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Abstract

Exploring the dynamics of natural regeneration facilitates the understanding of the mechanisms of community assembly and
biodiversity formation in tropical forests. However, there is still a lack of convincing evidence related to regeneration, especially
for threatened tropical plant communities. Dacrydium pectinatum is a constructive and an endangered species in the tropical
mountain forests of Hainan Island. A total of 204 regeneration plots of 5 m × 5 m were investigated along environmental axes
of temperature and precipitation in the northwest (Bawangling, 90 plots), southwest (Jianfengling, 90 plots) and southeast
(Diaoluoshan, 24 plots) of Hainan Island. We examined the variation in community structure, mortality, density and species
richness at the three sites and analyzed the key environmental drivers that affect regeneration. The results showed that the
mortality of adults, seedlings and saplings was the lowest in Diaoluoshan, followed by Jianfengling and Bawangling. The peaks
in the density and species richness of regenerating individuals were limited to mid-elevations. Elevation, soil total nitrogen,
soil available phosphorus, canopy density and adult density were significantly correlated with density and species richness.
All findings indicate that at a broad landscape scale, variation in precipitation and temperature due to latitude, longitude
and elevation is the dominant cause for the formation of the regeneration dynamic patterns along distinct environmental axes
and that the intermediate environmental conditions at middle elevations contribute to regeneration. At the community level,
habitat preferences related to elevational factors, soil total nitrogen, soil available phosphorus and forest gaps play a key role
in regeneration success. Biological mechanisms (negative density-limiting effects) also have an important effect. We recommend
various actions to improve the protection of D. pectinatum, such as the prevention of habitat destruction, appropriate thinning
of high-density stands, and strengthening of niche research, and increase biodiversity.
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Biodiversity hotspots: Natural regeneration dynamics of threatenedDacrydium pectinatum com-
munities along various environmental axes on Hainan Island, China

Abstract: Exploring the dynamics of natural regeneration facilitates the understanding of the mechanisms of
community assembly and biodiversity formation in tropical forests. However, there is still a lack of convincing
evidence related to regeneration, especially for threatened tropical plant communities. Dacrydium pectinatum
is a constructive and an endangered species in the tropical mountain forests of Hainan Island. A total of 204
regeneration plots of 5 m × 5 m were investigated along environmental axes of temperature and precipitation
in the northwest (Bawangling, 90 plots), southwest (Jianfengling, 90 plots) and southeast (Diaoluoshan, 24
plots) of Hainan Island. We examined the variation in community structure, mortality, density and species
richness at the three sites and analyzed the key environmental drivers that affect regeneration. The results
showed that the mortality of adults, seedlings and saplings was the lowest in Diaoluoshan, followed by
Jianfengling and Bawangling. The peaks in the density and species richness of regenerating individuals
were limited to mid-elevations. Elevation, soil total nitrogen, soil available phosphorus, canopy density and
adult density were significantly correlated with density and species richness. All findings indicate that at a
broad landscape scale, variation in precipitation and temperature due to latitude, longitude and elevation
is the dominant cause for the formation of the regeneration dynamic patterns along distinct environmental
axes and that the intermediate environmental conditions at middle elevations contribute to regeneration.
At the community level, habitat preferences related to elevational factors, soil total nitrogen, soil available
phosphorus and forest gaps play a key role in regeneration success. Biological mechanisms (negative density-
limiting effects) also have an important effect. We recommend various actions to improve the protection of
D. pectinatum , such as the prevention of habitat destruction, appropriate thinning of high-density stands,
and strengthening of niche research, and increase biodiversity.

Key words: Biodiversity hotspots; Biodiversity conservation;Dacrydium pectinatum ; Natural regeneration;
Hainan Island

1. Introduction

One of the oldest research aims in ecology is exploring the natural regeneration process of woody plants, which
facilitates the understanding of species maintenance and assembly mechanisms in communities (Jarcuska
2009; Vizoso-Arribe et al. 2014). It is generally accepted that regeneration plays an important role in the
composition, structure, and diversity of plant communities and ultimately determines the ecosystem service
functions of forest environments (Miller et al. 2017; Zhu 2017). Nevertheless, the transition from seedling to
sapling has been seen as a bottleneck in tree establishment (Yan et al. 2015), and many tree species may
experience regeneration failures early in community succession (Collins and Carson 2004; Peña-Claros et al.
2008; Du et al. 2007). As a consequence, exploring the ecological processes that drive natural regeneration and
their relative contributions, especially in highly diverse and threatened tropical forest ecosystems, remains a
major challenge for ecologists.

In recent years, a number of hypotheses have sought to explain the mechanisms of regeneration. Resource-
based niche partitioning is one of the widely discussed mechanisms contributing to regeneration (Satoh
et al. 2015; Kitching and Roger 2013) and suggests that species undergo niche partitioning in association
with specific abiotic environment combinations (light, soil nutrients, and water) to promote the coexistence
and maintenance of species diversity (Chesson 2000; Adler et al. 2007; Jurinitz et al. 2013). Such available
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resource preferences among species also cause regeneration to exhibit different spatial change patterns along
various environmental axes (Bai et al. 2012). Negative density dependence is also an important theory
explaining regeneration dynamics (Suter et al. 2010). Under the assumptions of the Janzen-Connell (J-C)
hypothesis, a decline in natural enemies and uneven competition for restricted resources might reduce the
survival and recruitment of seedlings when they occur in localized areas with high conspecific density (Connell
1978; Janzen 1970). In general, the positive density dependence explained by environmental factors and the
negative density dependence represented by the J-C effect may simultaneously play a role in regeneration
dynamics. Thus, the contributions of biological factors simultaneously affecting seedling recruitment cannot
be ignored when exploring the relationship between environmental factors and regeneration patterns.

Previous research has shown that the natural regeneration of plant communities is closely related to dif-
ferences in environmental conditions and that saplings are more susceptible to biotic/abiotic factors than
adults in old-growth tropical and subtropical forests (Queenborough et al. 2009; Jiang et al. 2016), where
both a significant degree of variation and a large degree of overlap in microhabitat suitability among species
exist (Kraft et al. 2008; Song et al. 2018). Large numbers of tree species might have specific light, nutrient
and topography requirements for regeneration in diverse tropical and subtropical forests (Jin et al. 2018;
Laurans et al. 2012). However, there are also studies supporting the idea of incomplete filtering, showing that
tree species regeneration is not very sensitive to available resources (Dechnik-Vázquez et al. 2016). Given
these contrasting results, there is still a lack of compelling data on the drivers contributing to regeneration,
especially for threatened plant communities in tropical forests. Consequently, it is necessary to focus on the
regeneration dynamics in plant communities and their driving factors along various environmental axes, par-
ticularly in tropical mountain forests on Hainan Island, China, where there has been no distinct conclusion
regarding this topic.

Hainan Island in China is floristically rich and has been listed as an internationally significant “hotspot”
area for biodiversity conservation (Myers et al. 2000). Based on current records, approximately 4,600 woo-
dy plants have been recorded, and 397 of these plants are endemic to the island (Francisco-Ortega et al.
2010).Dacrydium pectinatum is one of the constructive and endangered species in the tropical mountain
forests of Hainan Island and belongs to the Podocarpaceae family (Keppel et al. 2011). According to our
previous investigation, natural communities shaped by D. pectinatum as a canopy tree species are usual-
ly highly diverse. Currently, this species appears to have become extinct in Australia during the Miocene
(Norton et al. 1988; Wu et al. 2019). D. pectinatum is the only species of this genus that exists in China,
and it is found only in four original tropical rainforests on Hainan Island, namely, Bawangling, Jianfengling,
Diaoluoshan and Wuzhishan (Huang et al. 2014). Here, we present a detailed investigation of the composition
of seedlings and saplings and environmental factors in D. pectinatum communities along the environmental
axes of air temperature and precipitation across three national nature reserves in Bawangling, Diaoluoshan,
and Jianfengling on Hainan Island, China. Specifically, we hypothesize that in addition to abiotic factors,
such as light and topography, biotic mechanisms, such as negative density dependence, can also affect the
regeneration dynamics of the D. pectinatum community. We asked the following questions: (1) How do the
dynamics of natural regeneration change along environmental gradients? (2) What drivers play a key role in
contributing to regeneration, and can we find a direct or indirect effect on these drivers from niche partitio-
ning and negative density dependence? We also hope that this study will highlight the gaps in biodiversity
conservation knowledge regarding endangered plant communities in tropical forests.

2. Materials and Methods

2.1 Site description

3
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Figure 1. Permanent plot locations in the natural D. pectinatum communities in the three national nature
reserves of Bawangling, Diaoluoshan and Jianfengling, Hainan Island, China.

Hainan Island is located at the northern edge of tropical Asia. The topography is higher in the middle
than around the edges of the island. The average annual precipitation decreases from east to west, and the
annual average temperature decreases from south to north. The southwest and west are affected by the ocean
monsoon, and there are obvious wet and dry seasons. More clouds and lower temperatures occur in the central
mountainous region than elsewhere on the island. The study was conducted along three environmental axes
(i.e., precipitation and temperature gradients) in Bawangling, which is located in the southwestern part of
Hainan Island (18°53’-19deg20’N, 108deg58’-109deg53’E), Diaoluoshan, which is situated in the southeastern
part of Hainan Island (18deg43’-18deg58’N, 109deg43’-110deg03’E), and Jianfengling, which is located in the
southwestern part of Hainan Island (18deg23’-18deg50’ N, 108deg36’-109deg05’E). These areas are national
nature reserves in China.

The total area of the Bawangling Nature Reserve is approximately 72,000 hm2. It has a tropical monsoon
climate, the annual mean temperature is 23.6 degC, and the annual mean precipitation is between 1500 and
2000 mm. The total area of the Diaoluoshan Nature Reserve is approximately 37,900 hm2. It has a marine
tropical monsoon climate. The annual mean temperature is 24.4 degC, and the annual mean precipitation
is between 1870 mm and 2760 mm. The total area of the Jianfengling Nature Reserve is approximately 640
km2, and it has a monsoon climate typical of tropical islands at low latitudes. The annual mean temperature
is between 19.7 degC and 25.2 degC, and the annual precipitation is between 1600 mm and 2600 mm.

The tropical mountain forests at the three sites are mainly distributed on mountaintops at elevations above

4
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800 m, and they are among the few well-preserved forest types with tropical rainforest properties in China.
They constitute the northern boundary of the Southeast Asian tropical rainforests and represent a forest
type that transitions from tropical rainforest to subtropical/warm temperate rainforest (Ding et al. 2012).
This unique setting also allows these forests to play an irreplaceable role in research on tropical and sub-
tropical rainforest ecology (Fang et al. 2004). They could also provide an ideal place to explore the natural
regeneration dynamics of tropical forests. Hence, a total of sixty-eight permanent plots in the natural D.
pectinatum communities were investigated, and the sampling information for the three sites is provided in
Figure 1. Based on field investigations, detailed coordinate, climate (data from WorldClim-Global Climate
Data (http://www.worldclim.org/ )) and topography data for the three sites are shown in Table 1.

Table 1. Topographic and climatic characteristics across the three study sites

Forest
type Latitude Latitude Longitude Longitude Elevation Elevation

Annual
average
temperature

Annual
average
temperature

Annual
average
precipitation

Bawangling Bawangling
TMRF 18°57’N 18°57’N 109°03’E 109°03’E 1155.78±56.93b1155.78±56.93b20.74±1.78a 20.74±1.78a 1617.76±116.52b

Diaoluoshan Diaoluoshan
TMRF 18°43’N 18°43’N 109°43’E 109°43’E 935.97±22.96a935.97±22.96a21.89±1.60b 21.89±1.60b 1806.73±98.13c

Jianfengling Jianfengling
TMRF 18°20’N 18°20’N 108°41’E 108°41’E 907.43±46.54a907.43±46.54a21.75±1.52b 21.75±1.52b 1520.33±135.14a

TMRF represents tropical mountain rainforest. Elevation (m), annual average temperature (°C), and annual
average precipitation (mm) are expressed as the mean ± sd.

2.2 Field investigations

Field investigations were conducted from December 2017 to July 2018. Based on a previous experimental
design and the experience of local forestry workers, the selection criteria for each plot were as follows: (1)
the plots must contain varying numbers of adult D. pectinatumindividuals, and D. pectinatum must be
a canopy plant species; (2) the conditions within the stand must be relatively uniform and show limited
human interference. if the location of the plot met the above criteria, a plot was randomly established
within the stand. A total of sixty-eight 900 m2 (30 m×30 m) permanent plots inD. pectinatum communities
were investigated according to the minimum area sampling method in the western (Bawangling, 30 plots),
southwestern (Jianfengling, 30 plots) and eastern (Diaoluoshan, 8 plots) parts of Hainan Island. Note: Due
to severe deforestation at the Diaoluoshan site, we established only 8 permanent plots at this location. All
woody stems (including trees, shrubs, and lianas) with a diameter at breast height (DBH) [?]5 cm were
identified to the species level, tagged, and mapped, and their DBH was measured. The nomenclature follows
that used in the Flora of China (http://foc.eflora.cn/ ).

In each 30 mx30 m plot, three 25 m2 (5 mx5 m) subplots along the diagonal (upper left, middle, and
bottom right) were also established to record the regeneration dynamics. In each 5 mx5 m regeneration
plot, all free-standing woody plants < 5 cm in stem diameter were tagged and identified to the species level.
Species were identified by local botanists, with nomenclature consistent with the Flora of China website
(http://foc.eflora.cn/ ). Additionally, their health status, stem height and crown width were also measured.
The regenerating individuals were considered those with emerged cotyledon leaves, indicating one-year-old
plants (Gao et al. 2017). Data were ultimately collected for a total of 204 regeneration plots.

2.3 Environmental factor measurement

Soil samples were collected along the diagonal (upper left, middle, and lower right) in each of the 30x30 m
plots. A core of the top 20 cm of soil was taken at each point. Soil samples were mixed into a single sample
and dried in the laboratory. After sieving, the physical and chemical indicators of the soil samples were
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measured in accordance with international standard methods. The indicators included soil organic matter
(SOM, g*kg-1, potassium dichromate oxidation volumetric method, LY/T 1237-1999), soil total nitrogen
(TN, g*kg-1, Kjeldahl boiling-diffusion method, LY/T 1228-1999), soil available phosphorus (AP, mg*kg-1,
0.05 mol*L-1 HCl-0.025 mol*L-1 1/2 H2SO4 extraction method, LY/T 1233-1999), soil available potassium
(AK, mg*kg-1, 1 mol*L-1 ammonium acetate extraction flame photometry, LY/T 1236-1999) and soil pH
(pH, H2O, 1:2.5, potentiometry, LY/T 1239-1999).

In each 30x30 m plot, elevation, latitude and longitude data were collected by a global positioning navigation
system (GPS). In addition, stand characteristics (canopy and adult density) and other topographic factors
(aspect, slope position and slope) were also recorded.

2.4 Data analysis

We compared the structural characteristics of the communities at the three sites on the basis of the size
structure. According to our previous observations, the maximum DBH of woody plants in the studiedD.
pectinatum communities is typically greater than 60 cm. Thus, we clustered the adult individuals into twelve
size classes representing 5 cm intervals (i.e., 5 cm-10 cm, 10 cm-15 cm, 15 cm-20 cm, . . . , [?]60 cm). Based on
previous experience, individuals with a DBH less than 4 cm were regarded as regenerating individuals (Gao
et al. 2017). Due to the high mortality of seedlings in tropical forests, the number of seedlings we surveyed
was limited, and thus we classified seedlings and saplings with a DBH of less than 5 cm and a height of less
than 4 m as regenerating individuals.

The mortality rates were analyzed using the exponential function and power function model to fit the size
structure of the adult individuals and the height structure of the regenerating individuals (Hett and Loucks
1976). Hett and Loucks assumed a constant probability of mortality over time if the height or DBH structure
fit an exponential function and a decrease in mortality over time if a power function provided a better fit.
Therefore, we classified the regenerating individuals into groups according to a height interval of 0.5 m (i.e.,
0 m-0.5 m, 0.5 m-1 m, . . . , 3.5 m-4 m) and combined the size levels of the adults to simulate the mortality
at the three sites with the following transformation models involving the exponential or power function. The
analysis was performed in IBM SPSS Statistics 20.0 for Windows (SPSS Inc., Chicago, IL, USA).

Power function model

loge (y ) = loge(y0 ) + b x

Exponential function model

loge (y ) = loge(y0 ) + b loge (x )

where y represents the number of regenerating individuals or adult individuals in any height class x ,y0
represents the number of individuals in the minimum height class, and b represents the mortality rate (Hett
and Loucks 1976).

Species density and richness were used to compare the changes in regeneration patterns across the three
sites. These variables were calculated using the total number of regenerating individuals recorded in each
plot. Density represents the total number of regenerating individuals in each species. Richness represents
the total number of species.

To explore how the regeneration dynamics were related to environmental factors, we explicitly modeled
regeneration dynamics using two linear mixed-effect models (LMMs), one modeling the species richness of
regenerating individuals and one modeling their total density. In the first LMM, the dependent variable was
defined as the species richness in each plot. To eliminate the impacts of sites and plots on the LMMs, we
added sites and plots as random variables, and ten environmental factors (SOM, pH, TN, AP, AK, elevation,
slope, aspect, slope position, canopy density and adult density) were included as fixed variables. The formula
of the LMM was as follows:

Linear mixed-effect model

6
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Yi = [α + Ξιβ ]fixed part +[μς|π + μπ ]random part

where Yi represents the species richness of thei th plot. In the fixed part, α and β refer to an intercept and
a vector of coefficients of explanatory variables,x , respectively. In the random part, μςand μς|π represent
the spatial autocorrelation at the plot and site scale, respectively (Heming et al. 2016).

With the second LMM, density was also analyzed based on the method used for the first LMM. In both
LMMs, only environmental factors withP <0.05 were ultimately retained. The analysis was performed with
the R package “lme4”.

3. Results

3.1 Composition of regenerating individuals and their features at the three study sites

7
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Figure 2. Plant composition of regenerative individuals recorded across the three sites. Family names are
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listed on the x axis, and the y axis represents the number of species in each family.

A total of 46 families, 87 genera, and 146 plant species; 30 families, 50 genera, and 81 plant species;
and 47 families, 90 genera, and 141 plant species of regenerating individuals were recorded in Bawangling,
Diaoluoshan, and Jianfengling, respectively. There were 22 (47.8%) families in Bawangling, 12 (40%) families
in Diaoluoshan, and 23 (48.9%) families in Jianfengling with only one plant species (Figure 2). Lauraceae
species showed the highest occurrence in these three study areas, with 21 species (14.4%) and 8 genera
(9.20%); 10 species (12.3%) and 5 genera (10%); and 20 plant species (14.2%) and 7 genera (7.78%) in
Bawangling, Diaoluoshan, and Jianfengling, respectively.

3.2 Changes in community structure and mortality across the three sites

Figure 3. Community structure at the three sites. Seedling: height < 0.5 m; sapling: height > 0.5 m and
diameter at breast height < 5 cm.
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Figure 4. Adult diameter at breast height structure and regenerated individual height structure of D.
pectinatumcommunities across the three studied sites. The solid and dashed lines represent fitted power and
exponential functions, respectively, and their respective R2 and P values are indicated below the site names.

The size structure of the D. pectinatum community presented an inverted J type, and the percentage (less
than 20%) of seedlings/saplings was lower than that of the other growth stages across the three study areas,
especially for Bawangling (16.2%) and Jianfengling (15.4%) (Figure 3). Both the power and exponential
function models fit the changes in adult (P <0.05) and regenerating individual (P <0.001) mortality across
the three sites well (Figure 4, Table 2). The adult and regenerating individuals had the lowest mortality
rates in Diaoluoshan, followed by Jianfengling, and the highest mortality rates were observed in Bawangling.

Table 2. Power and exponential function model results for the mortality of adults and regenerating indi-
viduals across the three sites.
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Growth stage Statistic Function model Bawangling Diaoluoshan Jianfengling

Adult R2 PFM 0.901 0.872 0.962
EFM 0.821 0.822 0.957

F PFM 91.270 68.305 254.677
EFM 45.848 51.751 224.631

P PFM <0.001*** <0.001*** <0.001***

EFM <0.001*** <0.001*** <0.001***

b PFM -1.968 -1.891 -1.928
EFM -0.394 -0.389 -0.403

Regenerating individual R2 PFM 0.913 0.490 0.893
EFM 0.930 0.678 0.933

F PFM 73.851 6.724 58.336
EFM 92.655 14.723 97.081

P PFM <0.001 0.036* <0.001***

EFM <0.001*** 0.006** <0.001***

b PFM -1.670 -1.050 -1.572
EFM -0.442 -0.324 -0.422

* significant (P <0.05),** significant (P <0.01),*** significant (P <0.001); PFM represents power function
model, EFM represents exponential function model, b represents mortality.

3.3 Changes in the density and species richness of regenerative individuals along elevational
gradients

Figure 5. Variation patterns of the denstiy and species richness of regenerative individuals along elevational
gradients.

The density and species richness of regenerative individuals showed similar changes with elevation (Figure
5), with peaks limited to middle altitudes (between 900 m and 1200 m). There was no significant correlation
with the elevational gradient (P > 0.05); that is, the regenerative individuals did not present an increasing
or decreasing trend with changes in elevation.

3.4 Relationship between regeneration dynamics and environmental factors

Table 2. Exploring the relationships between regeneration dynamics and environmental factors based on
linear mixed-effects models
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Environmental
variables

Standardized
regression
coefficient ± SE T F P

Density
Intercept -109.00 ± 50.18 -2.172 - 0.035*

Elevation 0.063 ± 0.023 2.768 7.664 0.008**

Soil total nitrogen -11.71 ± 4.54 -2.583 6.671 0.012*

Soil available
phosphorus

0.442 ± 0.188 2.356 5.551 0.022*

Adult density 0.007 ± 0.003 2.268 5.142 0.027*

Species richness
Intercept -12.43 ± 25.69 -0.484 - 0.631
Soil total nitrogen -6.815 ± 2.405 -2.834 8.030 0.006**

Elevation 0.026 ± 0.012 2.249 5.060 0.029*

Canopy density 25.03 ± 11.55 2.167 4.696 0.034*

* significant (P <0.05),** significant (P <0.01); elevation (m), soil total nitrogen (g· kg-1), soil available
potassium (mg· kg-1), adult density (stems· ha-1), and canopy density (%).

According to the fitting results for both LMMs (Table 2), the density of regenerated individuals was more
significantly related to elevation (P = 0.008), TN (P = 0.012), AP (P = 0.022), and adult density (P = 0.027)
than to other environmental factors; the species richness of regenerative individuals was most significantly
related to TN (P = 0.061), elevation (P = 0.029), and canopy density (P = 0.034).

Figure 6 Vegetation in Hainan Island

4. Discussion

4.1 Changes in regeneration dynamics along various environmental axes

12
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The results showed that the adult and regenerating individuals in Diaoluoshan had the lowest mortality,
followed by those in Jianfengling, while the highest mortality among the three D. pectinatumcommunities
occurred in Bawangling. The peaks in the density and richness of the regenerative individuals occurred
at middle elevations, and there was no obvious change in terms of an increase or a decrease along the
elevational gradient. Based on the geographical and climatic factors at the three sites (Table 1), we found
that the annual average precipitation (1806.73 mm) and average temperature (21.89 °C) in Diaoluoshan
in the middle of the elevational gradient (935.97 m) were significantly higher than those in Jianfengling
(annual average precipitation and annual average temperature of 1520.33 mm and 21.75 °C, respectively)
in the southwest and Bawangling (annual average precipitation and annual average temperature of 1617.76
mm and 20.74 °C, respectively) in the northwest. According to these findings, we speculate that on a broad
landscape scale, the distribution of regenerative individuals in the D. pectinatum community is related to
differences in climatic conditions. Variation in precipitation and temperature due to latitude, longitude and
elevation may be the dominant cause of the formation of the regeneration dynamic patterns at the three
studied sites. Additionally, Diaoluoshan is located in the southeast of Hainan Island. It is affected by a
marine climate, which is relatively mild and humid. These superior climatic conditions provide a greater
opportunity for successful regeneration than the conditions at other sites. In contrast, Jianfengling and
Bawangling, located in the forest hinterland in the southwest and northwest of Hainan Island, respectively,
experience lower precipitation and higher air humidity, which may be limiting factors affecting regeneration
success; this is especially true for Bawangling, which is higher in elevation than the other sites.

Our results confirm previous reports; for example, some studies have shown that the distribution of vegetation
is mainly affected by temperature, precipitation and the combination of both, forming a horizontal (latitu-
dinal and longitudinal) and vertical distribution pattern (Peñuelas et al. 2013). Along meridional gradients,
as the distance from the ocean toward inland areas and the regularity of atmospheric circulation and ocean
currents change, the vegetation distribution is mainly controlled by water conditions (Crimmins et al. 2011;
Vanderwel et al. 2013; Vayreda et al. 2016). Precipitation is considered to be the most important climatic
factor affecting tree regeneration. Relatively high precipitation might increase seedling density, especially if
future temperatures rise, and the evaporation of the increased surface moisture from the earth may cause
a decrease in soil moisture, which may lead to regeneration failure (Jump et al. 2006; Silva et al. 2012).
Latitude represents a complex environmental gradient; across latitudes, there are differences in photoperiod,
temperature, growing season length, moisture and soil nutrients, which in turn affect the community dyna-
mics and distribution patterns (McKown et al. 2014). In addition, intermediate-elevation areas usually show
a moderate expansion phenomenon (Jones et al. 2010; Alatalo et al. 2017; Haider et al. 2011), where suitable
temperatures and precipitation are particularly conducive to plant growth and species diversity. Thus, plant
species are likely to show aggregation phenomena near mid-elevation areas.

4.2 Exploring key factors affecting regeneration dynamics along various environmental axes

By analyzing the relationships between environmental factors and the density and species richness of re-
generative individuals, we found that altitude, TN, AP, canopy density, and tree density explained the
regeneration dynamics of the community more effectively than other environmental factors. These results
indicate that at a community level, habitat preferences related to topography, soil nutrients, and light play a
key role in regeneration success and that the J-C effect represented by adult density also affects the regenera-
tion pattern. Previous studies have also shown that species distributions and seedling recruitment in tropical
forests are related to topography, soil conditions, and light availability. For example, gaps are important in
maintaining species diversity and regeneration in ancient or tropical and subtropical forests (Hubbell et al.
1999; Sapkota et al. 2009). In tropical forests, soil type and topography play an important role in shaping
diversity, as both of these factors influence water and nutrient availability (Miyamoto et al. 2003; Phillips et
al. 2003).

At the regional scale, elevation usually represents the variation in topography and habitat, which may
influence soil fertility and forest gaps by affecting the slope, slope aspect, and slope position (Kraft et al. 2008;
Brown et al. 2013). In addition, altitude has also been described as being the most important environmental

13
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variable by which habitat heterogeneity affects species distribution patterns (Beck and Chey 2008; Rowe and
Lidgard 2009). Tree species are particularly sensitive to topographic habitat combinations during the seedling
and sapling stages. For example, in a new tropical forest in Ecuador, more than 80% of new species show one
or more topographic habitat associations (Metz 2012). Many studies have confirmed that N is an important
element necessary for plant growth, and its absence may limit the synthesis of chlorophyll and thus weaken
photosynthesis in plants (Fortunel et al. 2014; Mueller et al. 2013). The widespread presence of carbon-fixing
(Leguminosae ) plants in tropical forests may also be another reason for the close relationship between TN
regeneration (Diaz-Gustavo et al. 2015). Previous studies have shown that phosphorus is generally lacking
in tropical forest soils, and the total phosphorus content was mostly below 0.8 g kg-1 (Cleveland et al. 2011).
Phosphorus is also a major element contributing to plant photosynthesis, affecting the survival and causing
a uniform distribution among regenerating individuals (Long et al. 2011). Forest gaps have a direct effect on
the distribution patterns of seedlings and young trees and help the plants in the lower layers of the forest
obtain sunlight (Silva et al. 2012; Sharma et al. 2016). Therefore, the canopy density of forests and the
density of regenerating individuals tend to show a close relationship in terms of promoting diversity in the
later growth stages of seedlings (Suárez-Esteban et al. 2016). In terms of seed dispersal and germination, the
density of parent trees tends to have a positive effect on the density of nearby conspecific seedlings (Lowe and
McPeek 2014). The composition of the recruited seedlings is highly dependent on the species composition of
the surrounding trees, which promote the successful regeneration of seedlings (Winkler 2011). These results
indicate that biological mechanisms (negative density-limiting effects) are also important in promoting the
recruitment of tree seedlings.

5. Conclusions

Our study found that at a broad landscape scale, the distribution of regenerated individuals in the D.
pectinatum community is related to differences in climatic conditions. Variation in precipitation and tempe-
rature due to latitude, longitude and elevation is the dominant cause for the formation of the regeneration
dynamic pattern along distinct environmental axes, and the intermediate environmental conditions in the
mid-elevation area contribute to regeneration. At the community level, habitat preferences related to ele-
vational factors, TN, AP and forest gaps play a key role in regeneration success. In addition, biological
mechanisms (negative density-limiting effects) also have a particularly important effect on the regeneration
of the community.
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