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Abstract

Density dependence and habitat heterogeneity have been recognized as important
driving mechanisms that shape the patterns of seedling survival and promote spe-
cies coexistence in species-rich forests. In this study, we evaluated the relative im-
portance of density dependence by conspecific, heterospecific, and phylogenetically
related neighbors and habitat heterogeneity on seedling survival in the Lienhuachih
(LHC) Forest, a subtropical, evergreen forest in central Taiwan. Age-specific effects
of different variables were also studied. We monitored the fates of 1,642 newly re-
cruited seedlings of woody plants within a 25-ha Forest Dynamics Plot for 2 years.
The effects of conspecific, heterospecific, and phylogenetically related neighbors and
habitat heterogeneity on seedling survival were analyzed by generalized linear mixed
models. Our results indicated that conspecific negative density dependence (CNDD)
had a strong impact on seedling survival, and the effects of CNDD increased with
seedling age. Heterospecific positive density dependence (HPDD) and phylogenetic
positive density dependence (PPDD) had a significant influence on the survival of
seedlings, and stronger HPDD and PPDD effects were detected for older seedlings.
Furthermore, seedling survival differed among habitats significantly. Seedling survival
was significantly higher in the plateau, high-slope, and low-slope habitats than in the
valley. Overall, our results suggested that the effects of CNDD, HPDD, PPDD, and
habitat heterogeneity influenced seedling survival simultaneously in the LHC sub-
tropical forest, but their relative importance varied with seedling age. Such findings
from our subtropical forest were slightly different from tropical forests, and these
contrasting patterns may be attributed to differences in abiotic environments. These
findings highlight the importance to incorporate phylogenetic relatedness, seedling
age, and habitat heterogeneity when investigating the impacts of density depend-
ence on seedling survival that may contribute to species coexistence in seedling

communities.
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1 | INTRODUCTION

Effects of negative density dependence (hereafter NDD) and habi-
tat heterogeneity on seedling survival have been proposed over the
past several decades as important driving mechanisms that explain
species coexistence in species-rich plant communities (Chesson,
2000; Keddy, 1992; Peters, 2003; Wright, 2002). Previous studies
suggested that NDD and habitat heterogeneity may lead to spatial
variation in seedling survival in various forests. Such variation may
reduce likelihood of competitive exclusion and promote species
coexistence (Bagchi et al., 2010; Chen et al., 2010; Comita et al.,
2010; Harms et al., 2000; Johnson et al., 2012; Murphy et al., 2017).
However, effects of density dependence and habitat heterogeneity
have been studied separately in many previous studies (Du et al.,
2017; Metz et al., 2010; Song et al., 2018), and their relative effects
on seedling survival are seldom evaluated. Effects of density depen-
dence and habitat heterogeneity may not be mutually exclusive (Lu
et al., 2015; Pu et al., 2017). Their joint effects may differ from indi-
vidual processes and should be studied simultaneously.

Conspecific negative density dependence (CNDD) is derived
from host-specific natural enemies, such as pathogens and herbi-
vores (i.e., Janzen-Connell effect (Janzen, 1970; Connell, 1971)) or
intraspecific competition. CNDD might lead to a decrease in plant
growth and an increase in mortality, hence lowers the strength of
interspecific competition. As a result, competitive superior species
may fail to establish at all suitable habitats, which frees space for
other species. Such mechanisms reduce probability of competitive
exclusion and facilitates species coexistence (Wright, 2002).

Although CNDD has been detected in many forest commu-
nities (Bagchi et al., 2010; Chen et al., 2010; Comita et al., 2010;
Harms et al., 2000; Johnson et al., 2012; Murphy et al., 2017), ef-
fects of heterospecific neighbors on seedling survival are not clear
from the literature. Both negative and positive effects have been
demonstrated in previous studies (Comita & Hubbell, 2009; Johnson
et al., 2014; Lu et al., 2015). The positive effect of heterospecific
neighbors may result from the species herd protection hypothesis.
This hypothesis posits that an increase in heterospecific crowding
decreased encounter probabilities between focal individuals and
their host-specific enemies and, thus, survival of host plants in-
creased (Peters, 2003; Wills & Green, 1995). Alternatively, a high
density of heterospecific neighbors may have implied that the local
habitat was suitable for seedling establishment and survival (Comita
& Hubbell, 2009).

Categorizing neighbors into conspecific and heterospecific spe-
cies, however, may be overly simplistic (Comita et al., 2014; Johnson
et al., 2014; Piao et al., 2013). For example, intrinsic differences
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between heterospecific neighbors on a focal plant are ignored if
we simply categorized different species of seedlings into one "het-
erospecific" group (Metz et al., 2010; Webb et al., 2006; Wu et al.,
2016). Recent studies suggest that neighbors that were closely re-
lated phylogenetically had stronger negative impacts on the survival
of focal plants than distant neighbors. Such effects are referred to
as phylogenetic negative density dependence (PNDD) (Comita et al.,
2018; Liu et al., 2012; Paine et al., 2011; Pu & Jin, 2018; Zhu et al.,
2015). Meanwhile, phylogenetic positive density dependence on
seedling survival (PPDD) was also observed in some studies (Cao
et al., 2018; Lebrija-Trejos et al., 2014; Wu et al., 2016; Zhu et al.,
2015). More studies of phylogenetic density dependence are re-
quired to reconcile such inconsistent results.

Furthermore, seedling survival may vary with habitat heteroge-
neity. Seedling survival may be higher in favorable habitats than in
unfavorable habitats. Spatial variation in seedling survival may serve
as a filtering mechanism to regulate plant diversity (Bai et al., 2012;
Lu et al., 2015; Metz, 2012; Pu et al., 2017). Some studies found
that many species were aggregated and associated with certain hab-
itats in tropical forests when forests were classified into different
habitats based upon topographic factors (Comita et al., 2007; Metz,
2012). However, seedling aggregation in favorable habitats may en-
hance CNDD effects. To what extend do density dependence and
habitat heterogeneity interact together to influence seedling sur-
vival is still unclear.

Effects of density dependence and habitat heterogeneity on
seedling survival may not be constant during the life cycle of plants.
Seedling age was an important factor that impacted dynamics of
seedlings (Metz et al., 2010; Record et al., 2016; Zhu et al., 2015). For
example, CNDD tended to be stronger on young seedlings during
the early stages of plants (Comita et al., 2014; Zhu et al., 2015) be-
cause young seedlings lacked defense capacity and were more vul-
nerable to attacks by natural enemies (Wright, 2002). Alternatively,
an increase in CNDD with seedling age may be caused by the patho-
gen accumulation over time or result from asymmetric intraspecific
competition from conspecific trees (Benitez et al., 2013; Lin et al.,
2012; Liu et al., 2012). Therefore, the increased effect of CNDD as
seedlings age may promote diversity by enhancing the establish-
ment of heterospecific species.

In this study, we used age-specific seedling dynamics data from
a subtropical evergreen forest in Taiwan to investigate the relative
importance of CNDD, HPDD, PNDD, and habitat heterogeneity
on seedling survival. We tracked the fates of multiple cohorts of
newly recruited seedlings in relation to the density of their conspe-
cific and heterospecific neighbors, and neighbor relatedness that
was estimated by phylogenetic distances. In additional to biotic
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neighborhood, we also evaluated effects of habitat heterogeneity on
seedling survival. Our specific questions were as follows: (1) What is
the relative importance of density dependence by conspecific, het-
erospecific, and phylogenetically related neighbors and habitat het-
erogeneity on seedling survival? (2) Does the relative importance of
conspecific, heterospecific, and phylogenetically related neighbors

and habitat heterogeneity vary with seedling age?

2 | METHODS

2.1 | Studysite

This study was conducted in the 25-ha Forest Dynamics Plot in the
Lienhuachih Experimental Forest (LHC; 23°54'49"N, 120°52'43"E),
Nantou County, Taiwan (Figure 1a). The Lienhuachih Experimental
Forest is managed by Taiwan Forestry Research Institute. According
to meteorological records at the research station from 1997 to 2007,
the climate at LHC is seasonal with a mean annual precipitation of

2,285 mm (Lu et al., 2008). Most precipitation occurred between
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FIGURE 1 The location and map of the 25-ha Lienhuachih
Forest Dynamics Plot in central Taiwan. (a) The location of the
Lienhuachih Forest Dynamics Plot is indicated with a red dot. (b)
The 3D perspective map of the Lienhuachih Forest Dynamics
Plot, and (c) the distribution of 102 seed trap stations (red hollow
squares) within the 25-ha Lienhuachih Forest Dynamics Plot

May and August, and the dry season usually began in October and
lasted through February of the next year. Monthly mean tempera-
tures ranged from 14.8°C in January to 25.2°C in July, and mean
annual temperature was 20.8°C.

The 25-ha LHC Forest Dynamics Plot (500 m x 500 m) was estab-
lished in 2008 following the survey protocol developed by the Forest
Global Earth Observatory (ForestGeo) (Condit, 1998). The plot was
very rugged with an elevational range from 667 m to 841 m asl. Slopes
varied from 9° to 53° (Figure 1b). Every woody plant with diameter
at breast height (DBH) 21 cm was tagged and mapped. Its species
identity and DBH were also recorded. There were 153,484 individual
trees that belonged to 46 families and 144 species recorded in the
LHC plot. The vegetation type of the LHC plot was a subtropical, ev-
ergreen, broad-leaved forest. The dominant species belonged to the

families Fagaceae and Lauraceae (Chang et al., 2010).

2.2 | Seedling census

One hundred and two census stations were established in August
2008 with an interval of 20 m along the trails and 4-10 m away from
the trails (Figure 1c). Each station consisted of three 1 m? seedling
plots to monitor seedling dynamics, for a total of 306 seedling plots.
In this study, we monitored the fate of each seedling from August
2008 to February 2011. Within each seedling plot, recruiting seed-
lings of woody plants <1 cm DBH were tagged, mapped, and identi-
fied to species. The survival status of all seedlings was checked, and
new recruits were tagged every 6 months. We recorded the height
of each seedling. Seedling height was measured from the ground to
the base of the apical bud. In total, 3,997 seedlings that belonged to
71 species were identified. After excluding seedlings with unknown
ages found during the first census in August 2008, we monitored the

fate of 1,642 newly recruited seedlings.

2.3 | Phylogenetic relatedness of seedlings
Phylogenetic relationships among 137 woody species were estab-
lished in the LHC Forest Dynamics Plot by DNA barcoding. Three
standard DNA barcoding loci (matK, rbcL, and trnH-psbA) that were
derived from the chloroplast genome were used. In this study, leaf
tissues were collected from six individuals of each species and pre-
served through silica gel desiccation. DNA sequencing was con-
ducted following Kress et al. (2009).

Community phylogeny that represented the 137 species of
the LHC plot was constructed using three sequenced barcode loci
(matK, rbcl, and trnH-psbA) (Kress et al., 2009). The confidence of
branches in a phylogenetic tree was estimated by maximum likeli-
hood and rapid bootstrapping analysis and was computed using
RAxML web servers (Stamatakis et al., 2008) in the CIPRES super-
computer cluster (www.phylo.org). Finally, the divergence time of
an ultrametric tree was estimated using the r8s software package
(Sanderson, 2003).
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2.4 | Data analysis

Generalized linear mixed-effects models (GLMMs) were used to
identify the factors that affected the survival of recruited seedlings.
We developed eight candidate models to evaluate the relative im-
portance of conspecific, heterospecific, and phylogenetically re-
lated neighbors and habitat heterogeneity on seedling survival. In
the following analyses, we only included species that had seedlings
found at 23 stations during the study period. We included the initial
height (log transformed) of each seedling in the models because pre-
vious studies showed that seedling size exhibited significant effects
on seedling survival (Lin et al., 2012; Wu et al., 2016). All seedlings,
which included species with recruits that occurred at <3 census sta-
tions, in 1 m? seedling plots were included in the analyses as seedling
neighbors. In addition, we used all woody plants with DBH 21 cm

that we tagged in 2008 as tree neighbors.

241 | Neighborhood variables

Eight density variables were calculated to estimate the neighborhood
effects imposed by conspecific, heterospecific, or phylogenetically
related species; four habitat types were used to estimate the effect
of habitat quality on seedling survival (Table 1). We calculated the
density of conspecific seedling neighbors (S_ ) and heterospecific
seedling neighbors (S, ,) for the focal seedling within the 1 m? seed-
ling plots. The variables of conspecific tree neighbors (T_. ) and het-
erospecific tree neighbors (T, ) were calculated within a 5 m radius
of each focal individual. The influence of the tree neighbors was likely

to be restricted within 5 m from the focal seedlings due to sharp
topographic changes and relatively small tree crowns in LHC Forest
Dynamics Plot. In addition, we ran the model for tree neighbors
using three neighborhood radii: 5 m, 10 m, and 20 m away from focal
seedlings. All neighborhood radii showed similar results qualitatively
(Figure S1). Neighbor density indices of tree neighbors were estimated
by the summed basal area (BA) of trees weighted by their distances

between trees and the center of focal seedlings (Canham et al., 2004):

N BA, O
Teon O Thet = Dy <m/

where N is the number of conspecific or heterospecific tree neighbors.

Phylogenetic relatedness between every seedling and its neigh-
bors was estimated by two variables, the average phylodiversity
(APd") and nearest-taxon phylodiversity (NTPd’). These two vari-
ables were calculated as follows:

— 1(MPD,, — mean(MPD, ;)
SD(MPD, )

Seedling APd’ or Tree APd’ =

— 1(NTD,p,s — mean(NTD,,;))

Seedling NTPd' or Tree NTPd' =
SD(NTD, 1)

where the phylogenetic relatedness of MPD_, . and NTD , - was calcu-
lated by the mean phylogenetic distance (MPD) and the nearest-taxon
distance (NTD) of all seedlings or adult neighbors to the focal seedling
using branch lengths, respectively (Webb et al., 2006). Phylogenetic
relatedness for seedling and tree neighbors was calculated within the

TABLE 1 The eight neighborhood

Categories Variables Description variables and four habitat types examined
Conspecific neighbors Secon Conspecific seedlings in the study of seedling survival in the
Teon Neighbor density index of conspecific trees Li(?nhuachih Forest Dynamics Plot in
Heterogenetic neighbors Shet Heterospecific seedlings Taiwan
Tt Neighbor density index of heterospecific trees
Phylogenetically related Sapd’ Seedling average phylodiversity
neighbors SNTPd’ Seedling nearest-taxon phylodiversity
Tapa’ Tree average phylodiversity
Tatpdr Tree nearest-taxon phylodiversity
Habitat types - Plateau habitats
Hhigh-slope High-slope habitats
M dtme Low-slope habitats
Hvalley Valley habitats

Note: Conspecific neighbors included the density of conspecific seedling neighbors (S

neighbor density index of heterospecific trees (T,

won) @nd

). Heterospecific neighbors included the density

of heterospecific seedling neighbors (S, ) and neighbor density index of heterospecific trees

(Thet

). Phylogenetically related neighbors included four phylogenetic diversity indices: relative

average phylogenetic diversity between heterospecific seedling neighbors and focal seedlings
(Sppyr): relative nearest-taxon phylodiversity between heterospecific seedling neighbors and focal
seedlings (Sy1pq), relative average phylogenetic diversity between heterospecific tree neighbors
and focal seedlings (T,4), and relative nearest-taxon phylodiversity between heterospecific

tree neighbors and focal seedlings (Typ4)- Habitat types included plateau (H

(Hhigh_slope), low-slope (H|OW_5|0pe), and valley habitats (Hva”ey).

plateau

), high-slope
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1 m? seedling plots and 5 m radius, respectively. We obtained the ex-
pected phylogenetic distances using a null model to generate 999 ran-
,and NTD_ )
because phylogenetic distance varied with the species richness of the

dom neighborhoods at a given species richness (MPD, ,
sample. The mean and standard deviation of the distribution of null
model distances were combined with our observed phylogenetic dis-
tance to obtain a standard effect size, which indicated whether the
focal seedling was more or less related to its neighbors than expected
by the null model (Kraft et al., 2007; Webb, 2000; Webb et al., 2006).
The average phylodiversity (APd’) was calculated based on the stan-
dard effect size of MPD. Nearest-taxon phylodiversity (NTPd') was
calculated based on the standard effect size of NTD. If APd’ or NTPd’
was positive, it indicated that the neighbors were related more closely
to the focal seedling than expected from the null model. In contrast,
negative values of APd’ or NTPd' suggested that the neighbors had a
more distant phylogenetic relatedness to the focal seedling.

To incorporate temporal variation in seedling neighbors during
the persistence period of each focal seedling, we calculated the ef-
fects of APd’ or NTPd' (Table 1; S,py and Syrpq) for each seedling
at each census. Meanwhile, the seedling-adult phylogenetic related-
ness of APd’ or NTPd' for trees (TAPd, and Typq) Was only estimated

once based on the 2008 census.

2.4.2 | Habitat classification

The habitat was classified into different types based upon three
topographic variables and tree abundance. The three topographic
variables of mean elevation, slope, and convexity were calculated
from the elevation measurements taken from each intersection of
20 m x 20 m quadrats in the 25-ha plot. Mean elevation was the
average of elevations from four corners of the 20 m x 20 m quadrat.
Slope was calculated by the mean angle from the horizontal of the
entire quadrat (Harms et al., 2001). Convexity was the mean eleva-
tion of the focal quadrat minus the mean elevation of its eight sur-
rounding quadrats. A multivariate regression tree analysis (MRT) was
applied to classify habitats (Larsen & Speckman, 2004). Our MRT
model selected convexity and slope to define four types of habitats
(Figures S2 and S3). The four habitat types were plateau, high slope,
low slope, and valley (Figures S2 and S3).

TABLE 2 Description of the eight
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2.5 | Statistical analysis

We used GLMMs to identify the factors that affected the survival of
recruited seedlings. The model was used to quantify the overall fixed
effects when spatial autocorrelation was nested within seedling plots
(Dormann et al., 2007). The three 1 m? seedling plots were regarded
as three replicates at each census station. Seedling identity was in-
cluded in the overall models as a random factor to accommodate re-
peated measurements of the same seedlings. Seedling response over
the period of interest was regarded as binomial data (alive (1) or dead
(0)) for the dependent variable. Seedling plots nested within each cen-
sus station were incorporated in the models as random factors. In the
analyses, density of seedling neighbors, neighbor density indices of
adult trees, phylogenetic relatedness of seedling and tree neighbors,
and habitat types were used for predictor variables in the models. We
standardized continuous explanatory variables using a Z transforma-
tion (i.e., subtracting the mean values and dividing by the SD).

We constructed eight candidate models for seedling survival
(Table 2). In the null model, seedling survival only correlated with
the initial height of the focal seedling. To estimate the effects of
biotic neighbors on seedling survival, we created conspecific and
heterospecific models (Models 2 and 3, Table 2). To access the im-
portance of phylogenetic relationships between the focal seedling
and heterospecific neighborhood, we then constructed phyloge-
netic models that included APd’ and NTPd’ as variables (model 4,
Table 2). We also considered the relationship between conspecific
and heterospecific neighbors (model 5, Table 2), or we replaced the
heterospecific neighbors into phylogenetically related neighbors
(model 6, Table 2). Phylogenetically related neighbors may have had
different effects compared with heterospecific neighbors, so we
included all variables in the model to understand the relative im-
portance of all variables (model 7, Table 2). Finally, we constructed
a model with biotic neighbors and habitat types. The habitat was a
categorical variable. In our analysis, the valley habitat was used as
a baseline habitat for comparison (model 8, Table 2). In addition to
the overall model, we constructed age-specific models to evaluate
the effect of seedling age. Eight candidate models with the same
variables as the overall model were established for each age (age
of 6 months, 12 months, 18 months, and 24 months). We used vari-
ance inflation factor (VIF) to check the multicollinearity between

candidate models that explored the Models — Rf,._,, (%) Rgon (%)
relationship among seedling survival, 1 Null model 4055.9 24 85.7
neighborhood effects, and habitat
heterogeneity in the Lienhuachih Forest 2 Conspecific 4034.7 7.5 86.2
Dynamics Plot in Taiwan 3 Heterospecific 4025.3 9.4 86.4

4 Phylogenetic 4047.1 4.3 86.4

5 Conspecific + Heterospecific 4021.0 8.6 86.0

6 Conspecific + Phylogenetic 4015.7 9.0 86.6

7 Conspecific + Heterospecific + Phylogenetic 3999.3 10.9 86.6

8 Conspecific + Heterospecific + Phylogenetic + Habitat 3969.6* 16.1 87.3

Note: The most parsimonious model was chosen based on the smallest values of Akaike information
criterion (AIC) (Labelled by *).
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independent variables of our models. The results indicated that mul-
ticollinearity was not concerned in our models since the values of
VIF ranged from 1.07 to 1.60. Furthermore, we also check residuals
of GLMMs, there is no spatial autocorrelation for the full models.
We used the Akaike information criterion (AIC) to select the
most parsimonious models. The model with the smallest AIC value
was selected. To compare the predictive capacity of GLMM mod-
els, marginal R? (R2_) and conditional R? (R2 ) were developed by

mar’ con

Nakagawa and Schielzeth (2013). R2

< Provided the proportion of

variance explained by fixed effects, and R2 accounted for total

con
variance, which included both fixed and random effects. All anal-
yses were performed using the statistical programming language
R, Version 4.1.1 (R Core Team, 2021), and the packages ape, Ime4,
mvpart, picante, and vegan Bates et al., 2015; Kembel et al., 2010;

Oksanen et al., 2020; Paradis et al., 2004).

3 | RESULTS

3.1 | Therelative importance of conspecific,
heterospecific, phylogenetically related neighbors,
and habitat heterogeneity

The full model that contained all the variables was selected as
the most parsimonious model for seedlings of all ages combined
(AIC = 3969.6; Table 2). In the model, 87.3% of the total variance
was explained by the independent variables (Table 2). Fixed effects
explained 16.1% of the variance (Table 2). This indicated that con-
specific, heterospecific, and phylogenetically related neighbors and

TABLE 3 The results of GLMMs for seedling survival in the
Lienhuachih Forest Dynamics Plot in Taiwan

Model 8

Variables df 12 p
Initial height 1 21.052 <.05

- 1 2.618 106
Teon 1 13.102 <.05
Shet 1 13.406 <.05
Tt 1 7.043 <.05
Sppd’ 1 0.267 .606
SnTRd’ 1 0.577 448
Tapd! 1 7.658 <.05
Tutpd' 1 11.602 <.05
Habitat 3 34.661 <.05

Note: Probability values less than 0.05 are shown in bold.

habitat heterogeneity all contributed to seedling survival. Survival of
newly recruited seedlings was impacted significantly by conspecific
tree neighbors (Table 3, Figure 2). The probability of seedling survival
decreased when the conspecific neighbor density index increased
(Figure 3b). In contrast, seedling survival was correlated positively
with density of heterospecific seedlings and heterospecific neighbor
density index (Figures 2, 3c,d). The variables of Tree APd’ and Tree
NTPd' related to phylogenetic relatedness of heterospecific tree
neighbors had significantly positive impacts on seedling survival
(Figure 2). The survival curves of Tree APd’ and Tree NTPd' showed
a similar pattern where probability of seedling survival increased

Initial height| " %9

w
>
o}
R I

w
=z
jur}
o
[oN

°

leateau'
Hhigh—slope'

HIow—slope'

OF === === =

5 10
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FIGURE 2 The coefficient estimates of the model and 95% confidence intervals of the variables between focal seedlings at different
neighborhood scales and habitat types on the Lienhuachih Forest Dynamic Plot. Coefficient estimates above and below zero indicate
positive and negative effects on seedling survival, respectively. The black circles indicate significant effects (p < .05), and white circles mean

no significance
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with more closely related tree neighbors (Figure 3g,h). Moreover,
seedling survival varied significantly among habitat types (Table 3,
Figure 2). Positive parameter estimates indicated that seedlings sur-
vived significantly better in the plateau, high-slope, and low-slope
habitats than in the valley habitat, which was treated as a baseline
for comparison in this analysis (Figure 2).

3.2 | Relative importance of neighborhood
variables and habitat heterogeneity for seedlings of
different ages

For seedlings of four different ages (6 months, 12 months,
18 months, and 24 months), the full model, which contained con-
specific, heterospecific, and phylogenetically related neighbors
and habitat heterogeneity, was identified as the most parsimoni-
ous model (Table 4). Significantly negative effects of conspecific

(a) Conspecific seedling

seedling neighbors were detected for older seedlings (18 months
and 24 months) (Table 5). Interestingly, effects of negative den-
sity dependence increased with seedling age (Table 5, Figure 4a).
Conspecific tree neighbors also exhibited negative effects on focal
seedlings (except for 6 months) (Table 5, Figure 4b). Contrary to
conspecific neighborhood effects, heterospecific seedling neigh-
bors had a positive impact on focal seedlings of four different
ages, and the strength of the effect increased as seedlings aged
(Table 5, Figure 4c). Heterospecific tree neighbors also showed
positive density effects on focal seedlings of all ages (Table 5,
Figure 4d).

Phylogenetic relatedness of heterospecific neighbors exhib-
ited a significant effect on seedling survival, but the strength of
APd’ and NTPd’ effects varied with seedling age (Table 5, Figure 5).
Phylogenetic relatedness among seedling neighbors only demon-
strated significant effects for older seedlings. Seedling APd’ im-
pacted seedling survival positively when focal seedlings were

(b) Conspecific tree

1.00] 1.00;

0.751 0.751

0.501 0.501

0.25 \ 0.25;

0.00{ p=oi0s . _ 0.001 P<N—"_
- 0 1 2 -1 0 1 2 3 4 5 6 7

(c) Heterospecific seedling

(d) Heterospecific tree

1.001 1.00
0.75 / o7sl B
0.50- 0.50;
0.25- 0.25;
0.001_P<005_ ] . i i . 0.001_P<005
1 060 1 2 3 4 5

Predicted probability of survival

(e) Seedling APd’

(f) Seedling NTPd’

1.00] 1.00
075 e——" 075 //
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0.001_p=o&r 00 0.00{pP=04s
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(9) Tree APd’ (h) Tree NTPd’
FIGURE 3 Predicted effects 1.00; 1.00;
of conspecific, heterospecific, 0.75- 0.75/
phylogenetically related neighbors, and
habitat heterogeneity on the probability 0.501 0.501
o.f survwal'for |nd|V|deaIs of aI.I ages in the 0.25/ 0.25/
Lienhuachih Forest, Taiwan. Lines show
predictions based on model results with 0.001_P<005 . i . . i i 0.00{ P<00s
-3 2 -1 0 1 2 3 4 -4 -3 2 -1 0 1 2 3

all independent variables assigned to their
mean values

Neighborhood effect
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TABLE 4 Values of Akaike information criterion (AIC) for the eight model classes for seedlings of four age classes (6 months, 12 months,
18 months, and 24 months) in the Lienhuachih Forest Dynamics Plot in Taiwan

AIC

6 months 12 months 18 months 24 months
Models (N =1,556) (N=1,298) (N=733) (N =630)
Null model: without neighborhood variables 2,038.0 1,673.0 924.9 718.9
Conspecific 2,035.4 1,667.2 910.6 671.3
Heterospecific 2,022.6 1,655.4 902.2 685.3
Phylogenetic 2,043.8 1,679.8 926.2 718.5
Conspecific + Heterospecific 2,024.2 1,656.7 900.6 663.3
Conspecific + Phylogenetic 2,028.2 1,661.3 889.0 646.2
Conspecific + Heterospecific + Phylogenetic 2,017.2 1,650.2 875.1 636.7
Conspecific + Heterospecific + Phylogenetic + Habitat 2,006.9* 1,633.6* 865.9* 627.8*

Note: The most parsimonious models were chosen based on the smallest AIC values (Labelled by *).

TABLE 5 Neighborhood effects on survival of seedlings of different ages in the Lienhuachih Forest Dynamics Plot in Taiwan

Variables® 6 months 12 months 18 months 24 months
Initial height 0.220* 0.264* 0.390* 0.225
Sean -0.191 -0.094 -0.498* -1.019*
Teon -0.059 -0.198* -0.468* -1.889*
Shet 0.319* 0.433* 0.679* 0.856*
Thet 0.275* 0.164 0.327* 0.285
Sapd! -0.004 0.015 0.392* 0.458*
SnTPd 0.060 0.078 0.029 -0.243
Tapar 0.221* 0.256* 0.267 0.465*
TaTed! 0.194* 0.152 0.358* 0.489*
Hoiateas” 1.568* 1.556* 1.911* 1.798
Hhigh-slopeb 1.005* 1.389* 1.459* 1.696*
Hlow,smpeb 0.311 0.452 0.482 0.935*

#Values are coefficient estimates of fixed-factor variables in a generalized linear mixed-effects model. Variables from seedling neighbors were
found within the same 1 m? seedling plot as each focal seedling, and variables from tree neighbors were calculated within 5 m radius by each focal
seedling. See Methods for a description of the generalized linear mixed-effects model. Significant coefficients are denoted by the symbol * (p < .05).

Coefficient estimates >0 have a positive relationship with increased survival,

and coefficient estimates <0 have a negative relationship with survival.

Positive effects (Coefficient estimates >0) indicate better survival with increased phylogenetic clustering; and negative effects (Coefficient estimates

<0) indicate survival decreased when neighbors were more closely related.

PHabitat types are categories data of the generalized linear mixed-effects model. All estimate values for plateau, high-slope, and low-slope habitats

were compared over the baseline of valley habitats.

18 months and 24 months old (Figure 5a). In addition, both APd’
and NTPd’ of tree neighbors affected seedling survival positively.
These positive impacts indicated that focal seedlings surrounded
by closely related tree neighbors were more likely to survive
(Figure 5¢,d).

Seedling survival of four different ages varied significantly
among habitats (Table 5). Compared with the baseline habitat of val-
ley, the plateau and high-slope habitats exhibited positive effects
on seedling survival of all ages (Table 5, Figure 6). Meanwhile, sig-
nificantly positive effects of plateau and high-slope habitats were
detected on seedlings of all ages except for 24 months in the plateau
habitat (Table 5, Figure 6).

4 | DISCUSSION

4.1 | Whatis the relative importance of density
dependence by conspecific, heterospecific,
phylogenetically related neighbors and habitat
heterogeneity on seedling survival?

Our results revealed that all of the factors examined in this study, which
included CNDD, HPDD, PPDD, and habitat heterogeneity, contributed
significantly to seedling survival. Among the four factors, conspecific
tree neighbors had a strong and significant negative effect on seed-
ling survival. In contrast, seedling survival was enhanced by density
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FIGURE 4 The coefficient estimates
and 95% confidence intervals of the

(a) Conspecific seedling

(b) Conspecific tree

variables of conspecific and heterospecific
neighbors on the Lienhuachih Forest
Dynamic Plot for different seedling ages.
Coefficient estimates above and below
zero indicate positive and negative effects
on seedling survival, respectively. The
black circles indicate significant effects

(p < .05) and white circles mean no
significance
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of heterospecific neighbors and phylogenetically closely neighbors.
Finally, seedling survival differed significantly among habitats.

Many studies found seedling survival was influenced by CNDD
in both tropical and temperate forests (Chen et al., 2018; Comita
et al., 2014; Piao et al., 2013; Wu et al., 2016). Our results were
consistent with those studies where significant CNDD effects
were detected. CNDD effects may arise from the Janzen-Connell
effects or intraspecific competition. It is widely accepted that
seedlings may suffer from density-dependent mortality caused by
species-specific natural enemies, such as pathogens and herbivores
(Connell, 1971; Janzen, 1970). The phenomenon of “damping-off”
mortality of a large portion of seedlings was considered as evi-
dence that supports the Janzen-Connell effects (Augspurger, 1984;
Bayandala et al., 2017; Hood et al., 2004). In our study, none of the
seedlings exhibited symptoms of damping-off diseases or pathogen
infection. Therefore, CNDD may be more likely to arise from intra-
specific competition instead of the Janzen-Connell effects in the
LHC forest.

10 15 20-10 -05 00 05 1.0

Phylogenetic density dependence can be regarded as an exten-
sion of heterospecific density dependence (Liu et al., 2012; Metz
et al., 2010; Webb et al., 2006). Our study indicated that the most
parsimonious model included effects of HPDD from seedling and
tree neighbors and PPDD from tree neighbors. The significant HPDD
effects found in our study were similar to several studies conducted
in subtropical and temperate forests (Chen et al., 2010; Du et al,,
2017; Lu et al., 2015).

In addition, our study also detected strong PPDD effects on
seedling survival from tree neighbors. Positive APd’ or NTPd' re-
lationships between phylogenetic similarity of neighbors and focal
seedling survival may have occurred due to plant-microorganism
relationships. Plant species in the same genus or family tend to
share symbiotic partners in the soil (Aryal et al., 2021; Losos, 2008;
Wu et al., 2018). Arbuscular mycorrhizas (AM) and ectomycorrhi-
zal (ECM) colonize in the root tissues and facilitate the transport
of nutrients and water. Liang et al. (2020) demonstrated that local

dominance of trees was maintained by ECM fungal networks. Young
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(a) Seedling APd’

(b) Seedling NTPd’

FIGURE 5 The coefficient estimates
and 95% confidence intervals of the

T
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1 for different seedling ages. Coefficient
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seedlings benefited from common mycorrhizal networks. Especially,
different species of seedlings may be connected to one another by a
common mycelium of the same species of ECM fungi (Simard et al.,
1997). The extensive underground mycorrhizal networks created by

ECM fungi may have enhanced seedling survival of tree species from
a small number of families that were associated with ECM fungi.
Therefore, the strong PPDD effects may have reflected the phylo-
genetic connections with the ECM fungi.
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In our study, seedling survival differed significantly among
habitats, in which seedling survival was lowest in the valley habi-
tat. A local soil survey indicated that soil moisture was significantly
higher in the valley habitat than the other three habitats (Figure
S4). Such patterns contradicted to previous studies where seed-
ling survival was higher in moist habitats (Brenes-Arguedas et al.,
2009; Engelbrecht & Kursar, 2003). In LHC forest, soil moisture
may not be a critical limiting factor since the annual precipitation is
over 2,229 mm. Instead, light may play a more important role than
soil moisture, especially for seedlings occurred in the valley habitat
where trees are much taller than those in the plateau and slopes.
Tall trees cast deep shade and reduced light availability in the un-
derstory. This low light environment in the valley habitat may lead
to a decrease in seedling survival. In contrast to the valley habitat,
plateaus, high slopes, and low slopes may have intermediate lev-
els of soil moisture and light conditions that may optimize seedling
survival in these three habitats. In addition, seedling survival in the
plateaus slopes may be promoted further by PPDD as a result of

plant-microorganism associations.

4.2 | Does the relative importance of
neighborhood effects and habitat heterogeneity vary
with seedling age?

Overall, our results showed that the relative importance of each set
of variables changed as seedlings aged, which likely reflected a shift
in the relative importance of different biotic and abiotic interactions
over the lifetime of plants. Our results revealed that negative effects
of conspecific seedlings and tree neighbors increased as focal seed-
lings aged. In contrast, increased positive effects with increasing
seedling age was only observed in heterospecific seedling neighbors.
The positive effects of phylogenetic relatedness increased with in-
creasing seedling age, which indicated that seedlings survived better
when they were near closely related neighbors. Furthermore, seed-
lings in the plateaus, high-slope, and low-slope habitats continued to
survive better than in the valley habitats throughout 6-24 months.
This suggested that HPDD, PPDD, and habitat heterogeneity per-
sisted as seedlings aged.

It has long been recognized that the effect of CNDD was stron-
gest during early life stages (Augspurger, 1983; Bell et al., 2006;
Liu et al., 2012; Mangan et al., 2010). The prevailing interpretation
has been those pathogens, which caused damping-off disease in
young seedlings, were agents of density-dependent mortality in
tropical forests (Augspurger, 1984; Bayandala et al., 2017; Hood
et al., 2004). One may expect CNDD to decrease as seedlings aged
because if strong CNDD reduced the density of conspecific neigh-
bors in early life stages, CNDD will be reduced at later life stages
(Comita et al., 2007; Newbery & Stoll, 2013; Piao et al., 2013; Zhu
et al., 2015). However, in this study, we found the opposite in that
the effects of CNDD on seedlings and tree neighbors increased
when focal seedlings aged. Our contrary observations may have
resulted from the different causes of CNDD. As stated earlier,
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intraspecific competition was suggested to be the main cause of
CNDD in this forest. As seedlings aged and became bigger, the de-
mand for limited resources increased, thus, the strength of intra-
specific competition increased. This may have resulted in higher
CNDD as seedlings aged.

5 | CONCLUSIONS

In summary, this study highlights that integrated phylogenetic re-
latedness, seedling age, and habitat heterogeneity were important
when investigating the elements that contribute to species coex-
istence in tree communities. Our results revealed that the effects
of CNDD, HPDD, PPDD, and habitat heterogeneity were prevalent
in the LHC subtropical forest, and their relative importance varied
among seedling ages. Our CNDD results suggested that negative
conspecific effects were driven mainly by intraspecific competi-
tion rather than the Janzen-Connell effects in the seedling stage.
Furthermore, the results implied that the underlying mechanisms of
HPDD and PPDD effects may have resulted from habitat filtering
and the networks of ectomycorrhizal fungal communities in this sub-
tropical forest.

Furthermore, the strength of neighborhood effects in this sub-
tropical forest was slightly different from tropical forests, and these
contrasting patterns may be attributed to topographic heterogeneity.
Our results suggested that studies in subtropical forests have failed
to take habitat heterogeneity into account, and they may also have
mischaracterized the role of biotic neighbors in fluctuating plant
communities. Therefore, we suggested that future studies should
take neighborhood effects and habitat heterogeneity into account

simultaneously and also test for the effects in different seedling ages.
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