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Abstract: Forest inventory data (FID) are important resources for understanding the dynamics of
forest carbon cycling at regional and global scales. Developing carbon storage growth models and
analyzing the difference and climate effect on carbon sequestration capacity have a great importance
in practice, which can provide a decision-making basis for promoting high-quality development of
forestry and implementing the carbon emission peak and carbon neutralization strategy. Based on the
carbon storage dataset of 2680 sample plots from the ninth national forest inventory (NFI) of China,
the carbon storage growth models and climate-sensitive variable-parameter carbon storage growth
models for three major coniferous plantations (Larix spp., Pinus massoniana, and Pinus tabuliformis)
were developed by using weighted nonlinear regression method. The effects of two climate factors
(mean annual temperature (MAT) and mean annual precipitation (MAP)) on carbon storage growth
and carbon sequestration capacity were analyzed and compared. The mean prediction error (MPE)
of carbon storage growth models for three major coniferous plantations was less than 5%, and total
relative error (TRE) was approximately less than 2% for self- and cross- validation. The maximum
current annual increment of carbon storage for P. massoniana, Larix, and P. tabuliformis was 2.29,
1.89, and 1.19 t/(ha·a), respectively, and their corresponding age of inflection point was 9a, 14a,
and 30a, respectively. The maximum average increment of carbon storage for P. massoniana, Larix,
and P. tabuliformis was 1.85, 1.50, and 0.94 t/(ha·a), respectively, and their corresponding age of
quantitative maturity was 16a, 24a, and 53a, respectively. The maximum average increment of carbon
storage for the P. massoniana and Larix plantations was approximately 1.97 and 1.60 times, respectively,
that of P. tabuliformis plantation. The average increment of carbon storage for the P. massoniana and
Larix plantations reduced approximately by 4.5% and 3.8%, respectively, when the MAT decreases by
1 ◦C. The average increment of carbon storage for the Larix and P. tabuliformis plantations decreased
by approximately 6.5% and 3.6%, respectively, when the MAP decreases by 100 mm. Our findings
suggest that: the carbon sequestration capacity is from highest to lowest in the P. massoniana, Larix, and
P. tabuliformis forests. MAT and MAP have different effects on the carbon growth process and carbon
sequestration capacity of these plantations. The greatest impact on carbon sequestration capacity was
detected in the Larix plantation, followed by the P. massoniana and P. tabuliformis plantations. It is
essential to coordinate regional development and employ scientific management strategies to fully
develop the maximum carbon sequestration capacity in terms of plantations in China. In the present
study, we estimate the carbon storage in major coniferous plantations in China and describe a useful
methodology for estimating forest carbon storage at regional and global levels.
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1. Introduction

Forests, containing up to 80% and 40% of the terrestrial aboveground and belowground
carbon (C), respectively, are among the most vital C pools on earth [1]. They also serve as
a net C sink for atmospheric CO2 [2]. Global forests will have huge carbon sequestration
potential in the coming period [3]. Thus, forests play major roles in C cycling in terrestrial
ecosystems [1,2,4–7].

Chinese forests cover most of the representative forest types in the Northern Hemi-
sphere and function as a large C sink in the global C cycle [8,9]. C pools in Chinese forest
ecosystems are dominantly attributed to those of vegetation and soil [10,11], and forest
biomass (which only refers to tree biomass, i.e., excluding shrub and herb biomass) ac-
counts for 55% of China’s terrestrial vegetation biomass [12]. Chinese forests are young,
have low average C density, and span large plantation areas, with lower C storage levels
than other temperate forests worldwide [13,14]. Therefore, Chinese forests have great C
sequestration potential [8,9,15]. Recently, the Central Committee of Communist Party of
China has decided to integrate carbon emission peak and carbon neutralization into the
overall layout of ecological civilization construction. Moreover, “Action Plan on Carbon
Emission Peak Pre-2030” has been formulated to promote the action of carbon emission
peak [16]. An essential aspect of achieving these goals on schedule is to improve the
capacity of ecological carbon sink, strengthen land spatial planning and use control, and
effectively play the role of carbon sequestration of forests, grasslands, wetlands, oceans,
soils and permafrost. Thus, it is particularly important to assess and analyze carbon storage
in forests, grasslands and wetlands using the comprehensive monitoring and evaluation
results of national forest and grass ecosystem [16].

The accurate determination of carbon storage and carbon sequestration potential
of forests at regional and national scales is popular for assessing the carbon budget of
terrestrial ecosystem [8]. Forest biomass is the basis for calculating forest carbon storage
and carbon sequestration potential. It is widely used to evaluate the patterns, processes
and dynamics of C cycling in forest ecosystems at local, regional and global scales [17].
Therefore, extensive research was focused on estimating forest biomass and carbon storage
worldwide on regional and national scales [9,17–24]. Large scale and continuous ground
survey data play an extremely important role in estimating regional forest biomass or
forest productivity. Moreover, forest inventory data (FID) are important resources for
understanding the dynamics of forest biomass, net primary productivity (NPP), and carbon
cycling at landscape and regional scales. Consequently, it is one of the important ways to
estimate forest biomass, carbon storage and carbon sequestration potential at regional and
national scales based on FID. Several studies have focused on estimating forest biomass
and carbon storage based on FID at regional and national scales in China [9,17,18,20,23–30].
However, these studies were mostly performed more on a provincial scale, and less on a
national scale. There is a lack of research on the dynamic changes of forest biomass and
carbon storage in major plantation types on a national scale. In addition, forest carbon
storage is affected by numerous factors, climate and stand age (or time since disturbance)
are among the key drivers [13,31–39]. On the background of global change, the effects of
climate change on forest carbon storage are very concerning [25,32–34]. Therefore, it is of
great significance to establish dynamic forest carbon storage growth model at national level.

China is one of the countries with the largest planted forest areas in the world. The
ninth national forest inventory (NFI) indicated that the total plantation area and stock
volume were approximately 80,030,000 ha and 3,452,000,000 m3, respectively. Larix spp.,
Pinus massoniana, and Pinus tabuliformis are China’s main afforestation coniferous species
and play important roles in wood production, carbon sequestration, and ecological services.
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The total area and stock volume of these three tree species occupy 12.89% and 14.95%
of which are planted, respectively [40]. FID is characterized by wide coverage, strong
representation, detailed and accurate data, and diverse climate types, which makes it
possible to develop carbon storage growth models for different forest types and analyze
the differences in carbon sequestration capacity and the impact of climate factors. The
objectives of the present study were: (1) to develop carbon storage growth models based on
the FID for three major coniferous plantations in China, (2) to analyze the carbon growth
process and carbon sequestration capacity of different plantations, and (3) to analyze and
compare the effect of climate factors on carbon storage growth and carbon sequestration
capacity. Our findings provide an estimation carbon storage of major plantations in China,
a useful methodology for estimating forest carbon storage at regional and global levels,
and a platform for promoting high-quality development of forestry and implementing the
carbon emission peak and carbon neutralization strategy.

2. Materials and Methods
2.1. Data Collection and Processing
2.1.1. Forest Inventory Data

NFI of China has been conducted periodically (in five-year intervals) for more than
50 years. The ninth NFI (2014–2018) consists of 427,090 permanent plots distributed evenly
across China. The investigations were carried out in accordance with the newest technical
specifications on NFI [41]. The sample plots were square or rectangular, and their size
varied between 0.06 and 0.08 ha [40].

The data sets used in this paper were collected from the ninth NFI. They consist of
2680 sample plots of the three major coniferous plantations, including 1080 of Larix, 820 of
P. massoniana, and 780 of P. tabuliformis (Figure 1). Each sample plot included administrative
sites, tree species, origin of forest, stand age, number, volume, biomass and carbon (stem,
branches, leaves, roots and total) etc. Here, carbon storage is referred to the carbon stored
in living tree biomass, including stems, branches, leaves and roots. The biomass and carbon
stock of the stems, branches, leaves and roots of the sample tree were calculated based on
the DBH of each sample tree, using the univariate tree biomass model and parameters for
carbon accounting [42–45]. Next, the total carbon stock of the sample tree is calculated by
adding that of the stem, branches, leaves and roots. In addition, the total carbon stock of
sample plots was calculated by adding each sample tree, excluding the carbon of shrubs,
grasses, and the carbon in dead wood, litter and soil. Finally, these data were converted into
carbon stock per hectare according to the sample plot area. The statistical characteristics of
modeling variables for three types plantations are listed in Table 1.

2.1.2. Climate Data

Several variables have been used to analyze the effects of climate change on forest
biomass and carbon. The mean annual temperature (MAT) and mean annual precipitation
(MAP) are among those commonly used [34–37,39,46]. In this study, we used the spatial
Kriging method to derive MAT and MAP based on climatological data of the whole country
from 1981 to 2015, geographical coordinates, and elevation of sample plots. Climatological
data were downloaded from ClimateAP, an application for dynamic local downscaling of
historical and future climate data in the Asia Pacific [47]. The descriptive characteristics of
the climatic data in this study are presented in Table 1.
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Table 1. The statistical characteristics of modeling variables for three types of plantations.

Plantation Types Variables Min. Max. Mean S.D. C.V. (%)

Larix spp.

Carbon (t/ha) 0.10 129.20 33.80 25.60 75.90
Mean annual precipitation (mm) 257 1223 569 194 34.12
Mean annual temperature (◦C) 0 15 7.5 2.8 38.02

Age (a) 5 59 24.8 12.3 49.50

P. massoniana

Carbon (t/ha) 0.00 134.50 37.70 26.10 69.30
Mean annual precipitation (mm) 740 2293 1338 328 24.51
Mean annual temperature (◦C) 12 20 16.5 2.0 12.22

Age (a) 3 60 24.4 11.2 46.00

P. tabuliformis

Carbon (t/ha) 0.05 108.64 28.45 21.99 77.28
Mean annual precipitation (mm) 297 1213 516 117 22.60
Mean annual temperature (◦C) 7 14 11.6 1.3 11.13

Age (a) 3 68 33.2 13.1 39.50

2.2. Model Development
2.2.1. Basic Carbon Storage Growth Model

To date, thousands of biomass equations have been developed worldwide to accurately
quantify forest biomass affected by carbon reduction and climate change [48]. However,
most of these are allometric growth equations, and phenomenological growth equations
are rarely used [49]. Phenomenological growth equations with biological significance are
widely used in forest growth and harvest models. They reflect the changing law of biologi-
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cal growth over time and theoretically predict biological growth that were not observed
previously [50]. They belong to the category of mechanism model [51–54]. The Richards
and Logistic growth equations, which are characteristics of the “S”-shaped curve, are most
commonly used to describe tree growth development over time in application [55–57]. Car-
bon storage is usually expressed as a function of stand age in these two growth equations.
Moreover, preliminary comparative analysis results also showed that these two growth
equations were better than others. Therefore, the Richards and Logistic functions were
considered as basic models from which to derive the carbon storage growth equations
(Equations (1) and (2)).

C = a[1− exp(−bA)]c + ε (1)

C = a/[1 + bexp(−cA)] + ε (2)

where C is the stand carbon (t/ha), A is the stand age (a), a, b, c are the parameters to be
estimated, and ε is the error term.

2.2.2. Climate-Sensitive, Variable-Parameter Carbon Storage Growth Model

Climatic variables were introduced to the basic carbon storage growth model using
the variable-parameter method to analyze the impact of climate factors on carbon storage
growth [58,59]. The parameters (a, b, c) in Equations (1) and (2) were expressed in terms
of climate variables. Thus, we designed the climate-sensitive, variable-parameter carbon
storage growth model using stand age and two climatic variables (Equations (3) and (4)):

C = (a0 + a1·MAP + a2·MAT){1− exp[−(b0 + b1·MAP + b2·MAT)A]}(c0+c1·MAP+c2·MAT) + ε (3)

C = (a0 + a1·MAP + a2·MAT)/{1 + (b0 + b1·MAP + b2·MAT)exp[(c0 + c1·MAP + c2·MAT)A]}+ ε (4)

where a0, b0, c0 are fixed parameters, a1, b1, c1 are variable parameters of MAP, a2, b2, c2 are
variable parameters of MAT, and the other variables are the same as those described above.

The four carbon storage growth equations (Equations (1)–(4)) were fitted using the
nonlinear weighted regression method [60,61]. Weighted regression was used to eliminate
heteroscedasticity. The weight function of each model was determined from the regression
equation fitted independently by OLS. Two sides of the equations were multiplied by the
weight factor w = 1/A , when ForStat v.2.2 (Tang S.Z., Beijing, China) was used to estimate
the parameters by the two-stage error-in-variable modeling method [60,61].

2.3. Model Evaluation and Comparison

Four statistical criteria were used for model evaluation and comparison: coefficient of
determination (R2), root mean square error (RMSE), total relative error (TRE), and mean
prediction error (MPE), as shown in Equations (5)–(8) [34,60].

R2 = 1−
n

∑
i=1

(
Ci − Ĉi

)2/
n

∑
i=1

(
Ci − C

)2 (5)

RMSE =

√
n

∑
i=1

(
Ci − Ĉi

)2/(n− p) (6)

TRE = 100×
n

∑
i=1

(
Ci − Ĉi

)2/
n

∑
i=1

Ĉi (7)

MPE = 100× tα ×
(

RMSE/C
)
/
√

n (8)

where Ci are observed values, Ĉi are estimated values, C is mean value of samples, n is the
number of samples, p is the number of parameters, and tα is the t value at confidence level
α with n− p degrees of freedom.
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2.4. Inflection Point Age of Model

According to the characteristics of the carbon storage growth equations, the inflection
point age of Equations (1) and (2), also known as the age with the maximum current annual
increment, can be described as Equations (9) and (10), respectively.

A∗ = (1/b)× ln(c) (9)

A∗ = (1/c)× ln(b) (10)

where A∗ is the age of inflection point, and the other variables are the same as those
described above.

3. Results
3.1. Fitting and Comparisons for Stand Carbon Storage Growth Model

Two carbon storage growth models were used as candidate base models (Table 2). The
data from all sample plots (1080 for Larix, 820 for P. massoniana, and 780 for P. tabuliformis)
were used to fit the base models. Parameter estimates and fitting statistics indices of carbon
storage growth model (Equations (1) and (2)) for three plantation types are shown in
Table 2. The results show that both equations fit the stand carbon growth well, with the
absolute value of MPE < 5% and TRE < 5%. Furthermore, the root mean square error
(RMSE) for both equations are relatively small, fluctuating around 20 t·ha−1. However, the
coefficient of determination (R2) for both equations are relatively low, ranging from 0.254 to
0.423. According to the fitting effect of three plantation types (Figures 2–4), both equations
can objectively reflect the average growth process of carbon (Figure 5). The Equation (1)
was clearly better than Equation (2) fitting the stand carbon growth, especially with the
difference of TRE being more obvious (Table 2). Equation (1) was further analyzed by
evaluating its predictive ability using the five-fold cross-validation technique. There was
almost no difference in TRE between the five-fold cross-validation and the total, indicating
that Equation (1) is of good stability and prediction ability. Therefore, Equation (1) in
Table 2 was selected as the best base model.

Table 2. Parameter estimates and fitting statistics indices of base model.

Plantation Types Models
Parameter Estimates Fitting Statistics Indices

a b c R2 RMSE MPE TRE

Larix spp. Equation (1) 66.1141 0.05953 2.2248 0.420 19.55 3.47 0.56
Equation (2) 51.0975 19.3295 0.1663 0.391 20.02 3.56 2.73

P. massoniana
Equation (1) 55.4460 0.08363 2.0604 0.287 22.08 4.05 0.96
Equation (2) 45.5767 18.1671 0.2296 0.254 22.59 4.14 4.04

P. tabuliformis Equation (1) 91.0381 0.02726 2.2340 0.423 16.73 4.13 0.00
Equation (2) 48.6158 35.8971 0.1216 0.409 16.92 4.17 0.85
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3.2. Climate-Sensitive, Variable-Parameter Carbon Storage Growth Model

The two climatic variables (MAT and MAP) were introduced into each parameter of
the basic carbon storage growth model (Equation (1)) in linear form. Thus, the climate-
sensitive, variable-parameter carbon storage growth model (Equation (3)) was obtained.
The complete data for each tree species were used to fit the Equation (3). Parameter
estimates and fitting statistics indices of Equation (3) for the three plantation types are listed
in Tables 3 and 4, respectively. The MAP for the Larix plantation has significant impact
on the three parameters (a, b, c), while the MAT has significant impact on parameters
of asymptote (a) and rate (b) (Table 3). Table 3 also shows that MAT and MAP had no
significant effect on most parameters of the P. massoniana plantation, and that only MAT
had a significant effect on shape parameter (c). Furthermore, MAP had a significant effect
on the three parameters (a, b, c) of the P. tabuliformis plantation, whereas MAT had no
significant effect on these three parameters (Table 3).
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Table 3. Parameter estimates of Model (3).

Plantation Types
Constant Parameters Variable Parameters

a0 b0 c0 a1 a2 b1 b2 c1 c2

Larix spp. 69.0409 0.0000 0.0000 −40.9762 28.3544 0.1943 −0.04374 5.2510 0.0000

P. massoniana 53.1713 0.1070 8.6018 0.0000 0.0000 0.0000 0.0000 0.0000 −0.3353

P. tabuliformis 131.8019 0.01216 2.0412 −30.3743 0.0000 0.01614 0.0000 −0.07820 0.0000

Table 4. Fitting statistics indices of Model (3).

Plantation Types
Fitting Statistics Indices

R2 RMSE MPE TRE

Larix spp. 0.469 18.72 3.34 1.14

P. massoniana 0.293 22.01 4.04 1.10

P. tabuliformis 0.438 16.54 4.08 −0.06

The fitting statistics indices of Equation (3) (Table 4) showed that most of the fitting
statistics indices for the three plantation types were improved except for the slight increase
of TRE. This finding indicated that a substantial proportion of the stand carbon variations
was better explained by the effects of the age and climatic variables (MAT and MAP) than
the effect of age alone (Table 4).

3.3. Carbon Sequestration Capacity of the Three Plantations Types

The current annual and average increment of carbon storage curves for the three
plantations types were generated according to Equation (1) and its parameter estimates
(Table 2) (Figures 6 and 7). And the ages of inflection point and quantitative maturity
for the three plantations types are listed in Tables 5 and 6, respectively. It showed that
the inflection point age for Larix, P. massoniana, and P. tabuliformis was 14a, 9a, and 30a,
respectively, and their corresponding maximum current annual increment of carbon storage
were 1.89, 2.29, and 1.19 t/(ha·a), respectively (Table 5). The age of quantitative maturity
for Larix, P. massoniana, and P. tabuliformis was 24a, 16a, and 53a, respectively (Table 6),
and their corresponding maximum average increment of carbon storage was 1.50, 1.85,
and 0.94 t/(ha·a), respectively (Figure 7). In the present study, the maximum average
increment of carbon storage was taken as the basis for comparison to reflect carbon se-
questration capacity. Thus, the carbon sequestration capacity is highest to lowest in the
P. massoniana, Larix, and P. tabuliformis forests. Moreover, the carbon sequestration capacity
of the P. massoniana and Larix forests is approximately 1.97 and 1.60 times, respectively, that
of the P. tabuliformis forest. The difference in average increment of carbon storage among
different plantations types gradually decreased with increasing forest age (Table 6 and
Figure 7). These results indicate that the carbon sequestration capacity of different planta-
tions types varies greatly, and that each plantation type has its reasonable management
cycle. In order to fully develop the maximum production potential in terms of plantation in
China, it is vital to coordinate regional development and implement scientific management
strategies to fully develop the maximum production potential of plantations in China.
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Table 5. Comparison of current annual increment of carbon storage on age of inflection point for
three plantation types.

Plantation Types Age of Inflection Point(a) Maximum Current Annual
Increment of Carbon (t/(ha·a))

Larix spp. 14 1.89

P. massoniana 9 2.29

P. tabuliformis 30 1.19

Table 6. Comparison of average increment of carbon storage on different ages among the three
plantation types.

Plantation Types
Average Increment of Carbon (t/(ha·a))

5 10 15 20 25 Max.

Larix spp. 0.65 1.11 1.37 1.48 1.50 1.50
P. massoniana 1.21 1.72 1.85 1.81 1.69 1.85
P. tabuliformis 0.18 0.37 0.53 0.66 0.75 0.94

3.4. Effect of Climate on Carbon Sequestration Capacity in the Three Plantation Types

According to Equation (3) and its parameter estimates (Table 3), the carbon growth
process of the three plantation types were affected by the climatic variables (MAT and
MAP) in varying degree.

3.4.1. Larix spp. Plantation

MAT and MAP had significant effects on the carbon growth process of Larix planta-
tion, however, they share a complex relationship (Table 3). Nine climate scenarios, including
high-temperature (15 ◦C), middle-temperature (7.5 ◦C), low-temperature (0 ◦C), more-
precipitation (1220 mm), middle-precipitation (735 mm) and less-precipitation (250 mm),
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were generated according to the range of MAT and MAP of Larix sample plots in Table 1.
Except for high-temperature and less-precipitation (which had no solution due to the pa-
rameters of this model exceeding the reasonable range), the carbon growth characteristics
of the other eight climate scenarios are shown in Table 7.

Table 7. Comparison of carbon growth characteristics of different climate scenarios for three planta-
tion types.

Plantation Types Climate Scenarios
Age of

Inflection
Point (a)

Maximum
Current Annual

Increment of
Carbon (t/(ha·a))

Age of
Quantitative
Maturity (a)

Maximum
Average

Increment of
Carbon (t/(ha·a))

Larix spp.

High-temperature and
more-precipitation (CS-I) 11 4.20 18 2.54

High-temperature and
middle-precipitation (CS-II) 18 2.67 30 1.82

Middle-temperature and
more-precipitation (CS-III) 10 3.27 15 1.98

Middle-temperature and
middle-precipitation (CS-IV) 13 2.81 21 1.92

Middle-temperature and
less-precipitation (CS-V) 18 0.87 33 0.74

Low-temperature and
more-precipitation (CS-VI) 8 1.79 13 1.08

Low-temperature and
middle-precipitation (CS-VII) 10 2.36 16 1.61

Low-temperature and
less-precipitation (CS-VIII) 6 1.82 11 1.68

P. massoniana

Low-temperature
(CS-IX) 15 2.35 24 1.54

Middle-temperature (CS-X) 11 2.48 19 1.78
High-temperature (CS-XI) 6 2.90 11 2.40

P. tabuliformis
Less-precipitation (CS-XII) 42 1.04 75 0.84

Middle- precipitation (CS-XIII) 29 1.33 51 1.08
More- precipitation (CS-XIV) 22 1.52 38 1.25

The age of inflection point and quantitative maturity for eight climate scenarios ranged
from 6a to 18a and from 11a to 33a, respectively. The minimum and maximum values of
these two age types were in the climate scenario of CS-V and CS-I, respectively (Table 7).
Moreover, the maximum current annual and average increment of carbon storage of eight
climate scenarios was between 0.87 and 4.20 t/(ha·a), and between 0.74 and 2.54 t/(ha·a),
respectively. The maximum and minimum values of these two types of carbon growth
were also in the climate scenario of CS-I and CS-V, respectively (Table 7). In addition, the
top three climate scenarios with the largest average increment of carbon storage were CS-I,
CS-III, and CS-IV, with a corresponding average increment of carbon storage of 2.54, 1.98,
and 1.92 t/(ha·a), respectively, and the corresponding quantitative maturity ages of 18a,
15a, and 21a, respectively (Table 7). Furthermore, the age of quantitative maturity increased
with the increase in temperature both under conditions of more or middle precipitation.
The carbon sequestration capacity of Larix plantation increased with the increase in temper-
ature under more precipitation conditions (Figure 8), but increased first, then decreased
with the increase in temperature under middle precipitation conditions (Table 7). Moreover,
the carbon sequestration capacity of Larix plantation increased with the increase of precip-
itation under high and middle temperature conditions, whereas the age of quantitative
maturity decreased. Conversely, both the carbon sequestration capacity increased first, then
decreased with the increase of precipitation under low temperature condition (Table 7).
Finally, the maximum average increment of carbon storage of these three climate scenarios
under middle temperature was 1.98, 1.92, and 0.74 t/(ha·a), respectively (Table 7). Taking
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these data as the standard for measuring the carbon sequestration capacity, we determined
that, when MAP reduced from 1220 to 250 mm, the corresponding carbon sequestration
capacity will be reduced by 63%. It is equivalent to the average carbon sequestration ca-
pacity reduced by approximately 6.5% for every 100 mm decrease in MAP. The maximum
average increment of carbon storage of the three climate scenarios under more precipitation
was 2.54, 1.98, and 1.08 t/(ha·a), respectively (Table 7 and Figure 8). Taking these data as the
standard to measure the carbon sequestration capacity, we found that, when MAT reduced
from 15 ◦C to 0 ◦C, the corresponding carbon sequestration capacity will be reduced by
57%. This value is equivalent to the average carbon sequestration capacity reduced by
about 3.8% for every 1 ◦C decrease in MAT.
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3.4.2. P. massoniana Plantation

The carbon growth process of P. massoniana plantation was not significantly affected by
MAP, but significantly affected by MAT, and the carbon sequestration capacity increased
with the increase in temperature (Table 3). Based on the range of MAT in P. massoniana
sample plots (Table 1), three climate scenarios, including low-temperature (12 ◦C), middle-
temperature (16 ◦C), and high-temperature (20 ◦C), were generated. The carbon growth
characteristics of the three climate scenarios are shown in Table 7.

The ages of inflection point and quantitative maturity for the three climate scenarios
were between 6a and 15a, and between 11a and 24a, respectively (Table 7). Moreover,
the corresponding ages all decreased with the increase in temperature. The maximum
current annual and average increment of carbon storage for the three climate scenarios
ranged from 2.35 to 2.90 t/(ha·a), and from 1.54 to 2.40 t/(ha·a), respectively (Table 7).
The corresponding carbon growth all increased with the increase in temperature (Table 7
and Figure 9). Furthermore, taking mean carbon growth as the standard to measure the
carbon sequestration capacity, we found that, when MAT increased from 12 ◦C to 20 ◦C,
the corresponding carbon sequestration capacity will be enhanced by 56%. This value is
equivalent to the average carbon sequestration capacity being enhanced by approximately
7.0% for every 1 ◦C increase in MAT. Conversely, when MAT reduced from 20 ◦C to 12 ◦C,
the corresponding carbon sequestration capacity will be decreased by 36%. This value is
equivalent to the average carbon sequestration capacity being decreased by approximately
4.5% for every 1 ◦C decrease in MAT.

3.4.3. P. tabuliformis Plantation

The carbon growth process of P. tabuliformis plantation was not significantly affected by
MAT but significantly affected by MAP, and the carbon sequestration capacity increased
with the increase in precipitation (Table 3). Based on the range of MAP for P. tabuliformis
sample plots in Table 1, three climate scenarios, including more-precipitation (1200 mm),
middle-precipitation (750 mm), and less-precipitation (300 mm), were generated. The
carbon growth characteristics of three climate scenarios are listed in Table 7.
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Figure 9. Growing process of carbon storage in P. massoniana plantation under three climate scenarios.

The age of inflection point and quantitative maturity for the three climate scenarios
ranged from 22a to 42a, and from 38a to 75a, respectively (Table 7). Moreover, the corre-
sponding ages all decreased with the increase in precipitation. This finding also showed
that the maximum current annual and average increment of carbon storage of three climate
scenarios changed between 1.04 and 1.52 t/(ha·a), and between 0.84 and 1.25 t/(ha·a),
respectively (Table 7). The corresponding carbon growth all increased with the increase
in precipitation (Table 7 and Figure 10). In addition, taking mean carbon growth as the
standard for measuring the carbon sequestration capacity, when MAP increased from 300
to 1200 mm, the corresponding carbon sequestration capacity will be enhanced by 49%.
This value is equivalent to the average carbon sequestration capacity being enhanced by
approximately 5.4% for every 100 mm increase in MAP. Conversely, when MAP reduced
from 1200 to 300 mm, the corresponding carbon sequestration capacity will be decreased by
33%. This value is equivalent to the average carbon sequestration capacity being reduced
by about 3.6% for every 100 mm decrease in MAP.
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4. Discussion
4.1. Performance of Carbon Storage Growth Models

This study provided an effective set of model tools to estimate stand carbon storage
growth in the three major species plantations in China at national scales. These tools can
be used to estimate carbon storage growth based on FID. Some stand variables, including
age, average diameter at breast height (Dg), basal area (BA), density (N), mean height
(H) and volume (V), are typically introduced into carbon models [19–21,29,31,33,35,36].
Most of these equations are allometric growth equations, as phenomenological growth
equations are rarely used [24]. Two phenomenological growth equations, where carbon
storage is only expressed as a function of stand age, were developed in the present study.
However, accurately estimating stand carbon storage only from age is difficult at national
scales [32,35–37]. Climatic factors are also good predictors for stand carbon storage [32,35].
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Thus, the Equations (1) and (2) were established using age only, and Equations (3) and (4)
were set up with the introduction of MAT and MAP. It was showed that Equations (1) and (2)
fit the stand carbon growth well, with the absolute value of MPE < 5% and TRE < 5%.
The root mean square error (RMSE) for both equations was relatively small, fluctuating
at approximately 20.00 t·ha−1. However, Equation (1) had better prediction qualities than
Equation (2). Therefore, Equation (1) was selected as the best base model. Equation (3)
produced more accurate estimates than Equation (1) for the stand carbon growth based on
decreasing RMSE and MPE, as well as increasing R2. This finding was supported by other
stand growth models [25,34–39].

It should be noted that the coefficient of determination (R2) for equations was low
due to the approach of substituting spatial differences for time differences, which is also
a normal phenomenon. The primary purpose of this research was to accurately evaluate
the difference in carbon sequestration capacity for different types of plantations and their
response to climatic factors at a national scale. Therefore, it was not necessary to accurately
simulate carbon growth under different site conditions. Our work showed that MPE
and TRE of all carbon storage growth models were less than 5% and 3%, respectively
(Tables 2 and 4), indicating that the fitting effect is acceptable. If the carbon storage growth
models are developed using the average values of sample plots at the same stand age, the
range of R2 for these models will increase from 0.174–0.420 to 0.721–0.889. Obviously, such
models are inconsistent with our primary research purpose, and their results would not
objectively and comprehensively reflect the overall actual carbon storage. Moreover, almost
all the sample plots data of the three plantations for NFI in China were used for modelling,
these data are sufficiently representative of the average carbon storage growth of real stands
and can objectively reflect the actual carbon storage and the differences among different
plantation types.

Of course, we have to acknowledge that the approach used in this study has its own
limitation. However, this approach assumed that the stands of certain plantation type with
different ages which are located on different sites can represent the growth process of the
same stand with different ages on average site condition. Based on the central limit theorem,
it should be able to reflect the average state when the number of modeling samples is large
enough. Datasets of sample plots in this study were from the ninth NFI of China, widely
distributed all over the country, and almost all sample plots of the three plantation types
were used for modelling. Obviously, these data can meet the hypothetical condition. In
other words, we can assume that NFI data-based models can objectively represent real state
of carbon storage and average difference among plantation types.

4.2. Climate Effects on Carbon Storage Growth Models

It is very important to grasp the impact of climate change on carbon storage to
implement national strategic decision. Climate can modify the carbon storage growth
process of individual trees and subsequently affect carbon storage at whole stand and
large scales. In previous studies, many seasonal and annual climate factors, including
precipitation of the wettest quarter (mm), precipitation of total growing season (mm), MAP,
MAT, mean monthly temperature (°C), mean temperature of growing season (°C), mean
temperature of the wettest quarter (°C), and mean temperature of the driest quarter (°C),
have been introduced into the biomass and carbon storage models [25,26,33–36,46,62,63].

The relationship between stand carbon storage and climatic factors must be known
to illustrate the effects of climate change on stand carbon storage growth [33,35]. Given
that carbon storage is affected by climatic factors [25,32,35], and that climatic factors affect
the parameters of carbon storage models, a carbon storage model that considers climate
effects is theoretically better. Thus, we developed climate-sensitive, variable-parameter
carbon storage growth models (Equation (3) and Table 2) with the introduction of climatic
factors (MAT and MAP). This study shown that the carbon storage growth model that
considers climate effects had better performance than the basic models. Our findings
showed that the carbon storage growth model that considered climatic factors (MAT and
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MAP) performed better than the basic models. Furthermore, the present study confirmed
the significant effects of climatic factors (MAT and MAP) on the process of stand carbon
storage growth. This result is consistent with that of previous studies, which reported that
the introduction of climatic factors improved the performance of carbon storage models [35].
Previous research also highlighted the important role of temperature and precipitation
in tree growth. MAT and MAP were often used to analyze the climate effect on tree
biomass and carbon storage due to their close relationships with biomass and carbon
storage [25,33–35,62]. Furthermore, these studies proved that climatic factors in the climate-
sensitive models changed with forest types and regions. Carbon storage growth models
that include climatic factors may facilitate the effects of future climate change on forest
carbon storage.

4.3. Carbon Sequestration Capacity and the Effect of Climate

The dual carbon goal can be achieved by improving carbon sequestration capacity.
One of the most economical, feasible and environment-friendly ways to achieve its goal
through is making full use of carbon sequestration in terrestrial ecosystems [17]. China’s
terrestrial ecosystem has a huge carbon sequestration capacity [64]. As the main body of
terrestrial ecosystem, forests, especially plantations, play an important role in improving
their carbon sequestration capacity. Here, the maximum average increment of carbon
storage was taken as the basis for comparison to reflect carbon sequestration capacity.
Thus, the carbon sequestration capacity of Larix, P. massoniana, and P. tabuliformis were 1.50,
1.85, and 0.94 t/(ha·a), respectively. The difference in mean carbon growth for different
plantation types gradually decreased with the increase in forest age (Table 6 and Figure 7).
These results indicate that the carbon sequestration capacity of different plantation types
vary greatly, and that each plantation type has a reasonable management cycle. The value
of carbon may be considerable in terms of carbon accounting and global climate change.
According to the current carbon emission price (dioxide equivalent price USD11 per ton
of carbon dioxide equivalent (tCO2e) [65]), the difference among the three plantations in
carbon value per unit area will expand 11 times [65]. It is conceivable that the difference in
total value will be greater.

We developed climate-sensitive, variable-parameter carbon storage growth models
with a view that a carbon storage model with the climatic factors is better. The average of
carbon sequestration capacity of P. massoniana and Larix plantations reduced by about 4.5%
and 3.8%, respectively, when MAT decreased by 1 ◦C. The average of carbon sequestration
capacity of Larix and P. tabuliformis plantations reduced by approximately 6.5% and 3.6%,
respectively, when MAP decreased by 100 mm. Therefore, climate-adjusted carbon storage
estimation is highly important, especially on a large scale. In order to fully develop the
maximum production potential in terms of plantation in China, it is vital to coordinate
regional development and implement scientific management strategies to fully develop the
maximum production potential of plantation in China. It should be noted that the mean
growth or carbon sequestration capacity reflected by modelling in this study should be
lower than the actual value due to normal tending, cutting, and other business activities
that occur in the inventory sample plots of forests resources.

5. Conclusions

Carbon storage growth models for three main species plantations were developed
based on the ninth NFI data using a weighted nonlinear regression method. The mean
prediction error (MPE) of carbon storage growth models was less than 5%, and total relative
error (TRE) was almost less than 2% for self- and cross-validation, indicating that the carbon
storage growth models fit carbon growth well and can objectively reflect the overall mean
growth process of the carbon storage in the three tested plantations. Furthermore, the
variable parameter carbon storage growth models that included MAT and MAP performed
better than the basic ones.
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The carbon sequestration capacity of the three major coniferous plantation types was
highest to lowest in P. massoniana, Larix, and P. tabuliformis forests. The age of quantitative
maturity for P. massoniana, Larix, and P. tabuliformis were 16a, 24a, and 53a, respectively.
Their corresponding maximum average increment of carbon storage was 1.85, 1.50, and
0.94 t/(ha·a), respectively. Based on the maximum mean carbon growth, the carbon
sequestration capacity of the P. massoniana and Larix plantations was approximately 1.97
and 1.60 times that of P. tabuliformis plantation, respectively. In addition, with the increase
in forest age, the difference in mean carbon growth for different plantation types gradually
decreased. Therefore, it is vital to coordinate regional development and implement scientific
management strategies to fully develop the maximum production potential of plantations
in China.

MAT and MAP have different effects on the carbon growth process and carbon
sequestration capacity of the three major coniferous plantations. The average carbon
sequestration capacity of P. massoniana and Larix plantations reduced by approximately 4.5%
and 3.8%, respectively, when MAT decreased by 1 ◦C. The average carbon sequestration
capacity of Larix and P. tabuliformis plantations reduced by approximately 6.5% and 3.6%,
respectively, when MAP decreased by 100 mm. In general, the greatest impact of climatic
factors on carbon sequestration capacity occurred in the Larix plantation, followed by
P. massoniana and P. tabuliformis plantations.
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