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A B S T R A C T

Comparing the growth rate of natural forest and plantation forest may be useful to better understand rates of
carbon sequestration and carbon turnover. However, the large-scale patterns of biomass growth rates in China’s
forests are still not well defined. We analyzed the growth rates of forest leaves, branches, stems, and roots across
forest communities in China by using data collection, collation, and systematic analysis of published research
and our unpublished data. The biomass growth rates in all forests exhibited negative latitudinal trends and
negative altitudinal trends, with significant influence from climatic variables and stand characteristics. Stand
characteristics explained more variation in growth rates of forest biomass than did climatic variables, and
growth rates of forest leaves, branches, stems, and roots varied in relation to climate, stand characteristics, and
forest origin. The cross-validated results of stepwise multiple regression (SMR) models and neural network
models (NNM) indicated that the prediction accuracy of growth rate of forest biomass by NNM was better than
that of the SMR models. Our results improve understanding of the environmental factors affecting Chinese forest
growth and inform efforts to model dynamics of carbon accumulation in China’s forests.

1. Introduction

In past decades, the global average temperature increased 0.027 °C
per year and is expected to increase 1.8–4.0 °C by 2050, depending on
the carbon emissions scenario (Nilsson and Schopfhauser, 1995;
Houghton, 2007). Global climate changes will affect the net carbon
absorption of terrestrial ecosystems by affecting the structure and
function of terrestrial ecosystems (Dixon et al., 1994; Fang et al., 2001).
Forests are the largest part of the terrestrial carbon pool, storing 80% of
the above ground carbon and 40% of the underground carbon, and
thus, play an irreplaceable role in the global carbon cycle and in mi-
tigating global climate change (Reich et al., 2014). Forest biomass is the
balance of photosynthesis and respiration and can be influenced by
resource supply, climate, and plant age (Poorter et al., 2009; 2012). The
biomass growth rate, as the ratio between dry biomass and stand age,
can reflect the accumulation of vegetation biomass and may provide
background data to explore the temporal features of the forest carbon
cycle. Thus, knowledge about the growth rate of forest biomass is

important for the accuracy of global carbon cycle accounting and
modeling (Hui et al., 2012).

Despite advances in the understanding of forest biomass growth at
the individual tree scale, there is still strong debate about the roles of
tree size/age, climate, and stand characteristics on the rates of absolute
forest growth and forest carbon accumulation (Weiner and Thomas,
2001; Meinzer et al., 2011). The metabolic scaling theory postulates
that the biomass growth rate should increase with tree biomass, re-
gardless of forest type, stand age, and other environmental factors. A
few site-specific studies also supported the prediction of metabolic
scaling theory (Enquist et al., 1999; Sillett et al., 2010). However, some
single-species studies were consistent with a widely held assumption
that the growth rate of individual trees decreases with increasing tree
biomass or size (Ryan et al., 1997). In addition, forest net primary
productivity (NPP), the net chemical energy captured by photo-
synthesizing plants, which reflects the forest carbon sink strength, is
regulated by climate, CO2 concentration, nitrogen deposition, topo-
graphy, soil, deforestation, pests, fire, and other factors (Pretzsch et al.,
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2014; Liang et al., 2015). At the regional scale, forest inventory data
and model simulation are important methods to study the carbon
budget of forest ecosystems. Most ecological process models only in-
clude the impact of environmental factors (Dufresne et al., 2002;
Canadell and Raupach, 2008). Many researchers are trying to add forest
age and human disturbance into ecological process models to under-
stand the dynamic changes of forest carbon cycles more accurately
(Petritsch et al., 2007; Coursolle et al., 2012; Li et al., 2015). However,
up until now, to our knowledge, the relationship between growth rate
of forest biomass, climate, and stand characteristics is still unclear.

China has diverse climatic zones, complex topography, and land-
form, and large areas of diverse forests, which are affected by climate
and stand characteristics across different regions (Fang et al., 2001; Guo
et al., 2013). These factors pose great challenges for the accurate as-
sessment of the carbon fixation rate and mechanism of China's forest
ecosystems. Moreover, forests in China are also impacted by human
activity, such as excessive exploitation and vegetation restoration (Ren
et al., 2012). Excessive exploitation of forest resources decreased forest
coverage in China from about 35% in the 1950s to 14% in the 1980s.
Conversely, the forest coverage significantly increased from 13.9% in
the 1990s to 21% in the 2010s because of several key national ecolo-
gical restoration programs. As a result of national vegetation restora-
tion, China has the largest forest plantation area which accounts for
25% of the global forest plantation area (Fang et al., 1996; Guo et al.,
2013). Previous researchers also indicated that forest plantations have
different undergrowth biodiversity, tree species, and human dis-
turbance from natural forests (Guo and Ren, 2014). By investigating
differing growth rates in natural and plantation forest predictions of
carbon sequestration and carbon turnover in China can be improved.

In the present research, the growth rates of forests in China were
investigated based on the data from multiple sources. The aims of this
research were as follows: (1) what is the spatial distribution pattern of
the growth rates of China’s forests? (2) to examine the relationships of
growth rates to climatic factors (e.g., temperature and precipitation)
and stand characteristics (e.g., age, density, height, diameter at breast
height, and leaf area index), and (3) to compare the accuracy of step-
wise multiple regression (SMR) models and neural network models
(NNM) for predicting the growth rates of China’s forests.

Fig. 1. Distribution of plots across China’s forests.

Table 1
Site information (e.g., longitude, latitude, and altitude), climate factors (e.g.,
mean annual temperature (MAT), mean annual precipitation (MAP)) and stand
characteristics (e.g., stand age, diameter at breast height (DBH), height, stand
density, leaf area index (LAI) and tree species richness) across China’s forests.

Forest origins Natural Plantation

Longitude (°) 80.6–131.8 81.1–130.2
Latitude (°) 18.2–53.2 18.1–52.5
Altitude (m) 5–4240 5–3930
MAT (°C) −5.4 to 24.1 −0.6 to 24
MAP (mm) 100–2651 180–2650
Stand age (years) 3–400 4–93
DBH (cm) 2–110 2–70
Height (m) 2.0–54.4 1.7–31.2
Stand density (no./ha) 100–70180 100–48750
Leaf area index 1.07–49.1 1.21–34.2
Tree species richness 1–30 1–6
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2. Materials and methods

2.1. Chinese forest biomass database

We combined forest biomass data from previous database con-
taining 6153 forest stands (Guo and Ren, 2014) and our field work
containing 110 forest stands (Wang et al., 2015). In Guo’s forest data-
base, we removed 1140 forests stand with diameter at breast height
(DBH) < 2 cm, height < 1.5 m, stand density < 100 no./ha, ex-
tremely low leaf area index (LAI), and extremely low mean annual
precipitation (MAP). Here, our database includes biomass data from
5123 forest stands (3465 natural forests and 1658 planted forests)
ranging from 18.1 to 53.2° N, 75.53 to 131.8° E, and 5 to 4250m above
sea level (Fig. 1; Table 1). Forest component biomass values (leaf,
branch, stem, and root), site information (longitude, latitude, and al-
titude), climatic factors (mean annual temperature (MAT) and MAP)
and stand characteristics (stand age, DBH, height, stand density, leaf
area index, and tree species richness) across China’s forests are included
in this dataset.

For forest biomass estimation in our field work, three 20× 50m
plots at each site were each divided into ten 10×10m quadrats. In
order to avoid underestimation of the forest biomass, the selected plots
should be no logging. DBH and height of each individual tree (including
dead standing tree) with DBH≥ 2 cm in each quadrat were recorded.
According to the height and DBH data, 5–7 standard trees of each
species in one plot were used for cutting and weighing of leaf, branch,
stem, and root biomass. The samples of the component parts of standard
trees were dried in the laboratory and weighed. The dry biomass
coefficient was the ratio of dry biomass to fresh biomass. The dry bio-
mass of leaf, branch, stem, and root in each plot were the sum of the
biomass components of all trees in the plot, based on the allometric
models of standard trees and the total DBH or height of trees in the plot.

Fig. 2. Diagram of neural network model for the annual growth rate of biomass across China’s forests.

Table 2
Annual growth rate of biomass across China’s forests.

Forest origins Natural Plantation

AGRL (Mg/ha/y) 0.0001–4.6 0.0001–4.9
AGRB (Mg/ha/y) 0.0001–11.1 0.0001–7.9
AGRS (Mg/ha/y) 0.001–25.8 0.001–42.0
AGRA (Mg/ha/y) 0.001–41.5 0.001–50.4
AGRR (Mg/ha/y) 0.001–10.7 0.001–14.7
AGRW (Mg/ha/y) 0.002–52.1 0.002–59.5

Note: AGRL annual growth rate of leaf biomass, AGRB annual growth rate of
branch biomass, AGRS annual growth rate of stem biomass, AGRA annual
growth rate of aboveground biomass, AGRR annual growth rate of root bio-
mass, AGRW annual growth rate of whole tree biomass.

Table 3
Mean value and standard error of annual growth rate of biomass across China’s
forests.

Annual growth rate Natural Plantation

AGRL (Mg/ha/y) 0.117 ± 0.002 0.433 ± 0.011
AGRB (Mg/ha/y) 0.348 ± 0.007 0.801 ± 0.019
AGRS (Mg/ha/y) 1.305 ± 0.020 3.451 ± 0.077
AGRA (Mg/ha/y) 1.770 ± 0.024 4.685 ± 0.097
AGRR (Mg/ha/y) 0.443 ± 0.007 1.085 ± 0.027
AGRW (Mg/ha/y) 2.213 ± 0.035 5.770 ± 0.121

Note: AGRL annual growth rate of leaf biomass, AGRB annual growth rate of
branch biomass, AGRS annual growth rate of stem biomass, AGRA annual
growth rate of aboveground biomass, AGRR annual growth rate of root bio-
mass, AGRW annual growth rate of whole tree biomass.
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Moreover, for the published data, the tree component of dry biomass
per plot or hectare was also collected. In the case of dry biomass data
missing for a tree component, the allometric models of standard trees in
previous research were used to estimate biomass (Luo et al., 2004).

2.2. Climatic variables and stand characteristics

MAT (°C) and MAP (mm) are regarded as important climatic factors
affecting the growth rate of a forest. Here, the MAT and MAP of sites
during 2007–2013 were collected for data analysis. If the MAT and
MAP data were not present in the literature, they were extracted from
the world meteorological database (www.worldclim.org) based on the
longitude and latitude information of each site with an accuracy of 30
arcseconds.

Stand age, DBH, height, stand density, leaf area, and tree species
richness of sites were collected from the published literature and our
field measurements. Stand age of natural forest was determined by the
mean age of main tree species and that of plantation forests was de-
termined by the planting date of the stand. The DBH and height of each
site were the average value of all tree species in the plots. Stand density
was the ratio of individual tree number to the area of the plots. Leaf
area index (LAI) of forest stands was the ratio of whole leaf area to
stand area. The leaf area was calculated by the leaf biomass/leaf area
per unit biomass. The different measured methods of leaf area for forest
types can be seen in the Ni et al. (2001). The tree species richness was
measured using a previously described method (Hector et al., 1999).

2.3. Statistical analysis

All data were statistically analyzed using JMP 14.1 software from
SAS. Biomass growth rates were calculated by dividing each of stand
leaf, branch, stem, and root dry mass by stand age, respectively. The
different biomass growth rates between natural and plantation forest
were also compared using the ANOVA method. Pearson correlations
between annual biomass growth rate across China’s forests and site
information were calculated in JMP. The spatial scale of growth rate
along longitudinal, latitudinal, and altitudinal gradients were indicated
by the reduced major axis regression slope.

The effect of climatic factors (e.g., MAT and MAP) and stand
characteristics (e.g., stand age (AGE), DBH, height (HEIGHT), stand
density (DENSITY), LAI, and tree species richness (RICHNESS)) on the
forest biomass growth rate were identified by SMR. In addition, a
neural network model (NNM) (Fig. 2) was also used the describe the
relationship between biomass growth rate, climatic factors and stand
characteristics. The determinant coefficient (R2) and root mean square
error (RMSE) were used to compare the prediction accuracy of NNM
and SMR models.

3. Results

3.1. Variation and spatial patterns in forest biomass growth rate

The biomass growth rate across China’s forests showed high

variation, ranging from 0.0001 to 4.9 Mg/ha/y for annual growth rate
of leaf biomass (AGRL), 0.0001 to 11.1Mg/ha/y for annual growth rate
of branch biomass (AGRB), 0.001 to 42.0 Mg/ha/y for annual growth
rate of stem biomass (AGRS), and 0.001 to 14.7Mg/ha/y for annual
growth rate of root biomass (AGRR) (Table 2). The mean values of
biomass growth rate in natural forests were 0.117Mg/ha/y, 0.348Mg/
ha/y, 1.305Mg/ha/y and 0.443Mg/ha/y for AGRL, AGRB, AGRS, and
AGRR, respectively (Table 3). Moreover, the mean values of biomass
growth rate in plantation forest was different from that in natural for-
ests.

Biomass growth rates across all forests exhibited negative latitudinal
trends and negative altitudinal trends (Table 4). The growth rate of
forest biomass increased from north to south, decreased with increasing
altitude. In addition, the biomass growth rate in natural forest de-
creased from west to east (Table 4).

3.2. Relationship of growth rate with climatic and stand factors

There was a different relationship between biomass growth rate and
climatic factors between natural forests and plantation forests (Table 5).
For natural forests, AGRB, AGRS, AGRA, and AGRW significantly and
positively correlated with MAP, and AGRL and AGRR significantly and
positively correlated with MAT and MAP. For plantation forests, AGRL
significantly and positively correlated with MAP, while AGRB sig-
nificantly and negatively correlated with MAP.

SMR modeling showed that all the biomass growth rates in natural
forests decreased with AGE, but increased with DENSITY, TB, and LAI
(Table 5). AGRL, AGRB, AGRA, and AGRW also increased with DBH,
while AGRS and AGRR did not. Except for AGRB, all biomass growth
rates in plantation forests decreased with AGE, and all biomass growth
rates increased with RICHNESS and TB.

Climatic and stand factors had different contributions to variation in
growth rate (Fig. 3). DENSITY, TB, and LAI had positive and high
contributions to growth rate in natural forests, and vice versa for the
AGE and RICHNESS. AGE had a negative and high contribution on
growth rate in plantation forests, while RICHNESS and TB had positive
and high contributions to growth rate. Climate explained 0.3–4.6% and
2.2–10.3% of variation in growth rate for natural forests and plantation
forests, respectively (Fig. 4). The contributions of stand factors to
growth rate were 55.8–66.7% for natural forests, and 34.5–71.6% for
plantation forests. Moreover, the climate and stand factors also had
obvious and different interactions for variation in growth rates between
natural forests and plantation forests (Fig. 4).

3.3. Neural network model for the biomass growth rate

Besides the SMR model, we also built NNM to increase the accuracy
of prediction models for the biomass growth rates (Table 6). For natural
forests, the range of R2 and RMSE for NNM training was 0.725–0.936
and 0.044–0.855, respectively. The R2 and RMSE for the NNM training
were different between natural forests and plantation forests. The cross-
validated results of the NNM demonstrated that the R2 and RMSE for
the NNM validation were similar with those of NNM training.

Table 4
Pearson correlations between annual growth rate of biomass across China’s forests and site information.

Forest origins Site information AGRL AGRB AGRS AGRA AGRR AGRW

Natural Longitude (E, °C) −0.115** −0.040** −0.082** −0.078** −0.041** −0.071**

(n= 3465) Latitude (N, °C) −0.282** −0.345** −0.296** −0.321** −0.172** −0.296**

Altitude (m) −0.107** −0.234** −0.185** −0.200** −0.153** −0.195**

Plantation Longitude (E, °C) 0.038 0.037 −0.027 −0.009 0.058** 0.003
(n= 1658) Latitude (N, °C) −0.024** −0.057** −0.208** −0.203** −0.205** −0.211**

Altitude (m) −0.151** −0.182** −0.176** −0.192** −0.191** −0.194**

Note: (1) AGRL annual growth rate of leaf biomass, AGRB annual growth rate of branch biomass, AGRS annual growth rate of stem biomass, AGRA annual growth
rate of aboveground biomass, AGRR annual growth rate of root biomass, AGRW annual growth rate of whole tree biomass; (2) ** present p < 0.05.
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Moreover, the NNM had higher R2 and lower RMSE than the SMR
model (Tables 5 and 6), which indicated that the prediction accuracy of
the NNM was better than that of the SMR model.

4. Discussion

4.1. Biogeographic patterns of growth rate and their climatic control

There were significant differences in the spatial distribution of
growth rates across China’s forests (Table 4). The growth rates of nat-
ural forests decreased with longitude, latitude, and altitude, which is
consistent with the spatial distribution trend of the national NPP,
mainly due to annual precipitation and temperature (Wang et al., 2010;
Liang et al., 2015). The growth rate of natural forest in most parts of
southern China is greater than those in northern China, and this dif-
ference is mainly caused by significant temperature differences (Wang
et al., 2011). The growth rate of forest biomass in western regions was
higher than that in eastern regions, which indicated that the effect of
annual precipitation on growth rates was smaller than other factors, as
rainfall is high in eastern China. We recorded large growth rates of
forest biomass mainly in the southwest of Yunnan province, a small
region in Guangdong province, and Hainan province. These regions
belong to the tropics, which with high temperature and precipitation
are very suitable for forest growth (Zhou et al., 2002). In addition,
plantation forests exhibited similar and significant latitudinal and al-
titudinal trends in growth rate to natural forest. However, the growth
rates of stem and root in plantations were not significantly affected by
climatic factors. This result suggests that stem and root growth in
plantations may be less sensitive to temperature or precipitation than
leaf and branch growth (Sack et al., 2002; Mokany et al., 2006).

4.2. Relationships between biomass growth rates and stand characteristics

Previous researchers demonstrated that the relationship between
biomass growth rate, NPP, and tree size is complicated (Stephenson
et al., 2014; Li et al., 2016). A global analysis of temperate and tropical
tree species indicated that biomass growth rate for most species in-
creases continuously with tree size (Stephenson et al., 2014). However,
some research demonstrated that the biomass growth rate of individual
trees declines with increasing tree size (Ryan et al., 1997). In this study,
our data showed that the biomass growth rate of leaf, branch, stem, and
root increased with total biomass, which is similar with the results of
the previous global analysis. In addition, the leaf is an important organ
for the energy production and material transformation in plants, as well
as the main driver of material circulation and energy flow in the eco-
system. Leaf biomass can reflect the photosynthetic capacity of plants,
and the rate of absorption of water and nutrients in soil (Zhang et al.,
2012). LAI, as a vegetation structure parameter closely related to forest
canopy energy and CO2 exchange, can be inputted into light energy
utilization models with climatic variables to estimate changes in NPP
(Xu et al., 2016). We noticed that the biomass growth rate increased
with LAI (Table 5), which is consistent with some previous research
(Waring, 1983; Luo et al., 2004).

Our data indicated that the biomass growth rate decreased with
stand age (Table 5), which is consistent with previous studies (Gower
et al., 1996). With increasing stand age, the canopy biomass in the
upper part of the forest ecosystem increased rapidly with the increase of
leaf area. When the leaf area of the forest reached its maximum, the
biomass of trees canopy reached its maximum and then rapidly de-
clined (Mao et al., 2011). Some researchers indicate that this decline is
a complex process, which may involve many biological and non-bio-
logical factors (Ryan et al., 1996; 2004). Besides the leaf area, the soil
fertility, stand density, and growth rate of individual trees all have an
important influence on the growth rate of the forest (Kaufmann and
Ryan, 1986; Yoder et al., 1994). Under high soil fertility, stand density,
and tree age conditions, the biomass of forest stands will rapidly reachTa
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their maximum and then the growth rate declines. Moreover, the in-
crease of water transport resistance to the forest canopy reduces the
photosynthetic capacity of trees (Ryan et al., 2004; Woodruff et al.,
2004). The loss of nutrients in forest soil leads to an increase in root
biomass allocation, resulting in a decrease of forest leaf area and tree
photosynthesis (Ryan et al., 1996; Ebel et al., 2000; Basile et al., 2003).
Competition for resources changes the species of trees and reduces the
utilization rate of resources (Martin and Jokela, 2004). Photosynthetic
capacity, forest leaf area and resource utilization, as well as increased
root biomass allocation are the key factors of forest growth decline,
while forest respiration and forest senescence have little effect (Weiner
and Thomas, 2001; Mao et al., 2011).

Total biomass may increase with increasing stand density up to the
suitable stand density (Zhang et al., 2005; 2006). Here, our data de-
monstrated that the growth rate of natural forests depends on the stand
density (Table 5), which is consistent with the relationship between
growth rate and total biomass. Over the suitable stand density, average
plant biomass will decline with the increasing of stand density by the
self-thinning phenomenon (Zhang et al., 2005). Although the relation-
ship between average biomass and stand age may vary with plant
genotype, life history, soil fertility, and soil moisture, etc. (Zhang et al.,
2010a; 2010b), the total biomass per area may be determined by the
total energy (light, temperature, and water) per area (Deng et al.,
2006). Compared with the natural forests, the growth rate of plantation
forests showed no significant relationship with stand density. It may be
a result of plantation forests having the proper stand density under
plantation management, and that most of the plantation forests are still
in the early stage (Guo and Ren, 2014).

Tree species richness had different and significant effects on the

biomass growth rate in natural forests and plantation forests (Table 5).
In plantation forests, increased richness had a strong positive interac-
tion with the biomass growth rate, which is similar with some previous
research (Hector et al., 1999; Huang et al., 2018). A manipulation ex-
periment of species composition in grass has shown that community
productivity is promoted by plant diversity (Hector et al., 1999). An
experiment on 150,000 trees in subtropical plantation forests con-
taining 1–16 species also showed that stand productivity increased with
tree species richness (Huang et al., 2018). On the contrary, tree species
richness had either positive or negative interactions with the growth
rate of natural forests (Table 5), which implies that richness may have a
complicated role in the growth rate of natural forests (Guo and Ren,
2014).

The growth rate of forest may be affected by climate, stand condi-
tions and interactions between them. The effect of climate on growth
rate is lower than that of stand conditions (Fig. 4), which is consistent
our previous study (Zhang et al., 2016). Although some researchers
have shown that the growth of a tree may be dominated by the tem-
perature and tree size, the soil fertility, stand age, stand density, and
forest type are also important factors in tree growth at the stand scale
(Zhang et al., 2010a; Guo and Ren, 2014). Moreover, our data about the
interaction between the climate and stand conditions was similar to
some previous research (Han et al., 2011).

4.3. The different growth rate of natural forests and plantation forests

At large scale, the growth rate of forest can be used for the esti-
mation of carbon accumulation per year or integrated into the forest
carbon model as an important input parameter (Fang et al., 2001).

Fig. 3. Contribution ratio of climate variables and stand characteristics to the annual growth rate of biomass across China’s forests.
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Here, we compared the growth rate of natural forests and that of
plantation forests (Table 3). The mean value of growth rate in planta-
tion forest was higher than that of natural forest, indicating that the
plantation forest per area may have the higher accumulation rate of
ecological service in carbon storage, timber production, water con-
servation, water and soil conservation, wind prevention, sand fixation,
and climate regulation than that of natural forest (Guo et al., 2013).
This difference may result from the fact that most plantation trees

belong to highly productive species (Guo and Ren, 2014). The planta-
tion forests were also younger than the natural forests, and the growth
rate may decline with increasing stand age. Moreover, unlike natural
forests, plantation forests only had a few species when the stand was
created. The reasonable collocation between species significantly af-
fects the growth rate of plantations (Huang et al., 2018). Our data
showed that tree species richness has a more positive role on growth
rates in plantation forests than in natural forests (Table 5). In practice,
the reasonable mixing of tree species in plantations may produce a
forest structure with multiple layers and a thick canopy, which can
improve the productivity of the forest, resource use efficiency and the
stability of the forest (Hui et al., 2012). Finally, we were also aware that
biomass growth rates calculated by dividing each of components dry
mass by stand age with only one-time investigation was imperfect. To
remedy that insufficiency, the more resource data from multi-time in-
vestigation will be needed in the future research.
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