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Abstract  
 
Biophysical models are developed to estimate the environmental changes arising from 
proposed land use change activities in the project area around the Sichuan Basin 
under the “ACIAR Land Use Change” (LUC) Scheme. The aim is to predict the 
impacts of land use change activities proposed by farmers in their bids for accessing 
financial support on soil erosion reduction, air purification and biodiversity 
conservation. This report outlines the selection of parameters for the biophysical 
models and the development of environmental attribute predictions that reflect 
relative ecological significance across the bids. The strengths and weaknesses of the 
biophysical models are also discussed.  
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1. Introduction 
 
In the auctioning of conservation contracts, proposals are ideally ranked on the basis 
of the potential environmental benefits that the nominated conservation activities will 
generate relative to the bids’ costs. Because environmental outcomes are difficult to 
predict, the environmental benefits have often been specified on the basis of inputs or 
conservation activities. For instance, for the BushTender trial conducted in Australia, 
landholder actions such as fencing to exclude stock from remnant vegetation, 
controlling environmental weeds and pests and minimising habitat disturbance by not 
harvesting firewood are included in a formula that generates a biodiversity benefits 
index (BBI) used for bid ranking (Stoneham et al 2003). In cases where multiple 
environmental objectives are pursued, such as the Conservation Reserve Program 
(CRP) implemented in the United States, multi-criteria bid scoring systems have been 
used to aggregate the various dimensions of quality into one index representing an 
estimate of the overall conservation benefit of each bid. Specifically, an 
environmental benefits index (EBI) was developed based on five environmental 
factors and a cost factor (USDA 2003). These environmental factors included both 
conservation activities and potential environmental outcomes from the proposed 
activities. This type of approach, broadly within the group of approaches known as 
multi-criteria analysis (MCA), has been criticised as being ‘fundamentally flawed’ 
because the aggregation of different inputs and outcomes that have incompatible 
dimensions breaches the principle of dimensionality and is hence illogical. The 
selection of objectives or goals to be achieved by a project or programme and the 
determination of weights are also subject to a high probability of bias. Hence 
questions remain if MCA is a rigorous tool to ensure an understanding of societal 
impacts that avoids misallocation of resources due to rent-seeking behaviour by 
special interests (Dobes and Bennett 2009). 
 
The relationship between inputs or conservation activities and environmental 
outcomes is often not specified in these indices. In addition, both the BBI and EBI 
reflect the agency’s preferences for various environmental management strategies or 
outcome attributes. Ideally it is the communities’ preferences that should be taken into 
account. Further, neither the BBI nor the EBI involves an analysis of the net-benefit to 
society arising from alternative farmer bids relative to a ‘status quo’ option.  
 
To tackle these problems, the ACIAR ‘Land Use Change’ (LUC) Scheme, conducted 
in China’s Sichuan Province to trial bidding for conservation contracts (see Research 
Report 1 of this series), uses a different approach for bid evaluation. The approach 
involves two stages. First, a biophysical model is developed at the individual bid level 
to predict the environmental outcomes of each bid compared. Second, these 
environmental outcome predictions are converted to a monetary measure of benefits 
that can be compared against farmers’ bids. This second step involves the estimation 
of the non-market values of each environmental attribute (Wang et al 2010) . 
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In this Research Report, the first stage of this process is described. The report is 
structured as follows. In Section 2, the methodology used in the development of the 
biophysical model deployed for the bidding scheme trial in Sichuan Province is 
outlined. This includes the selection of key environmental attributes and the 
development of the mathematical models used to predict the environmental outcome. 
Section 3 provides a detailed discussion of the selection of parameters and sub-models 
developed to predict each key environmental attribute. Conclusions are drawn in 
Section 4.  
 
 
2. Methodology 
 
The LUC bidding trial is being conducted as part of the implementation of a new 
ecological restoration program in Sichuan Province. Sichuan Province is located in 
South West China where the upper reaches of the Yangtze River are located. The 
Yangtze River originates in the Kunlun Mountains and flows generally south through 
Sichuan Province then east across Central China into the East China Sea at Shanghai. 
Sichuan Province covers a total area of 485,000 square kilometres and by the end of 
2007 it had a population of 88.2 million (SSB 2008).  

 
Sichuan Province is of agricultural and ecological significance in China. The Chinese 
Government is already supporting a range of initiatives to help improve the 
environment of Sichuan Province. In 2009, the Sichuan Government initiated a new 
ecological restoration program. This three-year program aims to encourage local 
farmers to plant trees on barren land, logging sites, degraded cultivated land and 
sloped lands in the Province (Sichuan Forestry Department 2008).  

 
The potential environmental impacts of the Sichuan Ecological Restoration Program 
(SERP) are predicted to extend to the coastal area in the East. For instance, planting 
trees in Sichuan Province will reduce sediment discharge into the Yangtze River and 
improve the water quality downstream to Shanghai. Therefore the environmental 
improvements arising from the ecological restoration program will benefit people 
both on-site and off-site.  
 
Key attributes of the environmental improvements generated by SERP were identified 
by scientists at Sichuan Academy of Forestry as well as through two rounds of focus 
groups conducted by the research team in Chengdu and Shanghai in March and July 
2009 respectively. These environmental attributes are water quality improvements, air 
purification and biodiversity conservation. Specific variables to measure these 
attributes were selected by scientists at Sichuan Academy of Forestry and were used 
as dependent variables in the biophysical modelling exercise (see Table 1)1.  
                                                            
1 The environmental attributes were also used in the choice modelling valuation exercise. In this way, the 

biophysical models are linked to the stage of bid evaluation. 
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Table 1: Dependent variables used in the biophysical models 

Environmental attributes Dependent variables 

Water quality Reduction in soil erosion 

Air purification Sequestration of SO2, Oxalyl, noxious gases and dust 

Biodiversity conservation Shannon-Wiener index2 

 
The prediction of the environmental outcome attribute levels resulting from land use 
changes undertaken at the single farm level involves numerous conceptual 
complexities and heavy data requirements. The practicalities of application in the 
context of LUC in Sichuan required the development of a simplified modelling 
process. This involves the use of research results linking land use changes to 
environmental outcomes at a regional (Sichuan Basin) level and adjusting those 
results to reflect differential conditions applying at the individual farm level. 
Essentially, regional average changes in the environmental outcome attributes per unit 
of land area involved in a change of management are used as reference points. These 
averages are then adjusted to reflect farm level divergences from the average. This 
adjustment process requires the identification of farm level characteristics that would 
cause divergence and the quantification of that divergence. The following equation 
sets out this process: 
 

                     i
nF  = nR  × i

nD   

 

Where i
nF  is the per mu farm level impact of LUC on attribute n, for farm i,  

      nR  is the per mu impact of LUC on attribute n at the regional level, and 

      i
nD  is the divergence factor between farm level impact and regional level   

          impact for farm i.  
       

In turn the divergence factor ( i
nD ) for each of the n attributes is a ratio of an index of 

farm performance in achieving improvements in attribute ( i
nI ) and the average index 

of all farms’ performances ( i
nI ): 

                            i
nD  = 

i
n

i
n

I

I
 

                                                            
2 It is a quantitative indicator to measure the richness of species in the ecosystem and the evenness of the 

distribution of species (Wang et al 2008). Detailed definition can be found in Section 3.4.3 of this paper.  
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The index i
nI  is, in turn, a function of j farm-level parameters, i

jX : 

i
nI  = )( i

jXf  

The operation of the divergence factor requires the assumption that the mean index 
for each attribute n of the LUC bid proposals submitted corresponds to the regional 
average performance level. The divergence factor then positions each bid proposal 

relative to the regional performance, nR . 

 
In the next section, the regional level impacts for the environmental outcome 

attributes are set out. The process used to identify iX , the farm level parameters 

influencing I and hence the divergence factor nD  is also detailed, as is the functional 

relationship, f. 
 
3. Application 
 

3.1 Regional Level Impacts ( nR ) 

 
The base reference points for the prediction of the farm level attribute changes caused 
by LUC are established by using regional level impact averages. These averages are 
drawn from historical records of environmental impacts collected by the Sichuan 
Forestry Department and Sichuan Academy of Forestry. 
 
Across the Sichuan Basin - the relevant geographical region for the two counties 
involved in the bidding trial - the average soil erosion reduction caused by tree 
planting (the dominant LUC) is approximately 0.26 tonnes per mu per annum. For the 
same region, the average sequestration of noxious gases provided by tree planting is 
approximately 1.46 tonnes per mu per annum.  
 
The biodiversity attribute requires a different approach. This is because the impact of 
farm level LUC on biodiversity will be, by itself, minimal. The approach taken 
therefore is to apportion the likely impact on biodiversity of the overall change in land 
use over the project area amongst the participating farmers. Thus the average per mu 
impact on biodiversity is the total number of species gain - estimated at 30 - divided 
by the total number of mu (M) involved in the LUC. Hence 30/M is taken to be the 
regional average against which individual farm contributions are assessed using a 
‘divergence factor’.  
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3.2 Farm Level Parameters 
 
Farm level parameters used in the functions to derive the performance indices and 
hence divergence factors are associated with site condition and the nominated LUC. 
The following principles are adopted for the selection of farm level parameters. First, 
the farm level parameters should have well-established biophysical relationship to the 
environmental attributes. Various categories of the farm level parameters and their 
values will have an impact on the change in the environmental attributes. This 
principle is fundamental to ensure a scientific and robust model. 
 
Second, the selection of farm level parameters should reflect the heterogeneity among 
participating farm households within the project area. There are a number of 
parameters that reflect site conditions. The most common parameters include altitude, 
slope gradient, position on the slope, slope aspect, slope shape, soil (type of soil, 
thickness of soil, soil quality, pH value) and so forth. Similarly, parameters that relate 
to nominated activities (in particular afforestation and management activities) include 
site preparation, tree species, composition of tree species, planting density, times of 
tendering and maintenance, fertilising, irrigation, pruning and thinning. All these 
parameters can be related to the environment attributes from a biophysical perspective. 
However, the divergence factor models aim to differentiate the environmental benefits 
arising from LUC across various farm households through various site conditions and 
nominated activities in order to facilitate bid ranking and selection. Therefore, 
parameters that do not reflect heterogeneity across farm households are not selected as 
independent variables in this research. This principle ensures the effectiveness and 
practicality of the modelling exercise. 
 
Based on these two key principles, the parameters set out in Table 2 are selected for 
modelling. The selection of parameters to be included in the divergence factor models 
and the development of these models are based on site visits by scientists to lands that 
were nominated for LUC by participating farmers. These parameters can be classified 
into categories to differentiate the magnitude of contribution of each category to the 
environmental attribute change. It should be noted that different parameters are 
chosen for the different environmental attributes, n, taking into consideration their 
contributions and biophysical links to each specific environmental attribute.  
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Table 2: Parameters in the divergence factor models 

 
Parameters )( i

jX  
Categories 

Site conditions a. Land type before ecological restoration Barren land, cultivated land, 

logging sites 

 b. Slope gradient (°) N.A. 

 c. Thickness of soil (cm) N.A. 

 d. Position on the slope Upper, middle, lower 

Proposed LUC a. Tree species Conifers, broadleaf 

b. Planting density High, medium, low 

 c. Maintenance measure (times of 

maintenance in the first three years after 

tree planting) 

N.A. 

 
3.3 Functional Form of Divergence Factor Models 
 
The divergence factor models are established to estimate the impact of farm level 
parameters on each of the environmental attributes. In particular, the contribution of 
each parameter to the overall impact on environmental attributes is modelled via the 

creation of a performance index i
nI . A coefficient ( j ) is estimated for each 

parameter jX  to show its relative contribution to the environmental impact. The 

mathematical model of the environmental impact can thus be expressed with the 
following formula: 
 

i
nI  = Σ j i

jX                     

 

where i
nI  denotes the impact of farm level parameters on the nth environmental    

            attribute, n = 1, 2, 3 for farm i, 

      i
jX  is a vector of j farm level parameters for farm i, and 

      j  is the coefficient of the jth parameter. 

 

The parameters ( i
jX ) can be measured at the farm level using either qualitative or 

quantitative scales. When i
jX  is qualitative (e.g. type of lands), the parameter takes 

the value of the categories of this specific farm level parameter (e.g. barren land, 
cultivated land or logging sites) as set out in Table 3, 4 and 5. The categories that 
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contribute the most to the environmental attribute are given a value closer to 1.03. 

When i
jX  is quantitative (e.g. slope gradient or thickness of soil), the parameter 

takes the value that reflects its relative contribution to the overall impact on i
nI , the 

farm performance index4. The values assigned to the parameter coefficient, j , are 

determined by the relative contribution to the overall impact on the index, nI . The 

development of the values of the parameters and their coefficients were based on the 
biophysical relationship between the parameter and the environmental attribute which 
is established using observed ecological data. Where ecological data and scientific 
information are not available, these values and coefficient were developed based on 
expert experiences and judgment. In the linear functional form of the index function, 

the sum of the coefficients, j , across all j parameters is equal to one.  

 
3.4 Divergence Factor Models 
 
3.4.1 The Soil Erosion Reduction Model 
 
Selection of parameters 
 
Soil erosion is one form of soil loss caused by rainfall that washes away topsoil. Many 
in-depth studies have been conducted on the role of forests in reducing soil erosion. 
Through long-term observations on-site and at the small catchment and watershed 
level, experimental simulation as well as theoretical studies, models to predict soil 
erosion on the slope and mathematical models to predict soil erosion module at the 
small catchment scale have been established (Lei et al 1993; He et al 1993). However, 
models to predict soil erosion at the farm level have not been developed.  
 
Factors that may lead to soil erosion include precipitation, soil erodability, topography, 
geology, vegetation cover and land uses (Wang et al 2006). The implications of these 
factors for the biophysical model are as following. First, the ability of soils to resist 
erosion (soil erodability) is determined by the type, quality, structure and thickness of 
soil as well as the proportion of the soil comprising of stone gravel. As most of these 
parameters make little or no difference across farm households in the project area, 

                                                            
3 For example, as the “logging sites” contribute the most to soil erosion reduction, followed by “barren 

land” and “degraded cultivated land”, the parameter values given to these categories are 1.0, 0.4 and 

0.3 respectively. 
4 For example, if the “thickness of soil” is 60cm, the converted value of this parameter is 60/100 = 0.6 

to show its relative contribution to soil erosion reduction. As thicker soil contributes more to soil 

erosion reduction, a 90cm-thickness of soil takes the value of 0.9 in the biophysical model. 
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only the thickness of soil is selected as the farm level parameter in the biophysical 
model. 
 
Second, topography indicators such as altitude, slope gradient, slope shape and slope 
length have an impact on soil erosion. Pengzhou and Hongya counties (the project 
area) are located in the low land areas of the Sichuan Basin where little variation is 
found in the altitude of nominated lands across farm households. Research shows that 
South West China features sheet erosion and gully erosion (Lei and Huang 1993). 
Among the topographical factors, slope gradient, position on the slope and slope 
length are key decision factors for surface soil erosion. As the landscape in the project 
area is fragmented and the nominated lands are scattered on the slopes, indicators 
such as slope length (distance to rivers) and slope aspect are not incorporated into the 
biophysical model as these indicators do not contribute to the prediction of erosion 
reduction. In the soil erosion model, only slope gradient and position on the slope are 
selected as farm level parameters. 
 
Thirdly, even though the geological structure and bedrock also have impacts on soil 
erosion, they are not selected as independent variables in the model as the nominated 
lands in the project area do not differ much in terms of these parameters. 
 
Fourthly, vegetation can intercept falling raindrops, protecting the soil from raindrop 
impact and splash, slowing down the movement of surface runoff and allowing excess 
surface water to infiltrate. The type of vegetation, including species composition, 
plant community structure and planting density are therefore key factors that impact 
soil erosion. In the soil erosion model, tree species and planting density are selected as 
independent variables. 
 
Finally, various land use practices may lead to differential soil erosion rates on forest 
land. These land use practices include site preparation, maintenance and tendering, 
fertilising, logging measures as well as the land type before planting. Site preparation 
is not considered as a parameter in the model because there is not much variation in 
site preparation for afforestation activities in the project area. For the soil erosion 
model, land type before planting and times of maintenance are selected as 
independent variables. Of these two parameters, the land type before planting is used 
in the model to capture the marginal environmental change from the status quo to the 
new “land use change” scenarios.  
 
Values and coefficients of the parameters 
 

Seven parameters are used in the soil erosion iI1  model: land type before ecological 

restoration, tree species, thickness of soil, slope gradient, planting density, location on 
the slope, and number of times of maintenance activities in the first three years after 
afforestation. The values of the parameters and their categories as well as the 
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coefficients for these parameters are listed in Table 3. The rationale for the 
designation of these coefficients and values are further discussed. 
   
Table 3: Value and weight of parameters used in the soil erosion model 

Parameter ( jX ) 
Category/  

actual value 

Value of Category/  

converted value 

Parameter coefficient 

( j ) 

Type of land Barren land 0.4 0.1 

 Degraded cultivated land 0.3  

 Logging site 1.0  

Tree species Conifer 1.0 0.2 

 Broadleaf  0.42  

Thickness of soil 25 – 90 cm (20 - 95 cm)/ 100 0.2 

Slope gradient 10°- 75° [1 – (10°- 75°)]/ 100 0.2 

Planting density High 0.8 0.1 

 Medium  1.0  

 Low  0.6  

Location on the slope Upper  0.6 0.1 

 Middle 0.8  

 Lower 1.0  

Times of maintenance 0 – 6 times (0 – 6)/ 10 0.1 

 

Type of Land 
 
Logging site, degraded cultivated land and barren land are the three main types of 
land before ecological restoration is implemented under the LUC trial. After trees 
have been harvested, the shrubs and ground vegetation remaining on the logging site 
can help to conserve water and soil. Degraded cultivated land is prone to 
water-induced soil erosion due to the exposure of land during cultivation. Without 
vegetation cover, barren mountains and hills are also prone to soil erosion. However, 
with shrubs and ground vegetation, barren land can contribute to water and soil 
conservation to some extent. In terms of their contributions to water and soil 
conservation, the logging site ranks the first, followed by barren land and degraded 
cultivated land. As the value aims to show the relative importance of each category of 

the parameter to the impact on soil erosion reduction iI1 , in the model the value for 

logging site is normalised to 1.0. Based on the relative contribution of barren land and 
degraded cultivated land to soil erosion reduction compared to the logging site, the 
values are estimated to be 0.4 and 0.3 respectively based on scientific information and 
experts’ experiences and judgments. In other words, a logging site category gets a 
value of 1.0 which is bettern than barren land and degraded cultivated land which are 
valued 0.4 and 0.3 respectively. Among the number of factors that have an impact on 
soil erosion in the LUC areas, the type of land is less important than the thickness of 
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soil and slope gradient. Given the overall contribution of the type of land to soil 
erosion reduction, the coefficient of this parameter is estimated to be 0.1.    
 
Tree Species 
 
Based on research and observations of the water and soil conservation functions of 
different types of forest in Sichuan Province (see Appendix), conifers perform better 
in water and soil conservation compared to broadleaf forests in the mountainous areas 
around the Sichuan Basin, especially in the project area of Pengzhou and Hongya 
counties. In particular, soil erosion reductions by conifers (Chinese fir) total 5.54 tons 
per hectare per annum, while soil erosion reductions by broadleaf forests total 2.28 
tons per hectare per annum. This implies that reductions in soil erosion by conifers are 
2.4 times as much as by broadleaf forests. With the contribution of conifers to soil 
erosion reduction normalised to a value of 1.0 in the model, the value for broadleaf 
forests which defines the contribution of broadleaf forests to soil erosion reduction 
becomes 0.425. In addition, among the parameters that have an impact on soil erosion, 
tree species is less important than the thickness of soil and slope gradient. Given the 
overall contribution of tree species to soil erosion reduction, the coefficient of this 
parameter is estimated to be 0.1.       
 
Thickness of Soil 
 
Some of the precipitation becomes ground water through infiltration while the rest 
flows as surface runoff which causes soil erosion. When the type and condition of soil 
remain the same, the thickness of soil is a key indicator of the capacity of the soil in 
infiltration and holding water. As the thickness of soil increases, more water can 
infiltrate into the soil and be held by the subsurface soil. This results in less surface 
runoff and hence a reduction in soil erosion. As this parameter is quantitative, the 
converted value is used in the soil erosion model to capture the relative contribution 
of this parameter to soil erosion reduction. Specifically, the actual value of the 
thickness of soil (in cm) is divided by 100 to derive the converted value. Among the 
parameters that impact on soil erosion, thickness of soil is an important factor. Given 
the overall contribution of the thickness of soil to soil erosion reduction, the 
coefficient of this parameter is estimated to be 0.2.       
 
Slope Gradient 
 
Soil erosion on sloped land is mainly caused by surface runoff after precipitation. 
Given the same precipitation level and land vegetation cover, water falling on 
steeply-sloped land runs off more quickly and infiltrates less than water falling on flat 
land. A slope gradient greater than 25 degrees is considered as steeply-sloped or 
highly steeply-sloped land. Similarly, the converted value of the slope gradient is used 
in the soil erosion model to capture the relative contribution of this parameter to soil 
                                                            
5 The value of broadleaf foersts in the model is 0.42 which is derived by 1.0 divided by 2.4. 
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erosion reduction. Because of the negative correlation between slope gradient and its 
contribution to soil erosion reduction, the converted value is derived using the 
following formula: 
 

Gc = (1.0 - Ga) / 100 
 
Where Gc denotes the converted value of the slope gradient, Ga denotes the actual 
value of the slope gradient. In addition, among the parameters that impact on soil 
erosion, the slope gradient is an important one. Given the overall contribution of slope 
gradient to soil erosion reduction, the coefficient of this parameter is estimated to be 
0.2.       
 
Planting Density  
 
The density of stands is one feature of plant communities. It not only represents the 
extent of coverage of vegetation but also reflects the hierarchical structure of stands to 
some degree. Low density is detrimental to soil protection while high density can 
prevent the growth of shrubs and ground vegetation in the lower storey of tree stands. 
The selection of planting density should be species specific. In the project area, 
medium density contributes greatest to soil erosion reduction, followed by high 
density plantation and low density plantation. In the soil erosion model, the 
contribution of medium density forests to soil erosion reduction is normalised to a 
value of 1.0. Based on the relative contribution of high density and low density 
plantations to soil erosion reduction compared to medium density plantations, their 
values are estimated to be 0.8 and 0.6 respectively based on scientific information and 
experts’ experiences and judgments. Among the parameters that impact on soil 
erosion, the planting density is not as important as the thickness of soil and slope 
gradient. Given the overall contribution of planting density to soil erosion reduction, 
the coefficient of this parameter is estimated to be 0.1.   
 
Location on the Slope 
 
Different locations on the same slope are exposed to different levels of vulnerability 
to soil erosion. In general, the upper parts of the slope are more inclined to soil 
erosion compared to the lower parts of the slope. In the project area, lower slope 
locations have the greatest impact on soil erosion reduction, followed by middle and 
upper slopes. In the model, the impact of the lower slope on soil erosion reduction is 
normalised to a value of 1.0. Based on the relative impact of middle and upper slopes 
on soil erosion reduction compared to lower slopes, their values are estimated to be 
0.8 and 0.6 respectively. Among the parameters that impact on soil erosion, the 
location on the slope is not as important as the thickness of soil and slope gradient. 
Given the overall contribution of the location on the slope to soil erosion reduction, 
the coefficient of this parameter is estimated to be 0.1. 
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Times of Forest Maintenance 
 
Forest maintenance is key to improving forest land conditions and promoting seedling 
growth. It helps with the formation of canopy cover of young forests and the healthy 
stand structure so as to improve the soil and water conservation capacity of forest 
stands. In the LUC trial, participating farmers were asked to specify the number of 
times of maintenance in the first three years after trees have been planted. The times 
of forest maintenance show the level of intensity of forest management and can 
therefore be converted to a value to reflect the relative contribution of this parameter 
to soil erosion reduction. An increase in the times of forest maintenance indicates 
more intensive management of forest lands and hence a greater contribution of forest 
lands to soil erosion reduction. In the soil erosion model, the converted value is used 
to capture the relative contribution of the times of forest maintenance to soil erosion 
reduction. The converted value is derived by dividing the actual value (total number 
of times for tendering and maintenance activities) by 10. Based on the importance of 
this parameter among those that have an impact on soil erosion, the coefficient of this 
parameter is estimated to be 0.1. 
 
3.4.2 The Air Purification Model 
 
Selection of parameters 
 
Forests can purify the air through sequestration, filtration, separation and 
decomposition of pollutants such as sulphur dioxides, oxalyl, nitrogen oxides and 
suspended particles. From a biophysical perspective, the capacity of forests to purify 
the air depends on the type and structure of forest vegetation, including the 
composition of tree species (also shrubs and grass), stand storeys and stand density, 
with tree species being the most important factor (Li and Cao 2005). Given the same 
type of forests (in terms of species composition and vegetation structure), the air 
purification capacity of forests is determined by the level of biomass in the forest 
ecosystem. A greater level of biomass in the forest ecosystem results in a higher 
capacity of air purification. The level of forest biomass is decided by site factors such 
as the thickness of soil and slope gradient, with the latter indirectly affecting forest 
biomass through the impact of surface runoff on soil water content and soil fertility. 
Management activities can have an impact on the structure of forests to some extent 
and hence impact on the capacity of forests to purify the air. For the air purification 
model, six parameters are identified as independent variables. These include type of 
land before ecological restoration, tree species, planting density, the times of 
maintenance after trees have been planted, slope gradient and the thickness of soil. 
Similar to the soil erosion model, the land type before planting is the only variable in 
the air purification model to capture the marginal environmental change from the 
status quo to the new LUC scenarios.  
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Values and coefficients of the parameters 
 
The values taken by the parameter categories and their estimated coefficients are 
listed in Table 4. The rationale for the designation of these coefficients and values are 
further discussed. 
 
Table 4: Value and weight of parameters used in the air purification model 

Parameter ( jX ) 
Category/  

actual value 

Value of category/  

converted value 

Parameter coefficient 

( j ) 

Type of land Barren land 0.6 0.2 

 Degraded cultivated land 0.3  

 Logging site 1.0  

Tree species Conifer 0.31 0.2 

 Broadleaf  1.0  

Planting density High 1.0 0.1 

 Medium 0.6  

 Low 0.3  

Times of maintenance 0 – 6 times (0 – 6) / 100 0.1 

Slope gradient 10°- 75° [1 – (10°- 75°)]/ 100 0.2 

Thickness of soil 25 – 90 cm (20 - 95 cm)/ 100 0.2 

 
Type of land 
 
In general, shrubs and grass vegetation remain on logging site after trees have been 
harvested, so logging sites still have relatively high capacity for air purification. 
Similarly, barren land is normally covered with shrub and grass vegetation so it also 
has certain capacity for air purification. In contrast, the air purification capacity of 
degraded cultivated land is limited due to the short rotation period of agricultural 
crops and the lack of capacity of surface vegetation in absorbing noxious gases. 
Hence among the three categories of the type of land, logging site has the highest 
capacity for air purification, followed by barren land and degraded cultivated land. As 
the value only aims to show the relative importance of each category of the parameter 

to the impact index for air purification, iI 2 , the value for logging site is normalised to 

1.0. Based on the relative contribution of barren land and degraded cultivated land to 
air purification compared to the logging site, their values are estimated to be 0.6 and 
0.3 respectively based on scientific information and experts’ judgments. Among the 
parameters that impact on air purification, the type of land is relatively important. 
Given the overall contribution of the location on the slope to air purification, the 
coefficient of this parameter is estimated to be 0.2. 
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Tree species 
 
The air purification capacity of forests is affected by the characteristics of tree species. 
According to scientific observations of the ecological benefits of different forest types 
in Sichuan Province (see Appendix), broadleaf forests (eucalyptus) in Pengzhou and 
Hongya counties in the mountainous areas surrounding the Sichuan Basin sequester 
33,426 kilograms of noxious gases and particulate per hectare per annum, while the 
amount sequestered by conifers totals 10,295 kilograms per hectare per annum. This 
implies that the level of air purification by broadleaf forests is 3.25 times as much as 
by conifers. With the contribution of broadleaf forests to air purification normalised to 
a value of 1.0 in the model, the value for confiners becomes 0.316. According to the 
importance of tree species among the parameters that impact on air purification, the 
coefficient of this parameter is estimated to be 0.2. 
 
Planting density 
 
The density of forest stands is a key indicator to measure vegetation coverage and it 
also has an impact on the structure and biomass of forest stands. The higher the 
planting density, the higher the forest coverage and hence a greater level of forest 
biomass leading to higher capacity for air purification. In the air purification model, 
the contribution of high density forests to air purification is normalised to a value of 
1.0. Based on the relative contribution of medium density and low density plantations 
to air purification compared to high density plantations, their values are estimated to 
be 0.6 and 0.3 respectively. According to the importance of planting density among 
the parameters that impact on air purification, the coefficient of this parameter is 
estimated to be 0.1. 
 
Times of maintenance 
 
Forest maintenance can improve conditions of forest land and promote the growth of 
seedlings. It can also help with the formation of canopy cover of young forests and 
healthy stand structure so as to increase the biomass and improve the air purification 
capacity of forest stands. An increase in the times of forest maintenance indicates 
more intensified management of forest lands leading to an increase in the air 
purification capacity of forest stands. In the air purification model, this parameter 
takes the converted value that is derived by dividing its actual value (total number of 
times for tendering and maintenance activities) by 10. Based on the importance of the 
times of forest maintenance among the parameters that contribute to air purification, 
the coefficient of this parameter is estimated to be 0.1. 
 

                                                            
6 The value of conifers in the model is 0.31 which is derived by 1.0 divided by 3.25. 
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Thickness of soil 
 
Given the same soil type and condition, the thickness of soil determines the 
infiltration and water-holding capacity of soil and thereby affecting the water content 
of the soil. The thickness of soil also impacts on the growth of forest stands through 
its impact on the growth and nutrition absorption of the roots. An increase in the 
thickness of soil can be beneficial to the growth of forest stand and the accumulation 
of forest biomass, which in turn improves the air purification capacity of forest stands. 
The converted value of the thickness of soil is used in the air purification model to 
capture the relative contribution of this parameter to air purification. Specifically, the 
converted value is derived by dividing its actual value by 100. Among the parameters 
that impact on air purification, the thickness of soil is an important parameter. Given 
the overall contribution of the thickness of soil to air purification, the coefficient of 
this parameter is estimated to be 0.2. 
  
Slope gradient 
 
Given the same precipitation and vegetation coverage, the slope gradient has an 
impact on the soil water content and soil fertility through surface runoff. Steep slopes 
provide unfavourable growing conditions for forest stands. From a quantitative 
perspective, larger slope gradients imply that the contribution of forest stands to air 
purification is less. The converted value of the slope gradient is used in the air 
purification model to capture the relative contribution of this parameter. Because of 
the negative correlation between slope gradient and its contribution to air purification, 
the converted value is derived by using the following formula: 
 

Gc = (1.0 - Ga) / 100 
 
Where Gc denotes the converted value of the slope gradient, Ga denotes the actual 
value of the slope gradient. According to the importance of the slope gradient to air 
purification compared to the other factors, the coefficient of this parameter is 
estimated to be 0.2. 
    
3.4.3 The Biodiversity Model 
 
Selection of parameters 
 
In general there are three levels of biodiversity: ecosystem diversity, species diversity 
and genetic diversity (Ma 1993). Biodiversity studies typically focus on species 
diversity as species are distinct units of diversity and are also easier to conceptualise 
(Yuan and Wang 2003). Ecosystems provide the habitats for biological species and 
hence contribute to the conservation of species diversity. 
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While both the soil erosion reduction and air purification functions of forests have 
clear and standard definitions as well as specific assessment indicators, this is not the 

case with the index of biodiversity conservation, iI3 . For the purpose of this research, 

different definitions and assessment indicators of species diversity were explored. 
However, different definitions of species diversity render different assessment 
indicators and consequently different estimation method or formula. Moreover, even 
though different assessment indicators of species diversity can be related to 
environmental conditions and management options, this normally results in divergent 
research outcomes due to the differences in the dependent variable (i.e. the indicator 
for species diversity) (Lei and Tang 2003). Hence the evaluation of biodiversity 
conservation remains a worldwide challenge (Yu 2005).  
 
The species diversity index is one of the indicators used to conceptualise species 
diversity through measuring the number of species in the community, the evenness of 
species distribution and the total number of each species to reflect the composition 
and structure of the community. The Shannon-Wiener index can reflect both the 
richness of species in the forest ecosystem and the evenness of the distribution of 
species (Wang et al 2008). In addition, the Shannon-Wiener index was used as a 
parameter in the formula to evaluate the species conservation function of forests by 
the State Forestry Administration in China (SFA 2008) and the results were published 
in the official document titled Specifications for Assessment of Forest Ecosystem 
Services in China. Because of its wide applications, the Shannon-Wiener index is used 
in this project as a quantitative indicator to measure the species diversity on the 
afforested lands nominated by participating farmers. The Shannon-Wiener index can 
be expressed in the following formula: 
 

H = - ∑ (PL log PL)      L = 1, 2, …S 
                        PL = nL / n 
 
Where  H denotes the value of the Shannon-Wiener index, 
       S denotes the total number of species,  
       n denotes the total number of all individuals across S species, and  
       nL denotes the number of individuals of the the Lth species. 
 
This project does not intend to predict or estimate the Shannon-Wiener index for each 
land unit nominated by farm households. Instead, the Shannon-Wiener index is 
correlated to the parameters to assign a value for each parameter. In this project, 
species diversity is considered at the site level. Because of the homogeneity of tree 
species in forest plantations, the species diversity in this research project refers to the 
diversity of shrubs and ground vegetation at the project sites. 
 
The species diversity in the ecosystem depends on the biophysical condition and 
human activities within the area. In their studies of three typical types of forests on the 
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logging sites in North East China, Lei and Tang (2003) found that indicators such as 
forest type, species composition and canopy cover are correlated to the species 
diversity of the understorey vegetation of natural forests. In contrast, the slope 
gradient and slope aspect were found to have no impact on species diversity.  
 
With plantation forests, factors such as tree species, afforestation pattern and planting 
density all have great impacts on stand composition and structure which decide 
species diversity in the LUC areas. Based on the natural conditions and the 
characteristics of LUC activities in the project area, four parameters were identified as 
independent variables that can predict the changes in species diversity in the LUC 
areas. These parameters include the type of land before ecological restoration, tree 
species, planting density and the times of maintenance in the first three years after 
trees have been planted. Again the land type before planting is the only variable in the 
model to capture the marginal biodiversity change from the status quo to the new 
LUC scenarios.  
 
Values and coefficients of the parameters 
 
The values of the parameters and their categories as well as the weights for the 
parameters used in the biodiversity model are listed in Table 5. The rationale for the 
designation of these weights and values are further discussed in this section. 
 
Table 5: Value and weight of parameters used in the biodiversity model 

Parameter ( jX ) 
Category/  

actual value 

Value of category/  

converted value 

Parameter coefficient 

( j ) 

Type of land Barren land 0.6 0.2 

 Cultivated land 0.3  

 Logging site 1.0  

Tree species Conifer 1.0 0.4 

 Broadleaf  0.5  

Planting density High 0.4 0.3 

 Medium 0.7  

 Low 1.0  

Times of tendering 0 – 6 times (0 – 6) / 100 0.1 

 
Type of land 
 
Before the ecological restoration activities are carried out, plant species on the barren 
land and cultivated land remain homogeneous with simple plant community structure 
and a low level of biodiversity. Within a certain period of time after restoration, the 
plant species in the ecosystem may increase due to the change in natural conditions. 
The number of plant species will gradually stabilise along with the stabilisation of tree 
growth and stand structure, especially with the increase in stand density.  
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Logging can be detrimental to the structure of the plant community, but the shrubs 
and ground vegetation cover remain on the logging site so that the plant community 
may enter into a new round of successional growth. Throughout the process, the 
biodiversity level on the logging site may remain high. The value for the logging site 
defines the contribution of the logging site to species diversity and is normalised to 
1.0 in the biodiversity model. Based on the relative contribution of barren land and 
degraded cultivated land to biodiversity conservation compared to the logging site, 
their values are estimated to be 0.6 and 0.3 respectively based on scientific 
information and experts’ experiences and judgments. Given the overall contribution 
of the type of land to biodiversity conservation, the coefficient of this parameter is 
estimated to be 0.2. 
 
Tree species 
 
According to scientific observations of the ecological benefits of different types of 
forests in Sichuan Province, conifers perform better in biodiversity conservation 
compared to broadleaf forests in the mountainous areas around the Sichuan Basin, in 
particular in case studies counties of Peng Zhou and Hong Ya. Specifically, the 
Shannon-Wiener index for conifers and broadleaf forests in the project area is 2.82 
and 1.34 respectively. This implies that the contribution of conifers to species 
diversity is about 2.10 times as much as that of broadleaf forests. With the value for 
conifers being normalised to 1.0 in the biodiversity model, the value for broadleaf 
forests becomes 0.57. Among the factors that affect species diversity, tree species is 
the most important and hence the coefficient of this parameter is estimated to be 0.4. 
 
Planting density 
 
Tao et al (1998) found that species diversity in the understorey of the forests is most 
abundant when the canopy cover of forest stands is around 0.65. In the project area, 
small planting density (i.e. 2500 stands per hectare for eucalyptus and 2000 stands per 
hectare for the Chinese fir) will lead to a canopy cover of around 0.6 - 0.7. In contrast, 
with high planting density of forest stands, the understorey vegetation cannot survive 
due to high canopy cover and limited sunlight. While the value for low planting 
density is normalised to 1.0 in the biodiversity model, the values for medium and high 
planting density are estimated to be 0.7 and 0.4 respectively given their relative 
contribution to biodiversity conservation. As planting density is an important factor 
that impact on the species diversity at the site level, the coefficient of this parameter is 
estimated to be 0.3.  
 

                                                            
7 The value of broadleaf forests in the model is 0.5 which is derived by 1.0 divided by 2.10. 
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Times of Maintenance 
 
The maintenance of seedlings and young forests can improve the conditions of forest 
land and promote the growth of young stands. Preparing and loosening soil in the 
holes and pits can help the under storey species to grow and thereby contributing to 
species diversity on the afforested land. In the biodiversity model, this parameter 
takes the converted value that is derived by dividing its actual value by 10. Compared 
to the other factors that contribute to species diversity, the times of maintenance is 
less important. The coefficient of this parameter is estimated to be 0.1. 
 
3.5 Application of Divergence Factor Models 
 
The use of models to derive the divergence factor (between farm level impact and 
regional level impact of LUC activities on environmental attributes) for each bid is 
demonstrated in Table 6 with a specific example. Information collected from the 
bidding trial in Zhongba Village of Pengzhou County is used in the example. In the 
bid, the farm household proposes to plant conifers with high density on a piece of 
barren land which is located in the middle of the slope with a slope gradient of 35°
and soil thickness of 95 cm. The farm household plans to provide maintenance four 
times per annum in the first three years after tree planting. Results are shown in Table 
6. 
 

Table 6: Divergence factors for the example farm household 

Parameters / Attributes Water Air Biodiversity 

Value 

( njX ) 

Coefficient 

( njA ) 

Value 

( njX ) 

Coefficient 

( njA ) 

Value 

( njX ) 

Coefficient 

( njA ) 

Type of land (barren) 0.4 0.1 0.6 0.2 0.6 0.2 

Tree species (conifer) 1.0 0.2 0.31 0.2 1.0 0.4 

Planting density (high) 0.8 0.1 1.0 0.1 0.4 0.3 

Maintenance (4 times) 0.4 0.1 0.4 0.1 0.4 0.1 

Slope of land (35 degrees) 0.61 0.2 0.61 0.2   

Thickness of soil (95 cm) 0.95 0.2 0.95 0.2   

Location on slope (middle) 0.8 0.1     

i
nI  

0.75 0.63 0.68 

i
nI  

0.62 0.65 0.57 

i
nD  

 1.21 0.98 1.19 

 
As Table 6 shows, the impacts of farm level parameters on the indices of the 

environmental attributes (water, air and biodiversity) i
nI  are calculated using the 
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divergence factor models with the linear addition of parameter values multiplied by 

their coefficients. i
nI  is the mean impact of the LUC bid proposals on each 

environmental attribute indices. The divergence factor ( i
nD ) for each bid can then be 

derived by comparing the farm level impact against the regional average impact (ratio 

of i
nI  and i

nI ). The farm-level divergence factor is then used to adjust the regional 

average quantity change in environmental attributes to the quantitative environmental 
changes caused by LUC activities proposed in each bid. For example, this farm bid’s 
impact on water quality is the regional average (0.26 tonnes per mu) multiplied by 
1.21. This implies that the conditions prevailing for the bid will deliver a soil erosion 
reduction improvement that is 21 per cent better than the average performance of 
LUC across the region. Note that the bid’s performance in terms of air quality is 

below the regional average ( i
nD =0.98). 

 
4. Conclusion 
 
Unlike previous ecological benefit prediction and assessment studies which have 
normally been conducted at a regional level, the biophysical models developed for 
this project are established at the site level to estimate the impact of farm level 
parameters on the response of environmental attributes to LUC. In particular, 
parameters that reflect farm level divergence from the regional average are identified 
and their impacts on environmental attributes quantified using the biophysical models.  
 
In addition to their explanatory power over the environmental outcomes, the 
parameters were selected based on the specific natural conditions and ecosystem 
characteristics in the mountainous areas in the western Sichuan Basin, in particular for 
Pengzhou and Hongya counties. The coefficient assigned to each parameter reflects 
the relative importance of each parameter to the environmental impacts. The value for 
each category of the qualitative parameters and the converted values for the 
quantitative parameters were developed based on the extent of the contributions to the 
environmental impacts made by the categories or the quantity levels of the parameters. 
Hence the biophysical models can be justified scientifically. The divergence factor 
models are based on the linear addition of parameters so they can be easily applied to 
derive the quantified environmental impacts arising from each bid. In addition, these 
coefficients and values can be adjusted in order to improve the accuracy and 
sensitivity of the models as more information becomes available.  
 
In terms of the selection of parameters and the development of parameter values and 
coefficients, the soil erosion model has the highest reliability because model 
development is based on previous research studies of the correlation between soil 
erosion reduction and forest stand indicators. Research in this field is abundant and 
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thorough, focusing on the theories and principles of the impact of forest ecosystem on 
soil erosion reduction, measuring and monitoring of benefits that are related to forest 
stand indicators, and quantitative assessment of soil erosion reduction benefits. 
Compared to the soil erosion model, the air purification model is less reliable as 
model development and parameter selection are based on general principles of the 
impacts of ecosystem biomass on the air purification capacity of the ecosystem. 
Existing research on the correlation between air purification capacity and forest stand 
indicators are limited and can be of little reference in the development of the air 
purification model.  
 
Research on species diversity is scant. There are a number of biodiversity indicators at 
the site level and these indicators reflect the characteristics of site biodiversity from 
different perspectives. Further research is needed to relate the number of species to 
the Shannon-Wiener index used for this project. In addition, research on biodiversity 
heterogeneity at different sites and its relationship with forest stand indicators is still 
at the initial stage. Therefore the development of the biodiversity model in this 
research project is also less reliable than the soil erosion model. 
 
It should be noted that the subjectivity involved in the determination of the parameter 
coefficients and values, especially when experts’ experiences or judgments are needed 
may lead to systematic errors in the models. However, such systematic errors will not 
have an impact on the bid ranking process. This is because the environmental impacts 
derived from the biophysical models are further compared against the mean 
divergence factor calculated across all farms involved in the bidding trial, so any 
systematic error will be balanced out during this process. It should also be noted that 
the homogeneity in site conditions and in the selection of tree species across farm 
households (due to the limited geographical coverage of the LUC trial) may lead to 
similar environmental impacts. To counter that effect, other parameters apart from the 
ecological parameters can be incorporated in the models to reflect the heterogeneity 
across farm households.  
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Appendix 
 
Parameters to calculate the absolute value of environmental benefits 
 
Type of forests Reduction in soil 

erosion (t/hm2 a-1)
Air purification

(kg/hm2 a-1)
Biodiversity

Shannon-Wiener 
Indicator

Broadleaf forests 
(Eucalyptus) 
 

2.28 33426 1.34

Conifers (Chinese 
fir) 
 

5.54 10295 2.82

 


