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Abstract
While the global forest area is decreasing overall, it is experiencing growth in China. This study uses 
econometric methods to analyze the causal factors behind this increase, focusing particularly on 
socioeconomic factors. Previous research has given scant attention to stationarity, and few studies 
have considered regional characteristics such as China’s forest resource distribution and the economic 
disparity between Inland and Coastal areas. We used panel data collected between 1993 to 2018 from 
four regions in China. Panel unit root and panel cointegration tests were employed, and panel ARDL 
models were specified. The results reveal that the long-term relationship between forest area and 
gross regional product per capita (GRPPC) varies by region. A linear relationship with a positive 
slope was realized between forest area and GRPPC in the Northeast and Central regions. However, an 
inverted U-shaped relationship is found between forest area and GRPPC in the East and West regions. 
Throughout the analysis, the Northeast and Central regions appeared to be in the recovery phase of 
forest area under a positive relationship with economic growth. In contrast, the East and West regions 
reached a stable phase with sufficient recovered forests and a constant level of economic development.

Discipline: Forestry
Additional key words: �economic analysis, forest transition hypothesis, panel cointegration test, 

panel unit root test, regional characteristics

Introduction

Forests and their products have attracted attention as 
measures for mitigating global warming, which is a major 
international issue. According to the Food and Agriculture 
Organization of the United Nations (FAO) Global Forest 
Resource Assessment 2020, while global forest area is 
decreasing, China ranked first in the world in terms of 
net increase in forest area from 2010 to 2020 (FAO 2020). 
Various hypotheses have been proposed regarding the 
mechanism of forest area increase, including the forest 
transition (FT) hypothesis by Mather (1992b) and the 
U-shaped hypothesis of forest resources (U-shaped 
hypothesis) by Nagata et al. (1994). 

This study focused on the impact of socioeconomic 
factors on forest area transformation in four Chinese 

regions from 1993 to 2018. When using time-series data 
for quantitative analysis, it is essential to use tests 
corresponding to “spurious regressions” and analytical 
methods corresponding to the data with cointegration 
relationships. However, these methods have rarely been 
used in this field. One solution is to use the panel 
autoregressive distributed lag (ARDL) model described 
(Nishiyama et al. 2019). Moreover, previous studies of the 
U-shaped hypothesis have generally used national-level 
analyses. However, in countries such as China, large 
disparities exist between Coastal and Inland areas, and 
the stages of development vary among regions. Therefore, 
the relationship between forest area and socioeconomic 
factors is not uniform among countries. However, 
regional-level time-series data often have insufficient 
sample sizes than national-level time-series data. 
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Therefore, the insufficiency of sample size can be avoided 
using panel data that combines time-series and 
cross-sectional data.

This study aimed to clarify whether the relationship 
between forest area and socioeconomic factors varies 
regionally in the same country in the short and long term. 
Considering the possibility of a stable phase in some 
regions, we conducted an empirical analysis using a panel 
ARDL model with China as a case study. The novelty of 
this method is confirming the stationarity of the variables 
in regional panel data for China and further elaborating 
the analysis from short- and long-term perspectives.

Literature review

The FT hypothesis (Mather 1992b) states that if time 
is plotted on the horizontal axis to represent the historical 
development of land use and forest area is plotted on the 
vertical axis to represent land use change, forest area 
shifts from decreasing to increasing over time. Sakamoto 
et al. (2014) reported that the FT factors vary according to 
age and region. Another hypothesis related to the FT is 
the U-shaped hypothesis proposed by Nagata et al. (1994). 
This hypothesis states that when gross national product 
per capita is considered a measure of the stage of 
economic development on the horizontal axis, and forest 
area, forest area ratio and growing stock of forest are 
considered measures of the amount of forest resources on 
the vertical axis, the amount of forest resources can be 
drawn as U-shaped relationship from the perspective of 
economic development over time. In the U-shaped 
hypothesis, two patterns are considered the final stable 
phase: the first is a reversal after the decline phase, 
moving from the recovery phase to the stable phase. The 
second is an “L”-shaped pattern, moving directly from 
the decline phase to the stable phase. In European 
countries, Mather (1992b) distinguished three stages of 
forest use according to the combination of forest 
ownership system and purpose of use. Inoue (1992) 
distinguished four phases in the historical development 
of forest-use patterns. In Japan, the long-term use of 
forests and forest areas is divided into four phases, with 
the main determinants being population (POP) growth 
and the developmental stages of productivity (Yorimitsu 
1984). Several empirical analyses have been conducted 
on the U-shaped hypothesis. Zhang et al. (2006) analyzed 
the impact of socioeconomic factors, such as GDP per 
capita, on forest areas in China from 1990 to 2001. After 
applying panel data analysis at the national and regional 
levels and regression analysis at the provincial level, they 
found that China was in the later stages of forest changes. 
Wang et al. (2007) criticized this study for using dummy 

variables that divided China into North and South and 
argued that variables such as temperature should be 
included. Then, panel data analysis was conducted on the 
relationship between forests and socioeconomic factors 
in Cambodia from 2002 to 2010 (Michinaka et al. 2013). 
Michinaka & Miyamoto (2013) used cluster analysis to 
group countries from 1995 to 2005, focusing on the 
relationship between forest area and the human 
development index for each group. Tan et al. (2020) 
highlighted the possibility of a second reversal in each 
Chinese province by conducting an empirical analysis 
using the model that introduced square and cubic terms. 
They found the possibility of a second reversal in 
several provinces.

However, these quantitative analyses did not include 
these three perspectives—first, stationarity and 
cointegration relationship tests. If regression analysis is 
performed as a nonstationary process, there is the risk of 
“spurious regression,” whereby a false relationship is 
found among variables that are not related. Engle & 
Granger (1987) highlighted the concepts of unit roots and 
cointegration in these problems. Since then, researchers 
have used the ARDL model, which corresponds to the 
stationarity argument (Pesaran & Shin 1999). Recently, 
research has been conducted on the panel ARDL model, 
an analytical method that extends the ARDL model to 
panel data. Caravaggio (2020b) divided 114 countries 
into three groups based on income and analyzed the 
relationship between deforestation rates and economic 
growth. The study found that the recovery of forest areas 
is slowing in high-income countries. Second, the impact 
of socioeconomic factors on forest areas varies by region. 
China exhibits significant regional disparities, and its 
developmental stages may differ among regions. 
However, few studies have analyzed such relationships at 
the regional level. Third, the pattern was verified when 
approaching the stable phase. An important question 
posed by the U-shaped hypothesis was whether a high 
level of stability with abundant forests (U-shaped) or a 
stable state with depleted forests (L-shaped) could be 
achieved. However, few studies have examined the 
transition to a stable phase. Tan et al. (2021) tested such 
unit roots and cointegration in an empirical study of the 
U-shaped hypothesis. Their study used unit root and 
bound tests for cointegration in China from 1973 to 2018, 
and it analyzed the relationship between forest area and 
socioeconomic factors from both short and long-term 
perspectives. They found that, although China was 
already in the latter part of the U-shape, further economic 
growth could slow the rate of forest area increase.
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Methods and data

1. Methods
We used panel data to group several provinces into 

four regions in China. Panel data are rich in information 
because they combine time-series and cross-sectional 
data (Kitamura 2005). However, the dynamic effect in 
the model, the error term, and the lag variable of the 
dependent variable must be correlated (Greene 2019). 
However, Pesaran & Smith (1995) obtained a consistent 
estimator by averaging the OLS estimator regressed on 
each individual (Chigira et al. 2011, Pesaran & Smith 
1995). They proposed a procedure called the PMG 
estimator, which constrains the long-run coefficients to 
be identical but allows the short-run coefficients to differ 
among groups (Pesaran & Smith 1995). We used the 
PMG estimator in our panel ARDL model. Our analysis 
method first performed panel unit root and panel 
cointegration tests, followed by estimating a panel ARDL 
model. When a cointegration relationship was detected 
among nonstationary variables in the panel ARDL model, 
the short-run impact of changes in the independent 
variable could be analyzed by estimating the error 
correction model (ECM). The ECM represents a short-run 
relationship equation in which errors from long-run 
equilibrium are corrected. The Akaike Information 
Criterion (AIC) was used to determine the length of the 
lag terms for each independent variable, aimed at 
achieving an optimal model.

First, a panel unit root test was performed to examine 
whether the time-series data was stationary. This test 
involved analyzing several individuals and examining 
whether they exhibited a unit root (Chigira et al. 2011). 
One representative test utilized was the Levin, Lin, and 
Chu (LLC) test proposed by Levin et al. (2002). The basic 
idea was to extend the augmented Dickey-Fuller (ADF) 
test, a representative unit root test for time-series and 
panel data, and perform a t-test on the pooled ordinary 
least squares regression (OLS) estimator. However, the 
LLC test assumes that dynamic parameters are identical 
among individuals. The IPS test further assumes that 
dynamic parameters differ among individuals (Chigira 
et al. 2011). The Fisher ADF test further allows for 
heterogeneity in the constant and trend terms and for the 
size of the time series data to differ among individuals 
(Maddala & Wu 1999, Choi 2001). If such a Fisher-type 
panel unit root test uses the PP test instead of the ADF 
test, it is called the Fisher PP test (Dritsaki & Dritsaki 
2013). Overall, a comprehensive decision, considering the 
results of several unit root tests, was necessary due to 
discrepancies in the outcomes of these tests (Murao 
2019). The maximum number of lags was set at four, and 

lag selection was used SIC (Schwarz Information 
Criterion). Constant terms were included, but trend terms 
were not included in panel unit root tests. A panel 
cointegration test was performed after the panel unit root 
test. The Pedroni test was utilized for robustness, 
allowing for heterogeneity among individuals (Chigira 
et al. 2011). The maximum number of lags was set at four, 
and lag selection was used SIC. Constant terms were 
included, but trend terms were not included in this test. If 
no unit roots were found in the residuals, this confirmed 
the existence of a long-run equilibrium relationship. 
However, deviation from the long-run equilibrium 
occurred in the short-run. An error correction term was 
then developed as an ECM (E-Views 12 2021). This 
model facilitated the calculation of OLS estimators for 
each subject in both the short and long runs to estimate 
the average magnitude of the coefficients (Chigira et al. 
2011). The panel ARDL model allowed the development 
of the ECM equation (5), expressing the short-run 
relationship by rewriting the basic equation (1). Equation 
(1) represents the panel ARDL model with different 
parameters for each individual, i.

𝑌𝑌𝑖𝑖,𝑡𝑡 = 𝑎𝑎𝑖𝑖,0 + ∑ 𝜑𝜑𝑖𝑖,𝑛𝑛𝑌𝑌𝑖𝑖,𝑡𝑡−𝑛𝑛𝑝𝑝
𝑛𝑛=1 + ∑ ∑ 𝜔𝜔𝑖𝑖,𝑗𝑗,𝑙𝑙𝑗𝑗

𝑞𝑞𝑗𝑗
𝑙𝑙𝑗𝑗=0 𝑋𝑋𝑖𝑖,𝑗𝑗,𝑡𝑡−𝑙𝑙𝑗𝑗𝑘𝑘

𝑗𝑗=1 + 𝜀𝜀𝑖𝑖,𝑡𝑡 �(1)

where 𝑎𝑎𝑖𝑖,0 is the constant term; 𝜑𝜑𝑖𝑖,𝑛𝑛 is the parameter of 
the lag term of the dependent variable; 𝜔𝜔𝑖𝑖,𝑗𝑗 is the 
coefficient of the lag term of the k independent variables 
𝑋𝑋𝑖𝑖,𝑗𝑗(𝑗𝑗 = 1…𝑘𝑘); and 𝜀𝜀𝑖𝑖,𝑡𝑡 is the disturbance term. p is the 
lag length of the lag term of the dependent variable 𝑌𝑌𝑖𝑖,𝑡𝑡, 𝑞𝑞 
is the lag length of the independent variable 𝑋𝑋𝑖𝑖,𝑗𝑗. If a 
long-term equilibrium relationship existed, its equation 
in the ARDL model follows from equation (1):

𝑌𝑌𝑖𝑖,𝑡𝑡 = 𝑏𝑏𝑖𝑖,1𝑋𝑋𝑖𝑖,1,𝑡𝑡… + 𝑏𝑏𝑖𝑖,𝑘𝑘𝑋𝑋𝑖𝑖,𝑘𝑘,𝑡𝑡  �(2)

The long-term equilibrium relationship parameters 
𝑏𝑏𝑖𝑖,𝑗𝑗 can be derived from equation (1).

𝑏𝑏𝑖𝑖,𝑗𝑗 = ∑ 𝜔𝜔𝑖𝑖,𝑗𝑗,𝑙𝑙𝑗𝑗
𝑞𝑞𝑗𝑗
𝑙𝑙𝑗𝑗=0 /(1 − ∑ 𝜑𝜑𝑖𝑖,𝑛𝑛

𝑝𝑝
𝑛𝑛=1 ) � (3)

The error in the long-run equilibrium can be expressed as 
follows:

𝐸𝐸𝐸𝐸𝑖𝑖,𝑡𝑡 = 𝑌𝑌𝑖𝑖,𝑡𝑡 − (𝑏𝑏𝑖𝑖,1𝑋𝑋𝑖𝑖,1,𝑡𝑡 + ⋯+ 𝑏𝑏𝑖𝑖,𝑘𝑘𝑋𝑋𝑖𝑖,𝑘𝑘,𝑡𝑡) �(4)

Furthermore, the ECM expressed equation (1) as follows:

∆𝑌𝑌𝑖𝑖,𝑡𝑡 = 𝑎𝑎𝑖𝑖,0 + ∑ 𝜑𝜑𝑖𝑖,𝑛𝑛
𝑝𝑝−1
𝑛𝑛=1 ∆𝑌𝑌𝑖𝑖,𝑡𝑡−𝑛𝑛 + ∑ ∑ 𝛽𝛽𝑖𝑖,𝑗𝑗

𝑞𝑞𝑗𝑗−1
𝑙𝑙𝑗𝑗=0

𝑘𝑘
𝑗𝑗=1 ∆𝑋𝑋𝑖𝑖,𝑗𝑗,𝑡𝑡−𝑙𝑙𝑗𝑗 + 𝜃𝜃𝑖𝑖𝐸𝐸𝐸𝐸𝑖𝑖,𝑡𝑡−1+ 𝛿𝛿𝑖𝑖,𝑡𝑡 �(5)

Errors in the long-run equilibrium relationship were 
adjusted using the error correction term. 𝐸𝐸𝐸𝐸𝑖𝑖,𝑡𝑡−1 is the 
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time-series calculated in Equation (5), and error-correction 
term 𝜃𝜃𝑖𝑖 is the adjustment coefficient, representing the 
speed at which errors from the long-run equilibrium are 
adjusted. 𝛽𝛽𝑖𝑖,𝑗𝑗 is a parameter of independent variables, and 
𝛿𝛿𝑖𝑖,𝑡𝑡 is the error term. The maximum number of lags for 
the panel ARDL model analysis was set at four. The panel 
ARDL model equation was selected using the AIC. We 
used R-4.1.2 to check serial correlation, but E-views 12 
was used for all other analyses.

2. Data
Four regional panel datasets were created from 

provincial data (Fig. 1). The divisions of Northeast, East, 
Central, and West were based on the 11th Five-Year 
National Economic and Social Development Plan of the 
People’s Republic of China (adopted in March 2006). 
Chapter 19 of this plan describes the implementation of 
the provincial development strategy (China State Council 
Gazette 2006). Our study focused on assessing the impact 
of socioeconomic factors on forest areas. Therefore, 
classifying regions according to their economic growth 
was considered reasonable for analyzing the relationship 
between socioeconomic factors and forest areas.

Based on previous studies (Nagata et al. 1994, 
Sakamoto et al. 2014), forest area was designated as the 
dependent variable, while the variables shown in Table 1 
were used as independent variables. First, at a low 
economic level, an increase in gross regional product per 
capita (GRPPC) was found to have a negative impact on 
forest areas because of the increase in logging associated 
with an increase in demand for forest products. However, 
once the GRPPC reached a certain level, afforestation for 
wood production increased, driven by heightened 

environmental awareness and higher forest product prices 
stemming from increased demand. This, in turn, was 
considered to have a positive impact on forest area. By 
including a squared term in the GRPPC, the U-shaped or 
inverse U-shaped relationship between the GRPPC and 
forest area could be inferred. Additionally, POP is thought 
to act in decreasing and increasing forest areas. Forests 
are converted into agricultural land to meet the increased 
demand for food due to population growth, leading to a 
decrease in forest area. During industrialization, as 
agricultural productivity increased and people became 
more affluent, the need for forest transformation and 
conservation became more important. In China, forest 
areas may increase consistent with population growth 
under the state’s mass-mobilization afforestation policy, 
such as compulsory tree-planting during the 
“Tree-planting festival.” The percentage of participants 
eligible for compulsory tree planting increased from 
approximately 34% between 1982 and 1988 to 85% in 
1993 (Wunshiou 1996). Regarding trade openness (TO), 
recent studies on the U-shaped hypothesis indicated that 
the impact of trade has become important (Sakamoto 
et al. 2014). As China joined the World Trade Organization 
in 2001 and has been actively promoting trade 
liberalization, this factor was included as a variable to 
account for its effects. Previous studies of the 
environmental Kuznets curve (EKC) hypothesis have 
indicated that increased trade has a negative impact on 
the environment owing to increased economic activity. 
However, technological innovation in developed 
countries positively impacts environmentally friendly 
technologies through trade (Churchill et al. 2018). The 
increase of the primary industry ratio (IS1) in the social 
structure is expected to have a negative impact on the 
forest area because of an increase in deforestation to 
secure land for agriculture (Nagata et al. 1994). The 
increase of the secondary industry ratio (IS2) in the social 
structure leads to industrial development and an increase 
in deforestation to secure fuelwood, building materials, 
roads, and industrial use (Mather 1992a).

For this study, panel data for 26 years (1993-2018) 
are used. This period ensured the continuity of annual 
data. We used forest area data from the China Forest 
Resources Report from 2014 to 2018 (China National 
Forestry and Grassland Administration 2019). In the 5th 
Forest Resource Survey, the definition of forest area was 
changed, and the data were corrected in the same rules as 
in Tan et al. (2020, 2021). For the independent variables, 
data from the annual editions of the Statistical Yearbook 
of China (China National Bureau of Statistics 1999-2022) 
were used for GRPPC, POP, and TO. For GRPPC, 
provincial GRPs were divided by the provincial 

Fig. 1. �Map of four regions of China�  
*Northeast: 3 provinces; East: 10 provinces; Central: 6 
provinces; West: 11 provinces



179

Socioeconomic Factors Influencing Forest Area Changes in China

population. As these figures (in RMB) are nominal for 
each year, they were calculated using the World Bank’s 
GDP deflator (2015 = 100) (World Bank 2021). Then, we 
used total population data. Additionally, TO was 
calculated using the value of exports and imports by 
province, deflating the sum of these values in the same 
way as GRPPC, and dividing it by the provincial GRP. 
Furthermore, IS1 and IS2 were calculated using the 
deflated provincial gross primary and secondary industry 
output values divided by the provincial GRP. The 
descriptive statistics are showed in Table 2.

Results

Results of the panel unit root tests are shown in 
Tables 3 to 6. Panel cointegration tests were used to 
determine whether the variables had a cointegration 
relationship. We assumed 13 models as listed in Table 7. 
The significant level of the Pedroni test was used at the 
10% level and the results are shown in Table 8. Models 
that met most of the 11 statistics presented in the Pedroni 
test were determined to be cointegrated. In the Northeast, 
the unit root test showed that lnPOP and lnIS2 were 

Table 1. Variables and sign conditions

Variable Sign References

Forest area (FA) China Forest Resources Report 2014-2018

Per capita Gross Regional Product (GRPPC) ＋ /－ China Statistical Yearbook (Annual)

Population (POP) ＋ /－ China Statistical Yearbook (Annual)

Trade Openness (TO) ＋ /－ China Statistical Yearbook (Annual)

Primary Industry ratio (IS1) － China Statistical Yearbook (Annual)

Secondary Industry ratio (IS2) － China Statistical Yearbook (Annual)

Table 2. Descriptive statistics

Mean Median Maximum Minimum SD 

NorthEast : lnFA 11.411 11.225 12.210 10.716 0.554

NorthEast : lnPGDP 10.069 10.074 11.089 8.877 0.620

NorthEast : lnPOP 8.165 8.246 8.387 7.846 0.197

NorthEast : lnTO –4.610 –4.940 –1.754 –6.736 1.418

NorthEast : lnIS1 2.609 2.565 3.336 1.988 0.337

NorthEast : lnIS2 3.857 3.896 4.086 3.203 0.167

East : lnFA 9.472 9.861 11.466 5.242 1.722

East : lnPGDP 10.456 10.496 11.765 8.825 0.729

East : lnPOP 8.140 8.319 9.337 6.553 0.869

East : lnTO –2.305 –2.244 1.908 –6.659 2.079

East : lnIS1 1.867 2.086 3.635 –1.204 1.124

East : lnIS2 3.766 3.894 4.096 1.792 0.314

Central : lnFA 10.801 10.701 11.595 9.769 0.572

Central : lnPGDP 9.710 9.709 11.016 8.439 0.715

Central : lnPOP 8.635 8.687 9.182 8.010 0.325

Central : lnTO –5.688 –5.847 –3.235 –7.669 1.221

Central : lnIS1 2.695 2.700 3.500 1.482 0.468

Central : lnIS2 3.849 3.853 4.119 3.555 0.123

West : lnFA 11.127 11.461 12.474 6.582 1.229

West : lnPGDP 9.597 9.543 11.171 8.043 0.779

West : lnPOP 7.663 7.905 9.361 5.447 1.061

West : lnTO –6.393 –6.630 –2.139 –9.293 1.407

West : lnIS1 2.819 2.836 3.829 1.988 0.404

West : lnIS2 3.737 3.753 4.067 2.851 0.196
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non-stationary with first differences. Therefore, we 
conducted cointegration tests using a combination of 
variables that did not include these two variables. The 
results showed that most of the statistics in Model 02, 03, 
and 08 were cointegrated, indicating the long-run 
relationship. In addition, model selection using AIC led 
to the selection of Model 08. The results of the same 
cointegration tests for the models selected in the East, 
Central, and West directions are listed in Table 8. These 
results demonstrate the long-run relationship among the 
four regions of China. Short-run error corrections for 
long-run equilibrium relationships were developed using 
a panel ARDL model based on the results described 
above. Furthermore, regression coefficients for the short 
and long-run models were estimated. Independent 
variables were selected using the AIC, with AIC = 4 used 
as the maximum value.

Table 9 shows the results of the long-run model 
estimation for the Northeast region. The coefficient of 
GRPPC was positive at the 0.1% significance level. This 
indicates that GRPPC has positive effect on forest area in 
the long run. TO and IS1 were negative at the 0.1% 
significance level. Table 10 shows the estimation results 
for the short run. The ECT was not significant. Table 11 
shows the results of the long run estimations for the East. 
The coefficient of GRPPC was positive and its squared 
term was negative, both were considerable at the 0.1% 
significance level. This indicates that GRPPC has an 
inverse U-shaped effect on forest area in the long run. 
Table 12 shows the estimation results for the short run. 
The ECT was significant at the 1% level. This indicates 

the existence of the short-run relationship, such that any 
error in the long-run equilibrium from the coefficient 
values would be corrected by approximately 2.87 years. 
The sign of the lagged term for forest area was positive 
and significant at the 5% level. The lagged TO term was 
positive and significant at the 5% level. Table 13 shows 
the results over a long run for the Central. The coefficient 
of GRPPC was positive and significant at the 0.1% level. 
This indicates that GRPPC has a positive long-run effect 
on forests. Table 14 shows the results for the short run. 
The ECT was not significant. Table 15 shows the results 
of the long-run estimations for the West. The coefficient 
of GRPPC was positive, and its squared term was 
negative; both were significant at the 0.1% level. This 
indicates that GRPPC has an inverse U-shaped effect on 
the forest area in the long run. The sign of the coefficient 
for the population was positive and significant at the 0.1% 
level. This indicates that the increasing of population has 
a positive long-run effect on forest areas. Table 16 shows 
the estimated results for the short run. The ECT was 
significant at the 1% level. This indicates the existence of 
the short-run relationship, such that any error in the 
long-run equilibrium from the coefficient values would 
be corrected by approximately 2.08 years.

We estimated the turning points for the East and 
West using the estimated coefficients. These two regions 
showed an inverted U-shaped relationship between forest 
area and GRPPC. The turning points in the East and West 
were approximately 100,000 and 60,000 Yuan, 
respectively. In the East, four provinces reached the 
turning point during the advanced period of analysis 

Table 3. Panel unit root test: Northeast

Variable LLC IPS ADF PP

lnFA 3.435 3.954 0.240 0.499

lnGRPPC –2.594** –0.397 6.027 4.775

lnGRPPC2 –3.589*** –0.882 8.414 3.546

lnPOP –1.005 –0.269 5.262 27.247**

lnTO –0.541 0.489 2.822 3.101

lnIS1 0.716 1.383 2.977 1.164

lnIS2 3.839 2.582 2.645 1.643

ΔlnFA –57.582*** –38.262*** 53.991*** 53.418***

ΔlnGRPPC –2.231** –2.081** 16.6** 16.51**

ΔlnGRPPC2  –2.143*  –2.071* 16.6* 16.341*

ΔlnPOP  –1.71* –0.080 4.818 4.076

ΔlnTO  –6.729***  –5.58*** 37.325*** 37.279***

ΔlnIS1  –4.939***  –5.494*** 37.8765*** 55.989***

ΔlnIS2 –0.290 –0.547 8.745 36.453***

***P < 0.01, **P < 0.05, *P < 0.1

Table 4. Panel unit root test: East

Variable LLC IPS ADF PP

lnFA 0.999 1.000 0.999 0.998

lnGRPPC  –2.594** –0.397 6.027 4.775

lnGRPPC2  –3.589*** –0.882 8.414 3.546

lnPOP –1.010 –0.269 5.262 27.246**

lnTO –0.541 0.489 2.822 3.101

lnIS1 0.716 1.383 2.977 1.164

lnIS2 3.839 2.582 2.645 1.643

ΔlnFA  –57.582***  –38.262*** 53.991*** 53.418***

ΔlnGRPPC  –2.231*  –2.081* 16.599* 16.507*

ΔlnGRPPC2  –2.142*  –2.071* 16.598* 16.341*

ΔlnPOP  –1.712* –0.081 4.818 4.076

ΔlnTO  –6.729***  –5.58*** 37.325*** 37.279***

ΔlnIS1  –4.939***  –5.495*** 37.877*** 55.989***

ΔlnIS2 –0.290 –0.547 8.745 36.453***

***P < 0.01, **P < 0.05, *P < 0.1
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(Beijing 2015, Tianjin 2015, Shanghai 2016, Jiangsu 
2018). In the West, Inner Mongolia reached its turning 
point in 2011. In the Northeast and Central, the 
relationship between the forest area and GRPPC showed 
a monotonic increase. These results indicated that the 
turning point varies among the regions. The analysis 
period of this study was in the stable phase of the 
U-shaped hypothesis. We tested serial correlation in the 
error terms of the model residuals for each province. The 
ACF function was used to check whether there was a 
serial correlation, based on whether the value of the serial 
correlation coefficient exceeded the 95% confidence 

interval. Although the results for the Northeast are 
noteworthy, they indicated that the four regions covered 
by this analysis were generally not serially correlated. 
Model fitting is shown in Figure 2. This indicated that the 
fitted values fit the actual values for most of the provinces. 
In addition, the residual values were scattered at zero, 
and there was no explicit trend. Therefore, the model was 

Table 5. Panel unit root test: Central

Variable LLC IPS ADF PP

lnFA –10.358*** –9.502*** 312.453*** 34.281*

lnGRPPC –4.394*** –0.592 26.326 31.335

lnGRPPC2 –3.494*** 0.346 20.203 19.499

lnPOP –3.379*** 0.697 18.439 24.862

lnTO –3.602*** –0.286 17.141 16.512

lnIS1 –0.074 4.276 4.105 3.816

lnIS2 1.365 2.537 21.057 19.037

ΔlnFA –9.159*** –12.623*** 151.456** 85.018***

ΔlnGRPPC –4.65*** –5.263***  75.581*** 73.589***

ΔlnGRPPC2 –4.646*** –5.285***  75.384*** 73.584***

ΔlnPOP –10.959*** 9.989***  123.611*** 126.955**

ΔlnTO –10.191*** –9.07*** 110.005*** 109.7***

ΔlnIS1 –13.016*** –12.329*** 154.541*** 170.351***

ΔlnIS2 –9.579*** –9.027*** 111.618*** 108.849***

***P < 0.01, **P < 0.05, *P < 0.1

Table 6. Panel unit root test: West

Variable LLC IPS ADF PP

lnFA –11.952*** –18.882***  336.33*** 66.37***

lnGRPPC –3.34*** 1.170 18.545 3.107

lnGRPPC2 –2.748** 2.028 16.508 1.967

lnPOP –3.52*** 0.823 35.063* 95.571***

lnTO 0.771 1.769 19.865 20.996

lnIS1  –2.417** 0.579 41.696** 2.985

lnIS2 –0.264 0.799 13.766 10.843

ΔlnFA –10.055*** –9.153*** 116.423*** 104.521***

ΔlnGRPPC –5.745*** –6.345*** 90.254*** 102.376***

ΔlnGRPPC2 –5.782*** –6.307*** 89.687*** 101.171***

ΔlnPOP –4.204*** –5.781*** 79.387*** 82.162***

ΔlnTO –12.558*** –13.0211*** 169.851*** 192.84***

ΔlnIS1 –12.874*** –12.771*** 166.751*** 187.463***

ΔlnIS2 –12.068*** –12.52*** 163.669*** 166.474***

***P < 0.01, **P < 0.05, *P < 0.1

Table 7. �List of models assumed for different combinations 
of variables

lnGRPPC lnPOP lnTO lnIS1 lnIS2 lnGRPPC2

Model 01 〇 〇
Model 02 〇 〇
Model 03 〇 〇
Model 04 〇 〇
Model 05 〇 〇 〇
Model 06 〇 〇 〇
Model 07 〇 〇 〇
Model 08 〇 〇 〇
Model 09 〇 〇 〇
Model 10 〇 〇 〇
Model 11 〇 〇 〇
Model 12 〇 〇 〇
Model 13 〇 〇 〇

Table 8. Pedroni test

NE:
model 08

East:
model 11

Central:
model 11

West:
model 10

panel v 2.172* 2.012* 1.424 1.229

panel rho –1.806* 0.382 –1.239 0.472

panel pp –2.886** –0.670. –3.538*** –0.516

panel adf –2.676** –2.939** –4.139*** –4.795***

w-panel v 2.21* 2.204* 1.33 2.225*

w-panel rho –1.950* –0.709 –1.279 0.286

w-panel pp –3.098** –2.428** –3.398*** –2.161*

w-panel adf –2.531** –4.316*** –3.553*** –3.563***

group rho –1.377 0.401 –0.549 0.394

group pp –3.392*** –2.399** –3.996*** –2.200*

group adf 0.165 –4.980*** –3.822*** –5.931***

***P < 0.01, **P < 0.05, *P < 0.1

Table 9. Panel ARDL model—long run: Northeast

Dependent variable: lnFA Coefficient SE t value p value

lnGRPPC 0.056*** 0.001 39.610 0.000

lnTO –0.007*** 0.001 –10.737 0.000

lnIS1 –0.015*** 0.002 –8.983 0.000

***P < 0.01, **P < 0.05, *P < 0.1
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Table 10. Panel ARDL model—short run: Northeast

Dependent variable: lnFA Coefficient SE t value p value

ECT 0.401 0.530 0.756 0.457

ΔlnFA (–1) 0.429 0.247 1.739 0.095

ΔlnFA (–2) 0.414 0.341 1.217 0.235

ΔlnFA (–3) 0.079 0.043 1.796 0.085

ΔlnGRPPC 0.027 0.042 0.646 0.524

ΔlnGRPPC (–1) –0.005 0.024 –0.194 0.848

ΔlnGRPPC (–2) –0.029 0.026 –1.129 0.270

ΔlnGRPPC (–3) 0.011 0.034 0.330 0.744

ΔlnTO –0.002 0.002 –0.952 0.351

ΔlnTO (–1) 0.002* 0.001 2.136 0.043

ΔlnTO (–2) 0.007 0.001 1.908 0.068

ΔlnTO (–3) 0.003*** 0.004 21.990 0.000

ΔlnIS1 –0.002 0.000 –0.171 0.866

ΔlnIS1 (–1) 0.000 0.001 –0.038 0.970

ΔlnIS1 (–2) 0.028* 0.013 2.070 0.049

ΔlnIS1 (–3) 0.013 0.007 1.776 0.088

C –4.216 5.690 –0.741 0.466

***P < 0.01, **P < 0.05, *P < 0.1

Table 11. Panel ARDL model—long run: East

Dependent variable: lnFA Coefficient SE t value p value

lnGRPPC 2.097*** 0.305 6.884 0.000

lnGRPPC2 –0.091*** 0.015 –6.019 0.000

lnTO 0.009 0.009 1.086 0.280

***P < 0.01, **P < 0.05, *P < 0.1

Table 12. Panel ARDL model—short run: East

Dependent variable: lnFA Coefficient SE t value p value

ECT –0.349*** 0.110 –3.183 0.002

ΔlnFA (–1) 0.319* 0.151 2.106 0.038

ΔlnFA (–2) 0.131 0.103 1.262 0.210

ΔlnGRPPC –8.343 7.361 –1.133 0.260

ΔlnGRPPC (–1) 0.396 1.773 0.223 0.824

ΔlnGRPPC (–2) 0.657 3.486 0.188 0.851

ΔlnGRPPC (–3) 1.569 1.131 1.387 0.167

ΔlnGRPPC2 0.362 0.325 1.114 0.268

ΔlnGRPPC2 (–1) –0.032 0.081 –0.401 0.689

ΔlnGRPPC2 (–2) –0.027 0.157 –0.170 0.866

ΔlnGRPPC2 (–3) –0.076 0.577 –1.311 0.193

ΔlnTO 0.012 0.010 1.195 0.235

ΔlnTO (–1) –0.016* 0.008 –2.050 0.043

ΔlnTO (–2) –0.004 0.016 –0.270 0.790

ΔlnTO (–3) –0.005 0.008 –0.615 0.540

C –0.755** 0.212 –3.569 0.001

***P < 0.01, **P < 0.05, *P < 0.1

Table 13. Panel ARDL model—long run: Central

Dependent variable: lnFA Coefficient SE t value p value

lnGRPPC 0.238*** 0.038 6.282 0.000

lnTO 0.004 0.026 0.138 0.890

***P < 0.01, **P < 0.05, *P < 0.1

Table 14. Panel ARDL model—short run: Central

Dependent variable: lnFA Coefficient SE t value p value

 ECT –0.087 0.054 –1.610 0.111

ΔlnFA (–1) 0.496*** 0.122 4.067 0.000

ΔlnGRPPC 0.032 0.022 1.438 0.154

ΔlnGRPPC (–1) –0.018 0.025 –0.744 0.459

ΔlnGRPPC (–2) –0.039 0.022 –1.794 0.076

ΔlnTO 0.004 0.003 1.295 0.199

ΔlnTO (–1) 0.005 0.004 1.044 0.299

ΔlnTO (–2) 0.006* 0.003 2.017 0.046

C 0.732 0.461 1.586 0.116

***P < 0.01, **P < 0.05, *P < 0.1

Table 15. Panel ARDL model—long run: West

Dependent variable: lnFA Coefficient SE t value p value

lnGRPPC 1.517*** 0.027 56.289 0.000

lnGRPPC2 –0.069*** 0.001 –47.344 0.000

lnPOP 0.717*** 0.038 19.016 0.000

***P < 0.01, **P < 0.05, *P < 0.1

Table 16. Panel ARDL model—short run: West

Dependent variable: lnFA Coefficient SE t value p value

ECT –0.481*** 0.164 –2.931 0.004

ΔlnFA (–1) 0.206 0.125 1.654 0.101

ΔlnFA (–2) –0.062 0.102 –0.612 0.542

ΔlnGRPPC –2.130 2.032 –1.049 0.297

ΔlnGRPPC (–1) 8.089 8.043 1.006 0.317

ΔlnGRPPC (–2) 6.319 7.108 0.889 0.376

ΔlnGRPPC (–3) –8.521 10.620 –0.804 0.424

ΔlnGRPPC2 0.089 0.092 0.970 0.334

ΔlnGRPPC2 (–1) –0.409 0.401 –1.021 0.310

ΔlnGRPPC2 (–2) –0.311 0.339 –0.917 0.361

ΔlnGRPPC2 (–3) 0.444 0.551 0.805 0.423

ΔlnPOP 1.645 2.403 0.684 0.495

ΔlnPOP (–1) –4.488 2.269 –1,978 0.051

ΔlnPOP (–2) 3.482 4.732 0.736 0.463

ΔlnPOP (–3) –5.528 7.079 0.781 0.437

C –0.957** 0.313 –3.058 0.003

***P < 0.01, **P < 0.05, *P < 0.1
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suitable for the data. Notably, owing to the presence of 
lag terms, there were no fitted values for the first 
four years.

Discussion and conclusions

We applied a panel ARDL model and conducted 
regional-level time-series analysis while addressing the 
issues of insufficient sample size and stationarity. We 
estimated the short- and long-run models separately and 
found that the short-run model was almost insignificant. 
Tables 17 and 18 present summaries of the results of the 
analysis for the short and long runs.

The Northeast and Central demonstrated short-run 
relationships, as previously described. Fast-growing trees 
were actively established in the East (Forestry and Forest 
Products Research Institute 2010), whereas Great Western 
Development may have encouraged rapid afforestation in 
the West, including the return of the Grain for Green 

Project, causing short-run relationships between the East 
and West regions (Seki et al. 2009). The long-run 
relationship between forest areas and GRPPC varied 
among regions. This relationship was positive in the 
Northeast and Central, but was an inverted U-shape in 
the East and West. In this study, the Northeast and Central 
China were in the reforestation stage of the U-shaped 
hypothesis. However, East and West China may be in the 
next stage of the U-shaped stagnation phase. In terms of 
variables other than GRPPC, TO and IS1 were negative 
and significant in the Northeast. Caravaggio (2020b) 
pointed out that trade openness has positive but small 
impact on deforestation, and our study also found similar 
results. Shi et al. (2017) analyzed data from 1977-2013 in 
Heilongjiang province, a province in Northeast China, 
and found that agriculture had a strong and negative 
impact on the forests. This long-term negative relationship 
exists with forest areas, consistent with sign conditions. 
In the East and Central regions, factors other than GRPPC 

a. Actual and Fitting values: Northeast       b. Actual and Fitting values: East

c. Actual and Fitting values: Central         d. Actual and Fitting values: West
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had no effect on forest area. In the West, population, as a 
variable other than GRPPC, was positive and significant, 
and a long-term positive relationship existed with forest 
areas, which is consistent with the results of Tan et al. 
(2020). This suggests that in Western China, which has 
many arid areas, POP growth may have a relatively small 
effect on forest area expansion because of the influence 
of policies such as the Tree-planting Festival.

In summary, although China is in the reforestation 
stage of the U-shaped hypothesis (Tan et al. 2020, 2021, 
Zhang et al. 2006), the analysis revealed regional 
differences. It has been suggested that some regions are 
in the phase in which forest areas are recovering as the 
economy develops (Northeast and Central), whereas 
others are in the phase in which forest area expansion 
stagnates despite further economic development (East 
and West). The panel ARDL model can be used to discuss 
the results of short and long-run model analyses. Most of 
the variables were not significant in the short run. 
However, they become significant in the long run. The 
ECT was negative and significant in the East and West, 
but not significant in the Northeast and Central regions. 
There are 10 and 11 provinces in the East and West, 3 and 
6 provinces in the Northeast and Central regions, with the 
latter two regions with an insignificant ECT, having 
fewer provinces. Caravaggio (2020a) notes that 25 years 
of FRA data are insufficient to incorporate many 
adjustments for long-lived resources like forests. So, it 
may be possible that the error correction from the 
long-term equilibrium was not adequately represented in 
these regions. Meanwhile, Caravaggio (2020b) indicated 
that because forest transformations are slow, deviations 
from equilibrium are not rapidly adjusted. This may 
indicate that the deviations from the long-run equilibrium 
were gradually corrected. Compared to Caravaggio 
(2020b), the speed of adjustment to a long-run equilibrium 
in East and West China in this analysis was found to be a 
little faster. In the East and West, where the relationship 

between forest areas and GRPPC had an inverted 
U-shape, the turning point was in the latter half of the 
analysis period, when it stopped at approximately 100,000 
and 60,000 Yuan, respectively. Wang et al. (2019) noted 
that the turning point of the U-shape was at approximately 
27,000 Yuan, whereas Zhang et al. (2006) found that 
China was already in the latter half of the U-shape. Tan 
et al. (2021) conducted a national-level analysis targeting 
China using the ARDL model and concluded that GRPPC 
is the most important variable, and once the economy 
reaches a certain level of development, its further impact 
may slow down. The reason for the decline in forest area 
expansion may be that high-income regions are 
attempting sustainable forestry by focusing on the 
management of existing afforested land rather than 
creating new afforestation (Seki et al. 2009). Hao (2019) 
divided China into three regions and analyzed the 
relationship between GRPPC and timber production 
using the generalized method of moments. The Eastern 
region reached its turning point at approximately 47,000 
Yuan, whereas the Western region reached its turning 
point at approximately 9,000 Yuan. An empirical analysis 
by Caravaggio (2020b) based on the EKC hypothesis 
showed that after the second reversal, forest area 
expansion tapered off in high-income countries. Although 
Caravaggio (2022) notes that there are two turning points, 
only the second turning point was observed in this study. 
It may be effected, however, by the shorter analysis period.

From the results of this study, we concluded 
as follows.

1) The results of the analysis using the panel ARDL 
model showed that GRPPC had the largest impact on the 
forest area.

2) In China, regional differences exist in the 
relationship between forest areas and socioeconomic 
factors in the same country.

3) China was already in the latter stage of the 
U-shape curve; however, as the economy grew, the 

Table 18. �Panel ARDL model analysis results matrix 
table (short run)

Northeast East Central West

GRPPC × × × ×
GRPPC2 × ×
POP ×
TO ＋ − ＋
IS1 ＋
ECT × － × －

*�+: positive and significant �  
−: negative and significant �  
×: not significant

Table 17. �Panel ARDL model analysis results matrix 
table (long run)

Northeast East Central West

GRPPC ＋ ＋ ＋ ＋
GRPPC2 － －
POP ＋
TO － × ×
IS1 －

*�+: positive and significant �  
−: negative and significant �  
×: not significant
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increase in forest area slowed and may have reached the 
stable phase in the East and West.
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