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Abstract 

Background  Implementing large-scale carbon sink afforestation may contribute to carbon neutrality targets 
and increase the economic benefits of forests in rural areas. However, how to manage planted forests in China 
to maximize the joint benefits of timber production and carbon sequestration is still unclear. Therefore, the present 
study quantified the effects of different rotation lengths, thinning treatments, site quality (SCI), stand density (SDI), 
and management costs on the joint benefits of carbon sequestration and timber production based on a stand-level 
model system developed for larch plantations in northeast China.

Results  The performances of the different scenarios on carbon stocks were satisfactory, where the variations 
in the outcomes of final carbon stocks could be explained by up to 90%. The joint benefits increased significantly 
with the increases of SDIs and SCIs, regardless of which rotation length and thinning treatments were evaluated. 
Early thinning treatments decreased the joint benefits significantly by approximately 131.53% and 32.16% of middle- 
and higher-SDIs, however longer rotations (60 years) could enlarge it by approximately 71.39% and 80.27% in sce-
narios with and without thinning when compared with a shorter rotation length (40 years). Discount rates and tim-
ber prices were the two most important variables affecting joint benefits, while the effects of carbon prices were 
not as significant as expected in the current trading market in China.

Conclusions  The management plans that promote longer rotations, higher stand densities, and no thinning treat-
ments can maximize the joint benefits of carbon sequestration afforestation and timber production from larch planta-
tions located in northeast China.

Highlights 

•	 A compatible model of stand volume and carbon for larch plantations was developed.
•	 Thinning decreased the joint benefits of higher SDIs, but longer rotations enlarged it.
•	 Discount rates and timber prices predominated the joint benefits.
•	 The effects of carbon prices on the joint benefits were unconspicuous.
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How to maximize the joint benefits of timber production and carbon sequestration

for rural areas? A case study of larch plantations in northeast China

DDaattaa

MMooddeell

SSiimmuullaattiioonn AApppplliiccaattiioonn

Background
Global surface temperatures have increased by approxi-
mately 0.6 ℃ during the last few decades and will con-
tinue to grow until at least mid-century under all 
emissions scenarios considered [1]. Thus, deep reduc-
tions in CO2 emissions are essential actions that may 
keep global warming well below 2 ℃ or the more aggres-
sive goal of 1.5 ℃. As a part of nature-based solutions 
for mitigating climate change, implementing sustain-
able forest management has drawn much attention from 
policymakers, forest landowners, and other stakeholders. 
Planted forests may not only provide a large and per-
sistent wood and non-wood product supply for human 
society, but also they may also absorb a large amount of 
CO2, thus contributing significantly to mitigating global 
climate change. It has been estimated that China might 
be the most promising Clean Development Mechanism 
(CDM) market [2], which may account for about 40–50% 
of the global market. Thus, the carbon trading market 
under the framework of China Certified Emission Reduc-
tion (CCER) started again in 2021; this market is con-
sidered an essential route to achieving carbon–neutral 
goals. The world’s total planted forest area approached 
about 795.43 million hectares in 2020, representing a 
quarter of the global greening increases [3]. However, 

how to manage these forests to maximize the joint ben-
efits of timber production and carbon sequestration is 
still unclear.

Forest growth simulators are powerful tools that assist 
in developing valuable guidelines for implementing sus-
tainable forest management. Similar to the development 
of estimates of forest stand (a collection of similar trees) 
volume, stand-level carbon stocks are also a function of 
site quality, development phase, stand density, and man-
agement treatments applied. The most popular methods 
for estimating stand carbon stocks utilize a biomass con-
version factor (BCF), biomass expansion factors (BEF), 
and stand volumes. However, the commonly used BCFs 
and BEFs are often fixed values for specific tree species, 
and the estimates of carbon stocks are unsatisfactory [4–
6]. To overcome the problems encountered, some con-
tinuous variable BCF and BEF models have recently been 
developed [7, 8]. A second strategy to estimate stand-
level carbon stocks involves combining commonly used 
tree- [7, 9] or stand- [4, 8] level biomass models with a 
detailed forest inventory. The variables in tree-level mod-
els include diameter at breast height (DBH), tree height 
(HT), and combinations of these (e.g., DBH2HT). The 
variables in stand-level models commonly include mean 
DBH, mean HT, stand basal area (BAS) and stand age. 
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However, the second strategy can only estimate the car-
bon stocks at a particular point in time, and do not pro-
vide a series of stand carbon stocks with stand age. In 
addition, some forest stand models (e.g., FORMIND) 
[10] or forest landscape models (e.g., LANDIS-II) [11] 
can also be used to simulate the development of for-
est ecosystems. However, some uncommonly used ter-
minologies (e.g., “patch” in FORMIND and “cohort” in 
LANDIS-II) and uneasy measured parameters may pre-
vent foresters from using them properly. Thus, develop-
ing suitable prediction models of stand stocks is urgently 
needed for the development of the forest carbon seques-
tration projects.

Assigning suitable management plans to planted for-
ests to maximize the joint benefits of carbon and timber 
is one of the essential tasks in the carbon sequestra-
tion afforestation project under the framework of either 
CDM or CCER. The length of optimal rotation periods 
(the time from tree planting to final harvest) for planted 
forests has been discussed in previous studies, espe-
cially when the benefits of carbon sequestration were 
considered. However, the conclusions of these works 
were not always consistent. For example, Hoel et al. [12] 
reported that a social cost of carbon implied longer opti-
mal rotation periods, and that if the social cost of carbon 
exceeded a specific threshold value, the forest should 
not ever be harvested. However, Zhou and Gao [13] and 
Dong et  al. [14] indicated that the effects of increasing 
carbon prices on optimal rotation lengths were not as 
remarkable as expected. The reasons may be that an age-
dependent volume growth model and a fixed BCF and 
BEF were used by Hoel et  al. [12], while a set of stand-
level growth and yield models were employed by Dong 
et  al. [14], where the derived BCF and BEF were both 
alterable. Meanwhile, carbon prices, discount rates, tim-
ber prices [12, 15, 16], and carbon accounting strategies 
[14, 17], may significantly affect the optimal management 
plans. Thus, managing carbon sequestration afforestation 
projects is a very complex issue that must be approached 
with caution.

Larch species, which include Larix gmelinii, Larix 
olgensis, and Larix kaempferi, are some of the most 
critical planted tree species in northeast China. The 
ninth National Forest Inventory of China reported that 
the current areas of larch plantations accounted for 
approximately 31,630 km2 of land [18]. Some manage-
ment techniques, such as cultivations for large-sized 
and pulp timber, have been put forward [19–21], while 
composite management technologies involving carbon 
sequestration and timber production are still highly 
lacking. Thus, this study focused on (1) developing 
compatible stand volume and carbon stocks of larch 
plantations in northeast China; (2) simulating different 

thinning treatments and rotation lengths on the joint 
benefits of timber production and carbon sequestra-
tion; (3) analyzing the sensitivity of different costs and 
benefits on the profitability of a carbon sequestration 
afforestation project.

Materials and methods
Study area
This study was conducted in the three provinces of 
northeast China (Fig. 1; 118° 50′–135° 05′ E, 38° 43′–43° 
25′ N), namely Heilongjiang, Jilin, and Liaoning. These 
three provinces cover an area of approximately 787,300 
km2, and forest coverage is about 42.4%. The average 
elevation of the region is 320 m, and weather conditions 
are dominated by a temperate continental monsoon cli-
mate, where the mean annual temperature is about 3℃, 
and the mean annual precipitation is about 650 mm. Soil 
conditions in this region are predominantly composed of 
a mountain of dark brown soil, accompanied by a small 
amount of meadow and white pulp soil. Most of these 
planted forests are located in rural areas, where the mean 
annual incomes of forest dwellers are only about half of 
that for non-forest residents (about 16,400 RMB/per-
son≈2300 $/person), thus improving the incomes and 
well-being of forest dwellers is a worthwhile endeavor. 
Therefore, developing carbon sequestration afforestation 
projects have received widespread attention from forest 
dwellers [22].

Field data
The data used in this study were obtained from field 
plots associated with the 7th National Forestry Inven-
tories (NFI) of China in the three provinces. The size of 
the square field plots was 0.067 ha. In each plot, all trees 
with a diameter at breast height (DBH) larger than 5 cm 
were measured. Meanwhile, the heights of at least three 
intermediate (crown position) trees were measured using 
the ultrasonic altimeter to calculate the mean stand 
height. The stand ages were determined by consulting 
the afforestation archives or counting tree rings from a 
core extracted at breast height. Other variables measured 
included stand (e.g., canopy density, historical distur-
bances) and topography (e.g., elevation, aspect, slope, and 
soil types) characteristics. To avoid complications that 
may arise during the analysis of larch forests, particularly 
where other tree species may regenerate naturally within 
the plots, only larch plantation plots where the larch 
component of volume was larger than 65% were selected 
for this analysis [23]. In total, 342 plots were obtained 
across the three provinces: 90 plots in Heilongjiang, 202 
plots in Jilin, and 50 plots in Liaoning (Fig. 1).
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Calculating forest carbon stocks
For larch trees, the carbon stocks of each component (e.g., 
root, stem, branch, and leaf) were jointly calculated using 
the compatible biomass models of Peng et al. [24] and the 
component-specific carbon concentration [25], namely 
0.4617 of root, and 0.4610 of stem, and 0.4736 of branch, 
and 0.4734 of leaf, respectively. The carbon stocks of other 
species (e.g., Betula platyphylla, Populus davidiana, and 
Fraxinus mandshurica) were estimated using a similar pro-
cess. However, the biomass models were extracted from 
the work of Dong [26], and the carbon concentrations 
were a fixed value (0.5) for all four components. Finally, the 
total carbon stocks of entire plots were calculated using 
the accumulation stocks of all the trees and the area of the 
plots, and the values were expanded to a per-hectare value. 
In forestry, the stand density index (SDI) can combine the 
effects of stand density and mean DBH together, while the 
site class index (SCI) can also synthesize the combined 
impacts of terrain, soil, climate, and other factors on for-
ested land. Since SDI and SCI have huge effects on the final 
yields (Fig. 2), they have been widely used in forest growth 
and yield models [17, 27, 28]. Thus, both SDI and SCI of 
each plot were further calculated using the functions from 
the work of Wang [29], which were fitted using 1140 plots.

(1)SDI = N ·

(
D0

Dg

)
−1.605

where N is the number of trees per hectare; Dg is the 
mean DBH of the stand;  t0 and D0 are respectively the 
base age and base DBH of larch plantation, which was set 
30 years and 20 cm in this analysis [29]. Further, HT is the 
mean height of the stand, and t is the actual current age 
of the trees in each plot. The descriptive statistics of the 
stand variables used for modeling are shown in Table 1.

Carbon stock prediction models
Stand basal area (BAS) and mean stand height (HT) are 
not only two critical factors that significantly affect the 
development of stand carbon stocks, but they are also 
straightforward to measure in practice. Therefore, BAS 
and HT were used as bridges to estimate stand carbon 
stocks of larch plantations. Scatter plots indicate that 
both BAS and HT increase significantly with ages in the 
early stages, and then the increments decrease gradually 
with further increases in stand ages (Fig. 2), which sug-
gests a typical monotonic increasing tendency. Thus, 
the Mitscherlich function was selected to simulate the 
growth processes of BAS and HT.

where y is the dependent variable, namely either BAS 
or HT in this analysis; Exp() is an exponential function 
with the base of natural numbers; a and b represent the 

(2)SCI = HT
(1− Exp(−0.0231t0))

0.8365

(1− Exp(−0.0231t))0.8365

(3)y = a(1− Exp(−bt))

Fig. 1  The locations of study area (A) and the age frequency (B) and spatial distribution (C) of sample plots
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potential maximum values and growth rates of BAS or 
HT; and t represents the current age of the trees in each 
plot.

Numerous studies have demonstrated that the poten-
tial maximum values of HT highly depend on site quality, 
whereas the effects of stand densities and management 
treatments were both inconspicuous [30–32]. Thus, the 
parameter a of Eq.  3 was associated with SCI using a 
power form.

wherea0 , , a1 and a2 are the estimated parameters. BAS 
is a composite variable between the mean DBH and the 
number of trees per hectare (N), thus both stand density 
and site quality have significant effects on the growth 
rates of BAS, namely parameter b of Eq.  3. Since the 
effects of SCI on HT have been quantified in Eq. 4, it was 

(4)HT = a0SCI
a1(1− Exp(−a2t))

Fig. 2  The relationships between stand age and mean stand height (A), and between stand age and stand basal area (B), and between mean stand 
height and stand carbon stocks (C), and between stand density index and stand basal area (D), and between stand basal area and stand carbon 
stocks (E), and between stand volume and stand carbon stocks (F), where the blue lines represent the smoothed conditional means, and the grey 
ribbons represent the 95% confidence interval

Table 1  Descriptive statistics of the stand variables for larch 
plantations in northeast China, where DBH and HT represent 
the diameter at breast height and tree height, and Std and CV 
represented the variable’s standard deviation and variation 
coefficient, respectively

Variables Min Max Mean Std CV %

Stand age (t), years 5.00 58.00 24.75 9.76 39.42

Mean DBH (DBH), cm 5.00 26.80 12.29 3.91 31.82

Mean HT (HT), m 3.50 25.50 11.80 4.18 35.40

Stand density (N), trees ha−1 140.00 2780.00 876.50 506.20 57.75

Stand basal area (BAS), m2 
ha−1

0.37 21.61 9.10 3.90 42.90

Site class index (SCI), m 6.58 19.57 13.52 2.54 18.79

Stand density index (SDI), 
trees ha−1

20.30 793.27 351.00 140.77 40.11

Stand volume (VOL), m3 ha−1 1.09 183.92 64.82 37.06 57.17

Carbon stocks (CAR), ton ha−1 0.41 55.95 19.61 10.63 54.21
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not considered again in the model of BAS. The function 
of BAS was formulated as:

where b0, b1, and b2 are all the estimated parameters. 
Based on BAS and HT, the stand volume could then be 
estimated as [28, 33]:

where c0 and c1 are the estimated parameters. Since sig-
nificant linear relations between stand volume and stand 
carbon stocks could be observed (Fig. 2), they were thus 
formulated as:

where d0 and d1 are the estimated parameters.
However, one thing to note was that the variables of 

HT, BAS, and VOL were not only the dependent vari-
ables of their respective models (namely Eqs.  4, 5, and 
6), but also the independent variables of Eq. 7; thus, they 
were solved as a set of simultaneous equations.

Due to the characteristics mentioned above of simulta-
neous equations, several methods, e.g., seemingly unre-
lated regression (SUR), two-stage least squares (2SLS), 
and three-stage least squares (3SLS), have been put for-
ward to estimate the parameters synchronously [7, 8]. 
SUR, proposed by Parresol [34], has been widely used in 
recent years [9, 35]. Thus, the method of SUR embedded 
in the R package of “systemfit” was employed to estimate 
the parameters of the simultaneous equations (Eq. 8).

Since developing a stand density prediction model 
requires at least two periods of monitoring data, which 
are not available in our study, we decided to use a pub-
lished model for this species by Chen (2010), who devel-
oped it using a total of 285 field measurement plots that 
were visited five times (1986, 1990, 1995, 2000, and 2005). 
The coefficient of determination for this model was as 
significant as about 0.9223.

(5)BAS = b0

[
1− Exp(−b1

(
SDI

1000

)b2

t)

]

(6)VOL = BAS

[
c0HT

(HT + c1)

]

(7)

CAR = d0 + d1VOL = d0 + d1

{
BAS

[
c0HT

(HT + c1)

]}

(8)






HT = a0SCI
a1(1− Exp(−a2t))

BAS = b0

�
1− Exp(−b1

�
SDI
1000

�b2
t)

�

VOL = BAS
�

c0HT
(HT+c1)

�

CAR = d0 + d1VOL

(9)N2 = N1exp(−(0.0103+ 0.0003SCI)(t2 − t1))

where N1 is the trees per hectare at time t1, and N2 is 
the trees per hectare at time t2; SCI is the site condi-
tion index. The coefficients within the functions indicate 
that the number of trees per hectare decrease gradually 
with increased SCIs, which is consistent with biological 
knowledge [27].

The models’ accuracies and performances were evalu-
ated using the k-fold cross-validation method. This 
approach involves randomly dividing the set of observa-
tions into k folds of approximately equal size. Then, the 
first fold was treated as a validation set, while the remain-
ing k-1 folds were used to fit the models [36]. The pro-
cesses of fitting and validating would be repeated k times, 
and the final results of k-fold cross-validation would be 
summarized with the means of various statistics on the 
model. Following the suggestions of James et al. [36] and 
Zeng et al. [7], the value of k was set as 5 in this analysis. 
The statistics used in this analysis included the adjusted 
coefficient of determination ( R2

a ; Eq.  10), root mean 
square error (RMSE; Eq. 11) and mean absolute percent 
error (MAPE; Eq. 12), respectively.

where yi and ŷi are respectively the measured- and 
predicted-values for i-th plot; y is the mean values of 
response variable; p is the number of model parameters.

Application of carbon stock models
Following the frameworks of CDM and CCER [37], the 
monitoring period of afforestation projects for carbon 
sequestration should be fixed at 5  years after the first 
monitoring time is determined. Thus, we assumed that 
each of the commitment periods was five years long to 
be consistent, namely the endings of the corresponding 
commitment periods were respectively 5th, 10th, 15th, 
etc. Based on the conservative principles of CDM, carbon 
sequestration considered in this analysis is only related to 
the carbon stocks of above- and below-ground living bio-
mass. This analysis did not consider carbon stocks related 
to soil organic matter, dead trees, and litter. The costs and 
benefits of a carbon sequestration afforestation project 
could then be determined using the net present value 
(NPV) of forest management activities.

(10)R2
a = 1−

∑N
i=1(yi − ŷi)

2

∑N
i=1(yi − y)2

·

(
N − 1

N − p− 1

)

(11)RMSE =

√∑N
i=1(yi − ŷi)

2

N − p

(12)MAPE =
1

n

N∑

i=1

∣∣∣∣
yi − ŷi

yi

∣∣∣∣× 100%
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where t is the t-th 5-year period; N is the number of total 
5-year periods, which was calculated as N = T/5; T is the 
rotation length of a larch plantation; NPV 5t is the joint 
net present value of timber and carbon together for the 
t-th 5-year period; R5t is the present value of the manage-
ment costs for t-th 5 years; W5t and C5t are respectively 
the present values on the benefits of the t-th 5-year peri-
ods for timber and carbon; r is the discount rate.

Following the project design document (PDD) of a car-
bon sequestration afforestation project for Shibazhan 
Forestry Bureau that was certificated in 2019 (https://​
www.​ccchi​na.​org.​cn/, Accessed on Dec 23, 2023), the 
afforestation costs, which included the site prepara-
tion, seedling, and tending, were $280  ha−1. The annual 
maintenance costs, including activities to prevent pests 
and fires, were $12 ha−1 yr−1. The net prices of commer-
cial wood were assumed to be $120  m−3. The certifica-
tion costs, which included monitoring, validation, and 
certification, were assumed to be $10 per hectare per 
period, and incurred every 5  years. The carbon prices 
were extracted from the history data of Carbon Trading 
Network (http://​www.​tanpa​ifang.​com/, Accessed on Dec 
23, 2023), and were assumed to average $5 ton−1, while 
the discount rates followed the commonly used values 
(namely 3%) in forestry in China. To further quantify the 
sensitivity of different management costs and benefits on 
the joint NPV of timber and carbon together for a carbon 
sequestration afforestation project, the benefits and costs 
mentioned above were increased or decreased by 50%, 
respectively.

Since both SCIs and SDIs have significant effects on 
the growth and final yield of carbon stocks (Fig.  2), 
three different classes on the site quality of SCI and the 

(13)NPV 5t =

N∑

t=1

W5t + C5t − R5t

(1+ r)5t

stand density of SDI that were inspired by the statistics 
in Table  1 were employed in this analysis: 100, 300 and 
500 trees ha−1 of SDI, and 10 m, 14 m and 18 m of SCI, 
respectively. The harvest plans for larch plantations fol-
lowed the Technical Schedule of Fast-growing Larch Plan-
tations [19], where the thinning treatments were assigned 
at the 17th, 25th, and 33rd years, and with a volume-
based intensity of 18.0%, 34.1%, and 25.0%, respectively. 
Since the minimum rotation lengths of larch plantations 
were 40 years in northeast China, two crediting periods 
were considered in this analysis. However, some studies, 
e.g., Dong et al. [14], Holtsmark et al. [15], and Hoel et al. 
[12], have argued that the rotations could be extended 
significantly, especially when the benefits of carbon 
sequestration were considered, thus lengthening the 
operating period from two (40 years) to three (60 years) 
crediting periods would also be simulated in this analy-
sis. The average outturn percentages of commercial wood 
were assumed to be 30% for thinning treatment following 
the Technical Regulation of Commercial Timber Ratio 
[38]. In comparison, they were considered to be 70% for 
final clearcutting. The dynamics of various stand vari-
ables under different scenarios were simulated using the 
developed models following the procedure described in 
the Appendix.

Results
Accuracy of carbon stock models
The simultaneous equations’ parameter estimates dif-
fered significantly from zero (p < 0.01; Table  2). The 
goodness-of-fits indicated all four models were fitted 
well with the measured values, during which the R2

a of 
HT model was the largest ( R2

a=0.9993), while the lowest 
was observed for BAS model ( R2

a=0.8800). The values 
of RMSE for HT, BAS, VOL, and CAR were 0.1046 m, 
1.1746 m2ha−1, 1.7400 m3  ha−1, and 0.5640 ton ha−1, 

Table 2  Parameter estimated values and goodness-of-fit values for the simultaneous equations (Eq. 8), where HT, BAS, VOL, and 
CAR represent the mean stand height, stand basal area, stand volume, and stand carbon stocks; R2a , RMSE and MAPE are the adjusted 
coefficient of determination, and root mean square error, and mean absolute percent error, respectively

Models Parameters Estimated values Standard errors t values P values R
2
a

RMSE MAPE

HT a0 1.5373 0.0125 123.3102  < 0.0001 0.9993 0.1046 0.85

a1 1.0012 0.0027 371.9335  < 0.0001

a2 0.0352 0.0001 236.2372  < 0.0001

BAS b0 13.7998 0.2366 58.3171  < 0.0001 0.8800 1.1746 15.36

b1 0.3948 0.0402 9.8304  < 0.0001

b2 1.9739 0.0670 29.4512  < 0.0001

VOL c0 38.9307 0.7216 53.9519  < 0.0001 0.9972 1.7400 4.25

c1 54.5863 1.2708 42.9528  < 0.0001

CAR​ d0 0.6110 0.0466 13.1189  < 0.0001 0.9965 0.5640 3.52

d1 0.2933 0.0007 401.2819  < 0.0001

https://www.ccchina.org.cn/
https://www.ccchina.org.cn/
http://www.tanpaifang.com/
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respectively, which accounted only for approximately 
0.89%, 12.91%, 2.69% and 2.88% of the average amounts 
of these. The MAPEs of the four models were all rela-
tively small, during which the largest was observed for 
the BAS model (15.36%), and the smallest was found 
for the HT model (0.85%).

The predicted values of stand volume and carbon 
stocks were highly correlated with their observations 
(Fig.  3), where the slopes were both near 1.0 (namely 
1.0037 and 1.0033 of stand volume and carbon stocks), 
and the correlation coefficients were also as large as 
0.98. The five-fold cross-validation statistics also high-
lighted that the accuracy and performance of the four 
models were relatively higher (Table  3). Therefore, 
these models could meet the carbon sequestration 
afforestation project requirements.

Simulation of carbon stock developments
Based on the estimated parameters in Table  2, the 
development of stand carbon stocks and carbon 
sequestrations with stand ages were simulated for dif-
ferent combinations between SCIs and SDIs (Fig.  4), 
which highlighted that SCIs have considerable effects 
on the final yields of carbon stocks, while SDI affects 
the rates of stand carbon sequestration. The differ-
ences in stand carbon stocks were as large as 17.72 
ton ha−1 between a higher (18 m) and a lower (10 m) 
SCI when evaluated for an average level of SDI (300 
trees ha−1). The gaps on the corresponding stand vol-
ume also reached about 60.41 m3  ha−1. For all simu-
lated SCIs, the carbon sequestrations for lower SDI 
(100 trees ha−1) were less than that of the middle (300 
trees ha−1) and higher (400 trees ha−1) SDI before the 
first 60  years and 80  years, respectively. After that, 
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Fig. 3  Predicted vs measured values of stand volume and carbon stocks for larch plantations in northeast China, where the red dashed lines 
represent the 1:1 line between measured- and predicted-values of stand volume and carbon stocks, respectively

Table 3  Statistics regarding the five-fold cross-validations for the simultaneous equations (Eq. 8), where HT, BAS, VOL, and CAR 
represent the mean stand height, stand basal area, stand volume, and stand carbon stocks; R2a , RMSE and MAPE are the adjusted 
coefficient of determination and root mean square error, and mean absolute percent error, respectively

Model Variable Mean Cross-validation

1st 2nd 3rd 4th 5th

HT R
2
a

0.9993 0.9994 0.9993 0.9993 0.9993 0.9993

RMSE 0.1046 0.0986 0.1071 0.1089 0.1034 0.1051

MAPE 0.8452 0.7991 0.8541 0.9019 0.8123 0.8584

BAS R
2
a

0.8802 0.8782 0.8754 0.8890 0.8765 0.8817

RMSE 1.1737 1.1725 1.1888 1.1832 1.1860 1.1378

MAPE 15.3363 14.9304 15.3995 15.9552 15.2826 15.1137

VOL R
2
a

0.9972 0.9972 0.9969 0.9976 0.9971 0.9971

RMSE 1.7392 1.7349 1.7973 1.6999 1.7219 1.7418

MAPE 4.2546 4.5513 4.2428 4.2800 3.7893 4.4095

CAR​ R
2
a

0.9965 0.9965 0.9963 0.9972 0.9963 0.9964

RMSE 0.5635 0.5682 0.5759 0.5346 0.5718 0.5669

MAPE 3.5228 3.6117 3.4019 3.4228 3.4847 3.6929
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the situations were entirely reversed, but the differ-
ences were not remarkable. The corresponding times 
of the peak carbon sequestrations were 40  years of 
lower SDI, and 20 years of middle SDI, and 10 years of 
higher SDI, respectively. The carbon stocks of lower 
SDI were substantially less than those of middle and 
higher SDI values; however, the differences in the final 
yields between 300 and 500 trees ha−1 were relatively 
inconspicuous.

Benefits of carbon sequestration afforestation
The benefits and costs of timber production and car-
bon sequestration for alternative combinations among 
different thinning scenarios, rotations, SCIs, and SDIs 
are shown in Tables  4 and 5, respectively. For 40-year 
rotations, the total benefits of larch plantations both 
increased dramatically with the increases of SDIs and 
SCIs whether the thinning treatments were implemented 
or not, however, the average increments of total benefits 
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between any consecutive SDIs (about 3.04 times) were 
notably more extensive than that of SCIs (about 1.46 
times) for scenarios with thinning treatments, whereas 
the differences for that of scenarios with no thinning 
treatments were not remarkable (1.36 vs 1.34 times). One 
thing to note is that the total benefits with lower SDIs 
were always negative or negligible, regardless of which 
combinations among alternative thinning scenarios, 
SCIs, and SDIs were considered. The marginal effects, 

defined as the ratios between total benefits and carbon 
stocks when the forest was clearcutting, also increased 
significantly with the increases of SDIs and SCIs. Com-
pared with the scenarios with thinning treatments, the 
total benefits, carbon stocks, and stand volumes were 
increased by about 110.72%, 164.83%, and 88.43%, 
respectively, while the marginal effects were decreased by 
$24.36 ton−1 on average.

Table 4  The total benefits and costs of carbon sequestration afforestation project for larch plantation with alternative combinations 
among SCIs and SDIs when the different thinning treatments were considered for 40-year rotations, where SCI, SDI, and NPV represent 
site class index, stand density index, and net present value, respectively

Treatment SCI, m 10 14 18

SDI, trees ha−1 100 300 500 100 300 500 100 300 500

With thinning Timber production, m3 ha−1 2.86 21.55 45.64 3.76 28.31 59.93 4.56 34.30 72.56

Timber NPV, $ ha−1 126.45 937.56 1940.27 166.57 1234.27 2552.20 202.21 1497.62 3094.47

Carbon stock, ton ha−1 1.38 6.67 14.22 1.62 8.53 18.42 1.83 10.17 22.10

Carbon NPV, $ ha−1 3.40 21.69 43.62 4.31 28.36 57.09 5.11 34.26 68.94

Costs, $ ha−1 556.31 556.31 556.31 556.31 556.31 556.31 556.31 556.31 556.31

Total benefits, $ ha−1 − 426.46 402.94 1427.59 − 385.44 706.32 2052.98 − 348.99 975.57 2607.10

Marginal effects, $ ton−1 − 308.71 60.44 100.36 − 238.07 82.76 111.44 − 190.98 95.91 117.95

No thinning Timber production, m3 ha−1 10.21 50.86 64.93 13.36 66.55 84.96 16.12 80.31 102.52

Timber NPV, $ ha−1 375.53 1871.16 2388.61 491.35 2448.26 3125.31 592.90 2954.28 3771.26

Carbon stock, ton ha−1 4.89 21.92 27.82 6.21 28.50 36.21 7.36 34.26 43.57

Carbon NPV, $ ha−1 10.98 55.54 74.31 14.25 72.75 97.33 17.14 87.92 117.60

Costs, $ ha−1 556.31 556.31 556.31 556.31 556.31 556.31 556.31 556.31 556.31

Total benefits, $ ha−1 − 169.80 1370.39 1906.61 − 50.71 1964.70 2666.33 53.73 2485.89 3332.55

Marginal effects, $ ton−1 − 34.74 62.51 68.54 − 8.17 68.95 73.64 7.30 72.56 76.50

Table 5  The total benefits and costs of carbon sequestration afforestation project for larch plantation with alternative combinations 
among SCIs and SDIs when the different thinning treatments were considered for 60-year rotations, where SCI, SDI, and NPV represent 
site class index, stand density index, and net present value, respectively

Treatment SCI, m 10 14 18

SDI, trees ha−1 100 300 500 100 300 500 100 300 500

With
thinning

Timber production, m3 ha−1 2.86 30.22 60.81 5.37 39.40 79.25 6.47 47.41 95.31

Timber NPV, $ ha−1 126.45 1408.64 2911.02 248.42 1845.36 3811.48 300.24 2229.53 4602.71

Carbon stock, ton ha−1 1.38 10.30 20.58 2.29 13.18 26.52 2.63 15.67 31.64

Carbon NPV, $ ha−1 3.40 25.86 50.98 5.08 33.69 66.46 6.02 40.56 79.98

Costs, $ ha−1 619.63 619.63 619.63 619.63 619.63 619.63 619.63 619.63 619.63

Total benefits, $ ha−1 − 489.78 814.87 2342.37 − 366.14 1259.42 3258.31 − 313.37 1650.45 4063.06

Marginal effects, $ ton−1 − 308.71 79.10 113.81 − 159.55 95.54 122.88 − 119.25 105.34 128.42

No thinning Timber production, m3 ha−1 16.63 66.50 74.61 21.58 86.27 96.78 25.84 103.32 115.92

Timber NPV, $ ha−1 714.32 3225.65 3908.23 930.83 4205.34 5096.60 1119.28 5058.74 6132.27

Carbon stock, ton ha−1 7.58 28.47 31.87 9.65 36.76 41.16 11.44 43.90 49.18

Carbon NPV, $ ha−1 14.06 63.23 79.13 18.19 82.45 103.22 21.80 99.26 124.28

Costs, $ ha−1 619.63 619.63 619.63 619.63 619.63 619.63 619.63 619.63 619.63

Total benefits, $ ha−1 108.75 2669.26 3367.73 329.40 3668.17 4580.19 521.45 4538.37 5636.93

Marginal effects, $ ton−1 14.35 93.74 105.66 34.13 99.80 111.27 45.58 103.37 114.62
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The results, as mentioned earlier, could also be 
observed for 60-year rotations (Table  5). However, the 
results further indicated that the total benefits could be 
further increased by about 71.39% and 80.27% of sce-
narios with and without thinning, respectively, when the 
rotations were extended by 20  years (namely 60  years). 
Similarly, the increments on the amount of commercial 
timber and carbon stocks were also very substantial, 
35.74% and 21.82% for timber production, and 49.15% 
and 21.36% for carbon stocks of scenarios with and with-
out thinning. The average values of marginal effects for 
longer rotations were also significantly more extensive 
than those of lower rotations, which increased by 14.78% 
of scenarios with thinning treatments and 48.71% with-
out thinning treatments.

For 40-year rotations with thinning treatments 
(Table  6), the variations of discount rates had the most 
significant effects on the total benefits (+ 99.09% and 
− 57.10% when the discount rates were 1.5% and 4.5%), 
followed by timber prices (± 87.37%), while the effects of 
carbon prices (± 2.01%) and certification costs (± 3.08%) 
could be almost negligible. Some differences in the 
amounts of variations could be observed among alterna-
tive scenarios. However, the rankings of the seven factors 
were never changed. No matter which kind of rotation, 
the effects of different factors on the total benefits of 
scenarios with thinning treatments were always larger 
than those without thinning treatments. Meanwhile, the 
effects of different scenarios with 40-year rotations were 
also larger than those with 60-year rotations, except for 

the effects of rotations, when the same thinning treat-
ments were evaluated.

Discussion
Afforestation is usually considered one of the least 
expensive solutions to address climate change, but a 
series of management decision problems also make it not 
as simple as it seems. In the development of carbon for-
estry, predicting and simulating the developments of car-
bon stocks with stand ages is a prerequisite for making 
management plans for forest managers. Different from 
the traditional methods that directly link the stand vol-
ume, BCF, and BEF together, the present study developed 
a compatible model system of stand volume and carbon 
stock for larch plantations based on the same set of data. 
To overcome the intrinsic correlations among different 
variables (e.g., HT, BAS, VOL in Eq. 8), the models were 
developed using the method of solving simultaneous 
equations. The obtained results suggest that the accuracy 
of the proposed models was as large as 95% on the evalu-
ation indicator R2

a , demonstrating the high reliability of 
the proposed models.

Since the system integrated both stand density and site 
quality variables, the models can be used in a broader 
stand environment. The simulations indicated that the 
differences on the carbon stocks and stand volume were 
about 17.72 ton ha−1 and 60.41 m3 ha−1 for different SCIs 
(10–18 m) and 28.74 ton ha−1 and 97.97 m3 ha−1 for dif-
ferent SDIs when evaluated for an average SCI (14 m) and 
SDI (300 trees ha−1) levels. These results imply that site 

Table 6  Sensitivity analysis of carbon prices, discount rates, timber prices, afforestation costs, maintenance, and certification costs on 
the total benefits of larch plantations for different rotations in northeast China

1 The parameters on base scenarios were the same as those of other items listed in the Variable column

Variables Range Rotation = 40 years Rotation = 60 years

With thinning No thinning With thinning No thinning

Total NPV
$ ha−1

Percent
%

Total NPV
$ ha−1

Percent
%

Total NPV
$ ha−1

Percent
%

Total NPV
$ ha−1

Percent
%

Base scenario1 0% 706.32 2487.28 1259.42 4539.76

Carbon price
($5 ton−1)

 + 50% 720.50  + 2.01 2531.94  + 1.80 1276.26  + 1.34 4590.09 +1.11

− 50% 692.14 − 2.01 2442.62 − 1.80 1242.57 − 1.34 4489.44 − 1.11

Discount rate
(3%)

 + 50% 303.02 − 57.10 1234.06 − 50.39 531.38 − 57.81 2092.67 − 53.90

− 50% 1406.22  + 99.09 4780.68  + 92.20 2758.90  + 119.06 9746.63 +114.69

Timber price
($120 m−3)

 + 50% 1323.45  + 87.37 3964.42  + 59.39 2182.10  + 73.26 7069.13 +55.72

− 50% 89.19 − 87.37 1010.14 − 59.39 336.74 − 73.26 2010.39 − 55.72

Afforestation costs
($280 ha−1)

 + 50% 566.32 − 19.82 2347.28 − 5.63 1119.42 − 11.12 4399.76 − 3.08

− 50% 846.32  + 19.82 2627.28  + 5.63 1399.42  + 11.12 4679.76 +3.08

Maintenance costs
($12 ha−1 yr−1)

 + 50% 589.93 − 16.48 2370.90 − 4.68 1115.67 − 11.41 4396.01 − 3.17

− 50% 822.70  + 16.48 2603.67  + 4.68 1403.17  + 11.41 4683.51 +3.17

Certification costs
($10 ha−1 time−1)

 + 50% 684.55 − 3.08 2465.51 − 0.88 1233.36 − 2.07 4513.70 − 0.57

− 50% 728.09  + 3.08 2509.05  + 0.88 1285.48  + 2.07 4565.82 +0.57
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enhancement techniques such as irrigation, fertilization, 
and harvest residue removal strategies could increase 
carbon stocks [39]. Meanwhile, higher planting density 
is also beneficial in increasing carbon sequestration on 
sites of the same quality [40]. As emphasized here, the 
site quality variable (SCI) could represent a portion of the 
climate characteristics, but it did not directly capture the 
current warming and humidification effects in the study 
area, thus integrating climate variables, e.g., mean annual 
temperature and mean average rainfall, into stand growth 
models might be of value [28].

As the analysis of carbon sink afforestation is more 
complex than traditional afforestation, e.g., including 
the process of accounting, payments, and reissuance, 
understanding the impact of different costs on the ulti-
mate profitability is critical. The sensitivity analysis we 
employed indicated that discount rates and timber prices 
were the two most important variables affecting the joint 
benefits, which have also been demonstrated by Zhou 
and Gao [13] and Dong et  al. [14]. However, the effects 
of carbon prices in our analysis were not as large as 
expected [12, 17, 40], mainly because the base scenario 
of carbon prices used in our analysis was low ($5 ton−1). 
However, this carbon price is consistent with the actual 
prices reflected in China’s carbon trading market. The 
World Bank [2] also reported that about 51% of emissions 
covered by carbon trading or carbon are priced at less 
than $10 ton−1 CO2. Thus, profitability would increase, 
and rotation lengths could be extended, if carbon prices 
were increased to ranges ($40–$80 ton−1 CO2) recom-
mended by the IPCC [41].

The calculation of total benefits we used is based on the 
UNFCCC rules [37], with an assumption that verification 
and certification of carbon sequestration are carried out 
every 5  years. However, the time between verification 
and certification may significantly affect the final ben-
efits, and may depend on biological, market, and admin-
istration factors. For example, Juutinen et al. [42] found 
that an annual carbon payment mechanism might be fea-
sible only with very high carbon prices, mainly because of 
the relatively high associated transaction costs. Hou et al. 
[17] and West et al. [16] also found that using temporary 
certified emission reduction accounting methods to value 
carbon credits for fast-growing species incentivized land-
owners more to participate in CDM projects than long-
term certified emission reduction accounting methods. 
Thus, the monitoring time and administration details 
might also be essential decision parameters from an opti-
mization perspective.

Managing planted forests for the joint benefits of car-
bon sequestration and timber production is also a com-
plex problem. Some previous studies have indicated 
that the rotations of planted forests could be extended 

significantly when the benefits of carbon sequestrations 
were considered [12, 14]. This conclusion has also been 
confirmed by our results, where the total benefits could 
be increased by approximately 71.39% and 80.27% of sce-
narios with and without thinning. Thinning from below 
(thinning smaller diameter trees) is a critical technique 
often used for adjusting the pressures of competition at 
early stages. Compared with no thinning treatments, the 
results highlighted that commercial thinning decreased 
the amount of wood production, carbon stocks, and 
joint benefits significantly, especially for lower SDIs. The 
average decreases on the total benefits were as large as 
131.53% of middle SDIs, but were only 32.16% of higher 
SDIs, which was in line with the results of Peng et  al. 
[24]. Regardless of whether the thinning treatments 
were implemented or not, the average marginal effects 
of longer rotation lengths ($106.13 ton−1) were still more 
extensive than that of shorter rotation lengths ($82.63 
ton−1), indicating the rotations of larch plantations could 
be further extended. However, one thing that needs to 
be noted is that the thinning treatments tested in this 
analysis may not be optimal for composite management. 
Peng et  al. [24] and Pukkala [43] argued that plans for 
thinning treatments should be adjusted when the ben-
efits of carbon are considered. Meanwhile, the impact of 
climate would not be negligible if the rotation lengths of 
planted larch forests were extended from 40 to 60 years 
or much longer. Lei et al. [28], for example, reported that 
the periodic annual increments of DBH of larch planta-
tions were 12.23%, 10.43%, and 0.11% higher, and the 
mortality of trees was also 16.62%, 13.00%, and 4.17% 
higher under RCP2.6, RCP4.5 and RCP8.5, respectively, 
when compared with current climate assumptions. Since 
the processes of growth and accumulation may change 
significantly in the future, optimizing the joint benefits of 
timber and carbon may generate the best combinations 
of proposed management activities under changing cli-
mate scenarios. This hypothesis comprises our next area 
of investigation.

Conclusions
The present study developed a compatible model system 
for estimating the stand volume and carbon stock of larch 
plantations synchronously based on data from the NFI of 
China and simultaneously solved biometric equations. 
The fitness of the models was evaluated using fivefold 
cross-validation, where the statistics on the R2

a , RMSE 
and MAPE of the final carbon stocks were 0.9665, 0.5635 
and 3.5228 respectively. The effects of different rotation 
lengths, thinning treatments, site qualities, stand densi-
ties, and management costs on the joint benefits of car-
bon sequestration and timber outcomes were quantified. 
The results suggest that the total outcomes of carbon and 
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timber from larch plantations increased significantly with 
an increase in site quality and stand density, regardless of 
which combination of rotation length and thinning treat-
ment was assumed. Early thinning treatments decreased 
the joint benefits significantly by approximately 131.53% 
and 32.16% of middle- and higher-stand densities, how-
ever longer rotations (60  years) could enlarge the out-
comes by approximately 71.39% and 80.27% of scenarios 
with and without thinning when compared with shorter 
assumed rotation ages (40  years). The sensitivity analy-
sis indicated that the discount rates and timber prices 
were the two most important variables affecting the joint 
benefits, however the effects of carbon prices were not 
as large as expected under the current trading market in 
China. Thus, management plans with longer rotations, 
higher stand densities, and no thinning treatments are 
recommended for maximizing the joint benefits of car-
bon sequestration afforestation and timber production 
from larch plantations in northeast China.

Appendix
For a specific stand, the value of SCI can be predicted 
using Eq.  2, which was fixed consistently during the 
entire rotation. The dynamics of various stand variables 
(HT, DBH, BAS, NUM, VOL, and CAR) can be predicted 
using the following procedure. N1 and N2 are the stand 
density at time t1 and t2, and D2, BAS2, and SDI2 are the 
stand mean DBH, basal area, and stand density index at 
time t2.

1) Predicting HT at time t2 (Eq. 4):

2) Estimating N at time t2 (Chen’s model, [20]):

3) Estimating DBH at time t2 (Eq. 5):
The formulations for BAS and SDI can be defined as 

(Chen, 2010; West, 2015; Lei et al., 2016):

Thus, combining the above formulations (A3, A4) and 
the developed BAS model (Eq. 5), we can have:

In this equation, N2 can be obtained from Chen’s 
model (Eq.  A2), and the parameters ( b0 , b1 , b2 and β ) 

(A1)HT 2 = a0SCI
a1(1− Exp(−a2t2))

(A2)N2 = N1exp(−(0.0103+ 0.0003SCI)(t2 − t1))

(A3)BAS2 = (π/40000)N2D
2
2

(A4)SDI2 = N2 × (D0/D2)
−β

(A5)

π

40000
N2D2

2 − b0



1− Exp



−b1

(
N2 ×

(
D0/D2

)−β

1000

)b2 (
t2 − t1

)






 = 0

have been estimated using the dataset. Then, the Mean 
DBH (D2) at time t2 can be solved from this equation 
using a bisection method. This prediction procedure 
involves the theory behind whole-forest growth mod-
eling, which has been widely used by Chen [20], Hong 
et al. [33], and Lei et al. [28].

4) Estimating SDI at time t2 (Eq. A4):
With the predicted D2 from step 3 and N2 from step 2, 

the SDI at time t2 (SDI2) can be predicted using Eq. A4.
5) Estimating BAS at time t2 (Eq. 5).
Using the new stand age t2 and the estimated SDI2 

from step 4, then we can get the BAS at time t2 (BAS2) 
by using Eq. 5.

6) Estimating VOL at time t2 (Eq. 6):
Using the estimated BAS2 from step 5 and the esti-

mated HT2 from step 1, the VOL2 at time t2 can be gen-
erated using Eq. 6.

7) Estimating CAR at time t2 (Eq. 7):
Based on the estimated VOL2 from step 6, the CAR at 

time t2 (CAR​2) can be obtained using Eq. 7.
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