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the g-function to determine the size of the tree at its death. 
The results indicate that the spatial patterns at the 0–50 m 
scale shifted gradually from an aggregated to a random 
pattern. For some species, the larger coarse debris might 
change from an aggregated to a random distribution more 
easily. Given the importance of coarse woody debris in for-
est ecosystems, its composition and patterns can improve 
understanding of community structure and dynamics. The 
aggregation pattern might be due to density dependence and 
self-thinning effects, as well as by succession and mortality. 
The four dominant species across the different size classes 
showed distinct aggregated distribution features at different 
spatial scales. This suggests a correlation between the domi-
nant species population, size class, and aggregated distribu-
tion of coarse woody debris.

Keywords  Tree mortality · Diversity · Size class · Forest 
dynamic plot

Introduction

Tree mortality is an important ecological process (Bin et al. 
2011) and results in coarse woody debris (CWD) in various 
stages of decomposition, including fresh and rotting logs, 
snags, stumps, and large branches. Information on CWD 
can illustrate structural and functional components of forest 
ecosystems (Harmon et al. 1986; Spies et al. 1988). CWD 
has crucial roles in providing habitats for plants, animals, 
and fungi, in nutrient cycling and long-term carbon storage, 
species regeneration, and the maintenance of environmental 
heterogeneity and biological diversity (Harmon et al. 1986; 
Franklin 1991; Bunnell and Houde 2010; Stokland et al. 
2012; Dittrich et al. 2014; Köster et al. 2015).

Abstract  Stocking and structural composition of a decidu-
ous broad-leaved forest were determined to predict coarse 
woody debris quantity by quantifying the empirical rela-
tionships between these two attributes. The most ecologi-
cally significant families by stem density were Salicaceae, 
Betulaceae, Fagaceae, and Aceraceae. Populus davidiana 
was the most dominant species followed by Betula dahu-
rica, Quercus mongolica, and Acer mono. The four species 
accounted for 69.5% of total stems. Numerous small-diam-
eter species characterized the coarse woody debris show-
ing a reversed J-shaped distribution. The coarse debris of P. 
davidiana, B. dahurica, and Q. mongolica mainly comprised 
the 10–20 cm size class, whereas A. mono debris was mainly 
in the 5–10 cm size class. The spatial patterns of different 
size classes of coarse woody debris were analyzed using 
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Species composition is the basis of community structure 
and helps to understand the long-term effects, development, 
and evolution of plant status in an area. Community struc-
ture reflects the heterogeneity of plant distribution in hori-
zontal and vertical directions, and the spatial distribution of 
species reveals past ecological processes of the species and 
the maintenance mechanisms of species diversity. Similarly, 
knowing the composition, structure, and distribution pat-
terns of coarse woody debris could provide information on 
the size of trees at mortality, their age, configuration, and 
species differences to better understand community dynam-
ics and species maintenance mechanisms.

Since the establishment of the first large-scale forest 
dynamic plot (FDP) on Barro Colorado Island in Panama in 
1980 (Ma 2008), there have been 20 fixed monitoring plots 
established in 15 countries and regions. The species com-
positions are high in FDPs, resulting in a large data set that 
can help understand the changes and impacts of biodiversity 
and the coexistence mechanisms of species. Community spe-
cies composition, structure, and distribution in FDPs reveal 
information about zonal vegetation succession that can guide 
development of plans for biodiversity conservation. Over the 
past decade, several studies have related CWD characteris-
tics with forest succession, community composition, nutrient 
cycling, and forest management (Idol et al. 2001; Montes 
and Cañellas 2006; Woodall and Nagel 2006; Sefidi et al. 
2008). In addition, current knowledge regarding CWD and 
the associated underlying mechanisms in communities is 
mainly from tropical and subtropical forests. There is a lack 
of research on the distribution and abundance of CWD in 
temperate forests, particularly in northern China. The eco-
nomic development of these forests has resulted in signifi-
cant ecological damage. Only remnant old-growth forests 
remain, and most forest cover is secondary growth on previ-
ously forested land that has recovered from anthropogenic 
disturbances. Therefore, understanding the relation between 
CWD and its formative factors is important to understand-
ing succession history and improving the conservation of 
secondary forests.

In this study, our objectives were to: (1) understand the 
characteristics of CWD species composition and diversity; 
(2) examine CWD structure; (3) determine the spatial dis-
tribution of CWD; and (4) analyze factors affecting CWD 
accumulation in warm temperate, deciduous broad-leaved 
secondary forests. We also discuss the implications of our 
results for predicting CWD and outline the need for future 
studies.

Methods and study site

The Dongling Mountains, hereinafter referred to as the 
Dongling Mountain plot or DLM (Fig. 1) are located in 

the center of the Beijing Xiaolongmen Forest Park Reserve 
(115° 26′ E, 40° 00′ N) The vegetation exhibits the features 
of warm temperate, deciduous broad-leaved forests, and 
the community structure is relatively complex. It is one of 
the first sites selected for study in China’s warm temper-
ate regions and has a warm temperate continental monsoon 
climate with four distinct seasons, with a mean annual 
temperature of 4.8 °C, an average July (hottest) tempera-
ture of 18.3 °C and an average January (coldest) tempera-
ture of  − 10.1 °C. The annual frost-free period is approxi-
mately 195 days and annual sunshine is 2,600 h. Within 
the study area, annual precipitation is 500–650 mm, and 
occurs mainly during June, July and August, accounting for 
approximately 78% of annual precipitation. The parent soil 
material is mountain brown soil. The vegetation is typical 
warm temperate, deciduous broad-leaved secondary forest 
with excellent community structure (Dai et al. 2018). The 
tree species of the DLM plot consist of Quercus mongolica, 
Betula dahurica, Acer mono, Populus davidiana, and Betula 
platyphylla, accompanied by Fraxinus rhynchophylla, Jug-
lans mandshurica, Sorbus discolor, Tilia mongolica, and 
Ulmus macrocarpa. Shrub communities mainly include 
Syringa pubescens, Abelia biflora, Corylus mandshurica, 
Deutzia parviflora, and Rhododendron micranthum.

Data collection

The 20-ha plot was divided into 10 m × 10 m subplots using 
the coordinates of the northwest corner as the origin, result-
ing in 500 subplots. For each subplot, species, height, diam-
eter at breast height (DBH ≥ 1 cm), and coordinates of all 

Fig. 1   Elevation at the 20-ha plot in Dongling Mountains
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live woody species were recorded. Data collection was com-
pleted in 2010 (Liu et al. 2011).

In 2016, based on the 2010 data set, we further recorded 
DBH, length and coordinates of any dead trees with 
DBH ≥ 5 cm, and the decay class.

Statistical methodology

To determine species richness, the lists of woody species for 
each subplot were pooled. A species-area curve of the 20-ha 
plot, began with the original base point as the unit; the sam-
pling area was gradually enlarged to encompass more tree 
species, calculated as a nest square shape based on combin-
ing and expanding samples, resulting in a species-area curve. 
A rank abundance curve was plotted as the abundance of 
each species against the rank of each species (Zhang et al. 
2012).

To analyze the spatial point patterns of CWD, the univari-
ate version of the pair correlation function g(r) (Eq. 2) was 
used to interpret the coordinate data (Diggle 1983; Wiegand 
and Moloney 2010). The function g(r) is derived from Rip-
ley’s K function (Eq. 1) (Loosmore and Ford 2006).

where, A is the plot area, n the total number of individuals 
in the plot, and Uij the distance between two points i and j. 
When the distance u between the individuals i and j is u ≤ r, 
Ir(u) is 1, otherwise it is 0; Wij is the proportion of the area 
of the circle with center is i and radius is dij in the area A.

The g function was computed using the Spatstat pack-
age in R (Baddeley and Rubak 2015). The distances used to 
calculate the g function ranged from 0 to 50 m. The maxi-
mum value of r was 50 m or half of each 100 m × 100 m 
plot, following Salas et al. (2006), Zhang et al. (2009a), and 
Kazempour et al. (2018). In addition, the 99 Monte Carlo 
simulation method was used to develop a 99% confidence 
interval envelope (Zhang et al. (2009b), Lu et al. 2015). 
The result corresponded to complete spatial randomness if 
g(r) = 1, aggregation at a distance of r if g(r) > 1, and regular 
distribution if g(r) < 1 (Bivand et al. 2013).

(1)K(r) =
A

n2
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Results

CWD compositional diversity

CWD richness

We counted 7,137 stems (357 stems ha–1) in the CWD ≥ 5 cm 
size class within the 20-ha plot, identified them to species 
level (7,075 individuals, 99.1%). These represented 33 spe-
cies of 25 genera and 15 families. There were 32 morphospe-
cies (ones based entirely on morphological features). With 
the exception of one gymnosperm (Larix principis-ruppre-
chtii Mayr), all the other woody species were dicotyledons.

Table 1 lists the number of species in the four richest 
families. The most dominant families ranked in descending 
order as Salicaceae, Betulaceae, Fagaceae, and Aceraceae, 
with the relative density of the most dominant family being 
31.7%, and the least dominant being 13.4%. At the species 
level, the most abundant species in descending order were P. 
davidiana, B. dahurica, Q. mongolica, and A. mono. These 
were distributed throughout the plot, collectively contribut-
ing 69.5% to the total number of species.

The species-abundance pattern showed that a few spe-
cies contributed significantly and were dominant (> 1000 
individuals) in the 20-ha plot (Fig. 2). The sum of ranks 1 
through 4 was 4960 individuals, accounting for 69.5% of 
the total. From ranks 5 to 10, the curve had a shallow gra-
dient, with the top 10 species accounting for 90% of the 
total. Among the 33 species, nine (1%) had < 20 individuals 
(< 1 ind. ha–1), and two were represented by only a single 
individual.

The plot of the number of species was compared against 
the number of trees predicted by Eq. 3:

(3)S = � ln (1 + N∕�)

Table 1   Top four families and species in the 20-ha plot in the 
Dongling Mountains

CWD families Stems (ha−1) Relative density (%)

Salicaceae 2194 31.7
Betulaceae 1443 20.2
Fagaceae 1015 14.2
Aceraceae 958 13.4
Other 1527 20.4
CWD dominant species Stems Relative density (%)
Populus davidiana 1898 26.6
Betula dahurica 1089 15.3
Quercus mongolica 1015 14.2
Acer mono 958 13.4
Other 2177 30.5
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The number of species increased rapidly until the incline 
plot area reached 3.36 ha, when ~ 80% of the species had 
been accumulated (Fig. 3). The curve plateaued after sam-
pling 5.0 ha and approached an asymptote. Few species 
(10%) were added after sampling 7.48 ha. 

CWD structure

The CWD size class structure showed that sizes ˂ 40 cm had 
reversed J-shaped curves (Fig. 4). There was a decrease in 
abundance with increasing size class, although the inverse 
J-shaped curve indicated a steep decline in numbers with 
increasing size. The CWD distribution of the size classes 
showed that size class sc1 (5 ≤ sc1 < 10 cm) accounted for 
more than 42%, most individual coarse debris species were 
size class sc2 (10 ≤ sc1 < 20 cm), accounting for 49%, and 
those in size class sc3 (≥ 20 cm) accounted for 9% (Fig. 5).

Analysis of the diameter structure of the major dead spe-
cies (Fig. 5) showed that P. davidiana, B. dahurica and Q. 
mongolica accounted for most of the intermediate class sc2 
(≥ 10 cm), whereas A. mono was concentrated in the sc1 
(5-cm size class). P. davidiana had the most individuals and 
thus, the impact of its dead wood on the community is larger 
than other species.

Spatial distribution

In the different size classes of a population, the distribution 
pattern varies over time. The g-function of a point pattern 
analyzes the variations in distribution patterns of tree spe-
cies in different size classes. Our results showed that for 
three size classes, almost all species were clustered between 
0 and 50 m, whereas with an increasing scale, the degree 
of clustering declined and became a random distribution 
(“Appendix” Fig. 6). No species had a regular distribution 
pattern under the CSR null model. In contrast, the degree 
of overall aggregation decreased gradually with increasing 
size class at the 0 to 50 m scale (“Appendix” Fig. 6), with 
the larger stems more randomly distributed.

P. davidiana and A. mono were mainly in the middle 
and southeast of the plot, B. dahurica in the corners, and 
Q. mongolica, common in secondary broad-leaf forests, 

Fig. 2   Species-abundance curve for the Dongling Mountains Forest 
Dynamic Plot

Fig. 3   Species-area curve for the 20-ha Donglings Mountains Forest 
Dynamics Plot

Fig. 4   Size class distribution for CWD in Dongling Mountains 20-ha 
plot

Fig. 5   Dominant species by CWD size class in the 20-ha plot in the 
Dongling Mountains
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was throughout the plot except on the top of the mountain 
(“Appendix” Fig. 7). The spatial distribution of the same 
species in different size classes followed a clear pattern, 
with the exception of a shift in distribution from aggregation 
to random with increasing size class. The CWD of small-
diameter species was mostly clumped from 0 to 50 m. The 
intermediate size class was randomly distributed with the 
exception of B. dahurica. The four dominant species were 
all significantly randomly distributed. Thus, the larger coarse 
woody debris size classes transitioned from an aggregated 
to a random distribution more easily, compared with smaller 
size classes.

Discussion

Given the numerous functions of coarse woody debris in 
terrestrial systems (Harmon et al. 1986), understanding its 
dynamics, distribution, and species identity in forest man-
agement is important. If woody debris is to be managed for 
the maintenance of biodiversity and/or to maintain certain 
stand structural characteristics or attributes, factors influenc-
ing CWD distribution and dynamics need to be identified. 
However, such an understanding is difficult because of the 
multitude of factors simultaneously influencing the input and 
decay of CWD.

Forest composition is the foundation of research into 
many forestry and forest ecology-related issues, and is a 
basic characteristic of forest ecological systems. CWD is 
an important element in forest functioning and productiv-
ity (Janisch and Harmon 2002; Laiho and Prescott 2004), 
although little is known about the compositional diversity 
of CWD.

The abundance of coarse woody debris is a reflection of 
the composition and structural characteristics of stands, and 
tree species composition affects CWD diversity because it 
influences stand productivity and structure (Brassard and 
Chen 2008). Highly productive stands have more diverse tree 
species and consequently, more diverse CWD composition 
compared with stands with low productivity. For example, 
the low levels of deciduous coarse debris in boreal forests is 
explained by the low number of deciduous species (Knee-
shaw et al. 2011).

CWD richness

The mean density of CWD in our forest dynamic plot forest 
was 357 ind. ha–1, compared to an average of 405 ind. ha–1 in 
a Nothofagus-Araucaria mixed forest in Rucachoroy, Argen-
tina (Szymañski et al. 2016). In a temperate deciduous forest 
in Iran, the amount of deadwood was 462 ind. ha–1 (Mataji 
et al. 2014). In the current study, we found low amounts of 
CWD, which differs from what was expected in the FDP. 

In other plots, fire, windthrow and dieback resulting from 
insect outbreaks can result in high levels of CWD. In the 
Dongling Mountains plot, the low volumes of coarse woody 
debris can be explained by the general attributes of second-
ary forests; trees are relatively young and there is a lack 
of large dead ones. In addition, quantities of CWD depend 
on other factors such as geographical location and forest 
management (Stevenson et al. 2006; Woodall and Liknes 
2008). Our study area was subject to considerable human 
interference as dead wood was collected for fuel and as raw 
material for manufacturing.

In the Dongling Mountains FDP, there was no correla-
tion between the number of standing trees and CWD at the 
family level. Species of the Rosaceae, Salicaceae, and Betu-
laceae were common both as living and dead trees. There 
was no similarity between the deadwood of Caprifoliaceae 
and Saxifragaceae in terms of their impact on tree diversity; 
this might be related to their unique life histories and the 
ecological niches they occupy (Iida et al. 2011). Individu-
als of Abelia biflora, Syringa pubescensand Corylus mand-
shurica were significantly more abundant than were those 
of other species, but this was not the case for species rich-
ness as reflected in the CWD. Many species of these two 
families are small shrubs, characterized by fast growth and 
great abundance, and are in the shrub layer, requiring low 
resource levels to support their growth. The densities of spe-
cies including Populus davidiana, Betula dahurica, Fraxi-
nus rhynchophylla, and Quercus mongolica were reflected 
in the coarse woody debris because they are pioneer and 
dominant species and because of their reproductive strate-
gies and status in succession. Pioneer species, such as P. 
davidiana, have initially high survival and rapid growth 
rates, but with succession, pioneer species gradually become 
fewer in number and form most of the CWD. The warm 
temperate deciduous broad-leaved forest in the Dongling 
Mountains plot is secondary vegetation that has successfully 
established in an area that was previously forested. When 
interpreting species-area curves, it should be noted that the 
study area was a 20-ha plot. Large study areas include more 
spatial and environmental heterogeneity, which can result 
in biases when comparing results with those from smaller 
study areas (Collins and Simberloff 2009), and can lead to 
over- or under-estimates of CWD diversity. In the current 
study, the number of species sharply increased initially with 
increasing area, and then slowly and gradually increased, 
resulting in relatively smooth species-area curves, especially 
for the total area. This is an indication that the sample sizes 
were sufficient and the plot area adequately represented the 
species composition of the vegetation.
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CWD structure

The spatial patterns of deadwood in each species diameter 
class were different and they reflect the relationship between 
growth and the environment. The diameter structure of dead-
wood can explain the driving forces of forest development, 
predict directions of succession, and reveal age variations 
of the population. In the current study, stems in the < 20 cm 
size class accounted for 91% of CWD, which is similar to 
that reported for a mountain beech forest in New Zealand 
(Coomes and Allen 2010). Our result is also consistent with 
the distribution of deadwood size structure in Changbai 
Mountain broad-leaved Korean pine forests, Badagongshan 
evergreen broad-leaved forests, and Nonggang Kasht sea-
sonal rain forests (Wang et al. 2011, 2014; Lu et al. 2015).

Species composition of CWD varied by size class. Mor-
tality rate decreased with increasing diameter because large 
trees were more resistant to environmental pressures com-
pared with smaller trees.

Spatial distribution

There was a close relationship between the spatial patterns 
of species and ecological processes. The study of popula-
tion patterns can not only describe the population structure 
but also explain the causes of the pattern and clarify the 
dynamics of populations and communities. Given that pat-
terns in the size classes of CWD vary (Iida et al. 2011), the 
study of the class structure of fallen trees can reveal cases 
of ‘success-driven death’ (Bond Lamberty et al. 2014). In 
the current study, the spatial pattern of coarse woody debris 
was on a scale of 0–50 m. The analysis of the distribution 

of three size classes (≥ 5; ≥ 10; ≥ 20) of all species revealed 
an aggregated distribution that became more random as the 
scale increased. These results are consistent with research 
on the distribution patterns of dead trees in the Badagong 
Mountains of Hunan Province, China, which showed that 
small woody debris tended to be aggregated, whereas larger 
CWD was more randomly distributed (Lu et al. 2015). Our 
results are also similar to those reported for aging European 
Picea abies (L.) H. Karst forests (Fraver et al. 2008) and in 
Arizona, USA. The aggregation pattern of CWD might be 
the results of density and self-thinning but might also result 
from succession and natural death.

There was no obvious pattern to the spatial distributions 
of CWD species in different size classes because of the 
impact of growth, survival and competition between spe-
cies in different microenvironment conditions (Frelich et al. 
1993; Gong et al. 2013). Thus, the type of species was not 
the key factor restricting the spatial distribution patterns of 
tree species in our study plot. However, the four most domi-
nant species across the size classes showed distinct aggre-
gated distribution features at different scales. This suggests 
a correlation between the dominant species population, size 
class, and aggregated distribution of coarse woody debris.
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Appendix 1

See Fig. 6.
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Appendix 2

See Fig. 7.

Fig. 6   Spatial distribution 
patterns of dead wood spe-
cies in different size class. a: 
5 ≤ SC < 10; b: 10 ≤ SC < 20 cm; 
c: SC ≥ 20 cm
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Fig. 7   Spatial distribution 
maps of four dominant canopy 
species in the 20-ha plot of 
the Dongling Mountains. 
Square: SC ≥ 20 cm; Circle: 
10 ≤ SC < 20 cm; Traingle: 
5 ≤ SC < 10
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