
This is the author manuscript accepted for publication and has undergone full peer 

review but has not been through the copyediting, typesetting, pagination and 

proofreading process, which may lead to differences between this version and the 

Version of Record. Please cite this article as doi: 10.1111/jvs.12645 

This article is protected by copyright. All rights reserved 

 1 

DR. XIAOYANG  SONG (Orcid ID : 0000-0001-9529-1418) 2 

MRS. MARÍA NATALIA UMAÑA (Orcid ID : 0000-0001-5876-7720) 3 

DR. JIE  YANG (Orcid ID : 0000-0002-4444-8240) 4 

 5 

 6 

Article type      : Research article 7 

 8 

 9 

Coordinating Editor: Beverly Collins 10 

The strength of density-dependent mortality is contingent on climate 11 

and seedling size 12 

Xiaoyang Song, Daniel J. Johnson, Min Cao, Maria Natalia Umaña, Xiaobao Deng, 13 

Xiaofei Yang, Wenfu Zhang & Jie Yang 14 

 15 

Song, X. (songxiaoyang@xtbg.ac.cn)

Johnson, D. J. (djj4tree@gmail.com)

 1 16 

Cao, M. (caom@xtbg.ac.cn)

 2 17 

Umaña, M. N. (umanamar@msu.edu)

 1 18 

Deng, X. (dxb@xtbg.ac.cn)

 3, 4 19 

Yang, X. (yangxf@xtbg.org.cn)

 1 20 

Zhang, W. (zwf@xtbg.org.cn)

 1 
21 

Yang, J. (Corresponding author, yangjie@xtbg.org.cn)

1 22 

 24 

 1 23 

1Key Laboratory of Tropical Forest Ecology, Xishuangbanna Tropical Botanical 25 

Garden, Chinese Academy of Sciences, 666303, Mengla, Yunnan, China 26 

2Earth and Environmental Sciences, Los Alamos National Lab, JH495, Los Alamos, 27 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t

https://doi.org/10.1111/jvs.12645�
https://doi.org/10.1111/jvs.12645�


This article is protected by copyright. All rights reserved 

NM 87544, USA 28 

3Yale School of Forestry and Environmental Studies, New Haven, CT, 06511, USA 29 

4 

Abstract 32 

Department of Ecology and Evolutionary Biology, University of Michigan, Ann 30 

Arbor, MI 31 

Questions 33 

Density-dependent processes may promote species diversity in plant communities. 34 

Here, we tested whether seedling survival was density-dependent and varied by 35 

seedling size, species, and climatic factors. 36 

Location 37 

Tropical rainforest, Xishuangbanna, southwestern China. 38 

Methods 39 

Generalized linear mixed-effects models were used to examine seedling survival (232 40 

tree species) across nine years of seedling census data from a 20-ha tropical forest 41 

dynamics plot. Our predictor variables included conspecific and heterospecific 42 

neighbor density, size of the seedling and annual variation in climatic factors. 43 

Results 44 

We found significant negative effects of conspecific tree density, but positive effects 45 

of heterospecific seedling density on the survival of tree seedlings in this plot. In 46 

general, conspecific negative density dependence (CNDD) was observed most 47 

frequently for large size classes of seedlings (≥20 cm in height), while heterospecific 48 

positive density dependence (HPDD) was similar at all size classes. CNDD for large 49 

seedlings was stronger during warm years, and HPDD for large seedlings was 50 

stronger during dry years.  51 

Conclusions 52 

Our study suggests that the strength of density dependence varied through time and 53 

the strength was influenced by water availability and temperature. Our results 54 

highlight the potential for changes in species composition and species coexistence that 55 

could result from increasing temperature strengthening conspecific negative 56 

density-dependent effects and decreasing precipitation strengthening heterospecific 57 
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positive density-dependent effects. 58 

Key words: competition; density dependence; Janzen-Connell hypothesis; mixed 59 

models; neighbor effect; precipitation; seedling; temperature. 60 

Introduction 61 

One of the most important mechanisms promoting species diversity is negative 62 

density-dependent mortality (Wright 2002; LaManna et al. 2016; LaManna et al. 63 

2017). Such processes reduce seedling survival when higher densities of conspecific 64 

neighbors surrounding by. Conversely, the survival of individuals increases with 65 

declining density of conspecific trees, affording establishment opportunities for other 66 

species’ seedlings near species experiencing strong density-dependent mortality 67 

(Janzen 1970; Connell 1978; Harms et al. 2000; Johnson et al. 2012). The fluctuations 68 

in weather can alter community assembly (Gornish & Tylianakis 2013) and inter- and 69 

inner-annual weather variability has been found to have some connection with the 70 

strength of density-dependent mortality (Yanar et al. 1997; Hersh et al. 2011; Lin et al. 71 

2012; Bachelot et al. 2015). 72 

Among the main mechanisms driving negative density-dependent (NDD) 73 

mortality at early ontogenetic stages are resource competition from conspecific 74 

neighbors (Stoll & Newberry 2005), and natural enemies and pathogen attacks (Clark 75 

& Clark 1985). Moreover, previous studies showed that the strength of CNDD 76 

showed significant seasonal and annual variability (Lin et al. 2012; Wu et al. 2016). 77 

For instance, in a tropical seasonal rainforest in southwest China, the dry season 78 

showed stronger CNDD mortality than the rainy season, which indicates that water 79 

availability might influence the CNDD processes (Lin et al. 2012). Another study, in 80 

Costa Rican tropical forest, showed that common species had higher CNDD than rare 81 

species in warmer and wetter years (Bachelot et al. 2015). To date, the factors that 82 

drive the temporal dynamics of CNDD effects are poorly understood. Especially in 83 

the context of global change, understanding the effects of changing climate on the 84 

mechanisms that influence species coexistence is critical to making informed 85 

forecasts of forest response in the future (Valladares et al. 2015).  86 

Climatic conditions, in particular those associated with water availability, have 87 
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potential to play a key role in driving community dynamics linked with NDD 88 

processes in tropical rainforests. It has been hypothesized that increased temperature 89 

and precipitation could enhance activities of pathogens and herbivore insects 90 

(Brenes-Arguedas et al. 2009; Swinfield et al. 2012), ultimately leading to stronger 91 

CNDD effects. Bunker & Carson (2005) suggested that declines in annual 92 

precipitation weaken NDD in a seasonal forest in Panama. However, Lin et al. (2012) 93 

suggested that dry periods may increase water limitation and enhance intraspecific  94 

competition which results in stronger CNDD effects during dry periods. 95 

In addition to the negative effects on conspecifics, previous studies have shown 96 

that heterospecific neighbors tend to have positive density-dependent effects on 97 

seedling survival (Comita & Hubbell 2009; Johnson et al. 2014; Lu et al. 2015). This 98 

effect could be explained as a result of the “species herd protection hypothesis” that 99 

suggests that the increase of heterospecific density can decrease the encounters 100 

between pests and pathogens and their preferred (or most susceptible) hosts, which in 101 

turn increases the survival rate of rare host (Peters 2003). Moreover, the strength of 102 

protection may fluctuate with the density of pests and pathogens (Dobson 2004; 103 

Bagchi et al. 2014; Spear et al. 2015; Xu et al. 2015). The density of pests and 104 

pathogens is likely to rapidly increase and potential to outbreak levels when host 105 

density is high resulting in high rates of mortality and driving evolutionary selection 106 

(Clay et al. 2008; Bagchi et al. 2010). As masting events tend to be correlated with 107 

environmental conditions, density dependent process may link to weather patterns (Jia 108 

et al. 2011; Zhang et al. 2014). Interspecific interactions can also produce positive 109 

density-dependent effects by facilitating survival of heterospecific seedlings by 110 

alteration of the habitat (Bertness & Callaway 1994; Jia et al. 2011; Zhang et al. 111 

2014).  112 

Besides the effect of temperature and precipitation on the strength of NDD, 113 

seedling age (size) is an additional factor that impacts seedling demography (Metz et 114 

al.2010; Zhu et al. 2015; Record et al. 2016). NDD can be stronger in the earlier life 115 

stages of plants (Comita et al. 2014; Zhu et al. 2015), potentially because seedlings 116 

lack defenses and resistance capacities, thus, they are more easily  attacked by natural 117 
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enemies. On the other hand, CNDD may increase with seedling age because the 118 

accumulation of specific pathogen and increasing asymmetric conspecific resource 119 

competition from conspecific trees (Lin et al. 2012; Liu et al. 2012; Benitez et al. 120 

2013). The increased NDD effect with size may promote diversity by enhancing the 121 

establishment of heterospecific species. 122 

Here, we tested whether variation in density dependence was explained by 123 

environmental factors. In addition, we tested whether relationships exhibited size 124 

dependence. Particularly, we focus on the following questions: How does climate 125 

affect the strength of density-dependent processes on seedling survival? Does climate 126 

affect the strength of conspecific and heterospecific density dependence for seedlings? 127 

Does the role of climate in density-dependent responses vary with seedling size? 128 

Methods 129 

Study site 130 

The study plot is located in Xishuangbanna, south-western China (101°34′E, 131 

21°36′N) (Fig. 1). This region is strongly affected by monsoon climate, showing 132 

distinct rainy and dry seasons. Mean annual temperature and rainfall of this region are, 133 

respectively, 21.8 ̊C and 1493 mm. Majority of rainfall (about 80% of annual rainfall) 134 

occurs in the wet season between May and October (Cao et al. 2006). The 20 ha 135 

Xishuangbanna forest dynamics plot (400 m × 500 m) was established in 2007, 136 

following the protocol of Condit (1998), where all free-standing trees, ≥1 cm diameter 137 

at breast height (DBH), were tagged and identified into species (Condit 1998). 138 

In November 2007, we established 150 seed-trap stations (a 0.5-m2 seed trap with 139 

three 1-m2 seedling plots) stratified randomly in the plot to monitor seed rain and 140 

seedling dynamics (Fig. 1). Three seedling plots were placed 2-m away from sides of 141 

the seed trap. In each seedling plot, woody plants < 1 cm DBH were defined as 142 

seedlings, and were tagged and identified. Height of the seedlings was measured from 143 

the ground to the apical bud. The first seedling survey was carried out in November 144 

2007. We conducted subsequent surveys in November of the following years. In this 145 

study, we analyzed the seedling data collected from 2007 to 2015, excluding 25 146 

unidentified seedlings (Table A1). 147 
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Climate data  148 

The monthly record of air temperature and precipitation was collected at the 149 

meteorological station of Xishuangbanna Station for Tropical Rain Forest Ecosystem 150 

Studies of Xishuangbanna Tropical Botanical Garden. This station is 47.4 km away 151 

from the Xishaungbanna forest dynamic plot. We calculated average monthly 152 

temperature and total precipitation from November to October of the following year 153 

as the annual mean monthly temperature and annual precipitation. 154 

Density calculations 155 

Four density variables were calculated to estimate the neighborhood effects. We 156 

calculated the density of conspecific (Dencon) and heterospecific (Denhet) seedling 157 

neighbors for the focal seedling within the 1-m2

We calculated the total basal area of conspecific (BA

 seedling plots for each year (Fig.1). 158 

con) and heterospecific (BAhet

where i is a conspecific or heterospecific tree individual found within the 20 m 163 

radius. A 20-m radius was assigned following a previous study in this plot (Wu et al. 164 

2016), which indicated that 20-m had stronger support than other scales (10-m and 165 

30-m). As a result, data from 66 of the 450 seedling plots were excluded from the 166 

following analyses because these seedling plots were within 20 m of the edge of the 167 

plot. 168 

) 159 

trees that found within a 20 m radius of each seed trap. We divided the basal area of 160 

each tree by the distance between the tree and the center of the seed trap 161 

(DISTANCE): 162 

����� �� ��ℎ�� = �(���/���������)�
�  

Statistical analysis 169 

We divided the response variable (the probability of seedling survival) into three 170 

size categories based on seedling height i.e. all seedlings, small seedlings (height < 20 171 

cm) and large seedlings (height ≥ 20 cm) (Lin et al. 2014; Wu et al. 2016). The annual 172 

(from November to the November of the next year) survival probability of seedlings 173 

was modeled using generalized linear mixed models (GLMMs) with binominal error 174 

distribution. Binomial response variable was used to show whether individual 175 
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seedlings were alive (given 1) or dead (0). The explanatory variables included 176 

seedling height (log-transformed) which showed significant correlation with its 177 

survivorship in previous studies (Lin et al. 2012; Wu et al. 2016), The density of 178 

conspecific (BAcon) and heterospecific (BAhet) adult neighbors, and the density of 179 

conspecific (Dencon) and heterospecific (Denhet

Statistical models were developed with all density variables as fixed effects. 187 

Firstly, we estimated the relative effects of all factors on the survival of seedling at a 188 

community level. Then, we used linear regression models to test whether conspecific 189 

adult density-dependent effects and heterospecific seedling density-dependent effects 190 

of all seedlings, small seedlings and large seedlings correlated with annual mean 191 

temperature or annual precipitation. We also tested whether conspecific adult 192 

density-dependent effects and heterospecific seedling density-dependent effects vary 193 

between seedling size classes. We performed the Shapiro-Wilk test to test if the data is 194 

normally distributed and Bartlett's test to test if the variances in each of the groups are 195 

the same. Then, we used t-test to determine if the coefficient values of two density 196 

parameters had significant difference between size classes. 197 

) seedlings. We standardized 180 

continuous explanatory variables (including log-transformed seedling height) by 181 

subtracting their mean values and dividing by their standard deviations before 182 

analyses to allow for comparisons among parameter estimates. Three seedling plots 183 

nested within a sampling point, and we assigned this as a random effect in the 184 

GLMMs. Species identity was also incorporated to the model as a cross random effect 185 

to account for the inter-specific variations of survival probabilities. 186 

We conducted all analyses in R 3.0.3 (R Development Core Team 2015). We use 198 

glmer function with the recommended Laplace method (Bolker et al. 2009) of the 199 

lme4 package to fit the generalized linear mixed-effect models (Bates et al. 2014)  200 

 201 

Results 202 

Densities of conspecific and heterospecific neighbors showed both significant 203 

negative and positive impacts on seedling survival depending on size classes and 204 

years (Table 1). Conspecific seedling density showed both significant positive and 205 
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negative effects on seedling survival in all seedlings pooled, as well as small (< 20 cm 206 

in height) and large seedlings (≥ 20 cm in height) and the effects varied year to year. 207 

Conspecific adult density showed significant negative effects on survival of seedlings 208 

in all seedlings (3 of 8 years) and large seedlings (5 of 8 years). We found positive 209 

density-dependent survival related to heterospecific seedling density in all size classes 210 

(5 of 8 years for all seedlings, 1 of 8 years for large seedlings and 4 of 8 years for 211 

small seedlings). We found no significant effect of heterospecific tree density on 212 

seedling survival in any size class (all seedlings, large seedlings and small seedlings). 213 

Both conspecific and heterospecific density effects were found to be correlated 214 

with climatic factors. Conspecific adult density-dependent effects on survival of large 215 

seedlings were significantly correlated with annual mean temperature (R2 = 0.59, P = 216 

0.02); however, conspecific adult density-dependent effects on survival of all 217 

seedlings and small seedlings were not significantly correlated with annual mean 218 

temperature (Fig. 2). Effects of heterospecific seedling density on seedling survival of 219 

all seedling size classes were correlated with annual precipitation (R2 = 0.54, P = 220 

0.04), as well as large seedlings (R2

We found large variation in conspecific adult density-dependent effects, but small 224 

variation in heterospecific seedling density-dependent effects among seedling size 225 

classes (Table 1). Large seedlings tended to suffer more seedling mortality due to 226 

conspecific negative density-dependence from adult tree neighbor than small 227 

seedlings (t = 3.10, P = 0.01; Fig. 4). Alternately, the strength of heterospecific 228 

seedling density-dependent mortality did not differ between seedlings size classes 229 

(Fig. 5). 230 

 = 0.40, P = 0.09), but heterospecific seedling 221 

density-dependent effects of small seedlings were not significant correlated with 222 

annual precipitation (Fig. 3). 223 

Discussion 231 

Density dependence effects help drive seedling survival dynamics in tropical 232 

forest communities. In this study, we were interested in examining the role of 233 

temporal climatic variation (temperature and precipitation) and seedling size on the 234 

strength of density dependence survival. Our results show that the strength of CNDD 235 
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of large seedlings (≥ 20 cm in height) is strongly dependent on annual variation in 236 

temperature. Furthermore, we found that the strength of heterospecific density 237 

dependence also varies with climatic conditions, specifically precipitation, indicating 238 

that neighboring tree identity influences community dynamics depending on weather 239 

conditions. Further, we found that the strength of density dependence is 240 

size-dependent. 241 

Conspecific negative density-dependent variation and climatic condition 242 

Seeding mortality was both positively and negatively related to conspecific 243 

seedling density depending on the year (Table 1). Negative density-dependent 244 

mortality is common during the seedling stage of tree species (Comita et al. 2014). A 245 

previous study indicated that CNDD related to seedling density was easily detected 246 

when large recruitment events happened (Metz et al. 2012) which are often related to 247 

climatic cues. However, previous studies indicated that the negative effects of 248 

conspecific seedling density may be overwhelmed by the habitat effect (Comita & 249 

Hubbell 2009). Thus, the positive effect of conspecific seedling density could be an 250 

indication that seedlings survival may benefit from habitat preference (Valencia et al. 251 

2004).  252 

To date, few studies have found clear relationships between the strength of 253 

negative density dependence and temporal variability in climatic conditions (Lin et al. 254 

2012; Bachelot et al. 2015). Compared to other studies, our study used a long term 255 

time-series dataset which may have increased our ability to detect this correlation. We 256 

found evidence that the CNDD was strongly related to mean annual temperature (Fig. 257 

2). The increasing temperature generally accelerates the metabolisms of seedlings, 258 

and larger seedlings tend to have greater demands for resources during warm periods 259 

which may increase mortality by intraspecific competition. Alternately, warmer years 260 

may benefit pathogen populations and the result would be similar. This is an area that 261 

should receive greater research attention in the future. 262 

In a Costa Rica tropical wet forest, the strength of CNDD was enhanced by both 263 

increasing temperature and precipitation (Bachelot et al. 2015). However, in our study, 264 

precipitation was not correlated to CNDD. Declining precipitation can cause high 265 
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conspecific competition for water resource because conspecifics access water in 266 

similar ways (Meinzer et al. 1999), which could result in increasing CNDD. But 267 

declining precipitation can result in drought and creating unsuitable conditions for 268 

pests and pathogens (Coley & Barone 1996), which could result in decreasing CNDD. 269 

Thus, increased competition from conspecific tree neighbors may be balanced by 270 

decreased natural enemy attacks. Future studies could focus on disentangling the 271 

effects of climate on competition and natural enemy populations to advance our 272 

understanding of the controls on forest community composition. 273 

Heterospecific positive density-dependent variation and climate 274 

We found positive density dependence of heterospecific seedling neighbors (Fig. 275 

5), the survival of target seedlings was higher when surrounded by higher number of 276 

heterospecific neighbors. This maybe because the high proportion of heterospecific 277 

neighbors decreased the intraspecific competition. Our result was also consistent with 278 

studies in another tropical forest (Comita & Hubbell 2009), which could be explained 279 

by the “species herd protection hypothesis” (Peters 2003). This hypothesis assumes 280 

increased heterospecific crowding decreased the probability of a host encountering its 281 

pests and pathogens. As a result, seedling survival is likely to be lower in an area of 282 

high conspecific tree neighbor density and higher in an area with many heterospecific 283 

tree neighbors. The HPDD could also be caused by the niche partitioning among 284 

species that reduced the competition exclusion compared to conspecifics (Vandermeer 285 

1972). Moreover, heterospecific neighbors may have positive effects on the 286 

performance of seedlings by facilitating beneficial microenvironments (Bruno et al. 287 

2003). 288 

The positive heterospecific density-dependent effects may also indicate that 289 

conditions of the site, such as light resource, water availability and soil characters, 290 

have a positive influence on seedling survivorship (Comita & Engelbrecht 2009; 291 

Comita & Hubbell 2009; Bai et al. 2012; Piao et al. 2013). A previous study in this 292 

region has also shown that the edaphic and topographic variables had important 293 

effects on seedling survival (Wu et al. 2016). In this study, we found that positive 294 

heterospecific density dependence was consistent between seedling size classes (Fig. 295 
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5), and the effect was increased with decreasing precipitation (Fig. 3). Positive 296 

interactions among different plant species can increase with abiotic stress (Callaway 297 

et al. 2002). Our study suggests that water limiting conditions could increase the 298 

facilitation process among individuals of different species and might enhance the 299 

positive effect caused by the herd protection process. 300 

Size dependent density dependence 301 

We found that conspecific negative density-dependent effects were stronger in 302 

large seedlings than small seedlings (Fig. 4). The strength of CNDD changed across 303 

size classes in other forests (Comita et al. 2014; Zhu et al. 2015). Our result, however, 304 

showed that the larger seedlings suffered stronger CNDD from trees than smaller 305 

seedlings. The increased negative density-dependent effect with seedling sizes might 306 

be driven by the accumulation of specific pathogen or increasing asymmetric 307 

conspecific resource competition (Lin et al. 2012; Liu et al. 2012; Benitez et al. 2013). 308 

However, small seedlings were easily damaged by changed environmental conditions 309 

during a study in Panama (Engelbrecht et al. 2005). A study in lowland Amazonian 310 

rain forest showed opposite results, the density of conspecific seedlings showed 311 

strong negative effects on the survival of first-year seedlings (Metz et al. 2010). Our 312 

results suggested that the seedling-seedling interaction might be weak in this tropical 313 

forest. Further studies could examine different mechanisms (e.g. intraspecific 314 

competition or negative plant soil feedback) on the generality of these processes. 315 

Implications for predicting the response of seedlings to climate change 316 

In the context of global climate change, the effect of climate on the mechanisms 317 

promoting species diversity should be given more attention (Valladares et al. 2015), 318 

since changing climatic conditions may alter competition and facilitation processes 319 

and ultimately affect the patterns of species richness and diversity (Gornish & 320 

Tylianakis 2013). Previous studies suggested that high species diversity loss may 321 

happen in tropical areas, if drought conditions increase because most tropical tree 322 

species are drought sensitive (Slik 2004; Slot & Poorter 2007). In our study region, 323 

during the last 40 years, annual temperatures increased, while evapotranspiration rates 324 

and relative humidity decreased (Fan et al. 2011; Fan & Thomas 2013). Based on our 325 
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findings, we suggest that increased temperature and drought may increase the strength 326 

of both negative conspecific and positive heterospecific density-dependent effects, 327 

which may promote species coexistence to a certain extent. 328 

In summary, we found strong evidence that density-dependent seedling survival is 329 

strongly influenced by climatic variables. The strength of these effects is 330 

size-dependent and strongly influenced by annual precipitation and annual mean 331 

temperature. Our results highlight the importance of evaluating long-term data in the 332 

framework of climatic changes.  333 
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Appendix 517 

Table A1 The sample size of each GLMM model 518 

 519 

 520 

Tables 521 

 522 

Table 1. Effect of seedling height, density of conspecific and heterospecific seedling 523 

neighbors, total basal area of conspecific and heterospecific trees neighbors on 524 

seedling survivals for eight census intervals (Hgt, seedling height; Dencon, the density 525 

of conspecific seedlings and Denhet, the density of heterospecific seedlings; BAcon, 526 

total basal area of conspecific trees; BAhet

 

, total basal area of heterospecific trees; #P< 527 

0.1; *P < 0.05). 528 

All seedling size  Seedling ≥ 20 cm  Seedling < 20 cm 

 Hgt Den Dencon BAhet BAcon 

 
het Hgt Den Dencon BAhet BAcon 

 
het Hgt Den Dencon BAhet BAcon 

2007-

2008 

het 

1.17* -0.11 0.07 -0.11 -0.02 

 

0.52* -0.03 0.04 -0.30# -0.25 

 

1.53* -0.13 0.09 -0.11 0.01 

2008-

2009 

1.27* 0.27* 0.24* -0.19# -0.07 

 

1.50* 0.36* 0.13 -0.66* 0.07 

 

1.40* 0.23* 0.26* -0.08 -0.06 
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2009-

2010 

1.15* 0.23* 0.21* -0.37* -0.11 

 

1.15* 0.29* 0.08 -0.70* -0.16 

 

1.20* 0.14 0.27* -0.16 -0.09 

2010-

2011 

1.25* 0.20# 0.21* -0.31* -0.02 

 

1.33* 0.23 0.16 -0.44* -0.06 

 

1.14* 0.16 0.14 -0.19 0.01 

2011-2

012 

0.78* -0.13 0.06 0.01 0.19# 

 

0.60* 0.21 0.16 -0.31# 0.10 

 

1.15* -0.39* -0.03 0.18 0.25 

2012-

2013 

1.00* -0.05 0.17 -0.20 -0.02 

 

0.68* 0.05 0.17 -0.01 -0.15 

 

1.34* -0.04 0.16 -0.14 0.08 

2013-

2014 

0.88* 0.07 0.27* -0.12 -0.05 

 

0.97* 0.13 0.31* -0.23 -0.19 

 

0.99* -0.10 0.20# 0.07 0.06 

2014-

2015 

1.50* -0.21# 0.22* -0.13 0.02 

 

1.20* -0.29# 0.22 -0.16 0.14 

 

1.50* -0.08 0.21# -0.02 -0.11 

 529 

Figures 530 

 531 

Figure 1. Location and map of the 20-ha plot and the components of each seed-trap 532 

station. The locations of the 150 seed trap stations were represent by squares. The 533 

three 1-m2

 535 

 seedling plots were 2 m away from the seed trap. 534 

Figure 2. Relation between estimates of adult conspecific adult density dependent 536 

(CNDD) and annual mean temperature (black points refer to all seedlings; red points 537 

and line refer to large seedlings; green points refer to small seedlings ; *P < 0.05). 538 

 539 

Figure 3. Relation between estimates of heterospecific seedling density-dependence 540 

(HPDD) and annual precipitation (black points and line refer to all seedlings; red 541 

points and line refer to large seedlings; green points refer to small seedlings; #P< 0.1; 542 

*P < 0.05).  543 

 544 
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Figure 4. Estimates of conspecific adult density dependence for large seedlings (red) 545 

and small seedlings (green). Error bars represent stand error (t = 3.10, P = 0.01). 546 

 547 

Figure 5. Estimates of heterospecific seedling density dependence for large seedlings 548 

(red) and small seedlings (green). Error bars represent stand error (t = 0.14, P = 0.89).  549 
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