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Abstract: Due to climate change, subtropical forests are increasingly exposed to severe disturbance,
which may lead to increased tree mortality. To date, previous research has not sufficiently studied the
deadwood biomass within forests over large study plots. To address this research gap, we calculated
the deadwood biomass within a 20 hectare (ha) permanent old-growth forest plot in southern China
during two censuses and assessed the factors contributing to it. The deadwood biomass was estimated
by applying allometric regression equations. There was a total of 11,283 (22.4%) dead individuals in
the study plot. Most of these dead trees had very small diameters (1–10 cm). The spatial distribution
of the dead individuals differed across subplots and was determined by biotic and abiotic factors.
The deadwood biomass storage was 142.5 ton (t) in our study plot. Small (DBH: 0–30 cm) and
medium trees (DBH: 30–50 cm) were the largest contributors (54.9% and 30.7%) to deadwood biomass
storage. Three dominant tree species contributed 64.8% of the deadwood biomass storage, and
the deadwood biomass of 38 tree species was less than 1 t ha−1. Finally, the deadwood biomass
was determined by breast diameter and the number of dead individuals, which was influenced by
neighboring individuals and environmental factors. This study provides a detailed assessment of
the patterns of the deadwood biomass in a subtropical forest and underscores the importance of
including community characteristics and abiotic factors (e.g., topography) into research on forest
ecosystem carbon. The results of this research provide valuable information that can deepen the
understanding of the contribution of subtropical forests to the global carbon cycle and that can be
used to improve forest protection and planning strategies.

Keywords: deadwood; forest biomass; abiotic and biotic factors; South China

1. Introduction

Forests are the largest carbon pool in the terrestrial ecosystem and play a central role
in regional and global carbon cycles. They absorb carbon in the process of substitution,
and they function as carbon sources when human or natural interference causes forest
destruction or degradation [1]. It is estimated that about 50% of all organic carbon is
stored in forest ecosystems [2]. Although global forest carbon storage levels have remained
relatively stable, changes in forest ecosystems can have a profound impact on the global
carbon balance [3]. Therefore, an accurate assessment of forest carbon storage in different
climatic regions is essential to understand global and regional carbon budgets. In recent
decades, researchers have increasingly sought to quantify the carbon storage of forest
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ecosystems [4,5]. However, most previous studies have examined small areas and gen-
erated large sampling errors, and they may not be representative or provide an accurate
description of the actual carbon pool investigated. In China, there have been few studies
on subtropical forests and changes in the biomass of large dry trees, and most have been
based on small study areas. This lack of extensive research hinders our understanding of
the carbon cycle [6]. It is, therefore, necessary to conduct assessments in larger sample areas
in order to better quantify the biomass and carbon storage of ancient subtropical forests.
Further, measurements of the soil can improve our understanding of deadwood biomass
changes under natural conditions.

Tree mortality may cause changes in species, the forest structure, the nutrient cycle, or
the biomass accumulation rate [7]. Understanding tree mortality is the basis for predicting
forest dynamics because tree mortality is the main determining factor in a tree growth
system [8,9]. However, few studies have evaluated the population and geographical
structure of the dry wood biomass in subtropical forests in southern China or the impact of
the biological and abiotic factors affecting it.

External factors, such as climate, biodiversity, terrain, and the extent of human ac-
tivities and natural disturbances, affect deadwood biomass and its distribution in forest
ecosystems [10,11]. The relationship between deadwood biomass and the factors that
affect it is important in understanding the impact of the short-term fluctuations of carbon
resources in forest ecosystems; therefore, it is of particular interest for forest carbon pool
research [12]. However, important issues such as (1) the local variability of deadwood
biomass and (2) the proportion of and variation in deadwood species in ancient subtropical
forests in southern China have so far been understudied. Previous research indicates that
more data are needed to better understand the carbon storage potential of old-growth
forests. This is especially because different forest ecosystems vary in terms of internal
productivity dynamics, which suggests that there is no common trend among different
forest ecosystems [13].

Over the past few decades, the role of dead trees in forest ecosystems has been
widely studied, and the monitoring of and research on this resource have also expanded.
Dead branches and leaves (DWD) are the main components in the functioning of forest
ecosystems [14]. They play an important role in carbon storage, affect nutrient cycles,
promote tree regeneration, and have become a habitat for plants and animals [15]. Therefore,
the quantification of small- and medium-sized dry wood and fallen wood is crucial for
assessing forest carbon dynamics. Field measurements provide a detailed assessment
of vertical and horizontal biomass structures and are considered the best method [16].
Field surveys are needed to assess the geographical distribution of DWD in forests, and
large-scale sampling is often used to estimate total biomass by measuring the diameter of
all dead and fallen wood fragments in the test area [17]. Studies on biomass have been
conducted in most of the world’s forests; however, to the best of our knowledge, there are
no available data on the deadwood biomass in the subtropical forests in southern China.

In general, the carbon dioxide of old-growth stands can be quantified, and the upper
limit of the carbon reserves of similar forests can be reasonably estimated. Traditionally,
old-growth stands have been considered to be jumping ecosystems, meaning that forests in
similar climatic conditions and interference reach older growth stages at about the same
age [18,19]. Carbon accumulation models assume that carbon densities in old-growth
forests are relatively high [20]. However, additional studies on old-growth forests in this
area provide an opportunity to empirically assess the upper limit of carbon reserves. Global
environmental change may have an increasing impact on carbon dioxide resources in the
primeval forest. This study utilizes a spatial model to investigate the old-growth tree
biomass in a 20 hectare (ha) area in southern China. The aims of the study are (1) to assess
the spatial pattern of the deadwood biomass in the area, (2) to assess the distribution of
different species and the range of DBH of the tree biomass, and (3) to investigate the relative
contribution of abiotic and biotic factors in determining deadwood biomass storage.
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2. Materials and Methods
2.1. Study Site

The survey was carried out in the Dinghushan Nature Reserve in southern China. It
is the first nature reserve created in China. For the last 60 years, the Dinghushan Nature
Reserve has played an important role in protecting the forest ecosystem [21]. The zonal
vegetation is a subtropical broad-leaved forest with a long history (more than 400 years)
in the area. The annual average temperature and precipitation are 20.9 ◦C and 1927 mm,
respectively, and the average relative humidity is 85%. The 20 ha forest plot was created in
the middle of the reserve (23◦10′09′′–23◦10′25′′ N, 112◦32′21′′ E) in 2005. In order to avoid
human interference, a population census was carried out, and the topography was assessed
(Figure 1). The ground height ranges from 230 to 470 m, and the average height is 340 m.
The soil consists mainly of red brick and yellowish brown mountain soil [22,23].
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Figure 1. Location of the study plot.

2.2. Field Methods

At the species level, all trees with a breast diameter of at least 1 cm (DBH, 1.3 m above
ground) were measured. Their geographic coordinates were recorded on site [24]. A second
census was conducted from September to December 2010. During the census, all trees that
were recorded in the first census were measured again. Recruitments were also measured
and recorded. Three dominant tree species were identified based on important values (IVs)
that have been previously identified in the existing literature [25].

2.3. Biotic and Abiotic Variables

In order to better evaluate the factors affecting tree mortality, the 20 ha study plot
was divided into 500 subplots. Each subplot was 20 × 20 m. We determined the value of
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the subplot habitat variables using soil properties and topography, according to the same
standards applied in a previous study in this study plot [26]. All topography variables,
including elevation, aspect, convexity, and slope, were measured within each subplot.
In order to measure the soil properties, 500 samples at 0–20 cm were collected. Eight
soil properties—pH, organic matter, total nitrogen (N), available N, total phosphorus (P),
available P, total potassium (K), and available K—were analyzed [27].

2.4. Deadwood Biomass Estimates

Before estimating the biomass of each deadwood individual, the decay grade coeffi-
cient of each one was determined via a visual assessment. If a tree had only recently died,
the decay grade coefficient was set to 5/5. The decay grade coefficient was set to 0/5 if
a tree was completely decomposed (and had disappeared in the second census). Then,
the deadwood biomass was calculated by multiplying the decay grade coefficient and the
biomass of each tree.

The biomass of each tree was estimated using the allometric equation for mixed
forests [28]:

B = a× (DBH)b

where a and b are statistical parameters (see Appendix A for equations and summary
statistics). B is the total dry weight, including trunks and branches, and it was obtained
by multiplying the biomass of each tree by the decay grade coefficient. Finally, the dead-
wood biomass storage (DBd) was estimated by summing the biomass of each tree within
each 20 × 20 m subplot within our study site. This model has been successfully applied
to estimate live tree biomass in a subtropical forest located in the Dinghushan Nature
Reserve [29].

2.5. Statistical Analyses

The statistical significance of our calculations was measured, and the significance value
was p < 0.05. Because the data did not follow a normal distribution, a conversion protocol
was performed. The Tukey maximum effectiveness difference test (Tukey HSD) was used
to detect different levels within factors. In order to reduce multi-collinearity among soil
variables, a principal component analysis was carried out for the soil characteristics. The
first two components were used as concentration variables and accounted for 86.6% of the
total change in soil activity.

A General Linear Mixed Model (GLMM) was used to simulate the change in the
deadwood biomass, owing to biological and abiotic factors, in each 20 × 20 m subplot. All
variables in the model were statistically independent. The spatial pattern and the influ-
encing factors of the deadwood biomass in the second population census were simulated.
The model determined the abundance of tree species and analyzed the biological (strains)
and abiotic factors (elevation, aspect, slope, convexity, and soil factors) across different
DBH intervals within each 20 × 20 m subplot. All explanatory variables were normalized
by subtracting the mean and dividing them by the standard deviation, allowing for a
comparison of their relative importance. A positive value indicates a greater effect of the
variable on the biomass of the deadwood and vice versa. All analyses were conducted in
R (4.2.1) [30].

3. Results
3.1. Species Composition and Community Characteristics of Dead Trees

The total number of standing trees decreased from 80,504 in 2005 to 69,221 in 2010,
including 11,283 dead stems (14.0% of the total stems in 2005). The number of dead trees
per 20 × 20 m subplot ranged from 6 to 147 stems, and there was an average of 41 ± 1
(standard error) stems per plot. The mortality rates ranged from 1.7% to 12.3% per year
between the two censuses (2005–2010). The average exponential mortality coefficient was
8.0% per year, and the coefficient values ranged from 0 to 43.3% per year among species.
The total number of tree species decreased from 195 to 178. There were 173 dead tree
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species in the 20 ha study plot. The species richness of the dead trees ranged from 4 to 35
and averaged 15 ± 0.2. Deadwood stems were distributed among almost all DBH ranges
(1–120 cm), including big trees. However, the proportion of individuals with a very small
DBH was 89.6% (Table 1 and Figure 2).

Table 1. Deadwood density, abundance, and biomass (DBd in t) across DBH ranges within the 20 ha
subtropical forest plot.

DBH Ranges cm Abundance DBd

Very small 1–10 cm 9997 18.0
Small 10–30 cm 1201 78.3

Medium 30–50 cm 81 43.7
Large >50 cm 4 2.5

Total 11,283 142.5
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3.2. Deadwood Biomass Storage Patterns within the Study Plot

The deadwood biomass storage (DBd) ranged from 0.022 t ha−1 to 4.3 t ha−1, with a
mean value of 0.3 ± 0.01 t ha−1 among the 500 subplots. Though the deadwood stems with
<10 cm DBH dominated all stands, the DBd was significantly greater (p < 0.05) in the small
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and medium diameter classes (10–30 cm and 30–50 cm) (Table 1). The large stem class had
the least DBd (2.5 t ha−1) due to its low abundance.

Based on the analysis of the relationships between species richness and the DBd in all
subplots, our results suggest that the DBd is lower in species-poor rather than species-rich
subplots (cor = 0.86, p < 0.05). Three tree species (Castanopsis chinensis Hance, Engelhardtia
roxburghiana Wall, and Schima superba Gardn. et Champ) were dominant and contributed
64.8% of the total DBd (Table 2). The remaining species (170 tree species) contributed
the remaining 35.2% of the total DBd. The deadwood biomass of 38 tree species was less
than 1 t ha−1. Moreover, we found a significant decrease in the deadwood biomass with
increasing elevation (p < 0.05).

Table 2. Biomass storage (DBd in t) by dead tree species of the top 10 individuals in a 20 ha sub-tropical
forest plot.

Species DBd

1 Castanopsis chinensis Hance 41.7
2 Engelhardtia roxburghiana Wall 22.9
3 Schima superba Gardn. et Champ 27.7
4 Craibioden dronscleranthum var. kwangtungense (S. Y. Hu) Judd 12.6
5 Acmena acuminatissima Merr. et Perry 8.3
6 Cryptocarya chinensis (Hance) Hemsl 7.9
7 Machilu schinensis (Champ. ex Benth.) Hemsl 4.5
8 Pinus massoniana Lamb 3.5
9 Syzygium rehderianum Merr. et Perry 3.3
10 Rhododendron henryi Hance 1.9

3.3. Drivers of Tree Mortality in Subtropical Forest

The effects of abiotic factors (soil properties and topography) and biotic factors (species
richness and the number of stems within different DBH ranges) on tree mortality were
assessed in the model. The results show that tree size was the most important factor
determining tree mortality. In addition, tree mortality was significantly influenced by soil
properties during the census years. Aspect had a significant positive effect on tree mortality,
while elevation had a negative effect. Richness and density also had negative effects on
tree mortality, but not significantly (Figure 3).
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4. Discussion

Although considerable research has been conducted on the role of deadwood in the
carbon cycle and in tree regeneration in various forest ecosystems, there has been little study
of the extent of deadwood in southern China. Deadwood biomass is an important part of
the forest ecosystem and is affected by the composition of species, community structure, and
topographic conditions, amongst other variables [7]. Empirical and theoretical studies have
shown that the composition of wood types affects carbon sequestration when compared
across similar climate regions [31]. While previous research has explored a range of topics
related to deadwood, including carbon deposition, biodiversity, and the wood regeneration
matrix, more research is needed to understand how deadwood biomass is affected by
climate change, disease and insect pests, and land use changes accelerating global forest
ecosystem changes [32].

Tree mortality is a key factor in determining forest structure, composition, and sequenc-
ing, and it affects species composition, which, in turn, affects community characteristics
and nutrient and biomass accumulation [33]. Therefore, tree mortality is important for un-
derstanding forest dynamics, and this study contributes knowledge on deadwood biomass
over the past five years.

We categorized all individuals into different DBH ranges in the study. The amount of
deadwood had a significant positive impact on the deadwood biomass. We also found that
the factors that affect the trunks of large trees had the greatest impact on the deadwood
biomass, but these impacts were not statistically significant [34]. Previous studies showed
that large individuals only account for 3%–5% of the total, while they contributed more than
65% of the total deadwood biomass storage [35]. The results of this study are consistent
with those of previous studies. This study shows that deadwood from large trees is the
main contributor to deadwood biomass, and the local changes in the deadwood biomass
in the 20 × 20 m plot were due to large trees. In forests with a low wood density, trees
tend to be large, and the deadwood biomass is high. In this study, the individuals with the
lowest dry density only accounted for 2.6% and 2.5% of all individuals, but they accounted
for 45%–49% of those used for timber construction. Furthermore, they accounted for 45%
and 49% of the total deadwood biomass. Forest structures, especially the basal area of
the largest diameter class and, to a lesser extent, the stand-level wood density, have been
proposed to explain the deadwood biomass gradient in our study plot. The biomass varies
greatly, and the variation in the dry wood biomass across the land is related to changes in
density and site-specific conditions.

The results of the study also show that the main abiotic factors that affect the biology
of dead trees are high, open, and ground properties. Forests do not usually experience
substantial local changes [36]. However, we observed a considerable reduction in many
dead tree properties. The tree line height was between 230 m and 470 m and had multiple
trainings [22,23]. The topography of this research area was more complex than that of other
areas in Changbiashan, Pasoh, and Barro Colorado Islands, where previous studies have
been conducted [37,38]. The biodiversity of dead trees and low altitudes result in significant
differences in mortality rates. The low number of mines and the average diameter explain
the low level of biodiversity in the dead trees. Variation may also be due to altitude
differences. For example, places at higher altitudes tend to be windier and colder. As a
result of higher growth, changes in abiotic factors may have an important impact on plants,
public structures, and ecosystem processes [39,40]. Additionally, other abiotic changes
on the ground may have important effects on dead trees, including on convexity, aspect,
and nutrients.

We found that the subtropical forest under study was more dynamic than other tropical
and subtropical forests that had been previously investigated. For example, a survey of a
25 ha state-controlled area in northeastern China showed similar results, but the overall
mortality and mortality rates were very low [41]. The density of a permanent 5 ha forest in
northern China was lower than the terrestrial mortality observed in this study [42]. This
may be because the forest was in an earlier growth stage. The pace of forest dynamics is
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affected by several factors, such as topography, geology, climate, current biological and
sequential stages, and human factors. The forest in this study differs from others in that
there are many very steep slopes, and the forest ecosystem is more complex and diverse
than that in other areas, which contributes to increasing population dynamics.

The decreasing standing tree biomass due to deadwood biomass production over the
five-year study period may be considered in the normal range of fluctuations of forest
health according to previous studies [43,44]. Further, carbon related to the growth of dead-
wood biomass can be converted into CO2 [45]. Although some studies have been carried
out to estimate the deadwood biomass and the factors affecting it in China, additional
research over larger study plots and longer timeframes are needed to clarify whether the
forest is in equilibrium in the short term [46]. These studies are also needed to determine
which factors promote prosperity in this subtropical forest and others around the world.
Overall, in light of expected future global changes and an increasing interest in maintain-
ing the carbon intake of forests, this research shows that management should focus on
dead trees as integral aspects of forest dynamics. Future research should evaluate the
microbial composition of and the relationship between the dead and living biomass in
subtropical forests.

Measurement and theoretical studies show that, although there is no consensus about
the relationship between the size of trees and their survival, the mortality of small trees
is high [47]. In general, trees that grow on other trees are susceptible to death because of
their lack of ability to withstand environmental pressure. Our results are consistent with a
forest survey that found that random death is more frequent in larger species categories.
This may be because trees with larger crowns are less impacted by their neighbors because
of asymmetric competition for ecological resources, such as water, food, and light. The
mortality of smaller trees is higher because of competition between tree species [48]. This
means that smaller individuals are exposed to more competitive pressures and can be more
vulnerable to the impact of changing environments. Since larger trees are usually in their
ideal environment due to environmental filtering, the metabolic ecology theory cannot be
applied to this subtropical forest as previously done in tropical forests [49,50]. One possible
reason is that the metabolic ecology theory assumes that populations of different sizes
receive and consume the same amount of energy. This assumption may be true in some
forests, but it is not true in such natural mixed forests.

5. Conclusions

In this study, we estimated the spatial distribution of deadwood biomass and its
determinants during a five-year period in a subtropical forest. We found that the species
composition and community characteristics of the dead individuals were different across
the subplots of the study site. From 2005 to 2010, the carbon storage of the deadwood
biomass was 142.5 t. The abundance and DBH changes of these trees were the most
important factors that determined the biomass of the deadwood in the plot. Due to
the differences in vegetation, underground microenvironment, and biological variables,
there were significant differences in the distribution of the deadwood biomass between
surface layers. Tree mortality was significantly affected by altitude and soil nutrients. The
development of forest populations and the gradual emergence of forest health problems led
to an increase in biomass contributing to deadwood storage, which is likely to continue to
some extent. In contrast, large-scale events and strong disruptions may be important factors
affecting the dynamics of deadwood biomass, and the effects of these factors will last for
decades or longer. The results of this study help to understand the carbon storage models
of subtropical forest ecosystems and can contribute to the development and validation of
carbon cycle models.
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Appendix A

Table A1. Allometric regression equations and summary statistics.

DBH Class Equations Adjusted R2 Standard Error of the Mean R. Error (%)

DBH ≤ 5 cm

WT = 0.05549 × D2.87776 0.91164 0.60826 −0.23
WB = 0.01124 × D3.16237 0.81933 0.30284 0.00
WL = 0.01551 × D2.32693 0.86555 0.08602 0.42
WR = 0.02838 × D2.65348 0.90495 0.22077 −0.27

5 < DBH ≤ 10 cm

WT = 0.11701 × D2.36933 0.88428 2.05700 0.04
WB = 0.01621 × D2.93859 0.76490 1.79321 0.63
WL = 0.04169 × D1.90082 0.68922 0.44047 0.39
WR = 0.04977 × D2.19517 0.95730 0.32819 −0.16

10 < DBH ≤ 20 cm

WT = 0.10769 × D2.34891 0.77761 4.15734 4.55
WB = 0.00385 × D3.15093 0.88184 3.81171 3.69
WL = 0.00372 × D2.65113 0.82848 0.96151 0.57
WR = 0.03538 × D2.29567 0.81687 3.46518 0.45

DBH > 20 cm

WT = 0.03541 × D2.65146 0.97844 36.71034 −2.34
WB = 0.00583 × D2.94383 0.85965 52.85291 −1.61
WL = 0.07709 × D1.55399 0.71000 4.94167 −0.30
WR = 0.01128 × D2.67850 0.92962 24.5010 −1.11

WT = weight of trunk, WB = weight of branch, WL = weight of leaf, WR = weight of root.
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