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a b s t r a c t

This study proposes the use of marginal abatement cost curves to calculate environmental damages of
agricultural systems in China's Loess Plateau. Total system costs and revenues, management character-
istics and pollution attributes are imputed into a directional output distance function, which is then used
to determine shadow prices and abatement cost curves for soil and nitrogen loss. Marginal abatement
costs curves are an effective way to compare economic and conservation tradeoffs when field-specific
data are scarce. The results show that sustainable agricultural practices can balance soil conservation
and agricultural production; land need not be retired, as is current policy.

Published by Elsevier Ltd.
1. Introduction

Soil erosion is among the most serious environmental degra-
dation issues in China. Ning (2013) estimates that increased sedi-
mentation from soil erosion leads to reduced reservoir storage
capacity and impaired shipping in waterways, which caused more
than 28 billion RMB (about $4.6 billion) of damage in 1997.
Increased salinization and soil run-off, as well as reduced crop
yields and abandoned farmland, accounted for an additional 31.1
billion RMB ($5.1 billion) in damages (Ning, 2013). Wind erosion of
soil resulted in 54 billion RMB more damages (Day, 2005). Envi-
ronmental costs from sediment-related eutrophication of Chinese
aquatic systems (Lee et al., 2013) would raise environmental
damage estimates even more if calculated as they have been in the
United States (Clark et al., 1985).

The precise location and impacts of environmental damage can
be difficult to sort out, as are the incentives for individual farmers to
reduce soil erosion. However, the central government has invested
considerable resources since the mid-1990's to improve its
: þ1 970 491 2067.
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agricultural and environmental accounting (Wu, 2009). Agricul-
tural land is typically owned by the Chinese central government,
with long-term land leases and contracts administered by local
villages. The long-term agricultural leases may be collectively
reallocated for any number of reasons, including family size (Ho,
2001). Ambiguous property rights obfuscate individual and com-
munity incentives to reduce agricultural production on the land,
especially with respect to the push to increase production to meet
national food security policies (Brown, 1995; Ho, 2001). As is the
case with the presenting study, incomplete information about land
use tenure, field-level production, and environmental accounting
necessitate the use of simulation to plan and manage conservation
on agricultural land (Ho, 2001). However, as shown in the pre-
senting study, simulation can play an important role in helping
policymakers improve conservationmanagement in the absence of
detailed field data.

Soil erosion is particularly problematic in China's Loess Plateau,
which is often cited as one of the country's most fragile and com-
plex agricultural regions (Hou, 2012). The region has historically
been noted for its agricultural production and rich soils, which
drew human settlement along the Yellow River (Laflen et al., 2000).
Soil loss in the Loess Plateau accounts for more than 90% of the total
sediments entering the Yellow River (Chen et al., 2007). About 70%
of the total area is affected by soil erosion, and 40% of agricultural
lands suffer annual losses of more than 50 ton/ha (Lu et al., 2003).
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Other estimates place annual soil erosion between 40 and
70 tons/ha (FAO/IAEA, 2013). By contrast, average annual soil
erosion rates in the U.S. are approximately 17 tons/ha (Pimentel
et al., 1995).

The urgent need for soil conservation policies in the Loess
Plateau is widely recognized by ecologists, environmentalists and
policy makers (e.g. Rozelle et al., 1997; Wang, 2004; Bindraban
et al., 2012). Policy responses have been commensurately ardent.
The extensive Grain for Green (GfG) program, for example, coarsely
requires cropland retirement, virtually eliminating both erosion
and crop income. However, abolishing agricultural production in a
region may create other imbalances. This study proposes using a
directional output distance function methodology to calculate ni-
trogen and soil loss from Loess Plateau agricultural systems.
Calculating marginal abatement cost curves for these systems
would enable policy makers to balance soil conservation with
agricultural crop production, rather than eliminate crop production
altogether. The presenting study posits that this methodology is the
most appropriate approach for measuring soil and nitrogen loss of
an entire agricultural system when field-level data are scarce.

To place this study in context, the Loess Plateau region epito-
mizes the confluence of challenges facing modern-day China.
Environmental management involves balancing soil conservation
with a culture engrained in agricultural production, while simul-
taneously considering national policy goals aimed to feed the
growing population and increase household income. In their
seminal book, Laflen et al. (2000) summarize the complexity of the
study region: “Truly, the Loess Plateau is not only the most erodible
place on earth, but also one of the most interesting.” (p. xiv in
Forward).

As shown in Fig. 1, China's Loess Plateau is located in northern
China. It is also known as the Huangtu Plateau. The Plateau spans 5
provinces and stretches along the upper, middle bend of Huang He,
or Yellow River. The region is deemed to be of cultural and agri-
cultural importance (Rui et al., 2002). While the retirement of
agricultural lands under the GfG program might at first seem dra-
matic, the challenge of managing the region's soils and agricultural
systems should not be underestimated (Rui et al., 2002).
Fig. 1. Map of study area. The Loess Plateau is situated in the
There is some evidence to suggest that environmental man-
agement can be improved by increasing farmer autonomy. Xu et al.
(2010) posit that gains in household income, program efficiency,
and welfare will occur if farmers are given greater autonomy about
what fields, if any, to include in a program like GfG. Specifically, Lu
et al. (2003) and Dogliotti et al. (2004) present solid evidence that
conservation cropping in the Plateau can effectively reduce soil
erosion while also maintaining agricultural production because
agricultural systems, land types, and cropping techniques vary
across the steeply sloping lands. Furthermore, a 2005 World Bank
project reports that farmers’ incomes rose dramatically and erosion
was reduced when farmers were introduced to sustainable farming
practices (World Bank, 2005). Thus, a sustainable approach for the
regionwould balance agricultural productionwith field retirement,
instead of replacing all crop production with grass or trees. How-
ever, farmers and policy makers need information and education
about which practices can reduce erosion andmaintain income and
where these practices are best suited.

The economic literature is flush with examples about how to
balance “undesirable” outputs such as soil erosion with “desirable”
outputs like crop production (Coggins and Swinton, 1996; Liu and
Sumaila, 2010; Stoorvogela et al., 2004). Both market and non-
market values should be considered. Broadly speaking, there are
two stakeholder positions that can be used to assess the non-
market value of commodities or services. From the consumer
side, the travel cost and contingent valuation methods reflect
trade-offs or sacrifices that people are willing to make in order to
consume higher levels of environmental quality (Champ et al.,
2003; Loomis and Keske, 2009). The other approach is to look at
the abatement cost of undesirable outputs (e.g. agricultural pol-
lutants) from a producer perspective, in terms of reducing desir-
able outputs (e.g. crops) that are jointly produced with undesirable
outputs, like soil erosion (F€are et al., 1993; Coggins and Swinton,
1996; F€are et al., 2005). While each method has advantages,
abatement cost curves reflect the polluter pays principle and
present lower costs in comparison to expensive surveying
methods required for contingent valuation (Molinos-Senante et al.,
2010).
Ansai region of China. The Plateau spans five provinces.
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Since agricultural systems and fields in the Loess Plateau are
heterogeneous (Lu et al., 2003), so are the field-level costs of
avoided soil erosion damage within the system. A multitude of
factors contribute to soil erosion propensity and soil erosion
tolerance on individual fields or individual watersheds (Osmond
et al., 2012), leading to heterogeneous on-farm costs at the field
level. Off-farm costs are also likely to be highly variable. Hansen
and Ribaudo (2008), for example, estimate that off-site costs of
erosion in the United States vary considerably by field, with an
average annual erosion cost between $1.70 and $18.40 per ton.
While the costs of damages are not available for this study, avoid-
ance costs are.

The presenting study incorporates a distance function approach
to estimate the shadow prices for two undesirable contaminants,
soil loss and nitrogen loss (Hou, 2012). Data from the region include
inputs and outputs for 1720 cropping systems in the Plateau, first
simulated and published by Lu et al. (2003). The cropping systems
consist of different combinations of land units, crop rotations,
production situations, terracing techniques, tillage methods, crop
residue management techniques and mechanization levels. Addi-
tional details about these agricultural systems are presented in
Table 1 and in Appendix B, and will be discussed later in the paper
after the model is described. Costs, returns, erosion and nitrogen
loss can be compared across systems, according to land type,
rotation, tillage and other management variables. By controlling for
production methods, the cost of preventing pollution (soil loss or
nitrogen loss) can be measured as the opportunity cost of lost profit
from crop production.

The distance function approach has been widely applied to es-
timate the abatement costs of pollution and the opportunity costs
of environmental regulations. The distance function method was
first developed by F€are et al. (1993), and further applied to shadow
prices of pollution from pulp and paper industries (Hailu and
Veeman, 2000), air pollution from electricity plants (Lee et al.,
2002; F€are et al., 2005; Keske et al., 2012; Keske, 2011), and
salmon aquaculture (Liu and Sumaila, 2010). F€are et al. (2006) later
estimated shadow prices of polluting outputs and the associated
pollution costs for U.S. agriculture from 1960 to 96. In a related
effort, Bond and Farzin (2007) estimated plot level shadow prices
for agricultural pollutants in the United States.

The presenting study adds to the literature by estimating abate-
ment cost curves for soil pollutants in the Loess Plateau to make the
Table 1
Summary of cropping systems identified and measured by Lu et al. (2003).

Characteristics Specifications

Land units Includes 5 units classified by land slope: floodplains,
gently sloped land, moderately sloped land, steeply
sloped land, and very steeply sloped land.

Crop rotation typesa Includes 2 mono crops, 8 types of rotations without
alfalfa and 7 types of rotations with alfalfa. The 2
mono crops are C and W; the 8 types of rotation
without alfalfa are PsWC, CMPa, CSC, FWPaM,
PsWCM, MSC, WPaMCF, MSMPa; and the 7 types of
rotation with alfalfa are A3CM, A3CPaM, A3MPaM,
A4MPaM, FA5MC, FWA4MC, A3MCPaCM.

Production situations Includes 3 situations with different availability of
water and nutrients: sufficient water and nitrogen,
water-limited and nitrogen-limited

Terracing Includes 3 terracing situations: no terracing, bench
terracing, spaced terracing

Conservation Techniques Includes 4 practices: contouring & mulching,
contouring & non-mulching, furrow-ridging &
mulching, furrow-ridging & non-mulching.

Mechanization levels Includes 2 levels: human and animal labor, semi-
mechanization

a A# ¼ alfalfa and years, C ¼ corn, M ¼ millet, F ¼ flax, Ps ¼ Summer Potato,
Pa¼Autumn Potato, S ¼ soybean, W ¼ winter wheat.
case that agricultural production does not need to be abandoned in
order to meet the region's environmental targets. It might be more
balanced to retire the plots contributing the greatest amount of
pollution, where the marginal cost to abate the pollution is highest.
Soil degradation is a serious concern in the Loess Plateau; yet, despite
multiple studies in the region, no published study has looked at
pollution abatement costs compared to returns generated by crop
production.Marginalabatementcost calculationsprovideadesirable
alternative environmentalmanagement solution to China's Grain for
Green program, for example, because land need not systemically be
removed from agriculture in order to reduce nitrogen and soil loss.
The presenting study also provides a unique contribution to the
literature because it demonstrates that it is possible to derive mar-
ginal abatement costs from heterogeneous agricultural systems us-
ing a directional output distance function. Methodologically
speaking, this could be the best approach to measuring the envi-
ronmentaldamage fromagricultural systemsthat arebeingmanaged
under a large national or regional policy where field-level data are
scarce, as is the case of China's Loess Plateau.

The paper is organized, as follows. The directional output dis-
tance function methodology, the derivation of shadow prices, and
the distance function estimation are summarized in Section 2. The
cropping system simulation data for the Loess Plateau, originally
created from the Environmental Policy Integrated Climate (EPIC)
model, is presented in Section 3. Empirical results are reported in
Section 4. Discussion and conclusions are provided in Section 5.
2. Estimating abatement costs with a distance function
model

A distance function approach can be used to measure tradeoffs
between desirable outputs (profit) and undesirable outputs (pollu-
tion) for any given level of input. Calculating these tradeoffs is not
necessary when the conservation practice intended to decrease
pollution simultaneously increases profit. Conservation tillage, for
example, is profitable on some soils and presents no sacrifice for a
producer, so all else equal; a rational producer would adopt the
practice. However, conservation tillage is not widely adopted on a
voluntary basis when the practice is not profitable. The distance
function approach is ideally suited to identify tradeoffs in these
situations.

Four steps are required to calculate an output distance
function.2 First, production possibility sets are created. A production
possibility set underlies all feasible inputeoutput combinations for a
given level of input; and a directional distance function corresponds
precisely to one production possibility set. Input “x”, in this case, is a
fixed resource; so total cost of the agricultural system is fixed for
each production possibility set. The desirable output is profit. The
undesirable output is pollution. The technologies for different
cropping systems that produce desirable and undesirable outputs
jointly are represented by a production possibility set as follows:

PðxÞ ¼ fðy; bÞ : x can produceðy; bÞg; (1)

where x ¼ ðx1;…; xNÞ2<Nþ is a vector of N inputs,
y ¼ ðy1;…; yMÞ2<Mþ is a vector of M desirable outputs and
b ¼ ðb1;…; bJÞ2< J

þ is a vector of J undesirable outputs.
The second step is to link the production possibility set to dis-

tance functions. Given the production possibility set PðxÞ, a direc-
tional output distance function for the ith observation ðxi; yi; biÞ is
defined as the simultaneous maximum reduction in undesirable
2 For additional mathematical support and detailed discussion, please see
Appendix C.
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outputs and expansion in desirable outputs along a direction
g ¼ ðgy; gbÞ. Since each possibility set is unique for an input level x,
there exists a unique set of tradeoffs for every level of x. Its math-
ematical form is:

Di

�
xi;yi;bi;gy;gb

�
¼max

n
4i>0 :

�
yiþfigy;biþfigb

�
2PðxiÞ

o
;

(2)

where Di is the distance function value for the ith observation
ðxi; yi; biÞ given the directional vector ðgy; gbÞ, and 4i is the simul-
taneous change of desirable and undesirable outputs satisfying
ðyi þ 4igy; bi þ 4igbÞ2PðxiÞ.

The directional distance function is a measure of efficiency for
the ith cropping system, representing the “distance” of the pro-
duced output bundle from the technically efficient production
frontier along the directional vector ðgy; gbÞ. The production frontier
is constructed by a set of cropping systems, whose distance func-
tion equals zero, i.e. Diðxi; yi; bi; gy; gbÞ ¼ 0: This means that there is
no possibility for these systems to reduce undesirable outputs and
expand desirable outputs; therefore they are called efficient tech-
nologies. Shadow prices are based on efficient systems only and do
not include changes that increase cropping profits and reduce
pollution (e.g. the previously proposed hypothetical conservation
tillage scenario).

The third step is to define shadow price. The shadow prices of
undesirable outputs are derived from the first order condition for
maximizing net revenue subject to a production technology;
maximizing revenue is equivalent to maximizing profit when
subject to a fixed and shared input level. The mathematical form of
derivation is as follows. Let py ¼ ðpy1;…pyMÞ2<Mþ represent
desirable output prices and let pb ¼ ðpb1;…; pbJÞ2<J� represent the
negative undesirable output prices. The revenue function, which
considers the negative effect generated by the undesirable outputs,
is defined as:

Ri
�
xi;py;pb

�
¼ max

y;b

n
pyyi þ pbbi :

�
y;b

�
2P

�
x
�o

: (3)

or

Ri
�
xi;py;pb

�
¼max

y;b

n
pyyiþpbbi :Di

�
xi;yi;bi;gy;gb

�
�0

o
: (4)

Eq. (4) finds the most efficient system for any given resource
level, x, where the sum of the revenue from the desirable output,
pyyi, less the lost revenue from the undesirable output, pbbi, is
maximized. Profit is maximized at this point, since x is given and
fixed. Pb is not observable, but can be derived as shown by the steps
below. Eq. (4) can be rewritten as:

Diðxi; yi;bi;gÞ ¼ minp

8<
:
Ri
�
xi;py;pb

�
�
�
pyyi þ pbbi

�
pygy þ pbgb

9=
;: (5)

Applying the envelope theorem to Eq. (5) yields:

vDiðxi; yi;bi; gÞ
vbj

¼ �pbj
pygy þ pbgb

� 0 (6)

vDiðxi; yi;bi; gÞ
vym

¼ �pym
pbgy þ pbgb

� 0 (7)

Thus, given the mth desirable output price, say pym, the shadow
price of the jth undesirable output can be recovered by taking the
ratio of Eqs. (6) and (7):
pbj
pym

¼ vDiðxi;yi;bi; gÞ
�
vbj

vDiðxi;yi;bi; gÞ=vym
(8)

or

pbj ¼ pym

�
vDiðxi; yi;bi;gÞ

�
vbj

vDiðxi; yi;bi;gÞ=vym

�
: (9)

The previous equations depict the derivation of the shadow
prices for the undesirable outputs. Eq. (8) implies that revenue is
maximized where the marginal rate of transformation between an
undesirable output and a desirable output equals the price ratio of
the two. This point gives the most efficient tradeoff of profit for
pollution given the prices of crops and the pollutant. Shadow price
cannot be observed directly, but can be derived as shown in Eq. (9)
by multiplying Eq. (8) by Pym. The negative shadow prices of un-
desirable outputs are interpreted as marginal opportunity costs in
terms of foregone desirable outputs (F€are et al., 2006). Marginal
opportunity costs then represent marginal abatement costs.

The last step is parameterizing the distance function, since the
derivatives of the distance function are utilized in Eq. (9). A linear
programming technique is employed to calibrate the unknown
parameters in the distance function following F€are et al. (2006). A
detailed description of estimation technique is shown in Appendix
C. A regular regression technique is not appropriate in this situation
because the values of the distance function would not be known
until the regression is estimated.

3. Data

Ansai County is located in the hilly gullies region of Loess
Plateau, with a geographic location between 36�3004500

Ne37�1903100N and 108�5104400E�109�2601800E (Fig. 1). It has a total
area of 2950.2 km2, with about 95% covered by hilly loess and a
small area of floodplain of Yanhe River. The elevation ranges from
997 m to 1731 m, with a relative difference of 100e200 m. As
previously stated, the soil loss in Ansai County is among the most
severe in China, and the terrain epitomizes northwest China's
ecological fragility.

The region has a semi-arid climate with annual mean temper-
ature of 8.6 �C and annual mean precipitation of ~500 mm. Most of
the precipitation falls between June and September. The soils are
homogeneous, mostly formed on the deep and loose loess deposit,
and are comprised of 60e75% silt, less than 15% clay, and less than
30% sand.

The agricultural sector is declining in Ansai County. The arable
land decreased from 0.20 hm2 per capita in 1998 to 0.15 hm2 per
capita in 2007. Although annual income per capita increased from
1504 RMB in 1998e3295 RMB in 2007, agricultural GDP accounted
for 90% of the whole economy in 1989, and only 21% in 2005. The
major grain crops in Ansai include maize, millet, potatoes, soybean
and winter wheat. Seed flax and alfalfa are planted as oil crop and
forage crop, respectively.

The cropping systems used in this study are presented in Table 1.
The data reflect more than 2000 unique cropping systems in Ansai
County of the Loess Plateau, each with different combinations of 5
land units, 17 crop rotations, 3 production situations, 3 terracing
techniques, 2 tillage techniques, 2 crop residue management
techniques and 2 mechanization levels. Each system represents a
data point with a unique combination of land characteristics, crops
and management that result in a unique cost, return, soil loss, and
nitrogen loss. Readers interested in more detailed information
about the data can find it in Appendix B or Hou, 2012.

The corresponding outputs of interest for the presenting study
(yield, soil erosion and nitrogen loss) were simulated for each



Table 2
Descriptive statistics of the variables used in the distance function.a

Variable Mean Standard
Deviation

Minimum Maximum

Total cost (RMB/ha)b 3,059 591.1 1,426 4,910
Total revenue (RMB/ha)c 5,240 1,536.5 1,446 12,594
Nitrogen loss (kg/ha) 15.6 9.4 0.01 57.6
Soil loss (kg/ha) 3,629 7,961 0.5 69,838

a 1 US dollar ¼ 6.3 RMB at year 2012.
b Input index in the distance function.
c Desirable output index in the distance function.
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system using the Environmental Policy Integrated Climate (EPIC)
model and validated with the experimental data as described by Lu
et al. (2003). This simulation was conducted on the 2006 different
cropping-system variations based upon Lu's original work (2000)
and a subsequent publication that uses approximately 500 of
these cropping systems (Lu et al., 2003). EPIC is a comprehensive
simulation model designed to predict the effects of management
decisions on soil, water, nutrient and pesticide movements and
their combined impact on soil loss, water quality and crop yield
(Gassman et al., 2005). Impacts consist of weather, surface runoff,
water and wind erosion, nitrogen loss (leaching), pesticide fate and
transport, crop growth and yield, crop rotations, tillage, plant
environment control (drainage, irrigation, fertilization, furrow
diking, liming), economic accounting, and waste management. Lu
et al. (2003) developed the comprehensive dataset on soil,
weather, cropmanagement, fertilizer and other parameters tomeet
the basic requirements to run themodel. Hundreds of equations are
applied in EPIC to simulate processes such as crop growth and soil
erosion.

In order to calculate total costs for each agricultural system, as
required for the shadow pricing model, the production set includes
seeds, nutrients, biocides, irrigation if applicable, farm equipment,
labor, animal traction and tractors as inputs, crop yield and two
agricultural contaminants as outputs. Because eight inputs are used
and eight crops are produced in some cropping systems, indices are
used for each cropping system. Total input use for a system, x, re-
flects the total costs in an agricultural system. Likewise, the output
from a system with multiple crops is represented by total revenue.

This output distance function adaptation has been used in pre-
viously published applications that computed shadow prices from
distance functions (Bond and Farzin, 2007). Shadow prices are
measured as the opportunity cost of lost profit per unit of pollution
prevention. This is feasible since total cost is controlled as a con-
stant through the production possibility sets used as inputs for the
distance functions. The prices are not updated to the current year in
order to avoid any distortions caused by differential inflation rates,
and in order to make the presenting study results consistent with
prices used in Lu et al. (2003).

As previously mentioned, this study focuses on situations where
tradeoffs between pollution and income are unavoidable. A con-
dition of null-jointness between desirable outputs and undesirable
outputs is required for distance functions, and implies that no crop
can be produced without nitrogen loss or soil loss. These systems
represent cases where conservation is profitable. Therefore, 286
cropping systemswith zero soil loss are dropped, resulting in a total
of 1720 observations.

Descriptive statistics for the inputs and outputs used in esti-
mating the distance function are given in Table 2. Themeans of total
cost and total revenue are 3059 RMB/ha (485.6 US $/ha) and 5240
RMB/ha (831.7 US $/ha), respectively, for the 1720 cropping sys-
tems. The means of nitrogen loss and soil loss are 15.6 kg/ha and
3,629 kg/ha, respectively. Not surprisingly, there is a wide range in
both soil loss and nitrogen loss, with the minimum and maximum
levels of 0.01 kg/ha and 57.6 kg/ha for nitrogen loss and 0.5 kg/ha
through 69,838 kg/ha soil loss, respectively. This broad range il-
lustrates that there is a wide range of environmental pollution
within the heterogeneous agricultural system.

4. Empirical results: shadow price and marginal abatement
cost calculations

In order to ensure that the estimation of the parameters remains
within a realistic scale, each output and input is normalized by their
respective mean values. The parameters in the quadratic functional
that form of the distance function are estimated by the linear
programming technique described in Appendix A. The distance
function values for each cropping system can be calculated by
plugging the estimated parameters into the distance function,
together with data on total cost, total revenue, soil loss and nitro-
gen loss. Utilizing Eq. (9), the shadow prices of soil loss and nitro-
gen losses are estimated, separately.

Several interesting types of transitional data are computed in
order to measure shadow prices, or the marginal abatement cost
(MAC), in terms of foregone crop profit. Table 3, for example, pre-
sents the abatement cost to change from any crop system to
another. Changing from a reference system in the vertical column
reduces (�) or increases (þ) abatement costs by the amount indi-
cated. For example, the most costly system for abatement is flax-
wheat-potato-millet (fwpm). Changing from fwpm to wheat in-
creases abatement costs by 156.47 RMB/ha. Changing from an
alfalfa-based system increases abatement costs nearly 500 RMB/ha.
From here, the opportunity cost of each management practice can
be determined as elaborated upon in Table C4 in Appendix C. For
example, profits with no terracing are 6438 RMB/ha. At the current
shadow price for a given system, profits fall to 6317 RMB/ha when
the shadow price of erosion is considered. Using this same example
in Table C4, profits for bench terracing are 7471 RMB/ha without
accounting for the cost of erosion, and fall to 6827 RMB/ha when
accounting for erosion costs. More details about this result and
other examples can be found in Appendix C.

As shown in Fig. 2, the MAC for soil erosion and nitrogen loss is
plotted for all 1720 cropping systems to produce ten plots (5 land
types for soil and 5 for nitrogen). The horizontal axis indicates the
amount of current erosion or soil loss, not the amount of erosion or
nitrogen loss actually reduced. The vertical axis represents the
marginal cost of abatement per unit per hectare for preventing
erosion or nitrogen loss at the current rate of loss. For example, the
MAC curve for soil loss on steep land is downward sloping, indi-
cating that more steeply sloped lands require lower marginal
abatement costs because there is less opportunity cost of crop
production, and vice versa. MAC for land eroding less than 10 t/ha is
between about 80 and 110 RMB/t, while the MAC for land eroding
over 40 t/ha is only around 40 RMB/t. MAC for nitrogen loss slopes
in the opposite direction compared to soil erosion, demonstrating
the unique nature of each pollutant. The MAC is least expensive on
highly eroding land, with the least opportunity cost of crop
production.

MAC curves can be further derived for any one of these plots by a
regression of the marginal abatement costs for any pollutant level.
For example, the MAC plot and regression curve for soil loss on the
steeply sloped land is presented in Fig. 3.
5. Discussion and conclusions

In summary, this paper estimates the shadow prices for abate-
ment costs of soil loss and nitrogen loss by using an output distance
function approach for over 1700 cropping systems in the Loess
Plateau of China. This study demonstrates that, through the use of a
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directional output distance function, MAC can be successfully
derived from heterogeneous agricultural systems where field spe-
cific data are scarce. The marginal abatement cost of nitrogen loss
averages 0.383 RMB/kg, and ranges from 0.21 to 1.29 RMB/kg. Soil
loss has a mean marginal abatement cost of 0.102 RMB/kg, and
ranges from 0 to 0.162 RMB/kg. Specific illustrations are derived
and provided as examples. Interested readers may calculate other
scenarios by using the transitional data available in Table 3 and in
Appendix C, where other examples are provided.

The transitional data would also help determine which crops
and croppingmethods aremost appropriate according to land type.
Where soil erosion is concerned, more steeply sloping lands exhibit
lower marginal abatement costs and it follows that the retirement
of these lands could be prioritized under the current GfG program,
or new programs. On the other hand, marginal abatement costs of
reducing soil and nitrogen loss on flatter land is less predictable.
Retiring these flatter lands under the GfG program may result in
considerable foregone opportunity for agricultural production. In
other words, the MAC model demonstrates that agricultural pro-
duction need not be abandoned in the Loess Plateau, if lands for
retirement are better targeted.

Farmer payments could also be distributed more effectively
because the proposed methodology evaluates the MAC of specific
production practices or land types. Since the GfG program offers
farmers a financial incentive to retire cropland, it follows that
farmer conservation payments should be commensurate with the
opportunity cost of foregone profit. The net profit lost from pollu-
tion avoidance costs can be calculated by subtracting abatement
costs calculated in Fig. 3 in the presenting study from ordinary
profit calculated by Lu et al. (2003), available in the Appendix. For
example, as shown in Fig. 4, there is no significant difference in
profit between contouring and furrow ridging when undesirable,
non-market pollution outputs are not included in calculations. If
profit remains the same, farmers would arguably have no prefer-
ence toward contouring or furrow ridging from the perspective of
making profits, and thus should not receive payment. However, as
shown by the second set of bars, contouring generates more profit
than furrow ridging if the shadow prices of undesirable outputs are
taken into account. This implies that policy makers could increase
net welfare if government implements an incentive, like a subsidy,
to direct farmers from furrow ridging to contouring practices where
appropriate. The subsidy may be more effective on steeply sloped
lands where the opportunity cost of foregone agricultural produc-
tion is arguably higher than the flatlands.

An important consideration not addressed in this analysis is that
foregone agricultural production could contribute to food security
and nutrition issues. This may be a concern in rural areas that may
be more difficult to reach due to their remote locations. Striking a
balance between crop production and soil degradation targets is a
goal that has been addressed by many national soil conservation
policies that do not advocate intense land use changes (Hoag et al.,
2012).

In the example presented in this paper, the MAC curves
computed for soil erosion and nitrogen loss offer policy makers a
method to develop policies that appropriately balance agricultural
production with non-market goals. Without subsidies, and when
loss of household income from agricultural production is consid-
ered, the sustainability of theworldwide conservation programGfG
is questionable. Planting ecologically-friendly trees in place of
intensive crop production benefits the environment, but fails to
balance farmers' pursuit of income and the cultural importance of
working lands (Cross et al., 2011). A balanced approach that con-
siders these factors is possible, since agronomists provide solid
scientific evidence that some cropping systems can balance both
economic and environmental benefits (Laflen et al., 2000).



Fig. 2. Marginal abatement cost plots for soil loss and nitrogen loss for all five land types.

Fig. 3. Marginal abatement cost of soil loss for cropping systems on steeply sloped
land. Note: P represents the marginal abatement cost of soil loss (RMB/t); Q represents
the quantity of soil loss (t/ha).

Not Considering Undesirable Outputs Considering Undesirable Outputs

Fig. 4. Profit with and without considering the environment for contouring and
furrow ridging practices.
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The complexity and uniqueness of the Loess Plateau landscape
and culture make it difficult to balance environmental conservation
and economic development. China's rural land ownership policies
are complicated (Ho, 2001), and community land allocation prac-
tices make it difficult to assess the individual incentives for agri-
cultural producers to reduce soil erosion. However, the dilemmas
facing the Loess Plateau are not dissimilar to situations experienced
by developing nations across the globe. The proposed methodology
can be used to help policymakers identify lands that may be retired
at lower opportunity cost, effectively enabling farmers to switch to
more environmentally balanced cropping practices so that eco-
nomic development and the environment can be balanced. By
incorporating this methodology in the Loess Plateau, there is op-
portunity for China to lead by example.
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