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Abstraet

Questions

Densitydependenprocessemaypromote species diversity plant communities.
Here weitested whether seedling surviwals densitydependenand varied by
seedling'size, species, and climatic factors.

L ocation

TropicalrainforestXishuangbanna, southwestern China.

M ethods

Generalizedinear mixedeffectsmodelswere usedo examine seedling survival (232
tree specigsacrosaine yearof seedling census data from al2®tropical forest
dynamies ‘plotOur predictor variables includetnspecific and heterospecific
neighber densitysize of the seedlingnd annual variation in climatic factors
Results

We found significant negative effects of conspedigedensity but positive effects
of heteroespecific seedlingensity on the survival of tree seedlings in this plot. In
generalconspecific negativdensity dependend€NDD) was observed most
frequently for large size classes of seedli(xg® cm in height),while heterospecific
positive density dependenfldPDD)was similar at all size class&€aNDD for large
seedlings:was stronger during warm yearg] HPDD for large seedlings was
stronger during dry years.

Conclusions

Our 'studysuggests that the strength of density dependence varmajhtime and
the strengthwasinfluenced bywater availability and temperatui@ur results
highlight the ptential for changes in species composition and speordstenceéhat
could result from increasy temperaturestrengtheningonspecific negative
density-dependerffecs and decreasing precipitation strengthemhiegospecific
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positive densitydependeneffecs.

Key words. competition density dependenc@anzerConnell hypothesis; mixed
models; neighbor effecirecipitation; seedling; temperature.

I ntroduction

One"of'the most important mechanisms promasimgciesliversity isnegative
density-dependent mortalifyVright 2002; LaMannat al.2016 LaMannaet al.
2017).Such processes reduce seedling survivian higher densities of conspecific
neighbors surroundinigy. Converselythe survival of individuals increases with
decliningrdensity otonspecific treesaffording establishment opportunities for other
species’ seedlings near species experiencing strong ddepiyndent mortality
(Janzen=1970; Connell 1978; Hargtsal.2000; Johnsoet al.2012).Thefluctuations
in weathercan alter community assemi@prnish & Tylianakis2013) andnter- and
inner-annual weather variability has been found to have some connection with the
strength.of density-dependent mortali¥afar et al. 199Mersh et al. 2011Lin et al.
2012; Bachelogt al.2015).

Ameng the main mechanisms driving negative density-dependent (NDD)
mortalityat early ontogenetic stagegresource competition from conspecific
neighbors (Stoll & Newberry 2005), andtural enemieand pathogen attackSlark
& Clark:1985). Moreover, previous studies showed that the strength of CNDD
showed significant seasonal and annual varialfility et al.2012; Wuet al.2016).
Forinstancein a tropical seasonalirdorest in southwest China, tlley season
showed stronge€NDD mortality thanthe rainy season, which indiesthatwater
availability-mightinfluence the CNDD processésn et al.2012).Another studyin
Costa Rica tropical forestshowed thatommon species had higheNDD than rare
species in warmer and wetter years (Bachetlal.2015).To date, théactors that
drive the temporal dynamics GNDD effects are poorly understodgéispecially in
the context of global change, understandivgeffecs of changingclimate on the
mechanisms that influence species coexistence is critical tmgrnakormed
forecastf forest response in the future (Valladagegal.2015).

Climatic conditions, in particular those associated with water availalhiate
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88  potential toplay a key rolein driving community dynamics linked with NDD

89  processes in tropical rainforesltishas been hypothesized thatreased temperature

90 and precipitation could enhance activities of pathogens and herbivore insects

91  (BrenesArguedaset al.2009; Swinfieldet al.2012),ultimately leading to stronger

92 CNDD effects Bunker & Carson (2005uggestethatdeclinesin annual

93  precipitation weakehNDD in aseasonal forest in Panankbowever,Lin et al.(2012)

94  suggested thatry periods mayncrease watdimitation and enhancetraspedfic

95  competitionwhich results in strongerNDD effects during dry periods.

96 In addition to the negative effects on conspecifics, previous studies have shown
97 that heterospecific neighbaesnd tohave positive densitgependent effects on

98  seedling'survival (Comita & Hubbell 2009; Johnsbral. 2014; Lwet al. 2015) This

99 effectcouldbeexplained as a result of the “species herd protection hypothesis” that
100  suggests that the increase of heterospecific density can decrease the encounters
101  between pests and pathogansl their preferred (or most susceptible) hostgch in
102 turn increases the survival raikrare host (Peters 2003). Moreover, the strength of
103  protection may fluctuate with the density of pests and pathogens (Dobson 2004;
104  Bagchietal. 2014; Speaat al. 2015; Xwet al. 2015). The densitf pests and

105  pathogenss likely torapidly increaseand potential to outbred&velswhen host

106  density.is.highresulting in high rates of mortalignd driving evolutionary selection
107 (Clay et al. 2008Bagchiet al. 2010)As masting events tend to berrelaedwith

108  environmental conditions, density dependent process may link to weather pditerns
109 etal. 2011; Zhangt al. 2014) Interspecific interactions can also produce positive
110 densitydependent effects by facilitating survival of heterospecific seedlings by

111 alteration of the habitgBertness & Callaway 1994; Jé al. 2011; Zhangt al.

112 2014).

113 Besideghe effect of tempature and precipitation on the strengtiNa@iD,

114  seedling age (size) is an additional factor that ingpseedling demograpliietz et

115  al.2010; Zhu et al. 201Recordet al.2016).NDD can be stronger in the earlier life
116  stages of plant@omitaet al.2014; Zhuet al.2015),potentiallybecause seedlings

117  lack defenseand resistance capacitiésus, they arenoreeasly attackedoy natural
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118  enemiesOn the other handfNDD may increase with seedliagebecause the

119  accumulation of specific pathogandincreasing asymmetric conspecific resource

120  competition from conspecific tre€lsin et al.2012; Liuet al.2012; Benitezt al.

121 2013).The inereasetiDD effect withsizemay promote diversity by enhancing the

122 establishment of heterospecific species.

123 Herewe tested whether variation in density dependence was explained by

124  environmental factors. In addition, we tested whether relationskiisited size

125 dependence. Particularly, we focus on the following questions: Howctioede

126  affect thesstrength of deity-dependent processon seedling survivalRoes climate

127  affect the/strength afonspecific and heterospecifiensity dependence for seedlings?
128  Does the'role of climate idensitydependent responses vary with seedling size?

129  Methods

130  Study site

131 The_ study plot is located in Xishuangbanna, south-western China (18,1°34

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

133 distinetrainy and dry seasons. Mean annual temperature and rainfall of this region are,
134  respectively 218 C and 1493 mm. Majority of rainfall (about 80% of annual rainfall)
135  occurs in the wet season between May and Oc{@swet al. 2006). The 20 ha

136  Xishuangbann#&orest dynamicglot (400 m x 500 myvas establisheith 2007,

137  following the protocol 6Condit (1998), wherelldree-standing treesz1 cmdiameter

138  at breast heighOBH), were tagged and identifiéto speciegCondit 1998).

139 In November 2007, we established 150 seap-stationga 0.5m? seed trapvith

140  threes#m?seédlingplots)stratified randomlyn the plot to monitor seed rain and

141 seedling dynamics (Fig. 1). Three seedling phlegse placed 2n away from sides of

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

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

144  the ground to the apical bud. The first seedling survey was carried out in November
145  2007. We conducted subsequent surveys in November of the following years. In this
146  study, we analyzed the seedling data collected from 2007 to 2015, excluding 25

147  unidentified seedlingéTable A1)
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Climate data

The monthly record of air temperature and precipitation was collatted
meteorological station of Xishuangbanna Station for Tropical Rain Forest Esrosyst
Studies of Xishuangbanna Tropical Botanical Garden. This station is 47.4 km away
from the"Xishaungbanna forest dynamic plot. We calculated average monthly
temperature and total precipitation from November to October of the following year
as the annual mean monthly temperature and annual precipitation.
Density.calculations

Fourdensityariables were calculated to estimate theighborhood effects. &V
calculated th@ensity ofconspecific Denc,n) and heterospecifienne) seedling
neighborssfor the focal seedlimgthin the 1-n7 seedling plots for each year (Fig.1).

We"calculated the total basal area of conspedic4) and heterospecifi®Ane)
trees that found within a 20 m radius of each seed trap. We divided the basal area of
each tree byithe distance between the tre¢hendenter of the seed trap

(DISTANCE);
N
BA,yy, 0T BApgy = Z(BAl- /DISTANCE,)
i

wherei is a conspecific or heterospecific tree individual found within the 20 m
radius A20-m radius was assignddllowing a previous study in this pl¢iVu et al.
2016),whichiindicated that 20-m had stronger support than sttees (1dn and
30-m). As a result, data fror6 of the 450 seedling plots were excluded from the
following analyses because these seedling plots were within 20 m of the eldge of t
plot.

Statistical analysis

We divided the response varialflee probability of seedling survivahto three
size'categories based on seedling haighall seedlings, small seedlin¢fseight < 20
cm) and large seedlings (heigh20 cm) (Lin et al. 2014; Wu et al. 2016). The annual
(from November to the November of the next yearvival probability of seedlings
was modeled using generalized linear mixed models (GLMMs) with binomimal err
distribution. Binomial response variable was used to show whether individual
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seedlings were alive (given 1) or dead (0). The explanatory variables included
seedlng height (log-transformed) which showed significant correlation with its
survivorship in previous studies (Lin et al. 2012; Wu et al. 2016), The density of
conspecific BAqn) and heterospecifi®Ane) adultneighbors, and the density of
conspegcific'Rencon) and heterospecifienne) seedlingsWe standardized
continuous‘explanatory variables (including-tognsformed seedling height) by
subtraeting their mean values and dividing by their standard deviaidme
analyses tosallow for comparisons arggparameter estimatédiree seedling plots
nested within a sampling point, and we assigned this as a random effect in the
GLMMs. Species identity was also incorporated to the model as a cross random effect
to accountifor the intespecific variations of survival probabilities.

Statistical models were developed with all density variables as fixed effects.
Firstly, we estimate the relativeeffectsof all factors on the survival of seedlingaat
community.levelThen, weusedinear regression modetotest whether conspecific
adult density-dependeaftfectsand heterospecific seedling densiigpendengffects
of all'seedlings, small seedlings and lasgedlings correlated with annual mean
temperatur®r annual precipitationVe also tested whether conspecific adult
density-dependemffectsand heterospecific seedling density-dependéattsvary
between,seedlingizeclassesWe performed the Shapiidlk test to test if the data is
normaly distributedand Bartlett's test to teitthe variances each of the groups are
the same. Themwe used-test todetermindf the codficient values otwo density
parameters had significant difference between size classes

We conducted all analyses in R 3.0.3 (R Development Teaen2015).We use
glmer function with the recommended Laplace mettBualker et al. 2009)pf the

Ime4 packagéo fit the generalizedinear mixedeffect modelgBateset al.2014)

Results

Densitesof conspecific and heterospecifieighbors showed bo#hignificant
negative and positive impacts on seedbngvivaldepending osize classeand
years(Table 1).Conspecific seedling density showed both significant positive and
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206 negative effects on seedling survival in all seedlings pooled, as well agsm@altm
207 in height) and large seedlingsZ0 cm in height) and the effects varied year to year
208  Conspecific adult densityhowedsignificant negative effeston survival of seedlings
209 in all seedlings (3 of 8 yegrand large seedlings (5 ofy@arg. We foundpositive

210 density<dependdrsurvival related to heterospecific seedldensityin all size classes
211 (5 of 8yearsforall seedling, 1 of 8yeass for large seedlings and 4 of&arsfor

212 small seedlings We found no significant effect of heterospecific tree density on
213  seedlingssurvival in angize class (all seedlings, large seedliagdsmall seedlings).
214 Botheeonspecific and heterospecific densitfgctswere found to be correlated
215  with climaticfactors. Conspecific adult densitiependeneffects on survivabf large
216  seedlingsveresignificantly correlated with annual mean temperati®e= 0.59,P =
217  0.02); hewever, conspecific adult density-dependent effects on survadhl of

218  seedlings and small seedlingsrenat significanty correlated with annual mean

219 temperaturdFig. 2. Effects of heterospecific seedling density on seedling survival of
220  all seedling.size classerecorrelatedvith annual precipitatiofR? = 0.54,P =

221 0.04),-as well alrgeseedlings (R= 0.40,P = 0.09), buheterospecific seedling

222 density=dependemffectsof smallseedlings wrenot significant correlated with

223 annual precipitationHig. 3.

224 We found large variation in conspecific adult density-depeneféstts but small
225  variation inheterospecifiseedling densitgependent effecmongseedling size

226 classe(Table 1) Large seedlings tended to suffer more seedling mortality due to
227  conspecific negative densitlependencéom adult tree neidtor than small

228 seedlingsi(=3.10,P = 0.01; Fig. 4. Alternately the strength dfieterospecific

229  seedling densitglependentortality did not differ betweegeedlingsize classes

230 (Fig. 5.

231  Discussion

232 Density dependence effedtslp drive seedling survival dynamics in tropical
233 forestcommunities. In this studwe were interested in exanmg the role of

234  temporal climatic variation (temperature and precipitateord seedlingizeon the
235  strength of density dependersgvival Our results showhat the strength of CNDD
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of large seedlings>(20 cm in height)s strongly dependent on annual variation in
temperaturefFurthermore, we founthatthe strength ofieterospecific density
dependence also varies with climatic conditji@pecifically precipitationindicating
thatneighboring treédentity influencescommunity dynamicdepending on weather
conditions."Further, we found that the strength of dengipendence is
sizedependent:

Conspexific negative density-dependent variation and climatic condition

Seeding,mortality was both positively and negatively relatednspecific
seedlingrdensitgepending on the yeardile 1).Negative density-dependent
mortality iS common during the seedlistage of tree specie€@mitaet al. 2014 A
previoussstudy indicated that CNDBlated toseedlingdensitywaseasily detected
when largerecruitment events happened (Metz et al. 2012) which are often related to
climatic cuesHowever, previous studies indicated that the negatfeetsfof
conspecific.seedling density may @eerwhelned by the habitat effect (Comita &
Hubbellhi2009). Thus, the positive effect of conspecific seedling density could be an
indicatien that seedlings survival may benefit from habitat preference (Valencia et al.
2004).

To date, few studies have found clear relationships between the strength of
negative densitgependence and temporal variability in climatic conditiams €t al.
2012; Bacheloet al.2015). Compared to other studies, our study used a long term
time-series dataset which may have increased our ability to detecorrelation\We
found evidence that tHeNDD wasstrongly relatedo mean annual temperatuffég.

2). The inereasing temperature generally accelerates the metabolisms of seedlings,
andlarger seedhgs tendo have greater demands for resources during warm periods
which mayincreasamortality by intraspecific competitioilternately, warmer years
may'benefit pathogen populations and the result would be similar. This is an &rea tha
should receive greater reseaattentionin the future.

In a Costa Rica tropical wet foreite strength o€ENDD wasenhanced byoth
increasingemperature and precipitatigBachelotet al.2015).However, in our study,
precipitationwas notcorrelatedo CNDD. Declining precipitation can cause high
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266  congecific competition for water resourbecause conspecifics access water in
267  similar ways(Meinzeret al.1999), which couldesult in increasin@NDD. But

268  declinng precipitationcanresult indrought anatreating unsuitableonditionsfor

269  pests angbathogens (Coley & Barone 1996), which cowdglult in decreasing CNDD.
270  Thus, increased competition fraxonspecific tre@meighbors may be balanced by
271  decreased'natural enemy attadkuture studies could focus on disentangling the
272 effectsiof climate on competition and natural enemy populations to advance our
273  understanding of the controls on forest community composition.

274  Heterospecific positive density-dependent variation and climate

275 We found positive density dependemf heterospecifiseedling neighbors (Fig.
276  5), the survival of targeteedling was higher when surrousdiby higher number of
277  heterospecific neighbors. Thisaybe because tligh proportiorof heterospecific
278  neighborgdecrease the intraspecific competitio@ur result waslsoconsistent with
279  studies_ imamother tropical forestComita & Hubbell2009), which could be explained
280 by the “species herd protection hypothegReters2003).This hypothesis assumes
281 increased heterospecific crowdidgcreasethe probability of a host encounteriitg
282  pests.and pathogemss a resultseedling survival is likely to be lower in an area of
283 high conspecific tree neighbor density and higher in an area with many heterospecific
284  tree neighborsThe HPDD could also beausé by the niche partitioningmong

285  specieghatreduced the competitioexclusioncompared to conspecifi¢§andermeer
286  1972). Moreoverheterospecific neighboraay have positiveeffects on the

287  performance of seedlings fgcilitating beneficialmicroenvironments (Brunet al.

288  2003):

289 The positive heterospecific densitgpendeneffectsmay also indicate that

290 conditions of the site, such as light resource, water availability and soil characters
291  haveapositive influence on seedling survivorski{pomita & Engelbrecht 2009;

292  Comita & Hubbell2009; Baiet al.2012; Piacet al.2013).A previous study in this

293  region has also shown that the edaphic and topographic variables had important
294  effecs on seedling survivgiWu et al.2016). In this study, we found that positive
295 heterospecific densitgependenceras consistent betweseedling sizelasss (Fig.
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296 5), and theeffect was increasedlith decreasing precipitation (Fig.. 3ositive

297 interactiors among different plant species can increase alibtic stress (Callaway

298 et al.2002). Our studguggests that water limiting conditioosuldincrease the

299 facilitation precess among individuals of different speaiedmight enhance the

300 positivereffect caused by tinerd protection process.

301  Size dependent'density dependence

302 We:found tkat conspecificnegativedensitydependent effects were stronger in

303 largeseedlings thasmallseedlings (Fig. 4)The strength of CNDD changed across
304 size classes in other forests (Comita e@ll4; Zhuet al.2015). Our result, however,
305  showed that thiargerseedlings suffered stronger CNDD from trees than smaller
306 seedlingsThe increased negative densitgpendent effect with seedling sizagght

307 be driven'by the accumulation of specific pathogen or increasyimmetric

308 comspecificresource competition (Liat al.2012; Liuet al.2012; Benitezt al.2013).
309 However, small seedlingsvereeasily damaged by changed environmental conditions
310 during asstudy in Panamgirigelbrecht et aR005). A studyn lowland Amazonian

311  rain forest showed opposite resuttge density of conspecifeeedlings showed

312 strongsnegative effects on the survival of fyetr seedlings (Metzt al.2010).Our

313  resultssuggested that the seedhsgedlingnteracton might be weak in this tropical
314 forest.Further studiesould examinalifferent mechanisms (e.g. intraspecific

315 competition emegative plant soil feedbackn the generality of theggocesses

316  Implicationsfor predicting the response of seedlings to climate change

317 In the context of globaidlimate change, the effect of climate on the mechanisms
318  prometing-species diversity should dgigen more attentiofivalladareset al.2015),

319  since changing climatic conditions may alter competition and facilitation processes
320 and ultimately affect the patterns of species richness and divigsitgish &

321 Tylianakis2013).Previous studies suggestit high species diversity loss may

322 happen in tropical area$ drought conditions increase because most tropical tree
323  species are drought sensiti&lik 2004; Slot & Poorte2007). In our study region,

324 during the lastlO yearsannual temperatures increased, while evapotranspiration rates
325 and relative humidity ecreaseqFanet al.2011; Fan & Thoma2013). Based on our
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326 findings, we suggest that increased temperature and drouglmenagsehe strength
327  of both negativeonspecific anghositiveheterospecific densitglependeneffects

328  which may promote species coexistetiwa certain extent

329 In summary, we found strong evidence that densligpendent seedlirgurvivalis

330 stronglyfinfluenced by climatic variableBhe strength of these effed$s

331 sizedependentand strongly influenced by annual precipitation and annual mean
332 temperatureOur results highlight the importance of evaluating ldagn data in the

333 framewark of climatic changes.
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523 Table 1 Effect of seedling height, density of conspecific and heterospecific seedling
524 neighbos, total basal area of conspecific and heterospecific iedghbors on

525  seedling survivals for eigltensus interval@Hgt, seedling heighDengon, the density

526  of consgcific seedlings anBen«, the density of heterospecific seedlinB8on,

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

528 0.1; *P <.0:05).

All seedling size Seedling> 20 cm Seedling < 20 cm

Hgt Denoon Denha BAcon BAhet Hgt Dencon Denhet BAcon BAha Hgt Denoon Denhet BAcon BAhet
2007

1.17* -0.11 007, -0.11 -0.02 0.52* -0.03 0.04 -0.30# -0.25 153* -0.13 0.09 -0.11 0.01
2008
2008

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
2009

This article is protected by copyright. All rights reserved



2009

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
2010

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 -019 0.01
2011
20122

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
012
2012

1.00* -0.05= 0:a7= -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
2013

0.88* 0.07 ¢ 027% -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
2014

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
2015
529
530 Figures
531
532  Figure«l, Location and map of the 20glat andthe componentsf each seetrap
533  statiopsThe locations of the 158edrapstations were represent by squafdse
534  threel-n? seedling plotsvere2 m away from the sedthp.
535
536 Figure/2. Relation between estimates of adult conspecific adult density dependent
537 (CNDD) and annual mean temperature (black poifisr toall seedlings; red points
538 and linerefer tolargeseedlings; green pointsfer tosmall seedlings*P < 0.05.
539
540 Figure 3.Relation between estimates of heterospecific seedling daefepgndece
541  (HPDD)and.annual precipitation (black points and lieter toall seedlings; red
542  pointsand linerefer tolargeseedlings; green pointsfer tosmallseedlings#P< 0.1,
543 *P < 0.05.
544
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546

547

548

549

Figure 4. Estimates of conspecific adult density deperefenlargeseedlings (red)

andsmallseedlings (greenkrror bars represent stand erio= 3.10,P = 0.01).

Figure 5.Estimates of heterospecific seedling density dependentageseedlings

(red) ancsmallseedlings (greenkrror bars represent stand erfor= 0.14,P = 0.89).
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