,
which may be also conducive to their better sympatric distribution.

Abstract: Seed rain, as the beginning of species dispersal, is a key process for forest structure and
regeneration. In this study, the seed rain of four Fagaceae sympatric plant species (Castanea mollissima,
Quercus aliena, Quercus variabilis, and Quercus serrata) in the Qinling Mountains were monitored for
ten consecutive years, and the responses of seed rain dynamics of the four species to major climatic
factors (temperature and precipitation) were analyzed. We found there were significant differences
in the seed rain dynamics between C. mollissima of Castanea and the other three species of Quercus
in the initial period and end period and the duration of the whole seed rain process among the
10 years. This could indicate to some extent that there was no concentrated flowering and fruiting
among different plants of different genera, and they could well avoid fierce competition for similar
resources and coexist in the same region. This may also be a reproductive strategy for plants. Seed
rain dynamics of different plant species had different sensitivities to climate factors (temperature and
precipitation), which indicated that mainly because of their different responses to climate factors,
they could well avoid fierce competition for similar climate resources. In addition, the differences
in seed rain dropping dynamics could reduce consumption in large numbers by seed predators,
thereby promoting their own dispersal and regeneration. All of the above contribute to their better
coexistence in the same domain.

Keywords: plant phenology; Fagaceae; sympatric species; seed rain dynamics; climate variability

1. Introduction

Plant phenology refers to the annual seasonal variation of vegetative growth and
reproductive growth of plants affected by biological factors (genetics, etc.) and abiotic
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factors (climate, etc.), such as the budding, leaf-spreading, flowering, fruiting, and leaf-
falling of plants [1-4]. Studies have shown that climate factors can directly or indirectly
affect the phenological characteristics of plants, in which temperature and precipitation
are considered to be the most important climate factors affecting plant phenology [4-6].
Temperature has a strong influence on plant phenology; for example, the spring phenology
of plants (especially flowering) is mainly controlled by early temperature, if the spring
temperature is higher, the earlier the plant phenology, and the lower the spring temperature,
the later the plant phenology [1,2,7]. Precipitation also has important influences on plant
phenology. Precipitation not only has an important influence on flowering phenology
of plants but also has a very important influence on fruiting phenology of plants [8]. In
general, the response degree of phenology of different plants to climate factors is also
different. At the same time, many plant phenologies are not affected by a single climate
factor but may be affected by a variety of climate factors [9].

Seed is an important organ for sexual reproduction of plants. When the seed is
mature, it spreads from the mother plant to the surrounding, thus forming seed rain.
Seed rain refers to the number of seeds dropped from the mother tree in a specific time
and space and is a visual description of seeds or propagules spreading around [10,11].
The dynamic change of seed rain affects the predation, dispersal, and caching of animals
and also affects the storage and dynamics of soil seed banks, thus affecting the seedling
establishment and plant regeneration [12]. Therefore, it is of great significance to study
the dynamics of seed rain stage in order to understand the regeneration strategy and
maintenance mechanism of plant population and community. Seed rain, as the beginning
of species dispersal, is a key process for forest structure and regeneration and determines
the demographic potential of populations [13-15]. The processes occurring during the early
stages of a plant’s life play a major role in population dynamics [16,17] and the maintenance
of seed consumers [18]. The spatial distribution of seed rain shows heterogeneity, and
seed rain usually has seasonal dynamics and interannual variations. The characteristics
of transformation, the biological factors (e.g., plant species, plant height, seed weight,
seed dispersal mode, etc.), environmental factors (terrain, slope position, slope direction,
etc.), and climate factors (e.g., temperature, precipitation and sunshine length, etc.) can
obviously affect the seed rain drop dynamics [19,20]. Seed rains usually have significant
seasonal dynamics, the seasonal dynamics of seed rain can be divided into three stages:
initial stage, peak stage, and end stage, which have obvious characteristics of single-peak
curve. Severe excessive or insufficient sunshine, temperature, and precipitation will affect
the development of flowering, fruiting, and young fruit of plants [21]. Plants bloom and
produce pollen in large numbers in certain years with favorable weather and use wind
pollinators or insects to improve pollination efficiency, which is conducive to fruit bearing.
If the precipitation during the flowering period is too high, the pollination activities of
insects and other insects may be affected, and the fertilization may be poor or even cause
only flowering but no fruit [22]. Thus, climatic factors (temperature and precipitation, light,
etc.) may be important reasons for the fluctuations of seed rain drop.

The Fagaceae plant species are widely distributed and dominant trees in the Qinling
Mountains, China; they are important components in forest ecosystem and play important
roles in the functioning of ecosystems by providing food and habitat for a wide range
of animals [23-26]. Thus, investigations of change in Fagaceae plants masting are very
important. However, evidence of the effects of climatic fluctuations on seed rain drops
are still very scarce. In this study, we selected four sympatric dominant Fagaceae species,
namely C. mollissima, Q. aliena, Q. variabilis, and Q. serrata, that are widely distributed and
dominant trees in the Qinling Mountains, China. We conducted a 10-year, experimental
gathering of data to examine the effects of climatic fluctuations on seed rain dynamics
and to test the following scientific questions: (1) How did the seed rain dynamics of
four sympatric Fagaceae species change? (2) Will climate variability affect seed rain drop
dynamics of the four sympatric Fagaceae species? (3) If so, how does seed rain dynamics
respond to climate variability?
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2. Materials and Methods
2.1. Study Site and Species

We carried out this study from 2011 to 2020 in the deciduous broadleaved forests
(elevation height below 2000 m) of the Foping National Nature Reserve (33°33’' N~33°46' N,
107°41' E~107°55 E) on the south slopes of the Qinling Mountains in Shaanxi Province,
central China. The study site is located at the northern edge of the transition zone between
the north subtropical and warm temperate zones. Mean annual temperature was 11.5 °C
(mean minimum and maximum temperature are —12.9 °C and 37.0 °C, respectively), and
mean annual precipitation was 924 mm [27]. 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) [28]. Our study site is located in the deciduous broad-leaved forest,
and the vegetation is dominated by the Fagaceae species C. mollissima, Q. variabilis, Q. aliena,
and Q. serrata; the Betulaceae species Betula luminifera; and the Pinaceae Lindl species Pinus
tabulaeformis [25-28].

In this study, the four sympatric species are dominant species widely distributed in
the Qinling Mountains and occupy an important position in the ecosystem of the Qinling
Mountains. The four sympatric plant species all belong to Fagaceae. C. mollissima belongs
to the Castanea, is a deciduous tree, blooms from April to June, and has fruit ripening
from September to October. The other three kinds, Q. variabilis, Q. aliena, and Q. serrata, all
belong to the Quercus, and the three plants have similar flowering and fruiting periods,
with flowering from March to May and fruiting from September to October.

2.2. Seed Rain Dropping Phenology and Climate Data Collection

To investigate seed rain dynamics, we used seed rain collection traps to monitor
seed rain drops. We randomly selected eight fruiting trees each of C. mollissima, Q. aliena,
Q. variabilis, and Q. serrata trees (a total of 32 sample trees) in the study site, and each tree
was tagged with an individual number. To collect mature seeds, we set up a seed rain
collection trap in the east, west, north, and south directions under the canopy of each tree,
respectively (i.e., each tree has four seed rain collection traps). A 1 m? seed rain collection
trap was set 1.5 m above the ground under each canopy to catch fallen seeds and other
debris and to prevent the seeds from falling into the frame and bouncing off or being eaten
by other animals [25,27,28]. Each year, seed rain dropping collections were conducted
weekly between 20th August (start of seeds rain) and 24th November (end of seed rain
period) during 2011-2020. The seed dropping phenology dates are expressed as the day
of year (counted from 1 January of the same year). Seed start dropping was defined as
the start of one seed (i.e., seed rain initial period), seed peak dropping was defined as the
highest abundance of seeds (i.e., seed rain peak period), and the end of seed dropping was
defined as no seeds in the later collection (i.e., seed rain end period).

The monthly record of climatic variables from Foping on the south slopes of the
Qinling Mountains in Shaanxi Province, Central China during 20112020, including temper-
ature and precipitation, were derived from the China Meteorological Data Service Center
(CMDC) (http://data.cma.cn/) (accessed on 1 March 2021), which is publicly accessible.
Temperature includes average temperature (T, °C), average maximum temperature (Tmax,
°C), and average minimum temperature (Tmin, °C). Precipitation was selected as accumu-
lated precipitation (mm). Because time lags of climate effects on seed dropping phenology,
we selected temperature and precipitation from last month (represented by t-1), the month
before the last month (represented by t-2), and the month before the last two months
(represented by t-3). Spring season and autumn season are also important for plant growth,
so we also selected temperature and precipitation in the spring season (March to May) of
the current year and autumn season (September to November) of the last year.
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2.3. Data Analysis

We used the day of year to express the seed dropping phenology dates, which counted
from 1 January of the same year. Generalized additive models (GAM) [29] with a quasi-
Poisson distribution family (link function was log) were used to analyze the seed dropping
phenology. All analyses were carried out in R (version 4.0.3) via the mgcv library [30,31].
The optimal roughness of the smooth terms was determined by minimizing the generalized
cross-validation value (GCV) [32]. The GCV of a model is a proxy for the model’s out-of-
sample predictive mean squared error [33] and was also used to compare alternative model
formulations. As model selection criterion, we used the GCV, deviance explained value,
and the ecological theory criterion [34]. A model with lower GCV had more predictive
power and was hence preferred. Higher deviance explained value and lower GCV indicated
a better fit of the model.

The initial candidate model formula is given by Equation (1)

D;=a+b(T;)+c(P)+d(T;: ;) +¢; 1)

Here, D; is the natural logarithm of the day of year of seed dropping phenology in
the year i. Parameter 4 is the overall intercept. b(T;) is a smooth function of temperature
in the last month, the month before the last month, the month before the last two months,
spring season of the current year, and autumn season of the last year (cubic regression
spline function). ¢(P;) is a smooth function of total monthly precipitation in the last month,
the month before the last month, the month before the last two months, spring season
of the current year, and autumn season of the last year (cubic regression spline function).
d(T; : P;) is a smooth function of interaction effect between temperature and precipitation
in the last month, the month before the last month, the month before the last two months,
spring season of the current year, and autumn season of the last year on the seed dropping
phenology (cubic regression spline function). ¢; is the uncorrelated random errors of zero
mean and finite variance.

We used Tukey’s HSD (honestly significant difference) to test the difference among
the species of seed dropping times.

3. Results
3.1. Interannual Dynamics of Seed Rain

Our results showed that seed rain drop of the four sympatric Fagaceae species all had
obvious dynamics, with obvious initial period, peak period, and end period. There are
some differences in seed rain dynamics among the four species. The seed rain initial period
of C. mollissima was mainly concentrated in early September, the peak period mainly in late
September, and the end period mainly in early November, while the seed rain initial period
of the other three species of Quercus was mainly concentrated in mid-late August, the peak
period mainly in early October, and the end period mainly in mid-late November.

There were also some differences in seed rain dynamics of the four Fagaceae species
during 2011-2020. On the initial period of seed rain, C. mollissima, respectively, with
Q. aliena and Q. serrata had significant differences (p < 0.05; p < 0.05, respectively) but no
significant differences with Q. variabilis (p = 0.30) (Figure 1). On the peak period of seed
rain, there were all no significant differences among the four plants (all p > 0.05) (Figure 1).
At the end period of seed rain, C. mollissima, respectively, with Q. aliena and Q. variabilis had
significant differences (p < 0.01; p < 0.05, respectively) but no significant differences with
Q. serrata (p = 0.06) (Figure 1). For the three species of Quercus, there were no significant
differences in the initial, peak, and end periods of seed rain among the three species of
Quercus (all p > 0.05).
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Figure 1. Interannual dynamics of seed rain for the four sympatric plants during 2011-2020.
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3.2. Climate Variation Drives Seed Rain Dynamics
3.2.1. Response of Seed Rain Dynamics to Temperature Variation

By using GAM analysis, we explored the relationship between seed rain dynamics
of the four species and temperature variation. For C. mollissima, our results showed a
nonlinear relationship between seed rain initial period and t-2 average minimum temper-
ature (F =71.31, p < 0.01) (Figure 2) and between peak period and t-1 average maximum
temperature (F = 54.43, p < 0.01) (Figure 3) and a linear positive relationship between
seed end period and t-2 average maximum temperature (F = 6.457, p < 0.05) (Figure 4).
For Q. aliena, a nonlinear relationship was found between initial period and t-2 average
minimum temperature (F = 21.41, p < 0.01) (Figure 2), between peak period and t-1 average
maximum temperature (F = 30.24, p < 0.01) (Figure 3), and between end period and t-2
average maximum temperature (F = 31.59, p < 0.01) (Figure 4). For Q. variabilis, a nonlin-
ear relationship was found between initial period and spring season average minimum
temperature (F = 17.88, p < 0.01) (Figure 2), between end period and t-2 average maximum
temperature (F = 44.900, p < 0.01) (Figure 4), and a nonlinear negative relationship between
peak period and t-1 average maximum temperature (F = 57.42, p < 0.01) (Figure 3). For
Q. serrata, there was a nonlinear positive relationship between initial period and t-3 average
maximum temperature (F = 175.6, p < 0.01) (Figure 2) and a nonlinear relationship between
peak period and t-3 average minimum temperature (F = 100.78, p < 0.01) (Figure 3) and
between end period and t-2 average maximum temperature (F = 16.779, p < 0.01) (Figure 4).

3.2.2. Response of Seed Rain Dynamics to Precipitation Variation

GAM analysis revealed that a nonlinear correlation between seed rain initial period of
C. mollissima and t-1 accumulated precipitation (F = 33.04, p < 0.01) (Figure 2), between peak
period and spring season accumulated precipitation (F = 29.53, p < 0.05) (Figure 3), and
also between end period and t-2 accumulated precipitation (F = 25.508, p < 0.01) (Figure 4).
For Q. aliena, there was a nonlinear correlation between initial period and t-2 accumulated
precipitation (F = 8.94, p < 0.05) (Figure 2) and between end period and autumn season
accumulated precipitation (F = 5.88, p < 0.05) (Figure 4) and a negative linear relation
between peak period and t-2 accumulated precipitation (F = 12.85, p < 0.05) (Figure 3). For
Q. variabilis, there was a positive linear relation between initial period and t-3 accumulated
precipitation (F = 66.73, p < 0.01) (Figure 2) and a nonlinear correlation between peak period
and t-1 accumulated precipitation (F = 16.70, p < 0.01) (Figure 3) and between end period
and t-2 accumulated precipitation (F = 9.398, p < 0.05) (Figure 4). For Q. serrata, there was a
nonlinear correlation between initial period and t-2 accumulated precipitation (F = 23.38,
p < 0.01) (Figure 2) and between end period and spring season accumulated precipitation
(F=7.026, p < 0.05) (Figure 4) and a positive linear relation between peak period and t-3
accumulated precipitation (F = 11.48, p < 0.05) (Figure 3).
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Figure 2. Partial effects from the GAM model on the seed rain initial period (day of year) among four
species versus t-2 average minimum temperature and t-1 accumulated precipitation for C. mollissima
seeds, t-2 average minimum temperature and t-2 accumulated precipitation for Q. aliena seeds, spring
season average minimum temperature and t-3 accumulated precipitation for Q. variabilis seeds, and
t-3 average maximum temperature and t-2 accumulated precipitation for Q. serrata seeds. Shaded
areas are 95% confidence bands.
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4. Discussion

In this study, we used 10-year consecutive seed rain monitoring data of four Fagaceae
sympatric species and climate variables, including temperature and precipitation, to in-
vestigate the interannual dynamic changes of seed rain as well as the differences of seed
rain dynamics among the four plants and also to verify how climate variability affects the
dynamic changes of seed rain.

4.1. Interannual Dynamics of Seed Rain

The temporal dynamics of seed rain reflect the change of seed composition during seed
rain in different periods; meanwhile, time dynamics is one of the main characteristics of seed
rain dropping [35]. In our study, whether C. mollissima of Castanea or Q. aliena, Q. variabilis,
and Q. serrata of Quercus, and they all had obvious initial, peak, and end period of seed
rain dropping. The seed rain dropping of C. mollissima began in early September, peaked
mainly from late September to early October, and ended in early November. In the other
three species of Quercus, the seed rain dropping mainly concentrated from mid-August
to mid-late November, and the peak period mainly concentrated from late September to
mid-October. The seed rain process of C. mollissima mainly lasted about 50 days, while the
other three species lasted longer, almost more than 70 days. In addition, although there
was no significant difference between C. mollissima seeds and the other three seeds in peak
period, there was a certain significance in initial and end period. Therefore, there are some
differences in seed rain dropping dynamics between Castanea and Quercus.

The dynamic change of seed rain is mainly affected by its own biological characteristics
and local environmental factors [36-38]. In our study, there should be some biological
differences between the C. mollissima of Castanea and the other three species of Quercus.
For example, C. mollissima seeds have a dormant period and can germinate only after the
dormant stage, while the other three seeds are easy to germinate and will germinate under
appropriate conditions; this may reflect the adaptation strategies of different plants to
the environment. Therefore, the seed rain dropping of dominant species, especially its
peak, is not consistent and not completely concentrated in the same time period, which
can promote the coexistence of dominant species to a large extent, ease the competition
between species, and lay a foundation for maintaining forest species diversity, which is
also a reproductive or adaptation strategy of plants to the environment [35-37]. In addition,
in our study site, the seeds of the four Fagaceae species are important food sources for
seed predators (especially forest rodents). Compared with the other three Quercus species,
C. mollissima seeds have high nutrient and low tannin content [26,27] and are preferred by
forest rodents. In this study, we found that the seed rain initial period of C. mollissima was
later than that of the other three Quercus species, but the peak period was earlier than them,
which may be a strategy to adapt with the competition. The lack of concentrated seed rain
dropping of the four species may greatly reduce the risk of predation of large numbers of
seeds [36,38], thereby promoting their own dispersal and regeneration.

4.2. Response of Seed Rain Dynamics to Climate Variation

Seasonal changes of climate factors, such as temperature and precipitation and sun-
shine length, will lead to seasonal changes in plant reproductive phenology [39]. Many
studies have shown that climate factors may seriously affect plant phenology, and tempera-
ture is one of the most important factors [40-43]. The spring phenology of trees was mainly
controlled by the temperature of the previous period. Usually, the higher the temperature
in a certain spring, the earlier the phenology of plants; the lower temperature in spring,
the later the plant phenology [7]. In addition, some research results also showed that the
autumn phenology of trees was also affected by the previous temperature: usually the
higher the temperature in autumn, the later the phenology of plants, and the lower the tem-
perature in autumn, the earlier the phenology of plants [44—47]. Therefore, plant phenology
is closely related to temperature, especially in the early stages of plant growth and develop-
ment, and there is a significant correlation between the start date of various phenological
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periods and the early temperature [41,47]. In this study, the seed rain dynamics of the four
plant species are closely related to temperature. For the seed rain initial period, the initial
period of seed rain of C. mollissima, Q. aliena, and Q. variabilis all had non-linear correlation
with t-2 average minimum temperature and spring season average minimum temperature,
respectively, and Q. serrata had a non-linear positive correlation with t-3 average maximum
temperature. The peak period of C. mollissima, Q. aliena, and Q. serrata all had non-linear
correlation with t-1 average maximum temperature and t-3 average minimum temperature,
respectively, and a nonlinear negative relationship between peak period and t-1 average
maximum temperature. The end period of the four species all had nonlinear relationship
with t-2 average maximum temperature. The above results show that the three important
periods of seed rain dropping of the four plant species mainly have a nonlinear relationship
with t-1, t-2, and t-3 temperature, which indicates that the temperature in the last three
months of seed dropping has an important effect on seed growth and seed dropping. Too
high or too low temperature may affect the absorption and accumulation of plant seeds to
nutrients, and the adaptive temperature is conducive to the absorption of nutrients and
seed growth. Furthermore, the seed rain dynamics of the four plants species responded
differently to temperature at different time scales, which further shows that seed setting of
different plants is sensitive to temperature at different time scales, and in turn, it may affect
seed rain dropping.

In addition to temperature, precipitation is another important climatic factor affecting
plant phenology [8,46-51]. In this study, for the initial period of C. mollissima and Q. aliena,
Q. serrata all had a non-linear correlation with t-1 accumulated precipitation, and t-2 accu-
mulated precipitation, respectively, and was a positive linear relation between Q. variabilis
and t-3 accumulated precipitation. For peak period, C. mollissima and Q. variabilis had a
non-linear correlation with spring season accumulated precipitation and t-1 accumulated
precipitation, and Q. aliena had a negative linear relation between peak period and t-2
accumulated precipitation, but Q. serrata had a positive linear relation between peak period
and t-3 accumulated precipitation. For the end period of C. mollissima, Q. aliena, Q. variabilis,
and Q. serrata, they all had a non-linear correlation with t-2 accumulated precipitation
autumn season accumulated precipitation and t-2 accumulated precipitation spring season
accumulated precipitation, respectively. The above results show that most of the four seeds
had a non-linear relationship with precipitation, indicating that appropriate precipitation
is beneficial to the accumulation of plant nutrients and seed maturation, while too much or
too little precipitation may affect the photosynthesis of plants, which is not conducive to
seed maturation and may lead to early or delayed seed dropping.

In conclusion, the seed rain dropping dynamics of the four plant species have different
sensitivity to temperature and precipitation at different time scales, which may also be the
adaptation strategies of different plants species to the environment [36].

4.3. Symmetrically Coexisting Distribution of Different Plant Species

For plant species in their phenological period (especially the flowering period and
fruiting period), the greater the difference, the smaller the niche overlap, so they can
effectively avoid the competition for resources (such as pollinators and communicators
fruit) and achieve the population’s fitness so as to realize species coexistence in the time and
space niche [52-55]. In this study, there were some significant differences in the initial, peak,
and end periods of seed rain between C. mollissima and the three species of Quercus. These
results indicated that there was no flowering and fruiting concentration between Castanea
and Quercus. On the one hand, it may be because there are some biological differences
between C. mollissima of Castanea and the three species of Quercus; thus, they could well
avoid fierce competition for similar resources and coexist in the same region; this may
also be a reproductive strategy for plants. On the other hand, the four plants species have
different sensitivity and responses to temperature and precipitation at different time scales,
which indicated they can avoid fierce competition for the same environment resources. It
also can facilitate staggered seed dropping, which may be conducive to better sympatric
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coexistence and natural regeneration of the four species. Finally, and although there were
no significant differences in seed rain dynamics among the three species of Quercus, there
are still some differences in seed rain dropping dynamics between them among the 10 years.
Thus, seeds of the four speices did not drop centrally, which can reduce the risk for each
individual species of being eaten by a large number of seed predators. This would be
beneficial for promoting seeds dispersal, natural regeneration, and seedling establishment
and enabling their successful co-existence in the same domain.

5. Conclusions

In this study, we monitored seed rain dynamics of four sympatrically distributed
Fagaceae species in the Qinling Mountains of China for 10 consecutive years and also ana-
lyzed the effect of climate factors on seed rain dynamics. We found there were significant
differences in the seed rain dynamics especially between C. mollissima of Castanea and the
other three species of Quercus in the initial period and end period and the duration of
the whole seed rain process among the ten years. This indicated that there were certain
differences in biological characteristics between them, and there was no concentrated flow-
ering and fruiting among plants of different genera. Consequently, they could well avoid
fierce competition for similar resources and coexist in the same region. This may also be a
reproductive strategy for plants. In addition, we found the seed rain dropping dynamics
of the four species had different sensitivity and response to temperature and precipita-
tion, which indicated that they can avoid fierce competition for the same environmental
resources. Moreover, the seeds of the four plants were important food sources for forest
rodents within the study site. This may also be a reproductive strategy for the species, as
the differences of seed rain dropping dynamics could reduce the risk of being eaten in large
numbers by seed predators, thereby promoting their own dispersal and regeneration. All
of the above findings contribute to their better coexistence in the same domain.

Author Contributions: J.W., X.H., and G.C. made substantial contributions to the conception or
design of the work, B.Z., N.H., and T.F. made substantial contributions to the data collection in the
field. JW.,, X H., X.A,, X.C., J.Z,, and G.C. made substantial contributions to the data analysis. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Nation Nature Science Foundation of China (31901085,
32172436), the Science and Technology Program of Shaanxi Academy of Science (2019K-PT, 2022K-06,
2022K-16), the Shaanxi Key Research and Development Program (2021NY-042), Natural Science Foun-
dation of Shaanxi Province, China (2021JQ-841), the Project of Science and Technology Innovation
Plan of Shaanxi Academy of Forestry (SXLK2020-0209), and the Second Tibetan Plateau Scientific
Expedition and Research Program (STEP, 2019QZKKO0501).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The climatic variables from Foping on the south slopes of the Qinling
Mountains in Shaanxi Province, central China, during 2011-2020, including temperature and precipita-
tion, were derived from the China Meteorological Data Service Center (CMDC) (http://data.cma.cn/)
(accessed on 1 March 2021), which is publicly accessible.

Acknowledgments: We thank all the personnel contributing for writing, revising, data collection,
and data analysis of our study.

Conflicts of Interest: The authors declare no conflict of interest.

1. Chuine, I; Beaubien, E.G. Phenology is a major determinant of tree species range. Ecol. Lett. 2001, 4, 500-510. [CrossRef]

2. Richardson, A.D.; Keenan, T.F; Migliavacca, M.; Ryu, Y.; Sonnentag, O.; Toomey, M. Climate change, phenology, and phenological
control of vegetation feedbacks to the climate system. Agric. For. Meteorol. 2013, 169, 156-173. [CrossRef]

3. Koenig, W.D.; Knops, ]. M.H.; Carmen, W.].; Pearse, I. What drives masting? The phenological synchrony hypothesis. Ecology
2015, 96, 184-192. [CrossRef] [PubMed]


http://data.cma.cn/
http://doi.org/10.1046/j.1461-0248.2001.00261.x
http://doi.org/10.1016/j.agrformet.2012.09.012
http://doi.org/10.1890/14-0819.1
http://www.ncbi.nlm.nih.gov/pubmed/26236903

Biology 2022, 11, 533 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.
24.

25.

26.

27.
28.
29.
30.
31.
32.

33.
34.

Chen, L.; Hanninen, H.; Rossi, S.; Nicholas, G.; Pau, S.S; Liu, Z.Y; Feng, G.Q.; Gao, ].; Liu, J.Q. Leaf senescence exhibits stronger
climatic responses during warm than during cold autumns. Nat. Clim. Chang. 2020, 10, 777-780. [CrossRef]

Borchert, R.; Meyer, S.A; Felger, R.S.; Bolland, L.P. Environmental control of flowering periodicity in Costa Rican and Mexican
tropical dry forests. Glob. Ecol. Biogeog. 2010, 13, 409-425. [CrossRef]

Liu, Q; Fu, Y.S.; Zhu, Z.C; Liu, Y.W.; Liu, Z.; Huang, M.T,; Janssens, I.A.; Piao, S.L. Delayed autumn phenology in the Northern
Hemisphere is related to change in both climate and spring phenology. Glob. Chang. Biol. 2016, 22, 3702-3711. [CrossRef]
[PubMed]

Chen, X.Q.; Xu, L. Phenological responses of Ulmus pumila (Siberian elm) to climate change in the temperate zone of China. Int.
J. Biometeorol. 2012, 56, 695-706. [CrossRef]

Prieto, P,; Peuelas, J.; Ogaya, R.; Estiarte, M. Precipitation-dependent Flowering of Globularia alypum and Erica multiflora
in Mediterranean Shrubland Under Experimental Drought and Warming, and its Inter-annual Variability. Ann Bot. 2008, 102,
275-285. [CrossRef]

Chmielewski, EM.; Thomas, R. Response of tree phenology to climate change across Europe. Agric. For. Meteorol. 2001, 108,
101-112. [CrossRef]

Harper, J.L. Population Biology of Plants; Academic Press: London, UK, 1977; pp. 256-263.

Fenner, M.; Thompson, K. The Ecology of Seeds; Cambridge University Press: Cambridge, UK, 2005.

Setiawan, N.N.; Sulistyawati, E. A seed rain community in a reforested post-agricultural field and adjacent secondary forest of
Mount Papandayan Nature Reserve, West Java, Indonesia. J. For. Res. 2021, 32, 1013-1023. [CrossRef]

Harms, K.E.; Wrght, S.J.; Calderdn, O.; Herndndez, A.; Herre, E.A. Pervasive density-dependent recruitment enhances seedling
diversity in a tropical forest. Nature 2000, 404, 493—-495. [CrossRef] [PubMed]

Hardesty, B.D.; Parker, V.T. Community seed rain patterns and a comparison to adult community structure in a West African
tropical forest. Plant Ecol. 2003, 164, 49—-64. [CrossRef]

Alexandre, ES.; Angela, L.A.; Maristela, M.A.; Longhi, S.J. Long-lasting effects of unplanned logging on the seed rain of mixed
conifer-hardwood forests in southern South America. J. For. Res. 2020, 32, 1409-1418.

Coomes, D.A.; Grubb, PJ. Colonization, tolerance, competition and seed-size variation within functional groups. Trends Eco. Evol.
2003, 18, 283-291. [CrossRef]

Schupp, E.W.; Jordano, P.; Gémez, ]. M. Seed dispersal effectiveness revisited: A conceptual review. New Phytol. 2010, 188, 333-353.
[CrossRef] [PubMed]

Jansen, P.A.; Hirsch, B.T.; Emsens, W.].; Zamora-Gutierrez, V.; Wikelski, M.; Kays, R. Thieving rodents as substitute dispersers of
megafaunal seeds. Proc. Natl. Acad. Sci. USA 2012, 109, 12610-12615. [CrossRef] [PubMed]

Souza, ].T.; Ferraz, EEM.N.; Albuquerque, U.P,; Aratjo, E.L. Does proximity to a mature forest contribute to the seed rain and
recovery of an abandoned agriculture area in a semiarid climate? Plant Biol. 2014, 16, 748-756. [CrossRef]

Wang, Y.Y.; Montagne, ]. L.M.; Lin, F; Yuan, Z.Q.; Ye, ].; Wang, X.G.; Hao, Z.Q. Similarity between seed rain and neighbouring
mature tree communities in an old-growth temperate forest. J. For. Res. 2020, 31, 2435-2444. [CrossRef]

Sparks, T.; Smithers, R. Is spring getting earlier? Weather 2002, 57, 157-166. [CrossRef]

Askeyev, O.V,; Tischin, D.; Sparks, T.H.; Askeyev, L.V. The effect of climate on the phenology, acorn crop and radial increment of
pedunculate oak (Quercus robur) in the middle Volga region, Tatarstan, Russia. Int. ]. Biometeorol. 2005, 49, 262-266. [CrossRef]
Kaul, R.B. Reproductive morphology of Quercus (Fagaceae). Am. J. Bot. 1985, 72, 1962-1977. [CrossRef]

Zhang, B.; Shi, Z.].; Chen, X.N.; Hou, X.; Wang, J.; Li, ].G.; Chang, G. Seed dispersal of three sympatric oak species by forest
rodents in the south slope of Qinling Mountains, China. Acta Ecol. Sin. 2016, 36, 6750-6757.

Zhang, B.; Chen, X.N.; Michael, A.S; Li, J.G.; Chang, G. Effects of insect infestation on rodent-mediated dispersal of Quercus
aliena: Results from field and enclosure experiments. Integr. Zool. 2019, 14, 104-113. [CrossRef] [PubMed]

Wang, J.; Zhang, B.; Han, N.; Feng, T.; Hou, X.; An, X.L.; Chen, X.N.; Chang, G. Effects of mast seeding and insect infestation on
predation and dispersal of Castanea mollissima nuts by rodents in the Qinling Mountains of China. For. Ecol. Manag. 2021, 499,
119630. [CrossRef]

Wang, J.; Zhang, B.; Hou, X.; Chen, X.N.; Han, N.; Chang, G. Effects of mast seeding and rodent abundance on seed predation
and dispersal of Quercus aliena (Fagaceae) in Qinling Mountains, Central China. Plant Ecol. 2017, 218, 855-865. [CrossRef]
Chang, G,; Jin, T.Z,; Pei, ].F.,; Chen, X.N.; Zhang, B.; Shi, Z.]. Seed dispersal of three sympatric oak species by forest rodents in the
Qinling Mountains, Central China. Plant Ecol. 2012, 213, 1633-1642. [CrossRef]

Hastie, T.; Tibshirani, R. Generalized Additive Models, 1st ed.; Chapman and Hall: London, UK, 1998.

Wood, S.N. Generalized Additive Models: An Introduction with R.; Chapman and Hall/CRC: Boca Raton, FL, USA, 2006.

The R Development Core Team. A Language and Environment for Statistical Computing. In Software; 2018; Available online:
http:/ /www.r-project.org/ (accessed on 25 March 2021).

Stige, L.C.; Ottersen, G.; Brander, K.; Chan, K.S.; Stenseth, N.C. Cod and climate: Effect of the North Atlantic Oscillation on
recruitment in the North Atlantic. Mar. Ecol. Prog. Ser. 2006, 325, 227-241. [CrossRef]

Cox, D.R. Statistical analysis of time-series: Some recent developments. Scand. J. Stat. 1981, 8, 93-115.

Liu, KK.; Hou, X.; Wang, Y.G.; Sun, J.M.; Liu, Q.Y. The driver of dengue fever incidence in two high-risk areas of China: A
comparative study. Sci. Rep. 2019, 9, 19510. [CrossRef] [PubMed]


http://doi.org/10.1038/s41558-020-0820-2
http://doi.org/10.1111/j.1466-822X.2004.00111.x
http://doi.org/10.1111/gcb.13311
http://www.ncbi.nlm.nih.gov/pubmed/27061925
http://doi.org/10.1007/s00484-011-0471-0
http://doi.org/10.1093/aob/mcn090
http://doi.org/10.1016/S0168-1923(01)00233-7
http://doi.org/10.1007/s11676-020-01151-5
http://doi.org/10.1038/35006630
http://www.ncbi.nlm.nih.gov/pubmed/10761916
http://doi.org/10.1023/A:1021251831806
http://doi.org/10.1016/S0169-5347(03)00072-7
http://doi.org/10.1111/j.1469-8137.2010.03402.x
http://www.ncbi.nlm.nih.gov/pubmed/20673283
http://doi.org/10.1073/pnas.1205184109
http://www.ncbi.nlm.nih.gov/pubmed/22802644
http://doi.org/10.1111/plb.12120
http://doi.org/10.1007/s11676-019-01027-3
http://doi.org/10.1002/wea.6080570504
http://doi.org/10.1007/s00484-004-0233-3
http://doi.org/10.1002/j.1537-2197.1985.tb08470.x
http://doi.org/10.1111/1749-4877.12350
http://www.ncbi.nlm.nih.gov/pubmed/30019845
http://doi.org/10.1016/j.foreco.2021.119630
http://doi.org/10.1007/s11258-017-0735-9
http://doi.org/10.1007/s11258-012-0118-1
http://www.r-project.org/
http://doi.org/10.3354/meps325227
http://doi.org/10.1038/s41598-019-56112-8
http://www.ncbi.nlm.nih.gov/pubmed/31862993

Biology 2022, 11, 533 14 of 14

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Zhu, C.X,; Liu, Z.G.; Yu, Y.Y,; Liu, Q.Q.; Zhao, C.; Zheng, X.Y.; Wang, Z.N.; Liu, B. Composition and seasonal dynamics of seed
rain in Chinese fir (Cunninghamia lanceolata) plantation. J. Appl. Ecol. 2018, 29, 1515-1522.

Shi, Z.].; Zhang, B.; Chen, X.N.; Lian, Z.M.; Chang, G. Composition and dynamics of seed rain in four species of Fagaceae in
Qinling Mountains. Guihaia 2014, 34, 51-55.

Zhou, LM.; Zhou, RE; Wu, M.S;; Ye, Z.L; Ding, B.Y.,; Luo, Z.R. Composition and characteristics of seed rain in Baishanzu
broad-leaved evergreen forest. Bull. Bot. Res. 2015, 35, 84-91.

Hou, X.; Zhang, B.; Steele, M.A.; Han, N.; Feng, T.; Wang, J.; Chen, X.N.; An, X.L.; Chang, G. Seed traits and rodent community
interact to determine seed fate: Evidence from both enclosure and field experiments. Integr. Zool. 2021, 16, 939-954. [CrossRef]
[PubMed]

Fretwell, S.D. Populations in a Seasonal Environment. In Monographs in Population Biology 5; Princeton University Press: Princeton,
NJ, USA; Oxford, UK, 1972.

Riehard, L.S.D.; Spano, P.D. Temperature data for Phonologieal models. Int. ]. Biometeorol. 2001, 45, 178-183.

Wang, L.X.; Chen, H.L.; Li, Q.; Yu, W.D. Research advances in plant phenology and climate. Acta Ecol. Sin. 2010, 30, 447—454.
Monique, P.; Henrique, M.D.; Sustanis, H.K. The Role of Environmental Heterogeneity in the Seed Rain Pattern. Floresta E
Ambiente 2019, 26, €20180406.

Xu, L.L. Non-linear response of dominant plant species regreening to precipitation in mid-west Inner Mongolia in spring. Acta
Ecol. Sin. 2020, 40, 9120-9128.

Matsumoto, K.; Ohta, T.; Irasawa, M.; Nakamura, T. Climate change and extension of the Ginkgo biloba L. growing season in Japan.
Glob. Chang. Biol. 2003, 9, 1634-1642. [CrossRef]

Menzel, A. Plant phenological anomalies in Germany and their relation to air temperature and NAO. Clim. Chang. 2003, 57,
243-263. [CrossRef]

Gordo, O.; Sanz, ]J.J. Impact of climate change on plant phenology in Mediterranean ecosystems. Glob. Chang. Biol. 2010, 16,
1082-1106. [CrossRef]

Chen, X.Q.; Pang, C.; Xu, L.; Li, J.; Zhang, Q.H.; Yu, Y.P. Spatiotemporal response of Salix matsudana’s phenophases to climate
change in China’s temperate zone. Acta Ecol. Sin. 2015, 35, 3625-3635.

Chen, X.Q.; Pan, W.E. Relationships among phenological growing season, time-integrated normalized difference vegetation index
and climate forcing in the temperate region of eastern China. Int. J. Climatol. 2002, 22, 1781-1792. [CrossRef]

Heide, O.; Prestrud, A.K. Low temperature, but not photoperiod, controls growth cessation and dormancy induction and release
in apple and pear. Tree Physiol. 2005, 25, 109-114. [CrossRef] [PubMed]

Delpierre, N.; Dufréne, E.; Soudani, K.; Ulrich, E.; Cecchini, S.; Boé, ].; Francois, C. Modelling interannual and spatial variability
of leaf senescence for three deciduous tree species in France. Agric. For. Meteorol. 2009, 149, 938-948. [CrossRef]

Peuelas, |.; Filella, I.; Zhang, X.Y.; Llorens, L.; Ogaya, R.; Lloret, F.; Comas, P.; Estiarte, M.; Terradas, J. Complex spatiotemporal
phenological shifts as a response to rainfall change. New Phytol. 2004, 161, 837-846. [CrossRef] [PubMed]

Wheelwright, N.T.; Orians, G.H. Seed dispersal by animals: Contrasts with pollen dispersal, problems of terminology, and
constraints on coevolution. Am. Nat. 1982, 119, 402—413. [CrossRef]

Singer, M.C.; Parmesan, C. Phenological asynchrony between herbivorous insects and their hosts: Signal of climate change or
pre-existing adaptive strategy? Phil. Trans. Soc. B 2010, 365, 3161-3176. [CrossRef]

Munguia-Rosas, M.A.; Ollerton, J.; Parra-Tabla, V.; De-Nova, ]J.A. Meta-analysis of phenotypic selection on flowering phenology
suggests that early flowering plants are favoured. Ecol. Lett. 2011, 14, 511-521. [CrossRef] [PubMed]

Wiens, J.J.; Ackerly, D.D.; Allen, A.P.; Anacker, B.L.; Buckley, L.B.; Cornell, H.V.,; Damschen, E.L.; Davies, T.J.; Grytnes, J.A.;
Harrison, S.P.; et al. Niche conservatism as an emerging principle in ecology and conservation biology. Ecol. Lett. 2010, 13,
1310-1324. [CrossRef] [PubMed]


http://doi.org/10.1111/1749-4877.12596
http://www.ncbi.nlm.nih.gov/pubmed/34599548
http://doi.org/10.1046/j.1365-2486.2003.00688.x
http://doi.org/10.1023/A:1022880418362
http://doi.org/10.1111/j.1365-2486.2009.02084.x
http://doi.org/10.1002/joc.823
http://doi.org/10.1093/treephys/25.1.109
http://www.ncbi.nlm.nih.gov/pubmed/15519992
http://doi.org/10.1016/j.agrformet.2008.11.014
http://doi.org/10.1111/j.1469-8137.2004.01003.x
http://www.ncbi.nlm.nih.gov/pubmed/33873715
http://doi.org/10.1086/283918
http://doi.org/10.1098/rstb.2010.0144
http://doi.org/10.1111/j.1461-0248.2011.01601.x
http://www.ncbi.nlm.nih.gov/pubmed/21332621
http://doi.org/10.1111/j.1461-0248.2010.01515.x
http://www.ncbi.nlm.nih.gov/pubmed/20649638

	Introduction 
	Materials and Methods 
	Study Site and Species 
	Seed Rain Dropping Phenology and Climate Data Collection 
	Data Analysis 

	Results 
	Interannual Dynamics of Seed Rain 
	Climate Variation Drives Seed Rain Dynamics 
	Response of Seed Rain Dynamics to Temperature Variation 
	Response of Seed Rain Dynamics to Precipitation Variation 


	Discussion 
	Interannual Dynamics of Seed Rain 
	Response of Seed Rain Dynamics to Climate Variation 
	Symmetrically Coexisting Distribution of Different Plant Species 

	Conclusions 
	References

