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Abstract
• Density dependence is a major mechanism for shaping plant communities. However, its role in
regulating diverse, mixed natural tree communities is less certain.
• In this study we investigated density-dependent eﬀects in a large-scale (25 ha) old-growth temperate
forest in northeastern China. Spatial patterns of neighborhood distribution in the plot were analyzed
using various methods for inferring competition, including (1) pair correlation function to determine
spatial patterns of pre-mortality and post-mortality and (2) neighborhood analysis of individuals to
examine the extent to which tree survival is correlated with other covariates.
• Results showed that, for common species, 3 of 5 canopy species and 3 of 8 midstory and understory
species were random in mortality. Negative density-dependent mortality was not found when trees
reach 1 cm in DBH. There was no significant correlation for canopy species between tree survival
and conspecific abundance, but largely positive correlations for midstory and understory species. In
contrast, tree survival was found to negatively correlate with conspecific basal area for most species,
indicating strong intraspecific competition. No strong interspecific density dependence was found in
the forest.

Mots-clés :
compétition /
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Résumé – La survie des arbres dépend de la densité dans une ancienne forêt tempérée du nordest de la Chine.
• La dépendance par rapport à la densité est un important mécanisme pour la formation des communautés végétales. Toutefois, son rôle dans la régulation de diverses communautés mélangées d’arbre
est moins certain.
• Dans cette étude, nous avons enquêté sur les eﬀets densité-dépendance à une grande échelle (25 ha)
dans une ancienne forêt tempérée, dans le nord de la Chine. Les modes de distribution spatiale de
voisinage ont été analysés en utilisant diverses méthodes pour estimer la concurrence, y compris :
(1) des paires de fonction de corrélation afin de déterminer les structures spatiales de pré et postmortalité et (2) l’analyse du voisinage des individus pour examiner dans quelle mesure la survie de
l’arbre survivant est corrélée avec d’autres variables.
• Les résultats ont montré que, pour les espèces communes, 3 des 5 espèces de la canopée et 3 des 8
de l’étage moyen et du sous-étage, la mortalité était aléatoire. Aucune mortalité densité-dépendante
négative n’a été détectée lorsque les arbres atteignent 1 cm de diamètre à hauteur d’homme. Il n’y
avait pas de corrélation significative pour les espèces de la canopée entre la survie des arbres et l’abondance conspécifique, mais il y avait des corrélations positives pour l’étage moyen et le sous-étage.
• En revanche, la survie des arbres était corrélée négativement avec la surface terrière conspécifique
pour la plupart des espèces, indiquant une forte concurrence intraspécifique. Aucune dépendance
visible de la densité interspécifique n’a été détectée dans la forêt.
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1. INTRODUCTION

may also change with growth forms (Gratzer and Rai, 2004).
Knowledge of the relative importance of density dependence
in diﬀerent growth forms can help understand plant population
dynamics and species coexistence.
Our objectives of this study were to investigate the importance of density-dependent tree survival in an old-growth
temperate forest, to explore the extent and spatial scale at
which density dependence operates and to compare densitydependent eﬀects for species of diﬀerent growth forms.

Plants respond to their local neighborhood for diverse resources, such as light (Getzin et al., 2006; He and Duncan,
2000), water (Engelbrecht et al., 2007), and soil nutrients
(John et al., 2007; Wallace et al., 2007). Neighborhood processes can influence survival, recruitment, and growth of plant
species positively through facilitation (Wills et al., 1997)
or negatively by competition (Getzin et al., 2006; Gratzer
and Rai, 2004), and indirectly by specialist herbivores and
pathogens (Dobbertin et al., 2001; Gunton and Kunin, 2007;
Hyatt et al., 2003; Janzen, 1970; Peters, 2003). These processes together to regulate species coexistence (Pacala, 1989;
Peters, 2003; Volkov et al., 2005; Wills et al., 2006).
Field studies have demonstrated density dependence of
varying extents in diﬀerent species (e.g., He and Duncan,
2000; Hubbell and Foster, 1986; Kenkel, 1988; Peters, 2003;
Wills and Condit, 1999; Wills et al., 1997). However, it is still
unclear to what degree and spatial scale that density-dependent
interactions among species may play a role in plant populations, especially in diverse, mixed tree communities (Gunton
and Kunin, 2007; John et al., 2002). How prevalent is density dependence among trees? How does it change with spatial
scales? How does it influence species composition, density and
survival, and how is it in turn influenced by them? Wills and
Condit (1999) examined 100 common species in three permanent plots in tropical forest, and found that density-dependent
mortality was largely random after trees reached larger sizes.
Similar results were found by other researchers (e.g., Connell
et al., 1984; Harms et al., 2000; Hubbell et al., 1990). However, Peters (2003) investigated the roles of neighborhood
crowding on tree mortality in two tropical forest plots, and
suggested that density-dependent mortality may be important
even for very large trees. John et al. (2002) demonstrated that
mortality for trees of 1–10 cm DBH was negatively correlated
with conspecific density in a dry tropical forest which is moderately disturbed by human-induced dry-season grass fires,
while mortality for trees of > 10 cm DBH trees was positively
correlated. Hyatt et al. (2003) conducted a meta-analysis of
density dependence in 40 studies on seed and seedling predation, and concluded that there was no general support for density dependence. In Barro Colorado Island of Panama, Wills
et al. (1997) found that intraspecific eﬀects were stronger than
interspecific eﬀects. He and Duncan (2000) examined densitydependent eﬀects in an old-growth temperate forest in the Pacific Northwest and concluded that both intra- and interspecific
density-dependent mortality were important, with the intensity
changing with species. John et al. (2002) found that mortality
was largely unaﬀected by the basal area and abundance of heterospecific trees in a dry tropical forest.
Research about density dependence has largely been focused on exploring either the general mechanisms for tree
communities (e.g., Hubbell and Foster, 1986; Hyatt et al.,
2003; Peters, 2003; Wills and Condit, 1999; Wills et al., 1997)
or a few dominant species (e.g., Getzin et al., 2006; He and
Duncan, 2000). Few studies have investigated competition of
trees of diﬀerent growth forms. This is important because
the extent and spatial scale of the density-dependent eﬀect

2. METHODS
2.1. Study site
The study site is located in the Changbaishan (Mountain)
Nature Reserve along the border of China and North Korea extending from 127◦ 42 to 128◦ 17 E and 41◦ 43 to 42◦ 26 N.
The reserve was established in 1960 and is part of the World
Biosphere Reserve Network. The reserve is about 200 000 ha
and elevation ranges from 740 m to 2691 m. Five vegetation
zones can be identified: aspen-white birch (Populus davidiana
and Betula platyphylla) forest, broad-leaved Korean pine (Pinus koraiensis) mixed forest, spruce-fir (Picea jezoensis and
Abies nephrolepis) forest, subalpine birch (B. ermanii) forest,
and alpine tundra (Yang et al., 1985). The four forest vegetation zones are representative of temperate and boreal forests
found across northeastern China.
Our study site belongs to broad-leaved Korean pine mixed
forest, an old-growth, mixed temperate forest. It is the dominant vegetation type in northeastern China and well-known
for high species richness and unique species composition in
temperate forests (Yang and Xu, 2003). The climate is characterized by low temperate, high precipitation, and strong wind
with the prevailing direction of west-south-west (Yang et al.,
1985). Mean annual temperature is 3.3 ◦ C (January –16.5 ◦ C,
August 20.5 ◦ C). Mean annual precipitation is 671.9 mm/year,
most of which occurs between June and August. The soil is
classified as dark brown forest soil. The stand age is about
300 years. There is little human disturbance in the core zone
because Changbai Mountain was protected as the legendary
birthplace of the imperial family during the Qing Dynasty
(A.D.1644–1911), and as the national natural reserve at the
beginning of the 1960s. Vertical structure of the forest can be
identified. The canopy layer is 20–35 m tall, and the main
tree species are Korean pine, Amur linden (Tilia amurensis), Mongolian Oak (Quercus mongolica), Manchurian ash
(Fraxinus mandshurica), and Japanese elm (Ulmus japonica).
Main species of the midstory layer (10–20 m tall) include
Mono maple (Acer mono), Purplebloom maple (A. pseudosiebodianum), Manchustriple maple (A. tegmentosum), and
Amur maackia (Maackia Amurensis). Understory layer is below 10 m, includes Manchurian hazelnut (Corylus mandshurica), Barbedvein maple (A. barbinerve), and European
bird cherry (Prunus padus).
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2.2. Data collection
In 2004, a 25 ha (500 × 500 m) broad-leaved Korean pine
mixed forest plot was established. Following the field protocol
of the Center for Tropical Forest Science of the Smithsonian
Tropical Research Institute (Condit, 1998), the plot was divided into 625, 20 × 20 m subplots, and then each 20 × 20 m
subplot was divided into 16, 5 × 5 m quadrates. Our survey
was based on these quadrates. All living and dead trees with
diameters at breast height ≥ 1 cm were stem-mapped and identified to species. The total number of individuals in the census
was 45 384, including 38 902 living trees and 6 482 dead trees.
These individuals belong to 52 species, 32 genera, and 18 families (Hao et al., 2007).

2.3. Data analysis
To test the density-dependent eﬀects on tree survival, spatial patterns of pre-mortality (all living and dead trees) were
reconstructed using the slow decomposition rate of dead trees
in the plot (Getzin et al., 2006; He and Duncan, 2000; Kenkel,
1988). We chose 13 tree species that have at least 50 dead individuals with ≥ 1 cm DBH for the analysis (Tab. I). Fifty dead
trees were chosen to ensure a suﬃcient sample size for statistical analysis. The 13 selected species accounted for 93% of the
total abundance and for 94% of the total basal area. According
to their growth forms, the 13 tree species were divided into
3 groups, canopy species, midstory species, and understory
species independently. We tested if the diﬀerence of density
dependent eﬀects exists in diﬀerent growth forms.

2.3.1. Spatial pattern analysis
Pair-correlation function g(r) was used to analyze spatial
patterns of pre- and post-mortality based on point-to-point
distance (Stoyan and Stoyan, 1994; Wiegand and Moloney,
2004). g(r) = 1 indicates complete spatial randomness,
g(r) > 1 aggregation, while g(r) < 1 regularity. The method is
related to the widely used Ripley’s K function (Ripley, 1981)
and mark correlation functions (Stoyan and Stoyan, 1994).
Compared with Ripley’s K function, pair-correlation function
g(r) isolates specific distance classes by replacing the circles
used for calculation of Ripley’s K function with rings, and using the mean number of neighbors in a ring of radius r and ring
width around an individual (Wiegand and Moloney, 2004).
Thus it can analyze spatial patterns derived from ecological
processes more intuitively (Wiegand and Moloney, 2004).
To test the hypothesis of random mortality that spatial
distribution of pre-mortality does not diﬀer from that of
post-mortality, and the hypothesis that there is no diﬀerence
between the spatial patterns of each species belonging to different growth forms, complete spatial random (CSR), heterogeneous Poisson process, and random labeling null models
were chosen for these analyses (Getzin et al., 2006; Wiegand
and Moloney, 2004).

Analyzing the pattern of pre-mortality, we chose the basic null model by visualizing the stem distribution of diﬀerent
species first. CSR was chosen as the null model when there
is no clearly visible cluster in the pattern. If a pattern is heterogeneous (i.e. only distributed in some parts of the plot), a
heterogeneous Poisson process was chosen as the alternative
to CSR (Wiegand and Moloney, 2004). A univariate random
labeling null model was used to investigate whether the postmortality pattern of one species is a random subset of the entire
pre-mortality pattern of the species. If intraspecific competition leads to a more regular post-mortality pattern of surviving trees, conspecific negative density-dependent mortality is
confirmed. The test was conducted by computing the function
g11 (r) from the observed data, then randomly re-sampling sets
of dead trees from the pattern of pre-mortality to generate the
confidence limits.
Spatial point pattern analysis was computed using the gridbased software Programita (Wiegand and Moloney, 2004).
Ninety-nine Monte Carlo simulations were used to generate
the 99% confidence envelopes.

2.3.2. Neighborhood analysis

An individual-based approach was used to determine the
influence of several factors, including the basal area of focal
trees, con- and heterospecific neighborhoods, con- and heterospecific basal area, number of neighborhood species and elevation, on tree survival (He and Duncan, 2000; Peters, 2003).
Elevation for each individual was estimated based on each
20 × 20 m grid, using kriging interpolation implemented with
ARCGIS software. For each individual of the 13 species in the
plot, neighborhoods with radii of 5, 10, 15, and 20 m from the
focal tree were defined, and the values for each factor were calculated. Only those trees with a distance greater than or equal
to the neighborhood radius from the plot edges were included
in these analyses.
For each species and neighborhood size, multiple logistic
regressions were used to test for the relationship among tree
survival and the above-mentioned factors (He and Duncan,
2000). In order to reduce the possibility of reaching spurious
conclusions, the regression coeﬃcients from the real plot data
were compared with a set of regression coeﬃcients calculated
by the randomization approach of Mitchell-Olds (1987). The
randomization approach was carried out by constructing a series of randomized data sets in which the location of all trees
within each species was retained while reassigning the survival fate of each tree to a randomly selected individual of the
same species (Peters, 2003; Wills et al., 1997). Regression coeﬃcients were calculated for each randomized data set. The
randomization procedure was repeated 2000 times. Then, the
change in deviance from the real regression coeﬃcient was
calculated to determine the significance of the observed relationship.
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Betulaceae

Rosaceae

Oleaceae

Corylus mandshurica

Prunus padus

Syringa reticulata

Maackia amurensis

Aceraceae

Leguminosae

Acer tegmentosum

Acer barbinerve

Aceraceae

Aceraceae

Acer pseudo-sieboldianum

Ulmaceae

Fraxinus mandshurica

Aceraceae

Oleaceae

Quercus mongolica

Acer mono

Fagaceae

Tilia amurensis

Ulmus japonica

Pinaceae

Tiliaceae

Pinus koraiensis

Family

Species

Manchurian Lilac

European Bird Cherry

Manchurian Hazelnut

Barbedvein maple

Amur Maackia

Manchustriple maple

Purplebloom maple

Mono maple

Japanese elm

Manshurian ash

Mongolian Oak

Amur linden

Korean pine

Common name

SYRE

PRPA

COMA

ACBA

MAAM

ACTE

ACPS

ACMO

ULJA

FRMA

QUMO

TIAM

PIKO

Species code

Understory

Understory

Understory

Understory

Midstory

Midstory

Midstory

Midstory

Canopy

Canopy

Canopy

Canopy

Canopy

Growth form

1598

515

7834

3911

753

846

5984

6609

1109

681

926

2927

2468

Living trees

409

89

1676

1471

443

92

295

319

69

92

128

449

713

Dead trees

No. of Individuals

3.91

5.79

4.67

2.66

1.7

9.2

20.28

20.72

16.07

7.4

7.23

6.52

3.46

Living: Dead

3.77

4.85

1.73

2.30

10.53

4.62

6.14

7.45

14.14

47.94

41.25

31.27

32.58

Living trees

4.1**

7.12***

1.87***

2.26

8.76***

7.87***

8.97***

15***

26.48**

44.32

43.2

28.22**

33.55

Dead trees

Mean DBH (cm)

Table I. Basic structure of living and dead trees in a 25 ha broad-leaved Korean pine (Pinus koraiensis) mixed forest plot in Changbai Shan, China. Significance was tested between
DBH of living and dead trees using t-tests. Significance level: * P < 0.05, ** P < 0.01, *** P < 0.001.

Ann. For. Sci. 66 (2009) 204
J. Zhang et al.

Density dependence on tree survival

Ann. For. Sci. 66 (2009) 204

3. RESULTS
3.1. Composition and size structure
Understory species COMA, midstory species ACMO and
ACPS were the most abundant species in the plot (Tab. I),
while understory species COMA, ACBA, and canopy species
PIKO suﬀered most mortality. The number of dead trees of
4 understory species accounted for 58.4% of all dead trees. In
all species, the abundance of living trees was always greater
than that of their dead trees. This was particularly true for
ACMO, ACPS, and ULJA.
In a pooled analysis of all species, three size-class groups
showed diﬀerent patterns (Fig. 1). The relative proportion and
total abundance of living and dead trees of the canopy species
was uniform. However, the midstory and understory species
were mostly concentrated in the smallest size classes (≤ 10 cm
and ≤ 3 cm in DBH, respectively).
There were considerable diﬀerences among the mean DBH
of living and dead trees in the three growth forms (Tab. I). Nine
of the 13 abundant species have significantly larger DBH for
living trees than that of dead trees. The remaining four species
do not show diﬀerence in DBH between living and dead trees.
They are three canopy species (PIKO, QUMO, and FRMA)
and one understory species (ACBA).

3.2. Spatial pattern analysis
Canopy species PIKO, FRMA, and ULJA were strongly
aggregated at scales up to 50 m in pre-mortality, while random in post-mortality (Tab. II and Fig. 2). TIAM in premortality were mainly aggregated at scales ≤ 25 m, while
aggregated at scales ≤ 5 m and random at other scales in postmortality. QUMO were random at almost all scales either in
pre-mortality or in post-mortality.
To the midstory and understory species (Tab. II, Fig. 2),
6 species were mainly aggregated in pre-mortality, while other
2 species random. For post-mortality trees, 6 species were
mainly random in post-mortality, while PRPA and SYRE were
aggregated at small scales. Only ACMO was aggregated at
scales up to 50 m (Fig. 2), indicating evidence of positive
density-dependent mortality.

Figure 1. DBH distributions of living and dead trees for (a) the five
most abundant canopy species, (b) the four most abundant midstory
species, and (c) the four most abundant understory species.

3.3. Neighborhood eﬀects on tree survival
Basal area of focal trees (BA). Tree survival and BA were
significantly negatively correlated for 7 of the 13 species
(Tab. III). Three species had positive correlation with their survival. For canopy species, the survival of PIKO and ULJA decreased strongly with increasing BA, but the survival of TIAM
and FRMA increased. For midstory species, only MAAM
showed significant positive correlation, while other species
were negatively correlated. For understory species, the survival of COMA and SYRE decreased strongly with increasing BA.

Conspecific abundance (CA). There were very few significant relationships between the survival of canopy species and
CA (Tab. III). For midstory and understory species, tree survival generally increased with increasing CA at each neighborhood radius.
Heterospecific abundance (HA). No significant correlation
was found for 8 species at any neighborhood radius (Tab. III).
For canopy species, the survival of ULJA showed positive correlation at a radius of 5 m. For midstory species, only the
survival of ACPS had largely positive correlation with HA.
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Table II. Univariate analysis of the pre- and post-mortality patterns of the 13 species, using point pattern analysis method g(r). Some specific
examples can be found in Figure 2. In the table, “+/+” means aggregation of pre- and post-mortality, “r/+” means pre-mortality random vs.
post-mortality aggregation, “+/–” means pre-mortality aggregation vs. post-mortality regularity, etc. See Table 1 for species codes.

0–5

6–10

11–15

16–20

21–25

Canopy species
PIKO
TIAM
QUMO
FRMA
ULJA

+/r
+/+
r/–
+/r
+/r

+/r
+/r
r/r
+/r
+/r

+/r
+/r
r/r
+/r
+/r

+/r
+/r
r/r
+/r
+/r

+/r
+/r
r/r
+/r
+/r

Midstory species
ACMO
ACPS
ACTE
MAAM

+/+
+/r
+/r
r/r

+/+
+/r
+/r
r/+

+/+
+/+
+/r
r/r

+/+
+/r
+/r
r/+

Understory species
ACBA
COMA
PRPA
SYRE

+/r
+/r
+/+
+/+

+/r
+/r
+/r
r/+

+/r
+/r
+/+
–/r

+/r
+/r
+/r
r/r

For understory species, the survival of COMA was largely
negatively correlated with HA at radii of 10 m and 15 m, and
the survival of SYRE was positively correlated at each neighborhood radius.
Conspecific basal area (CB). Negative correlations between
tree survival and CB were found for 8 species, and the extent
of the correlations varied with species and neighborhood distances. The survival of 3 canopy species, 2 midstory species,
and 2 understory species decreased strongly with increasing
CB at some neighborhood distances (Tab. III). Intraspecific
competition of most canopy species mainly depended on the
basal area, not the abundance, while conspecific basal area and
abundance of most midstory and understory species played opposite roles to intraspecific competition.
Heterospecific basal area (HB). As with heterospecific
abundance, HB was non-significantly correlated with the survival of most species (Tab. III), implying that interspecific
competition was weak for most species.
Number of species (SP). There were very few significant
correlations between tree survival and SP (Tab. III). Specifically, the survival of MAAM, COMA, and SYRE were positively correlated with SP at some neighbor distances.
Elevation (ELEV). The correlations between tree survival
and elevation varied among species. No significant correlation
can be found among the growth form and neighborhood distances.

Scale (m)
26–30

31–35

36–40

41–45

46–50

+/r
r/r
r/r
+/r
+/r

+/r
r/r
r/r
+/+
+/r

+/r
r/r
r/r
+/r
+/r

+/r
r/r
r/r
+/r
+/r

+/r
+/r
r/r
+/r
+/r

+/+
+/r
+/r
r/r

+/+
+/r
r/+
r/+

+/+
+/r
r/r
r/+

+/+
+/r
–/r
r/r

+/+
+/r
–/+
r/+

+/+
+/r
r/r
r/r

+/r
r/+
+/r
r/r

+/r
–/+
r/r
r/r

+/r
r/r
–/r
r/–

+/r
r/r
–/r
r/–

+/r
r/r
–/r
r/r

+/r
–/r
–/r
r/–

4. DISCUSSION
Spatial pattern analysis of pre- and post-mortality has been
used to analyze density dependence on tree survival in forests
for a long time (Duncan, 1991; He and Duncan, 2000; Kenkel,
1988). Density-independent tree survival or the random mortality hypothesis predicts that the spatial patterns of postmortality of surviving trees would remain unchanged if individuals in a community have the same probability of mortality
(Getzin et al., 2006). In contrast, if the post-mortality patterns
become more regular than the pre-mortality pattern, conspecific density dependence on tree survival is validated. This hypothesis was not only tested in even-aged, monoculture stands
(Kenkel, 1988; Newton and Jolliﬀe, 1998), but also in unevenaged, mixed forests (Duncan, 1991; Getzin et al., 2006; He
and Duncan, 2000). About three-quarter of these cases showed
that mortality was not random in space, indicating strong intraspecific competition (Silvertown and Charlesworth, 2001).
In our study, pre-mortality patterns of the common species
were mostly aggregated which indicated strong intraspecific
competition as well. Furthermore, the pre-mortality patterns
of canopy species were more aggregated than that of midstory
and understory species. Similar results have been reported in
many other studies (e.g., Condit et al., 2000; Salas et al., 2006).
Many factors, such as limited seed dispersal (Connell et al.,
1984; Grubb, 1977; Harms et al., 2000), and environmental
heterogeneity (King et al., 2006; Koukoulas and Blackburn,
2005), have contributed to these patterns. On the other hand,
post-mortality patterns of 3 of 5 canopy species and 3 of 8 midstory and understory species were random in mortality. Only
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Pre-mortality

(A) PIKO Clumped

Post-mortality

(B) PIKO Random

Pre-mortality

(C) ACMO Clumped

Post-mortality

(D) ACMO Clumped

Pre-mortality

(E) ACBA Clumped

Post-mortality

(F) ACBA Random

4

g(r)

3

2

1

0
5

4

g(r)

3

2

1

0
5

4

g(r)

3

2

1

0

0

10

20

30

40

50

0

Scale (m)

10

20

30

40

50

Scale (m)

Figure 2. Univariate analysis of the pre- and post-mortality patterns of the 13 species, using point pattern analysis method g(r). The results of
three species are shown as examples. Complete spatial random or heterogeneous Poisson process was used for pre-mortality patterns. Univariate
random labeling null model was used to investigate whether the post-mortality pattern is a random subset of the pre-mortality pattern of the
species. Conspecific negative density-dependent mortality is confirmed if intraspecific competition leads to a more regular post-mortality pattern
of surviving trees. The test was conducted by computing the function g11 (r) from the observed data, then randomly re-sampling sets of dead
trees from the pattern of pre-mortality to generate the confidence limits. Ninety-nine Monte Carlo simulations were used to generate the 99%
confidence envelopes. Black solid lines indicate g(r); thin dashed lines indicate the confidence envelope of the null model. Points above the
upper envelope indicate aggregated; points below the lower envelope indicate regular. See Table I for species codes.

canopy species QUMO showed strong density dependence on
the tree survival in the forest. Therefore, conspecific density
dependence on tree survival can not be captured in the forest
using the spatial point pattern analysis. Five of eight midstory
and understory species showed significant positive density dependence on tree survival. We conclude that the factors resulting in clumping, such as limited seed dispersal and abiotic factors, may have played much more important roles than limited
intraspecific density dependence in causing the clumping.
Neighborhood analysis gives us much information about
density dependence on tree survival because it considers im-

portant factors which indicate density-dependent eﬀects, such
as intra- and interspecific basal area, the number of species,
and environmental factors (He and Duncan, 2000; Hubbell and
Foster, 1986). Of the 13 most common species of our study
plot, negative correlations between the survival of 9 species
and the basal area of focal trees indicated that there were
strong intra- and/or interspecific competition among large
trees in the forest. Similar results were found when spatial associations of these species were analyzed between diﬀerent
size-class trees in the plot (Hao et al., 2007). Intraspecific density dependence on tree survival showed similar correlations
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Table III. Neighborhood eﬀect on the survival of the 13 species. The
table entries are results of logistic regression with 7 predictor variables at four neighborhood radii. The 7 predictor variables are basal
area of the focal tree (BA), conspecific abundance (CA), heterospecific abundance (HA), conspecific basal area (CB), heterospecific
basal area (HB), number of species (SP), and the elevation (ELEV).
A predictor is not shown if it is not significant at any radii. Nonsignificant correlations between tree survival and these variables are
indicated by “0”. The signs “+”, “++” and “+++” indicate significant
positive correlations at α-levels 0.05, 0.01 and 0.001, respectively.
Similarly, “–” indicate negative correlations.

Table III. Continued.
Target species
COMA

Predictor variable

5m

10 m

15 m

20 m

BA
CA
HA
CB
HB
SP
ELEV

–––
+++
0
0
0
0
–

–––
+++
0
0
+
++
–

–––
++
––
––
0
++
0

–––
+++
––
––
0
+++
0

+

0

0

0

––
+++
+
0
0
+++

––
+++
+
––
0
+++

––
+++
+
0
0
+++

–
+++
+
0
++
+++

PRPA
Target species
PIKO

Predictor variable

5m

10 m

15 m

20 m

CA
SYRE

BA
CB
HB
ELEV

–––
0
++
–

–––
0
0
–

–––
–––
–
0

–––
–
––
0

BA
CB
ELEV

++
–
++

++
––
+

++
0
0

++
0
0

CA

––

0

0

0

BA
HA
CB
HB

0
0
–
0

+
–
–
–

+
–
––
–

0
–
0
––

BA
HA
HB
SP
ELEV

–––
+
0
–
+

–––
0
–
0
0

–––
0
–
0
+

–––
0
0
0
+

BA
CA
CB
ELEV

–––
+++
–––
–––

–––
+++
–
––

–––
+++
0
–

–––
+++
0
0

BA
CA
HA
CB
ELEV

–––
0
0
–
+

–––
0
++
0
0

–––
+
+++
0
0

–––
0
++
0
0

BA
CA

–––
0

–––
+

–––
+

–––
+

BA
CA
CB
HB
SP
ELEV

+++
+
0
–
0
–––

++
++
––
–
+
–

+++
+
–
0
0
––

++
0
–
0
0
––

CA
ELEV

+++
–––

++
––

+
––

+
––

BA
CA
HA
CB
SP
ELEV

TIAM

QUMO
FRMA

ULJA

ACMO

ACPS

ACTE

MAAM

ACBA

with conspecific abundance as to the spatial pattern analysis. There was no significant correlation for canopy species,
while mostly positive correlations for midstory and understory
species existed. However, the correlations between tree survival and conspecific basal area were mostly negative, indicating strong intraspecific competition for most species in the
forest. Therefore, tree size may have contributed more to intraspecific competition than tree population density. Similar
results were also found in some tropical forest plots. Wills
et al. (1997) examined density dependence in the 50 ha BCI
moist tropical forest plot, and found that strong, intra-specific
density-dependent eﬀects on survival could regulate populations. In contrast, there was no strong interspecific density dependence found in the forest. The result was similar with that
of John et al. (2002) in a 50 ha dry tropical forest plot in Mudumalai, India. In addition, elevation was also a non-negligible
variable for tree survival. Tree survival of 9 species was correlated with elevation. The correlations for canopy species were
much lower than that for midstory and understory species, indicating that canopy species perhaps have broad niches for
their survival (Hao et al., 2007; Xu, 2001).
In summary, the results of this study on an old-growth
temperate forest suggest that density-dependent tree survival
and relevant intra- and interspecific competition contribute to
the regulation of tree populations in the forest. For most of
common species, negative density-dependent mortality was
rejected when trees exceeded 1 cm DBH. Generally, intraspecific competition was much stronger than interspecific competition for understory and midstory species. We emphasize
that density dependence on tree survival changed with growth
forms. Potential confounding factors, such as light and soil
moisture, should be considered in studies that seek evidence
for density dependence (He and Duncan, 2000). Meanwhile,
there are still many questions lacking definitive answers. For
example, little is known about the long-term eﬀects of density dependence on tree establishment and survival in the temperate forest. Some studies in tropical and temperate forests
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suggested that density-dependent tree survival had its greatest impact on the earliest stages of plant establishment because of high susceptibility to herbivores, pathogens, and abiotic stresses (Dobbertin et al., 2001; Harms et al., 2000; Hyatt
et al., 2003). Future studies will examine these environmental factors that have generated the patterns with sound experimental designs and long-term monitoring data. Such studies
are a critical next step in understanding these roles of densitydependent tree survival in temperate forest communities.
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