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Abstract Seedling dynamics play a crucial role in deter-
mining species distributions and coexistence. Exploring
causes of variation in seedling dynamics can therefore pro-
vide key insights into the factors affecting these phenomena.
We examined the relative importance of biotic neighborhood
processes and habitat heterogeneity using survival data for
5,827 seedlings in 39 tree and shrub species over 2 years from
an old-growth temperate forest in northeastern China. We
found significant negative density-dependence effects on
survival of tree seedlings, and limited effects of habitat
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heterogeneity (edaphic and topographic variables) on sur-
vival of shrub seedlings. The importance of negative density
dependence on young tree seedling survival was replaced by
habitat in tree seedlings >4 years old. As expected, negative
density dependence was more apparent in gravity-dispersed
species compared to wind-dispersed and animal-dispersed
species. Moreover, we found that a community compensatory
trend existed for trees. Therefore, although negative density
dependence was not as pervasive as in other forest commu-
nities, it is an important mechanism for the maintenance of
community diversity in this temperate forest. We conclude
that both negative density dependence and habitat heteroge-
neity drive seedling survival, but their relative importance
varies with seedling age classes and species traits.

Keywords Negative density dependence - Niche
partitioning - Seedling dynamics - Community
compensatory trend - Generalized linear mixed models

Introduction

Models of species coexistence in diverse communities
generally emphasize density-dependent survival, niche
partitioning, or ecological equivalence (Chesson 2000;
Nakashizuka 2001; Wright 2002). These three mechanisms
have each received some support in studies of tree com-
munities. For example, recent research has identified strong
density dependence in temperate forests (HilleRisLambers
and Clark 2003; HilleRisLambers et al. 2002). Further-
more, density-dependent mechanisms acting within local
biotic neighborhoods can increase the survival of locally
rare species in subtropical and tropical forests (Chen et al.
2010; Comita and Hubbell 2009; Hubbell et al. 2001;
Queenborough et al. 2007b; Uriarte et al. 2004b).
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Similarly, important dimensions of plant trait variation
within tree communities are well known (Kraft et al. 2008;
Martinez-Vilalta et al. 2010; Wright et al. 2007), and abi-
otic niche partitioning may be caused by trait-related dif-
ferential patterns of distribution and demography
(Cavender-Bares et al. 2004; Comita et al. 2007b; Harms
et al. 2001; McMahon et al. 2011; Queenborough et al.
2007a; Russo et al. 2005; Tateno and Takeda 2003). The
null model for evaluating either negative density depen-
dence (NDD) or habitat niche partitioning is the ecological
equivalence of coexisting species. In this case, dispersal
limitation and stochastic ecological drift therefore govern
local community dynamics (Hubbell 2001).

Although researchers are now generally convinced that
NDD and niche differentiation are not mutually exclusive
(Queenborough et al. 2009), these processes are usually
tested separately. For tree communities, studies of seedling
survival as a function of the local biotic neighborhood have
encountered evidence of NDD (Chen et al. 2010; Comita
and Hubbell 2009; Gilbert et al. 2001; Packer and Clay
2000; Queenborough et al. 2007b). Other studies have
examined survival and growth as a function of the local
abiotic environment (Russo et al. 2005; Tsujino et al.
2006). However, few studies have so far investigated the
relative importance of both biotic and abiotic drivers of
seedling survival in a single analysis (Comita et al. 2009;
Paine et al. 2011; Queenborough et al. 2009; Shibata et al.
2010; Streng et al. 1989). In this study, we aimed to
determine the relative importance of biotic and abiotic
drivers of seedling survival for a relatively diverse tem-
perate tree community in northeastern China.

As well as individual-level effects, NDD can also have
consequences at the community level. The neighbourhoods
of common species will be more likely to contain a conspe-
cific, and these species may experience stronger NDD
because of their higher frequency relative to less common
species. Rare species, therefore, have an advantage in what
Connell et al. (1984) termed a community compensatory
trend (CCT). This is related to, but contrasts with, recent
evidence showing that rare species may be more sensitive to
the presence of conspecifics than common species (Comita
et al. 2010). A CCT has been found in several tropical and
subtropical sites (Chen et al. 2010; Queenborough et al.
2007b; Webb and Peart 1999), although in other sites it has
not (He et al. 1997; Welden et al. 1991). No study has yet
tested for a CCT in temperate forest.

The current paucity of community-level seedling studies
from temperate forests is a major limitation in under-
standing whether different mechanisms of coexistence
operate in temperate compared to tropical forests. Given
the incredible difference in diversity between these forest
types, exploring potential drivers of this difference is an
important ecological question (Kraft et al. 2011). Such data
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are critical for understanding the early stages of community
assembly that shape temperate forest diversity patterns, and
may also reveal similarities or differences between tem-
perate and tropical forest community assembly.

One potential cause of the plethora of hypotheses for
mechanisms of species coexistence is that the mechanism
may change throughout an organism’s life history. Different
factors become important at different times and have differ-
ent effects (Comita et al. 2007a; Grubb 1977). Furthermore,
survival generally increases with size (Uriarte et al. 2004a;
Winkler et al. 2005), because larger individuals may be more
resistant and resilient to biotic and abiotic stresses. In addi-
tion, differences among species in terms of functional traits
such as dispersal agent will also affect how individuals
respond to these pressures (Ramaswami and Sukumar 2011;
Streng et al. 1989). For instance, animal-dispersed (especially
birds) species may escape from high mortality caused by
NDD because some animals, such as frugivorous birds could
disperse seeds over several tens or hundreds of meters (Iida
and Nakashizuka 1998; Murray 1988). Comparatively,
gravity-dispersed species may be more affected by NDD due
to high seedling density close to the adults. Understanding the
complex effects of this heterogeneity in the forest ecosystem
is essential to clarify the potential drivers of species coexis-
tence in the early stages of community assembly.

Our study, therefore, addresses these issues by exam-
ining the relative importance of biotic neighbors and hab-
itat heterogeneity for seedling survival over 2 years, using
a dataset of 5,827 seedlings in 39 tree and shrub species in
an old-growth temperate forest. In particular, we sought to
answer the following questions:

1. Do local biotic neighbors or habitat heterogeneity have
a greater effect on the survival of tree and shrub
seedlings in this temperate forest? Specifically, does an
increase in conspecific neighbors decrease the proba-
bility of survival to a greater or lesser extent than a
decrease in, for example, soil nutrients?

2. Do the effects of biotic neighbors and habitat (edaphic
and topographic) variables on survival differ among
seedling age classes, dispersal-mode groups or spe-
cies? Specifically, do older seedlings (>1 year) suffer
lower density-dependence than new recruits?

3. Is there evidence of a community compensatory trend,
and is this present for both tree and shrub species?

Materials and methods
Study site

The study is located in Changbai Nature Reserve (42°23'N,
128°05'E) in northeastern China. The reserve was
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established in 1960 and joined the World Biosphere
Reserve Network under the Man and the Biosphere Project
in 1980 (Shao et al. 1994; Stone 2006). The reserve is
about 200,000 ha with elevation ranging from 740 to
2,691 m. There are five typical vertical vegetation zones:
aspen-white birch (Populus davidiana and Betula
platyphlla) forest, broad-leaved Korean pine (Pinus ko-
raiensis) mixed forest, spruce-fir (Picea jezoensis and
Abies nephrolepis) forest, subalpine birch (B. ermanii)
forest, and alpine tundra (Yang et al. 1985).

Our study site is situated in the old-growth broad-leaved
Korean pine mixed forest, which is the dominant vegeta-
tion type in northeastern China. It has high biodiversity,
complex stand structure, and unique species composition
(Wang et al. 1980). The climate in the forest region is
characterized by low temperatures, high precipitation, and
strong winds, with the prevailing direction of west-south-
west (Yang et al. 1985). Mean annual temperature is 3.3 °C
(—16.5 °C in January and 20.5 °C in August). Mean annual
precipitation is 672 mm, most of which occurs between
June and September (480-500 mm) (Yang et al. 1985).
Mean age of overstory trees is about 300 years.

In 2004, a 25-ha (500 x 500 m) forest plot was estab-
lished, which was chosen in the core zone of the reserve in
order to avoid human disturbances (Hao et al. 2007).
Within the plot, all individuals with diameter at breast
height (DBH, 1.3 m above the ground) >1 cm were map-
ped, tagged, and identified. In the first census in 2004, there
were 38,902 living stems, belonging to 52 species, 32
genera, and 18 families. Mean stand density of living trees
was 1,556 trees per ha and mean basal area of living trees
was 43.2 m? per ha (Hao et al. 2007, 2008).

Seedling census

We set up 150 seed traps within the plot to monitor long-
term dynamics of seed production and dispersal (see Zhang
et al. 2008). Around each seed trap, we set up four seedling
plots (5 x 5 m) in August and September 2006 to monitor
long-term seedling dynamics (ESM S1, n = 600). All
seedling plots were spaced at least 8 m apart. The total
sampling area of 600 seedling plots is 1.5 ha. In each
seedling plot, all tree seedlings with DBH <1 cm, shrub
and liana seedlings with DBH <1 cm and height >30 cm
were tagged, mappedn and identified. The age of each tree
seedling was estimated by counting annual bud scale scars.
All seedling plots were recensused in August and Sep-
tember 2007, and August and September 2008.

Biotic neighborhood variables

We calculated the seedling and adult neighbors of each
focal seedling. We calculated the density of conspecific

and heterospecific seedling neighbors within 0.5 m of focal
seedlings. Seedlings within 0.5 m of the seedling plot edge
were not included as focal seedlings to eliminate the
boundary effects (ESM S2). The effect of adult neighbors
was based on adult size modified by the distance between
the neighbor and the focal seedling. Using the 2004 plot
census data (trees and shrubs with DBH >1 cm), we cal-
culated the sum of the basal area (BA) of conspecific and
heterospecific adults within 20 m from the focal seedling
divided by the distance of each adult from the focal seed-
ling (Canham et al. 2004):

N
A= BA;/DISTANCE;

where i is an individual adult. To eliminate boundary
effects, only those seedlings with a distance greater than or
equal to 20 m from the 25-ha plot edges were included in
our analyses.

Habitat variables

We defined a seedling’s habitat variables in terms of soil
properties and topography. For the soil properties, we
sampled soils within the plot every 30 m on a regular grid.
At each grid point, two additional sample points at 2, 5n or
15 m were selected in a random compass direction from
the grid point. In total, 967 soil samples were sampled in
the 25-ha plot (Yuan et al. 2011). Eight soil properties were
recorded: pH, organic matter content, available nitrogen
(N), total N, available phosphorus (P), total P, available
potassium (K)n and total K. We interpolated the soil
variables to 5 x 5 m grid by kriging, and converted the
calculated values for each seedling plot to z scores (John
et al. 2007). To reduce multi-collinearity and the number of
variables describing soil factors, we performed a principal
components analysis (PCA) on these eight soil chemical
variables. The first two components produced by the PCA
accounted for 86.7 % of the variance in the eight soil
variables (ESM S3). PCA axis 1 was associated with high
organic matter, available N and total N, P. PCA axis 2 was
associated with low available N, P and total N, P.

Three topographic factors were identified: slope, aspectn
and elevation. Elevation was measured by total station at
the four corners of a 20 x 20 m grid in the 25-ha plot. We
then calculated the elevation to a 5 x 5 m grid using kri-
ging interpolating methods. Slope, aspect and elevation
values were calculated for each seedling plot. Slope was
defined as the single average angle from the horizontal of
the entire quadrat. Aspect referred to the direction to which
the slope faced. Elevation was defined as the mean eleva-
tion of the four corners. Plot convexity was not used
because it was highly correlated with elevation.
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Statistical analysis

We modeled the survival probability of individual seed-
lings from 2006 to 2008 as a function of biotic neighbor-
hood and habitat variables (Table 1), using generalized
linear mixed-effects model (GLMM). The GLMM in this
paper was essentially a logistic regression, with the
response variable as a logit transformation of seedling
state: 1 (alive) or O (dead). All the values of the continuous
explanatory variables were standardized by subtracting the
mean value of the variable (across all individuals in the
analysis) and dividing by 1 standard deviation.

To test the relative importance of biotic and habitat
variables, we compared the following four candidate
models: (1) a null model only with random effects, (2) a
biotic model in which the fixed effects of seedling and adult
neighbors were added to the null model, (3) a habitat model
in which the fixed effects of soil and topography were added
to the null model, and (4) a biotic + habitat model in which
the fixed effects of all variables were added to the null
model. Models were compared using Akaike’s Information
Criterion (AIC), and models with a difference between AIC
values of less than 2 were judged equally valid (Burnham
and Anderson 2002). We examined four subsets of the data:
(1) the community level (all tree and shrub seedlings
pooled), (2) different age-classes (tree seedlings only), (3)
dispersal mode, and (4) species-level analyses for common
species [those that occurred in >40 seedling plots, and had
>100 (trees) or >130 (shrubs) seedlings in 2006].

Finally, we tested whether there was a CCT for both tree
and shrub species. We examined the probability of seedling
survival as a function of species population size (abun-
dance or basal area of adults >1 cm DBH in the 25-ha plot)
using GLMM (Chen et al. 2010).

Seedlings within the same plot are likely to have more
similar probabilities of survival than those of seedlings in
different plots, even when considering local biotic and
habitat conditions. To account for this spatial autocorrela-
tion in survival, we included seedling plot as a random
effect in the GLMMs. We tested for spatial autocorrelation
in the residuals of the most likely models by plotting
variograms (see ESM S4). Furthermore, because species
also have inherently different survival probabilities, in
models in which all species were pooled, we also included
species as a random effect.

We validated the most likely models and CCT models
using the area under the receiver operating characteristic
(ROC) curve (a standard assessment of model discrimina-
tion ability for logistic regressions) (See ESM S5), and
ROC > 0.7 are considered acceptable fits (Hosmer and
Lemeshow 2000). To measure the partial effect of each
variable on the odds of survival, we calculated odds ratios
for each coefficient (the exponential of the estimate of each
coefficient). Odds ratios >1 indicate positive effects on
survival, while ratios <1 indicate negative effects.

All analyses were carried out in the statistical environ-
ment R (v.2.13.1), using the ‘sqldf” (Grothendieck 2010)
and ‘lme4’ (Bates et al. 2010) packages.

Results

Community level

Of the original 5,827 seedlings in 2006, trees and shrubs
accounted for 44.3 and 55.7 % of individuals, respectively.

For tree seedlings, 1,385 had died by 2008. For shrub
seedlings, 586 had died by 2008.

Table 1 Parameters included in

models of seedling survival Variables Data
Range Mean Median
Tree seedling age 1-21 247 1
Seedling effect (density of seedlings per m? within 0.5 m radii)
Conspecific (Ncon) 0-17.825 0.641 0
Heterospecific (Nhet) 0-20.372 0.729 0
Adult effect (sum of adult basal area m? divided by distance within 20 m)
Conspecific (Acon) 0-1.328 0.029 0
Heterospecific (Ahet) 0.148-13.268 0.521 0.500
Soil properties
Soil PC1 —3.107 to 4.671 —0.113 —1.053
Soil PC2 —3.113 to 2.746 —0.085 —0.110
Topographic variables
Elevation (m) 794.863-808.812 803.517 804.469
Slope (%) 0.145-19.075 2977 2.479
Aspect 0.708-359.132 217.073 266.550
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There were clear differences in the explanatory power of
each of the four models (null, biotic, habitat, biotic +
habitat) on seedling survival for trees and shrubs (Table 2).
The biotic neighborhood model was the best-fit model for
trees, while the null and habitat models were the most
likely models for shrubs.

Odds ratios for the parameters of the most likely model
for tree seedlings showed a small significant negative effect
of neighboring conspecific adults (odds ratio = 0.80,
P = 0.007; Fig. 1). There was no negative effect of seed-
ling neighbors, but there was a slight significant positive
effect of neighboring heterospecific seedlings (odds
ratio = 1.20, P = 0.002; Fig. 1). In shrubs, while the
habitat model (along with the null model) was the most
likely, the habitat variables themselves had no significant
effect.

Age-class level
The relative importance of biotic neighborhood and habitat

varied greatly with the age classes of tree seedlings
(Table 2). For 1-year tree seedlings, the best-fit model was

the biotic model. For tree seedlings of 2-3 years old, the
equally most likely models were the null, biotic and full ones.
However, for seedlings in the >4 year age class, only the
habitat model was the most likely. We present coefficient
estimates for the biotic model for 1-year tree seedlings, the
fullest model for tree seedlings aged 2-3 years, and the
habitat model for tree seedlings >4 years old (Fig. 2).

For tree seedlings in the 1-year age class, the only sig-
nificant effect was that of heterospecific neighbors (odds
ratio = 1.29, P = 0.003; Fig. 2), consistent with the tree
community level result (Fig. 1). For tree seedlings in the 2-
to 3-year age class, conspecific adult neighborhood and soil
PC axis 1 showed a significant negative and positive effect,
respectively, on focal seedling survival (odds ratio = 0.74,
P = 0.020; odds ratio = 2.08, P = 0.014; Fig. 2). For tree
seedlings in the >4 year age class, the habitat model
showed that soil PC axis 1 and elevation had significant
positive effects (odds ratio = 3.79, P = 0.001; odds
ratio = 4.22, P = 0.001; Fig. 2). Tree seedlings in the
>4 year age class had a greater probability of survival in
areas of high organic content, available N and total N, P,
and at higher elevation.

Table 2 AIC and AAIC values of individual-level seedling survival models

Instances Candidate models
Null Biotic Habitat Biotic + habitat
AIC AAIC AIC AAIC AIC AAIC AIC AAIC

Community

Tree seedlings 2,636.654 9.303 2,627.351 0 2,640.811 13.460 2,630.350 2.999

Shrub seedlings 2,912.121 1.095 2,917.487 6.461 2,911.026 0 2,916.515 5.489
Age class (tree seedlings)

1 year 1,281.274 7.323 1,273.951 0 1,287.720 13.769 1,281.955 8.004

2-3 years 707.808 0.607 707.201 0 710.030 2.829 707.425 0.223

Above 4 years 489.962 13.056 496.770 19.864 476.906 0 483.601 6.695
Dispersal mode

Wind 3,059.077 1.999 3,061.238 4.160 3,057.078 0 3,058.805 1.727

Gravity 2,368.715 16.197 2,352.518 0 2,370.621 18.103 2,354.378 1.860

Animal 144.242 11.884 132.358 0 148.264 15.906 137.311 4.953
Tree species

Tilia amurensis 128.546 6.836 121.710 0 134.046 12.336 130.749 9.039

Fraxinus mandshurica 960.703 0 965.680 4.978 969.719 9.016 974.688 13.985

Acer mono 766.449 0 768.009 1.560 771.876 5.427 774.185 7.736

Pinus koraiensis 16.902 0 24.470 7.569 22.495 5.593 26.055 9.153

Acer psedo-sieboldianum 237.217 0 242.887 5.670 244.156 6.939 249.171 11.954
Shrub species

Philadelphus schrenkii 1,078.213 0 1,081.080 2.867 1,078.478 0.265 1,081.672 3.459

Sorbaria sorbifolia 358.267 0 365.404 7.137 365.951 7.685 372.953 14.686

Ribes mandschuricum 203.550 0 207.155 3.605 206.956 3.406 210.159 6.609

Spiraea chamaedryfolia 251911 0 254.888 2.977 256.179 4.268 257.750 5.839

Corylus mandshurica 173.603 0 179.144 5.541 175.814 2211 180.800 7.197

The most likely models are shown in bold. See Figs. 2, 3, and 4 for odds ratios of the fullest most likely models
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Fig. 1 Odds ratios of a tree and b shrub seedling survival for the
fullest most likely models in Table 2. Circles show odds ratios for
each parameter, with 95 % confidence limits (CL) indicated by
horizontal lines. Odds ratios significantly different from 1 (95 % CL
do not overlap 1) are indicated by filled circles. See Table 1 for
variable abbreviations

Dispersal-mode level

The factors driving seedling survival varied with dispersal-
mode groups (Table 2). For wind-dispersed species, the
best models were the null, habitat, and full ones, with
significant positive effects of soil PC axis 1 and elevation
(Fig. 3). For gravity-dispersed species, the biotic and full
models were the most likely, showing significant negative
effects of both neighboring conspecific seedlings and
adults. In animal-dispersed species, the best-fit model was
the biotic model which included a significant positive
effect of heterospecific seedlings (Fig. 3).

Species level

Ten species had sufficient seedlings to be analyzed sepa-
rately: five tree and five shrub species (Table 3). Seven
species (three tree and four shrub) showed no neighbor-
hood effects at all, with the fullest best-fit model being the

consistent with the community-level analyses above. In
Tilia amurensis and Acer mono, both trees, the fullest most
likely model included the biotic neighbourhood, and in
Philadelphus schrenkii, a shrub, the fullest most likely
model was the habitat model (Table 2).

However, within these models, the effects of biotic
neighborhood and habitat were limited (Fig. 4). There were
no significant effects of neighbors on the survival of Tilia
amurensis seedlings, however, there was a significant
negative effect of conspecific neighboring adults on sur-
vival of Acer mono (odds ratio = 0.75, P = 0.029). Soil
PC axis 2 showed a significant negative effect on the sur-
vival of Philadelphus schrenki seedlings (odds
ratio = 0.73, P = 0.014).

Community compensatory trend (CCT)

We found a negative relationship between tree seedling
survival and basal area (>1 cm DBH) in the 25-ha plot
(estimate == SD = —1.31 £ 0.17, P < 0.001), indicative
of a CCT (Table 4). However, the effect of species abun-
dance on survival was not significant. For shrub seedlings,
we found no significant effect on survival for either species
abundance or basal area.

Discussion

To test the relative strength of NDD and habitat niche
partitioning as mechanisms of species coexistence, we
examined the effects of biotic and abiotic neighbourhoods
on 2-year survival of 5,827 focal seedlings in 39 species of
temperate tree and shrub in an old-growth temperate forest
in northeastern China. Overall, we found significant but
limited effects of both sets of variables. Trees were more
affected by biotic variables than shrubs, and younger tree
seedlings more so than older tree seedlings. There were
differences in the importance of biotic versus abiotic

null model (Table 2). The three remaining species were  neighbourhoods depending on the seed dispersal
Fig. 2 Odds ratios of tree Ncon r ) - to-
seedling survival for three (a) 1 year : (b) 2-3 years (c) =4 years
different age classes for the Nhet | I ’:O_
fullest most likely models in 5 Acon | O o-é
Table 2. See Table 1 for kol Anetl & o:-
variable abbreviations g et i
& Soil PC1 | —e—— —_————
Qo i
© Soil PC2 O- -Ok
3 i
§ Elevation -E—O— —
1
Slope - o
Aspect - Oi— Ot
0 1 2 4 5 0 1 2 3 4 5 0 1 2 3 4 5
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Table 3 Traits for tree species with >100 focal seedlings and shrub species with >130 focal seedlings in 2006 in the analysis

Species Growth Canopy Shade tolerance Dispersal Number of seedlings Number
form layer mode in 2006 of adults
Tilia amurensis Tree Overstory Shade tolerant Gravity 377 2,644
Fraxinus mandshurica Tree Overstory Midtolerant Wind 783 694
Acer mono Tree Midstory Shade tolerant Wind 717 6,569
Pinus koraiensis Tree Overstory Midtolerant Animal 155 2,450
Acer psedo-sieboldianum Tree Midstory Shade tolerant Wind 198 4,891
Philadelphus schrenkii Shrub Understory Shade tolerant Gravity 1,323 466
Sorbaria sorbifolia Shrub Understory Shade tolerant Wind 313 4
Ribes mandschuricum Shrub Understory Shade tolerant Gravity 240 1
Spiraea chamaedryfolia Shrub Understory Light demanding Wind 215 0
Corylus mandshurica Shrub Understory Shade tolerant Gravity 138 7,700
Fig. 3 Odds ratios of seedling Ncon r 0 ) e ) oO—— )
survival for three dispersal- (') (a) wind E) (b) Gravity (c) Animal
mode groups for the fullest most Nhet I 5
likely models in Table 2. See ) Acon| O L e i —oi—
Table 1 for variable 3] L dl> ol
abbreviations % Ahet i
% Soil PC1 | —— To—
% solPc2| @ o
O .
= Elevation | —— -
Slope [ ¢ QI-
Aspect - C:* C:"
0 1 2 4 5 0 1 2 3 4 5 0 1 2 3 4 5

QOdds ratio

Table 4 Parameter estimates in GLMMs used to test for effects of population size on seedling survival

Categories Population size (abundance) Population size (basal area)

Estimate Standard error Pr(>lzl) R* (%) Estimate Standard error Pr(>lzl) R* (%)
Tree seedlings —-0.212 0.491 0.665 0.3 —-1.306 0.169 8.97e—15 84.5
Shrub seedlings —0.132 0.085 0.12 26.3 —0.050 -0.097 0.604 0.3

Significant estimate at P = 0.05 level is shown in bold

mechanism. Curiously, analyzing the common species
individually, most showed no impact of neighborhood
variables at all. These results are explored below.

Biotic and habitat drivers of survival of tree
and shrub seedlings

A prediction of most mechanisms of coexistence is that
performance is limited more by individuals of one’s own
species than other species (Chesson 2000; Connell 1971;
Janzen 1970; Volkov et al. 2005). We found a significant
negative effect of conspecific adults on focal seedling
survival for all tree seedlings pooled, young tree seedlings
(2-3 years) and gravity-dispersed species. This confirms

previous local-scale findings in temperate forest (HilleR-
isLambers and Clark 2003; HilleRisLambers et al. 2002),
at the larger community-scale, commonly found in sub-
tropical and tropical forests (Chen et al. 2010; Comita and
Hubbell 2009; Comita et al. 2009; Metz et al. 2010;
Queenborough et al. 2007b). In contrast, we found a
positive effect of heterospecific seedlings on survival of all
tree seedlings pooled, new recruits (tree seedlings of 1 year
old) and animal-dispersed species. These apparently con-
tradictory effects are in line with theory: seedling survival
is limited by conspecifics, particularly large adult trees
which exert strong asymmetric competition for light and
soil nutrients and also a source of enemies (e.g., insects and
pathogens) (Wright 2002). However, survival of all
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Fig. 4 Odds ratios of seedling Ncon 0 - O )
survival of three common (a) Tilia amurensis i (b) Acer mono (c)r hlladelf')hus
species for the fullest most Nhet r RS I schrenkii
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seedlings is often elevated in areas that are good for
seedling growth and survival (Comita and Hubbell 2009).

Documenting widespread NDD at these scales in this
temperate forest may be somewhat surprising, given the
much lower densities of seedlings in temperate forest
compared to tropical forest. For example, seedling densi-
ties in our study are an order of magnitude lower (0.89
ind m™?) than in subtropical and tropical forests [3.2
ind m™? in Gutian (China) (seedlings with DBH <1 cm;
Chen et al. 2010), 2.45 ind m~? in Panama (seedlings with
DBH <1 and >20 cm tall; Comita and Hubbell 2009) and
about 5 ind m~2 in Gunung Palung (Indonesian) (seedlings
with DBH <1 and 5-50 cm tall; Webb et al. 20006)].
Therefore, we might expect that seedling—seedling inter-
actions in temperate forests are weaker than in tropical
forests or even nonexistent, and therefore that mechanisms
of species coexistence may also be different (Kraft et al.
2011). Indeed, seedling—seedling interactions do seem to
be weaker in our study—we found few significant negative
effects of conspecific neighboring seedlings, for example,
whereas studies from tropical sites frequently report NDD
from seedling neighbors (Comita and Hubbell 2009;
Comita et al. 2009; Metz et al. 2010; Queenborough et al.
2007b; Webb et al. 2006), although in other sites this NDD
is less obvious (Paine et al. 2008; Svenning et al. 2008).
However, NDD from large adults still had a significant
effect and could further contribute to the maintenance of
diversity in this temperate forest.

Shrub seedlings showed no such effects of the biotic
neighborhood. This is likely because shrub seedlings were
larger and more robust in our seedling plots (>30 cm in
height, compared to tree seedlings for which there was no
minimum cut-off). This interpretation is consistent with
results of tree seedling survival for different age classes
where the effects of habitat become important as seedlings
became older and larger. In contrast to tree seedlings,
habitat effects were highlighted in model comparisons for
shrub seedlings. However, examination of the coefficients
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showed no significant effects of edaphic or topographic
variables. This result may be partly due to the small spatial
variation in habitat factors in our temperate forest plot.
Topography is relatively gentle and the maximum differ-
ence in elevation is less than 18 m. Therefore, these habitat
factors have low spatial heterogeneity, and their effect on
seedling survival may be weak. Furthermore, in order to
compensate for low light levels in the understory, many
shrub species usually regenerate by vegetative growth
(Wilson 1995). Thus, shrub “seedlings” are often sup-
ported externally and the effects of competitors from the
biotic neighborhood as well as habitat effects that may
decrease survival are not so important. Consequently, other
factors such as snow cover or physical damage may
influence the long-term survival of shrub seedlings.

Tree seedling survival of different age classes

The effects of biotic neighborhood tended to be more
important for young tree seedlings of 1 year old and
2-3 years old, and with increasing age classes, habitat
became the dominant factor (Fig. 2). This change may be
because of improved tolerance to fungal infection (Masaki
and Nakashizuka 2002), herbivory, pathogens, or abiotic
stressors through lignification of the stems. Consequently,
biotic neighbors were less important with increasing age
class. Soil PC axis 1 and elevation showed significant
positive effect on survival, which demonstrated that larger
tree seedlings favored well-drained and suitable soil
conditions.

Seedling survival of dispersal-mode groups
and common species

For those species dispersed by gravity, we found con-
vincing evidence of NDD: seedlings suffered significant
negative effects of both conspecific seedling and adult
presence. This is likely because seedling density around



Oecologia

conspecific adults is higher as a result of limited dispersal
ability. However, for wind-dispersed species, soil PC axis 1
and elevation showed significant positive effects on seed-
ling survival. This finding indicates that these species can
potentially escape from mortality caused by NDD as well
as increase the chance of arriving at good recruitment sites
(e.g., canopy gaps or suitable soil conditions) where
seedling survival is high. Animal-dispersed species were
also less affected by NDD and their recruitment sites may
be more random, with neighboring heterospecific seedlings
as a significant positive predictor of seedling survival.

Most (7/10) of the species for which sample sizes per-
mitted us to examine individually, the null model was the
fullest most likely model. This result is more likely because
sample sizes were still too small to find any significant
effect rather than stochasticity dominating forest dynamics
in this system. In three species we did find significant
effects of neighborhood.

For the gravity-dispersed species Tilia amurensis, we
found no significant negative effect of conspecifics. This
contradiction with gravity-dispersed seedlings treated as a
group may be because the seedling density of Tilia amur-
ensis is low (0.04 ind/m?). We found a significant negative
effect of conspecific adult trees on the wind-dispersed
species Acer mono. This may be related to its high tree
abundance and wide distribution.

For the shrub species Philadelphus schrenkii, habitat
effects were more important with a significant negative
effect of soil PC axis 2. This result may indicate that
Philadelphus schrenkii is adapted to suitable soil condi-
tions in the forest understory layer and a signal of niche
partitioning.

Community compensatory trend

For tree seedlings, a significant negative correlation
between seedling survival and tree species’ basal area was
found, which explained 84.5 % of the variation among
species seedling survival (Table 4). This result indicates
that NDD may be occurring at both the local and com-
munity levels. However, the CCT was detected with basal
area, but not abundance. This means that tree species with
larger stems may support more natural enemies or occupy a
larger portion of canopy or root space than would smaller
stems. Hence, species basal area, a proxy for biomass, may
be a better index for examining the existence of a CCT.

Caveats

One major limitation of our study is that it occurred in a
single large plot over two census intervals. As such, con-
clusions from this short-term period of a single study area
are tentative.

Conclusion

Our study found evidence of temporal and spatial variation in
seedling survival in an old-growth temperate forest, resulting
from both local biotic neighborhood and habitat heteroge-
neity. We found convincing evidence of widespread NDD
among tree seedlings. Habitat factors were more important
for shrubs. The strength and importance of these processes
also varied with dispersal modes and species, lending cre-
dence to the ideas that mechanisms of coexistence may vary
with ontogeny. Biotic factors were important predictors of
seedling survival in young trees whereas habitat factors were
significant for older trees and shrubs. It seems likely that both
NDD and habitat heterogeneity are important mechanisms
that maintain the coexistence of numerous species in both
temperate and tropical forests.
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