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ABSTRACT 

Afforestation projects in China have substantially contributed to national CO2 

sequestration and play an important role in international climate change mitigation. 
However, these nation-wide afforestation projects are usually funded by the national 

government, with very large and unsustainable investments. It is important to find 

alternative sources of funding to finance afforestation, and convince poor farmers to 

become involved in afforestation projects. Carbon-subsidized afforestation could be 

the solution. 

The current study aims to find i) whether farmers need additional subsidies to reforest 

their marginal farmland; if so, ii) whether the value of carbon sequestration of 

afforestation can offset farmers’ net costs. To do this, first I determine the amount of 

carbon sequestration though afforestation. Second, I assess the value of carbon 

sequestration, the costs and benefits of afforestation projects, and the costs and benefits 

of crop production. Third, I investigate the optimal rotation period of the plantations 

considering a joint production of timber and carbon, for different species. 

Results show that total carbon sequestration through tree biomass and soil carbon 

following afforestation differs among tree species and stand age as well as across 

regions. Economic trees sequester less carbon than ecological trees and bamboo. 

Among economic trees, nut trees with an inedible hard shell sequester more carbon 

than fruit trees. The regional context significantly influences the carbon sequestration 

potential, with more carbon sequestered in southern and eastern regions than in 

northern regions. Bamboo also shows a remarkable carbon sequestration potential, 

which is even greater than Chinese fir and Poplar in northern regions. 

Although afforestation programs have huge potential to store carbon, the voluntary 

acceptance by landowners crucially depends on their economic outcome. I found that 

usually carbon credits can compensate for the opportunity costs of alternative land uses, 

except i) when highly profitable croplands are afforested, in which case carbon credits 

are not sufficient, and ii) when croplands that generates low incomes are afforested, in 

which case carbon credits are not needed. Fruit trees are the most cost-effective option 

for afforestation. Bamboo afforestation is economically attractive if carbon revenues is 

included. The minimum price of carbon credit decreases with increasing project 

duration because more carbon is stored when time increases. This does not hold for 

fast-growing trees like Eucalyptus, for which the minimum price increases with 

extended project duration. 

Given the temporal variations of joint production of timber and carbon sequestration, 

the carbon accounting regimes (tCER, temporary Certified Emission Reductions and 

lCER, long-term Certified Emission Reductions) have a significant impact on the 

optimal rotation as well as on the revenue. Forest managers have an incentive to use 

tCER accounting to finance slow-growing plantations, and lCER for fast-growing ones. 

I perform a sensitivity analysis detects the changes of rotation period with different 
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carbon prices and discount rates. While the optimal decision for slow-growing species 

(e.g. Chinese fir) is highly sensitive to changes in both variables under tCER 

accounting, the results concerning fast-growing species (e.g. Eucalyptus) are most 

sensitive under the lCER accounting regime. In contrast, carbon revenues have a 

minimal impact on the optimal rotation of Poplar plantations, no matter which regime 

is applied.  

I conclude that carbon-subsidized afforestation is a feasible way to offset the 

opportunity costs of retired farmland and support the livelihood of farmers. The 

findings can contribute to the efficient and sustainable management of forestry projects 

using carbon sequestration, while the methodology can also be applied to other regions 

in the world. 

 

Keywords: Carbon Sequestration, Afforestation, Carbon Price, Optimal Rotation 

Period, Carbon Accounting, Certified Emission Reductions 
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Chapter 1 Introduction 

This chapter elaborates on the research background of this study, the research aims and 

objectives, the research framework, and the organization of this thesis. 

1.1 Research background 

The research background is divided into four different sections. First, I describe the 

causes of deforestation and forest degradation, and I argue that clearing forestland for 

farming, and the growing demand for timber, are important drivers. Second, I look at 

the international endeavors to promote the development of afforestation/reforestation 

(A/R) projects, given the cost-effectiveness of afforestation for climate change 

mitigation. Third, I look at the development of financial arrangements to finance 

afforestation through creating a market for the carbon sequestered by the growing trees, 

which is often necessary because of the low incomes from afforestation. Carbon trading 

scheme allows the trading of carbon credits generated by afforestation. Lastly, I 

introduce the optimal rotation period to maximize incomes from afforestation, 

considering both timber and carbon sequestration. 

1.1.1 Deforestation and its drivers 

Forests have great potential to store carbon, which contributes to mitigate atmospheric 

carbon concentrations (IPCC, 2007). Globally, forestland has the capacity to sequester 

2.4 ± 0.4 109 Mg of carbon emissions annually, equivalent to 25% of the global carbon 

emissions from fossil fuels used in 2018 (Pan et al., 2011; Le Quéré et al., 2018). 

However, the increasing global and local demand for agricultural products – and timber 

– lead to a large amount of deforestation and forest degradation (Eliasch, 2012; Curtis 

et al., 2018; Van et al., 2018). A total of 314 million ha global tree cover was lost from 

2001 to 2015 (Hansen et al., 2013; Curtis et al., 2018). Deforestation and forest 

degradation contribute 17%-25% of annual anthropogenic greenhouse gas (GHG) 
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emissions, the main factor in global warming (Chenost et al., 2010; Le Quéré et al., 

2015). 

Many countries experience deforestation, a sizable proportion of which is caused by 

farmers who clear forestland to create farmland (Hosonuma et al., 2012; Kissinger et 

al., 2012). Since most of the best land is already under cultivation, a large and growing 

proportion of the cleared forestland (a) is not very fertile, and therefore only supports 

a small harvest; and (b) is slope land, with high rates of soil erosion. These conditions 

force farmers to continually clear new land for farming, which results in deforestation 

and environmental degradation, while farmers remain poor. This trend has been 

observed in many underdeveloped countries (Barraclough, 2013; Rudel and Horowitz, 

2013; Jepma, 2014). 

While farming drives deforestation, timber extraction and logging drives most of the 

forest degradation (Hosonuma et al., 2012). The rate of growth of trees slows down as 

they age. To keep the rapid growth of young trees, profit-maximizing landowners cut 

older trees and replant new trees, which tends to be harmful to the ecosystem. Although 

there are logging bans in many tropical countries, there are some doubts about their 

effectiveness due to the lack of forest governance (Sarker et al., 2011; Alobi et al., 

2020). In addition, most countries do not have the financial resources to compensate 

landowners to replant trees (Alobi et al., 2020). Alternative sources of funding are 

needed to finance afforestation and replanting. 

1.1.2 Development of afforestation/reforestation (A/R) projects 

The potential of forests to offset the accumulation of GHG emissions in the atmosphere 

has received attention over the last decades (IPCC, 2013; van der Gaast et al., 2018). 

Reducing emissions from deforestation and forest degradation has also been 

recognized as a highly cost-effective option to mitigate climate change (Kindermann 

et al., 2008; Cho et al., 2018). One research by Tavoni et al. (2007) estimates that forest 

carbon sinks can contribute to one-third of total abatement of atmospheric carbon 
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concentrations by 2050. Forest carbon sinks can also contribute to reducing the overall 

costs of climate change mitigation (Tavoni et al., 2007; Cho et al., 2018). 

There have been international endeavors to develop sources of funding to finance A/R 

project and mitigate carbon emission by the forestry sector. Among the approaches 

implemented are 1) Certified Emission Reductions (CERs) trading between Annex 1 

Parties and non-Annex 1 Parties by implementing emission reduction project such as 

afforestation project, and 2) Reducing Emissions from Deforestation and Forest 

Degradation (REDD/REDD+) regulated by the United Nations Framework Convention 

on Climate Change (UNFCCC, 2008; Chenost et al., 2010). In spite of the availability 

of funds, forestry projects have had a relatively small share in the international markets 

for CERs, making up only 0.86% of registered Clean Development Mechanism (CDM) 

projects (van der Gaast et al., 2018). 

Not only the number of registered afforestation project is small, but many existing 

afforestation projects have partially or completely failed because afforestation projects 

do not meet community livelihood needs, and the planted trees will be removed and 

replaced with agricultural land uses (Le et al., 2014). In other words, how to finance 

afforestation, and how to deal with the drivers of deforestation (such as low incomes 

from agricultural products) are two main obstacles for the successful implementation 

of afforestation projects (Hein et al., 2018). 

1.1.3 CER trading scheme 

In this thesis, I will deal with the CDM and the organization and implementation of the 

CERs. CERs can be traded between the suppliers (e.g. forest landowners) and the 

buyers (e.g. companies that need CERs to offset their excessive carbon emissions) in 

international or national carbon markets. The first carbon emissions trading scheme 

(ETS) started as early as 2005 in the European Union (EU). By the end of 2017 there 

were 19 carbon markets in operation, covering more than 7 billion tons of GHG 

emissions, and accounting for over 15% of the world’s carbon emissions (IPAP, 2017). 

There are two types of CERs for non-permanent carbon sequestration: temporary 
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certified emission reduction (tCER) and long-term certified emission reduction (lCER), 

each representing one ton of carbon dioxide equivalent (tCO2e) (UNFCCC, 2013). 

These different carbon accounting regimes have a significant impact on the CER 

calculations and the trading of these carbon credits for forestry projects (see Chapter 6 

for details).  

China participates in carbon trading with the CDM, including for afforestation projects 

since 2006, when Facilitating Afforestation for Guangxi Watershed Management in the 

Pearl River Basin was registered as the first CDM afforestation project in China. The 

number of carbon forest projects validated in China’s Voluntary Emission Reductions 

(VER) has increased sharply since 2013. Similarly, the market share of China Certified 

Emission Reductions (CCERs) based on afforestation is also very low, accounting for 

4% of the total issued CCERs (Lo and Cong, 2017). The Chinese government has 

launched a development plan of a nation-wide ETS in late 2017 (ERINDRC, 2017), 

but it has not yet been implemented (Slater et al., 2018). 

1.1.4 Joint production of timber and carbon 

Forests are able to jointly produce a number of outputs (Olschewski and Benitez, 2010; 

Zhou and Gao, 2016). Forests produce timber, which is an important source of 

construction, industrial and consumer products. At the same time, forests have great 

value in sequestering carbon. To integrate the value of carbon sequestration and timber 

production into forest management, we can consider timber production and carbon 

sequestration as a joint process. 

Since the growth rate of trees and the capacity of additional carbon uptake decline as 

forests grow older, there is an optimal time to harvest and replant the trees (Zhu et al., 

2019). As Figure 1.1 shows, it is optimal to harvest when the rate of growth starts 

declining. In this thesis, I look at the optimal rotation period that maximizes the benefits 

of a joint production of timber and carbon credits. Figure 1.1 elaborates how the 

optimal rotation period changes when considering a joint production of timber and 
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carbon compared to only production of timber. The blue line represents how the value 

of timber changes with time, while the red line represents a joint production of timber 

and carbon (Figure 1.1). The optimal rotation time of timber and carbon is usually 

longer than that of only timber. At the same time, more revenue can be generated by a 

joint production of timber and carbon compared to only timber. 

 

Figure 1.1 Optimal rotation period of a joint production of timber and carbon compared 

to only timber. 

The joint production of timber and carbon not only increases the total revenue from 

forest plantations but also extends the optimal rotation period (Olschewski and Benitez, 

2010; Zhou and Gao, 2016). The optimal rotation period is important for the 

management of afforestation projects. Since the carbon sequestered by afforestation 

projects is valued through the carbon market, the carbon accounting regimes (i.e. tCER 

and lCER accounting) may affect the calculation of carbon revenue and influence the 

optimal rotation period. It is therefore necessary to examine the effects that carbon 

accounting regimes have on the determination of optimal rotation period (Olschewski 

and Benitez, 2005 and 2010). 
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1.2 Research objectives 

China has undertaken large afforestation programs in most provinces. These 

afforestation projects are mostly funded by the national government, and involve very 

large funds. For example, the Chinese government invested no less than Yuan 517.4 

billion (USD 76.9 billion) in the Grain for Green program (GfG) from 1999 to 2019 

(NFGA, 2020). With the economic slowdown, it is unlikely that the government will 

be able to finance such large afforestation programs in the future. It is quite essential 

for the Chinese government to find alternative source of funding to finance 

afforestation. Carbon-subsidized afforestation could be the choice. 

This study aims to assess whether farmers need additional subsidies to afforest their 

marginal farmland. If so, whether the value of carbon sequestered through afforestation 

can offset farmers’ opportunity costs, and at what price of carbon. 

To do this, this study intends to answer the following questions: 

1) What is the amount of carbon sequestered by afforestation, both in the tree 

biomass and soils, for different tree types? How do tree age, previous land uses, 

climatic conditions, and soil depths, affect the amount of carbon sequestered? 

2) What is the opportunity cost of the agricultural land retired through 

afforestation, and the net incomes that the farmers can earn from afforestation, 

in terms of tree products and timber? 

3) Is the value of the carbon sequestered by afforestation sufficient to compensate 

farmers if they need financial support to afforest? 

4) What is the optimal rotation period for the planted trees, considering the rate of 

growth of trees, and the value of the carbon sequestered in tree biomass and 

soils? 
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1.3 Research flow 

The framework of this study is as shown in Figure 1.2 below. First, I determine the 

amount of carbon sequestration both from tree biomass and soils (Question 1). Second, 

I evaluate the total benefit from afforestation considering the opportunity cost of retired 

farmland and the net incomes from afforestation (Question 2). Third, if the farmer 

experiences a financial loss when afforesting their farmland, I assess the price of carbon 

necessary to compensate for that loss (Question 3). If the total benefit is positive, then 

there is no need for alternative funding. Last, I investigate the optimal rotation period 

of the forest plantations considering different carbon accounting regimes (tCER and 

lCER) (Question 4). 

 

Figure 1.2 Research framework. Note: the number within each blue box represents the 

research question addressed. 

1.4 Organization of the thesis 

The thesis is divided in seven chapters. After this introductory chapter, Chapter 2 

elaborates the methodology and describes the source of data used for this study. 

Detailed data analysis methods and models are shown in the following chapters. I do 
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not add them in this chapter since each of the following chapters applies different data 

analysis methods and models to address the specific research questions. 

Following Chapter 2, the research questions are addressed consecutively from Chapter 

3 to Chapter 6. There is no separated chapter reviewing the literature since the research 

addresses three different, though related, questions. Instead, each chapter includes a 

literature review, data analysis, interpretation, and conclusion. Each of these four 

chapters consists of a submitted (accepted pending revisions), forthcoming, or 

published article. 

In this thesis, as in many studies, trees are grouped into tree types. Chapter 3 provides 

a justification for grouping trees into deciduous broadleaf, evergreen broadleaf, and 

evergreen conifer. The chapter argues that this is the most suitable grouping to estimate 

the organic carbon sequestered by soils. 

Chapter 4 determines the total amount of carbon sequestered by different tree species 

and the temporal changes in carbon sequestration (Question 1). Due to the lack of 

species-level soil carbon data, I estimate soil carbon sequestration for the three tree 

types developed in Chapter 3. On the other hand, the tree biomass carbon and the total 

carbon sequestered are estimated at the species-level. 

Chapter 5 assesses the costs and benefits of the afforestation projects (Question 2 and 

3). This chapter looks at whether it is economically attractive to participate in 

afforestation projects and whether the value of carbon sequestration can fully 

compensate farmers’ opportunity costs. 

Chapter 6 investigates the optimal rotation period of forest plantations considering the 

two different carbon accounting regimes (tCER and lCER) (Question 4). Specifically, 

it determines i) how the value of the carbon sequestered by forests will change the 

optimal rotation period of plantations and ii) how these changes of optimal rotation 

period are affected by the carbon accounting regimes (tCER and lCER). 
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Finally, Chapter 7 summarizes the main findings of this study, the contributions to 

knowledge, and discusses the policy implications. 
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Chapter 2 Methodology 

In this methodology chapter, I introduce the data used for this thesis. Detailed data 

analysis methods and models are elaborated in the following chapters (Chapter 3, 4, 5 

and 6). 

2.1 Review of secondary soil data 

The data used for this thesis includes both secondary and primary data. Secondary data 

were collected from peer-reviewed articles retrieved by using Google Scholar, Web of 

Science, and China National Knowledge Infrastructure search engines with the 

keyword “afforestation” or “reforestation” and “soil organic carbon” (cut-off date: 1st 

July 2018). Articles that dealt with both reforestation and afforestation are included in 

this study since the difference between reforestation and afforestation is usually only 

the length of time during which the land was without forest (IPCC 2007). The refereed 

articles had to fulfil the following conditions. First, the studies had to either report the 

soil organic carbon (SOC) value from soil depths of 0-20 cm, 20-40 cm or 40-60 cm, 

or at least three SOC stock data at different depths, so that the missing values could be 

extrapolated (see Chapter 4). In this thesis, I consider the top 0–60 cm soil depth since 

it contains 70%–80% of the SOC stocks found in the first-meter, and is more strongly 

affected by land use change (Jobbágy and Jackson, 2000; Kukal and Bawa, 2014). 

Second, the study had to include a description of the land use history and provide the 

initial SOC stocks before afforestation or the SOC stocks of nearby non-forested sites. 

Third, the papers had to identify the planted tree species, stand age and sampling depth. 

Collected data were all from afforestation sites with single (not mixed) species to avoid 

interactions among different species. Apart from SOC data, tree species, stand age, soil 

sampling depth, and soil bulk density, for each site I recorded all geographical and 

climatic information, namely latitude, longitude, mean annual temperature (MAT) and 

mean annual precipitation (MAP). If values for temperature or precipitation were 

missing, I obtained them from the records of nearby weather stations using 
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www.weatherbase.com. Soil taxonomic order is not used in this study because soil 

texture is not reported in most studies reviewed here. 

Over 300 studies were reviewed and the final secondary dataset comes from 90 peer 

reviewed academic articles published between 1990 and 2018, and consists of 261 sites, 

including 261 topsoil (0-20 cm) and a large number of subsoils (168 from 20-40 cm 

and 115 from 40-60 cm). Figure 2.1 shows the geographic distribution of the study sites 

of secondary data. Tree types were classified into deciduous broadleaf, evergreen 

broadleaf and evergreen conifer (Chapter 3 describes my justification for this 

classification). 

 

Figure 2.1 Location of the study sites of secondary data. 

2.2 Collection of primary soil data 

This research intends to determine the amount of carbon sequestered by different tree 

types under different control variables, namely previous land uses, climatic conditions, 

stand ages and soil depths. The data from the literature were not always sufficient to 

cover the different conditions. For this reason, I conducted fieldwork to collect primary 

soil data to supplement the secondary data. The secondary data from China are mainly 

http://www.weatherbase.com/
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distributed in the northern part, with less data points in the east and southern regions of 

China (Figure 2.1). For this reason, the sites for primary data collection were mainly 

distributed in the east and southern regions, in Anhui Province, Hubei Province, Hunan 

Province, Guizhou Province, Yunnan Province, Jiangxi Province and Chongqing 

Municipality. Primary data collection was conducted during July and August 2017 and 

July and August 2018. 

In the fieldwork I was assisted by Mr. Gao Lei, a Master student at the Inner Mongolia 

University supervised by Prof. Lu Xixi. Prof. Lu Xixi is a co-investigator of this 

University Grants Committee (UGC)-financed project “Use of carbon sequestration to 

finance reforestation of poor farmers’ marginal farmland”. Dr. Claudio Delang (the 

principal investigator of this project) and Prof. Lu Xixi trained us for site selection, soil 

collection and analysis, and the collection and analysis of economic data. 

Within the regions, we looked for sites afforested with the tree types used in this 

research, namely deciduous broadleaf, evergreen broadleaf and evergreen conifer (see 

Chapter 3). In order to generalize the SOC changes at tree type level, it is important to 

include several tree species for each tree type. The secondary soil data for evergreen 

broadleaf were mainly from the genera of Eucalyptus, so we looked for other evergreen 

broadleaf species, such as Cinnamomum camphora, Cinnamomum cassia, Osmanthus 

fragrans. These species are commonly planted in southern China. To narrow the area 

where we could find afforestation with such trees, we did an internet search or 

consulted official websites to identify counties – and if possible villages – with the tree 

species we were interested in. 

As mentioned, we looked in particular for sites with tree types/species and stand age 

which would complement and complete the dataset we obtained through the literature 

review. When we could not identify the species ourselves, we asked villagers for the 

tree types/species. We used the increment borer to extract an increment core from the 

tree, and identified the stand age from the annual wood rings. When this was not 

possible, we asked villagers stand age when the trees were planted. It was difficult to 
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find plantations with stand ages older than 30 years, since the large-scale afforestation 

in China stared about two decades ago. 

In this research, we compare the soil carbon stock from afforested land to that from 

non-afforested land to obtain the changes in soil carbon stock after afforestation. To do 

so, we selected villages that include converted land and non-converted land (most 

villages include both). Soil samples from adjacent cropland or grassland were collected 

as baseline SOC stock. At each sampling site, the following attributes were recorded: 

tree species, stand ages, and environmental conditions (altitude, slope, longitude, and 

latitude measured by GPS). The longitude and latitude of the sites range from 101.68°E 

to 118.67°E and 23.54°N to 32.54°N. The altitudes are between 9 to 2053 m ASL. 

During soil samples collection, three parallel soil profiles in each plot were collected 

for errors control. Whenever possible, soil samples were collected from representative 

soil profiles of 0–60 cm at 20 cm intervals (0-20 cm, 20-40 cm, and 40-60 cm), using 

a soil auger. Secondary soil data were mostly from the soil depth of 0-20 cm, so we 

made an effort to collect deeper soil samples for each tree type. The final primary 

dataset consists in 82 afforested sites, including 82 samples from topsoil (0-20 cm), 82 

from soil depth of 20-40 cm and 73 from soil depth of 40-60 cm. Table 2.1 illustrates 

how my primary data completes the secondary data. Together with secondary data, the 

dataset used for this analysis includes a total of 781 SOC data, including 343 topsoil 

(0-20 cm) and a large number of subsoils (250 from 20-40 cm and 188 from 40-60 cm). 

Detailed site information and dataset are showed in Appendix A1. 

The samples were transported to the laboratory at the School of Ecology and 

Environment in Inner Mongolia University for SOC contents % analysis. The soil 

contents analysis was done by Mr. Gao under the supervision of Prof. Lu. I did not 

participate in the SOC contents analysis. Soil samples were air-dried, hand-picked (to 

remove woody debris and charcoal, visible soil organisms, and stones), and weighed. 

Then, the air-dried soil samples were sieved through a screen with 2 mm openings, and 

gravels (> 2 mm) were weighed. The carbon contents of soils were measured using 
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both a CN analyzer (PE- 2400 II; Perkin-Elmer) and the Walkley-Black wet digestion 

method (Nelson and Sommers, 1983). 

Table 2.1 Combined dataset of secondary and primary data. Underlined values mean 

an insufficient number of observations. 

  
Soil depth 

(cm) 

Stand age (year) 

Tree type Data source 0-10 11-20 21-30 31+ 

Deciduous broadleaf  Secondary data 0-20 31 24 31 2 
  

20-40 13 10 17 8 
  

40-60 15 9 16 8 
 

Primary data 0-20 5 7 2 1 
  

20-40 5 7 2 1 
  

40-60 5 5 2 1 

Evergreen broadleaf Secondary data 0-20 41 9 9 3 
  

20-40 35 7 5 1 
  

40-60 21 4 1 1 
 

Primary data 0-20 12 11 3 1 
  

20-40 12 11 3 1 
  

40-60 10 11 2 1 

Evergreen conifer Secondary data 0-20 20 29 26 23 
  

20-40 16 20 22 14 
  

40-60 6 12 14 8 
 

Primary data 0-20 10 16 9 5 
  

20-40 10 16 9 5 
  

40-60 10 14 9 3 
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2.3 Collection of economic data 

Economic data were obtained through interviews with farmers in the same regions 

where soil samples were collected. Farmers were interviewed using a questionnaire 

(see Appendix A2) about the costs and benefits of food crops cultivation and tree 

plantations. As Figure 2.2 shows, the costs include (i) site preparation (preparation of 

the land and planting; seedlings or sapling); (ii) management (insecticides, herbicides, 

fertilizer, manual cleaning and weeding; pruning and thinning; replanting); (iii) 

harvesting and (iv) tools and machinery. The benefits include (i) income from 

timber/wood use and/or (ii) sale of non-timber forest products (e.g. fruits). To obtain 

an overview of the overall lifecycles, data was collected from farmers with plantations 

of different stand ages. The information of economic costs and benefits of farmland 

were collected through interviews with farmers who participate in the afforestation 

program but still have cropland to cultivate as well as non-participants. These costs 

also include site preparation, management, harvesting and tools, while benefits stem 

from selling the wheat, rice, corn, and sugarcane harvest. 

 

Figure 2.2 Costs and benefits from afforestation projects 

The interviews were conducted in July to August 2017, July to August 2018 and April 

to May 2019. Whenever possible, we interviewed farmers who owned the land where 

we took the soil samples. However, when we could not find the farmers, we went to 

the village town to obtain economic data from officers of the forestry bureau. I 

collected the data of three forest types, namely ecological trees (i.e. trees that do not 
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produce marketable products, except timber), economic trees (i.e. trees that also 

produce marketable products, such as fruits) and bamboo. These three tree types are 

considered because 1) GfG (the largest reforestation program in China) treated these 

three tree types differently (Delang and Yuan, 2016; Zhang et al., 2018); 2) they differ 

significantly in the value of tree products (Xian et al., 2020) and 3) they have different 

carbon sequestration capacities (Proietti et al., 2016). 

To conduct interviews, I selected villages with the desired tree species. Specifically, 

the ecological tree species Eucalyptus, Chinese fir (Cunninghamia lanceolata) and 

Poplar (Populus), the economic trees species apple tree (Malus domestica), orange tree 

(Citrus sinensis), mango tree (Mangifera indica), walnut tree (Juglans) and chestnut 

tree (Castanea), and bamboo (Bambusoideae). In the villages I selected landowners, 

based on their ownership of plantations that fulfilled the following requirements: (i) 

monocultures, (ii) managed to ensure a survival rate of at least 70%, and (iii) no large-

scale cutting. Because of the difficulty in finding farmers at home who had planted the 

selected trees or crop species, I approached the village committee to provide me with 

their phone numbers, and we arranged a time for face to face or phone interviews. I 

interviewed at least 5 farmers for each species: if the values given by the interviewees 

varied by more than 10%, I interviewed more people until I obtained 5 values with 

variations lower than 10%. Then I calculated the average of these 5 answers. A total of 

186 farmers were interviewed. The answer of 75 interviewees were used in the 

economic analysis (Chapter 5). 

Local market prices are used to value traded forest and agricultural products. When 

marketable products are not sold but consumed by the farmers, the market price is used 

for valuation, since directly consumed products increase the standard of living of 

farmers as much as traded products (Delang, 2006). Labor costs were considered for 

each item. Since the labor price varied substantially among different regions, the local 

labor costs in each region were used. Since timber is rarely traded by farmers, the 

market prices reported by China Timber (see http://www.chinatimber.org/) were used. 

A discount rate of 4% was used in this study to estimate the present value of future 

http://www.chinatimber.org/
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costs and benefits, which equals to the interest rate of three-year Chinese national bonds 

from year 2019 to 2022 (see https://www.chinabond.com.cn/). 

2.4 Conclusions 

This doctoral thesis intends to determine the amount of carbon sequestered through 

afforestation, and to evaluate the cost-effectiveness of different plantations in the 

afforestation project. In this methodology chapter, I describe how the data were 

collected for this research. Due to the time and expense of acquiring soil data from 

fieldwork, I first collected the secondary soil data. The data was sorted to identify the 

missing observations in terms of climatic conditions, tree types, stand ages and soil 

depths. The primary data was therefore collected to complement and complete the 

secondary data. The economic data were all collected through interviews except for the 

timber price. The soil data and economic data were used for the whole research. I do 

not explain the analysis of the data in this chapter because the analysis is unique to each 

chapter. Detailed data analysis method and the calculation can be found in the methods 

section of each chapter. 

Following this methodology chapter, Chapter 3 describes the three tree types 

(deciduous broadleaf, evergreen broadleaf, and evergreen conifer). I grouped tree 

species to analyze SOC, and provides the justification for such classification. In 

Chapter 4, I use these groups to determine the total amount of carbon sequestered in 

soils. On the other hand, the carbon sequestered by the trees is estimated at the species 

level. 

  

https://www.chinabond.com.cn/
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Chapter 3 Grouping tree species to estimate afforestation-

driven soil organic carbon sequestration 

This chapter is based on and modified from an article submitted (accepted pending 

revision) to the journal:  

Hou, G., Delang, C. O., Lu, X., & Gao, L. (Accepted pending revision). Grouping tree 

species to estimate afforestation-driven soil organic carbon sequestration. Plant and 

Soil (Q1, IF=3.299). 

3.1 Introduction 

Afforestation is viewed as an effective method to sequester atmospheric carbon and 

alleviate global warming (Bonan, 2008). 58% of the carbon sequestered from the 

atmosphere by forests end up as soil carbon and litter (Pan et al., 2011). Trees play an 

important role in soil organic carbon (SOC) sequestration, because forest litter 

(aboveground and belowground) is the major component of soil organic matter 

(Cornwell et al., 2008; De Deyn et al., 2008; Cotrufo et al., 2015; Olsson et al., 2019). 

However, the extent to which afforestation can contribute to SOC sequestration is still 

not well understood for all species. There has been considerable research on the 

changes in SOC stock at the species level. However, there are an estimated 60,065 tree 

species in the world (Beech et al., 2017), and detailed studies of the SOC sequestration 

potential of all tree species would be very costly. Furthermore, research tends to 

concentrate in particular areas, so does not always allow researchers to gain broad 

knowledge and make generalisations about SOC sequestration (Kooch et al., 2019; Liu 

et al., 2019; Olsson et al., 2019). 

These are some of the reasons why scientists tend to group trees into tree types when 

studying the contribution that vegetation makes to SOC sequestration. However, this 

raises the question of how to group trees. While there will never be a perfect way to 

group trees, if we are concerned about the SOC sequestration of trees, grouping should 
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obviously include trees that are as homogeneous as possible in their carbon 

sequestration. Some studies divide forests into tropical forests, temperate forests and 

boreal forests (e.g. Giardina and Ryan, 2000; Lal, 2005; Bonan, 2008; Schulte‐Uebbing 

and de Vries, 2018). Such classification is useful to investigate the effects of climatic 

conditions and geographic distribution on SOC change dynamics, but it ignores the 

variations among various tree types. Furthermore, the climatic conditions can be 

quantified with variables such as temperature and precipitation, which can be 

incorporated as factors influencing SOC change at the tree type level. It is more useful 

to group tree species according to tree types. The most popular classifications are 

hardwood and softwood (e.g. Paul et al., 2002; Li et al., 2003; Li et al., 2012; Reid and 

Watmough, 2014), broadleaf and conifers (e.g. Guo and Gifford, 2002; Laganiere et 

al., 2010; Bárcena et al., 2014; Deng et al., 2014; Hou et al., 2020), or deciduous and 

evergreen (e.g. Deng et al., 2014; Setälä et al., 2016; Deng and Shangguan, 2017). 

However, there are evergreen broadleaf and deciduous broadleaf, as well as evergreen 

conifer and deciduous conifer (Osman, 2013). For example, species such as 

Cinnamomum, Eucalyptus, Laurus, Phoebe and Quercus could be viewed as both 

broadleaf and evergreen and species such as Larix could be considered both conifers 

and deciduous. 

In this paper we propose that grouping trees into deciduous broadleaf, evergreen 

broadleaf, deciduous conifer and evergreen conifer would result in groups with a more 

homogeneous SOC sequestration rate. These four tree types diverge in terms of 

quantity, seasonality, and decomposition rate of leaf litter or root litter, which results 

in different SOC decomposition rates. For this reason, we hypothesise that such 

classification has the following two advantages: First, some overlaps can be avoided. 

Second, there will be less variations within each of the four tree types than within other 

tree types used in the literature (broadleaf v. conifers, deciduous v. evergreen). 

This paper has two objectives. The first is to quantify the extent to which SOC 

sequestration differ among deciduous broadleaf, evergreen broadleaf and evergreen 

conifer tree types, after controlling for other variables (e.g. temperature, precipitation, 
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stand age, initial SOC stock, and previous land use) (deciduous conifer is not included 

in our analysis as insufficient studies report SOC-related information about this plant 

type). In particular, we want to test whether the SOC sequestration rates of trees 

grouped within the deciduous broadleaf, evergreen broadleaf and evergreen conifer tree 

types are more homogeneous than the SOC sequestration rates of the same species 

grouped as a) broadleaf and conifers, and b) deciduous and evergreen. Broadleaf forests 

are generally hardwood forests while coniferous forests are softwood forests, thus we 

include hardwood into the broadleaf tree type and softwood into the coniferous tree 

type (Osman, 2013). Our second objective is to explain SOC variations among tree 

types by looking at their physiological characteristics. 

3.2 Materials and methods 

3.2.1 Data sources and compilation 

The academic articles included in this quantitative review were retrieved by searching 

Google Scholar and the Web of Science with the keywords “afforestation/reforestation” 

and “soil organic carbon” (cut-off date: 1st July 2018). We included only articles 

published in international refereed journals. To avoid interactions among different 

species, we only consider monocultures (Stockmann et al., 2013). To avoid bias in the 

selection of the literature, we chose only research articles that fulfil the following 

conditions. First, the study had to report the SOC value of the topsoil layer (0-20 cm) 

or, alternatively, the percentage of SOC concentration or C accumulation, bulk density, 

and sampling depth to calculate SOC stock using Equation (1). We only considered the 

upper soil of 20 cm depth because 1) plant derived SOC sequestration is most 

significant in the top soil (Berhongaray et al., 2019; Hou et al., 2019a); 2) most studies 

report the SOC data of the top 20 cm, but are very inconsistent in terms of deeper soil 

depths (they may report 20-30 cm, 20-40 cm, 30-50 cm, etc.), which makes analysis 

less accurate. The gravel or rock content is an important component of soil C pool. In 

our synthesis, more than 90% of the studies directly reported the SOC stock. For studies 
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that did not mention the rock fragment contents, we calculated the SOC stock from the 

SOC concentration data (Guo and Gifford, 2002). 

 
𝐶𝑠 =

𝑆𝑂𝐶 ×  𝐵𝐷 ×  𝐷

10
 

(3.1) 

where Cs is the SOC stock (Mg ha-1); SOC is SOC concentration (g kg-1); BD is soil 

bulk density (g cm-3); D is soil depth (cm). 

Second, the study had to provide the initial SOC stocks before afforestation or the SOC 

stocks of nearby non-forested sites (cropland or grassland). We used this information 

to calculate the change in SOC stock using Equation (3.2).  

 ∆𝐶𝑠 = 𝐶𝑠𝑒 − 𝐶𝑠𝑐 (3.2) 

where ∆Cs is the change in SOC stock (Mg ha-1); Cse is the mean SOC in afforested 

sites (Mg ha-1); Csc is the mean SOC in the adjacent compared sites (Mg ha-1). 

Third, papers had to state the tree type and stand age after afforestation. As time plays 

an important role in the amount of SOC change, we calculate SOC sequestration rates, 

which allows for a comparison of SOC change on the same time scale (Xiong et al., 

2014). The SOC sequestration rate (∆Cs rate) was calculated using the following 

equation: 

 
∆𝐶𝑠 𝑟𝑎𝑡𝑒 =

∆𝐶𝑠

𝐴
 

(3.3) 

where ∆Cs rate is the SOC sequestration rate (Mg ha-1 yr-1); A is stand age (year). 

Fourth, each site had to include latitude, longitude and preferably mean annual 

temperature and precipitation. Organic layers (forest floor) were excluded in this 

analysis because few existing data sets reported this information. The final dataset is 

derived from 90 peer-reviewed academic articles and consists of 264 observations. 

Tree species included in each tree type are showed in Table 3.1. 
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Table 3.1 Tree species included in each tree type 

Tree type Species Tree type Species 

Deciduous 

broadleaf 

Acer palmatum 

Evergreen 

conifer 

Cupressus funebris 

Caragana Korshinskii Kom. Cupressus lusitanica 

Caragana microphylla Cupressus macrocarpa 

Populus davidiana Pinus caribaea 

Populus deltoides Pinus densiflora 

Populus euphratica Pinus elliottii 

Populus simonii Pinus halepensis 

Populus tomentosa Pinus massoniana 

Robinia pseudoacacia Pinus nigra 

Evergreen 

broadleaf 

Cinnamomum camphora Pinus palustris 

Cinnamomum cassia Pinus patula 

Eucalyptus camaldulensis Pinus ponderosa 

Eucalyptus globulus Pinus radiata 

Eucalyptus grandis Pinus resinosa 

Eucalyptus gunnii Pinus strobus 

Eucalyptus nitens Pinus sylvestris 

Eucalyptus saligna Pinus taeda 

Eucalyptus urophylla Pinus tabuliformis 

Osmanthus fragrans Pinus virginiana 

Evergreen 

conifer 

Chamaecyparis obtuse Platycladus orientalis 

Cunninghamia lanceolata  

 

3.2.2 Statistical analysis 

Before proceeding with the data analysis, all variables were examined for normality 

and outliers. 18 cases with an extreme z-score were found to be univariate outliers and 

were removed from the dataset. We performed descriptive statistical analyses including 

mean, minimum, maximum, standard deviation (SD), skewness and kurtosis. We 

performed one-way analysis of variance (ANOVA) to test the variations within the tree 
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types (evergreen broadleaf versus evergreen conifer and deciduous broadleaf versus 

evergreen broadleaf). We performed a hierarchical multiple regression to assess the 

extent to which the tree classifications could affect the SOC stock change after 

controlling for temperature, precipitation, stand age, initial SOC stock and previous 

land use. We first tested the effects of classification 1 (deciduous and evergreen) in the 

regression model. Then we assessed the effects of classification 2 (broadleaf and 

conifer) in the regression model. Lastly, we evaluated the effects of classification 3 

(deciduous broadleaf, evergreen broadleaf and evergreen conifer) in the regression 

model. Since the previous land use and tree classification are categorical variables, we 

used dummy coding for these two factors (Table 3.2). All statistical analyses were 

performed using SPSS, version 25.0 (SPSS Inc, Chicago, IL, USA). 

Table 3.2 Dummy coding 

Previous land 
use 

D
1 

Classificatio
n 1 

D
2 

Classificatio
n 2 

D
3 

Classification 3 D
4 

D
5 

Grassland 0 Evergreen 0 Conifer 0 Evergreen 
conifer 

0 0 

Cropland 1 Deciduous 1 Broadleaf 1 Evergreen 
broadleaf 

1 0 

      
Deciduous 
broadleaf 

0 1 

Note: D1 is the dummy coding for previous land use; D2 for Classification 1; D3 for 

Classification 2; D4 and D5 for Classification 3. 

 

3.3 Results 

3.3.1 Descriptive statistics 

Table 3.3 shows the preliminary data screening of all studied variables. Skewness and 

Kurtosis values show data are generally normally distributed (Table 3.3). The 

assumption of homogeneity of variance is not violated. 
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Table 3.3 Preliminary data screening 

 

Annual average 
temperature (℃) 

Annual average 
precipitation (mm) 

Plantation 
age (year) 

SOC stock 
change (Mg/ha) 

Initial SOC 
stocks (Mg/ha) 

N Valid 246 246 246 246 246 

Missing 0 0 0 0 0 

Skewness .344 .406 .768 .174 1.420 

SE .155 .155 .155 .155 .155 

Kurtosis -.758 -1.355 .403 2.265 1.543 

SE .309 .309 .309 .309 .309 

Minimum -1.40 90.0 1 -39.0 1.25 

Maximum 27.00 1700.0 70 46.4 115.0 

N: number of observations; SE: standard error. 

 

Descriptive statistics, including means and standard deviations (SD) for all variables, 

are presented in Table 3.4. The stand age in this synthesis is relatively young, which 

could hinder the accuracy of the analysis for older stands. Temperature and 

precipitation are relatively low, which may limit the extrapolation of our results to 

tropical areas. 

Table 3.4 Descriptive statistics for mean annual temperature and precipitation, stand age, 

SOC sequestration rate, initial SOC stock, and SOC stock change (N=246) 

Variables 
Mean SD 

Mean annual temperature (℃) 12.88 5.79 

Mean annual precipitation (mm) 865.36 410.18 

Stand age (year) 19.34 12.44 

SOC stock change (Mg/ha) 3.67 12.32 

Initial SOC stocks (Mg/ha) 26.83 23.83 

SD: standard deviations. 

 



 

25 

 

 

3.3.2 Variations within the tree types of evergreen and broadleaf 

Since evergreen trees can be either broadleaf or conifer and broadleaf trees can be either 

deciduous or evergreen, the variations within the evergreen and broadleaf tree types 

are detected by ANOVA analysis (Table 3.5). Within the evergreen tree type, broadleaf 

and conifer have significantly different SOC sequestration capacities. These results 

indicate the importance of separating evergreen trees into evergreen broadleaf and 

evergreen conifer. Similarly, deciduous broadleaf and evergreen broadleaf trees differ 

significantly in the SOC sequestration rates when the previous land use is cropland, 

although they belong to the same broadleaf tree type. The results support our hypothesis 

that there will be large variations within the evergreen and broadleaf tree types, but less 

variations after differentiating into deciduous broadleaf, evergreen broadleaf and 

evergreen conifer. 

Table 3.5 Variations of SOC sequestration rate (Mg ha-1 yr-1) within the tree types 

(evergreen in classification 1 and broadleaf in classification 2) 

  Evergreen (broadleaf × 

conifer) 

Broadleaf (deciduous × 

evergreen) 

Previous land use F Sig. F Sig. 

Cropland 4.545 0.037* 6.75 0.011* 

Grassland 16.9 0.000** 0.213 0.647 

Note: * and ** indicate significant difference at the 0.05 level (P<0.05), 0.01 level 

(P<0.01) 

 

3.3.3 Effects of different classifications of tree type on changes in SOC stock 

We ran a hierarchical multiple regression to assess how different classifications of tree 

type could affect the changes in SOC stock after controlling for temperature, 

precipitation, stand age, initial SOC stock and previous land use (Table 3.6). 

Preliminary analyses revealed that the assumptions of normality, linearity, 

homoscedasticity and independence of residuals were not violated. 
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Table 3.6 Summary of hierarchical multiple regression for variables estimating SOC stock changes 

 Regression coefficients Model summary 

Predictors B SE β R2 Adjust R2 R2 change 

 Step 1    .396 .383 .396*** 

 Mean annual temperature (℃) .741*** .183 .348    

Mean annual precipitation (mm) -.004 .003 -.148    

Stand age (year) .446*** .052 .45    

Initial SOC stock (Mg ha-1) -.145*** .034 -.28    

 D1 4.757** 1.633 .186    

 Step 2    .397 .382 .001 

 Mean annual temperature (℃) .706*** .189 .332    

 Mean annual precipitation (mm) -.005 .003 -.172    

 Stand age (year) .436*** .054 .441    

 Initial SOC stock (Mg ha-1) -.15*** .034 -.291    

 D1 4.897** 1.647 .192    

 D2 -1.439 2.013 -.057    

 Step 3    .401 .386 .005 

 Mean annual temperature (℃) .718*** .183 .338    

 Mean annual precipitation (mm) -.004 .003 -.121    

 Stand age (year) .468*** .054 .473    

 Initial SOC stock (Mg ha-1) -.128*** .036 -.247    

 D1 5.076** 1.646 .199    

 D3 2.106 1.515 .083    

 Step 4    .415 .398 .019* 

 Mean annual temperature (℃) .520* .199 .245    

Mean annual precipitation (mm) -.006 .003 -.184    

Stand age (year) .462*** .054 .467    

Initial SOC stock (Mg ha-1) -.125*** .035 -.242    

D1 6.255*** 1.703 .245    

D4 5.629** 2.102 .192    

D5 -1.032 1.993 -.041    

Note: *, ** and *** indicate significant difference at the 0.05 level (P<0.05), 0.01 level (P<0.01) and 

0.001 level (P<0.001), respectively; B: unstandardized regression coefficients; SE: standard error; β: 

standardized regression coefficients; R2: determination coefficient; Dummy coding: D1 for previous 

land use; D2 for classification 1; D3 for classification 2; D4 and D5 for classification 3. 



 

27 

 

 

Temperature, precipitation, stand age, initial SOC stock and previous land use are 

entered in step 1, and are found to significantly predict change in SOC stock, explaining 

39.6% of the variance (Adjusted R2 = .383, p < .001) (Table 3.6). After classification 

1 is entered into step 2, the total variance explained by the model is 39.7%, explaining 

an additional 0.1% of the variance. After classification 2 is entered into step 3, the total 

variance explained by the model is 40.1%, explaining an additional 0.5% of the 

variance. Both classification 1 and classification 2 cannot result in a significant R2 

change, which means there is not a statistically significant change in the SOC stock 

between classification 1 and classification 2. However, after classification 3 is entered 

into step 4, the total variance explained by the model is 41.5%, explaining an additional 

1.9% of the variance. The change of R2 is statistically significant at the 0.05 level. 

Our results show a statistically significant relationship between change in SOC stock 

and temperature, stand age, initial SOC stock, previous land use and classification 3 

(Table 3.6), stand age making the largest contribution to change in SOC (β = .47, p 

< .001). Our synthesis shows that classification 1 and classification 2 do not show any 

statistically significant effects on the changes in SOC stock after controlling for 

temperature, precipitation, stand age, initial SOC stock and previous land use (Table 

3.5). However, classification 3 has significant effects, especially with D4 significantly 

influencing the changes in SOC stock at the 0.01 level. In other words, grouping species 

into deciduous broadleaf, evergreen broadleaf, and evergreen conifer (classification 3) 

reduces the difference in the species’ SOC sequestration rate and better estimates the 

changes in SOC stock, compared to grouping species in the broader groups of 

evergreen and deciduous (classification 1) and broadleaf and conifer (classification 2). 

Figure 3.1 shows the simple linear regression of SOC stock changes with stand age for 

various tree types. The SOC sequestration rate of deciduous trees (0.42 Mg ha-1 yr-1) is 

slightly lower than that of evergreen trees (0.43 Mg ha-1 yr-1) (Figure 3.1a) and there is 

no difference between broadleaf and conifer (Figure 3.1b). However, the SOC 

sequestration rates vary substantially among the three tree types in classification 3, with 

evergreen broadleaf showing the highest value at (0.73 Mg ha-1 yr-1) (Figure 3.1c). The 
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correlation between stand age and SOC stock change of evergreen trees (R2=0.158) 

(Figure 3.1a) and broadleaf trees (R2=0.319) (Figure 3.1b) are much lower than that of 

evergreen broadleaf (R2=0.357) (Figure 3.1c). This indicates that classification 3 gives 

better explanation of the temporal changes of evergreen broadleaf which cannot be well 

documented by either evergreen trees under classification 1 or broadleaf trees under 

classification 2. 
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Figure 3.1 Linear regression between SOC stock change and stand age for three 

different classifications of tree types (a) classification 1: deciduous and evergreen; (b) 

classification 2: broadleaf and conifer; (c) classification 3: deciduous broadleaf, 

evergreen broadleaf and evergreen conifer. 
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3.4 Discussion 

For many plant species, there is an insufficient number of data points for statistical 

analysis. In such cases, it is very useful to organise tree species with similar SOC 

sequestration capacities within tree types. We show that grouping tree species into 

deciduous broadleaf, evergreen broadleaf, evergreen conifers (and presumably 

deciduous conifers) is effective since the variation within these three tree types are 

smaller than the variation within the broader broadleaf and evergreen tree types (Table 

3.5). When grouping the tree species into classification 3 (deciduous broadleaf, 

evergreen broadleaf, evergreen conifer), tree types significantly estimate the changes 

in SOC stock. On the other hand, tree types in classification 1 (deciduous, evergreen) 

and 2 (broadleaf, conifer) show insignificant results in estimating the changes in SOC 

stock (Table 3.6), probably due to the heterogeneity within the evergreen and broadleaf 

tree types. Broader groups, including both broadleaf and conifer trees in the evergreen 

category, or including both deciduous and evergreen trees in the broadleaf category, 

decreases the statistical significance of SOC stock changes with stand ages (Figure 3.1).  

Evergreen broadleaf trees have the greatest SOC sequestration capacity compared to 

deciduous broadleaf and evergreen conifer. The differences in SOC stock changes are 

due to plant physiology, including the rate of growth, death, and decomposition of 

different species. Of particular importance are litter production and decomposition, 

since tree litterfall and roots are the main sources of SOC inputs, and both the quantity 

and quality of litter and living roots are related to plant traits (Cornwell et al., 2008; De 

Deyn et al., 2008; Olsson et al., 2019):  

1) The four tree types have different litterfall (e.g. leaves, stems branches, flowers, 

fruits) production. Broadleaf trees usually have higher litterfall than coniferous trees in 

temperate, subtropical, and tropical areas, while coniferous trees tend to produce more 

litterfall than broadleaf in boreal areas (Liu et al., 2004). Young deciduous trees usually 

have more annual litter production than evergreen trees (Gobat et al., 2004). On the 

other hand, the leaves of young evergreen trees can last longer than one year, which 
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results in a small amount of litterfall in the young stands. However, as the stands age, 

deciduous and evergreen trees produce a similar amount of annual litterfall. A global 

synthesis revealed that evergreen broadleaf trees have the highest mean density of 

litterfall followed by deciduous broadleaf and coniferous trees (Shen et al., 2019). 

2) The four tree types shed leaves or needles during different seasons. Evergreen trees 

usually retain foliage all year-round although the canopy is not dense when they are 

young. However, deciduous trees shed all leaves in a season regardless of the stand age 

(Osman, 2013). Continuous litterfall and a permanent shaded evergreen forest canopy 

are beneficial to the accumulation of SOC because the negative effect of high 

temperature and precipitation on SOC sequestration is reduced (Cornwell et al., 2008; 

Olsson et al., 2019). Areas with high temperature and precipitation have high soil 

respiration, which increases the decomposition rate of soil organic matter (Osman, 

2013). In addition, the priming effect accelerates the mineralization of soil organic 

matter (Chao et al., 2019). Priming effects are stronger and more consistent in a 

temperate deciduous forest compared to tropical deciduous and evergreen mixed 

forests (Bréchet et al., 2018). Fresh seasonal litterfall of deciduous trees increases the 

activity of micro-organisms, which in turn stimulates decomposition of soil organic 

matter (Voříšková et al., 2014). 

3) The four tree types have different nutrient contents in litter. The nutrient contents of 

litter affect the rate of litter decomposition and release of nutrients (Wedderburn and 

Carter, 1999; Chao et al., 2019). Microorganism can break down nutrient-rich substrate 

more easily, which increases the decomposition rate. On the other hand, leaf litter 

chemistry can affect the magnitude and direction of the priming effects. Lignin is 

negatively related to the priming effects, whereas K, Ca, and Mg concentrations are 

positively related to the priming effects (Chao et al., 2019). Hardwood or broadleaf 

litters usually has higher concentrations of N, K, Ca, and Mg than coniferous species 

(Osman, 2013), while evergreen leaf and coniferous litter have a higher lignin content 

than deciduous leaf litter (Wedderburn and Carter, 1999; Lukac and Godbold, 2011). 

Furthermore, the priming effects are most pronounced for broadleaf litters, and 
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therefore, the decomposition of broadleaf litters and the corresponding mineralization 

of organic matter are quicker than that of coniferous litters. Therefore, deciduous and/or 

broadleaf trees are quicker SOC sequesters in the early stage of afforestation than 

evergreen and/or coniferous trees due to their easily degradable litters (Guo and Gifford, 

2002; Laganiere et al., 2010; Bárcena et al., 2014; Deng et al., 2014). However, after 

the decomposition of easily degradable litters, the recalcitrant lignin and other lignin-

like components, which decompose slowly, are left behind and become the major 

source of SOC during the later decomposition stage (De Deyn et al., 2008; Prescott, 

2010; Cotrufo et al., 2015). For these reasons, evergreen and/or coniferous trees may 

sequester more SOC for a longer period of time. 

4) The four tree types differ in root mass and root litter. Studies have documented that 

below-ground C inputs exert greater influence over soil C than does above-ground C 

inputs (e.g. Berhongaray et al., 2019; Liu et al., 2019). Hardwood trees usually have a 

higher belowground biomass than softwood trees, generated by the larger and more 

deeply anchored root systems (Strong and La Roi, 1983, Jobbágy and Jackson, 2000). 

Luo et al. (2012)’s study about China’s forests shows root to shoot ratios are lower in 

coniferous forests than broadleaf forests and lower in evergreen forests than deciduous 

forests. Higher root to shoot ratios may indicate increased soil carbon sequestration 

potential (De Deyn et al., 2008). 

These four factors contribute to the quantity, rate, and seasonality of SOC sequestration 

dynamics. When researchers group trees into tree types, the important effects that tree 

physiology have on SOC sequestration should be taken into consideration. To 

understand the effects that trees have on SOC sequestration rates, and estimate SOC 

change in the absence of sufficient species-level data, tree species have to be grouped 

so as to minimise variation and increase homogeneity of SOC sequestration rates 

among tree types. The variation of litter production and decomposition is greater when 

species are grouped in broadleaf and conifers, or evergreen and deciduous tree types, 

which will result in less statistically significant findings. 
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3.5 Conclusion 

This study investigates the effects of different tree types on the changes in SOC stock 

after afforestation. The results show that among evergreen tree types, broadleaf and 

conifer have significantly different SOC sequestration rates, while within broadleaf tree 

types, deciduous and evergreen also differ significantly. Our proposed classification 

allows us to differentiate trees that sequester different amounts of soil carbon and to 

better estimate the rate of sequestration by various tree types. The result indicates that 

grouping trees as deciduous broadleaf, evergreen broadleaf and evergreen conifer is 

more accurate than the more commonly used groups of deciduous and evergreen or 

broadleaf and conifers. According to a systematic review by Vesterdal et al. (2013), 

tree species which have significantly different SOC sequestration capacities are those 

belonging to different tree types (e.g. deciduous, evergreen, broadleaf, or conifer). 

Therefore, when a direct measurement of SOC at the tree species level is not available, 

tree type facilitates the evaluation of SOC sequestration potential.  

In this doctoral study, changes in SOC are studied at the level of tree types (deciduous 

broadleaf, evergreen broadleaf, and evergreen conifer). However, changes in carbon 

sequestered by tree biomass are studied at the species level. There are well developed 

stand growth models giving estimations of the genus-level tree biomass (Wu et al., 

2012; Ren et al., 2014; Zhang et al., 2014; Shen et al., 2017; Zhang et al., 2018). 

Considering the genus-level wood density can explain 72.5%-74% of the variation 

observed in species-specific wood densities (Chave et al., 2006; Slik, 2006), the present 

study analyzed carbon sequestration of the tree biomass at the genus level for three 

ecological trees (Eucalyptus, Chinese fir and Poplar), five economic trees (apple trees 

from the north, orange and mango trees from the south, walnut from the north and 

chestnut trees from the south) and bamboo. These genera belong to different tree types: 

Poplar of deciduous broadleaf, Eucalyptus of evergreen broadleaf, Chinese fir of 

evergreen conifer, and economic trees of deciduous broadleaf. This classification not 

only allows to further explore the effects of different values of tree products (timber or 
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fruit) on the net income of afforestation projects but also to take the significant 

differences of carbon sequestration among various tree types into consideration. 
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Chapter 4 Amount of carbon sequestered by tree biomass 

and soils through afforestation programs 

This chapter determines the amount of carbon sequestered through afforestation 

programs. The first section assesses soil carbon sequestration, which is based on and 

modified from an article submitted (accepted pending revision) to the journal:  

Hou, G., Delang, C. O., Lu, X., & Gao, L. (Accepted pending revision). A meta-

analysis of changes in soil organic carbon stocks after afforestation with deciduous 

broadleaved, sempervirent broadleaved and conifer tree species. Annals of Forest 

Science (Q2, IF=2.033). 

The second part of this chapter determines the total carbon sequestration including the 

forest biomass carbon and soil carbon, which is based on and modified from an article 

published in the journal:  

Hou, G., Delang, C. O., Lu, X., & Olschewski, R. (2019). Valuing Carbon 

Sequestration to Finance Afforestation Projects in China. Forests, 10(9), 754 (Q1, 

IF=2.221). 

4.1 Soil organic carbon sequestration 

4.1.1 Introduction 

The soil organic carbon (SOC) pool plays an important role in maintaining soil 

structure and aggregation, making soils less prone to degradation (Lal, 2006). However, 

abuses of the soil system, such as continuous farming, have resulted in the depletion of 

the SOC pool, which is a principal cause of soil degradation (Lal, 2015). While 

afforestation can increase SOC stocks and alleviate soil degradation, studies also 

reported the effects of previous land use and plantation age on SOC sequestration after 

afforestation. SOC content will normally increase in converted cropland (Guo and 

Gifford, 2002; Laganiere et al., 2010; Poeplau et al., 2011). However, there is a lack of 
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consensus among researchers regarding changing dynamics of SOC in afforested 

grassland. For example, a decrease of SOC stocks following afforestation on grassland 

is found in Guo and Gifford’s (2002), Poeplau et al.’s (2011) and Bárcena et al.’s (2014) 

studies, but the opposite results are obtained by Laganiere et al. (2010) and Don et al. 

(2011). Unfortunately, the reasons behind such inconsistencies remain undiscussed in 

the literature. 

Stand age is another contributor to SOC change dynamics. There is general agreement 

that SOC stock initially drops following afforestation due to soil disturbance during the 

initial stage of land use conversion (Li et al., 2012). However, findings differ among 

studies about the long-term SOC stock change. Some studies (e.g. Paul et al., 2002; 

Luyssaert et al., 2008; Laganiere et al., 2010; Li et al., 2012) showed that SOC 

continues to drop during the first 10-15 years of afforestation, but increases 

significantly 30-50 years after afforestation. On the other hand, Nave et al. (2013) 

reported that 15 years are sufficient to detect a significant increase of SOC contents 

following afforestation, while Song et al. (2014) found that 16-20 years are sufficient. 

Newly planted or regenerating forests, in the absence of major disturbances, will 

continue to uptake soil carbon for 20 to 50 years or more after establishment, depending 

on plant species and site conditions (IPCC, 2007). However, how and to what extent 

the effects of plantation age on SOC dynamics can be influenced by different plant 

types and site conditions is not well understood. 

Different vegetation covers have different root depths. The fine root systems of crops 

and grasses are mainly concentrated in the 0-20 cm soil depth, while most tree root 

systems are found at depths of up to 60 cm (Di Iorio et al., 2005; Li et al., 2017). 

Agricultural mechanical practices such as ploughing usually disturb soil up to a depth 

of 40 cm, which increases the decomposition rate of SOC (Angers and Eriksen-Hamel, 

2008). Since the allocation of root biomass drives the vertical distribution of SOC (Di 

Iorio et al., 2005), it is to be expected that 1) agricultural mechanical practices affect 

SOC differently at different soil depts, 2) afforestation may have a different impact on 

SOC dynamics at different soil depths (Hou et al., 2019a), and 3) SOC change 
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following afforestation will differ for agricultural land (which is ploughed) and 

grassland (which is not). Unfortunately, many studies do not provide SOC 

measurements for different soil depths. Some studies (e.g. Zhang et al., 2010; Bárcena 

et al., 2014; Deng et al., 2014; Liu et al., 2017) only examined soil depths of 0-20/30 

cm, while others (e.g. Post and Kwon, 2000; Laganiere et al., 2010; Don et al., 2011; 

Poeplau et al., 2011) only reported mean sampling depth. This is insufficient to 

determine SOC change dynamics for deeper soil, or to compare such changes among 

different soil depths. Both soil depth and tree type should be considered when 

estimating soil carbon sequestration. As such, there is a gap in knowledge about how 

and to what extent the SOC stock changes at different soil depths. 

Climatic conditions such as temperature, precipitation and climatic zones can influence 

the growth of vegetation and the SOC decomposition rate (Lal, 2018). In boreal climate 

zones, trees have a slower growth rate, a lower production of litterfall, and a slower 

decomposition of litter, all of which contribute to a lower SOC input (Laganiere et al., 

2010; Ge et al., 2017). While temperature tends to negatively affect the SOC 

sequestration rate, studies hold different ideas about the relationship between 

precipitation and SOC sequestration. For example, a negative effect of precipitation 

was detected by Zhang et al. (2010), whereas a positive effect was documented by Shi 

et al. (2013). This inconsistency may be due to the interaction effects between leaf habit 

(deciduous hardwood versus evergreen hardwood) and climate on the decomposition 

of leaf litter (Ge et al., 2017). Climate sensitivities of leaf litter decomposition vary 

across tree types. Annual average temperature plays a major role in the leaf litter 

decomposition of evergreen hardwoods, whereas annual average precipitation mainly 

influences the leaf litter decomposition of deciduous hardwoods (Ge et al., 2017). 

Studies have mainly focused on the influences of common contributing factors, 

including previous land use, plant species, plant age and climatic conditions, on SOC 

stocks and change dynamics, with little attention to the interactions among different 

factors. However, these interactions may change the effects of afforestation on SOC 

change dynamics (Jobbágy and Jackson, 2000; Bárcena et al., 2014). For example, 
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Eclesia et al. (2012) argue that, to some extent, SOC losses in humid sites are 

counterbalanced by the effect of plantation age. Nevertheless, the interactions have 

been insufficiently investigated. 

The objectives of this paper are 1) to investigate the effects of plant type on SOC 

storage changes; 2) to assess the interactions between plant type, previous land use and 

plantation age on SOC sequestration; 3) to detect the main factors influencing the SOC 

sequestration capacities of different plant types in three soil depths (0-20 cm, 20-40 cm, 

40-60 cm). To avoid interactions among different species, we only consider 

monocultures in this study (Stockmann et al., 2013). Our findings will contribute to a 

better understanding of SOC stocks and dynamics following afforestation, and will 

enable policymakers and landowners to choose the right plant type to replant deforested 

land. 

4.1.2 Data sources and compilation 

Both secondary data and primary data are used for this analysis. Detailed data sources 

and compilation methods are elaborated in Chapter 2. 

4.1.3 SOC estimation 

Bulk density (BD) is necessary to calculate the amount of SOC stocks, and can also 

affect the SOC sequestration rate (Don et al., 2011; Deng et al., 2014). However, until 

now, no soil BD estimating model has been adjusted for soil depth, which may have 

resulted in the underestimation of SOC stock changes after afforestation (Post and 

Kwon, 2000; Don et al., 2011). Studies have confirmed the strong relationship between 

SOC content and BD value (Bormann and Klaassen, 2008; Sakin, 2012). A global 

estimate of SOC stock also lists SOC content as the only parameter to estimate the 

missing BD value for organic soil (Hiederer and Köchy, 2011). In the present study, 

missing BD values are from organic soil in China, therefore, they are estimated using 

Wu et al. (2003): 
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 𝐵𝐷 = −0.1229 𝑙𝑛(𝑆𝑂𝐶) + 1.2901 (𝑓𝑜𝑟 𝑆𝑂𝐶 < 6%) (4.1) 

 𝐵𝐷 = 1.3774𝑒−0.0413𝑆𝑂𝐶  (𝑓𝑜𝑟 𝑆𝑂𝐶 > 6%) (4.2) 

As time plays an important role in the amount of SOC change, SOC sequestration rates 

were calculated, which allows for a comparison of SOC change on the same time scale 

(Xiong et al., 2014). The SOC stock, SOC stock change (∆Cs) and ∆Cs rate were 

calculated using the following equations: 

 
𝐶𝑠 =

𝑆𝑂𝐶 ×  𝐵𝐷 ×  𝐷

10
 

(4.3) 

 ∆𝐶𝑠 = 𝐶𝑠𝑒 − 𝐶𝑠𝑐 (4.4) 

 
∆𝐶𝑠 𝑟𝑎𝑡𝑒 =

∆𝐶𝑠

𝐴
 

(4.5) 

 ∆𝐶𝑠  𝑟𝑎𝑡𝑒 (0 − 60 𝑐𝑚) = ∆𝐶𝑠  𝑟𝑎𝑡𝑒 (0 − 20 𝑐𝑚) + ∆𝐶𝑠  𝑟𝑎𝑡𝑒 
(20 − 40 𝑐𝑚) + ∆𝐶𝑠  𝑟𝑎𝑡𝑒 (40 − 60 𝑐𝑚)

 
(4.6) 

where Cs is the SOC stock (Mg ha-1); ∆Cs rate is the SOC sequestration rate (Mg ha-1 

yr-1); SOC is SOC concentration (g kg-1); BD is soil bulk density (g cm-3); D is soil 

depth (cm); Cse is the mean SOC stock in afforested sites (Mg ha-1); Csc is the mean 

SOC in the adjacent compared sites (Mg ha-1), and A is stand age (year). 

4.1.4 Soil depth standardization and extrapolation 

Soil depth standardization and extrapolation were performed for the secondary data. 

Two sets of data reported in the reviewed literature had to be estimated. First, in 151 

cases soil depths were standardized, because soil depth intervals vary among studies. 

For example, some studies measure carbon at soil depths of 5 cm, 10 cm, 30 cm and 

60 cm, some at much broader depths of 0-30 cm, 0-60 cm and 0-100 cm. In such cases, 

SOC data were converted from different depths, e.g. 0-5 cm, 5-10 cm, 10-30 cm and 

30-60 cm etc., into standard depths 0-20 cm, 20-40 cm, 40-60 cm. Paired Sample T-

Tests were performed to evaluate the accuracy of each site’s polynomial trendlines 
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(order 2) with the observed data, but no significant differences were found between 

estimated and actual data (P = 0.92, n = 368). 

Second, SOC data for the 20-40 cm or 40-60 cm depths were estimated for 61 cases. 

To do the estimation, the original data had to fulfill the following requirements: 1) the 

study reported at least three original SOC storage data from three different soil depths; 

2) if the data for the 40-60 cm depth were estimated, the deepest soil depth with 

reported SOC values had to be no less than 40 cm. For example, if the study only had 

0-10 cm, 10-20 cm and 20-30 cm depths, the 0-20 cm and 20-40 cm depth can be 

estimated, but not the 40-60 cm depth. Detailed explanation of the standardization and 

extrapolation methods are described in Appendix A3. 

4.1.5 Statistical analysis 

Before proceeding with the data analysis, all variables were examined for normality 

and outliers. 44 cases with an extreme z-score were found to be univariate outliers and 

were removed from the dataset. Descriptive statistical analyses including mean, 

minimum, maximum, standard deviation (SD), skewness and kurtosis were performed. 

Two-way analysis of variance (ANOVA) was performed to test the effects of tree type, 

and its interaction with previous land use, stand age groups, MAT groups and MAP 

groups on the SOC sequestration rate. Differences were evaluated at the 0.05 

significance level. Significant differences were evaluated at the 0.05 level using the 

least significant difference (LSD) post hoc test. The impacts of afforestation on changes 

in SOC stock were considered significant if the 95% Confidence Intervals did not 

overlap with zero. Stepwise regression analysis was performed to analyze the 

relationship between ∆Cs following afforestation and MAT, MAP, stand age (A) and 

initial Cs (I) for different tree types. Pearson correlation analysis were used to study 

the relationship between SOC sequestration rates following afforestation and MAT, 

MAP and I of all data. All statistical analyses were performed using SPSS, version 25.0 

(SPSS Inc, Chicago, IL, USA). 
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4.1.6 Descriptive statistics 

Table 4.1 shows the preliminary data screening of all studied variables. Skewness and 

Kurtosis values show data are generally normally distributed (Table 4.1). 

Table 4.1 Preliminary data screening 

 MAT (°C) 

MAP 

(mm) 

Stand age 

(year) 

Initial SOC stock 

(Mg ha-1) 

SOC stock change 

(Mg ha-1) 

N Valid 737 737 737 737 737 

Skewness -.347 .679 .655 1.488 .76 

SE .09 .09 .09 .09 .09 

Kurtosis -.743 1.02 -.146 2.902 3.2 

SE .18 .18 .18 .18 .18 

Minimum -1.4 90 1 -6.78 -48.15 

Maximum 27 3800 51 115 69.36 

SE: standard error. 

Descriptive statistics, including means and standard deviations (SD) for all variables, 

are presented in Table 4.2. 

Table 4.2 Descriptive statistics for stand age, mean annual temperature and 

precipitation, initial SOC stock and SOC stock change (N=737) 

Variables Mean SD 

SOC stock change (Mg ha-1) 2.5 13.64 

Initial SOC stock (Mg ha-1) 23.47 18.41 

Mean annual temperature (℃) 14.75 5.55 

Mean annual precipitation (mm) 1085.66 526 

Stand age (year) 17.91 11.18 

SD: standard deviations. 

Results indicate that observations had a mean stand age of 17.9 years (SD =11.2), a 

mean temperature of 14.8°C (SD = 5.6), a mean precipitation of 1085.7 mm year-1 (SD 

= 526), a mean initial SOC stock of 23.5 Mg ha-1 (SD = 18.4), and a mean SOC stock 
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change of 2.5 Mg ha-1 (SD = 13.6). The stand age in this synthesis is relatively young, 

which could hinder the accuracy of the analysis for older stands. Temperature and 

precipitation are relatively low, which may limit the extrapolation of the results to 

tropical areas. 

4.1.7 Changes in SOC stocks for different tree types 

Figure 4.1 shows the SOC sequestration rate of different tree types at different soil 

depths. Deciduous broadleaf is the only tree type which shows positive SOC 

sequestration rates across three soil depths, and they are significantly higher than zero 

(Figure 4.1). The highest SOC sequestration rate also occurs in deciduous broadleaf 

throughout all soil depths with significant differences in the soil depth of 20-40 cm. 

Evergreen broadleaf basically do not show significant changes of SOC stock after 

afforestation, with the SOC sequestration rate not significantly different from zero. 

However, evergreen conifer reports a negative SOC sequestration rate, especially in 

deeper soil layers (Figure 4.1). 
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Figure 4.1 The SOC sequestration rate of different tree types at different soil depths. 

Note: Dots with error bars denote the overall SOC sequestration rate and the 95% 

Confidence Interval. The number of observations is indicated in parentheses. A 

different letter at the top of the bars indicates a difference significant at the P<0.05 

level. 

4.1.8 Interactions between tree types and other influencing factors 

Table 4.3 shows the Two-way ANOVA analysis between tree types and various 

influencing factors on the SOC sequestration rates for three soil depths. Results show 

that the interaction of tree type and previous land use, stand age group and MAP group 

have significant influences on SOC sequestration rates in the topsoil depth (Table 4.3). 

Besides, the main effect of stand age group (P<0.01) is significant. In the 20-40 cm soil 

depth, only previous land use has a significant effect (P<0.05), while no factor has 

significant effect in the 40-60 cm soil depth. Overall, the main effects and interactions 

of these factors mostly show significant results in the topsoil.  

Table 4.3 Two-way ANOVA analysis between tree types and various influencing factors on the SOC 

sequestration rates in the 0–60 cm soil depth.  

  
0-20 cm 

 
20-40 cm 

 
40-60 cm 

 
Source df F Sig. F Sig. F Sig. 

TT 2 0.388 0.679 1.165 0.194 2.331 0.1 

PLU 1 2.366 0.125 6.097 0.014* 1.611 0.206 

TT·PLU 2 4.941 0.008** 1.668 0.191 0.067 0.935 

TT 2 0.805 0.448 1.771 0.172 2.285 0.105 

AG 3 4.276 0.006** 0.554 0.646 1.371 0.253 

TT·AG 6 2.82 0.011* 0.658 0.684 0.678 0.668 

TT 2 0.484 0.616 0.617 0.54 0.445 0.642 

MAT 2 0.77 0.464 0.345 0.708 0.06 0.942 

TT·MAT 3 1.172 0.345 0.37 0.775 0.532 0.661 

TT 2 0.147 0.863 0.526 0.592 2.086 0.127 

MAP 3 2.611 0.052 1.337 0.263 1.366 0.255 

TT·MAP 6 2.198 0.043* 0.777 0.589 1.257 0.28 
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Note: df: degree of freedom; TT (tree types): deciduous broadleaf, evergreen broadleaf, and 

evergreen conifer; PLU (previous land uses): cropland and grassland; AG (age group): 0-10 

years, 11-20 years, 21-30 years, and 31+ years; MAT group: ≤10, 10.01-20, 20.01+ °C; MAP 

group: ≤500, 500.01-1,000, 1,000.01-1,500, 1,500.01+ mm 

* and ** indicate significant difference at the 0.05 level (P<0.05) and 0.01 level (P<0.01), 

respectively. 

Figure 4.2a shows the SOC sequestration rate of different tree types after cropland 

afforestation. Only deciduous broadleaf has a positive SOC sequestration rate and is 

significantly higher than zero in the upper soil (0-40 cm). Evergreen conifer has a 

significantly greater SOC sequestration rate than evergreen broadleaf in the 0-20 cm 

soil depth. However, there is a loss of SOC stock in deeper soil after afforestation for 

evergreen conifer, with a significantly negative SOC sequestration rate. In contrast, 

afforesting cropland with evergreen broadleaf results in a loss of SOC stock in the 

upper soil (0-40 cm) with the SOC sequestration rate significantly lower than that of 

deciduous broadleaf.  

Figure 4.2b shows the SOC sequestration rate of different tree types after grassland 

afforestation. Although no significant difference of SOC sequestration is observed 

among three tree types across three soil depths, the direction and magnitude of SOC 

sequestration of different tree types vary between the two different previous land uses. 

Deciduous broadleaf reports an insignificant loss of SOC stock in the 0-20 cm soil 

depth after grassland afforestation, with the SOC sequestration rate not significantly 

different from zero compared to a significant increase for cropland. Surprisingly, 

evergreen broadleaf reports a significant increase of SOC stock in the soil depth of 20-

40 cm, compared to a loss for cropland. Evergreen conifer reports a significant loss of 

SOC stock in the topsoil, compared to a significant increase in the case of cropland 

afforestation. However, for deeper soils, there is no significant change of SOC stock. 
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Figure 4.2 SOC sequestration rate of different tree types for (a) cropland afforestation 

and (b) grassland afforestation. Note: Dots with error bars denote the overall SOC 

sequestration rate and the 95% Confidence Interval. The number of observations is 

indicated in parentheses. A different letter at the top of the bars indicates a difference 

significant at the P<0.05 level. 

With each tree type, the SOC sequestration capacity varies with stand ages. Table 4.4 

displays the SOC sequestration rate of various tree types for different age groups and 

soil depths. Deciduous broadleaf shows a continuous positive SOC sequestration rate 

during the whole period for the whole soil depth of 0-60 cm, although there is a 

significant negative sequestration rate in topsoil during the first decade (Figure 4.3a, 

Table 4.4). Evergreen broadleaf shows an upward trend of SOC sequestration capacity 

until the end of the third decade, its SOC sequestration rate surpasses that of deciduous 

broadleaf in the third decade after afforestation (Figure 4.3b, Table 4.4). There is a 

substantial loss of SOC stock during the first two decades for afforestation with 

evergreen conifer across three soil depths, while a significantly greater SOC 

sequestration rate is reported for the third decade (Figure 4.3c, Table 4.4). The patterns 
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of SOC change dynamics for evergreen broadleaf and evergreen conifer are similar. 

They both experience negative SOC sequestration rates in the initial one to two decades, 

while the greatest SOC sequestration is reported during the third decade. 

Table 4.4 SOC sequestration rates (Mg ha-1 yr-1) of various tree types for different 

age groups and soil depths (Data are expressed as the mean ± standard error). 

Tree type Soil depth (cm) Stand age (year) 

0-10 11-20 21-30 >30 

Deciduous 

broadleaf 

0-20 -0.02±0.22 b 0.2±0.13 ab 0.21±0.05 ab 0.54±0.09 a 

20-40 0.12±0.21 0.31±0.28 0.1±0.11 0.43±0.23 

40-60 0.13±0.21 0.01±0.17 0.13±0.06 0.27±0.16 

Evergreen 

broadleaf 

0-20 -0.43±0.24 b 0.39±0.29 a 0.69±0.23 a 0.48±0.29 ab 

20-40 0.14±0.25 -0.12±0.24 0.31±0.38 0.03±0.32 

40-60 0.1±0.21 -0.12±0.14 0.34±0.26 0.09±0.23 

Evergreen 

conifer 

0-20 0.1±0.31 a -0.5±0.13 b 0.46±0.14 a 0.24±0.07 a 

20-40 -0.39±0.24 b -0.24±0.12 b 0.18±0.11 a 0.05±0.04 ab 

40-60 -0.62±0.44 b -0.32±0.13 ab 0.13±0.09 a -0.04±0.08 ab 

Note: A different letter at the right top of the figures indicates a difference significant at the P < 0.05 

level. 
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Figure 4.3 SOC sequestration rate of different tree types (a) deciduous broadleaf, (b) 

evergreen broadleaf and (c) evergreen conifer with changes of stand ages. The number 

of observations is indicated in parentheses. A different letter at the top of the bars 

indicates a difference significant at the P<0.05 level. 

4.1.9 Factors affecting SOC stocks after afforestation 

Pearson correlation analysis shows that the SOC sequestration rate in the topsoil is 

significantly negatively correlated with initial SOC stock and MAP (Table 4.5). 

However, for deeper soil layers, the correlation is only significantly negative with the 

initial SOC stocks. Results show that for all the tree types, there are generally negative 

correlations between the SOC sequestration rate and initial SOC stock, MAT and MAP. 

Results also show climatic factors (e.g. MAT, MAP) tend to have more significant 

effects on the SOC sequestration rate in the topsoil than in the deeper soil, while initial 

SOC stock may play an important role in deeper soil (Table 4.5). 

Table 4.5 Pearson correlation coefficients between the SOC sequestration rate and influencing factors 

Tree type Soil depth 

Initial SOC 

stock MAT MAP N 

Total 0-20 -0.229** -0.067 -0.153** 321 

 
20-40 -0.27** -0.059 -0.019 235 

 
40-60 -0.24** -0.046 0.046 181 

Deciduous broadleaf 0-20 -0.271** -0.186* -0.219* 112 

 
20-40 -0.025 -0.145 -0.024 60 

 
40-60 -0.117 -0.017 0.13 49 

Evergreen broadleaf 0-20 -0.152 0.054 -0.284** 83 

 
20-40 -0.364** 0.033 -0.032 72 

 
40-60 -0.141 -0.039 0.07 59 

Evergreen conifer 0-20 -0.288** 0.019 -0.029 126 

 
20-40 -0.303** -0.055 0.083 103 

 
40-60 -0.319** -0.025 0.12 73 

Note: MAT: mean annual temperature; MAP: mean annual precipitation; * and ** indicate that 

correlation is significant at the 0.05 level (2-tailed) and 0.01 level (2-tailed), respectively. 
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Although the main contributing factors for ∆Cs values varies in different soil depths 

and by various tree types, stand age and initial SOC stock are the main influencing 

factors in the topsoil, while initial SOC stock is the main factor in deeper soil (Table 

4.6). This trend is most strongly observed with evergreen conifer. SOC stock change 

of evergreen broadleaf is significantly related to stand age and initial SOC stock in 

upper soil depth (0-40 cm), while temperature plays a significantly negative role in the 

SOC sequestration in the soil depth of 40-60 cm. For deciduous broadleaf, no factor is 

detected to significantly affect the stepwise regression equation of SOC stock changes 

in the deeper soil depths (Table 4.6). Overall, MAT and MAP play less important roles 

in the SOC stock changes. 

Table 4.6 Stepwise regression to detect factors (A, I, T and P) determining SOC stock changes 

following afforestation. 

Tree type Soil depth Equation R2 Sig. (P) N 

Total 

0-20 ∆Cs = 0.491A - 0.211I + 0.375T – 4.044 0.222 0.000** 321 

20-40 ∆Cs = 0.164A - 0.312I + 5.213 0.122 0.000** 235 

40-60 ∆Cs = -0.294I + 0.003P + 2.041 0.099 0.000** 181 

Deciduous 

broadleaf 

0-20 ∆Cs = 0.424A – 0.156I - 0.68 0.269 0.000** 112 

20-40   ns 60 

40-60   ns 49 

Evergreen 

broadleaf 

0-20 ∆Cs = 0.791A – 0.251I + 2.168 0.264 0.000** 83 

20-40 ∆Cs = 0.563A - 0.66I + 9.823 0.278 0.000** 72 

40-60 ∆Cs = -0.562I – 1.132T + 34.582 0.15 0.011* 59 

Evergreen 

conifer 

0-20 ∆Cs = 0.386A - 0.25I + 4.79 0.214 0.000** 126 

20-40 ∆Cs = -0.341I + 8.132 0.158 0.000** 103 

40-60 ∆Cs = -0.318I + 5.075 0.122 0.002** 73 

Note: ∆Cs is SOC stock change following afforestation; A (year) is the stand age; I (Mg ha-1) is the 

initial SOC stock; T (°C) is the mean annual temperature; P (mm) is the mean annual precipitation. 

* and ** indicate significant difference at the 0.05 level (P<0.05) and 0.01 level (P<0.01), respectively. 

4.1.10 Discussion and conclusions 

Tree type has a profound effect on SOC stock changes since tree litterfall and roots are 

the main sources of SOC inputs. Both the quantity and quality of litter and living roots 
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are related to plant traits (Gill and Jackson, 2000; Cornwell et al., 2008; Kooch et al., 

2019; Olsson et al., 2019; Cao et al., 2020). The SOC sequestration rate of deciduous 

broadleaf is higher than evergreen broadleaf and conifer (Figure 4.1). This is because 

annual aboveground litter production is greater in deciduous forests than in evergreen 

forests (Gobat et al., 2004; Liu et al., 2017), especially for young stands. Nevertheless, 

leaching of SOC from litter into soils is a source of subsoil SOC inputs (Cleveland and 

Townsend, 2006). Therefore, probably due to a combined effect of larger amount of 

litterfall and roots on SOC inputs, deciduous broadleaf shows a significantly higher 

SOC sequestration rate than evergreen conifer in the 20-40 cm soil depth (Gobat et al., 

2004; Liu et al., 2014). In the 40-60 cm soil depth, the SOC sequestration rates of these 

three tree types are similar. This is probably because most soil samples from the 40-60 

cm depth were obtained from relatively young plantations (average age 20 years). 

Young trees only have small roots which result in less SOC in deeper layers; as trees 

age SOC increases in greater soil depths due to the development of the roots (Chen et 

al., 2013). 

Generally, soil C stock can be increased by converting cropland to forest (Guo and 

Gifford, 2002; Laganiere et al., 2010; Poeplau et al., 2011). However, the interaction 

between tree type and previous land use has a significant effect on SOC sequestration, 

especially in the topsoil. This study shows a significant decrease of SOC stocks on the 

afforested cropland with evergreen broadleaf at the 0-20 cm soil depth (Figure 4.2a). 

This is probably because of the rapid decomposition of topsoil SOC and lower input of 

C from evergreen broadleaf litter (Gobat et al., 2004; Lukac and Godbold, 2011). Two 

different trends have been found regarding SOC change dynamics of grassland 

converted to forest. Guo and Gifford (2002) and Bárcena et al. (2014) found that 

grassland afforestation resulted in a decrease of SOC stocks, while Laganiere et al. 

(2010), Poeplau et al. (2011) and Don et al. (2011) found the opposite. This study finds 

that the type of trees affects SOC sequestration rates following grassland afforestation, 

in different soil layers (Figure 4.2b). In topsoil, there is generally a loss of SOC stock. 

This is because the fine root systems of grass are mainly found at a soil depth of 0-20 
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cm (Li et al., 2017). Soil disturbance during tree planting may result in the quick 

decomposition of the original high amounts of SOC (Laganiere et al., 2010; Li et al., 

2012), so the afforestation of grassland usually results in a loss of SOC in the topsoil. 

However, most of tree root systems are found at a depth of up to 60 cm (Di Iorio et al., 

2005; Li et al., 2017), which drives the vertical distributions of SOC in deeper soil (Di 

Iorio et al., 2005). Broadleaf trees usually have a higher belowground biomass than 

coniferous trees, generated by the larger and more deeply anchored root systems 

(Strong and La Roi, 1983, Jobbágy and Jackson, 2000). Therefore, broadleaf trees have 

a higher SOC sequestration rate than conifer in the deeper soil layers. 

Although there is a loss of SOC content during the first few years after afforestation, 

there is a gradual return of SOC stocks over a longer period of time, especially for 

evergreen trees. Studies have reported different points during which SOC accumulation 

changes C dynamics (e.g. Paul et al., 2002; Luyssaert et al., 2008; Laganiere et al., 

2010; Li et al., 2012; Nave et al., 2013; Song et al., 2014). This study shows that SOC 

change dynamics with age groups are different among the three plant types (Figure 4.3). 

In soil depths of 0-20 cm and 20-40 cm, deciduous broadleaf sequesters more SOC in 

the first two decades, because its litter quantity is greater and its decomposition rate is 

faster than that of young evergreen stands (Gobat et al., 2004; Cornwell et al., 2008; 

Olsson et al., 2019). That is also why deciduous broadleaf can sequester SOC at a 

steady rate without a decrease in SOC stock in the initial years. However, evergreen 

broadleaf shows a significantly greater SOC sequestration rate during the third decade. 

It is probably because mature evergreen broadleaf 1) have more litter fall to contribute 

as C inputs into soils than the young stands; 2) maintain denser foliage during the whole 

year, thereby reducing negative effects of high temperature and precipitation on SOC 

sequestration (Gill and Jackson, 2000). Evergreen conifers produce litter that contains 

more lignin, which decomposes the slowest (Lukac and Godbold, 2011). This 

contributes to the low SOC inputs from tree litter in the initial years. Root litter and 

exudates were the main resources contributing to deeper soil carbon input (Rasse et al., 

2005). Deciduous broadleaf and evergreen broadleaf show greater SOC sequestration 
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abilities than evergreen conifer in deeper soil layers over longer periods, possibly 

owing to a higher belowground biomass generated by broadleaf trees (Jobbágy and 

Jackson, 2000; Liu et al., 2014). Such differences increase with increasing stand age. 

Afforestation has been recognized as an effective method to increase SOC 

sequestration and alleviate soil degradation (Hou et al., 2019b). Nonetheless, the 

consequences of the relationship between stand age and tree type on SOC sequestration 

rates are still not well understood. During the initial stages, trees have little impact on 

the soil, and the legacy of previous land use in terms of soil microbial activities, 

physical soil properties, availability of soil nutrients, etc. play a major role. As forests 

develop, input of SOC from litterfall increases until it stabilizes approximately 20-30 

years after afforestation (Bárcena et al., 2014). This study suggests that deciduous 

broadleaf has a greater and more stable SOC sequestration capacity than evergreen 

broadleaf and evergreen conifer in the first two decades, which indicates that deciduous 

broadleaf may be a better choice to achieve a faster growth in SOC. Afforestation with 

evergreen broadleaf experiences a loss of soil C in the first decade, however, evergreen 

broadleaf shows the greater SOC sequestration capacity than deciduous broadleaf and 

evergreen conifer after 20 years. Evergreen conifer has much slower and lower 

sequestration of SOC, which indicates that evergreen conifer is not a good tree type for 

short-term SOC accumulation. 

Higher initial SOC stock is more susceptible to loss due to soil disturbances during 

planting of seedling (Shi et al., 2013). Initial high SOC content increases the activity 

of micro-organisms after afforestation, which in turn stimulates decomposition of 

existing SOC (Liu et al., 2019). In other words, lower SOC sequestration rate may 

result from higher rate of decomposition in more nutrient-rich soils (Vesterdal et al., 

2002). Our study shows a significant negative correlation between SOC sequestration 

rate and initial SOC contents, which is in line with Zhang et al. (2010) and Shi et al. 

(2013). In terms of the effects of climatic conditions on the SOC sequestration capacity 

of plants, Zhang et al. (2010) and Shi et al. (2013) share the idea that temperature is 

negatively correlated with SOC sequestration rates, because high temperatures 
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contribute to rapid SOC decomposition (Cleveland and Townsend, 2006; Ding et al., 

2019; Wehr et al., 2020). However, precipitation also affects SOC sequestration in two 

aspects. On the one hand, high rainfall increases topsoil moisture, which in turn 

quickens litterfall decomposition (Olsson et al., 2019). On the other hand, the leaching 

effect of SOC is positively related to rainfall (Cleveland and Townsend, 2006). The 

leaching effect is marginal for broadleaf trees since their large foliage slows rainfall 

seepage (Cleveland and Townsend, 2006). Therefore, SOC sequestration rate of 

broadleaf trees is negatively related to MAT and MAP is probably attributed to the 

increased decomposition rate of soil organic matter. For the whole dataset, MAT and 

MAP positively affect SOC sequestration in the soil depth of 0-20 cm and 40-60 cm, 

respectively. This is because forests distributed in regions with higher temperature and 

precipitation generally have higher biomass production than that distributed in cooler 

and dryer regions, which contributes to a greater soil carbon sink. 

4.2 Total carbon sequestration of the afforestation project 

Forests have great potential to store carbon, which contributes to reduce atmospheric 

carbon concentrations. The previous section focuses on the carbon sequestered by the 

soils, this section considers the total amount of carbon sequestered following 

afforestation both from soils and tree biomass. 

4.2.1 Method 

For the total carbon sequestration of the afforestation project, soil carbon sequestration 

in the top 60 cm soil layer is considered, since it contains 70–80% of the SOC stocks 

in the first meter of soil and is the layer most heavily affected by land-use change 

(Jacobs et al., 2009; Kukal and Bawa, 2014). The forest floor is not considered in this 

study because, due to management practices, there is usually little forest litter on the 

ground. Carbon sequestration in tree biomass (above- and below-ground) and changes 

in SOC stocks of afforestation projects on former cropland were estimated, with 

focusing on ecological trees, economic trees and bamboo. Within the ecological trees, 
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three tree species were studied: Poplar (Populus), Eucalyptus, and Chinese fir 

(Cunninghamia lanceolata). These are among the most common species planted in 

China and are from three different tree types: Poplar is a deciduous broadleaf, 

Eucalyptus is an evergreen broadleaf, and Chinese fir is an evergreen conifer. To 

designate the regions used in our study, stand growth model of tree biomass developed 

by Zhang et al. (2018) is adopted. This is because their models were developed for 

specific species and at regional scales, which allowed to make respective comparisons. 

There are six different regions in China: North, Northeast, Northwest, East, Central 

South, and Southwest. The North has a temperate climate, while the East is considered 

subtropical, the South tropical, and the West has a cool and dry climate. 

Models were applied from the literature to estimate the timber production and carbon 

sequestration in the tree biomass of afforestation projects (Zhou et al., 2007; Zang, 

2006; Zhao et al., 2010; Zhang et al., 2018). For soil carbon sequestration, results from 

the meta-analysis were used (Hou et al., 2019a). 

4.2.2 Timber production and carbon sequestration of ecological trees 

The allometric growth models of stand volumes were applied to estimate timber 

production (Table 4.7).  

Table 4.7 Timber production (m3 ha-1) by different tree species estimated by allometric growth 

models. 

Species Growth curve R2 Reference 

Eucalyptus V = 208.29 (1−e^(−0.3320A)) ^2.0767 0.994 (Zhou et al., 2007) 

Chinese fir V = 308.64 (1−e^(−0.1216A)) ^4.2178 0.925 (Zang, 2006) 

Poplar V = 365.50 (1−e^(−0.1848A)) ^3.9547 0.998 (Zhao et al., 2010) 

Note: V and A represent timber production (m3 ha-1) and stand age (year), respectively. 

For the amount of carbon sequestered by forest biomass including above-ground 

biomass (AGB) and below-ground biomass (BGB), Chave et al. (2005) and Mokany et 

al. (2006) developed allometric equations that relate biomass to diameter at breast 

height (DBH) and tree height. Zhang et al. (2018) established stand growth models to 

estimate the change of forest biomass carbon with stand age. The models are developed 
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for specific species and at regional scales, which provides important information to 

classify carbon sequestration by trees based on different climatic and economic 

contexts (Table 4.8). 

Table 4.8 Stand growth models to estimate the change of forest biomass carbon with stand age. 

Species Region (s) Stand growth model R2 N RMSE 

Eucalyptus C B = 272.312 exp (- exp (1.1458 - 0.1257A)) 0.65 83 17.97 

Chinese fir E, N, NE B = 249.6367 / (1 + exp (2.447 - 0.127A)) 0.80 202 30.32 

 NW, S, SW B = 256.6336 (1 - exp (-0.0322A)) ^ 1.035 0.75 105 21.62 

Poplar E, S, SW B = 131.5002 / (1 + exp (3.0444 - 0.4285A)) 0.74 98 22.27 
 

N, NE, NW B = 86.0127 / (1 + exp (3.621 - 0.2344A)) 0.89 57 10.31 

Source: Zhang et al. (2018) 

Note: A and B represent stand age (year) and forest biomass carbon (Mg ha-1), respectively. C, E, N, 

NE, NW, S, and SW stand for China, and the eastern, northern, northeastern, northwestern, southern, 

and southwestern region, respectively. RMSE is the root mean square error (Mg ha-1). 

Table 4.9 shows how SOC sequestration changes after afforestation during different 

stand ages for the three selected species. Note that these three species belong to the 

tree types of deciduous broadleaf, evergreen broadleaf, and evergreen conifer. 

Table 4.9 SOC storage change rates (Mg ha-1 yr-1) of different age groups after afforestation with 

various tree types (0–60 cm layer). 

 
Tree type 

A (year) Deciduous broadleaf Evergreen broadleaf Evergreen conifer 

≤ 10 0.23 (±0.37) -0.19 (±0.4) -0.91 (±0.59) 

11–20 0.52 (±0.35) 0.15 (±0.4) -1.06 (±0.22) 

21–30 0.44 (±0.13) 1.34 (±0.51) 0.77 (±0.2) 

31+ 1.24 (±0.29) 0.6 (±0.49) 0.25 (±0.11) 

Note: A = stand age in years.  

SOC is continuously sequestered after afforestation with deciduous broadleaf (Table 

4.9). For evergreen plants, hard as well as soft wood experience an initial loss of SOC 

stock, while afterwards evergreen broadleaf sequesters more SOC than the other two 

plant types. In general, they achieve the greatest SOC sequestration before the fourth 

decade, with some variation for deciduous broadleaf. 
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4.2.3 Carbon sequestration by economic trees 

Wu et al. (2012) estimated the carbon sequestration capacity of apple trees at various 

ages in China’s major apple regions and found the net carbon uptake is -7 (source until 

year 5), +19 (until year 18), and +17 Mg ha-1 (until year 22). They conclude that apple 

orchards older than 8 years can be considered as a carbon sink. At the age of about 18, 

they reach the peak of carbon sequestration capability, which then begins to decline. 

The relationship between tree age (Xage) and C sequestration (Cseq) can be expressed 

as Equation (4.7): 

 𝐶𝑠𝑒𝑞 = −0.1471𝑋𝑎𝑔𝑒
2 + 5.3824𝑋𝑎𝑔𝑒 − 30.235 (4.7) 

For southern China, Ren et al. (2014) estimated that the carbon accumulation in the 

biomass of orchards in Hainan was 21.8 Mg ha-1 at a stand age of 15, which is applied 

in the present study for the tropical fruit trees such as Mango tree. For carbon 

sequestration of walnut in northern China, we applied the findings from Shen et al. 

(2017), who found the biomass carbon sequestration of 10-year old walnut trees was 

8.749 Mg ha-1. For chestnut trees, Peng and Wang (1998) determined their dry biomass 

from different trees densities. In this study, the results of lowest density are applied 

since this is consistent with the density farmers usually plant. It is 11.6 (for tree age 1-

4), 18.12 (for age 5-6), and 28.88 Mg ha-1 (for more than 7 years). 

For SOC sequestration of these three tree types, the data of deciduous broadleaf were 

used (compare Table 4.9), because economic trees normally belong to this type of wood. 

4.2.4 Carbon sequestration by bamboo 

Bamboo forest is one of the most important forest types in the world, and is mainly 

distributed in the tropical and subtropical regions (Zhang et al., 2014). In China, 

bamboo forests are mainly found in the south adding up to 6.01 million ha and 

accounting for 3% of the total forest area (NFGA, 2018). Moso bamboo (Phyllostachys 

pubescens) forests cover 4.43 million ha (74% of all bamboo forests). According to 

Zhang et al. (2014), the estimated annual carbon sequestration in the biomass of moso 
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bamboo forests in southern China is 6.74 Mg ha-1. In this study, this annual quantity of 

carbon accumulation is applied because (i) their estimation was based on regional scale 

data from southern China, which is the study area of this study; (ii) the estimated overall 

carbon storage in the study area was 40.45 Mg ha-1, which is consistent with previous 

studies (Zhang et al., 2014); and (iii) it is regional management practices, where 1/6 of 

older culms from the moso bamboo forest are harvested by selective cutting. 

For SOC sequestration of bamboo, we applied the result of evergreen broadleaf species 

(compare Table 4.9), because (i) bamboo retains green leaves throughout the year; (ii) 

it has flat leaves rather than needle-like leaves; and (iii) it grows in high density. 

4.2.5 Determining the temporal patterns of carbon sequestration 

To obtain the changes of carbon sequestration with stand ages, regression analysis was 

performed to develop the functions expressing the temporal patterns of carbon 

sequestration for each species. All statistical analyses were performed using SPSS, ver. 

25.0. 

4.2.6 Results and discussion 

The carbon sequestration potential differs among tree species and stand age as well as 

across regions (Table 4.10). In warmer and more humid climates, as in the southern 

and eastern regions, trees sequester carbon faster than in other regions due to the higher 

initial growth rate in a tropical climate (Xian et al., 2020). The temporal patterns of 

carbon sequestration including both tree biomass and soils by afforestation are shown 

in Figure 3. The rates of carbon sequestration of ecological trees achieve their peaks 

25-30 years after planting, except Poplar in E, S and SW of China, where it accumulates 

most carbon before the age of 20. In contrast, fruit trees sequester less carbon because 

of the annual harvest of fruit products (Wu et al., 2012). Fruit trees in the northern 

region are a net carbon source in the initial 8 years and after 30 years. For southern 

fruit trees and walnut trees, the rates of carbon sequestration peak at the age of 20, i.e., 

5 years earlier than ecological trees. Bamboo shows higher carbon sequestration 
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potential than other species except Eucalyptus (Table 4.10). It sequesters even more 

additional carbon in older stands (Figure 4.4). 

Table 4.10 Total carbon sequestration (Mg ha-1) after afforestation with various species on cropland 

in different regions. 

    Stand age (year) 

Species Region (s) 5 10 15 20 25 30 

Eucalyptus C 49.93 109.4 171.2 214.1 271.2 293.5 

Chinese fir E, N, NE 30.5 49.71 75.9 109.4 187.6 221.9 

 NW, S, SW 31.15 58.43 79.16 97.52 158.2 179.4 

Poplar E, S, SW 39.11 104.3 135 141.4 142.4 144.7 

 N, NE, NW 7.989 21.06 48.55 74.4 88.73 96.46 

Fruit N, NE, NW -7 8.879 17.4 18.57 12.39 -1.15 

 S 8.4 16.8 29.55 39.4 47.25 56.7 

Chestnut E 19.27 25.18 30.68 33.28 33.88 36.08 

Walnut N 5.525 11.05 20.92 27.9 32.87 39.45 

Bamboo S 32.75 65.5 103.4 137.8 202 242.4 

Note: C, E, N, NE, NW, S, and SW are abbreviations for China, and the eastern, northern, 

northeastern, northwestern, southern, and southwestern region. Apple trees are the main fruit trees 

studied in the N, NE and NW regions. Fruit trees in the southern region include mango and orange. 

Concerning carbon sequestration by afforestation with different tree species, economic 

trees sequester less carbon than ecological trees and bamboo. Among economic trees, 

nut trees sequester more carbon than fruit trees. The regional context significantly 

influences the carbon sequestration potential with more carbon sequestered in southern 

and eastern regions than in northern regions. Bamboo also shows a remarkable carbon 

sequestration potential, which is even greater than Chinese fir and Poplar in northern 

regions. Older bamboo stands (>30 years) could even be stronger carbon accumulators 

than Eucalyptus, although the latter shows the greatest average carbon sequestration 

capacity during the study period (Figure 4.4). 
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Figure 4.4. Temporal patterns of the amount of carbon sequestration (including 

biomass and soil carbon) after afforestation with various tree types. Note: a. Eucalyptus; 

b. Chinese fir; c. Poplar; d. Fruit tree; e. Nut tree; f. Bamboo. 
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Notes: C, E, N, NE, NW, S, and SW are abbreviations for China, and the eastern, 

northern, northeastern, northwestern, southern, and southwestern region. Two lines 

beside the fittest line show the confidence intervals of 95%. 

According to the model developed by Zhang et al. (2018), the total carbon sequestered 

by tree biomass and soil is estimated to be 296.6 Mg ha-1 for Eucalyptus during 30 

years, which is similar to the results obtained from the regression analysis in this study 

(293.5 Mg ha-1). Chen et al. (2013) studied the carbon storage in a chronosequence of 

Chinese fir plantations, and found that around 200 Mg ha-1 carbon can be sequestered 

during 30 years, which is comparable to the results of this study (ranging from 179.4 

to 221.9 Mg ha-1 considering regional differences). According to Qi et al. (2009), the 

total carbon sequestered by bamboo afforestation varies between 227.4 Mg ha-1 for 

intensive management and 288.5 Mg ha-1 for extensive management, which is similar 

to the findings of this study (average 242.4 Mg ha-1). Si et al. (2012) estimated that the 

total carbon sequestration by Poplar reached 62.5 Mg ha-1 in the first 10 years after 

afforestation, which is comparable to this study (ranging from 21.1 to 104.3 Mg ha-1 

considering regional differences). Ma et al. (2007) found that the total carbon 

sequestration is 43.8 Mg ha-1 by chestnut plantations after 19 years, and is 31.9 Mg ha-

1 by orange orchards, which is similar to the results of this study (33.3 Mg ha-1 for 

chestnut trees and 39.4 Mg ha-1 for southern fruit trees). 

4.3 Limitations 

For the determination of soil carbon, the main limitations come from data constrains. 

Most current soil sampling is too limited to reliably quantify the changes of SOC stock 

with different influencing factors at field scales due to the time and expense of 

acquiring a high density of observations (Bradford et al., 2019). Therefore, this study 

first collected secondary soil data and then collected primary data to make supplements. 

However, reviewed studies reported SOC data from different soil depths. In order to 

include as many studies as possible, some missing values were extrapolated or 

calculated. Standardization and extrapolation methods were applied to estimate 
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missing values within each specific site (see Appendix A3 for further explanation), 

which may add inaccuracy to the findings. In addition, this study is not able to include 

all the variables (e.g. soil type, clay content, nitrogen stock, pH value) in the synthesis 

due to insufficient observations, which may result in the low variation of SOC stock 

changes explained by the present model. Future primary studies should include the 

value for these factors when reporting the dynamic changes in SOC sequestration. 

Finally, some inaccuracies may result from using estimated BD values to estimate SOC 

values. One further limitation of this study is that 95% of the observations are within 

50 years after afforestation. This could make the results tentative for older stands. 

4.4 Conclusions 

Tree type has a profound effect on the carbon sequestration after afforestation. This 

chapter investigates the changes of SOC stock after afforestation and the influencing 

factors by a new classification of tree types (deciduous broadleaf, evergreen broadleaf 

and evergreen conifer). The results show that deciduous broadleaf afforestation has a 

quicker and more stable accumulation of SOC stock after afforestation, with an 

increase of SOC stock starting from the third year of afforestation. It is especially suited 

for afforestation of grassland or soils with high initial SOC. Evergreen broadleaf 

afforestation results in loss in SOC stock in young stands, but greater SOC 

accumulation in mature stands. Evergreen conifer afforestation sequesters SOC at the 

lowest rate, but is suitable for nutrient-poor soil. The effects of temperature and 

precipitation on SOC stock changes were minimal. 

The total carbon sequestration differs among tree species and stand age as well as 

across regions. More carbon can be sequestered in the southern and eastern regions 

than in norther regions. The rates of carbon sequestration of different tree types and 

species peak at different times. Overall, fruit trees sequester less carbon because 1) the 

biomass carbon is reduced by the annual harvest of fruit products; 2) there is a loss of 

SOC from seasonal soil cultivation and 3) fruit trees are usually kept low to facilitate 

harvest which results in a low biomass carbon stock (Shaoqiang et al., 2004; Wu et al., 
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2012). Nut trees sequester more carbon than northern fruit trees probably because 

compared with fruit trees, 1) nut trees usually have bigger stems and branches which 

contains more biomass carbon and 2) nut trees need less soil cultivations (Proietti et al., 

2016). Bamboo shows higher carbon sequestration potential than other species except 

Eucalyptus. It sequesters even more additional carbon in older stands. The results 

emphasize that tree type and stand ages are very important in determining the potential 

for carbon sequestration, while spatial variations also have to be considered. 

This chapter addresses the research objective 1. The carbon sequestered through 

afforestation, which I estimated in this chapter, will be used to calculate the revenue 

that landowners can earn from carbon sequestration. The research aims to evaluate the 

feasibility of carbon-subsidized afforestation project. The economic attractiveness of 

afforestation projects determines landowners’ participation in such project. In the next 

chapter (Chapter 5), I assess the total benefit of the afforestation project considering 

the opportunity costs of the retired farmland and the net incomes from afforestation. If 

the total benefit is negative, I assess whether the revenue of carbon that is needed to 

fully compensate for that financial loss and at what price of carbon. 
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Chapter 5 Total benefit from afforestation: a cost and 

benefit analysis 

This chapter is based on and modified from an article published in the journal:  

Hou, G., Delang, C. O., Lu, X., & Olschewski, R. (2019). Valuing Carbon 

Sequestration to Finance Afforestation Projects in China. Forests, 10(9), 754 (Q1, 

IF=2.221).  

Chapter 4 examines the carbon sequestration potential in biomass and soil of different 

plant species by afforestation in several Chinese regions. This chapter builds on the 

previous chapter to evaluate the value of carbon sequestration and addresses the cost 

and benefit of afforestation programs. 

5.1 Introduction 

Economic incentives play an important role in the success of afforestation projects (Le 

et al., 2014; Komba and Muchapondwa, 2017), especially in the beginning because it 

takes a number of years for newly planted forests to generate revenues through 

marketable products (Chenost et al., 2010). Le et al. (2014) advocate national 

governments to make strong efforts over a long time to provide incentives in the form 

of payments for plantings, and several countries have already realized national 

investments in afforestation projects. For example, the Chinese government has 

invested about Yuan 431.8 billion (USD 64.8 billion) in the Grain for Green program 

(GfG) from 1999 to 2015 to afforest marginal cropland (NDRC, 2008). However, such 

kind of massive afforestation is hardly feasible for most countries and rather the 

exception than the rule. In general, afforestation projects can be financed at the national 

level, such as China’s GfG program, or at the international level, e.g. by issuing and 

trading Certified Emission Reductions (CER). Internationally, the most important 

market for carbon credits was created under the Kyoto Protocol starting in 2000 via the 

Clean Development Mechanism (CDM) or during 2008–2012 via Joint 

Implementation (JI) (Van der Gaast et al., 2018). 
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Whether financial incentives are sufficient to convince landowners to participate in 

afforestation projects depends primarily on the comparison of costs and benefits of 

such projects (Hanley and Barbier, 2009). There have been co-benefit analyses of 

carbon sequestration by afforestation in several countries, such as Canada (Yemshanov 

et al., 2005), Argentina and Ecuador (De Koning et al., 2005) as well as Australia 

(Rooney and Paul, 2017). Several studies documented the costs and benefits of China’s 

afforestation projects considering the ecosystem services and economic benefits at the 

provincial level (e.g. Cao et al., 2018 and 2020; Chu et al., 2019; Xia et al., 2020; Xian 

et al., 2020). These studies applied the single average data for all species without taking 

the substantial differences of the costs and benefits among tree species into account, 

which makes their results hardly applicable to the household for forest management 

(Hou et al., 2019; Xia et al., 2020). Furthermore, there are only few studies analyzing 

the economic attractiveness of afforestation projects in China that take full account of 

the carbon sequestration value. One study conducted by Xu in 1995 calculated the 

amount of carbon sequestered through large-scale afforestation and the related costs 

and benefits (Xu, 1995). However, timber prices and labor costs have changed 

substantially in recent years, and they can vary greatly among different regions (Xu, 

1995). Caldwell et al. (2007) and Wang et al. (2007) assessed the cost-effectiveness of 

projects at the municipality level, which makes their results hardly transferable to other 

regions. Shi and Wang (2011) included the benefits of carbon sequestration in the soil 

of farmland converted to forestland in the assessment of ecological, economic and 

social impacts of the GfG program. However, they only considered the carbon stocks 

in the topsoil (0 to 20 cm depth), without taking the vegetation biomass and deeper soil 

carbon stocks into account. Furthermore, the costs and benefits of afforestation projects 

change with stand age because trees absorb more additional carbon dioxide when they 

are young, and produce more marketable products when they are older. However, only 

few studies in China have comprehensively analyzed the economic impact of 

afforestation projects comparing different tree species, project durations and regional 

particularities (Chu et al., 2019). 
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The economic attractiveness of land uses varies with the type of forest and the income 

from alternative agricultural crops. Several (e.g., Stern, 2007; Eliasch, 2008) have 

argued that afforestation and the slowing of deforestation are two of the most cost-

effective ways to reduce atmospheric carbon, the cost being as little as USD 2 per ton 

of CO2. On the other hand, Nabuurs et al. (2007) estimated the cost of carbon abatement 

at up to USD 20 per ton of CO2, with great regional variations among sites, a point 

confirmed by Richards and Stokes’ (2004) review. There are three kinds of cost of the 

afforestation projects, namely opportunity, implementation and transaction costs, and 

the opportunity cost is the greatest, on average 3.28 times higher than the transaction 

and implementation costs (Rakatama et al., 2017). Van Kooten et al. (2004) also found 

that the opportunity cost of the land is always considerably higher than the value of the 

carbon sequestered, making afforestation an expensive endeavor for farmers. 

Consequently, landholders (e.g. Africa, Reynolds, 2012; Australia, Schirmer and Bull, 

2014) prefer planting trees on less productive land, which minimize the disturbance of 

afforestation to land management and the opportunity cost of afforestation. Neudert et 

al. (2018)’s case study in the spiny dry forest in southwestern Madagascar shows that 

the opportunity costs of preservation are relatively low and the potential REDD+ 

payments can provide sufficient financial incentives to preserve dry forests. 

Overall, there are large variations existing in the estimated opportunity costs of 

agricultural production, ranging from USD 4.33/t CO2 in Latin America to USD 19.49/t 

CO2 in Africa (Yang and Li, 2018). A review of 32 primary studies of opportunity costs, 

using different types of data, methods, and scales of analysis, found a wide range of 

costs, from USD 0.15 to USD 339/t CO2 (Phan et al., 2014). The authors were not able 

to disentangle differences that are due to the variation in actual opportunity costs 

related to site characteristics or local activities from those that are a ‘by-product’ of 

methodological and data choices (Ickowitz et al., 2017). To understand potential 

impacts on households, it is important to conduct the analyses at the household level 

as opposed to national or regional level. 
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China is a big country with diverse climatic conditions and geographical features 

including soil quality, water availability etc. It has undertaken large reforestation 

programs in most provinces, in particular since 1999. According to Delang & Yuan 

(2016) and Zhang et al. (2018), afforestation in China is generally based on three tree 

types: ecological trees, economic trees and bamboo. This distinction is based on the 

fact that (i) the tree products are different (ecological trees and bamboo mainly produce 

timber, whereas economic trees mainly produce non-timber products, such as fruits, 

and (ii) significant differences exist concerning growth patterns and forest management. 

Furthermore, different tree species and crop types are grown in different regions. For 

example, trees like apple, Poplar (Populus) and crops like wheat normally grow in the 

north, whereas Eucalyptus, Chinese fir (Cunninghamia lanceolata), mango, rice and 

sugarcane usually grow in the south. Besides, harvesting practice varies in different 

regions. For instance, corn is normally harvested once a year in the north, but two or 

three times in the south. In addition, afforestation with different tree species may result 

in significant variation of revenues from tree products. Finally, it is necessary to take 

the specific conditions in different regions into account.  Accordingly, we address 

three research questions: (i) Is it economically attractive to convert cropland into forest 

considering different tree species and crop types? (ii) What is the minimum price per 

ton of CO2 to compensate the opportunity costs of farmers when switching from 

alternative land uses to forestry? 

To answer these research questions, we first compare costs and benefits of alternative 

land uses and calculate the minimum compensation required. Finally, we compare the 

economic attractiveness of afforestation projects under different conditions. 

Considering the uncertainties about future economic conditions and developments, we 

conduct a sensitivity analysis to evaluate the changes of minimum prices per ton of 

CO2 under different conditions. 
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5.2 Study area 

According to Fang et al. (2001)’s classification, China is divided into six geographical 

regions: Northeast China, North China, East China, Central south China, Southwest 

China, and Northwest China. The south and east of China mainly belong to tropical 

and subtropical regions, while the north is a region with temperate climate. In order to 

cover different plant types and make the results applicable for different regions, the 

most common species planted were chose across five different regions except for 

northeast China. The most common species used for afforestation in northeast China is 

Larix, which is a deciduous coniferous species. There is insufficient information on the 

SOC stock changes after afforestation with deciduous conifers. Since the SOC 

sequestration of this tree type is not assessed, northeastern China is excluded in this 

study. The regional level analysis provides important information to classify carbon 

sequestration by trees based on different climatic and economic contexts. 

The final dataset includes three ecological trees (Eucalyptus, Chinese fir and Poplar) 

and five economic trees (apple trees from the north, orange and mango trees from the 

south and walnut and chestnut trees). Note that different species also represent different 

tree types. Poplar belongs to deciduous broadleaf, Eucalyptus is an evergreen broadleaf, 

Chinese fir is an evergreen conifer, and economic trees are all deciduous broadleaf. 

This classification not only allows to further explore the effects of different values of 

tree products (timber or fruit) on the net income of afforestation projects but also to 

take the significant differences of carbon sequestration among various plant types into 

consideration. 

To compare the income obtained from afforested land with income from cropland, we 

selected villages with converted land or cropland (most villages have both). The 

selected cropland should have similar characteristics as the converted land with respect 

to soil quality, water availability, slope, and other biotic and abiotic factors. 
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5.3 Data sources 

Detailed data sources and data collection methods are elaborated in Chapter 2. 

5.4 Economic analysis 

The economic analysis focuses on the net income from afforestation and opportunity 

costs from replaced cropland. Afforestation alternatives with different tree species, 

project durations and crop types are evaluated. Then, the costs of carbon sequestration 

for different scenarios are determined. 

5.4.1 Net income comparison of forest and cropland 

A comparison of costs and benefits of the different land-use types was made to assess 

the attractiveness of afforestation investments. The criterion used was the net present 

value (NPV) calculated in Equation (5.1) and (5.2). 

 𝑁𝑃𝑉 = 𝑃𝑉(𝐵𝑒𝑛𝑒𝑓𝑖𝑡𝑠) − 𝑃𝑉(𝐶𝑜𝑠𝑡𝑠)  (5.1) 

Benefits (B) and costs (C) occur at different times (t) and are to be discounted 

(d=discount rate) in order to make them comparable: 

 

𝑁𝑃𝑉 = ∑
𝐵𝑡

(1 + 𝑑)𝑡

𝑇

𝑡=0

− ∑
𝐶𝑡

(1 + 𝑑)𝑡

𝑇

𝑡=0

 
(5.2) 

It is assumed that a profit-maximizing and risk-neutral landowner would switch from 

farming to afforestation if the NPV of the afforestation (NPVA) is higher than or at least 

as high as the NPV of crops (NPVC). 

 𝑁𝑃𝑉𝐴 ≥ 𝑁𝑃𝑉𝐶  (5.3) 

If the NPVA is lower than NPVC, whether the value of carbon sequestration (as a reward 

for the service provided by the landowner) could compensate for the net loss of 

switching to forestry is assessed (Olschewski et al., 2005).  
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 𝑁𝑃𝑉𝐴+ 𝑃𝑉𝐶𝑅 ≥ 𝑁𝑃𝑉𝐶  (5.4) 

 𝑃𝑉𝐶𝑅 ≥ 𝑁𝑃𝑉𝐶 − 𝑁𝑃𝑉𝐴  (5.5) 

where PVCR is the present value of carbon revenues. These revenues occur, e.g., if the 

Certified Emission Reduction units (CERs) are issued and sold on a market. As a result, 

the landowner might have an economic incentive to convert cropland to forests with 

the aim to produce timber and carbon credits jointly. 

For discounting, an interest rate of 4% was applied in this study, which is the interest 

rate of 3-years Chinese national bonds in recent years (see 

https://www.chinabond.com.cn/). Because of uncertainties about future developments, 

a sensitivity analysis applying different interest rates, prices and rotation lengths were 

conducted. 

5.4.2 Scenarios of afforestation 

According to UNFCCC (2013) rules, a CDM afforestation project can choose to 

prepare its first monitoring report (for the ‘initial verification and certification’) at any 

time. It could be 10 years for a slow-growing forest, or e.g., 5 years for a fast-growing 

plantation. However, after the initial verification and certification of carbon stocks in 

the project boundary, verification and certification must be carried out every 5 years 

until the end of the crediting period of the project activity. Therefore, forest projects 

starting in 2019 would have their carbon verified in 2024 or 2029, and the temporary 

CER (tCER) would expire in 2029 and 2034, respectively. Given these assumptions, 

tCER would always be valid for at least 5 years. Projects can have (i) a single fixed 

crediting period of up to thirty years; (ii) a renewable crediting period of up to twenty 

years, which can be renewed at most twice. Therefore, the maximum length of the 

crediting period of a project can be sixty years, if successfully renewed twice 

(UNFCCC, 2013). 

Wang et al. (2007) analyzed two scenarios of afforestation with different length of the 

evaluation period. The first coincided with the national subsidy period for ecological 
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trees in China (8 years); the second coincided with the rotation period of 40 years for 

larch, the tree species they studied. However, the national subsidies will no longer play 

an important role in the determination of evaluation period because (i) they are fading 

out from 2015 on (with a respective delay in areas where it started later) (Delang and 

Yuan, 2016) and (ii) in the new period of the afforestation program, farmers can choose 

to plant ecological or economic trees with the same level of subsidies. In this study, a 

30-year evaluation period was chosen because tree growth rates and SOC sequestration 

rates would decline afterwards (Figure 4.4). Therefore, a project duration of 30 years 

was chosen with carbon credits verified every 5 years. The PVCR of a 30-year project 

is determined by Equation (5.6) (De Koning et al., 2005; Olschewski and Benítez, 

2005): 

 
𝑃𝑉𝐶𝑅 =

𝑝𝑡𝐶𝐸𝑅5 × 𝐶5

(1 + 𝑑)5
+

𝑝𝑡𝐶𝐸𝑅10 × 𝐶10

(1 + 𝑑)10
+ ⋯ +

𝑝𝑡𝐶𝐸𝑅25 × 𝐶25

(1 + 𝑑)25
 

(5.6) 

where ptCERt is the price for one tCER at time t, Ct is the net amount of CO2 stored at 

time t, and d is the discount rate. Carbon remaining in products made from harvested 

timber is not considered. 

The minimum price per ton of CO2 (ptCERt) to make farmers switch from crop 

production to forestry can be calculated by the following equation (De Koning et al., 

2005): 

 
𝑝𝑡𝐶𝐸𝑅 =

𝑁𝑃𝑉𝐶 − 𝑁𝑃𝑉𝐴

𝐶5

(1 + 𝑑)5 +
𝐶10

(1 + 𝑑)10 + ⋯ +
𝐶25

(1 + 𝑑)25

 

(5.7) 

In this study, the economic evaluation for one rotation with different project durations 

was conducted because the carbon sequestration data for successive rotations are not 

available. On the one hand, the economic benefits of the same species across different 

regions were determined since the carbon sequestration potential varies significantly 

among them. On the other hand, conversions of cropland to various forest alternatives 

within the same region were compared because the species commonly planted are 

different among regions. Furthermore, this study compared the PVCR of a 30-year 
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rotation with various rotation periods typically applied by farmers. For example, 

farmers who plant Eucalyptus, usually harvest it after 5 years, but this is too short to 

produce carbon credits. Therefore, this study analyzed whether it could be more 

beneficial if timber is harvested after 10, 20 and 30 years, respectively. Figure 5.1 

exemplifies possible carbon revenues generated by an afforestation project with 

different project durations.  

 

Figure 5.1 Value of carbon sequestration (USD ha-1) by an afforestation project with 

different project durations. 

5.5 Results and discussion 

5.5.1 Costs and benefits 

Table 5.1 shows the cost and benefit included for afforestation alternatives (ecological 

trees and bamboo). Project durations are indicated for each alternative. It also shows 

the sum and present value of each listed item of costs and benefits. The costs include 

land preparation, fertilizer application, herbicide application, manual cleaning, 

replanting, and harvesting. The benefits mainly come from timber selling. Although 

there may be some incomes from little stems selling for firewood, it is marginal and 

hardly to get the information of selling these stuffs from the farmers. 

 



 

73 

 

 

Eucalyptus is more cost-effective for relatively shorter project durations. It reaches its 

highest benefit and cost ratio for a 10-year project, but the lowest for a 30-year project. 

The results suggest that harvesting 10-year Eucalyptus is economically optimized 

rather than a normal practice of 5 years. Chinese fir is the most cost-effective plantation 

among the studied ecological tree species, with the benefit and cost ratio ranging from 

2.46 for a 10-year project to 3.18 for a 20-year project. However, the normal rotation 

period for Chinese fir applied by the landowners is 10 years, which is not as optimal as 

a 20-year rotation period. This may be because the forest is exposed to a higher damage 

risk (e.g. fire, pest, storm) for a longer rotation period (Ekholm, 2020). Landowners 

prefer a short rotation period to reduce these potential risks. Poplar plantation needs 

the highest total investment compared with the other three tree types, which makes it 

the lowest benefit and cost ratio among the four tree species. Bamboo is the only 

species which shows increasing benefit and cost ratio with the increase of project 

durations probably because it is self-generated, which reduces the long-term 

investment (Xian et al., 2020). 
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Table 5.1 Cost and benefit included for each afforestation alternative (ecological trees and bamboo). 

        Eucalyptus (project duration (year)) Chinese fir (project duration (year)) Poplar (project duration (year)) 
Bamboo (project duration 
(year)) 

      USD / ha 5  10  20  30  10  20  30  10  20  30  10  20  30  

Cost 

Land 
preparation 

seedlings sum 226.1  1507.5  1507.5  1507.5  1350.0  1350.0  1350.0  0  0  0  3750.0  3750.0  3750.0  

labor sum 810.0  810.0  810.0  810.0  675.0  675.0  675.0  3375.0  3375.0  3375.0  1350.0  1350.0  1350.0  

Fertilizer 

apply 

fertilizer 
sum 2025.0  2025.0  2025.0  2025.0  0  0  0  270.0  270.0  270.0  0  0  0  

PV 1891.7  1891.7  1891.7  1891.7  0  0  0  254.6  254.6  254.6  0  0  0  

labor 
sum 900.0  900.0  900.0  900.0  0  0  0  2025.0  2025.0  2025.0  0  0  0  

PV 840.7  840.7  840.7  840.7  0  0  0  1909.7  1909.7  1909.7  0  0  0  

Herbicide 
apply 

herbicide 
sum 87.8  87.8  87.8  87.8  2025.0  2025.0  2025.0  0  0  0  0  0  0  

PV 81.2  81.2  81.2  81.2  1873.2  1873.2  1873.2  0  0  0  0  0  0  

labor 
sum 202.5  202.5  202.5  202.5  18.0  18.0  18.0  0  0  0  0  0  0  

PV 187.3  187.3  187.3  187.3  16.6  16.6  16.6  0  0  0  0  0  0  

Manual cleaning 
sum 0  0  0  0  135.0  135.0  135.0  2025.0  2025.0  2025.0  1350.0  2700.0  4050.0  

PV 0  0  0  0  124.8  124.8  124.8  1873.2  1873.2  1873.2  1095.0  1834.7  2334.4  

Replanting 
sum 0  0  0  0  0  0  0  675.0  675.0  675.0  405.0  405.0  405.0  

PV 0  0  0  0  0  0  0  624.1  624.1  624.1  374.6  374.6  374.6  

Harvesting 
sum 2295.0  3492.0  3744.0  3762.0  3937.5  5486.3  7245.0  3375.0  7447.5  8100.0  405.0  405.0  405.0  

PV 1886.3  2359.1  1708.7  1159.9  2660.0  2503.9  2233.8  2280.0  3398.9  2497.4  374.6  374.6  374.6  

Revenue Timber selling 
sum 11475.0  20370.0  23400.0  23512.5  20250.0  37620.0  49680.0  16875.0  49650.0  54000.0  7672.5  13860.0  20047.5  

PV 9431.6  13761.2  10679.5  7249.3  13680.2  17169.3  15317.3  11400.1  22659.6  16649.2  5558.8  8216.8  10012.5  

Total costs (USD / ha) 6592.9  7743.4  7995.4  8013.4  7000.5  8541.8  10300.5  11750.3  15817.5  16470.0  4080.0  5430.0  6780.0  

Total costs discounted (USD / ha) 5969.8  6396.1  5745.7  5196.9  5559.7  5396.0  5125.9  10321.8  11435.5  10533.9  3764.2  4504.0  5003.7  

Total revenues (USD / ha) 11475.0  20370.0  23400.0  23512.5  20250.0  37620.0  49680.0  16875.0  49650.0  54000.0  7672.5  13860.0  20047.5  

Total revenues discounted (USD / ha) 9431.6  13761.2  10679.5  7249.3  13680.2  17169.3  15317.3  11400.1  22659.6  16649.2  5558.8  8216.8  10012.5  

Net present value (USD / ha) 3461.8  7365.1  4933.7  2052.4  8120.5  11773.3  10191.4  1078.3  11224.1  6115.3  1794.5  3712.9  5008.8  

Benefit and cost ratio 1.58  2.15  1.86  1.39  2.46  3.18  2.99  1.10  1.98  1.58  1.48  1.82  2.00  

Note: PV: present value. * it is assumed that annual 1/6 selective harvest after first 3 years, clear-cut at the end of each rotation period. 1 RMB = 0.15 USD. 
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Table 5.2 shows the cost and benefit included for afforestation with economic trees. 

Compared with ecological trees, the costs include two more items, insecticide 

application and pruning and thinning. This is because economic trees are more prone 

to insects due to the fragment fruit produced by the trees. However, for ecological trees, 

there are very litter forest tending especially after first three years. In addition, to 

increase the yield of fruit, farmers take more care of the economic trees, e.g. they spend 

time to do pruning and thinning, which increases the labor costs. 

There are no significant differences among the benefit and cost ratio of the fruit trees. 

Basically, fruit tree with high investment also generates high revenues. This study 

assumes a constant annual yield of fruits after the tree arrives its full yield. Given the 

relatively lower investment in later years and constant annual revenue, the ratio of 

benefit and cost increases with the project durations. Compared with fruit trees, nut 

fruit trees report significantly higher benefit and cost ratio, ranging from 4.17 to 4.65 

for chestnut trees and from 4.17 to 5.58 for walnut trees. Results show that nut tree 

plantations are the most cost-effective afforestation alternative among the economic 

tree plantations. The findings are in line with the results of Xia et al. (2020) and Xian 

et al. (2020). 
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Table 5.2 Cost and benefit included for each afforestation alternative (economic trees). 

        Apple (project duration (year)) Orange (project duration (year)) Mango (project duration (year)) Chestnut (project duration (year)) Walnut (project duration (year)) 

      USD / ha 10 20 30 10 20 30 10 20 30 10 20 30 10 20 30 

Cost 

Land 
preparation 

seedlings sum 
342.0  342.0  342.0  1125.0  1125.0  1125.0  648.0  648.0  648.0  598.5  598.5  598.5  1350.0  1350.0  1350.0  

labor sum 
165.0  165.0  165.0  1350.0  1350.0  1350.0  630.0  630.0  630.0  540.0  540.0  540.0  112.5  112.5  112.5  

Insecticide 

apply 

insecticide 

sum 
7016.6  15521.6  24026.6  99000.0  234000.0  369000.0  21600.0  43200.0  64800.0  135.0  135.0  135.0  1350.0  2700.0  4050.0  

PV 
5521.5  10181.8  13330.1  76976.0  150948.3  200921.3  17519.5  29355.1  37350.8  124.9  124.9  124.9  1095.0  1834.7  2334.4  

labor 

sum 
2227.5  4927.5  7627.5  4500.0  9000.0  13500.0  26775.0  53550.0  80325.0  540.0  540.0  540.0  1125.0  2250.0  3375.0  

PV 
1752.9  3232.3  4231.8  3649.9  6115.6  7781.4  21716.9  36388.1  46299.4  499.5  499.5  499.5  912.5  1528.9  1945.4  

Fertilizer 

apply 

fertilizer 

sum 
50987.3  110972.3  170957.3  14062.5  28125.0  42187.5  13500.0  27000.0  40500.0  0  0  0  2250.0  4500.0  6750.0  

PV 
40330.0  73198.4  95403.1  11405.9  19111.4  24316.9  10949.7  18346.9  23344.2  0  0  0  1825.0  3057.8  3890.7  

labor 

sum 
4781.3  10406.3  16031.3  16875.0  33750.0  50625.0  2835.0  5670.0  8505.0  0  0  0  562.5  1125.0  1687.5  

PV 
3781.9  6864.1  8946.3  13687.1  22933.7  29180.3  2299.4  3852.9  4902.3  0  0  0  456.2  764.5  972.7  

Herbicide 
apply 

herbicide 

sum 
0  0  0  900.0  1800.0  2700.0  2430.0  4860.0  7290.0  162.0  162.0  162.0  900.0  1800.0  2700.0  

PV 
0  0  0  730.0  1223.1  1556.3  1970.9  3302.4  4202.0  149.9  149.9  149.9  730.0  1223.1  1556.3  

labor 

sum 
0  0  0  1687.5  3375.0  5062.5  2047.5  4095.0  6142.5  877.5  877.5  877.5  1125.0  2250.0  3375.0  

PV 
0  0  0  1368.7  2293.4  2918.0  1660.7  2782.6  3540.5  811.7  811.7  811.7  912.5  1528.9  1945.4  

Manual cleaning and 

weeding 

sum 
9375.0  18750.0  28125.0  13500.0  27000.0  40500.0  0  0  0  0  0  0  2250.0  4500.0  6750.0  

PV 
7604.0  12740.9  16211.3  10949.7  18346.9  23344.2  0  0  0  0  0  0  1825.0  3057.8  3890.7  

Replanting 

seedlings 

sum 
324.0  324.0  324.0  0  0  0  36.0  36.0  36.0  472.5  472.5  472.5  67.5  67.5  67.5  

PV 
299.7  299.7  299.7  0  0  0  32.6  32.6  32.6  437.1  437.1  437.1  62.4  62.4  62.4  

labor 

sum 
324.0  324.0  324.0  0  0  0  45.0  45.0  45.0  202.5  202.5  202.5  112.5  112.5  112.5  

PV 
299.7  299.7  299.7  0  0  0  40.8  40.8  40.8  187.3  187.3  187.3  104.0  104.0  104.0  

Pruning and Thinning 

sum 
9112.5  18225.0  27337.5  6750.0  13500.0  20250.0  3442.5  7267.5  11092.5  1316.3  2632.5  4241.3  4050.0  8550.0  13050.0  

PV 
7391.1  12384.2  15757.4  5474.9  9173.5  11672.1  2734.6  4830.5  6246.4  1045.6  1780.2  2388.3  3217.2  5683.0  7348.7  

Harvesting 

sum 
37968.8  80156.3  122343.8  38880.0  87480.0  136080.0  4961.3  12048.8  19136.3  29925.0  83790.0  149625.0  1800.0  4050.0  6300.0  

PV 
30161.4  53277.7  68894.3  30252.5  56882.6  74872.9  3781.8  7665.3  10288.9  22115.9  52178.8  77065.0  1400.6  2633.5  3466.3  
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Table 5.2 Continue. 

        Apple (project duration (year)) Orange (project duration (year)) Mango (project duration (year)) Chestnut (project duration (year)) Walnut (project duration (year)) 

      USD / ha 10 20 30 10 20 30 10 20 30 10 20 30 10 20 30 

Revenue Fruit selling 

sum 
222750.0  519750.0  816750.0  290250.0  830250.0  1370250.0  97200.0  241200.0  385200.0  149625.0  418950.0  748125.0  76500.0  189000.0  301500.0  

PV 
172710.8  335449.9  445390.6  217479.1  513368.4  713260.5  73758.3  152662.1  205966.7  110579.3  260893.9  385324.9  58483.2  120126.8  161771.0  

Total costs (USD / ha) 122886.4  260376.4  397866.4  198654.0  440529.0  682404.0  78950.3  159050.3  239150.3  34779.8  89961.0  157404.8  17067.3  33379.8  49692.3  

Total costs discounted (USD / ha) 97911.6  173248.3  224143.0  156993.8  289527.5  379062.5  63985.1  107875.3  137526.0  26520.8  57318.4  82812.7  14015.1  22953.4  28991.8  

Total revenues (USD / ha) 222750.0  519750.0  816750.0  290250.0  830250.0  1370250.0  97200.0  241200.0  385200.0  149625.0  418950.0  748125.0  76500.0  189000.0  301500.0  

Total revenues discounted (USD / 

ha) 172710.8  335449.9  445390.6  217479.1  513368.4  713260.5  73758.3  152662.1  205966.7  110579.3  260893.9  385324.9  58483.2  120126.8  161771.0  

Net present value (USD / ha) 74799.2  162201.6  221247.6  60485.3  223840.9  334198.0  9773.2  44786.8  68440.7  84058.5  203575.6  302512.2  44468.2  97173.5  132779.2  

Benefit and cost ratio 1.76  1.94  1.99  1.39  1.77  1.88  1.15  1.42  1.50  4.17  4.55  4.65  4.17  5.23  5.58  

Note: PV: present value. 1 RMB = 0.15 USD
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Table 5.3 shows the cost and benefit included for crop alternatives. There are 

substantial differences among the costs and benefits of different types of crop. 

Specifically, cheap crops (e.g. one-harvest corn and wheat) need low investments and 

correspondingly low returns. Cash crops such as sugarcane need extremely high 

investments which is even higher than that of many economic trees. However, the 

revenue from sugarcane is not as high as that from economic trees. Besides, the costs 

and benefits of some crops are highly sensitive to the climatic zones. For example, corn 

is harvested once annually in the northern region with cool climate, whereas it is 

harvested twice annually in the southern region with warm and humid climate. On the 

other hand, the average price of corn per kilogram is higher in the south than in the 

north. As a result, two-harvest corn is more cost-effective than one-harvest corn, with 

the benefit and cost ratio of 1.24 (two-harvest) compared with 1.14 (one-harvest). Rice 

is the least cost-effective crop alternative, with the benefit and cost ratio of 1.05, 

although it is normally harvested twice each year. This is because rice crops generate 

low net benefit due to the relatively high investment. 

Although there are substantial differences of the net benefits among various farming 

practices, the conditions on the ground are quite different for the different landowner 

which keeps the farmers from changing their current practices (e.g. plant sugarcane or 

another crop with comparably high NPV). Possible reasons why landowners do not 

maximize profits may be a) they lack the planting skills for the most profitable crops; 

b) the region may have inappropriate climatic conditions for the most profitable crops; 

c) they may lack market access for particular crops or tree products (e.g. inappropriate 

transportation network for timber); d) they may lack sufficient household labor to grow 

the more labor intensive and profitable crops (e.g. sugarcane); e) tradition (e.g. some 

households might want to grow particular crops because they like to eat them). For 

example, wheat requires less work than sugarcane and may be chosen by labor-

deficient households. Also, sugarcane grows best in warm, humid areas, so can hardly 

be grown in northern China. It is impossible to include all these variables in a study. 
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This is also why it is important to calculate and compare the NPV of afforestation and 

agriculture in different regions of China. 
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Table 5.3 Cost and benefit included for crop alternatives. 

        One-harvest Corn (project duration (year)) Two-harvest Corn (project duration (year)) Two-harvest Rice (project duration (year)) Sugarcane (project duration (year)) Wheat (project duration (year)) 

      USD / ha 5 10 20 30 5 10 20 30 5 10 20 30 5 10 20 30 5 10 20 30 

Cost 

Land 

preparation 

seedlings 

sum 472.5  945.0  1890.0  2835.0  1125.0  2250.0  4500.0  6750.0  2025.0  4050.0  8100.0  12150.0  16875.0  33750.0  67500.0  101250.0  0  0  0  0  

sum 437.5  797.1  1335.7  1699.5  1041.7  1897.9  3180.1  4046.3  1875.1  3416.3  5724.2  7283.4  15625.9  28469.2  47702.0  60695.0  0  0  0  0  

labor 

sum 2025.0  4050.0  8100.0  12150.0  6750.0  13500.0  27000.0  40500.0  2812.5  5625.0  11250.0  16875.0  7312.5  14625.0  29250.0  43875.0  2250.0  4500.0  9000.0  13500.0  

PV 1875.1  3416.3  5724.2  7283.4  6250.4  11387.7  19080.8  24278.0  2604.3  4744.9  7950.3  10115.8  6771.2  12336.7  20670.9  26301.2  2083.5  3795.9  6360.3  8092.7  

Insecticide 

apply 

insecticide 

sum 112.5  225.0  427.5  630.0  2250.0  4500.0  9000.0  13500.0  1125.0  2250.0  4500.0  6750.0  4500.0  9000.0  18000.0  27000.0  450.0  900.0  1800.0  2700.0  

PV 100.2  182.5  295.5  371.9  2003.3  3649.9  6115.6  7781.4  1001.7  1825.0  3057.8  3890.7  4006.6  7299.8  12231.3  15562.8  400.7  730.0  1223.1  1556.3  

labor 

sum 337.5  675.0  1282.5  1890.0  1687.5  3375.0  6750.0  10125.0  2025.0  4050.0  8100.0  12150.0  450.0  900.0  1800.0  2700.0  562.5  1125.0  2250.0  3375.0  

PV 300.5  547.5  886.5  1115.6  1502.5  2737.4  4586.7  5836.1  1803.0  3284.9  5504.1  7003.3  400.7  730.0  1223.1  1556.3  500.8  912.5  1528.9  1945.4  

Fertilizer 

apply 

fertilizer 

sum 2250.0  4500.0  8550.0  12600.0  4500.0  9000.0  18000.0  27000.0  20250.0  40500.0  81000.0  121500.0  16875.0  33750.0  67500.0  101250.0  1125.0  2250.0  4500.0  6750.0  

PV 2003.3  3649.9  5910.3  7437.3  4006.6  7299.8  12231.3  15562.8  18029.9  32849.1  55040.8  70032.7  15024.9  27374.3  45867.4  58360.6  1001.7  1825.0  3057.8  3890.7  

labor 

sum 1350.0  2700.0  5130.0  7560.0  1687.5  3375.0  6750.0  10125.0  2025.0  4050.0  8100.0  12150.0  450.0  900.0  1800.0  2700.0  1125.0  2250.0  4500.0  6750.0  

PV 1202.0  2189.9  3546.2  4462.4  1502.5  2737.4  4586.7  5836.1  1803.0  3284.9  5504.1  7003.3  400.7  730.0  1223.1  1556.3  1001.7  1825.0  3057.8  3890.7  

Herbicide 

apply 

herbicide 

cost 

sum 225.0  450.0  855.0  1260.0  0  0  0  0  450.0  900.0  1800.0  2700.0  1856.3  3712.5  7425.0  11137.5  900.0  1800.0  3600.0  5400.0  

PV 200.3  365.0  591.0  743.7  0  0  0  0  400.7  730.0  1223.1  1556.3  1652.7  3011.2  5045.4  6419.7  801.3  1460.0  2446.3  3112.6  

labor 

sum 675.0  1350.0  2565.0  3780.0  0  0  0  0  675.0  1350.0  2700.0  4050.0  450.0  900.0  1800.0  2700.0  1125.0  2250.0  4500.0  6750.0  

PV 601.0  1095.0  1773.1  2231.2  0  0  0  0  601.0  1095.0  1834.7  2334.4  400.7  730.0  1223.1  1556.3  1001.7  1825.0  3057.8  3890.7  

Manual 

cleaning 

and 

weeding 

labor 

sum 1350.0  2700.0  5130.0  7560.0  13500.0  27000.0  54000.0  81000.0  0  0  0  0  0  0  0  0  562.5  1125.0  2250.0  3375.0  

PV 1202.0  2189.9  3546.2  4462.4  12019.9  21899.4  36693.9  46688.5  0  0  0  0  0  0  0  0  500.8  912.5  1528.9  1945.4  

Harvesting 

sum 0  0  0  0  0  0  0  0  2812.5  5625.0  11250.0  16875.0  16875.0  33750.0  67500.0  101250.0  1687.5  3375.0  6750.0  10125.0  

PV 0  0  0  0  0  0  0  0  2504.2  4562.4  7644.6  9726.8  15024.9  27374.3  45867.4  58360.6  1502.5  2737.4  4586.7  5836.1  
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Table 5.3 Continue. 

Note: PV: present value. One- or two- harvest means the crops are harvested once or twice annually, respectively. 1 RMB = 0.15 USD.

        One-harvest Corn (project duration (year)) Two-harvest Corn (project duration (year)) Two-harvest Rice (project duration (year)) Sugarcane (project duration (year)) Wheat (project duration (year)) 

      USD / ha 5 10 20 30 5 10 20 30 5 10 20 30 5 10 20 30 5 10 20 30 

Revenue Crop selling 

sum 10125.0  20250.0  38475.0  56700.0  39375.0  78750.0  157500.0  236250.0  36000.0  72000.0  144000.0  216000.0  116437.5  232875.0  465750.0  698625.0  11700.0  23400.0  46800.0  70200.0  

PV 9014.9  16424.6  26596.2  33467.8  35058.1  63873.3  107023.8  136174.8  32053.1  58398.4  97850.3  124502.6  103671.8  188882.5  316484.7  402688.2  10417.3  18979.5  31801.4  40463.4  

Total costs (USD / ha) 8797.5  17595.0  33930.0  50265.0  31500.0  63000.0  126000.0  189000.0  34200.0  68400.0  136800.0  205200.0  65643.8  131287.5  262575.0  393862.5  9787.5  19575.0  39150.0  58725.0  

Total costs discounted (USD / ha) 7921.9  14433.2  23608.7  29807.3  28326.9  51609.6  86475.2  110029.2  30622.8  55792.4  93483.8  118946.7  59308.3  108055.4  181053.7  230368.8  8794.6  16023.1  26847.7  34160.4  

Total revenues (USD / ha) 10125.0  20250.0  38475.0  56700.0  39375.0  78750.0  157500.0  236250.0  36000.0  72000.0  144000.0  216000.0  116437.5  232875.0  465750.0  698625.0  11700.0  23400.0  46800.0  70200.0  

Total revenues discounted (USD / ha) 9014.9  16424.6  26596.2  33467.8  35058.1  63873.3  107023.8  136174.8  32053.1  58398.4  97850.3  124502.6  103671.8  188882.5  316484.7  402688.2  10417.3  18979.5  31801.4  40463.4  

Net present value (USD / ha) 1093.0  1991.4  2987.6  3660.5  6731.2  12263.7  20548.6  26145.6  1430.4  2606.0  4366.6  5555.9  44363.5  80827.1  135431.0  172319.4  1622.7  2956.4  4953.7  6302.9  

Benefit and cost ratio 1.14  1.14  1.13  1.12  1.24  1.24  1.24  1.24  1.05  1.05  1.05  1.05  1.75  1.75  1.75  1.75  1.18  1.18  1.18  1.18  
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5.5.2 Economic evaluation of converting cropland to forest 

The economic results of afforestation alternatives and cropland are compared. Table 

5.4 shows the NPV changes of various tree species and crop types with different project 

durations. In many cases, afforestation generates a higher net income than cropland. 

However, in most situations two-harvest corn or one-harvest sugarcane generate a 

higher NPV than afforestation alternatives (Table 5.4). Two-harvest corn grown in the 

tropical area generates an NPV (ranging from 6731 to 26146 USD ha-1 for 5 years and 

30 years, respectively) more than two times higher than that of one-harvest corn 

(ranging from 1093 to 3661 USD ha-1 for 5 years and 30 years, respectively), due to 

higher yield and selling price. In China, sugarcane is a cash crop with high economic 

returns. This leads to high opportunity cost of converting cash crops to forests. The 

NPVA of ecological trees and bamboo are mainly based on the income from timber 

products, depending on the growth rate of timber volume. Eucalyptus, as a fast-growing 

tree species, generates a NPVA in the first decades (7365 USD ha-1) higher than crops, 

such as one annual harvest of wheat (2956 USD ha-1) or corn (1991 USD ha-1), or two 

harvests of rice (2606 USD ha-1). After 20 years, growth rates decline, which results in 

a decreasing present value of net revenues from timber. In contrast, bamboo grows fast 

during the whole study period because it self-regenerates. Therefore, afforestation with 

bamboo produces a higher NPV than that of one-harvest corn after the first decade 

(Table 5.4). However, the lower price of bamboo makes it economically less attractive 

compared to other afforestation alternatives. For economic trees, the NPV is often 

higher than that of crops because the selling of fruits is much more profitable than 

grains selling. The result holds even when taking into account the relatively low 

revenues of fruit trees during the first 5-10 years. This is due to the fact that fruit trees 

normally need 7-8 years to achieve their full fruit-producing potential. In this study, a 

constant yield of fruits is assumed after they achieve full fruit-producing potential. This 

might lead to a possible overestimation of the revenues, if fruit trees tend to produce 

less fruits after a few decades (Wu et al., 2012). 
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Table 5.4 Economic evaluation of afforestation with various tree species and different rotation periods. 

   NPVC (USD ha-1) 

Afforestation 

alternatives 

Project 

duration 

(year) 

NPVA 

(USD ha-1) 

one-

harvest 

wheat 

one-

harvest 

corn 

two-

harvest 

corn 

two-

harvest 

rice 

one-harvest 

sugarcane 

Eucalyptus 5 (normal) 3461.77 1622.69 1093.01 6731.16 1430.37 44363.52 

 10 7365.15 2956.42 1991.39 12263.67 2606.03 80827.10 

 20 4933.72 4953.67 2987.56 20548.57 4366.57 135431.00 

 30 2052.42 6302.95 3660.54 26145.55 5555.93 172319.43 

Chinese fir 
10 

(normal) 
8120.50 2956.42 1991.39 12263.67 2606.03 80827.10 

 20 11773.28 4953.67 2987.56 20548.57 4366.57 135431.00 

 30 10191.36 6302.95 3660.54 26145.55 5555.93 172319.43 

Poplar 
10 

(normal) 
1078.31 2956.42 1991.39 12263.67 2606.03 80827.10 

 20 11224.11 4953.67 2987.56 20548.57 4366.57 135431.00 

 30 6115.27 6302.95 3660.54 26145.55 5555.93 172319.43 

Apple tree 10 74799.23  2956.42 1991.39 12263.67 2606.03 80827.10 

 20 162201.63  4953.67 2987.56 20548.57 4366.57 135431.00 

 30 221247.56  6302.95 3660.54 26145.55 5555.93 172319.43 

Orange tree 10 60485.35  2956.42 1991.39 12263.67 2606.03 80827.10 

 20 223840.87  4953.67 2987.56 20548.57 4366.57 135431.00 

 30 334198.01  6302.95 3660.54 26145.55 5555.93 172319.43 

Mango tree 10 9773.20  2956.42 1991.39 12263.67 2606.03 80827.10 

 20 44786.76  4953.67 2987.56 20548.57 4366.57 135431.00 

 30 68440.67  6302.95 3660.54 26145.55 5555.93 172319.43 

Chestnut 10 84058.52  2956.42 1991.39 12263.67 2606.03 80827.10 

 20 214434.72  4953.67 2987.56 20548.57 4366.57 135431.00 

 30 302512.21  6302.95 3660.54 26145.55 5555.93 172319.43 

Walnut 10 44468.18  2956.42 1991.39 12263.67 2606.03 80827.10 

 20 97173.46  4953.67 2987.56 20548.57 4366.57 135431.00 

 30 132779.25  6302.95 3660.54 26145.55 5555.93 172319.43 

Bamboo* 10 1794.51 2956.42 1991.39 12263.67 2606.03 80827.10 

 20 3712.86 4953.67 2987.56 20548.57 4366.57 135431.00 

 30 5008.83 6302.95 3660.54 26145.55 5555.93 172319.43 

Notes: normal means the common rotation period applied by farmers. One- or two- harvest means the crops are 

harvested once or twice annually, respectively. * it is assumed that 1/6 selective harvest after the first 3 years, 

clear-cut at the end of each rotation period. 1 RMB = 0.15 USD. Grey area indicate opportunity cost is higher 

than net incomes of afforestation. 
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It should be noted that farming in China is often small scale. Large scale farming 

requires bigger machines and investments. In addition, Chinese small-scale farmers 

can sell their harvest in the market at higher prices, without using a middleman. Taking 

sugarcane as an example, the selling price to individuals travelling through the area is 

three times higher than the selling price to a sugar company.  

Table 5.5 shows the amount of tCERs generated by each alternative. The number of 

tCERs is determined by the specific tree species, regions and project durations. 

Eucalyptus produces the highest amount of tCERs during the whole study period with 

1501 Mg-1 ha CO2 sequestered (Table 5.5). This is because it is fast-growing and it is 

mostly planted in tropical areas, resulting in more tree biomass. However, it should be 

noted that there is no tCER generated if the project duration is just 5 years because 

carbon credits could only be verified for at least 5 years and they will expire if the trees 

are harvested within the crediting period, in this case within the 10 years since the trees 

have been planted (UNFCCC, 2013). In other words, if farmers plant Eucalyptus only 

for 5 years and then harvest it, no tCER will be issued. Therefore, the minimum project 

duration to get tCERs is 10 years. For Chinese fir, carbon accumulation is lower than 

that of Eucalyptus due to its lower growth rate. Poplar produces significantly more 

tCERs in E, S and SW regions compared with N, NE and NW regions because of the 

favorable climatic conditions in eastern and southern regions (Table 5.5). For economic 

trees, carbon accumulation and consequently the number of tCERs is lower. The 

regional impact becomes obvious with fruit trees in the southern region producing more 

tCERs than in the northern regions including N, NE and NW. Nut trees generate more 

tCERs than fruit trees because of their higher tree biomass (Table 5.5). Bamboo 

produces the third highest number of tCERs, which indicates a high potential to 

sequester carbon. 

The minimum present value of carbon revenues (PVCR) to convince farmer to plant 

trees as calculated according to Equation 5 are also given in Table 6. The blank area 

indicates no compensation needed for forest alternatives because of their higher NPVA 

(Table 5.4). The total compensation to farmers strongly depends on the opportunity 
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cost of cropland. For the two-harvest corn or one-harvest sugarcane, the payments 

would be substantial because they are more profitable than trees (Table 5.4). However, 

for farmer cultivating other crop types such as one-harvest wheat, one-harvest corn or 

two-harvest rice, it could be more attractive to plant trees. 

The minimum price per tCER for different afforestation alternatives based on various 

crop types were calculated according to Equation 7 (Table 5.5). For ecological trees, 

the minimum price per tCER is for converting crops with high NPVs is highest with 

791 USD Mg-1 CO2, e.g., for converting sugarcane crops to forest with Chinese fir of 

10-year rotation period. The minimum price per tCER are highly affected by the tCER 

generated by forest alternatives. The price normally decreases with the increase of 

project duration because of the higher amount of tCER generated. However, for 

afforestation with Eucalyptus on land used for one-harvest wheat, one-harvest corn or 

two-harvest rice cropland, the minimum price per tCER of project with longer duration 

(30 years) increases from 0 to 2.83, 1.07 and 2.33 USD Mg-1 CO2 compared to projects 

with duration of 10 years, respectively. This is due to the variations of discounted 

timber revenues which are highest with 7,365 USD ha-1 for 10 years, and then decrease 

steeply to 2,052 USD ha-1 until year 30 (Table 5.4) based on decreasing growth rate 

and discounting effects. The highest minimum prices per tCER are reported for 

afforestation on cropland with two-harvest corn or one-harvest sugarcane (Table 5.5). 

This is a consequence of the high revenue loss when switching from highly profitable 

crops to forestry.  

Note that the analysis is based on current timber prices and that we assume farmers can 

decide when and how much to harvest. However, in case harvesting is not permitted or 

severely curtailed due to strict cutting quota, farmers can hardly get revenues from 

selling timber after the end of national subsidies in the afforestation program. The 

results show the NPVA of Eucalyptus in the first 10 to 20 years is sufficiently high 

(ranging from 4,934 to 7,365 USD ha-1) to cover the opportunity cost of crop types 

with relatively lower NPV (ranging from 1,991 to 4,367 USD ha-1) (Table 5.4). For 

longer periods, especially after 20 years, the required compensation to keep the trees 
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increases (Table 5.5). The minimum ptCER reaches 2.83 USD Mg-1 CO2 to convince 

farmers not to harvest the trees until 30 years. 

Generally, it is more profitable to plant economic trees, especially apple and nut trees, 

and there is no need for compensation for any of these forest alternatives (Table 5.5). 

Only famers who plant orange trees on former sugarcane land need payments. To 

compensate for the opportunity cost of the land, for the first 10 years such farmers need 

about 773 USD Mg-1 CO2 because of (i) the low tCERs generated; and (ii) the low yield 

and revenue of fruits trees in the initial years. The minimum price per tCER for 

afforestation with Mango trees vary considerably, from 95 to 2,670 USD Mg-1 CO2, 

representing the significant effects of alternative crop types and the number of tCERs 

generated. 

Similarly, the minimum price per tCER of bamboo varies from 0 to 927 USD Mg-1 

CO2 according to the project duration (Table 5.5), but there is an obvious trend that the 

compensation can be reduced with longer rotation periods. This is because the rapid 

increase of tCERs generated by increasing growth rate of bamboo clumps during the 

whole study period. 

The results reveal the significant impact of project duration and tree species on the 

minimum price per tCER. Normally, the minimum price decreases with the increase of 

project duration because more tCERs are generated in later years, which is consistent 

with the findings of De Koning et al. (2005). However, the situation changes for fast-

growing tree species like Eucalyptus and Poplar, with an even higher minimum price 

per tCER for older stands. This can be explained by the fast growth rate during the first 

10 to 20 years. The present value of timber revenues per hectare for 10-year Eucalyptus 

and 20-year Poplar is significantly higher than that of shorter and longer periods.  

The minimum price per tCER vary hugely from 0 to 2,680 USD Mg-1 CO2 according 

to afforestation alternatives (Table 5.5). Results show a greater variation than that 

found by Phan et al. (2014), most likely because of the different opportunity costs of 

cropland alternatives considered in this study. There are three kinds of costs of the 



 

87 

 

 

afforestation projects, namely opportunity, implementation and transaction costs. 

Opportunity costs are considered the most important factor, which can be up to 3.28 

times higher than the transaction and implementation costs on average (Rakatama et 

al., 2017). The average carbon price in China’s national carbon market is expected to 

be 8 USD Mg-1 CO2 in 2020 and 15 USD Mg-1 CO2 in 2025 (Slater et al., 2018), which 

can cover most costs per tCER for afforestation alternatives, except afforesting crop 

land that generates high grain revenue (two-harvest corn) or cash crops (one-harvest 

sugarcane). 

This study determined the minimum price per tCER to make ecological and economic 

trees as well as bamboo forest economically attractive. Although economic trees are 

not officially included in the CDM afforestation framework, this study assumes 

afforestation with economic trees can also generate tCERs because (i) they indeed can 

contribute to carbon sequestration (Wu et al., 2012; Ren et al., 2014; Shen et al., 2017); 

and (ii) afforestation projects in some countries like China include economic trees 

(Delang and Yuan, 2016). These results are in line with our findings that fruit orchards 

are a cost-efficient way to sequester carbon, especially nut trees since there is no need 

to compensate farmers and a considerable amount of carbon is stored. Xia et al. (2020) 

also documented that the net benefits of fruit trees were positive in different regions of 

China. It is a win-win solution to plant fruit trees for both environmental protection and 

poverty mitigation. Bamboos also have a high potential to sequester carbon, even 

higher than many ecological trees. However, the initial payments required for carbon 

sequestration can be high (varying from 1.99 to 11.8 USD Mg-1 CO2 for replacing even 

economically less attractive crops) due to the low revenues from bamboo harvesting 

(Table 5.5). Switching to a longer rotation period of about 30 years reduced the 

compensation requirements to e.g., 0.56 USD Mg-1 CO2 for replacing two-harvest rice 

land use (Table 5.5). 
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Table 5.5 Amount of temporary certified emission reductions (tCER) (Mg ha-1) generated, present value of carbon revenues (PVCR) (USD ha-1) and minimum price per tCER (USD Mg-1 CO2) for different afforestation 

alternatives. 
    PVCR (USD ha-1) Costs per tCER (USD Mg-1 CO2) 

Afforestation 

alternatives 
Region (s) 

Project 

duration 
(year) 

tCER 

generated 
(Mg ha-1) 

one-harvest 

wheat 

one-harvest 

corn 

two-

harvest 
corn 

two-

harvest 
rice 

one-harvest 

sugarcane 

one-harvest 

wheat 

one-harvest 

corn 

two-

harvest 
corn 

two-

harvest 
rice 

one-harvest 

sugarcane 

Eucalyptus C 5 (normal) 0.00   3,269.39  40,901.76      

  10 150.5   4,898.53  73,461.96   32.54  488.12 
  20 770 19.96  15,614.86  130,497.28 0.03  20.28  169.48 
  30 1,501 4,250.52 1,608.12 24,093.13 3,503.51 170,267.01 2.83 1.07 16.05 2.33 113.44 

Chinese fir E, N, NE 10 (normal) 91.92   4,143.18  72,706.61   45.07  790.98 
  20 369.6   8,775.29  123,657.72   23.74  334.57 
  30 810.7   15,954.20  162,128.08   19.68  199.98 
 NW, S, SW 10 (normal) 93.88   4,143.18  72,706.61   44.13  774.46 
  20 399.8   8,775.29  123,657.72   21.95  309.3 
  30 780.6   15,954.20  162,128.08   20.44  207.7 

Poplar E, S, SW 10 (normal) 117.9 1,878.11 913.08 11,185.36 1,527.72 79,748.79 15.9 7.74 94.9 13 676.41 
  20 651.1   9,324.46  124,206.89   14.3  190.76 
  30 1,084 187.67  20,030.28  166,204.16 0.17  18.5  153.32 
 N, NE, NW 10 (normal) 24.08 1,878.11 913.08 NA NA NA 78 37.9 NA NA NA 
  20 175.1   NA NA NA   NA NA NA 
  30 421.6 187.67  NA NA NA 0.45  NA NA NA 

Apple tree N, NE, NW 10 -21.10   NA NA NA   NA NA NA 
  20 36.32   NA NA NA   NA NA NA 
  30 84.44   NA NA NA   NA NA NA 

Orange tree S 10 26.32 NA NA   20,341.76 NA NA   772.86 
  20 127.1 NA NA    NA NA    

  30 258 NA NA    NA NA    

Mango tree S 10 26.32 NA NA 2,490.47  71,053.90 NA NA 94.6  2699.616 
  20 127.1 NA NA   90,644.23 NA NA   713.1725 
  30 258 NA NA   103,878.76 NA NA   402.6309 

Chestnut E 10 58.08           

  20 182.9           

  30 285.2           

Walnut N 10 16.65   NA NA NA   NA NA NA 
  20 86.62   NA NA NA   NA NA NA 
  30 178.5   NA NA NA   NA NA NA 

Bamboo* E, S, SW 10 98.7  1161.91  196.87  10469.16  811.52  79032.59  11.8 1.99 106 8.22 800.74 
  20 471.5  1240.81   16835.71  653.71  131718.14  2.63  35.7 1.39 279.36 

    30 979.9  1294.12    21136.73  547.10  167310.61  1.32  21.6 0.56 170.74 

Note: C, E, N, NE, NW, S, and SW are abbreviations for China, and the eastern, northern, northeastern, northwestern, southern, and southwestern region; normal means the common rotation period applied by farmers. 
One- or two- harvest means the crops are harvested once or twice annually, respectively. Blank area indicates the forest alternative is feasible without compensation needed for carbon sequestration. NA means that kind 

of crop is normally not cultivated in that region. * it is assumed that annual 1/6 selective harvest after first 3 years, clear-cut at the end of each rotation period. 1 RMB = 0.15 USD. 
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5.5.3 Sensitivity analysis 

Because of uncertainties about future economic conditions and developments, a 

sensitivity analysis was conducted to evaluate the changes of minimum prices per tCER 

using different timber, fruit and grain prices, interest rates and certification costs (Table 

5.6). Further, the minimum prices per tCER with and without considering soils in tCER 

generation were compared, given that SOC is often not well included in CDM 

afforestation projects (Van der Gaast et al., 2018). One tree species from each tree 

group was selected to represent the respective changes. Poplar (ecological tree), 

chestnut trees (economic tree) and bamboo were selected since the minimum prices per 

tCER of these tree species reflect different aspects of relevant changes. For comparison, 

one-harvest wheat and two-harvest corn were selected as crop alternatives because (i) 

their revenues differ significantly, and (ii) they grow in different regions. 

The minimum compensation required to make tree planting profitable declines with 

rising timber prices. With timber prices increasing by 25%, poplar afforestation 

becomes economically attractive in the northern regions even without compensation 

(Table 5.6). In contrast, the required compensation rises with increasing prices of crop 

grains. Note that huge afforestation activities in a region might lead to (i) reduced 

timber prices in the longer run due to an excess of timber supply, and (ii) increased 

crop prices due to reduced grain supply. Both effects would reinforce each other and 

lead to higher minimum prices per tCER.  

The interest rate level also has a significant impact on the minimum tCER prices (Table 

5.6). In general, higher interest rates lead to lower NPV from timber, mainly because 

revenues occur only at the end of the project duration, and are therefore strongly 

affected by discounting. However, the situation for bamboo is different because we 

assume bamboo is harvested by selective cutting after year 3 (1/6 annually) and clear 

cut at the end of the project. This means, revenues are generated relatively early and, 

are therefore, less affected by discounting. 
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The afforestation alternatives with minimum ptCER higher than 10 USD Mg-1 CO2, 

are less affected by the change of certification costs, because these costs are relatively 

small compared with PVCR (Table 5.6). In contrast, for minimum ptCER lower than 10 

USD Mg-1 CO2, the certification costs can sum up to about 85% of the carbon price. 

Concerning the influence of SOC sequestration, results show that the minimum ptCER 

increases up to three times without considering tCERs generated in soils.  
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Table 5.6 Sensitivity analysis for the minimum price per tCER for different afforestation alternatives (USD Mg-1 CO2) 

 Poplar (N, NE, NW), converted 

from one-harvest wheat 

Poplar (E, S, SW), converted 

from two-harvest corn 

Chestnut, converted from one-

harvest wheat 

Chestnut, converted from two-

harvest corn 

Bamboo, converted from 

one-harvest wheat 

Bamboo, converted from two-

harvest corn 

  10 years 20 years 
30 

years 

10 

years 

20 

years 

30 

years 
10 years 20 years 30 years 10 years 20 years 30 years 

10 

years 

20 

years 

30 

years 

10 

years 

20 

years 
30 years 

Timber/fruit 

price 
                  

75% 196.35  (3.46) 10.32  119.04  23.02  22.32  (920.41) (770.06) (700.83) (760.16) (684.79) (631.26) 25.85  6.99  3.88  120.15  40.06  24.12  

100% 77.99  (35.81) 0.45  94.87  14.32  18.48  (1396.39) (1145.33) (1038.60) (1236.14) (1060.07) (969.03) 11.77  2.63  1.32  106.07  35.71  21.57  

125% (40.36) (68.16) (9.43) 70.70  5.62  14.64  (1872.36) (1520.61) (1376.37) (1712.12) (1435.34) (1306.79) (2.31) (1.73) (1.23) 91.99  31.35  19.02  

Grain price                   

75% (119.05) (81.22) (23.55) (40.57) (26.77) (12.93) (1478.08) (1188.80) (1074.07) (1511.07) (1206.35) (1088.40) (36.30) (14.23) (9.00) (55.72) (21.04) (13.17) 

100% 77.99  (35.81) 0.45  94.87  14.32  18.48  (1396.39) (1145.33) (1038.60) (1236.14) (1060.07) (969.03) 11.77  2.63  1.32  106.07  35.71  21.57  

125% 275.04  9.59  24.44  230.31  55.41  49.88  (1314.69) (1101.86) (1003.13) (961.20) (913.78) (849.66) 59.85  19.49  11.64  267.86  92.45  56.31  

Interest rate                   

2% 20.01  (57.95) (13.60) 64.81  5.75  11.10  (1511.81) (1091.39) (948.73) (1344.07) (1013.28) (887.92) (9.33) (4.01) (2.30) 102.48  30.68  15.92  

4% 85.57  (32.37) 0.41  72.66  13.63  17.53  (1426.48) (1049.23) (925.18) (1262.78) (971.12) (863.21) 13.62  2.82  1.28  122.74  38.21  20.91  

6% 148.71  (6.79) 15.11  80.37  21.28  23.80  (1348.08) (1010.12) (903.67) (1187.89) (931.60) (840.00) 3.80  0.45  0.12  110.57  36.75  21.45  

Certification 
costs (USD ha-1 

every 5 years) 

                  

0 77.99  (35.81) 0.45  94.87  14.32  18.48  (1396.39) (1145.33) (1038.60) (1236.14) (1060.07) (969.03) 11.77  2.63  1.32  106.07  35.71  21.57  

50 81.10  (35.09) 0.82  95.51  14.51  18.63  (1395.10) (1144.65) (1038.04) (1234.85) (1059.38) (968.47) 12.53  2.90  1.48  106.83  35.97  21.73  

100 84.21  (34.38) 1.20  96.14  14.71  18.77  (1393.81) (1143.96) (1037.48) (1233.56) (1058.69) (967.91) 13.29  3.16  1.65  107.59  36.24  21.90  

SOC 

sequestration 
                  

Included 77.99  (35.81) 0.45  94.87  14.32  18.48  (1396.39) (1145.33) (1038.60) (1236.14) (1060.07) (969.03) 11.77  2.63  1.32  106.07  35.71  21.57  

Not included 334.11  (153.24) 1.89  358.51  54.62  71.59  (5445.54) (4865.47) (4771.45) (4820.61) (4503.25) (4451.82) 41.95  9.59  5.09  377.96  130.14  83.18  

Note: C, E, N, NE, NW, S, and SW are abbreviations for China, and the eastern, northern, northeastern, northwestern, southern, and southwestern region. One- or two- harvest means the crops are harvested once or twice annually, 
respectively. Numbers in bracket indicates negative value, which means no compensation needed for forest alternatives. Bold figures indicate the results of Table 5.5. 1 RMB = 0.15 USD. 
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5.5.4 Uncertainty analysis 

This study broadly determined the amount of carbon sequestration by afforestation with 

different tree species and evaluated the costs and benefit of afforestation from 

households’ perspective in China. Uncertainties and bias could be produced in the 

estimation of tCERs and economic data collection from households. We controlled the 

uncertainties in two ways. First, we applied the models and/or results of previous 

studies to determine the carbon sequestration potential after afforestation. These 

models or results are based on a large sampling size and therefore the sampling error 

is minimized in the estimation of tCERs. Second, for the economic data collection, we 

carried out at least 5 interviews for each species: if the values given by the interviewees 

varied by more than 10% we interviewed more people until we obtained 5 values with 

variations lower than 10%. Then average of these 5 answers were used for the analysis. 

Most farmers gave very similar answers, so we are confident that the results are 

accurate. However, the small sampling size could still bring bias and influence the final 

results considering the large study area in this research. In addition, the prices of forest 

product (e.g. timber, fruit, grain) are based on the recent market prices, which cannot 

always reflect the real value (Xia et al., 2020). 

5.6 Conclusions 

Afforestation programs have a great potential to sequester carbon. The revenues of 

selling carbon credits can in turn contribute to finance the afforestation costs. This 

chapter determines the carbon sequestration potential of afforestation programs 

considering both tree biomass and soils and compares the costs of carbon sequestration 

of different tree species.  

Generally, it is less attractive to afforest highly productive cropland because of the high 

opportunity costs. However, considering labor availability, since cash crops such as 

sugarcane is very labor intensive, households with little labor available may prefer to 

grow trees even if they earn less. The minimum price per tCER decreases with 

increasing project duration, except for some alternatives with fast-growing trees like 

Eucalyptus and Poplar, for which the minimum price per tCER is higher in a 30-year 
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duration compared with a 20-year duration. Besides, it should be noted that I estimate 

the carbon sequestration potential based on average regional site qualities. In 

consequence, the timber revenues and tCER generated can be higher at sites with better 

soil quality, and lower at sites with poorer soil quality. 

Tree product revenues differ for various tree types, which results in a significant 

variation of economic benefits. For ecological trees, the potential economic return 

generated by tree plantation was profitable if farmers harvest the timber after the end 

of financial subsidies from government (Zhou et al., 2007). Results also show that no 

compensation is needed to convert cropland with relatively low revenues such as one-

harvest wheat, one-harvest corn and two-harvest rice cropland to most afforestation 

alternatives. For economic trees, the amount of carbon sequestration is low, but the 

selling of fruits and nuts is quite profitable. Therefore, in most cases, there is no 

compensation needed for afforestation efforts. Further, this study suggests that bamboo 

afforestation is economically attractive when carbon revenues are included. The same 

holds for other species (e.g. Eucalyptus, Chinese fir and Poplar) which need 

compensations. If the carbon credits generated could be traded, e.g. in a Chinese carbon 

market, the opportunity costs of alternative land uses could be fully compensated, 

except for afforestation on highly attractive cropland. However, considering the 

uncertainty in future China’s CER demand (Zhou et al., 2017), it is expected that CER 

generated by China’s afforestation projects can be traded in an international emission 

trading system. 

This study provides a comprehensive economic valuation of China’s carbon 

sequestration by afforestation projects for three main forest types: ecological trees, 

economic trees and bamboo. It demonstrates the context dependency of investment 

attractiveness of different afforestation alternatives across regions. The findings can 

contribute to the design of carbon sequestration projects in China (Zhou et al., 2017). 

The comparison of costs and benefits can help determine efficient ways to sequester 

carbon by afforestation projects. The methodology and results can be adapted and 

transferred to other regions in the world. 
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This chapter answers the research objectives 2 and 3. First, I evaluate the total benefit 

from afforestation, and then I assess whether the value of carbon can compensate for 

the loss that farmers may experience when afforesting their farmland. I apply the results 

from Chapter 4 (total carbon sequestration through afforestation) to calculate the value 

of carbon. The results of this cost and benefit analysis of afforestation projects shows 

that usually carbon credits can compensate for the opportunity costs of alternative land 

uses. As I elaborated in the introduction of this dissertation, forests have high capacity 

of both producing timber and storing carbon. It is necessary to determine the optimal 

rotation period of forest plantations since the growth rate of trees and the capacity of 

additional carbon sequestration decline as forests grow older. Therefore, in the next 

chapter (Chapter 6), I will further determine the optimal rotation period for greater 

carbon sequestration and to maximize the economic benefits. 
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Chapter 6 Optimal rotation period considering a joint 

production of carbon and timber 

This chapter is based on and modified from an article forthcoming in the journal:  

Hou, G., Delang, C. O., Lu, X., & Olschewski, R. (Forthcoming). Optimizing rotation 

periods of forest plantations: the effects of carbon accounting regimes. Forest Policy 

and Economics (Q1, IF=3.139). 

In Chapter 6, I investigate the optimal rotation period of the forest plantations 

considering different carbon accounting regimes (tCER and lCER). In this chapter, I 

use the data on carbon sequestration that I determined in Chapter 4 and the costs and 

benefits of afforestation project I estimated in Chapter 5 to calculate the optimal 

rotation period of plantations. This chapter builds on the findings of previous chapters 

(Chapter 4 and 5) and is the final part of the research. 

6.1 Introduction 

Forests have high capacity of both producing timber and storing carbon. However, the 

growth rate and the capacity of additional carbon uptake decline as forests grow older 

(Zhu et al., 2019). This characteristic of trees indicates that there is an optimal rotation 

period that maximizes carbon uptake (Zhou and Gao, 2016). 

Faustmann’s approach developed in 1849 is most influential for estimating the optimal 

rotation period of forests focusing on timber harvest. However, this model does not 

address the additional services forests provide, such as biodiversity conservation 

(Crouzeilles et al., 2016), recreation (Müller et al., 2019), and carbon sequestration 

(Hou et al., 2019b). Hartman’s (1976) research is recognized as the first to estimate the 

optimal rotation period incorporating these additional values. 

During the last two decades, Hartman’s model has been widely applied to account for 

the additional services provided by forests. Zhou and Gao (2016) examined the optimal 

rotation period of Chinese fir (Cunninghamia lanceolata (Lamb.) Hook.) stands in 

Southern China considering both timber and carbon revenues. West et al. (2019) 
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adapted the model and found that including the value of the carbon sequestered by the 

vegetation would justify extending the rotation period of fast-growing plantations. 

Yemshanov et al. (2005) used a modified Hartman model to estimate the price of 

carbon at which reforestation would be an attractive investment. Olschewski and 

Benítez (2010) addressed the issue of optimizing the joint production of timber and 

carbon sequestration and found that including carbon in the analysis doubles the 

rotation period compared to focusing on timber production alone. Lastly, Yu et al. 

(2014) used the model to incorporate carbon revenues into the value of land to calculate 

the optimal rotation period for newly planted trees to maximize social benefits. In 

conclusion, recent research suggests that the optimal rotation period is postponed when 

the value of the carbon sequestration services is factored into modeling. 

Due to the huge potential of forests to store carbon, there have been international 

endeavors to raise financial funding for reforestation or forest conservation efforts 

through schemes, such as the Clean Development Mechanism (CDM) and Reduced 

Emissions from Deforestation and Degradation (REDD+). Since the Bali Action Plan 

was adopted by the Conference of Parties in 2007 (COP13), REDD+ has evolved as a 

performance-based payment mechanism to sequester and store carbon in forests 

(Pandit, 2018). In both schemes, forest owners can get payments based on the amount 

of carbon sequestered (West et al., 2018).  

Within the CDM framework, there are two types of carbon credits for non-permanent 

carbon sequestration: temporary certified emission reduction (tCER) and long-term 

certified emission reduction (lCER), each representing one ton of carbon dioxide 

equivalent (tCO2e) (UNFCCC, 2013). The amount of carbon sequestered by the forest 

is verified at least once every 5 years, for both tCERs and lCERs. While the verification 

could also take place annually (up to the proponent to decide), this study chooses a 

verification period of every five year since it reduces the transaction costs compared to 

a frequent annual verification. In the case of tCER, the first credits are generated 5 

years after commencement of the project, for the carbon that was sequestered in the 

forest from year 0 to year 5. These credits expire at the end of the commitment period 

following the one they were issued (i.e. in year 10). However, in year 10 new tCERs 
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can be issued for the total amount of carbon that is stored in the forest (i.e. the amount 

of carbon that has accumulated from year 0 to year 10). In year 15 these credits in turn 

expire, and can be reissued again for another 5 years for the total amount of carbon 

stored in the forest during the last 15 years. As long as the forest is not harvested, the 

same process can continue for a maximum of 30 years (Figure 6.1a). 

As an alternative, lCER forest credits can be used. lCERs may be issued for either 20 

years (renewable twice, for a total length of 60 years), or 30 years (non-renewable). In 

our paper we use the case of non-renewable lCERs that expire after 30 years. As with 

tCERs, the amount of carbon sequestered is verified every 5 years (in year 5, 10, 15, 

20 and 25). However, while tCERs expire every 5 years and new tCERs are issued for 

the total amount of carbon stored in forests, since lCERs do not expire, credits are only 

issued for the additional carbon since the previous verification. For example, the first 

verification will take place 5 years after the trees are planted. The second verification 

will take place in year 10, and the farmers receive credits for the additional carbon 

stored in the forest from year 5 to year 10. The third verification takes place in year 15, 

and the farmer receives credits for the additional carbon that was stored from year 10 

to year 15, and so on until year 25. Since the CERs issued in year 25 have a lifetime of 

another 5 years (farmers have to keep these credits valid during year 25 to year 30), 

there is no credits issued for the carbon sequestered from year 25 to year 30 for the 

single fixed crediting period of 30 years. 

To summarize, there are two important differences between tCERs and lCERs. First, 

while tCERs expire at the end of the commitment period following the one in which 

they were issued (i.e. every 5 years), lCERs expire at the end of a project crediting 

period, provided that the carbon stocks are still in place (i.e. 20 years renewable twice, 

for a total of 60 years, or 30 years non-renewable). Second, the amount of tCERs issued 

every 5 years equals to the total amount of CO2e stored in the soil and tree biomass that 

has accumulated since the first tCERs were issued (Figure 6.1a). On the other hand, the 

amount of lCERs issued every 5 years corresponds to the additional amount of carbon 

sequestered since the last verification (Figure 6.1b). 
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Figure 6.1 Carbon offset accounting systems for afforestation projects. Grey arrows 

represent the number of offsets (in t CO2) issued through time; blank arrows represent 

the lifetime of these CERs. 

These different types of accounting procedures can affect the amount of CERs ascribed 

to afforestation projects and the price of each CER, and therefore the carbon payment 

to landowners. Olschewski and Benítez (2010) determined the optimal rotation period 

of a fast-growing species considering tCER accounting and found that the joint 

production of timber and carbon can double the optimal rotation period compared to 

timber production only. Galinato and Uchida (2011) further examined the effect of 

tCERs on the landowner’s harvesting decisions, land use allocation, and carbon supply 

in forest plantations, and found that rotation periods and carbon credit supply increase 

slightly when revenues from carbon sequestration are included. Galinato et al. (2011) 

were the first to investigate the effect of lCERs on rotation intervals and carbon credit 

supplied to forestry projects. However, their study applied the same price to lCERs and 

tCERs, constant for different crediting periods, while the certificates issued under 

different accounting regimes expire at different times, and it could be expected that 

since lCERs expire later, their price would be higher (Olschewski & Benitez, 2005). 

To optimize forest management decisions with regard to the accounting system to be 

implemented, it is necessary to comprehensively compare the carbon accounting rules 

and their impact on the optimal rotation period. 
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The first commitment period defined by the Kyoto Protocol is from 2008 to 2012, the 

second commitment period comes to an end in 2020. The expiration of CERs is 

dependent on the year they are issued, and the respective commitment period defined 

by the international CDM rules. However, the second commitment period comes to an 

end this year, it is not clear how the following commitment periods will be defined. 

Researchers tend to study the voluntary climate policy targeting forest management. 

For example, Juutinen et al. (2018) assume landowners are allowed to produce short-

term carbon credits with a commitment period of one year and sell them in the carbon 

market. Djanibekov et al. (2012) assume that the agreements on the crediting period 

can be negotiated between buyers and sellers. 

This study aims to determine and compare the influence of tCER and lCER carbon 

accounting on the optimal rotation period of plantations, using China as a case study. 

China has undertaken large afforestation programs in most provinces during the last 

three decades. In particular, in 1999 China introduced the Grain for Green (GfG), the 

largest reforestation program in the world, which pays farmers to reforest their 

marginal farmland (Delang and Yuan, 2016). However, farmers’ payments come from 

the government, and therefore are limited in both time and space. If there are additional 

sources of funding, more farmers can participate in afforestation, and can possibly 

receive funding for a longer period of time. Carbon sequestration by forests could also 

be incorporated into China’s planned nation-scale Emission Trading Scheme (ETS) 

(Zhou and Gao, 2016; Gu et al., 2019). This emission trading market would likely 

generate considerable funds to support reforestation.  

China has established its own crediting system for national projects and has its own 

Chinese CERs (CCERs) and is exploring a way to involve afforestation projects into 

the carbon market (Zhou et al., 2017). In the case of China’s emission trading system 

(ETS), projects are registered under Chinese rules and therefore do not depend on 

future CDM registration or issuance. Carbon forests in China were initially developed 

within the CDM. Since 2013, no new CDM forest project has been implemented in 

China, while the number of carbon forest projects validated in China’s Voluntary 

Emission Reductions (VER) shows a sharply increasing trend (Zhou et al., 2017). 
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There is no so-called commitment period defined in China’s Voluntary Emission 

Reductions. The Technical Provisions of Afforestation for Carbon Sequestration (SFA, 

2013) only defined the crediting period which shall start and end at the same time as 

the project duration and the length of crediting period is between 20 years and 60 years. 

SFA (2013) also requests that the thinning and harvesting should be avoided one year 

before or after the verification time. To simplify the calculation, the lifetime of tCERs 

is assumed to be consistent with the verification and certification period, which is 

usually 5 years. 

An important precondition for calculating the optimum rotation is the availability of (a) 

reliable biomass and growth models for the tree species in question, and (b) 

representative market data. While timber harvesting costs and revenues can be derived 

from local market prices, the prices of carbon certificates are determined by 

international markets. It is assumed that China’s ETS would be linked to the 

international markets and use the same system of tCER and lCER. This study addresses 

three research questions: (i) How does the value of the carbon sequestered by forests 

affect the optimal rotation period? (ii) How do different carbon accounting methods 

(tCER and lCER) affect the optimal rotation period across different tree species and 

regions? (iii) How do changes in carbon prices and discount rates influence the optimal 

rotation period of different plant species? Since there is no need of carbon revenue for 

afforestation with economic trees, this study only considers ecological tree species (see 

Chapter 5). 

6.2 Data and Methods 

6.2.1 Data source 

Since this study used the same data source as the cost and benefit analysis of 

afforestation project, please refer to Chapter 2 for detailed elaboration of data source. 

6.2.2 Calculation of the optimal rotation periods 

Forests are considered to provide commercial timber and sequester carbon in a joint 

process. In addition, forest management is assumed to strive to maximize the net 
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present value of this joint production over an infinite planning horizon. The rotation 

age that maximizes the net present value is called the Hartman rotation (Hartman, 1976). 

In this case, an afforestation project generates a growing stock of timber and 

simultaneously provides an environmental service, namely the sequestration of 

atmospheric carbon resulting in a growing carbon stock in biomass. The rotation model 

of Faustmann (1849) calculates the net present value of timber λ with P representing 

timber stumpage price, V timber volume, T rotation age, Co planting costs, and i 

discount rate (Equation (6.1)) (Olschewski and Benitez, 2010): 

 
𝜆(𝑇) =

𝑃𝑉(𝑇)𝑒−𝑖𝑇 − 𝐶𝑜

1 − 𝑒−𝑖𝑇
 

(6.1) 

According to UNFCCC (2013) rules, after the initial verification and certification of 

carbon stocks in the project boundary, verification and certification must be carried out 

regularly (usually every five years) until the end of the project activity. The year chosen 

for the first verification may have a significant impact on carbon revenues and the 

optimal rotation period of plantations (Galinato and Uchida 2010, 2011 and Galinato 

et al., 2011). The first verification can take place in any of the first five years, and 

should not be one year before or after thinning and harvesting (SFA, 2013). In this 

study, to simplify the calculation, the first verification was chosen in year 5 for both 

tCERs and lCERs. A project duration of 30 years was chosen because tree growth rates 

and SOC sequestration rates would decline afterwards. Since all tCERs have a validity 

of five years, their price will be the same regardless when they are issued. Therefore, 

the present value of tCER (PVtCER) is determined as Equation (6.2) (Olschewski and 

Benitez, 2005): 

 
𝑃𝑉𝑡𝐶𝐸𝑅 =

𝑝5𝐶5

(1 + 𝑖)5
+

𝑝5𝐶10

(1 + 𝑖)10
+ ⋯ +

𝑝5𝐶25

(1 + 𝑖)25
 

(6.2) 

where p5 is the price for a tCER unit, Ct is the net CO2 stored in the forest (in tons) at 

time t (t = 5, 10, …, and 25), and i is the discount rate. Carbon in harvested timber is 

not considered. 

Unlike tCERs, the lifetime or validity of lCERs differs according to the year they are 

issued. After verification (every 5 years), lCERs are issued for the additional carbon 
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that is sequestered from one commitment period to the next. During a fixed 30-year 

crediting period, the lifetime of lCERs verified in different years varies. lCERs issued 

in year 5 would be valid for the next 25 years, lCERs issued in year 10 would be valid 

for the next 20 years, and so on, until those issued in year 25 only have a lifetime of 5 

years. The price for a 5-year lCER is the same as the price of a tCER (15 USD), because 

they share the same 5-year lifetime. However, prices of certificates with a longer 

lifetime would be higher. While they receive a price p5 for a 5-year certificate, the 

minimum price for a 10-year certificate would be the price of a 5-year certificate sold 

today plus the price of a 5-year certificate sold after the 5-year certificate has expired, 

i.e. p10 = p5 + p5/(1+i)^5, where i is the discount rate. Therefore, the price for lCERs 

changes with the lifetime of these credits (Olschewski and Benitez, 2005).  

To estimate the prices of lCERs expiring at different times (e.g., t1 = 5, t2 = 10, t1 + t2 

= 15), Equation (6.3) is used: 

 
𝑝𝑙𝐶𝐸𝑅𝑡1+𝑡2 = 𝑝𝑙𝐶𝐸𝑅𝑡2 +

𝑝𝑙𝐶𝐸𝑅𝑡1

(1 + 𝑖)𝑡2
 

(6.3) 

where plCERt is the price for one lCER with a lifetime of t. 

Therefore, the present value of lCER (PVlCER) is: 

 
𝑃𝑉𝑙𝐶𝐸𝑅 =

𝑝𝑙𝐶𝐸𝑅25(𝐶5)

(1 + 𝑖)5
+

𝑝𝑙𝐶𝐸𝑅20(𝐶10 − 𝐶5)

(1 + 𝑖)10
+ ⋯ +

𝑝𝑙𝐶𝐸𝑅5(𝐶25 − 𝐶20)

(1 + 𝑖)25
 

(6.4) 

Equation (6.5) presents the combined net present value (NPVH) of timber λ and 

carbon sequestration ψ, where the monetary flow generated by the environmental 

service (carbon sequestration) is given by γ (Olschewski and Benitez, 2010): 

 𝑁𝑃𝑉𝐻 = 𝜆(𝑇) + 𝜓(𝑇)  (6.5) 

 
𝑚𝑎𝑥

𝑇
{𝜆(𝑇) + 𝜓(𝑇)} , 𝑁𝑃𝑉𝐻

′(𝑇) = 0

𝑃𝑉′(𝑇) + 𝛾(𝑇) = 𝑖[𝑃𝑉(𝑇) + 𝑁𝑃𝑉𝐻]
 (6.6) 
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The condition for the optimal rotation T is given in Equation (6.6), where the 

opportunity costs of postponing the harvest (right side) equal the additional benefits of 

this delay (left side). 

6.3 Results and Discussion 

6.3.1 Total carbon sequestration 

Figure 6.2 shows the total carbon sequestered by tree biomass and soil after 

afforestation for the three species considered. Eucalyptus has the highest growth rate 

and carbon sequestration. Chinese fir has a regular increase in carbon sequestration, 

similar to that of Eucalyptus, though on a much lower level. On the other hand, Poplar 

shows considerable regional variation, sequestering more carbon in the E, S, and SW 

regions. The accumulation in these regions peaks at year 20, and drops subsequently. 

In contrast, in the N, NE, and NW regions, carbon sequestration of Poplar peaks at year 

28, while remaining lower than in the E, S, and SW throughout the period under 

consideration. 

 

Figure 6.2 Total carbon sequestered by tree biomass and soil carbon after afforestation. 
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Notes: C, E, N, NE, NW, S, and SW stand for China, and the eastern, northern, 

northeastern, northwestern, southern, and southwestern region, respectively. 

6.3.2 Differences between tCER and lCER accounting 

An initial price of USD 15 per ton of CO2 is assumed, which corresponds to the 

expected average carbon price in China’s national carbon market in 2025 (Slater et al., 

2018). Section 3.4 discusses the extent to which the optimal rotation period changes, 

with CER prices ranging from USD 0 to 30. The prices of tCERs is assumed to be 

constant during the project duration. The prices of lCERs for different project durations 

can be estimated using Equation (6.3). The prices of lCER units are between USD 52.6 

for credits issued in year 5 and with a lifetime of 25 years, and USD 15 for those issued 

in year 25 with a lifetime of 5 years (Table 6.1). The price of lCERs issued in year 25 

is the same as the price of tCERs, since they both expire after 5 years (Olschewski et 

al., 2005).  

Table 6.1 Carbon price and CER generated (tree biomass and soils) of different afforestation alternatives under 

two carbon accounting systems. 

  
Duration (years) Total 

    5.0  10.0  15.0  20.0  25.0    

Carbon price ptCER (USD tCER-1) 15.0  15.0  15.0  15.0  15.0  
 

plCER (USD lCER-1) 52.6  45.8  37.5  27.3  15.0  
 

Eucalyptus (C) tCER (t ha-1) 183 401 628 785 994 2991 

lCER (t ha-1) 183 218 227 157 209 994 

Chinese fir (E, N, 

NE) 

tCER (t ha-1) 112 182 278 401 688 1661 

lCER (t ha-1) 112 70.4 96 123 287 688 

Chinese fir (NW, 

S, SW) 

tCER (t ha-1) 114 214 290 358 580 1556 

lCER (t ha-1) 114 100 76 67.3 222 580 

Poplar (E, S, SW) tCER (t ha-1) 143 382 495 518 522 2061 

lCER (t ha-1) 143 239 113 23.5 3.67 522 

Poplar (N, NE, 

NW) 

tCER (t ha-1) 29.3 77.2 178 273 325 883 

lCER (t ha-1) 29.3 47.9 101 94.8 52.5 325 

Note: C, E, N, NE, NW, S, and SW stand for China, and the eastern, northern, 

northeastern, northwestern, southern, and southwestern region, respectively. (Discount 

rate = 4%) 
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Table 6.1 shows the prices of tCER and lCER for afforestation projects with the 

respective expiring times (from 5 to 25 years). tCER accounts for the continuous carbon 

sequestration by trees and soils during the whole commitment period, while lCER 

represents the carbon accumulated between the respective verification periods (5 years). 

In the case of tCER issued for Eucalyptus, for example, during the first 5 years of 

growth, the accumulated CO2 storage is 183 tCO2 ha-1, for which landowners can obtain 

tCERs in year 5. In year 10, the tCERs of the first commitment period expire but can 

be verified and certified again with the carbon sequestered from year 5 to year 10 if no 

harvest takes place. Therefore, in addition to the 183 tCER sequestered during the first 

commitment period (year 0 to 5), another 218 tCER can be verified and certified from 

year 5 to 10, resulting in a total of 401 tCER over 10 years. In year 15, an additional 

227 tCER can be issued (for the period from year 10 to 15), resulting in a total 628 

tCER over 15 years, and so on. 

In the case of lCER, the 183 tCO2 ha-1 carbon removals verified and certified in year 5 

would be valid for the next 25 years. lCERs cannot be verified and certified again with 

the carbon sequestered during the previous verification, and only the additional 218 

lCER can be issued in year 10, with a lifetime of 20 years (Table 6.1). In year 15, only 

the additional 227 lCER can be issued and it will not expire until year 30, and so on. 

The amount of lCER generated by afforestation depends on the soil organic carbon 

sequestration rate and the growth rate of the plantation. Fast-growing trees usually 

grow quickly during the first years (20 years in the case of Eucalyptus), and 

subsequently the growth rate slows down. Therefore, the lCERs generated by 

Eucalyptus continue to increase until year 20. On the other hand, the growth rate of 

tree biomass of slow-growing trees is lower but can continue at a high level for a longer 

period. As a result, Chinese fir (E, N, NE) can generate smaller amounts of lCER than 

Eucalyptus during the same period of time, but it continues to increase for a longer 

duration. There is a drop in year 10, most likely due to the variations of soil organic 

carbon storage. Since the lCER accounts for the additional carbon sequestration 

between the two verification stages, the total number of lCERs issued is always lower 

than the number of tCERs issued. For example, in the case of Eucalyptus plantation, 

during a crediting period of 30 years, landowners would be able to issue 994 lCER, 
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compared to 2991 tCER (Table 6.1). Note that the effects of additionality, permanence, 

performance-based payments, and credit retirement on the generation of CER are not 

fully considered, which may result in the inflation of CERs.  

Regional differences play a significant role in the CER generated by Poplar (Table 6.1). 

In the warmer and more humid E, S, and SW of China, Poplar grows quickly, which 

results in the generation of 2061 t ha-1 tCERs in total over 25 years. In northern regions 

with a cooler and drier climate, it grows more slowly, generating only 883 t ha-1 tCERs 

over the same period (Table 6.1). Chinese fir is relatively slow growing and is less 

influenced by climatic conditions. For this reason, there is less difference in the tCER 

generated between the E, N, and NE (1661 t ha-1 over 25 years) and the NW, S, and 

SW (1556 t ha-1 over 25 years). 

Figure 6.3 shows the present value of CERs for different afforestation alternatives 

under the two carbon accounting methods, discounted at an annual rate of 4%. In the 

case of tCER (Figure 6.3a), the present value increases throughout the 25 years under 

consideration, except for Poplar (E, S, SW), which achieves its greatest rate of carbon 

sequestration (hence the highest value of tCER) in year 15. In the case of lCER (Figure 

6.3b), the present value declines in older stands, although with some fluctuations for 

Chinese fir (E, N, NE) and Poplar (N, NE, NW). This is because i) the rate of carbon 

sequestration decreases in older stands, ii) the price of the respective lCER is reduced, 

and iii) the amount of carbon sequestered increases by less than the chosen discount 

rate. 
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Figure 6.3 Present value of CER revenues for different afforestation alternatives under 

two carbon accounting regimes. 

Note: C, E, N, NE, NW, S, and SW stand for China, and the eastern, northern, 

northeastern, northwestern, southern, and southwestern regions, respectively. (Basic 

price = 15 USD per ton of CO2. Discount rate = 4%) 
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Galinato et al. (2011) found that both lCERs and tCERs have similar impacts on 

harvesting incentives, which is inconsistent with our results. These discrepancies are 

likely due to the fact that they ignored the different prices per lCER caused by the 

changing expiring time of the credits. The price for lCER is higher for longer expiring 

times; it is only when the lCER and tCER last for five years that the price is the same. 

Aside from pricing difference, the reasons for differences between Galinato et al. 

(2011)’s and our results may also be due to either i) the model we use does not allow 

for initial verification period to be chosen optimally or ii) we do not consider the 

replanting scenario where 3 rotations of 20-year renewable periods are used. 

6.3.3 Optimal rotation periods under different carbon accounting regimes 

Figure 6.4 compares the optimal rotation period for timber values only (TVO) as well 

as for tCER and lCER accounting. The figure shows that, for TVO, the optimal rotation 

period will range from 5 years for Eucalyptus plantations to 17 years for Chinese fir 

plantations (Figure 6.4). The differences between TVO, lCER, and tCER depend on 

the temporal change of the trees’ growth rate (and associated carbon sequestration rate) 

and the timber price of the different species. If the price of timber is low, the influence 

of carbon value on the optimal rotation period is correspondingly higher. Eucalyptus is 

fast-growing, particularly during its first years, but prices for timber at this age are low, 

so its optimal harvesting period is short. In contrast, Chinese fir is a slow-growing 

species with a higher timber price, so its optimal rotation period is the longest among 

the three species studied. The growth rate and timber price of Poplar is between these 

two, with a TVO optimal harvesting age of 13 years.  

Results indicate that, to maximize benefits, it is preferable to apply tCER accounting 

to plantations with a slow growth rate, whereas lCER is more suitable for fast growing 

species. For example, using tCER accounting for Eucalyptus increases the rotation 

period by 20% compared to TVO. Because of the small number of years left to grow, 

the difference between TVO and tCER is small. However, using lCER accounting 

lengthens the rotation period by 60% (Figure 6.4). This is because the present value of 

lCER is two to three times higher than tCER (Figure 6.3) in the first 5-8 years, which 

has a greater influence on the optimal rotation period. On the other hand, Chinese fir is 
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slow growing; after year 17, the present value of carbon credits under tCER accounting 

is higher than that under lCER accounting. Therefore, using tCER accounting lengthens 

the rotation period by 16% compared to using lCER accounting. 

The greater the amount of carbon sequestered by the trees, the greater the influence of 

carbon sequestration on the optimal rotation period. Hence, results also show that the 

smaller amount of carbon sequestered by Poplar plantation results in a small difference 

in terms of optimal rotation period between TVO, tCER and lCER, especially in N, NE, 

and NW regions. West et al. (2019) also found that trees planted on sites with higher 

site indices (sites with good soil quality, humid climate etc.) sequester more carbon, 

which could justify a longer rotation period. 

Figure 6.4 Optimal rotation period for different plantation species with varying carbon 

accounting methods. 

Note: TVO = timber value only, tCER = temporary carbon credits, lCER = long-term 

carbon credits. C, E, N, NE, NW, S, and SW stand for China, and the eastern, northern, 

northeastern, northwestern, southern, and southwestern region, respectively. (Basic 

price = 15 USD per ton of CO2. Discount rate = 4%). 
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6.3.4 Impact of changes in carbon prices on rotation period 

In the sections above, a basic CER price of USD 15 is assumed. Considering the 

uncertain development of carbon market and the effects of different CER prices on the 

optimal rotation period, it is essential to explore the changes in optimal rotation period 

using different CER prices. Figure 6.5a and b show the optimal rotation period with 

different carbon prices for different plantation species under tCER accounting and 

lCER accounting, respectively. As expected, when the price of carbon is low, the price 

of timber plays a major role in determining the optimal rotation period (Zhou and Gao, 

2016). When the price of carbon is increased to 30 USD, the CER revenues play a 

much greater role in determining the optimal rotation period, which becomes 

considerably longer. This is in line with the results of Couture and Reynaud (2011).  

With tCER accounting, slow-growing species with high timber value are the most 

sensitive to carbon price changes (Figure 6.5a). For example, the optimal rotation 

period of Chinese fir almost doubles (from 16 to over 30 years, 30 being the longest 

period considered in this study) when the carbon price increases from USD 0 to USD 

19 in E, N, and NE, and from USD 0 to USD 24 in NS, S, and SW (Figure 6.5a). On 

the other hand, the optimal rotation period for Poplar increases by only 45% in E, S, 

and SW, and 5% in N, NE, and NW when the price of carbon increases from USD 0 to 

USD 30. Poplar grows faster and sequesters more carbon in E, S, and SW regions with 

a warm and humid climate, so a higher carbon price increases the optimal rotation 

period more than in regions with a cooler and drier climate (N, NE, and NW). At a 

carbon price of USD 0 (i.e., ignoring the potential contribution of carbon sequestration 

to the rotation period), the rotation period for Poplar is the same in the two regions. 

However, when the carbon price increases to USD 30, the rotation period in the E, S, 

and SW regions is 40% longer compared to that in N, NE, and NW regions.  

On the other hand, since Eucalyptus is fast growing and harvested early, an increase in 

the price of carbon from USD 0 to 30 increases the length of the rotation period by only 

1 year. Even though Eucalyptus generates the largest carbon pool among the three tree 

species, the value of tCER generated by Eucalyptus is lower than the timber value. 
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Since an increase of carbon price has little impact on the rotation period, unlike for 

Poplar, providing tCER credits offers little incentive to plant Eucalyptus. 

Completely different results are obtained using lCER accounting. For Eucalyptus, 

using lCER accounting, the optimal rotation length increases from 5 years to 12 years 

when the price of carbon increases from USD 0 to USD 30 t-1 (Figure 6.5b). This is 

because i) Eucalyptus grows rapidly and, therefore, sequesters a substantial amount of 

carbon, and ii) as the price of lCER is relatively high, the carbon value significantly 

impacts the optimal rotation period. 
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Figure 6.5 Optimal rotation period varying with the increase of carbon prices under 

two carbon accounting method. 

Note: C, E, N, NE, NW, S, and SW stand for China, and the eastern, northern, 

northeastern, northwestern, southern, and southwestern region, respectively. 

Manley and Maclaren (2012) argue that the difference in rotation length among species 

is largely due to the amount of carbon sequestered. Indeed, this is the reason why the 

optimal rotation period of Poplar increases by just 15.4% (or two years) compared to 

TVO, when assessing the carbon credits under the lCER accounting regime. The 

smaller impact of carbon credits using lCER accounting is due to the small amount of 

carbon sequestered by Poplar. On the other hand, it is necessary to acknowledge 

regional variations: in E, S, and SW, the optimal rotation period for the Poplar is one 

year longer than in the N, NE, and NW, when the carbon price increases to USD 25. 

This is due to the fact that the growth rate of Poplar in N, NE, and NW continues to 

increase until year 15, whereas it starts decreasing after year 10 in E, S, and SW. The 

same holds for Chinese fir. The optimal rotation period of Chinese fir in E, N, and NE 

is extended by two years compared to NW, S, and SW when the carbon price increases 

to USD 30. This is because the growth rate of Chinese fir in E, N, and NE continues to 

increase and is higher than that of Chinese fir in NW, S, and SW after year 15. 

The annual growth of the fast-growing species (e.g. Eucalyptus and Poplar in E, S, and 

SW regions) rapidly increases until 10 to 15 years, and then starts to decline. Zhou and 

Gao (2016) argue the effect of changing carbon price on the optimal rotation period is 

lower for fast-growing species because of the small difference between the rotation 

periods that maximize the present value of carbon sequestration and timber production, 

respectively. The study elaborates on the effects that the carbon accounting methods 

have on the optimal rotation period. The optimal rotation period of fast-growing species 

is longer under lCER accounting than tCER accounting because of i) the large amounts 

of carbon sequestered during the first years; ii) the high price of lCERs issued initially; 

and iii) the low price of timber. For slow-growing species with high timber value, West 

et al. (2019) found that the optimal rotation period is not sensitive to carbon prices 

because of the high opportunity cost of delaying rotations. However, results suggest 
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that tCER accounting can extend the optimal rotation period more than lCER 

accounting, because of the larger amount of carbon stored by these species.  

Comparing the two different carbon accounting regimes, the optimal rotation period is 

more sensitive to carbon prices using tCER accounting than using lCER accounting. 

This is not surprising, since the sensitivity to carbon prices is highly influenced by 

plantation species. Under lCER accounting, the results of fast-growing species are 

more sensitive to changes in carbon prices. Since the present value of lCERs of these 

species is highest in the initial years and drops in later years, the impact of carbon 

revenues on the optimal rotation period is accordingly highest in the initial years. 

Therefore, the optimal rotation period is less sensitive to carbon prices under lCER 

accounting. With tCER accounting, the opposite situation is evident. The optimal 

rotation period of slow-growing species is more sensitive to carbon prices, and the 

present value of tCERs of these species increases in later years. Since there is more 

carbon stored in older stands, the optimal rotation period is longer with tCER 

accounting than with lCER accounting. 

The determination of the optimal rotation period is based on the UNFCCC (2013) rules, 

with verification and certification of CERs carried out every 5 years. Juutinen et al. 

(2018) examined the feasibility of a short-term carbon payment mechanism based on 

annual accounting, payments, and reissuance, and found that a short-term (1 year) 

carbon payment mechanism may be feasible only with high carbon prices because of 

the comparatively higher transaction costs. Similarly, Cacho et al. (2013) argued that 

frequent calculation of carbon sequestration and verification of credits would involve 

prohibitively high transaction costs. This study emphasizes the significance of 

choosing the carbon accounting regime for different types of plantations. For slow-

growing species, using tCER accounting to value the carbon credits incentivizes 

landowners more to participate in the CDM projects than using lCER accounting. On 

the other hand, lCER accounting induce landowners to conduct their afforestation 

projects with fast-growing species.  
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6.3.5 Impact of changes in discount rate on rotation period 

In section 6.3.3, the optimal rotation period of plantations was estimated using a 

discount rate of 4%. This section studies how changes in discount rate affects the 

optimal rotation period for different species and different carbon accounting methods. 

Figure 6.6a plots the changes in optimal rotation period with a discount rate of 2%, 

while Figure 6.6b uses a discount rate of 6%. The figure shows that as the discount rate 

increase, the optimal rotation period shortens and the difference between TVO, lCER 

and tCER decreases, since the present value of future carbon sequestration decreases. 

To maximize profits, landowners are likely to harvest the trees earlier. 
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Figure 6.6 Optimal rotation period under various carbon accounting methods with 

different discount rates. 

Note: TVO = timber value only, tCER = temporary carbon credits, lCER = long-term 

carbon credits. C, E, N, NE, NW, S, and SW stand for China, and the eastern, northern, 

northeastern, northwestern, southern, and southwestern region, respectively. 

The impact of changes in discount rates on the rotation period vary among species and 

depends on the growth rate of trees. The faster the species grow, i.e., the faster they 



 

116 

accumulate carbon, the smaller the increase in optimal rotation period when the 

discount rate decreases. Therefore, as a fast-growing species, Eucalyptus experiences 

small absolute changes of the optimal rotation period with increasing discount rates. 

On the other hand, for Chinese fir as a slow-growing species, the optimal rotation 

period is considerably reduced: using tCER accounting, the optimal rotation period 

shortens from over 30 years (using a discount rate of 2%) to 20 years (using a discount 

rate of 6%).  

Results indicate that the effect of discounting is greater for slow-growing species, 

because the rotation period of these species is always longer than that of fast-growing 

species. The findings are consistent with Diaz-Balteiro and Rodriguez (2006) and Kula 

and Gunalay (2012). This study suggests that, when discount rates are low, slow-

growing trees are more attractive to landowners, while the opposite applies to fast-

growing tree species. 

Figure 6.6 also indicates that tCER accounting is more sensitive to discount rate 

changes than lCER accounting. For example, when the discount rate drops from 6 to 

2%, the optimal rotation period of Chinese fir (E, N, and NE) lengthens by over 10 

years with tCER accounting compared with an additional three years under lCER 

accounting. This is because the present value of lCER in later years is lower, which 

reduces the effects of discount rate changes. Conversely, the present value of tCER in 

later years increases, which is highly influenced by changing discount rates. 

6.4 Limitations 

This study compares the effects of different carbon accounting regimes (lCER and 

tCER) on the optimal rotation period within one rotation cycle, without considering the 

penalty imposed by the drop in carbon caused by harvesting (Galinato and Uchida 2010, 

2011 and Galinato et al., 2011). There is a penalty if the marginal carbon sequestered 

is lower than the previous verification with an lCER. Some of the tradeoffs under a 

lCER instrument may be missed without considering the case where there is a potential 

to cut and replant while earning the credits. In addition, to simplify the calculation, this 

study assumes that the first verification is in year 5 for both tCERs and lCERs. However, 
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the year chosen for the first verification may have a significant impact on carbon 

revenues and the optimal rotation period of plantations (Galinato and Uchida 2010, 

2011 and Galinato et al., 2011). According to the Technical Provisions of Afforestation 

for Carbon Sequestration, the first verification can take place in any of the first five 

years, and should not be one year before or after thinning and harvesting (SFA, 2013). 

Future studies should address the optimal rotation period considering multiple rotations 

within the crediting period, the possible penalty for harvesting activities, and the 

flexible choice of initial verification. 

6.5 Conclusions 

Forests have huge potential both to generate timber and to store carbon in a joint 

production process. Thus, countries can adopt afforestation projects as a means to 

achieve poverty alleviation and environmental protection goals, particularly in 

reducing atmospheric carbon dioxide.  

This study determines the optimal rotation periods of three ecological tree species—

Eucalyptus, Chinese fir, and Poplar—using data from various Chinese regions. 

Economic trees are not considered here because afforestation with economic does not 

need revenue from carbon sequestration (see Chapter 5). Applying a modified Hartman 

rotation model, results show that the optimal rotation period increases for all species 

when considering the joint production of timber and carbon sequestration. Note that 

this study focuses on the effects of carbon value on the optimal rotation period when 

the forest is standing. The sequestered carbon contained in the harvested timber is not 

considered because harvesting the trees would make the CER disappeared. Results 

indicate that the carbon accounting regime has a significant impact on the optimum 

rotation. For Eucalyptus, using lCER accounting lengthens the rotation period by 60% 

compared to only 20% using tCER accounting. In contrast, for Chinese fir, using tCER 

accounting increases the rotation period by 16% more than using lCER accounting. 

Further, the carbon value has a minimal impact on the optimal rotation period of Poplar 

plantations. 
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This study emphasizes the importance of carbon accounting regimes, not only to 

determine the optimum rotation of different types of plantations, but also to calculate 

their revenue. The present value of lCER revenues is three to four times greater than 

those generated by tCER for the same plantation in the initial 5 to 10 years. In contrast, 

when the project period extends to 30 years, the present value of lCER revenues is at 

least two times lower than the present value of tCERs. Therefore, forest managers have 

an incentive to apply tCER accounting to finance slow-growing plantations and lCER 

for fast-growing trees. 

In addition, landowners as CER suppliers as well as the potential buyers of CERs have 

to consider the advantages and disadvantages of different kinds of CERs. tCERs with 

an expiring time of 5 years only, have the advantage of allowing flexible re-allocation 

of land, which is attractive to landowners. In contrast, lCERs have the advantage of 

providing a long-term solution for buyers to fulfill their CO2 reduction commitments 

(Olschewski et al., 2005). Results further illustrate that the optimal rotation decision is 

sensitive to changes in both carbon prices and discount rates but with different 

sensitivity among plantation species and between carbon accounting regimes. The 

optimal decision of slow-growing species is highly sensitive to the changes of carbon 

price or discount rate under tCER accounting. The optimal rotation period of Chinese 

fir almost doubles (from 16 to over 30 years, 30 being the longest period considered in 

this study) when the carbon price increases from USD 0 to USD 19 in E, N, and NE, 

and from USD 0 to USD 24 in NS, S, and SW. The optimal rotation period shortens 

from over 30 years (using a discount rate of 2%) to 20 years (using a discount rate of 

6%). This may be good news for potential buyers who look for long-term solutions, as 

it is economically attractive for the landowner to keep the forest for carbon 

sequestration and delay the harvesting activities for a longer period. However, the 

optimal decision for fast-growing species is the more sensitive under lCER accounting. 

The optimal rotation period of Eucalyptus increases from 5 years to 12 years when the 

price of carbon increases from USD 0 to USD 30. Interestingly, it experiences only a 

one-year extension of the optimal rotation period when the discount rate is reduced 

from 6% to 2%. Although the results show that lCER accounting is beneficial with 

respect to the economic and ecological impact of the fast-growing plantations, the 
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lower flexibility of the lCER regime may reduce its feasibility in practice (Galinato et 

al., 2011).  

This study demonstrates that the optimal rotation decision for afforestation projects is 

strongly context dependent and varies substantially among different tree types and 

regions because these factors can significantly influence the growth rate and carbon 

stock of plantations. The findings can contribute to the sustainable and efficient 

management of carbon sequestration projects. The methodology can also be applied to 

other regions in the world. 
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Chapter 7 Conclusions 

7.1 Main findings 

Chinese afforestation projects have made a substantial contribution to national CO2 

sequestration and play an important role in international climate change mitigation (Lu 

et al., 2018; Bastin et al., 2019). This doctoral thesis assesses the carbon sequestration 

by tree biomass and soils, and its economic value, considering different tree types and 

temporal variations. This study investigates whether and to what extent carbon-

financed subsidies are needed to compensate farmers to replant trees and the optimal 

rotation period for the plantations. The results also provide policy recommendations on 

forest management, both for greater carbon sequestration and to maximise economic 

benefits. To this end, several research questions have been raised in the first chapter, 

as listed below. 

1) What is the amount of carbon sequestered by afforestation, both in the tree biomass 

and soils, for different tree types? How do tree age, previous land uses, climatic 

conditions, and soil depths, affect the amount of carbon sequestered? 

2) What is the opportunity cost of the agricultural land retired through afforestation, 

and the net incomes that the farmers can earn from afforestation, in terms of tree 

products and timber? 

3) Is the value of the carbon sequestered by afforestation sufficient to compensate 

farmers if they need financial support to afforest? 

4) What is the optimal rotation period for the planted trees, considering the rate of 

growth of trees, and the value of the carbon sequestered in tree biomass and soils? 

The first part of this study (Chapter 3 and 4) investigates the changes in SOC stock 

after afforestation and the influence of tree type by using a new stratification of tree 

types (deciduous broadleaf, evergreen broadleaf and evergreen conifer). A dataset 

which synthesized 544 secondary data from 261 sites in 90 papers, and first-hand data 

including 337 soil samples from 82 sites was used to test the main effects of tree type 

and its interaction with stand age on SOC sequestration potential after afforestation. 
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Overall, deciduous broadleaf shows the most stable accumulation of SOC stock after 

afforestation among tree types, while evergreen conifer has the weakest SOC 

sequestration capacity. Evergreen broadleaf sequesters more SOC after 20 years 

following afforestation. 

Results show that total carbon sequestration by tree biomass and soil carbon following 

afforestation differs among tree species and stand age as well as across regions. 

Economic trees sequester less carbon than ecological trees and bamboo. Among 

economic trees, nut trees sequester more carbon than fruit trees. The regional context 

significantly influences the carbon sequestration potential with more carbon 

sequestered in southern and eastern regions than in northern regions. Bamboo also 

shows a remarkable carbon sequestration potential, which is even greater than Chinese 

fir and Poplar in northern regions. 

Afforestation programs have huge potential to store carbon, thereby contributing to 

mitigate climate change. However, the acceptance by landowners crucially depends on 

their economic outcome. The second part of this study (Chapter 5) (i) assesses the 

carbon sequestration potential of afforestation projects in various Chinese regions by 

comparing different tree species, project durations and regional particularities, (ii) 

analyzes tree species used for timber and fruit production as well as bamboo, and (iii) 

compares them with alternative crops under different climatic and economic conditions. 

Finally, the minimum compensation required by farmers to convert cropland to forests 

is calculated assuming a joint production of timber or fruits and carbon sequestration. 

No compensation is needed when cropland with relatively low revenues is to be 

converted. In contrast, there is a need for considerable compensation to convert land 

used for cash crops that generate high incomes, such as sugarcane. 

The situation is different for economic trees, ecological trees, and bamboo. i) For 

economic trees, the amount of carbon sequestered is low, but since selling tree products 

(fruits and nuts) is profitable, in most cases there is no need for compensation. ii) For 

ecological trees, carbon credits can often compensate the opportunity costs of 

alternative land uses, except for afforestation on highly attractive cropland. iii) Bamboo 
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shows a high carbon sequestration potential and can become economically attractive 

by including carbon revenues. 

The minimum price per carbon credit to compensate the net costs decreases with 

increasing project duration because the amount of carbon stored per hectare increases 

with time. However, this does not hold for fast-growing trees like Eucalyptus, for which 

the minimum price increases with extended project duration. Overall, the economic 

attractiveness of afforestation projects is highly context dependent and varies across 

regions. 

The third part of this study (Chapter 6) determines the optimal rotation periods of 

afforestation projects with three different tree species (Chinese fir, Eucalyptus, and 

Poplar) in various Chinese regions. Applying a modified Hartman rotation model, 

results show that the optimal rotation period increases for all examined species, when 

considering the joint production of timber and carbon sequestration as compared to 

only timber. However, they also indicate that carbon accounting regimes have a 

significant impact on the optimal rotation period, as well as on the revenue calculations. 

The present value of lCER revenues is three to four times higher than those generated 

by tCER for the same plantation in the initial 5 to 10 years. In contrast, when the project 

period extends to 30 years, the present value of lCER revenues is at least two times 

lower than the present value of tCERs. Therefore, forest managers have an incentive to 

apply tCER accounting to finance slow-growing plantations, and lCER accounting for 

fast-growing ones. I performed a sensitivity analysis with respect to changes in 

discount rates and carbon prices. While the optimal decision for slow-growing species 

(e.g. Chinese fir) is highly sensitive to changes in both variables under tCER 

accounting, the results concerning fast-growing species (e.g. Eucalyptus) are most 

sensitive under the lCER accounting regime. In contrast, carbon revenues have a 

minimal impact on the optimal rotation of Poplar plantations, no matter which regime 

is applied. 
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7.2 Contributions to knowledge 

A quantitative analysis of carbon sequestration and its economic value are crucial to 

better understand the potential of forest carbon sequestration and improve forest 

management (Chu et al., 2019). However, to date few studies have comprehensively 

assessed the carbon sequestration by tree biomass and soil, and the economic value of 

afforestation, considering different tree types and temporal variations (Chu et al., 2019; 

Xia et al., 2020; Xian et al., 2020). This research contributes to knowledge from the 

following four aspects: 

1) To better understand SOC changes after afforestation, I propose a classification of 

tree species into deciduous broadleaf, evergreen broadleaf, deciduous conifer, and 

evergreen conifer. There is less variation in the SOC sequestration rates of tree 

types if they are grouped as such, instead of evergreen and deciduous, or broadleaf 

and coniferous. Planting evergreen broadleaf species would support the 

development of SOC and so support C sequestration and soil restoration. The 

proposed classification contributes to a better estimation of the changes in SOC 

stocks and rate of SOC sequestration of various tree species when direct 

measurements are not available. 

2) Although many studies have documented the carbon sequestration potential of the 

forest ecosystems, there is little understanding of the change in carbon stock 

following afforestation with various tree types (Zhou et al., 2019). After grouping 

the tree species into deciduous broadleaf, evergreen broadleaf and evergreen 

conifer, I found that temperature and precipitation play a minimal role in 

determining SOC stock changes, while stand age and initial soil carbon stock play 

a major role. The study contributes to a better understanding of the mechanism of 

carbon stock changes driven by afforestation.  

3) This study assesses the costs and benefits of afforestation projects at the household 

level by fully accounting for the value of carbon sequestration (tree biomass and 

deeper soil depth) and considering different tree species and project durations, 

which were often overlooked by previous studies. It examines the feasibility of 
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carbon credits in compensating the opportunity costs of farmers’ retired farmland. 

The research concludes that the economic attractiveness of afforestation projects is 

strongly context-dependent and varies substantially across regions. The findings 

can contribute to the design of cost-effective carbon sequestration projects. The 

methodology can be applied to other regions in the world. 

4) To optimize forest management decisions regarding the accounting system to be 

implemented, it is necessary to comprehensively compare the carbon accounting 

rules and their impact on the optimal rotation period. To my knowledge, this study 

is the first study to compare the impacts of tCER and lCER carbon accounting 

regimes on the optimal rotation period, considering different tree types (slow-

growing and fast-growing plantations). The study shows that carbon accounting 

regimes have a significant impact on the calculations of revenue from afforestation, 

which is likely to affect the optimal rotation period of plantations. The growth rate 

of plantations is an important factor which landowner should consider while 

choosing the carbon accounting regimes for their plantations. 

7.3 Policy recommendations 

Forests, like all other ecosystems, provide ecosystem services (e.g. carbon 

sequestration, oxygen production, biodiversity protection, water conservation, and soil 

retention). Payments for Ecosystem Services (PES) arose as an innovative economic 

intervention to deal with the tradeoffs between nature conservation and environmental 

governance (Wunder et al., 2018). Over the past two decades, markets and funding 

mechanisms for climate mitigation have emerged all over the globe. Forest and land-

use carbon market (e.g. afforestation/reforestation), has received the greatest attention 

of any PES sector (Salzman et al., 2018). Afforestation has been widely recognized as 

a cost-effective method to mitigate climate change. However, a lack of payments for 

forest carbon sequestration makes afforestation and forest protection economically less 

attractive (Thomas et al., 2010; Moen et al., 2014; Chesney et al., 2017; Juutinen et al., 

2018). 
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In China, there are many government-financed ecological restoration programs 

(Ouyang et al., 2016; Lu et al., 2018). However, ecological restoration programs 

require not only strong legal governance capacity but also very large investments 

(Ouyang et al., 2016; Salzman et al., 2018). Such investments are finite in time, which 

raises questions about the livelihoods of farmers and the fate of the planted trees, after 

the investments end. Furthermore, although the central government provides subsidies 

to local governments, local governments still need to pay other expenses (e.g. 

monitoring and grain transportation) which results in important financial burdens for 

many local governments (Liu et al., 2008). These projects would benefit from more 

diversified sources of funding (Liu et al., 2008). The government could strengthen the 

role of market-based mechanism, in this case the carbon market. This doctoral thesis 

contributes to the timely issue of alternative funding sources for afforestation projects. 

The policy recommendations from this dissertation are as follows: 

1) In the case of China, carbon-subsidized afforestation can be economically attractive 

for farmers, especially on land farmed with crops that has low revenues (e.g. land 

that supports one harvest of wheat or corn a year, and land that supports two 

harvests of rice a year). On the other hand, it is not profitable to reforest highly 

productive cropland or cropland planted with very profitable commercial crops (e.g. 

sugarcane). Agroforestry can be considered on such land to sustain the soil quality 

and increase the carbon sink (Wise and Cacho, 2011). 

2) China has undertaken large afforestation programs in most provinces since 1999. 

Since 1998, logging has been severely restricted in China, especially in the areas 

with afforestation projects. This makes economic trees more popular than 

ecological trees for farmers. However, results show economic trees contribute less 

to carbon sequestration than ecological trees and bamboo, especially in the northern 

regions. To increase the incentives of replanting ecological trees and bamboo, 

selling the carbon credits generated through afforestation can be an option. Note 

that bamboo afforestation could sequester substantial carbon and is even more 

profitable than several ecological trees (e.g. Eucalyptus and Poplar) when it is 

subsidized by carbon. 
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3) This research theoretically elaborates that if logging is not forbidden and farmers 

can earn carbon credits from replanting trees, more farmers would be willing to 

plant trees on their land. Apart from farmers, there are many forest companies 

planting trees for the commercial production of timber. It would be good if these 

companies had the opportunity to produce jointly timber and carbon credits to 

maximize the profit and at the same time contribute to climate change mitigation. 

The revenue from carbon is higher than the revenue from the sale of the timber, for 

plantations with a relatively slower rate of growth but greater carbon sequestration 

capacity (e.g. Chinese fir). For faster-growing species (e.g. Eucalyptus and Poplar), 

the carbon revenue also accounts for 25% to 50% of the timber revenue. 

Furthermore, knowledge of the optimal rotation periods considering a joint 

production of timber and carbon is useful to revise the current standards of forest 

harvesting period provided by the state forestry bureau, which only focuses on 

timber production. 

4) As mentioned above (section 7.1), this research examines the effects of tCER and 

lCER accounting on the optimal rotation period of forest plantations. This is 

important for the landowners who register their afforestation efforts under the 

international CDM rules. In this case, landowners can think about applying tCER 

accounting for slow-growing plantations, and lCER for fast-growing ones, since 

the lCER revenues are higher than tCER revenues in the initial 5 to 10 years, while 

tCER revenues are higher in later years. This way, greater amount of carbon can be 

sequestered, while the incomes of landowners can be improved. 

To conclude, carbon-subsidized afforestation is a feasible way to offset the opportunity 

costs of retired farmland and support the livelihood of farmers. It also provides 

potential incentives for forest companies to take an active part in the mitigation of 

climate change. With the development of carbon markets, it is expected that carbon-

financed afforestation will gradually play a greater role in sustainable development. 
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Appendices 

A1. Dataset for SOC 

Table a1. Secondary SOC data. 

Note: previous land use (PLU): 1-cropland, 2-grassland; tree type (TT): 1-deciduous broadleaf, 2-evergreen broadleaf, 3-evergreen conifer; soil depth (D): 1-0-

20 cm, 2-20-40 cm, 3-40-60 cm. 

Sampling site W/E N/S 
MAT 

(℃) 

MAP 

(mm) 
PLU TT 

Stand age 

(year) 
D 

∆Cs rate (Mg 

ha-1 yr-1) 

∆Cs (Mg 

ha-1) 

Initial SOC 

stock (Mg ha-1) 

Saskatchewan, Canada  4 360 1 1 3 1 1.91  5.54  30.80  

Guyuan, Ningxia 106.28 E 35.59 N 7 400 1 1 16 1 0.56  9.00  14.00  

Guyuan, Ningxia 106.28 E 35.59 N 7 400 1 1 26 1 0.62  16.00  14.00  

Ansai county 109.15 E 36.46 N 8.8 505 1 1 3 1 0.37  1.12  7.70  

Ansai county 109.15 E 36.46 N 8.8 505 1 1 10 1 0.05  0.45  7.70  

Ansai county 109.15 E 36.46 N 8.8 505 1 1 13 1 0.16  2.12  7.70  

Ansai county 109.15 E 36.46 N 8.8 505 1 1 15 1 0.42  6.30  7.70  

Ansai county 109.15 E 36.46 N 8.8 505 1 1 20 1 0.46  9.16  7.70  

Ansai county 109.15 E 36.46 N 8.8 505 1 1 25 1 0.37  9.28  7.70  

Ansai county 109.15 E 36.46 N 8.8 505 1 1 35 1 0.42  14.65  7.70  

Ansai County 109.20 E 36.51 N 8.8 505 1 1 15 1 0.22  3.37  9.63  

Dingxi, Gansu 104.39 E 35.36 N 4 427 1 1 25 1 0.54  13.47  11.84  

Ansai county 109.14 E 36.46 N 8.8 505 1 1 30 1 0.17  5.02  7.17  

Chifeng 120.45 E 42.32 N 3.5 400 1 1 9 1 0.31  2.75  14.70  

Fengning 116.52 E 41.17 N 3.7 525 1 1 9 1 0.80  7.18  11.49  

Datong 113.37 E 40.06 N 8.7 405 1 1 9 1 0.15  1.32  12.75  

Ansai, Shaanxi 105.05 E 36.30 N 8.8 505.3 1 1 10 1 -0.04  -0.36  5.00  

Ansai, Shaanxi 105.05 E 36.30 N 8.8 505.3 1 1 30 1 0.10  3.11  5.00  
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Ansai, Shaanxi  8.8 505 1 1 9 1 0.17  1.53  7.85  

Ansai, Shaanxi  8.8 505 1 1 35 1 0.41  14.20  7.80  

Ansai, Shaanxi  8.8 505 1 1 28 1 0.25  7.06  8.25  

Shenmu County 110.23 E 38.49 N 8.4 437 2 1 28 1 -0.06  -1.75  6.58  

Ansai County, Shaanxi 109.15 E 36.46 N 8.8 505 1 1 29 1 0.38  10.90  4.22  

Ansai County, Shaanxi 109.15 E 36.46 N 8.8 505 1 1 31 1 0.40  12.48  4.46  

Ansai County, Shaanxi 109.15 E 36.46 N 8.8 505 1 1 33 1 0.40  13.08  4.51  

Ningxia 106.28 E 35.59 N 6.9 472 1 1 25 1 0.46  11.50  9.57  

Ningxia 106.28 E 35.59 N 6.9 420 1 1 30 1 -0.43  -12.78  16.04  

Ningxia 106.28 E 35.59 N 6.9 420 1 1 18 1 -0.71  -12.83  16.04  

Ningxia 106.28 E 35.59 N 6.9 420 1 1 10 1 -1.37  -13.68  16.04  

SW Michigan 85.24 42.24 9.7 890 1 1 10 1 0.12  1.17  25.54  

north central U.S.  5 500 1 1 15 1 -0.73  -10.97  75.11  

north central U.S.  5 500 2 1 15 1 -0.62  -9.31  73.46  

Saskatchewan, Canada  3.5 350 1 1 31 1 0.72  22.03  57.33  

Khorezm, NW Uzbekistan 61 E 41.20 N 13.6 90 1 1 4 1 -0.10  -0.40  21.50  

Keerqin Sandy Lands 122.24 E 42.37 N 5.7 450 1 1 9 1 0.34  3.05  11.77  

Ansai County 109.20 E 36.51 N 8.8 505 1 1 15 1 0.18  2.66  9.63  

Jianping County, Liaoning 119.10 E 40.17 N 6.5 467 1 1 5 1 -0.59  -2.97  17.07  

Jianping County, Liaoning 119.10 E 40.17 N 6.5 467 1 1 10 1 -0.49  -4.89  17.07  

Jianping County, Liaoning 119.10 E 40.17 N 6.5 467 1 1 15 1 -0.09  -1.38  17.07  

Jianping County, Liaoning 119.10 E 40.17 N 6.5 467 1 1 20 1 0.21  4.14  17.07  

Datong, Qinghai 101.65 E 36.92 N 3.83 508 1 1 20 1 4.79  95.79  78.65  

Krasnoyarsk, Siberia  1 500 2 1 30 1 -0.27  -8.01  79.36  

Heshui, Gansu 108.53 E 36.10 N 7.4 587.6 1 1 90 1 0.13  11.81  28.36  

Muskingum, SE Ohio 81.46 W 39.59 N 13 965 2 1 10 1 0.55  5.50  41.90  

Yongshou County, Shaanxi 108.08 E 34.83 N 10.8 610 1 1 40 1 0.67  26.64  8.67  
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Yongshou County, Shaanxi 108.08 E 34.83 N 10.8 610 1 1 6 1 4.76  28.54  8.67  

Fuxian County, Shaanxi 109.201 E 36.067 N 9 577 1 1 30 1 0.15  4.60  14.98  

Ansai County 109.20 E 36.51 N 8.8 505 1 1 5 1 0.04  0.19  6.10  

Ansai County 109.20 E 36.51 N 8.8 505 1 1 10 1 0.13  1.25  6.10  

Ansai County 109.20 E 36.51 N 8.8 505 1 1 15 1 0.32  4.86  6.10  

Ansai County 109.20 E 36.51 N 8.8 505 1 1 20 1 0.52  10.45  6.10  

Ansai county, Shaanxi 109.15 E 36.46 N 8.8 505 1 1 30 1 0.54  16.13  7.41  

Shaanxi 110.22 E 37.47 N 9.5 380 1 1 7 1 -0.01  -0.08  3.21  

Shaanxi 110.22 E 37.47 N 9.5 380 1 1 30 1 0.38  11.49  3.21  

Shaanxi 108.11 37.11 8.5 420 1 1 8 1 0.40  3.19  3.29  

Shaanxi 108.11 37.11 8.5 420 1 1 28 1 0.24  6.59  3.29  

Shaanxi 109.3 36.92 9 460 1 1 7 1 0.01  0.10  4.61  

Shaanxi 109.3 36.92 9 460 1 1 30 1 0.40  11.93  4.61  

Shaanxi 109.53 36.52 8.7 530 1 1 7 1 -0.19  -1.34  10.93  

Shaanxi 109.53 36.52 8.7 530 1 1 28 1 0.25  6.74  10.93  

Shaanxi 109.18 36.07 9.2 580 1 1 7 1 -0.77  -4.98  13.91  

Shaanxi 109.18 36.07 9.2 580 1 1 28 1 0.37  10.32  13.91  

Shaanxi 109.12 35.33 8.5 650 1 1 7 1 -0.09  -0.60  18.46  

Shaanxi 109.12 35.33 8.5 650 1 1 28 1 0.15  4.03  18.46  

Ansai county 109.15 E 36.46 N 8.8 505 1 1 5 1 -0.31  -1.56  7.70  

Ansai county 109.15 E 36.46 N 8.8 505 1 1 10 1 0.02  0.20  7.70  

Ansai county 109.15 E 36.46 N 8.8 505 1 1 12 1 0.14  1.73  7.70  

Ansai county 109.15 E 36.46 N 8.8 505 1 1 15 1 0.16  2.46  7.70  

Ansai county 109.15 E 36.46 N 8.8 505 1 1 22 1 0.20  4.50  7.70  

Ansai county 109.15 E 36.46 N 8.8 505 1 1 27 1 0.30  8.12  7.70  

Ansai county 109.15 E 36.46 N 8.8 505 1 1 35 1 0.48  16.63  7.70  

Ansai County 109.15 E 36.44 N 8.8 510 1 1 13 1 0.50  6.52  9.60  
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Ansai County 109.15 E 36.44 N 8.8 510 1 1 25 1 0.57  14.20  9.60  

Ansai County 109.15 E 36.44 N 8.8 510 1 1 39 1 0.73  28.48  9.60  

Ansai County 109.20 E 36.51 N 8.8 505 1 1 15 1 0.41  6.10  9.63  

Ansai County 109.15 E 36.46 N 9.1 503 1 1 20 1 0.48  9.55  6.80  

Ansai county, Shaanxi  8.8 505.3 1 1 12 1 0.33  3.92  16.13  

Tianshui city, Gansu 105.37 E 34.37 N 11.4 548.9 1 1 5 1 -0.38  -1.91  19.13  

Tianshui city, Gansu 105.37 E 34.37 N 11.4 548.9 1 1 20 1 0.33  6.64  19.13  

Tianshui city, Gansu 105.37 E 34.37 N 11.4 548.9 1 1 30 1 0.38  11.39  19.13  

Ansai county 109.14 E 36.46 N 8.8 505 1 1 30 1 0.24  7.29  7.17  

Shaanxi 109.31 E 36.42 N 9.5 535 1 1 23 1 0.09  2.18  8.66  

Ansai county, Shaanxi 109.15 E 36.46 N 8.8 505.3 1 1 5 1 0.04  0.18  7.01  

Ansai county, Shaanxi 109.15 E 36.46 N 8.8 505.3 1 1 10 1 0.21  2.07  7.01  

Ansai county, Shaanxi 109.15 E 36.46 N 8.8 505.3 1 1 15 1 0.53  7.93  7.01  

Ansai county, Shaanxi 109.15 E 36.46 N 8.8 505.3 1 1 20 1 0.35  7.07  7.01  

Ansai county, Shaanxi 109.15 E 36.46 N 8.8 505.3 1 1 25 1 0.23  5.80  7.01  

Ansai county, Shaanxi 109.15 E 36.46 N 8.8 505.3 1 1 30 1 0.18  5.35  7.01  

Ansai county, Shaanxi 109.15 E 36.46 N 8.8 505.3 1 1 40 1 0.08  3.35  7.01  

Ansai county, Shaanxi 109.15 E 36.46 N 8.8 505.3 1 1 50 1 0.23  11.31  7.01  

Ansai, Shaanxi 105.05 E 36.30 N 8.8 505.3 1 1 10 1 0.00  0.02  5.00  

Ansai, Shaanxi 105.05 E 36.30 N 8.8 505.3 1 1 30 1 0.23  6.90  5.00  

Ansai, Shaanxi  8.8 505.3 1 1 6 1 -0.07  -0.43  7.85  

Ansai, Shaanxi  8.8 505.3 1 1 35 1 0.53  18.40  7.80  

Ansai, Shaanxi  8.8 505.3 1 1 28 1 0.18  5.16  8.25  

Ansai County, Shaanxi 109.15 E 36.46 N 8.8 505 1 1 29 1 0.56  16.19  4.22  

Ansai County, Shaanxi 109.15 E 36.46 N 8.8 505 1 1 31 1 0.60  18.74  4.46  

Ansai County, Shaanxi 109.15 E 36.46 N 8.8 505 1 1 33 1 0.64  21.01  4.51  

Nanxiaohe watershed 107.37 E 35.42 N 9.3 556 2 1 51 1 0.17  8.85  18.46  
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Wangdonggou watershed 107.41 E 35.14 N 9.1 584 2 1 21 1 0.01  0.17  15.81  

Turkey 39.172 E 40.342 N 9.4 461 2 1 16 1 0.69  10.65  34.29  

Buenos Aires, Argentina 15.6 772 2 2 30 1 0.74  22.21  29.22  

Córdoba, Argentina  16.8 755 2 2 45 1 0.82  37.08  37.30  

La Plata, Argentina  16.9 1002 2 2 30 1 0.39  11.67  81.60  

Lavalleja, Uruguay  17.3 1229 2 2 12 1 -1.73  -20.80  86.91  

La Pampa, Argentina  15.1 661 2 2 35 1 0.37  12.81  21.90  

Kondi, Congo 11.75 E 4.35 S 25 1400 2 2 1 1 2.38  1.19  14.29  

Kondi, Congo 11.75 E 4.35 S 25 1400 2 2 2 1 0.20  0.31  14.29  

Kondi, Congo 11.75 E 4.35 S 25 1400 2 2 5 1 0.02  0.11  14.29  

Kondi, Congo 11.75 E 4.35 S 25 1400 2 2 14 1 0.16  2.24  14.29  

Banks Peninsula, NewZealand 172.42 E 43.39 S 12 900 2 2 5 1 -0.28  -1.40  59.70  

Banks Peninsula, NewZealand 172.42 E 43.39 S 12 900 2 2 10 1 0.53  5.30  59.70  

Gelawdios, Ethiopia 37.48 E 11.38 N 19 1220 2 2 30 1 0.45  13.50  63.30  

Chilimo-Gaji, Ethiopia 38.08 E 9.04 N 17.5 1264 1 2 28 1 1.25  35.11  30.13  

Chilimo-Gaji, Ethiopia 38.08 E 9.04 N 17.5 1264 1 2 28 1 1.88  52.72  12.51  

Sao Paulo, Brazil 48.10 W 22.40 S 21 1350 2 2 18 1 0.07  1.20  16.68  

Sao Paulo, Brazil 48.10 W 22.40 S 21 1350 2 2 27 1 0.05  1.26  16.68  

Haryana State, India 76.58 E 29.43 N 25 355 1 2 11 1 1.40  15.40  21.60  

Manica Province, 

Mozambique 
32.48 E 18.91 S 21.2 1300 2 2 34 1 1.01  34.50  44.53  

Uruguay 57.30 W 32.32 S 17.8 1192 2 2 10 1 1.43  14.31  1.25  

Uruguay 57.30 W 32.32 S 17.8 1192 2 2 15 1 1.25  18.73  2.56  

Uruguay 57.30 W 32.32 S 17.8 1192 2 2 20 1 0.61  12.19  1.45  

Uruguay 57.30 W 32.32 S 17.8 1192 2 2 25 1 0.36  8.95  1.57  

Uruguay 57.30 W 32.32 S 17.8 1192 2 2 30 1 0.32  9.50  2.80  

Marondera, Zimbabwe, Africa 31.30 E 18.10 S 17.3 885 2 2 20 1 -1.64  -32.78  58.23  

Joao Pinheiro, Brazil 17.42 S 22.5 1445 1 2 7 1 -0.35  -2.48  29.69  
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Joao Pinheiro, Brazil 17.42 S 22.5 1445 1 2 7 1 -0.61  -4.24  24.16  

Kamae, Hawaii 155 W 20 N 21 4000 1 2 15 1 1.56  23.39  82.57  

Lajas, Puerto Rico 76 W 18 N 25 1100 2 2 16 1 -0.22  -3.51  44.87  

Toa Baja, Puerto Rico 66 W 18 N 27 1600 2 2 7 1 -1.01  -7.10  30.75  

Belete Forest, Ethiopia 36.35 E 7.33 N 19.4 1517 1 2 21 1 1.71  36.00  58.80  

Heshan County, Guangdong 22.5 1534 2 2 2 1 -3.45  -6.90  41.90  

Heshan County, Guangdong 22.5 1534 2 2 4 1 -3.42  -13.68  41.90  

Heshan County, Guangdong 22.5 1534 2 2 5 1 -2.28  -11.40  41.90  

Danling, Sichuan 102.57 E 29.57 N 17.5 1397 1 2 1 1 -3.87  -3.87  18.92  

Danling, Sichuan 102.57 E 29.57 N 17.5 1397 1 2 2 1 -3.39  -6.78  18.92  

Danling, Sichuan 102.57 E 29.57 N 17.5 1397 1 2 3 1 -2.44  -7.31  18.92  

Danling, Sichuan 102.57 E 29.57 N 17.5 1397 1 2 4 1 -2.30  -9.21  18.92  

Danling, Sichuan 102.57 E 29.57 N 17.5 1397 1 2 5 1 -1.58  -7.88  18.92  

Danling, Sichuan 102.57 E 29.57 N 17.5 1397 1 2 6 1 -0.89  -5.31  18.92  

Danling, Sichuan 102.57 E 29.57 N 17.5 1397 1 2 7 1 -0.37  -2.56  18.92  

Danling, Sichuan 102.57 E 29.57 N 17.5 1397 1 2 8 1 0.16  1.29  18.92  

Danling, Sichuan 102.57 E 29.57 N 17.5 1397 1 2 9 1 0.33  3.00  18.92  

Danling, Sichuan 102.57 E 29.57 N 17.5 1397 1 2 10 1 0.23  2.25  18.92  

Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 2 1 -0.01  -0.02  31.06  

Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 3 1 0.00  0.00  31.06  

Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 4 1 1.04  4.15  31.06  

Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 5 1 1.17  5.83  31.06  

Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 6 1 1.26  7.56  31.06  

Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 7 1 1.17  8.20  31.06  

Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 8 1 1.10  8.82  31.06  

Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 2 1 0.00  0.00  28.96  

Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 3 1 0.30  0.89  28.96  
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Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 4 1 0.44  1.74  28.96  

Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 5 1 0.16  0.80  28.96  

Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 6 1 -0.02  -0.10  28.96  

Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 7 1 0.37  2.60  28.96  

Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 8 1 0.67  5.32  28.96  

Los Moros Farm, Uruguay 55.41 W 31.23 S 18.1 1639 2 2 8 1 -0.19  -1.49  26.51  

Los Moros Farm, Uruguay 55.41 W 31.23 S 18.1 1639 2 2 8 1 -0.45  -3.56  26.51  

Los Moros Farm, Uruguay 55.41 W 31.23 S 18.1 1639 2 2 8 1 -0.54  -4.34  26.51  

Encruzilhada do Sul, Brazil 52.29 W 30.38 S 17 1500 2 2 7 1 -1.00  -6.99  47.25  

Hechuan, Chongqing 105.58 E 29.51 N 18.1 
1116.

4 
1 2 8 1 0.33  2.66  9.17  

Paillaco, Chile 72.51 W 40.07 S 10.8 1700 2 3 16 1 -2.44  -39.00  115.00  

Santo Tome, Argentina 55.50 W 28.17 S 20 1600 2 3 15 1 -0.43  -6.50  62.90  

Candelaria, Argentina 55.41 27.28 20 1600 2 3 25 1 -0.33  -8.30  41.70  

Ituzaingo, Argentina 55.57 27.35 20 1600 2 3 31 1 -0.37  -11.60  59.20  

Vallgorguina valley, 

Barcelona 
02.29 E 41.39 N 14.8 802 1 3 4 1 -0.48  -1.90  21.27  

Vallgorguina valley, 

Barcelona 
02.29 E 41.39 N 14.8 802 1 3 6 1 0.57  3.44  21.27  

Vallgorguina valley, 

Barcelona 
02.29 E 41.39 N 14.8 802 1 3 7 1 -0.73  -5.12  21.27  

Vallgorguina valley, 

Barcelona 
02.29 E 41.39 N 14.8 802 1 3 17 1 -0.07  -1.12  21.27  

Vallgorguina valley, 

Barcelona 
02.29 E 41.39 N 14.8 802 1 3 14 1 0.14  2.01  11.95  

Vallgorguina valley, 

Barcelona 
02.29 E 41.39 N 14.8 802 1 3 15 1 0.05  0.77  11.95  

Vallgorguina valley, 

Barcelona 
02.29 E 41.39 N 14.8 802 1 3 21 1 0.16  3.41  11.95  

Vallgorguina valley, 

Barcelona 
02.29 E 41.39 N 14.8 802 1 3 23 1 -0.03  -0.69  11.95  
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Vallgorguina valley, 

Barcelona 
02.29 E 41.39 N 14.8 802 1 3 29 1 0.10  2.88  11.95  

Vallgorguina valley, 

Barcelona 
02.29 E 41.39 N 14.8 802 1 3 32 1 0.15  4.73  11.95  

Vallgorguina valley, 

Barcelona 
02.29 E 41.39 N 14.8 802 1 3 33 1 0.25  8.23  11.95  

Negev Desert 35.03 E 31.20 N 17.5 300 2 3 35 1 0.25  8.69  14.89  

Chubut Province, Argentina 71.1 W 42.06 S 6 424 2 3 16 1 0.00  -0.01  19.79  

Puruki, New Zealand 176.13 E 38.26 S 10 1500 2 3 23 1 -1.22  -28.00  102.00  

Tikitere 176.22 E 38.04 S 12.7 1490 2 3 23 1 -0.70  -16.00  76.00  

Banks Peninsula, NewZealand 172.42 E 43.39 S 12 900 2 3 5 1 -0.50  -2.50  59.50  

Banks Peninsula, NewZealand 172.42 E 43.39 S 12 900 2 3 10 1 0.23  2.30  59.50  

Rotorua, New Zealand 176.13 E 38.26 S 10 1500 2 3 20 1 -1.50  -30.00  102.00  

Araguás catchment, Central Pyrenees 10 800 1 3 50 1 0.75  37.30  12.70  

Araguás catchment, Central Pyrenees 10 800 1 3 50 1 0.93  46.40  12.70  

Atlanta, USA 84.1 W 33.37 N 16 1240 1 3 70 1 0.26  18.20  30.00  

Iowa, USA 95.9 W 42.26 N 8.6 762 1 3 35 1 0.27  9.40  47.70  

Saskatchewan, Canada  3.5 350 1 3 13 1 1.07  14.05  55.85  

Chilimo-Gaji, Ethiopia 38.08 E 9.04 N 17.5 1264 1 3 28 1 0.53  14.91  30.13  

Chilimo-Gaji, Ethiopia 38.08 E 9.04 N 17.5 1264 1 3 28 1 1.16  32.53  12.51  

Chandanpokpi, NE India 94 E 24.25 N 20.6 1089 1 3 7 1 -1.48  -10.36  44.91  

Chandanpokpi, NE India 94 E 24.25 N 20.6 1089 1 3 20 1 -0.10  -1.92  44.91  

Chandanpokpi, NE India 94 E 24.25 N 20.6 1089 1 3 30 1 0.14  4.16  44.91  

Ecuador 78.44 W 2.33 S 24 1326 2 3 22 1 -0.71  -15.60  197.60  

Sao Paulo, Brazil 48.10 W 22.40 S 21 1350 2 3 28 1 0.00  0.10  16.68  

tropical Andes, Ecuador 79.4.25 W 3.58.30 S 23 396 2 3 20 1 -0.34  -6.80  87.30  

Kowen Forest, Australia 149.19 E 35.20 S 12 506 2 3 16 1 -0.51  -8.18  33.85  

Manica, Mozambique 32.48 E 18.91 S 21.2 1300 2 3 34 1 0.97  32.92  44.53  
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Perloja, Lithuania 24.25 E 54.10 N 6.2 682 1 3 45 1 0.12  5.30  7.30  

Georgia, Mexico 80.20 W 31.19 N 19.3 1370 1 3 3 1 -0.84  -2.51  21.23  

Georgia, Mexico 80.20 W 31.19 N 19.3 1370 1 3 7 1 -0.14  -0.97  21.23  

Georgia, Mexico 80.20 W 31.19 N 19.3 1370 1 3 14 1 -0.11  -1.55  21.23  

Palmerston, New Zealand 170.50 E 40.20 S 12.2 1291 2 3 20 1 -0.99  -19.80  75.00  

Rotorua, New Zealand 176.13 E 38.26 S 10 1500 2 3 19 1 -1.58  -30.00  102.00  

Marondera, Zimbabwe, Africa 31.30 E 18.10 S 17.3 885 2 3 40 1 -0.35  -14.18  58.23  

Uberlandia, Brazil 18.50 S 21 1540 1 3 20 1 -0.17  -3.43  27.86  

Belete Forest, Ethiopia 36.35 E 7.33 N 19.4 1517 1 3 21 1 0.72  15.03  58.80  

Yongshou County, Shaanxi 108.08 E 34.83 N 10.8 610 1 3 50 1 0.45  22.42  8.67  

Saihanba, China 117.21 E 42.30 N -1.4 450.1 2 3 15 1 0.36  5.46  14.77  

Hengyang County, Hunan 112.18 E 27.05 N 17.9 1237 2 3 14 1 -0.41  -5.70  26.80  

Shaanxi 109.38 E 35.28 N 8.6 612 1 3 50 1 0.21  10.28  13.06  

Dingxi, Gansu 104.39 E 35.36 N 4 427 1 3 25 1 0.25  6.20  11.84  

Qinling Mountains, China 107.49 E 33.33 N 11.8 1070 1 3 10 1 3.02  30.22  54.49  

Qinling Mountains, China 107.49 E 33.33 N 11.8 1070 1 3 15 1 0.39  5.81  54.49  

Qinling Mountains, China 107.49 E 33.33 N 11.8 1070 1 3 30 1 0.12  3.57  54.49  

Qinling Mountains, China 107.49 E 33.33 N 11.8 1070 1 3 45 1 0.26  11.88  54.49  

Datong, Qinghai 101.65 E 36.92 N 3.83 508 1 3 25 1 2.67  66.79  78.65  

Ansai, Shaanxi 105.05 E 36.30 N 8.8 505.3 1 3 10 1 -0.06  -0.55  5.00  

Ansai, Shaanxi 105.05 E 36.30 N 8.8 505.3 1 3 30 1 0.19  5.69  5.00  

Shenmu County 110.23 E 38.49 N 8.4 437 2 3 28 1 -0.07  -1.95  6.58  

Shaanxi 109.38 E 35.28 N 8.6 612 1 3 18 1 0.62  11.22  18.34  

Shaanxi 109.38 E 35.28 N 8.6 612 1 3 24 1 0.57  13.67  20.10  

Shaanxi 109.38 E 35.28 N 8.6 612 1 3 48 1 0.42  20.34  20.07  

Shaanxi 109.38 E 35.28 N 8.6 612 1 3 100 1 0.24  24.34  16.32  

Shaanxi 109.38 E 35.28 N 8.6 612 1 3 200 1 0.15  30.76  19.82  
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Lublin, Poland 22.20 E 51.30 N 7.4 550 1 3 16 1 -0.24  -3.75  20.60  

Lublin, Poland 22.20 E 51.30 N 7.4 550 1 3 34 1 0.02  0.61  20.60  

Los Moros Farm, Uruguay 55.41 W 31.23 S 18.1 1639 2 3 8 1 -0.97  -7.78  26.51  

Los Moros Farm, Uruguay 55.41 W 31.23 S 18.1 1639 2 3 8 1 -0.11  -0.88  26.51  

Los Moros Farm, Uruguay 55.41 W 31.23 S 18.1 1639 2 3 8 1 -0.07  -0.60  26.51  

Okuku 172.27 E 43.06 S 11.5 1201 2 3 20 1 -0.20  -3.90  73.19  

Rio Grande do Sul, Brazil 49.51 W 28.35 S 14.5 1900 2 3 8 1 -3.95  -31.58  181.89  

Rio Grande do Sul, Brazil 49.51 W 28.35 S 14.5 1900 2 3 30 1 -2.29  -68.65  192.29  

Turkey 39.172 E 40.342 N 9.4 461 2 3 31 1 0.09  2.70  34.29  

Krasnoyarsk, Siberia  1 500 2 3 30 1 -0.54  -16.30  79.36  

Krasnoyarsk, Siberia  1 500 2 3 30 1 0.03  1.04  79.36  

Barkers, New Zealand 174.40 E 36.25 S 14.5 1400 2 3 17 1 -0.81  -13.76  81.30  

Kraaks, New Zealand 174.40 E 36.25 S 14.5 1400 2 3 19 1 -1.76  -33.43  111.32  

Hoteo, New Zealand 174.40 E 36.25 S 14.5 1400 2 3 18 1 -0.86  -15.48  61.79  

Wreaks, New Zealand 174.40 E 36.25 S 14.5 1400 2 3 17 1 0.11  1.83  76.28  

Drummond, New Zealand 168.15 E 46.1 S 10 850 2 3 15 1 -0.43  -6.48  71.71  

Perloja Experimental Station of Lithuanian Institute of 

Agriculture 
6.2 680 1 3 45 1 0.14  6.20  14.12  

Perloja Experimental Station of Lithuanian Institute of 

Agriculture 
6.2 680 1 3 45 1 0.14  6.45  13.88  

Lvliang, Shanxi 110.65 N 37.50 N 3.5 830.8 1 3 37 1 0.14  5.26  18.86  

Banks Peninsula, NewZealand 172.42 E 43.39 S 12 900 2 3 5 1 -0.92  -4.60  62.50  

Banks Peninsula, NewZealand 172.42 E 43.39 S 12 900 2 3 10 1 -0.32  -3.20  62.50  

Chilimo-Gaji, Ethiopia 38.08 E 9.04 N 17.5 1264 1 3 28 1 0.65  18.24  30.13  

Chilimo-Gaji, Ethiopia 38.08 E 9.04 N 17.5 1264 1 3 28 1 1.28  35.86  12.51  

Southern Ethiopia 38.49 E 7.08 N 19.5 1222 1 3 5 1 0.80  4.00  60.00  

Southern Ethiopia 38.49 E 7.08 N 19.5 1222 1 3 8 1 0.82  6.60  60.00  

Southern Ethiopia 38.49 E 7.08 N 19.5 1222 1 3 17 1 -0.09  -1.50  60.00  
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Belete Forest, Ethiopia 36.35 E 7.33 N 19.4 1517 1 3 21 1 1.94  40.75  58.80  

Kanto Plain, central Japan 140.13 E 36.11 N 13.5 1186 2 3 4 1 -0.51  -2.05  42.62  

Kanto Plain, central Japan 140.13 E 36.11 N 13.5 1186 2 3 9 1 0.14  1.24  40.96  

Kanto Plain, central Japan 140.13 E 36.11 N 13.5 1186 2 3 12 1 -1.95  -23.40  42.62  

Kanto Plain, central Japan 140.13 E 36.11 N 13.5 1186 2 3 17 1 -1.16  -19.74  40.96  

Kanto Plain, central Japan 140.13 E 36.11 N 13.5 1186 2 3 25 1 0.01  0.24  42.62  

Kanto Plain, central Japan 140.13 E 36.11 N 13.5 1186 2 3 30 1 0.13  3.95  40.96  

Sichuan 105.28 E 31.16 N 17.3 826 1 3 38 1 0.70  26.73  33.00  

Saskatchewan, Canada  4 360 1 1 3 2 0.47  1.35  28.20  

Guyuan, Ningxia 106.28 E 35.59 N 7 400 1 1 16 2 0.19  3.00  12.00  

Guyuan, Ningxia 106.28 E 35.59 N 7 400 1 1 26 2 0.38  10.00  12.00  

Dingxi, Gansu 104.39 E 35.36 N 4 427 1 1 25 2 0.37  9.16  12.24  

Ansai county 109.14 E 36.46 N 8.8 505 1 1 30 2 0.08  2.31  6.03  

Chifeng 120.45 E 42.32 N 3.5 400 1 1 9 2 0.27  2.43  9.85  

Fengning 116.52 E 41.17 N 3.7 525 1 1 9 2 1.16  10.41  8.81  

Datong 113.37 E 40.06 N 8.7 405 1 1 9 2 0.13  1.13  11.21  

Ansai, Shaanxi 105.05 E 36.30 N 8.8 505.3 1 1 10 2 -0.07  -0.69  3.56  

Ansai, Shaanxi 105.05 E 36.30 N 8.8 505.3 1 1 30 2 0.04  1.15  3.56  

Ansai, Shaanxi  8.8 505 1 1 28 2 0.05  1.36  6.49  

Shenmu County 110.23 E 38.49 N 8.4 437 2 1 28 2 -0.03  -0.80  2.57  

Ansai County, Shaanxi 109.15 E 36.46 N 8.8 505 1 1 29 2 0.17  4.92  2.86  

Ansai County, Shaanxi 109.15 E 36.46 N 8.8 505 1 1 31 2 0.16  4.86  3.02  

Ansai County, Shaanxi 109.15 E 36.46 N 8.8 505 1 1 33 2 0.15  5.08  2.93  

Ningxia 106.28 E 35.59 N 6.9 472 1 1 25 2 0.34  8.62  6.30  

Ningxia 106.28 E 35.59 N 6.9 420 1 1 30 2 -0.42  -12.74  15.89  

Ningxia 106.28 E 35.59 N 6.9 420 1 1 18 2 -0.72  -12.98  15.89  

Ningxia 106.28 E 35.59 N 6.9 420 1 1 10 2 -1.38  -13.84  15.89  
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SW Michigan 85.24 42.24 9.7 890 1 1 10 2 -0.21  -2.10  18.65  

north central U.S.  5 500 1 1 15 2 0.51  7.63  39.51  

north central U.S.  5 500 2 1 15 2 0.94  14.09  33.06  

Saskatchewan, Canada  3.5 350 1 1 31 2 0.48  14.60  35.50  

Keerqin Sandy Lands 122.24 E 42.37 N 5.7 450 1 1 9 2 -0.07  -0.64  9.28  

Jianping County, Liaoning 119.10 E 40.17 N 6.5 467 1 1 5 2 0.36  1.78  7.84  

Jianping County, Liaoning 119.10 E 40.17 N 6.5 467 1 1 10 2 -0.04  -0.41  7.84  

Jianping County, Liaoning 119.10 E 40.17 N 6.5 467 1 1 15 2 0.15  2.20  7.84  

Jianping County, Liaoning 119.10 E 40.17 N 6.5 467 1 1 20 2 0.19  3.77  7.84  

Datong, Qinghai 101.65 E 36.92 N 3.83 508 1 1 20 2 1.21  24.27  62.16  

Krasnoyarsk, Siberia  1 500 2 1 30 2 1.47  44.00  23.23  

Heshui, Gansu 108.53 E 36.10 N 7.4 587.6 1 1 90 2 0.01  0.95  13.70  

Muskingum, SE Ohio 81.46 W 39.59 N 13 965 2 1 10 2 1.17  11.70  11.90  

Yongshou County, Shaanxi 108.08 E 34.83 N 10.8 610 1 1 40 2 0.20  8.00  4.70  

Yongshou County, Shaanxi 108.08 E 34.83 N 10.8 610 1 1 6 2 1.87  11.20  4.70  

Fuxian County, Shaanxi 109.201 E 36.067 N 9 577 1 1 30 2 0.09  2.63  9.38  

Ansai county, Shaanxi 109.15 E 36.46 N 8.8 505 1 1 30 2 0.41  12.29  2.26  

Ansai County 109.15 E 36.46 N 9.1 503 1 1 20 2 0.14  2.76  6.43  

Ansai county, Shaanxi  8.8 505.3 1 1 12 2 0.37  4.42  16.06  

Ansai county 109.14 E 36.46 N 8.8 505 1 1 30 2 0.10  3.09  6.03  

Ansai, Shaanxi 105.05 E 36.30 N 8.8 505.3 1 1 10 2 -0.02  -0.16  3.56  

Ansai, Shaanxi 105.05 E 36.30 N 8.8 505.3 1 1 30 2 0.02  0.51  3.56  

Ansai, Shaanxi  8.8 505.3 1 1 28 2 0.06  1.72  6.49  

Ansai County, Shaanxi 109.15 E 36.46 N 8.8 505 1 1 29 2 0.22  6.42  2.86  

Ansai County, Shaanxi 109.15 E 36.46 N 8.8 505 1 1 31 2 0.20  6.35  3.02  

Ansai County, Shaanxi 109.15 E 36.46 N 8.8 505 1 1 33 2 0.20  6.72  2.93  

Nanxiaohe watershed 107.37 E 35.42 N 9.3 556 2 1 51 2 0.03  1.30  6.49  
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Wangdonggou watershed 107.41 E 35.14 N 9.1 584 2 1 21 2 0.12  2.50  8.75  

Turkey 39.172 E 40.342 N 9.4 461 2 1 16 2 0.15  2.29  29.05  

Hamakua coast, Hawaii 155.15 W 19.30 N 21 3800 1 2 12 2 -0.90  -10.40  42.80  

Kondi, Congo 11.75 E 4.35 S 25 1400 2 2 1 2 -1.33  -0.67  9.47  

Kondi, Congo 11.75 E 4.35 S 25 1400 2 2 2 2 0.09  0.14  9.47  

Kondi, Congo 11.75 E 4.35 S 25 1400 2 2 5 2 -0.05  -0.27  9.47  

Kondi, Congo 11.75 E 4.35 S 25 1400 2 2 14 2 0.05  0.67  9.47  

Gelawdios, Ethiopia 37.48 E 11.38 N 19 1220 2 2 30 2 0.29  8.57  35.58  

Chilimo-Gaji, Ethiopia 38.08 E 9.04 N 17.5 1264 1 2 28 2 0.96  26.85  27.32  

Chilimo-Gaji, Ethiopia 38.08 E 9.04 N 17.5 1264 1 2 28 2 1.58  44.33  9.84  

Sao Paulo, Brazil 48.10 W 22.40 S 21 1350 2 2 18 2 0.02  0.40  14.00  

Sao Paulo, Brazil 48.10 W 22.40 S 21 1350 2 2 27 2 -0.05  -1.40  14.00  

Haryana State, India 76.58 E 29.43 N 25 355 1 2 11 2 0.62  6.80  9.90  

Manica, Mozambique 32.48 E 18.91 S 21.2 1300 2 2 34 2 0.35  11.80  32.20  

Marondera, Zimbabwe, Africa 31.30 E 18.10 S 17.3 885 2 2 20 2 -0.47  -9.45  27.13  

Joao Pinheiro, Brazil 17.42 S 22.5 1445 1 2 7 2 0.37  2.60  16.10  

Joao Pinheiro, Brazil 17.42 S 22.5 1445 1 2 7 2 -0.34  -2.38  14.71  

Kamae, Hawaii 155 W 20 N 21 4000 1 2 15 2 -0.26  -3.89  45.75  

Lajas, Puerto Rico 76 W 18 N 25 1100 2 2 16 2 -0.69  -10.99  33.09  

Toa Baja, Puerto Rico 66 W 18 N 27 1600 2 2 7 2 -0.91  -6.34  19.35  

Belete Forest, Ethiopia 36.35 E 7.33 N 19.4 1517 1 2 21 2 1.23  25.86  39.31  

Danling, Sichuan 102.57 E 29.57 N 17.5 1397 1 2 1 2 -0.52  -0.52  6.74  

Danling, Sichuan 102.57 E 29.57 N 17.5 1397 1 2 2 2 -0.67  -1.35  6.74  

Danling, Sichuan 102.57 E 29.57 N 17.5 1397 1 2 3 2 -0.09  -0.26  6.74  

Danling, Sichuan 102.57 E 29.57 N 17.5 1397 1 2 4 2 -0.41  -1.64  6.74  

Danling, Sichuan 102.57 E 29.57 N 17.5 1397 1 2 5 2 0.63  3.16  6.74  

Danling, Sichuan 102.57 E 29.57 N 17.5 1397 1 2 6 2 0.63  3.81  6.74  
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Danling, Sichuan 102.57 E 29.57 N 17.5 1397 1 2 7 2 0.95  6.68  6.74  

Danling, Sichuan 102.57 E 29.57 N 17.5 1397 1 2 8 2 1.04  8.28  6.74  

Danling, Sichuan 102.57 E 29.57 N 17.5 1397 1 2 9 2 0.81  7.26  6.74  

Danling, Sichuan 102.57 E 29.57 N 17.5 1397 1 2 10 2 0.75  7.50  6.74  

Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 2 2 -0.01  -0.02  24.95  

Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 3 2 0.47  1.41  24.95  

Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 4 2 0.71  2.85  24.95  

Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 5 2 0.42  2.08  24.95  

Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 6 2 0.22  1.30  24.95  

Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 7 2 0.24  1.65  24.95  

Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 8 2 0.25  2.03  24.95  

Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 2 2 -0.01  -0.01  19.10  

Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 3 2 0.02  0.07  19.10  

Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 4 2 0.02  0.10  19.10  

Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 5 2 0.48  2.38  19.10  

Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 6 2 0.77  4.63  19.10  

Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 7 2 0.73  5.14  19.10  

Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 8 2 0.71  5.68  19.10  

Los Moros Farm, Uruguay 55.41 W 31.23 S 18.1 1639 2 2 8 2 0.30  2.44  19.56  

Los Moros Farm, Uruguay 55.41 W 31.23 S 18.1 1639 2 2 8 2 -0.06  -0.49  19.56  

Los Moros Farm, Uruguay 55.41 W 31.2 S 18.1 1639 2 2 8 2 -0.34  -2.72  19.56  

Encruzilhada do Sul, Brazil 52.29 W 30.38 S 17 1500 2 2 7 2 -0.42  -2.93  36.69  

Hechuan, Chongqing 105.58 E 29.51 N 18.1 
1116.

4 
1 2 8 2 -0.07  -0.54  13.60  

Paillaco, Chile 72.51 W 40.07 S 10.8 1700 2 3 16 2 -5.44  -87.00  126.00  

Vallgorguina, Barcelona 02.29 E 41.39 N 14.8 802 1 3 4 2 -1.26  -5.02  13.14  

Vallgorguina, Barcelona 02.29 E 41.39 N 14.8 802 1 3 6 2 0.43  2.56  13.14  

Vallgorguina, Barcelona 02.29 E 41.39 N 14.8 802 1 3 7 2 -0.54  -3.77  13.14  
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Vallgorguina, Barcelona 02.29 E 41.39 N 14.8 802 1 3 17 2 -0.22  -3.69  13.14  

Vallgorguina, Barcelona 02.29 E 41.39 N 14.8 802 1 3 14 2 0.30  4.21  4.57  

Vallgorguina, Barcelona 02.29 E 41.39 N 14.8 802 1 3 15 2 0.06  0.92  4.57  

Vallgorguina, Barcelona 02.29 E 41.39 N 14.8 802 1 3 21 2 0.19  4.06  4.57  

Vallgorguina, Barcelona 02.29 E 41.39 N 14.8 802 1 3 23 2 0.27  6.18  4.57  

Vallgorguina, Barcelona 02.29 E 41.39 N 14.8 802 1 3 29 2 -0.01  -0.21  4.57  

Vallgorguina, Barcelona 02.29 E 41.39 N 14.8 802 1 3 32 2 0.02  0.75  4.57  

Vallgorguina, Barcelona 02.29 E 41.39 N 14.8 802 1 3 33 2 0.10  3.17  4.57  

Negev Desert 35.03 E 31.20 N 17.5 300 2 3 35 2 0.16  5.52  7.24  

Chubut Province, Argentina 71.1 W 42.06 S 6 424 2 3 16 2 0.06  0.98  7.42  

Tikitere 176.22 E 38.04 S 12.7 1490 2 3 23 2 0.22  5.00  41.00  

Banks Peninsula, NewZealand 172.42 E 43.39 S 12 900 2 3 5 2 0.77  3.87  12.59  

Banks Peninsula, NewZealand 172.42 E 43.39 S 12 900 2 3 10 2 0.12  1.18  12.59  

Atlanta, USA 84.1 W 33.37 N 16 1240 1 3 70 2 0.03  2.39  11.03  

Iowa, USA 95.9 W 42.26 N 8.6 762 1 3 35 2 -0.01  -0.20  35.50  

Saskatchewan, Canada  3.5 350 1 3 13 2 0.60  7.80  35.80  

Chilimo-Gaji, Ethiopia 38.08 E 9.04 N 17.5 1264 1 3 28 2 0.17  4.79  27.32  

Chilimo-Gaji, Ethiopia 38.08 E 9.04 N 17.5 1264 1 3 28 2 0.80  22.26  9.84  

Chandanpokpi, NE India 94 E 24.25 N 20.6 1089 1 3 7 2 0.08  0.53  26.73  

Chandanpokpi, NE India 94 E 24.25 N 20.6 1089 1 3 20 2 0.16  3.14  26.73  

Chandanpokpi, NE India 94 E 24.25 N 20.6 1089 1 3 30 2 0.19  5.80  26.73  

Sao Paulo, Brazil 48.10 W 22.40 S 21 1350 2 3 28 2 -0.06  -1.67  14.00  

Kowen Forest, Australia 149.19 E 35.20 S 12 506 2 3 16 2 -0.13  -2.10  14.93  

Manica, Mozambique 32.48 E 18.91 S 21.2 1300 2 3 34 2 0.38  12.90  32.20  

Perloja, Lithuania 24.25 E 54.10 N 6.2 682 1 3 45 2 0.00  0.00  8.10  

Marondera, Zimbabwe, Africa 31.30 E 18.10 S 17.3 885 2 3 40 2 0.03  1.22  27.13  

Uberlandia, Brazil 18.50 S 21 1540 1 3 20 2 -0.19  -3.70  -1.36  
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Belete Forest, Ethiopia 36.35 E 7.33 N 19.4 1517 1 3 21 2 0.50  10.50  39.31  

Yongshou County, Shaanxi 108.08 E 34.83 N 10.8 610 1 3 50 2 0.09  4.55  4.70  

Dingxi, Gansu 104.39 E 35.36 N 4 427 1 3 25 2 0.15  3.74  12.24  

Datong, Qinghai 101.65 E 36.92 N 3.83 508 1 3 25 2 -1.93  -48.15  62.16  

Ansai, Shaanxi 105.05 E 36.30 N 8.8 505.3 1 3 10 2 0.11  1.10  3.56  

Ansai, Shaanxi 105.05 E 36.30 N 8.8 505.3 1 3 30 2 0.18  5.43  3.56  

Shenmu County 110.23 E 38.49 N 8.4 437 2 3 28 2 -0.02  -0.49  2.57  

Shaanxi 109.38 E 35.28 N 8.6 612 1 3 18 2 0.23  4.07  8.45  

Shaanxi 109.38 E 35.28 N 8.6 612 1 3 24 2 0.24  5.70  14.25  

Shaanxi 109.38 E 35.28 N 8.6 612 1 3 48 2 0.07  3.52  13.41  

Shaanxi 109.38 E 35.28 N 8.6 612 1 3 100 2 0.02  2.15  11.62  

Shaanxi 109.38 E 35.28 N 8.6 612 1 3 200 2 0.03  5.18  13.54  

Los Moros Farm, Uruguay 55.41 W 31.23 S 18.1 1639 2 3 8 2 -0.49  -3.90  19.56  

Los Moros Farm, Uruguay 55.41 W 31.23 S 18.1 1639 2 3 8 2 0.21  1.67  19.56  

Los Moros Farm, Uruguay 55.41 W 31.23 S 18.1 1639 2 3 8 2 0.29  2.34  19.56  

Okuku 172.27 E 43.06 S 11.5 1201 2 3 20 2 -0.28  -5.57  31.38  

Rio Grande do Sul, Brazil 49.51 W 28.35 S 14.5 1900 2 3 30 2 -0.97  -29.03  80.40  

Turkey 39.172 E 40.342 N 9.4 461 2 3 16 2 0.09  1.38  29.05  

Krasnoyarsk, Siberia  1 500 2 3 30 2 0.65  19.63  23.23  

Krasnoyarsk, Siberia  1 500 2 3 30 2 1.47  44.00  23.23  

Barkers, New Zealand 174.40 E 36.25 S 14.5 1400 2 3 17 2 -0.45  -7.70  42.79  

Kraaks, New Zealand 174.40 E 36.25 S 14.5 1400 2 3 19 2 0.27  5.10  46.15  

Hoteo, New Zealand 174.40 E 36.25 S 14.5 1400 2 3 18 2 -0.19  -3.40  35.19  

Wreaks, New Zealand 174.40 E 36.25 S 14.5 1400 2 3 17 2 0.36  6.04  34.06  

Drummond, New Zealand 168.15 E 46.1 S 10 850 2 3 15 2 1.13  16.97  35.53  

Lvliang, Shanxi 110.65 N 37.50 N 3.5 830.8 1 3 37 2 -0.01  -0.42  11.46  

Banks Peninsula, NewZealand 172.42 E 43.39 S 12 900 2 3 5 2 -0.90  -4.49  21.71  
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Banks Peninsula, NewZealand 172.42 E 43.39 S 12 900 2 3 10 2 -1.09  -10.86  21.71  

Chilimo-Gaji, Ethiopia 38.08 E 9.04 N 17.5 1264 1 3 28 2 0.30  8.38  27.32  

Chilimo-Gaji, Ethiopia 38.08 E 9.04 N 17.5 1264 1 3 28 2 0.92  25.85  9.84  

Southern Ethiopia 38.49 E 7.08 N 19.5 1222 1 3 5 2 -0.32  -1.60  52.00  

Southern Ethiopia 38.49 E 7.08 N 19.5 1222 1 3 8 2 -1.32  -10.60  52.00  

Southern Ethiopia 38.49 E 7.08 N 19.5 1222 1 3 17 2 -0.41  -7.00  52.00  

Belete Forest, Ethiopia 36.35 E 7.33 N 19.4 1517 1 3 21 2 1.10  23.06  39.31  

Kanto Plain, central Japan 140.13 E 36.11 N 13.5 1186 2 3 4 2 -0.27  -1.07  20.68  

Kanto Plain, central Japan 140.13 E 36.11 N 13.5 1186 2 3 9 2 -0.05  -0.44  21.31  

Kanto Plain, central Japan 140.13 E 36.11 N 13.5 1186 2 3 12 2 -0.86  -10.30  20.68  

Kanto Plain, central Japan 140.13 E 36.11 N 13.5 1186 2 3 17 2 -0.91  -15.51  21.31  

Kanto Plain, central Japan 140.13 E 36.11 N 13.5 1186 2 3 25 2 -0.12  -2.89  20.68  

Kanto Plain, central Japan 140.13 E 36.11 N 13.5 1186 2 3 30 2 -0.12  -3.57  21.31  

Sichuan 105.28 E 31.16 N 17.3 826 1 3 38 2 0.14  5.14  22.93  

Saskatchewan, Canada  4 360 1 1 3 3 -1.16  -3.35  29.80  

Ansai county 109.14 E 36.46 N 8.8 505 1 1 30 3 0.11  3.38  3.26  

Chifeng 120.45 E 42.32 N 3.5 400 1 1 9 3 -0.03  -0.30  9.56  

Fengning 116.52 E 41.17 N 3.7 525 1 1 9 3 1.12  10.12  8.96  

Datong 113.37 E 40.06 N 8.7 405 1 1 9 3 -0.03  -0.24  8.16  

Ansai, Shaanxi 105.05 E 36.30 N 8.8 505.3 1 1 10 3 -0.07  -0.69  2.99  

Ansai, Shaanxi 105.05 E 36.30 N 8.8 505.3 1 1 30 3 0.04  1.05  2.99  

Ansai, Shaanxi  8.8 505 1 1 28 3 -0.03  -0.94  6.33  

Shenmu County 110.23 E 38.49 N 8.4 437 2 1 28 3 -0.02  -0.46  1.75  

Ansai County, Shaanxi 109.15 E 36.46 N 8.8 505 1 1 29 3 0.16  4.65  2.26  

Ansai County, Shaanxi 109.15 E 36.46 N 8.8 505 1 1 31 3 0.16  4.94  2.12  

Ansai County, Shaanxi 109.15 E 36.46 N 8.8 505 1 1 33 3 0.15  4.99  2.23  

SW Michigan 85.24 42.24 9.7 890 1 1 10 3 0.05  0.51  0.49  
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north central U.S.  5 500 1 1 15 3 0.42  6.37  30.49  

north central U.S.  5 500 2 1 15 3 0.79  11.92  24.94  

Saskatchewan, Canada  3.5 350 1 1 31 3 -0.04  -1.20  21.70  

Keerqin Sandy Lands 122.24 E 42.37 N 5.7 450 1 1 9 3 0.04  0.32  6.45  

Jianping County, Liaoning 119.10 E 40.17 N 6.5 467 1 1 5 3 0.12  0.59  6.63  

Jianping County, Liaoning 119.10 E 40.17 N 6.5 467 1 1 10 3 -0.03  -0.34  6.63  

Jianping County, Liaoning 119.10 E 40.17 N 6.5 467 1 1 15 3 0.14  2.12  6.63  

Jianping County, Liaoning 119.10 E 40.17 N 6.5 467 1 1 20 3 0.25  4.97  6.63  

Heshui, Gansu 108.53 E 36.10 N 7.4 587.6 1 1 90 3 0.04  3.38  10.05  

Muskingum, SE Ohio 81.46 W 39.59 N 13 965 2 1 10 3 1.43  14.26  3.24  

Yongshou County, Shaanxi 108.08 E 34.83 N 10.8 610 1 1 40 3 0.08  3.10  1.98  

Yongshou County, Shaanxi 108.08 E 34.83 N 10.8 610 1 1 6 3 0.69  4.16  1.98  

Fuxian County, Shaanxi 109.201 E 36.067 N 9 577 1 1 30 3 0.06  1.81  3.55  

Ansai county, Shaanxi 109.15 E 36.46 N 8.8 505 1 1 30 3 0.18  5.40  2.66  

Ansai County 109.15 E 36.46 N 9.1 503 1 1 20 3 -0.09  -1.85  4.56  

Ansai county, Shaanxi  8.8 505.3 1 1 12 3 0.38  4.51  22.10  

Ansai county 109.14 E 36.46 N 8.8 505 1 1 30 3 0.11  3.31  3.26  

Ansai, Shaanxi 105.05 E 36.30 N 8.8 505.3 1 1 10 3 -0.05  -0.45  2.99  

Ansai, Shaanxi 105.05 E 36.30 N 8.8 505.3 1 1 30 3 0.01  0.42  2.99  

Ansai, Shaanxi  8.8 505.3 1 1 28 3 0.05  1.30  6.33  

Ansai County, Shaanxi 109.15 E 36.46 N 8.8 505 1 1 29 3 0.20  5.77  2.26  

Ansai County, Shaanxi 109.15 E 36.46 N 8.8 505 1 1 31 3 0.19  5.99  2.12  

Ansai County, Shaanxi 109.15 E 36.46 N 8.8 505 1 1 33 3 0.19  6.16  2.23  

Nanxiaohe watershed 107.37 E 35.42 N 9.3 556 2 1 51 3 0.03  1.50  3.56  

Wangdonggou watershed 107.41 E 35.14 N 9.1 584 2 1 21 3 0.05  1.05  8.44  

Hamakua coast, Hawaii 155.15 W 19.30 N 21 3800 1 2 12 3 -0.15  -1.70  23.90  

Kondi, Congo 11.75 E 4.35 S 25 1400 2 2 1 3 -5.86  -2.93  6.13  
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Kondi, Congo 11.75 E 4.35 S 25 1400 2 2 2 3 -0.22  -0.33  6.13  

Kondi, Congo 11.75 E 4.35 S 25 1400 2 2 5 3 -0.03  -0.13  6.13  

Kondi, Congo 11.75 E 4.35 S 25 1400 2 2 14 3 -0.08  -1.06  6.13  

Gelawdios, Ethiopia 37.48 E 11.38 N 19 1220 2 2 30 3 0.54  16.35  15.71  

Chilimo-Gaji, Ethiopia 38.08 E 9.04 N 17.5 1264 1 2 28 3 0.63  17.76  20.45  

Chilimo-Gaji, Ethiopia 38.08 E 9.04 N 17.5 1264 1 2 28 3 1.11  31.16  7.05  

Sao Paulo, Brazil 48.10 W 22.40 S 21 1350 2 2 18 3 0.02  0.40  9.02  

Sao Paulo, Brazil 48.10 W 22.40 S 21 1350 2 2 27 3 -0.01  -0.15  9.02  

Haryana State, India 76.58 E 29.43 N 25 355 1 2 11 3 0.13  1.40  8.90  

Manica, Mozambique 32.48 E 18.91 S 21.2 1300 2 2 34 3 0.32  11.00  12.40  

Marondera, Zimbabwe, Africa 31.30 E 18.10 S 17.3 885 2 2 20 3 -0.16  -3.22  13.99  

Joao Pinheiro, Brazil 17.42 S 22.5 1445 1 2 7 3 0.41  2.88  11.04  

Joao Pinheiro, Brazil 17.42 S 22.5 1445 1 2 7 3 -0.31  -2.17  11.56  

Kamae, Hawaii 155 W 20 N 21 4000 1 2 15 3 0.05  0.74  10.81  

Lajas, Puerto Rico 76 W 18 N 25 1100 2 2 16 3 -0.89  -14.27  18.25  

Toa Baja, Puerto Rico 66 W 18 N 27 1600 2 2 7 3 -0.19  -1.30  6.83  

Belete Forest, Ethiopia 36.35 E 7.33 N 19.4 1517 1 2 21 3 0.96  20.18  25.50  

Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 2 3 0.01  0.01  18.97  

Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 3 3 -0.10  -0.29  18.97  

Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 4 3 -0.14  -0.56  18.97  

Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 5 3 -0.01  -0.05  18.97  

Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 6 3 0.08  0.46  18.97  

Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 7 3 0.05  0.34  18.97  

Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 8 3 0.03  0.23  18.97  

Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 2 3 0.01  0.01  19.16  

Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 3 3 -0.06  -0.18  19.16  

Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 4 3 -0.09  -0.38  19.16  
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Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 5 3 -0.11  -0.57  19.16  

Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 6 3 -0.13  -0.79  19.16  

Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 7 3 -0.13  -0.88  19.16  

Chongzuo City, Guangxi 107.14 E 22.23 N 22.3 1300 2 2 8 3 -0.12  -0.98  19.16  

Los Moros Farm, Uruguay 55.41 W 31.23 S 18.1 1639 2 2 8 3 0.81  6.49  14.62  

Los Moros Farm, Uruguay 55.41 W 31.23 S 18.1 1639 2 2 8 3 0.33  2.61  14.62  

Los Moros Farm, Uruguay 55.41 W 31.23 S 18.1 1639 2 2 8 3 0.12  0.97  14.62  

Encruzilhada do Sul, Brazil 52.29 W 30.38 S 17 1500 2 2 7 3 -0.87  -6.10  31.48  

Chubut Province, Argentina 71.1 W 42.06 S 6 424 2 3 16 3 0.04  0.58  4.50  

Tikitere 176.22 E 38.04 S 12.7 1490 2 3 23 3 -0.17  -4.00  23.67  

Atlanta, USA 84.1 W 33.37 N 16 1240 1 3 70 3 0.02  1.64  8.50  

Saskatchewan, Canada  3.5 350 1 3 13 3 -0.60  -7.80  22.60  

Chilimo-Gaji, Ethiopia 38.08 E 9.04 N 17.5 1264 1 3 28 3 0.05  1.48  20.45  

Chilimo-Gaji, Ethiopia 38.08 E 9.04 N 17.5 1264 1 3 28 3 0.53  14.88  7.05  

Chandanpokpi, NE India 94 E 24.25 N 20.6 1089 1 3 7 3 0.43  3.02  23.35  

Chandanpokpi, NE India 94 E 24.25 N 20.6 1089 1 3 20 3 0.25  5.10  23.35  

Chandanpokpi, NE India 94 E 24.25 N 20.6 1089 1 3 30 3 0.23  7.05  23.35  

Sao Paulo, Brazil 48.10 W 22.40 S 21 1350 2 3 28 3 -0.04  -1.13  9.02  

Kowen Forest, Australia 149.19 E 35.20 S 12 506 2 3 16 3 -0.07  -1.12  9.72  

Manica, Mozambique 32.48 E 18.91 S 21.2 1300 2 3 34 3 0.14  4.70  12.40  

Perloja, Lithuania 24.25 E 54.10 N 6.2 682 1 3 45 3 0.00  0.10  5.30  

Marondera, Zimbabwe, Africa 31.30 E 18.10 S 17.3 885 2 3 40 3 0.00  0.01  13.99  

Uberlandia, Brazil 18.50 S 21 1540 1 3 20 3 -0.06  -1.18  -6.78  

Belete Forest, Ethiopia 36.35 E 7.33 N 19.4 1517 1 3 21 3 0.35  7.31  25.50  

Yongshou County, Shaanxi 108.08 E 34.83 N 10.8 610 1 3 50 3 0.04  2.01  1.98  

Ansai, Shaanxi 105.05 E 36.30 N 8.8 505.3 1 3 10 3 0.14  1.40  2.99  

Ansai, Shaanxi 105.05 E 36.30 N 8.8 505.3 1 3 30 3 0.15  4.45  2.99  
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Shenmu County 110.23 E 38.49 N 8.4 437 2 3 28 3 -0.01  -0.19  1.75  

Shaanxi 109.38 E 35.28 N 8.6 612 1 3 18 3 0.04  0.77  9.29  

Shaanxi 109.38 E 35.28 N 8.6 612 1 3 24 3 0.35  8.50  10.96  

Shaanxi 109.38 E 35.28 N 8.6 612 1 3 48 3 0.09  4.37  9.63  

Shaanxi 109.38 E 35.28 N 8.6 612 1 3 100 3 0.03  2.91  10.50  

Shaanxi 109.38 E 35.28 N 8.6 612 1 3 200 3 0.03  5.11  10.50  

Barkers, New Zealand 174.40 E 36.25 S 14.5 1400 2 3 17 3 -0.40  -6.85  31.25  

Kraaks, New Zealand 174.40 E 36.25 S 14.5 1400 2 3 19 3 0.18  3.45  36.24  

Hoteo, New Zealand 174.40 E 36.25 S 14.5 1400 2 3 18 3 -0.05  -0.86  31.43  

Wreaks, New Zealand 174.40 E 36.25 S 14.5 1400 2 3 17 3 0.45  7.72  27.55  

Chilimo-Gaji, Ethiopia 38.08 E 9.04 N 17.5 1264 1 3 28 3 0.16  4.42  20.45  

Chilimo-Gaji, Ethiopia 38.08 E 9.04 N 17.5 1264 1 3 28 3 0.64  17.82  7.05  

Southern Ethiopia 38.49 E 7.08 N 19.5 1222 1 3 5 3 -1.34  -6.70  47.41  

Southern Ethiopia 38.49 E 7.08 N 19.5 1222 1 3 8 3 -1.95  -15.62  47.41  

Southern Ethiopia 38.49 E 7.08 N 19.5 1222 1 3 17 3 -0.56  -9.44  47.41  

Belete Forest, Ethiopia 36.35 E 7.33 N 19.4 1517 1 3 21 3 0.72  15.02  25.50  

Kanto Plain, central Japan 140.13 E 36.11 N 13.5 1186 2 3 4 3 -0.25  -1.01  1.16  

Kanto Plain, central Japan 140.13 E 36.11 N 13.5 1186 2 3 9 3 -0.30  -2.67  4.71  

Kanto Plain, central Japan 140.13 E 36.11 N 13.5 1186 2 3 12 3 0.53  6.35  1.16  

Kanto Plain, central Japan 140.13 E 36.11 N 13.5 1186 2 3 25 3 -0.05  -1.16  1.16  

Kanto Plain, central Japan 140.13 E 36.11 N 13.5 1186 2 3 30 3 -0.16  -4.71  4.71  
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Table a2. Primary SOC data. 

Note: previous land use (PLU): 1-cropland, 2-grassland; tree type (TT): 1-deciduous broadleaf, 2-evergreen broadleaf, 3-evergreen conifer; soil depth (D): 1-0-

20 cm, 2-20-40 cm, 3-40-60 cm. 

Sampling site (county, 

province) 
W/E N/S 

MAT 

(℃) 

MAP 

(mm) 
PLU TT 

Stand age 

(year) 
D 

∆Cs rate (Mg 

ha-1 yr-1) 
∆Cs (Mg ha-1) 

Initial SOC 

stock (Mg ha-1) 

Meishan, Anhui 115.88 31.67 16.51 1411.8 2 3 40 1 -0.23  -9.32  40.37  

Huangcun, Anhui 118.33 30.64 17.81 1822.9 2 3 15 1 -0.22  -3.31  40.37  

Jingxian, Anhui 118.36 30.68 17.7 1794.5 2 1 3 1 -4.95  -14.85  40.37  

Anhui 118.53 30.74 17.5 1744.8 2 1 3 1 9.11  27.34  40.37  

Anhui 118.53 30.74 17.5 1744.8 2 1 6 1 -1.53  -9.19  40.37  

Majiaxi, Anhui 118.44 30.25 16.63 2046.4 2 1 15 1 0.68  10.26  40.37  

Majiaxi, Anhui 118.44 30.25 16.63 2046.4 2 1 35 1 1.60  55.88  40.37  

Yucun, Anhui 118.67 30.35 16.69 1937.8 2 1 8 1 0.30  2.28  40.37  

Yucun, Anhui 118.64 30.35 16.75 1947.6 2 3 13 1 -2.42  -30.21  40.37  

Pinghangling, Anhui 118.18 30.07 15.82 2217.4 2 3 25 1 2.48  62.10  40.37  

Anhui 112.21 32.19 16.45 763.1 2 2 13 1 0.86  10.81  40.37  

Chongqing 108.42 28.05 16.75 1139.6 1 1 12 1 2.55  30.58  14.50  

Chongqing 108.96 29.01 17.28 1189.9 1 1 11 1 7.86  86.42  14.50  

Tongren, Guizhou 109.15 27.52 15.67 1384.3 1 2 9 1 -0.44  -3.70  42.67  

Tongren, Guizhou 109.15 27.52 15.67 1384.3 1 2 5 1 -1.36  -6.81  42.67  

Tongren, Guizhou 109.04 27.27 16.82 1374 1 3 9 1 -1.27  -10.76  42.67  

Kaili, Guizhou 107.94 26.54 17.22 1521 2 3 23 1 2.35  52.93  182.03  

Kaili, Guizhou 107.94 26.54 17.22 1521 2 2 25 1 -4.68  -117.12  182.03  

Kaili, Guizhou 108.01 26.61 16.02 1512.6 2 3 80 1 -0.48  -38.74  182.03  

Kaili, Guizhou- 108 26.58 17.05 1510 2 3 38 1 1.37  51.30  182.03  

Guiyang, Guizhou 106.76 26.56 15.57 1458.5 2 3 13 1 -7.68  -96.00  182.03  

Limushan, Guizhou 106.8 26.57 16.09 1457.4 2 2 10 1 -11.00  -110.00  182.03  

Huangpiling, Hubei 114.36 31.02 17.5 1380.2 1 3 26 1 0.97  25.31  42.73  
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Huangpiling, Hubei 114.36 30.84 17.82 1435.4 1 1 23 1 -0.12  -2.75  42.73  

Xiaogan, Hubei 114.15 31.14 17.3 1316.7 1 2 6 1 -7.12  -42.73  42.73  

Fancun, Hubei 113.99 30.99 17.61 1343.9 1 1 18 1 -1.74  -30.41  42.73  

Chenjiawan, Hubei 113.96 30.97 17.69 1346.3 1 2 15 1 1.01  15.11  42.73  

Chenjiawan, Hubei 113.96 30.97 17.69 1346.3 1 2 18 1 1.62  28.38  42.73  

Wujiawan, Hubei 113.23 31.74 16.72 958.7 1 1 15 1 -0.81  -12.17  38.71  

Wujiawan, Hubei 113.23 31.75 16.72 958.7 1 1 15 1 -0.32  -4.75  38.71  

Dachuan, Hubei 110.71 32.54 14.63 785.6 1 3 18 1 -0.71  -12.78  38.71  

Dachuan, Hubei 110.71 32.54 14.63 785.6 1 3 23 1 -0.71  -16.08  38.71  

Dachuan, Hubei 110.71 32.53 14.5 787.7 1 3 13 1 -0.43  -5.35  38.71  

Dachuan, Hubei 110.7 32.53 14.5 787.7 1 3 6 1 -0.03  -0.19  38.71  

Taipingdian, Hubei 111.84 32.12 16.85 751.7 1 1 10 1 -0.56  -5.60  38.71  

Niushou, Hubei 111.93 32.11 16.69 756.9 1 1 11 1 0.60  6.55  38.71  

Hubei 111.94 32.12 16.69 756.9 1 2 8 1 -1.13  -8.48  38.71  

Hubei 112.21 32.19 16.43 764 1 2 4 1 -1.47  -5.89  38.71  

Hunan 112.8 27.31 18.69 1635.2 2 3 6 1 -1.26  -7.55  16.60  

Hunan 112.8 27.31 18.69 1635.2 2 3 28 1 1.03  28.19  16.60  

Hengshan, Hunan 112.89 27.29 18.87 1650.6 2 3 23 1 0.97  21.74  16.60  

Hengshan, Hunan 112.89 27.3 18.87 1650.6 2 3 23 1 0.53  11.83  16.60  

Chenzhou, Hunan 112.89 25.77 18.99 1767.3 2 3 25 1 1.55  38.81  16.60  

Chenzhou, Hunan 112.89 25.77 18.99 1767.3 2 3 9 1 3.90  33.18  16.60  

Chenzhou, Hunan 112.9 25.77 18.65 1771.5 2 2 15 1 2.43  36.52  16.60  

Chenzhou, Hunan 112.89 25.77 18.91 1770.2 2 3 8 1 5.79  43.44  16.60  

Hunan 113.03 25.87 19.01 1743 2 3 10 1 2.83  28.28  16.60  

Loudi, Hunan 112.02 27.82 18.45 1538.1 2 2 8 1 4.12  30.90  16.60  

Loudi, Hunan 112.02 27.82 18.45 1538.1 2 2 8 1 5.89  44.21  16.60  

Loudi, Hunan 112.02 27.82 18.42 1538.5 2 2 13 1 0.37  4.63  16.60  



 

150 

Loudi, Hunan 111.95 27.7 18.35 1531.4 2 3 10 1 1.63  16.34  16.60  

Huaihua, Hunan 110.03 27.53 17.65 1452.2 2 2 8 1 2.41  19.26  16.60  

Huaihua, Hunan 110.01 27.54 18.14 1448 2 2 15 1 1.60  24.05  16.60  

Huaihua, Hunan 110.02 27.54 18.05 1449 2 2 3 1 6.83  17.08  16.60  

Qiukou, Jiangxi 117.93 29.35 18.83 2506.9 1 3 23 1 0.63  14.17  26.40  

Qiukou, Jiangxi 117.93 29.35 18.83 2506.9 1 3 23 1 1.37  30.80  26.40  

Jiangxi 117.85 29.21 19.06 2507.6 1 3 23 1 0.54  12.16  26.40  

Xinjian, Jiangxi 115.77 28.7 18.87 2082.9 2 2 15 1 -1.22  -18.31  31.86  

Xinjian, Jiangxi 115.77 28.7 18.89 2080.2 2 3 2 1 -12.09  -24.19  31.86  

Wangcheng, Jiangxi 115.77 28.67 18.82 2088.5 2 2 7 1 -3.14  -20.42  31.86  

Wangcheng, Jiangxi 115.76 28.67 18.82 2088.5 2 2 4 1 -4.92  -19.70  31.86  

Gaoxing, Jiangxi 115.28 26.43 20.1 1997.5 2 3 35 1 -0.22  -7.74  31.86  

Xingguo, Jiangxi 115.28 26.44 20.1 1997.5 2 3 5 1 -3.96  -19.82  31.86  

Xingguo, Jiangxi 115.39 26.43 19.98 2039.3 2 3 20 1 -0.97  -19.42  31.86  

Xingguo, Jiangxi 115.39 26.35 20.76 1984.7 2 1 23 1 -0.63  -14.07  31.86  

Yichun, Jiangxi 114.39 27.93 18.72 1975.6 2 3 20 1 -0.03  -0.67  31.86  

Yichun, Jiangxi 114.39 27.93 18.72 1975.6 2 3 20 1 -0.15  -3.05  31.86  

Yichun, Jiangxi 114.39 27.93 18.72 1963.4 2 3 18 1 0.01  0.20  31.86  

Chengjiang, Yunnan 102.88 24.69 16.95 1033 1 3 23 1 1.05  23.67  57.06  

Chengjiang, Yunnan 102.88 24.69 16.95 1033 1 2 18 1 2.22  38.77  57.06  

Jiangchuan, Yunnan 102.59 24.34 17.54 944.2 1 3 25 1 -0.30  -7.60  57.06  

Jiangchuan, Yunnan 102.65 24.32 17.37 957.4 1 3 13 1 -0.51  -6.32  57.06  

Mojiang, Yunnan 101.68 23.54 19.17 1197.1 1 3 23 1 -0.34  -7.66  57.06  

Mojiang, Yunnan 101.68 23.54 19.17 1197.1 1 3 5 1 2.33  11.66  57.06  

Shilin, Yunnan 103.37 24.86 16.65 1177.1 1 2 18 1 -1.32  -23.06  57.06  

Shilin, Yunnan 103.38 24.88 16.68 1181.5 1 2 17 1 0.56  9.48  57.06  

Shilin, Yunnan 103.37 24.88 16.68 1181.5 1 3 28 1 -0.19  -5.31  57.06  
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Shilin, Yunnan 103.38 24.88 16.55 1185.5 1 2 40 1 -0.28  -11.07  57.06  

Shilin, Yunnan 103.29 24.87 17.15 1152.5 1 2 27 1 -0.71  -19.18  57.06  

Shilin, Yunnan 103.06 24.88 16.77 1097.9 1 2 18 1 -0.66  -11.49  57.06  

Shilin, Yunnan 103 24.96 17.52 1088.1 1 2 23 1 1.12  25.29  57.06  

Shilin, Yunnan 102.91 24.95 16.03 1079.6 1 3 45 1 0.49  21.85  57.06  

Meishan, Anhui 115.88 31.67 16.51 1411.8 2 3 40 2 0.04  1.57  20.18  

Huangcun, Anhui 118.33 30.64 17.81 1822.9 2 3 15 2 0.06  0.92  20.18  

Jingxian, Anhui 118.36 30.68 17.7 1794.5 2 1 3 2 6.45  19.34  20.18  

Anhui 118.53 30.74 17.5 1744.8 2 1 3 2 19.96  59.87  20.18  

Anhui 118.53 30.74 17.5 1744.8 2 1 6 2 -1.16  -6.94  20.18  

Majiaxi, Anhui 118.44 30.25 16.63 2046.4 2 1 15 2 0.74  11.13  20.18  

Majiaxi, Anhui 118.44 30.25 16.63 2046.4 2 1 35 2 1.98  69.36  20.18  

Yucun, Anhui 118.67 30.35 16.69 1937.8 2 1 8 2 -0.83  -6.22  20.18  

Yucun, Anhui 118.64 30.35 16.75 1947.6 2 3 13 2 -0.82  -10.23  20.18  

Pinghangling, Anhui 118.18 30.07 15.82 2217.4 2 3 25 2 0.98  24.52  20.18  

Anhui 112.21 32.19 16.45 763.1 2 2 13 2 1.33  16.58  20.18  

Chongqing 108.42 28.05 16.75 1139.6 1 1 12 2 1.07  12.79  26.70  

Chongqing 108.96 29.01 17.28 1189.9 1 1 11 2 3.78  41.54  26.70  

Tongren, Guizhou 109.15 27.52 15.67 1384.3 1 2 9 2 0.23  1.96  23.38  

Tongren, Guizhou 109.15 27.52 15.67 1384.3 1 2 5 2 -2.52  -12.60  23.38  

Tongren, Guizhou 109.04 27.27 16.82 1374 1 3 9 2 -2.18  -18.55  23.38  

Kaili, Guizhou 107.94 26.54 17.22 1521 2 3 23 2 2.06  46.27  193.19  

Kaili, Guizhou 107.94 26.54 17.22 1521 2 2 25 2 -6.37  -159.15  193.19  

Kaili, Guizhou 108.01 26.61 16.02 1512.6 2 3 80 2 -0.71  -56.57  193.19  

Kaili, Guizhou 108 26.58 17.05 1510 2 3 38 2 0.93  34.79  193.19  

Guiyang, Guizhou 106.76 26.56 15.57 1458.5 2 3 13 2 -12.96  -162.00  193.19  

Limushan, Guizhou 106.8 26.57 16.09 1457.4 2 2 10 2 -12.40  -124.00  193.19  
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Huangpiling, Hubei 114.36 31.02 17.5 1380.2 1 3 26 2 -0.15  -3.95  46.11  

Huangpiling, Hubei 114.36 30.84 17.82 1435.4 1 1 23 2 -1.26  -28.44  46.11  

Xiaogan, Hubei 114.15 31.14 17.3 1316.7 1 2 6 2 -5.16  -30.97  46.11  

Fancun, Hubei 113.99 30.99 17.61 1343.9 1 1 18 2 -1.55  -27.19  46.11  

Chenjiawan, Hubei 113.96 30.97 17.69 1346.3 1 2 15 2 -1.62  -24.28  46.11  

Chenjiawan, Hubei 113.96 30.97 17.69 1346.3 1 2 18 2 -1.27  -22.24  46.11  

Wujiawan, Hubei 113.23 31.74 16.72 958.7 1 1 15 2 -1.22  -18.26  32.46  

Wujiawan, Hubei 113.23 31.75 16.72 958.7 1 1 15 2 -0.05  -0.70  32.46  

Dachuan, Hubei 110.71 32.54 14.63 785.6 1 3 18 2 -0.78  -14.10  32.46  

Dachuan, Hubei 110.71 32.54 14.63 785.6 1 3 23 2 -0.68  -15.32  32.46  

Dachuan, Hubei 110.71 32.53 14.5 787.7 1 3 13 2 -1.55  -19.36  32.46  

Dachuan, Hubei 110.7 32.53 14.5 787.7 1 3 6 2 -2.69  -16.15  32.46  

Taipingdian, Hubei 111.84 32.12 16.85 751.7 1 1 10 2 0.33  3.30  32.46  

Niushou, Hubei 111.93 32.11 16.69 756.9 1 1 11 2 -0.67  -7.41  32.46  

Hubei 111.94 32.12 16.69 756.9 1 2 8 2 -1.72  -12.88  32.46  

Hubei 112.21 32.19 16.43 764 1 2 4 2 -1.90  -7.62  32.46  

Hunan 112.8 27.31 18.69 1635.2 2 3 6 2 -1.61  -9.67  15.35  

Hunan 112.8 27.31 18.69 1635.2 2 3 28 2 -0.21  -5.84  15.35  

Hengshan, Hunan 112.89 27.29 18.87 1650.6 2 3 23 2 1.02  22.89  15.35  

Hengshan, Hunan 112.89 27.3 18.87 1650.6 2 3 23 2 0.26  5.79  15.35  

Chenzhou, Hunan 112.89 25.77 18.99 1767.3 2 3 25 2 0.84  21.07  15.35  

Chenzhou, Hunan 112.89 25.77 18.99 1767.3 2 3 9 2 0.15  1.31  15.35  

Chenzhou, Hunan 112.9 25.77 18.65 1771.5 2 2 15 2 0.93  14.02  15.35  

Chenzhou, Hunan 112.89 25.77 18.91 1770.2 2 3 8 2 2.98  22.36  15.35  

Hunan 113.03 25.87 19.01 1743 2 3 10 2 0.66  6.57  15.35  

Loudi, Hunan 112.02 27.82 18.45 1538.1 2 2 8 2 2.93  21.94  15.35  

Loudi, Hunan 112.02 27.82 18.45 1538.1 2 2 8 2 5.32  39.94  15.35  
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Loudi, Hunan 112.02 27.82 18.42 1538.5 2 2 13 2 0.32  4.01  15.35  

Loudi, Hunan 111.95 27.7 18.35 1531.4 2 3 10 2 0.40  4.03  15.35  

Huaihua, Hunan 110.03 27.53 17.65 1452.2 2 2 8 2 2.73  21.86  15.35  

Huaihua, Hunan 110.01 27.54 18.14 1448 2 2 15 2 0.62  9.36  15.35  

Huaihua, Hunan 110.02 27.54 18.05 1449 2 2 3 2 4.91  12.27  15.35  

Qiukou, Jiangxi 117.93 29.35 18.83 2506.9 1 3 23 2 0.06  1.32  16.29  

Qiukou, Jiangxi 117.93 29.35 18.83 2506.9 1 3 23 2 1.33  29.94  16.29  

Jiangxi 117.85 29.21 19.06 2507.6 1 3 23 2 0.29  6.45  16.29  

Xinjian, Jiangxi 115.77 28.7 18.87 2082.9 2 2 15 2 -0.01  -0.13  18.59  

Xinjian, Jiangxi 115.77 28.7 18.89 2080.2 2 3 2 2 -6.80  -13.61  18.59  

Wangcheng, Jiangxi 115.77 28.67 18.82 2088.5 2 2 7 2 -1.03  -6.68  18.59  

Wangcheng, Jiangxi 115.76 28.67 18.82 2088.5 2 2 4 2 -2.84  -11.36  18.59  

Gaoxing, Jiangxi 115.28 26.43 20.1 1997.5 2 3 35 2 0.04  1.55  18.59  

Xingguo, Jiangxi 115.28 26.44 20.1 1997.5 2 3 5 2 -2.45  -12.27  18.59  

Xingguo, Jiangxi 115.39 26.43 19.98 2039.3 2 3 20 2 -0.57  -11.35  18.59  

Xingguo, Jiangxi 115.39 26.35 20.76 1984.7 2 1 23 2 -0.28  -6.30  18.59  

Yichun, Jiangxi 114.39 27.93 18.72 1975.6 2 3 20 2 -0.29  -5.89  18.59  

Yichun, Jiangxi 114.39 27.93 18.72 1975.6 2 3 20 2 -0.16  -3.23  18.59  

Yichun, Jiangxi 114.39 27.93 18.72 1963.4 2 3 18 2 0.05  0.93  18.59  

Chengjiang, Yunnan 102.88 24.69 16.95 1033 1 3 23 2 0.60  13.44  45.98  

Chengjiang, Yunnan 102.88 24.69 16.95 1033 1 2 18 2 1.69  29.58  45.98  

Jiangchuan, Yunnan 102.59 24.34 17.54 944.2 1 3 25 2 -0.86  -21.39  45.98  

Jiangchuan, Yunnan 102.65 24.32 17.37 957.4 1 3 13 2 -2.25  -28.11  45.98  

Mojiang, Yunnan 101.68 23.54 19.17 1197.1 1 3 23 2 -0.59  -13.30  45.98  

Mojiang, Yunnan 101.68 23.54 19.17 1197.1 1 3 5 2 -0.84  -4.22  45.98  

Shilin, Yunnan 103.37 24.86 16.65 1177.1 1 2 18 2 -2.02  -35.33  45.98  

Shilin, Yunnan 103.38 24.88 16.68 1181.5 1 2 17 2 -0.71  -12.02  45.98  
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Shilin, Yunnan 103.37 24.88 16.68 1181.5 1 3 28 2 -0.71  -19.57  45.98  

Shilin, Yunnan 103.38 24.88 16.55 1185.5 1 2 40 2 -0.29  -11.48  45.98  

Shilin, Yunnan 103.29 24.87 17.15 1152.5 1 2 27 2 -1.11  -30.05  45.98  

Shilin, Yunnan 103.06 24.88 16.77 1097.9 1 2 18 2 -0.01  -0.10  45.98  

Shilin, Yunnan 103 24.96 17.52 1088.1 1 2 23 2 -0.72  -16.15  45.98  

Shilin, Yunnan 102.91 24.95 16.03 1079.6 1 3 45 2 -0.40  -18.22  45.98  

Meishan, Anhui 115.88 31.67 16.51 1411.8 2 3 40 3 -0.18  -7.01  26.36  

Huangcun, Anhui 118.33 30.64 17.81 1822.9 2 3 15 3 -1.03  -15.41  26.36  

Jingxian, Anhui 118.36 30.68 17.7 1794.5 2 1 3 3 1.50  4.49  26.36  

Anhui 118.53 30.74 17.5 1744.8 2 1 3 3 15.64  46.93  26.36  

Anhui 118.53 30.74 17.5 1744.8 2 1 6 3 -1.98  -11.88  26.36  

Majiaxi, Anhui 118.44 30.25 16.63 2046.4 2 1 15 3 0.27  3.98  26.36  

Majiaxi, Anhui 118.44 30.25 16.63 2046.4 2 1 35 3 1.42  49.56  26.36  

Yucun, Anhui 118.67 30.35 16.69 1937.8 2 1 8 3 0.19  1.41  26.36  

Yucun, Anhui 118.64 30.35 16.75 1947.6 2 3 13 3 -1.64  -20.52  26.36  

Pinghangling, Anhui 118.18 30.07 15.82 2217.4 2 3 25 3 0.56  13.92  26.36  

Anhui 112.21 32.19 16.45 763.1 2 2 13 3 0.04  0.53  26.36  

Tongren, Guizhou 109.15 27.52 15.67 1384.3 1 2 5 3 -1.39  -6.95  16.86  

Tongren, Guizhou 109.04 27.27 16.82 1374 1 3 9 3 1.47  12.52  16.86  

Huangpiling, Hubei 114.36 31.02 17.5 1380.2 1 3 26 3 -0.06  -1.57  15.42  

Huangpiling, Hubei 114.36 30.84 17.82 1435.4 1 1 23 3 0.91  20.53  15.42  

Xiaogan, Hubei 114.15 31.14 17.3 1316.7 1 2 6 3 0.53  3.17  15.42  

Fancun, Hubei 113.99 30.99 17.61 1343.9 1 1 18 3 0.26  4.62  15.42  

Chenjiawan, Hubei 113.96 30.97 17.69 1346.3 1 2 15 3 -0.06  -0.88  15.42  

Chenjiawan, Hubei 113.96 30.97 17.69 1346.3 1 2 18 3 0.30  5.24  15.42  

Wujiawan, Hubei 113.23 31.74 16.72 958.7 1 1 15 3 -0.99  -14.78  24.35  

Wujiawan, Hubei 113.23 31.75 16.72 958.7 1 1 15 3 -0.89  -13.40  24.35  
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Dachuan, Hubei 110.71 32.54 14.63 785.6 1 3 18 3 -0.95  -17.05  24.35  

Dachuan, Hubei 110.71 32.54 14.63 785.6 1 3 23 3 -0.67  -15.10  24.35  

Dachuan, Hubei 110.71 32.53 14.5 787.7 1 3 13 3 -0.76  -9.46  24.35  

Dachuan, Hubei 110.7 32.53 14.5 787.7 1 3 6 3 -3.45  -20.69  24.35  

Taipingdian, Hubei 111.84 32.12 16.85 751.7 1 1 10 3 0.34  3.41  24.35  

Niushou, Hubei 111.93 32.11 16.69 756.9 1 1 11 3 -0.43  -4.70  24.35  

Hubei 111.94 32.12 16.69 756.9 1 2 8 3 1.12  8.39  24.35  

Hubei 112.21 32.19 16.43 764 1 2 4 3 -1.02  -4.10  24.35  

Hunan 112.8 27.31 18.69 1635.2 2 3 6 3 -2.17  -13.00  19.09  

Hunan 112.8 27.31 18.69 1635.2 2 3 28 3 -0.50  -13.63  19.09  

Hengshan, Hunan 112.89 27.29 18.87 1650.6 2 3 23 3 0.30  6.73  19.09  

Hengshan, Hunan 112.89 27.3 18.87 1650.6 2 3 23 3 -0.19  -4.19  19.09  

Chenzhou, Hunan 112.89 25.77 18.99 1767.3 2 3 25 3 1.04  26.08  19.09  

Chenzhou, Hunan 112.89 25.77 18.99 1767.3 2 3 9 3 -0.37  -3.16  19.09  

Chenzhou, Hunan 112.9 25.77 18.65 1771.5 2 2 15 3 0.81  12.20  19.09  

Chenzhou, Hunan 112.89 25.77 18.91 1770.2 2 3 8 3 2.52  18.91  19.09  

Hunan 113.03 25.87 19.01 1743 2 3 10 3 2.05  20.53  19.09  

Loudi, Hunan 112.02 27.82 18.45 1538.1 2 2 8 3 2.88  21.59  19.09  

Loudi, Hunan 112.02 27.82 18.45 1538.1 2 2 8 3 4.28  32.12  19.09  

Loudi, Hunan 112.02 27.82 18.42 1538.5 2 2 13 3 0.02  0.23  19.09  

Loudi, Hunan 111.95 27.7 18.35 1531.4 2 3 10 3 -0.43  -4.30  19.09  

Huaihua, Hunan 110.03 27.53 17.65 1452.2 2 2 8 3 0.89  7.14  19.09  

Huaihua, Hunan 110.01 27.54 18.14 1448 2 2 15 3 -0.63  -9.43  19.09  

Huaihua, Hunan 110.02 27.54 18.05 1449 2 2 3 3 -3.82  -9.56  19.09  

Qiukou, Jiangxi 117.93 29.35 18.83 2506.9 1 3 23 3 -0.07  -1.54  13.47  

Qiukou, Jiangxi 117.93 29.35 18.83 2506.9 1 3 23 3 0.84  18.89  13.47  

Jiangxi 117.85 29.21 19.06 2507.6 1 3 23 3 0.28  6.33  13.47  
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Xinjian, Jiangxi 115.77 28.7 18.87 2082.9 2 2 15 3 0.12  1.81  10.79  

Xinjian, Jiangxi 115.77 28.7 18.89 2080.2 2 3 2 3 -1.35  -2.69  10.79  

Wangcheng, Jiangxi 115.77 28.67 18.82 2088.5 2 2 7 3 0.47  3.08  10.79  

Wangcheng, Jiangxi 115.76 28.67 18.82 2088.5 2 2 4 3 -0.09  -0.34  10.79  

Gaoxing, Jiangxi 115.28 26.43 20.1 1997.5 2 3 35 3 0.10  3.39  10.79  

Xingguo, Jiangxi 115.28 26.44 20.1 1997.5 2 3 5 3 -1.42  -7.08  10.79  

Xingguo, Jiangxi 115.39 26.43 19.98 2039.3 2 3 20 3 -0.30  -6.05  10.79  

Xingguo, Jiangxi 115.39 26.35 20.76 1984.7 2 1 23 3 -0.07  -1.50  10.79  

Yichun, Jiangxi 114.39 27.93 18.72 1975.6 2 3 20 3 -0.06  -1.21  10.79  

Yichun, Jiangxi 114.39 27.93 18.72 1975.6 2 3 20 3 0.03  0.64  10.79  

Yichun, Jiangxi 114.39 27.93 18.72 1963.4 2 3 18 3 0.03  0.56  10.79  

Chengjiang, Yunnan 102.88 24.69 16.95 1033 1 3 23 3 0.94  21.25  35.98  

Chengjiang, Yunnan 102.88 24.69 16.95 1033 1 2 18 3 1.03  18.11  35.98  

Jiangchuan, Yunnan 102.59 24.34 17.54 944.2 1 3 25 3 -0.80  -19.91  35.98  

Jiangchuan, Yunnan 102.65 24.32 17.37 957.4 1 3 13 3 -1.72  -21.45  35.98  

Mojiang, Yunnan 101.68 23.54 19.17 1197.1 1 3 23 3 -0.27  -6.02  35.98  

Mojiang, Yunnan 101.68 23.54 19.17 1197.1 1 3 5 3 -3.56  -17.81  35.98  

Shilin, Yunnan 103.37 24.86 16.65 1177.1 1 2 18 3 -1.52  -26.64  35.98  

Shilin, Yunnan 103.38 24.88 16.68 1181.5 1 2 17 3 -0.46  -7.89  35.98  

Shilin, Yunnan 103.37 24.88 16.68 1181.5 1 3 28 3 -0.61  -16.76  35.98  

Shilin, Yunnan 103.38 24.88 16.55 1185.5 1 2 40 3 -0.14  -5.66  35.98  

Shilin, Yunnan 103.29 24.87 17.15 1152.5 1 2 27 3 -0.85  -22.83  35.98  

Shilin, Yunnan 103.06 24.88 16.77 1097.9 1 2 18 3 -0.61  -10.67  35.98  

Shilin, Yunnan 103 24.96 17.52 1088.1 1 2 23 3 -0.02  -0.34  35.98  

Shilin, Yunnan 102.91 24.95 16.03 1079.6 1 3 45 3 -0.54  -24.32  35.98  
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A2. Questionnaire for economic data collection 

Table a3. Questionnaire for economic data collection 
  Village 

Item Unit gps 

coordinates: 

    village 

name:  

    contacts: 

General information Species (e.g. apple, % of each species)   

  How old and how many trees per mu   

Site preparation Preparation of the land and planting (how many days 

for one mu, how many mu per person and Labor costs 

(RMB) per mu) 

  

  Seedling or sapling: RMB for one tree   

  Seedlings or sapling: quantity per mu and total cost 

(RMB/mu) 

  

  Insecticide: costs per mu each time applied per mu 

(RMB) 

  

  Insecticide: how many times a year put pesticides, 

which year 

  

  Insecticide: labor time to apply and cost of labor (days 

and RMB for one mu) 

  

  Herbicide: costs per mu each time applied per mu 

(RMB) 

  

  Herbicide: how many times a year put pesticides, which 

year 

  

  Herbicide: labor time to apply and cost of labor (days 

and RMB for one mu) 

  

  Fertilizer: costs per mu each time applied (RMB)   

  Fertilizers: how many times a year put fertilizers (which 

year) 

  

  Fertilizer: labor time to apply and cost of labor (days 

and RMB for one mu) 

  

  Manual cleaning and weeding of the field (labor cost 

per mu per year) 

  

Management Replanting (When (year))   

  Amount: cost of the seedlings?   

  Labor costs (RMB, also if done by household)   

Weeding and climber 

cutting 

Years of weeding (which year(s) weeding had to take 

place 

  

  How many days a year need weeding, and labor cost 

per mu  

  

Pruning and Thinning Amount (kg or cubic meters)   

  Quality (fuel/construction/poles/other)   
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  Year of starting pruning   

  Income each year (and which year)   

  Man days per mu, Labor costs (RMB, or if done by 

household, time) 

  

Timber/wood use Value of trees if sold per mu (RMB) (even if they never 

cut, how much would they be able to sell one tree for?) 

  

  Number of trees cut per mu (or % of trees cut)   

  Use of cut timber (Fuel/construction/poles/other)   

  Labor costs: Man days per mu, Labor costs (RMB)    

  Transportation cost to bring harvest to buyer   

  Income per mu (RMB)   

Tools and machinery Tools for establishment (Costs, in RMB)   

  Tools for maintenance (Costs, in RMB)   

  Tools for harvest (Costs, in RMB)   

Sale of forest products 

(e.g. fruits, mushrooms, 

medicinal plants) 

Quantity of fruits (Kgs)   

  price per pound/kg   

  Total income obtained RMB per mu (and year)   

  Labor cost (Man days per mu, Labor costs (RMB, or if 

done by household, time)) 

  

Prices  Fuelwood (RMB per kg or cubic meter)   

  Construction wood (RMB)   

  Poles (RMB)   

  Other (RMB)   

Subsidies from the 

government 

RMB per mu (for each year), and the years in which 

farmers received subsidies 
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A3. Soil depth standardization and extrapolation 

Meta-data is one of the main data sources of the first part of this study. However, 

studies report the SOC data of inconsistent soil depths (they may report 0-5 cm, 10-30 

cm, 20-30 cm, 20-40 cm, 30-60 cm, etc.). Given the insufficient number of studies 

reporting SOC data of deeper soil depth, soil depth standardization and extrapolation 

method is applied to standardize the soil depth and estimate some of the SOC data for 

deeper depth. 

The present study investigates the SOC stock changes in the top 0-60 cm soil depths 

with intervals of 20 cm. This is because the 0–60 cm depth contains 70%–80% of the 

SOC stocks found in the first-meter, which is more strongly affected by land use change 

(Jobbágy and Jackson, 2000; Kukal and Bawa, 2014). To reduce the uncertainties 

driven by extrapolating the missing values, two processes for SOC estimation at 

different soil depths were performed. 

First, soil depth is standardized because the intervals of soil depth varied among studies. 

For example, some studies measured the carbon at soil depth of 5 cm, 10 cm, 30 cm 

and 60 cm, and some at much broader depths of 0-30 cm, 0-60 cm and 0-100 cm. In 

this case, SOC data were converted from different depths, e.g. 0-5 cm, 5-10 cm, 10-30 

cm and 30-60 cm etc., into standard depths 0-20 cm, 20-40 cm, 40-60 cm. In total, 151 

data (28% of all the total) were standardized. The second process of SOC estimation is 

for SOC data of deeper depths, for instance, to estimate the data of 40-60 cm with data 

of 0-10 cm, 10-20 cm, and 30-40 cm. In total, 61 data (11% of all the total) were 

extrapolated.  

A3.1 Depth functions developed by Jobbagy and Jackson (2000) 

For the missing value of SOC stock in deeper soil layers, meta analyses tend to convert 

the original topsoil (soil depth lower than 20 cm) C data to the soil C stocks in the top 

100 cm using the depth functions developed by Jobbagy and Jackson (2000) (Equation 

a1). 

 𝑌 = 1 − 𝛽𝑑 (a1) 
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where Y is the cumulative proportion of the SOC stock from the soil surface to depth d 

(cm); β is the relative rate of decrease in the SOC stock with soil depth. 

The depth functions (Equation a1) developed by Jobbagy and Jackson (2000) is usually 

(e.g. by Deng et al., 2014; Liu et al., 2017) used to convert the original topsoil C data 

in the missing subsoil C stock data using  

 
𝑆𝑡𝑜𝑐𝑘𝑑 =

1 − 𝛽𝑑

1 − 𝛽𝑑0
× 𝑆𝑡𝑜𝑐𝑘𝑑0 

(a2) 

Stockd (t ha−1) represents the SOC stock in the upper soil depth of d cm; d0 is the original 

soil depth available in individual studies (cm); and Stockd0 (t ha−1) is the reported SOC 

stock at a depth of d0 in a specific study; β value equals to 0.9786. 

However, this approach may generate inaccurate data for three reasons: 1) Not all soils 

have depths of 100 cm. Some soil types such as the shallow Lithosols, Rankers and 

Rendzinas may only have soil depth of 50 cm or less (Batjes, 1996); 2) Converting the 

topsoil C data to the subsoil C stock by applying an equation with the same β value 

(0.9786) is not suitable for different soil types (e.g. Deng et al., 2014; Liu et al., 2017); 

3) Using this method, if the original studies reported soil C data of more than one soil 

layers, it may be difficult to choose which one to convert.  

A3.2 Polynomial trendline (order 2) 

In this study polynomial trendline (order 2) (Equation a3) is used to estimate the 

missing data, standardize soil depth, and estimate SOC data of deeper depths. 

 𝑇𝑜𝑡𝑎𝑙 𝑆𝑂𝐶 𝑠𝑡𝑜𝑐𝑘𝑠 = 𝑎𝐷2 + 𝑏𝐷 + 𝑐 (a3) 

Total SOC stocks represent the cumulative stocks for each depth. D is the soil depth 

(cm); a, b and c are given by the polynomial trendline (order 2).  

To be considered for standardization and extrapolation, the original data had to fulfill 

the following requirements (data were not included if they violated these requirements): 

1) Since the missing values were extrapolated using each site’s data to guarantee 

uniformity of factors such as soil types, climatic conditions etc., at least three original 

SOC storage data had to be reported from three different soil depths; 2) the deepest soil 
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depth with reported SOC values had to be greater than 40 cm. This approach has the 

advantage that missing values are estimated using each site’s biotic and abiotic factors, 

including soil types, climatic conditions etc. Given the requirements, it is expected the 

results to be more accurate than those have been obtained with the depth function.  

A3.3 Assessment of accuracy 

Data reported by Lemma et al. (2006) are used to demonstrate how the missing data 

are estimated, and to assess the accuracy of each method. Lemma et al. (2006) provide 

SOC data for 0-5, 0-10, 0-20, 0-30 and 0-50 of the stocks after afforestation (Series 1 

in Table a4) and the initial SOC stocks (Series 2 in Table a4). Original SOC data of 1) 

the 0-5 cm depth is used to estimate the SOC data of the 0-10 and 0-30 depths using 

Jobbagy and Jackson’s (2000) depth functions (columns 4 and 5 in Table a4); 2) the 0-

10 cm depth is used to estimate the 0-30 depth using Jobbagy and Jackson’s (2000) 

depth functions (columns 6 and 7); 3) the 0-5, 0-20, 0-50 depths is used to estimate the 

0-10 and 0-30 depths using polynomial trendlines (order 2) (columns 8 and 9).  

Table a4. Original observation and estimated Stockd  

 

Original data  

(Lemma et al., 

2006) 

Estimated values using depth function 

(Equation 2) 

Estimated values 

using polynomial 

trendline (Equation 3) 

 

 

Estimated 0-10 and 

0-30 depth based on 

0-5 depth  

Estimated 0-30 

depth based on 0-

10 depth 

Estimated 0-10 and 0-

30 depths based on 

polynomial trendline 

derived from 0-5, 0-

20, and 0-50 depths 

Soil 

depth 

(cm) 

Series 1 

(Mg/ha

) 

Series 2 

(Mg/ha

) 

Series 

1 

(Mg/ha

) 

Series 2 

(Mg/ha) 

Series 1 

(Mg/ha

) 

Series 2 

(Mg/ha

) 

Series 1 

(Mg/ha) 

Series 2 

(Mg/ha

) 

0-5 23.6 8.3 23.6 8.3   23.6 8.3 

0-10 46.7 20.4 44.78 15.75 46.7 20.4 46.01 21.3 

0-20 87.1 45.3     87.1 45.3 

0-30 123 66.9 109.9 38.65 114.61 50.07 123.19 66.61 

0-50 180.4 101.2     180.4 101.2 

Source: original data (italic) from Lemma et al. (2006), shaded areas from author’s 

calculation   
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Original data and estimated data using the two different methods are shown in Table 

a4. Paired Samples T-Test is performed to assess the accuracy of the estimated SOC 

data. SOC stocks predicted by polynomial trendline (order 2) is closer to the original 

data (P=0.941, n=4), than those estimated using the depth functions equation (P=0.136, 

n=4 and P=0.206, n=2).  

The accuracy of the polynomial trendline (Equation a3) is also tested on the 0-50 depth, 

using the original data of 0-5, 0-10, 0-20, 0-30 cm from Lemma et al. (2006). In 

comparison, since Equation a2 can only use one depth to estimate the depth deeper than 

the lower data, estimate the 0-50 depth by successively setting d0 as 5, 10, 20, and 30 

cm and calculate the corresponding Stockd at 0-50 cm depth. The results are shown in 

Table a5. The estimated values of 0-50 cm are significantly different with the original 

data using Equation a2, although the differences are shrinking when deeper soil depths 

are used (from 5 cm to 30 cm. The polynomial trendline (Equation a3) provides a more 

accurate estimation of 0-50 cm. Therefore, it is expected that the data estimated using 

Equation a3 is more accurate than those estimated using Equation a2, also for deep soil 

depth. 

Table a5. Estimated Stockd of 0-50 cm depth 

    
Estimated 0-50 

cm 

Original 0-50 

cm 

Estimated using 

depth function (Eq. 

2) 

d0 = 5 152.15 180.4 

d0 = 10 158.68 180.4 

d0 = 20 163.92 180.4 

d0 = 30 170.29 180.4 

Estimated using 

polynomial 

trendline (Eq. 3) 

0-50 cm depth 

estimated using 

trendline developed 

with 0-5 cm, 0-10 cm, 

0-20 cm, 0-30 cm 

177.81 180.4 
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