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Abstract: This study investigates the key factors affecting farmers’ decisions to use chemical fertilizer
and/or organic fertilizer in Chinese apple production. This study calculates partial output elasticities
and elasticities of the substitution between organic and chemical fertilizer, using a stochastic frontier
production function model and data for 2017–2019. Subsequently, it analyzes how different sales
channels impact the partial output elasticities of organic fertilizer. It also examines the impact of
economic incentives on organic fertilizer use and technical inefficiency levels in apple production.
The empirical results indicate that the organic matter in organic fertilizer has a medium level of
substitutability with nitrogen, phosphorus, and potassium in chemical fertilizer. Further, the results
indicate that an increase in the total number of available sales channels incentivizes farms to use
more organic fertilizer to optimize apple quantity at the expense of the quality. Contrary, the use
of any of the three most commonly used sales channels among apple growers (dealer door-to-door
purchases, enterprise sales for juice pressing, and apple brokers) has the opposite effect on the use of
organic fertilizer. From these findings, the subsidized provision of organic fertilizer and educating
apple farmers about the economic and ecological benefits of sustainable land management measures
are suggested. Finally, the study suggests measures to improve farmers’ income, sustainable land
management, and lowering the footprint of chemical fertilizers in apple production in China.

Keywords: chemical fertilizer; input substitutability; organic fertilizer; sales channels; stochastic fron-
tier

1. Introduction

Since the green revolution, chemical fertilizers have played an indispensable role in
agricultural production, and have seen a significant increase in global utilization [1,2]. In
Chinese agriculture, chemical fertilizers increased crop production by nearly two-thirds
(approximately 65%) [3,4]. However, recent evidence indicates an excessive use of chemical
fertilizers (the sum of the NPK nutrients) in China (341 kg per hectare), which is higher than
the international environmental safe use limit—that is, 225 kg per hectare [5,6]. Further,
when it comes to fruit plants, the average per hectare application of chemical fertilizers
in China is more than twice that of Japan, and 6–7 times that of the United States and
the European Union, respectively [7]. In recent years, the amount of chemical fertilizer
used in apple orchards, in various provinces of China, ranged from 600 to 2010 kg per
hectare (the sum of the NPK nutrients)—indicating both a high level of use and large
differences in application between provinces (National Bureau of Statistics of China, 2013–
2019. Compilation of National Agricultural Product Costs and Benefits of 2013–2019.
Available online: https://data.cnki.net/yearbook/Single/N2019120280 (accessed on 7
March 2021)). Excessive chemical fertilizer application has been widely documented to
adversely affect the physical and chemical properties of soil, such as the compaction and
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acidification of the soil [8,9]. Correspondingly, it negatively impacts crop quality, causes
non-point source water pollution, and releases nitrous oxide (N2O), a greenhouse gas
that contributes to climate change [10,11]. Moreover, from the perspective of economic
efficiency, excessive application of chemical fertilizer has led to an increase in agricultural
production costs that, in turn, has reduced the international competitiveness of Chinese
agricultural products [7,12,13]. This suggests that evidence is needed to address the role
of various factors affecting the use of organic fertilizer and chemical fertilizer at the farm
level.

Recent studies suggest a broader promotion of organic fertilizer as an alternative to
chemical fertilizer [14–17]. The application of commercial organic fertilizers is becoming
increasingly extensive because of the expanding market for organic food [18]. In China,
commercial organic fertilizers have two agricultural industry standards (NY525-2012 and
NY884-2012), which govern organic content, acceptable pH, worm mortality, and number
of fecal coliforms. The former standard is for organic fertilizer without effective living
bacteria, and the latter is for bioorganic fertilizer with effective living bacteria. This study
of organic fertilizer mainly refers to these two types. Organic fertilizers also contain a
range of micronutrients, trace elements, physiologically active compounds, etc., while
chemical (mineral) fertilizers are mainly based on N, P, and K, with some supplemental
microelements (this study follows the convention in the literature [5,12,14–17,19,20] of
referring to inorganic (mineral) fertilizer as chemical fertilizer). In terms of the net benefits
to the farmers and soil, organic fertilizer has several advantages over chemical fertilizer [19].
First, organic fertilizer increases the soil microbial activity, which transforms the already
available N, P, and K into forms that can be easily absorbed by plants, and therefore im-
proves soil productivity [20]. Second, the application of organic fertilizer can significantly
increase the total porosity and soil organic matter, improving the soil’s physical and chemi-
cal properties [21]. Third, the organic matter and humus in organic fertilizer can improve
the utilization rate of chemical fertilizer by improving the soil water-holding capacity and
conserving moisture in upland areas, preventing irrigated fields from hardening, which
leads to improvement in root nutrient uptake [22]. Fourth, the application of organic fertil-
izer can significantly improve crop quality, by promoting nutrient balance, coordinating
nitrogen supply performance, and enhancing carbon and nitrogen metabolism [23].

Organic fertilizers provide numerous advantages over chemical fertilizers, yet their
application is limited in China. Notably, Yang and Fang [24] reported that the use of
organic fertilizer is decreasing among Chinese farmers. Several factors affect the broader
use of organic fertilizer. First, farmers need to utilize four times more organic fertilizer
materials than chemical fertilizer materials (in quantity terms), to achieve the same yield
potential [25]. Second, most of the farmers in China produce low-value agricultural
commodities—such as wheat and rice—which usually require extensive chemical fertilizer
to ensure profitability [26,27]. Third, a high degree of land fragmentation, fragile environ-
ment, and farmers’ inadequate training and knowledge negatively affect the adoption of
organic fertilizer at the farm level [28]. Fourth, the higher costs associated with organic
fertilizers materials—almost four times higher, per kg, than chemical fertilizers materials in
China—limit their use among smallholder farmers. However, China provides a range of un-
paralleled supports to promote organic farming, such as supporting on-farm infrastructure,
subsidizing organic certification, marketing assistance, and farmers’ training. Arguably,
promoting the use of organic farming for high-value products—such as apples and peaches
—holds significant economic benefits for farmers, because these products can bring a pre-
mium price in the broader consumer market in China. Further, utilizing multiple sales
channels might help realize a broader use of organic fertilizer and, therefore, reduce the use
of chemical fertilizer [27]. According to Läpple [29], high volatility in premium prices for
organic commodities discourages the organic promoting practices at the farm level. Many
researchers argue that this variation could be reduced through improved access to multiple
sales channels, which offers farmers greater flexibility to adjust their sales channels, based
on transaction costs, to achieve higher prices and profits [27,30,31]. Rebelo et al. [32] found
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that the choice of sales channel significantly affects the price premiums received for wine
in Europe. Despite the considerable transformation in agricultural value chains, the apple
market in China is still characterized by high transaction costs, creating significant market
uncertainties for apple producers [33,34]. While price premiums have a significant role to
play in determining the profitability of organic products, there remain major knowledge
gaps, regarding whether and how this process will unfold in China.

Recent evidence revealed that organic producers face difficulty in selling their agricul-
tural products [35]. Existing literature has also explored the role of the farming experience,
part-time employment, farm credit, agriculture advisory service, and social capital, on
the adoption of organic fertilizer [6,28,36,37]. Abebe and Debebe [38] explored the influ-
ence of household head age, family labor, and livestock holding, on the use of organic
fertilizer. Likewise, the influence of risk attitudes [39,40], factor substitution [6,41], land
characteristics [42,43], policy impacts [28,44,45], and farm size [17,46] on the application of
organic fertilizer(s) has been rigorously explored. Yet, there is a lack of evidence regarding
the role of multiple sales channels on the use of organic fertilizer in China. Studying the
influence of sales channels on the use of organic fertilizer is important for several reasons.
First, rural and urban citizens’ higher income and consumption structure in China has
increased, several-fold, the demand for organic products. Second, it may help policymak-
ers transform value chains, to ensure a year-round continuous supply of abundant and
nutritious food. Third, promoting organic fertilizer(s) through multiple sales channels
can broaden the range of organic commodities on both the producer and consumer ends.
Fourth, as the global organic food market is rapidly expanding, organic products’ prices
are generally 30–80% higher in China than non-organic products, and the global price
premium is generally higher than 50% (data were obtained from the Baibai Safety Net;
available online: https://www.bbaqw.com/cs/102491.htm (accessed on 3 February 2021)).
In a market economy, a greater demand for organic products drives production decisions
and supply, leading farmers to increase the application of organic fertilizers. Developing
an understanding of how the diversity of sales channels affects farmers’ decision-making
for organic and chemical fertilizer, will provide an insight into the ways to promote organic
fertilizer while reducing the use of chemical fertilizer.

To summarize, the previous literature has primarily investigated the application
of chemical and organic fertilizer separately. Little research has paid attention to the
relationship and extent of substitution between organic fertilizer and chemical fertilizer,
at the farm level. To this end, we developed a conceptual framework of organic fertilizer
use and sales channels, to elaborate on the posited context (see Figure 1). This framework
illustrates the relationship between organic fertilizer and chemical fertilizer, and provides
insights that can help promote organic fertilizer while reducing the use of chemical fertilizer.
This study investigates the key factors affecting farmers’ decisions to use chemical and/or
organic fertilizer in Chinese apple production. China is the largest producer of apples,
accounting for about one-half of the global production, and apples rank first in China
among fruits, in terms of the planted area. To accomplish this objective, first, this study
develops a stochastic frontier production function model and uses farm-level data for
2017–2019. Second, we use the production function results to calculate the farm- and
year-specific partial output elasticities for apples, with respect to organic fertilizer and
chemical fertilizer. Third, it uses the production function results to calculate the elasticities
of substitution between organic and chemical fertilizer. Fourth, it analyzes how different
sales channels for apples impact the partial output elasticities of organic fertilizer and, in
turn, the economic incentives to use organic fertilizer. Finally, it explores how different
sales channels affect the levels of technical inefficiency in apple production in China.

https://www.bbaqw.com/cs/102491.htm
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Figure 1. Conceptual framework of the application of organic fertilizer at farm level.

The rest of the paper is organized as follows. Section 2 presents the data and methods.
The empirical results are presented and discussed in Section 3. Section 4 presents the
conclusions and a way forward.

2. Data and Methods
2.1. Data

The data used in this study consist of farm-level inputs, outputs, sales channels, and
control variables for apple farms from Shaanxi Province, China. Data were collected for
three years (2017–2019) in 54 villages located in four counties (Huangling, Luochuan,
Pucheng, and Yanchuan), from 459 farms—containing 1377 observations in total (see
Figure 2). Shaanxi ranks third among Chinese provinces in apple production, and it is
one of three provinces in the Loess Plateau (along with Shanxi and Gansu provinces) that
together account for about half of Chinese apple production.
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Figure 2. Description of the study area.

2.1.1. Output and Input Variables

There are the following two output (yield) variables: the first measures output in
quantity (kilograms) per hectare, while the second measures output in value (yuan) per
hectare. The second output variable captures both quantity and quality insofar as quality
influences prices received for apples. Inputs in the dataset include organic fertilizers, chem-
ical fertilizers, hired labor, family labor, machinery, and other material inputs (primarily
pesticides and irrigation water). Similarly to output, these inputs could be measured in
value terms or physical units. Instead of choosing between these two options, this study
uses them both by running two sets of regressions, a first set where inputs are measured in
value terms (yuan per hectare) and a second set where inputs are measured in physical
units per hectare. When using physical units, organic fertilizer is measured by the kilo-
grams per hectare of organic matter, nitrogen, phosphorus, potassium, and the number
per hectare of bacteria in the fertilizer. Manure is included as a separate input, distinct
from organic fertilizer, which is purchased from off-farm suppliers. Chemical fertilizer is
measured by the kilograms per hectare of nitrogen, phosphorus, and potassium. Labor is
divided into family labor and hired labor, both measured in hours per hectare. Machinery
is measured by its power in kilowatts per hectare.
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Table 1 presents variable definitions and summary statistics. On average, the farms
in the sample spend about twice as much on chemical fertilizer as on organic fertilizer
per hectare. In quantity terms, the average total NPK (the sum of the three nutrients) is
about 1761 kg per hectare for chemical fertilizer versus about 746 kg per hectare for organic
fertilizer. In contrast, on average, the organic fertilizer applied has more P than N or K,
while the opposite is the case for chemical fertilizer.

Table 1. Inputs and outputs: definitions and summary statistics.

Variable Definition (Unit) Mean SD

Yield quantity Apple yield (kilograms/hectare) 21,334.542 15,659.826
Yield value Value of apple yield (yuan/hectare) 73,291.896 62,067.129
Inputs measured in value terms
Manure expenses Cost of manure (yuan/hectare) 1081.236 6092.374
Organic fertilizer expenses Cost of organic fertilizer (yuan/hectare) 7256.262 6812.736
Chemical fertilizer expenses Cost of chemical fertilizer (yuan/hectare) 14,581.613 15,940.643
Hired labor expenses Cost of hired labor (yuan/hectare) 12,646.026 16,975.909
Family labor expenses Cost of family labor(yuan/hectare) 56,930.878 48,056.499
Machinery expenses Cost of machinery (yuan/hectare) 3564.014 4320.171
Other inputs expenses Cost of other inputs (yuan/hectare) 12,308.880 9938.363
Inputs measured in physical units
Manure quantity Quantity of manure (kilograms/hectare) 3318.948 13,735.943
Organic matter Quantity of organic matter in organic fertilizer (kilograms/hectare) 1822.634 1548.943
Bacteria count Count of number of bacteria in organic fertilizer per hectare 7,390,000 13,300,000
Organic fertilizer N Quantity of nitrogen in organic fertilizer (kilograms/hectare) 226.266 411.165
Organic fertilizer P Quantity of phosphorus in organic fertilizer (kilograms/hectare) 322.624 504.546
Organic fertilizer K Quantity of potassium in organic fertilizer (kilograms/hectare) 197.086 310.634
Chemical fertilizer N Quantity of nitrogen in chemical fertilizer (kilograms/hectare) 638.112 584.502
Chemical fertilizer P Quantity of phosphorus in chemical fertilizer (kilograms/hectare) 485.134 441.874
Chemical fertilizer K Quantity of potassium in chemical fertilizer (kilograms/hectare) 637.459 725.032
Hired labor quantity Hired labor (hours/hectare) 1040.280 1787.203
Family labor quantity Family labor (hours/hectare) 4437.734 3433.827
Machinery quantity Machinery power (kilowatts/hectare) 2789.700 4851.341

2.1.2. Sales Channels

The availability of various sales channels was measured by the total number
of sales channels a farm has. We used dummy variables for whether a farm has
individual sales channels. Sales channels were categorized as follows: (1) unified sales
by cooperatives, (2) dealer door-to-door purchases, (3) enterprise sales (fresh fruit), (4)
direct-to-consumer sales, (5) apple broker, (6) enterprise sales (juice pressing), and (7)
farmers transporting apples to dealers. In this study, we define having a sales channel
as using that channel at least once during the three years 2017–2019. A farm might or
might not use a specific channel in any given year, depending on the price offered by
that channel and the farmer’s apple crop quality that year. For example, a low-quality
crop may be more likely to be used for juice pressing, while high-quality produce may
be more likely to be sold directly to consumers.

Table 2 presents summary statistics for the sales channel variables. Every farm has at
least one sales channel, and on average, farms have about 1.6 sales channels in total. The
most common sales channel is dealer door-to-door purchases (85%), followed by enterprise
sales (juice pressing) (57%) and apple brokers (12%). The least common sales channel is
unified sales by cooperatives (0.4%), followed by direct-to-consumer sales (1.7%).
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Table 2. Sales channels: definitions and summary statistics.

Variable Definition (Unit) Mean SD

Number of available sales channels Total number of sales channels 1.635 0.516
Dummy variables for individual sales channels
Unified sales by cooperatives Yes = 1; no = 0 0.004 0.066
Dealer door-to-door purchases Yes = 1; no = 0 0.854 0.353
Enterprise sales (fresh fruit) Yes = 1; no = 0 0.015 0.123
Direct-to-consumer sales Yes = 1; no = 0 0.017 0.131
Apple broker Yes = 1; no = 0 0.122 0.327
Enterprise sales (juice pressing) Yes = 1; no = 0 0.573 0.495
Farmers transport apples to dealers Yes = 1; no = 0 0.050 0.218

2.1.3. Control Variables

This study includes variables measuring farm-specific environmental conditions for
growing apples as control variables. A series of dummy variables are included, measuring
farmers’ perceptions of the quality of their soil—whether the soil lacks certain nutrient(s),
the soil lacks nothing, or the farmer does not know what, if anything, the soil might lack.
Control variables also include the number of years a farmer believes a newly planted apple
tree on that farm would require before it begins to bear fruit. Likewise, a dummy variable
is included to capture a farmer’s perception of whether the current year represents a high
point or low point in the apple production cycle on his farm. Apple production tends
to be cyclical because older plants have the following alternate bearing problem: when
yields are high one year, they tend to be low the next. Further, the percentage loss in
the farm’s apple production due to natural disasters was included as a control variable,
and a dummy variable was included for whether or not the farm has received a subsidy
for organic fertilizer. Climate variables include the following: (1) average total rainfall
from 15 March to 30 September, (2) average daily hours of sunlight from 15 March to 30
September, and (3) average daily temperature during three periods (15 March–15 April,
16–30 April, and 1 May–30 September). County dummy variables were also included as
control variables in some of the regressions. Definitions and summary statistics for the
control variables are presented in Table 3.

Table 3. Control variables: definitions and summary statistics.

Variable Definition/Unit Mean SD

Dummy variables for farmers’ perception of soil quality
Soil lacks N Yes = 1; no = 0 0.022 0.146
Soil lacks K Yes = 1; no = 0 0.044 0.204
Soil lacks P Yes = 1; no = 0 0.041 0.199
Soil lacks trace elements Yes = 1; no = 0 0.048 0.214
Soil lacks organic matter Yes = 1; no = 0 0.085 0.279
Soil does not lack anything Yes = 1; no = 0 0.011 0.104
Farmer does not know Yes = 1; no = 0 0.773 0.419
Years to bear fruit Years a new apple tree requires to bear fruit 11.034 7.001
Production cycle stage Stage of apple production cycle (high = 1; low = 0) 0.651 0.477
Natural disaster Percentage of production lost due to natural disasters (%) 26.408 40.643
Subsidy for organic fertilizer Yes = 1; no = 0 0.280 0.449
Rainfall Average total rainfall (cm), March 15–September 40 26.340 35.507
Sunlight Average daily hours of sunlight, 15 March–30 September 15.862 12.467
Temperature 1 Average daily temperature (◦C), 15 March–15 April 10.665 1.786
Temperature 2 Average daily temperature (◦C), 16–30 April 13.994 1.390
Temperature 3 Average daily temperature (◦C), 1 May–30 September 16.591 6.932
County dummy: Huangling Yes = 1; no = 0 0.214 0.410
County dummy: Luochuan Yes = 1; no = 0 0.266 0.442
County dummy: Pucheng Yes = 1; no = 0 0.235 0.424
County dummy: Yanchuan Yes = 1; no = 0 0.285 0.452
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One interesting point in Table 3 is that 77% of apple farmers in the study sample were
not aware of what soil nutrients, if any, their soil might lack. Other studies have also found
a lack of knowledge among farmers in China about soil quality and plant nutrients [47,48].

2.2. Production Function, Partial Output Elasticities, and Elasticity of Substitution
2.2.1. Stochastic Frontier Production Function

This study uses the stochastic frontier production function proposed by Aigner
et al. [49] and Meeusen and van Den Broeck [50]; the following expression indicates
its general form:

lnyi = f (xi; β) + vi − ui, i = 1, . . . , N (1)

where yi is the output of farm i, xi is a vector of inputs, typically in logarithms, β is a
parameter vector, f (·) is a function of the inputs and parameters, vi is a random variable
capturing measurement errors and other sources of non-systematic statistical noise, and
ui is a non-negative random variable representing technical inefficiency (the farm’s dis-
tance from the technological frontier). Further, vi is usually assumed to follow a normal
distribution that is independent of ui, while ui is assumed to follow one of a number of
distributions, such as the half-normal [49], truncated normal [51], or gamma [52].

Schmidt and Sickles [53] proposed a panel stochastic frontier model that is more
suitable for panel data. It takes the following general form:

lnyit = f (xit; β) + vit − ui, i = 1, . . . , N; t = 1, . . . , T (2)

where the subscript t represents time. The technical inefficiency term in Equation (2),
ui, is not indexed on time, meaning that a farm’s level of inefficiency is time-invariant.
Fixed effects or random effects methods can be used to estimate this model under different
conditions. Other estimators can be found in the literature [54–56].

2.2.2. Translog Model

Equation (2) presents a general production model in which the form of f (·) must
be specified to estimate the model. One popular form, which this study uses, is the
transcendental logarithmic (translog), as follows:

lnyit = αt + ∑M
j=1 β jlnxijt + 0.5 ∑M

j=1 ∑M
k=1 β jk

(
lnxijt

)
(lnxikt) + ∑L

l=1 θlzilt + vit − ui,
i = 1, . . . , N; j, k = 1, . . . , M; l = 1, . . . , L; t = 1, . . . , T

(3)

The parameters to be estimated are αt (the intercept for time t), the β j, β jk, and θl .
Output (yit) in this study is measured in the following two ways: yield in kilograms per
hectare, and the value of output in yuan per hectare. The expression xijt indicates inputs,
including chemical fertilizer, organic fertilizer, family labor, hired labor, machinery, and
other inputs. The expression zilt refers to control variables. The parameters on the input
interaction terms are symmetric, i.e., β jk = βkj for all j and k. The translog is a flexible
functional form that allows for varying relationships between each input and output, and
different degrees of substitutability between inputs.

This study uses a procedure developed by Battese and Coelli [54] to estimate the
parameters of Equation (3). In this procedure, the terms vit are assumed to be independently
and identically distributed (iid), with the distribution being normal with a zero mean.
Moreover, the ui are iid with a truncated normal distribution. The assumption that a farm’s
level of inefficiency is time-invariant is reasonable in this study because the study’s panel
data span only three years (2017–2019), rather than a longer period over which a farm
could learn from experience and improve its efficiency.
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2.2.3. Partial Output Elasticities

The partial output elasticity of an input is the relative change in output caused by a
relative change in the input, under the condition that the quantities of the other inputs
and the level of technical efficiency remain unchanged. Given the translog production
function in Equation (3), the partial output elasticity for input j on-farm i at time t is given
as follows:

ηijt =
∂lnyit
∂lnxijt

= β j + ∑M
k=1 β jklnxikt (4)

The impact of a change in input k on the partial output elasticity for input j depends
on the value of β jk. In particular, whether the partial output elasticity of input j increases,
stays the same, or declines as use of that input increases depends on the sign of β jj. In
terms of the marginal product of input j, a sufficient condition to satisfy the standard
assumptions that it is positive and diminishing in the quantity of that input is 0 < ηijt < 1
and β jj ≤ 0.

Partial output elasticities for chemical and organic fertilizer are of greater interest
because they directly affect the incentives to use those inputs. Omitting the subscripts for
the farm (i) and time (t) for ease of exposition, profit maximization implies that xj/y =(

p/wj
)
ηj, where p is the output price and wj is the cost of input j. Holding prices constant,

a larger value for ηj implies a larger ratio xj/y.

2.2.4. Direct Elasticity of Substitution

The direct (or Hicks) elasticity of substitution is defined as the relative change in the
ratio of two inputs divided by the relative change in the marginal rate of substitution
between these two inputs, under the assumption that output is held constant and the
level of technical efficiency remains unchanged. Given the translog production function in
Equation (3), and for ease of exposition omitting the subscripts for farm (i) and time (t), the
direct elasticity of substitution between inputs j and k (j 6= k) is given by the following [57]:

σjk =
∂ln
(

xj/xk
)

∂ln
(

MPk/MPj
) =

(
ηj + ηk

)
/
[
ηj + ηk + 2β jk − β jj

(
ηk/ηj

)
− βkk

(
ηj/ηk

)]
(5)

where MPj is the marginal product of input j. Under the standard assumptions that the
marginal products of inputs are positive and the production function is quasi-concave,
it can be shown that σjk > 0. The translog production function is not necessarily quasi-
concave at all input levels. Still, real-world conditions such as non-divisible inputs or
restrictions on input usage can give rise to non-quasi-concavity [58].

In this study, the elasticities of substitution are of key interest because they measure
the technical feasibility of substituting one input for another, chemical fertilizer and organic
fertilizer. The greater the value of an elasticity of substitution, the easier it is for apple
producers to substitute chemical and organic fertilizer.

2.3. Sales Channels and Partial Output Elasticities for Chemical and Organic Fertilizer

This study uses regression models to estimate the impacts of different sales channels
for apples on the time-specific partial output elasticities for chemical and organic fertilizer.
Using the stochastic frontier model estimation results and the estimated partial output
elasticities (η̂ijt) calculated from Equation (4), the regression models are of the following
form:

η̂ijt = γj + ∑H
h=1 λhsiht + ∑L

l=1 ϕlzilt + eijt (6)

where the siht are measures of the sales channels used by farm i during time t, the zilt are
control variables, the eijt are iid random errors with zero mean, and the γj, λh, and ϕl are
parameters to be estimated.
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2.4. Sales Channels and Technical Inefficiency

This study uses regression models to estimate the impacts of different sales channels
for apples on the time-specific estimated values of technical inefficiency. Since ui is a
non-negative random variable representing technical inefficiency (the farm’s distance from
the frontier), this study estimates the following regression models:

ûi = δ + ∑H
h=1 ρhsih + ∑L

l=1 µlzil + εi (7)

where ûi is estimated technical inefficiency based on the stochastic frontier model estimation
results, the sih are measures of the sales channels used by farm i over the three-year period
2017–2019, the zil are averages of the control variables for 2017–2019, the εi are iid random
errors following a truncated normal distribution, and δ, ρh, and µl are parameters to be
estimated.

3. Estimation Results and Discussion
3.1. Partial Output Elasticities

Table 4 reports the estimated mean partial output elasticities when the inputs are
measured in value terms. It represents the results based on the frontier production function
in Equation (3) (see Appendix A, Table A1). The dependent variable in panel A is the log of
yield quantity (kilograms per hectare), while in panel B, it is the log of yield value (yuan per
hectare). The results in panels A and B are mostly consistent, except for organic fertilizer
and family labor. The estimated mean partial output elasticity for organic fertilizer is
positive and statistically significant in Panel A. In contrast, it is not statistically significant in
Panel B. These results suggest that spending more on organic fertilizer is not associated with
a change in the market price received by smallholders for apples, i.e., there does not appear
to be a price premium associated with organic fertilizer expenditures. This is consistent
with Uematsu and Mishra’s finding that certified organic farmers do not earn significantly
higher incomes than conventional farmers, implying that a lack of economic incentives
can be an important barrier to using more organic fertilizer [59]. The estimated mean
partial output elasticities for chemical fertilizer expenditures are positive and statistically
significant. One unexpected finding is the very high partial output elasticities for the “other
input” category. This might reflect that this category includes irrigation, since water is
a strongly scarce input for apple production in the Loess Plateau. Similar findings have
been reported by Dai et al. [60], implying that water optimization plays a significant role
in apple nitrogen uptake in the Loess Plateau of China. Thus, it indicates that the scarcity
of key inputs in the regional context cannot be ignored while assessing the use of any
sustainable land management technology and/or organic fertilizer. It significantly affects
farmers’ decision-making.

These findings suggest that the application of organic fertilizers and sustainable land
management themes can be promoted via linking them with the subsidized provision of
advanced irrigation systems (i.e., drip irrigation), which supports the use of organic fertilizers.
Further, incentives for using other sustainable land management strategies, such as the
subsidized provision of organic fertilizer, could foster their broader use at the farm level.

Table 5 reports the estimated mean partial output elasticities when the inputs are
measured in physical units. Except for the “other input” category, which is measured in
value terms, because it combines different inputs, we measured all the inputs in physical
units. Again, these results are based on the estimation results for the frontier production
function in Equation (3) (see Appendix A, Table A2). The dependent variable in panel C is
the log of yield quantity (kilograms per hectare), while in panel D, it is the log of yield value
(yuan per hectare). The results in panels C and D are mostly consistent. The estimated mean
partial output elasticities for organic matter in organic fertilizer are positive and significant
in panels C and D. The estimated mean partial output elasticity for bacteria count in organic
fertilizer is negative and significant in panel D. The differences between the estimated
mean partial output elasticities for organic matter in panels C and D are not significant.
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These results once again find that the application of organic fertilizer is not related to
receiving a premium price. Hence, they suggest that regional factors—such as climate, soil
quality, and irrigation water availability—play a more important role in the use of organic
fertilizer. Arguably, these results indicate that sustainable land management strategies
have spatial differences in their uptake, which are largely attributed to the suitability of
various measures that are implemented by farmers.

Table 4. Estimated mean values of partial output elasticities with inputs measured in value terms.

Panel A
(Yield is in kg/ha)

Panel B
(Yield is in yuan/ha)

Input Elasticity Z Elasticity Z

Manure expense −0.009 −0.75 −0.016 −1.03
Organic fertilizer expense 0.023 * 1.79 0.003 0.17
Chemical fertilizer expense 0.065 *** 4.91 0.068 *** 3.82
Hired labor expense 0.032 *** 6.47 0.045 *** 7.05
Family labor expense 0.061 * 1.94 0.039 0.94
Machinery expense 0.002 0.20 0.015 0.92
Other input expense 0.837 *** 2.88 2.087 *** 5.42
Control variables included
Soil quality dummies Yes Yes
Years to bear fruit Yes Yes
Production cycle stage Yes Yes
Natural disaster Yes Yes
Subsidy for organic fertilizer Yes Yes
Rainfall Yes Yes
Sunlight Yes Yes
Temperature 1, 2, and 3 Yes Yes
Total number of observations (3 per farm) 1377 1377
Number of farms 459 459

Note: *** p < 0.01, * p < 0.1.

In contrast to organic fertilizer K, the estimated mean partial output elasticities for
chemical fertilizer K are positive and significant in panels C and D. The estimated mean
partial output elasticities for organic fertilizer P and chemical fertilizer P are not significant.
Chemical fertilizer P has a low absorption rate in the semi-arid climate of the Loess Plateau,
because the unavailability of ample irrigation affects the potential uptake of P by apple
plants. Regarding this finding, prior results lend support, by indicating that organic
fertilizer has no obvious effect on promoting phosphorus utilization in plants [12]. The
ratio of P in chemical fertilizer, among the sampled farms to that in organic fertilizer, is
about 1.5, which is less than the corresponding ratios for nitrogen (2.8) or potassium (3.2).
However, considering that chemical fertilizer P has a low absorption rate in the semi-arid
climate of the Loess Plateau [12], there may be room for policy approaches that encourage
apple farmers to reduce chemical fertilizer and increase the use of organic fertilizer as a
source for P. The estimated mean partial output elasticities for chemical fertilizer N and
P, and organic fertilizer P and K, are not statistically significant. Similar to the results in
Table 4, the results in Table 5 show that the estimated mean partial output elasticities for
the “other input” category are positive, statistically significant, and quite large. Given
these results, the adoption of organic fertilizer in a semi-arid climate might be a sound
gauge for promoting sustainable land management, because it can improve the soil quality
through improved water-holding capacity and soil organic matter. Likewise, promoting
such measures could significantly improve farmers’ income and longer-term land-use
sustainability, while reducing the footprint of chemical fertilizers on apple production.
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Table 5. Estimated mean values of partial output elasticities with inputs measured in physical units.

Panel C
(Yield is in kg/ha)

Panel D
(Yield is in yuan/ha)

Input Elasticity Z Elasticity Z

Manure quantity 0.007 0.61 −0.011 −0.72
Organic matter 0.191 ** 2.37 0.194 * 1.80
Bacteria count −0.027 −0.94 −0.079 ** −1.98
Organic fertilizer N −1.125 −1.08 −0.430 −0.31
Organic fertilizer P −0.442 −0.32 1.589 0.86
Organic fertilizer K 0.216 0.15 1.385 0.69
Chemical fertilizer N 0.163 0.72 −0.048 −0.15
Chemical fertilizer P 0.087 1.06 −0.010 −0.09
Chemical fertilizer K 0.079 * 1.82 0.131 ** 2.25
Hired labor quantity 0.036 *** 5.76 0.051 *** 6.27
Family labor quantity 0.052 1.23 0.049 0.87
Machinery quantity 0.010 0.80 0.018 1.08
Other input expense 0.442 *** 10.68 0.579 *** 10.27
Control variables included
Soil quality dummies Yes Yes
Years to bear fruit Yes Yes
Production cycle stage Yes Yes
Natural disaster Yes Yes
Subsidy for organic fertilizer Yes Yes
Rainfall Yes yes
Sunlight Yes Yes
Temperature 1, 2, and 3 Yes Yes
Number of observations (3 per farm) 1377 1377
Number of farms 459 459

Note: *** p < 0.01, ** p < 0.05, * p < 0.1.

3.2. Elasticities of Substitution between Organic Fertilizer and Chemical Fertilizer

The estimated mean values for the direct elasticities of substitution between organic
fertilizer and chemical fertilizer are shown in Table 6. The estimates in the second column in
Table 6 are based on the estimation results for the frontier production function in Equation
(3), when the yield is measured in kg/ha. The estimates in the third column are based on the
results when the yield is measured in yuan/ha. Thirteen of the twenty-point estimates in
Table 6 are within the vicinity of one (±0.2), the Cobb–Douglas case, representing a medium
level of substitutability between organic fertilizer and chemical fertilizer. Four of the other
seven-point estimates involve chemical fertilizer P and are smaller—chemical P and organic
matter (both when the yield is measured in quantity and in value), chemical P and bacteria
(yield measured in value), and chemical and organic P (yield measured in value). These
results are also consistent with the results reported in Tables 4 and 5, namely, that chemical
fertilizer P has a low absorption rate in the semi-arid climate of the Loess Plateau, and
organic fertilizer generally does not enhance phosphorus utilization in plants [12]. Hence, it
can be argued that the lower suitability and/or non-availability of appropriate technologies
reduce the use of organic-promoting, sustainable land management measures in a semi-arid
climate.

On a nutrient basis (N, P, and K), the substitutability between organic and chemical fer-
tilizer is found as we expected. Notably, the results indicate the presence of substitutability
between organic matter and bacteria in organic fertilizer and chemical fertilizer N, P, and K.
This suggests that organic matter and bacteria can activate the N, P, and K that are already
present in the soil, and, therefore, can help reduce the amount of chemical fertilizer needed
to achieve a potential level of nutrient uptake by apple trees. These findings suggest that
developing organic fertilizer that contains sufficient organic matter and bacteria might
work as an effective tool to promote the broader use of organic fertilizer. Further, it can
lead to the reduced use of chemical fertilizer and reduced cost of production, through opti-
mizing the use of nutrients that are already available to plants. Moreover, a broader use of
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organic fertilizer can be a valuable tool for sustainable resource management—particularly
water and land in semi-arid regions—where it can improve the ecological and economic
benefits to local communities as well.

Table 6. Estimated mean values of direct elasticities of substitution.

Input Pair Elasticity of Substitution
(Yield is in kg/ha)

Elasticity of Substitution
(Yield is in yuan/ha)

Organic fertilizer expense and chemical fertilizer expense 1.080 0.745
Organic matter (organic fertilizer) and chemical fertilizer N 0.905 1.066
Organic matter (organic fertilizer) and chemical fertilizer P 0.784 0.581
Organic matter (organic fertilizer) and chemical fertilizer K 1.062 0.975
Bacteria count (organic fertilizer) and chemical fertilizer N 0.926 0.914
Bacteria count (organic fertilizer) and chemical fertilizer P 5.585 0.635
Bacteria count (organic fertilizer) and chemical fertilizer K 0.819 0.846
Organic fertilizer N and chemical fertilizer N 0.891 1.125
Organic fertilizer P and chemical fertilizer P 1.168 0.443
Organic fertilizer K and chemical fertilizer K 0.413 1.051

3.3. Sales Channels, Partial Output Elasticities for Organic Fertilizer and Technical Inefficiency
3.3.1. Partial Output Elasticities

In this study, one of the research questions seeks to answer the impact of different
sales channels on apple production. Therefore, we need to find how these sales channels
shape the production frontier in apple production and the distance of farms from this
frontier. Table 7 reports the results based on the ordinary least squares (OLS) regression
of the estimated partial output elasticities for organic matter, bacteria, and N, P, and K, in
organic fertilizer, on the sales channels and control variables. There are two sets of results
for the organic fertilizer variable, one with the yield measured in kg/ha and the other with
the yield measured in yuan/ha.

The results in Table 7 indicate that the total number of available sales channels has no
significant effect (organic matter and bacteria count), or a positive effect (organic N, P, K)
on the partial output elasticities, when the yield is measured in quantity terms. However,
when the yield is measured in value terms, the effect is significantly negative in all cases,
except for bacteria count, where it is positive and significant. These results suggest that, in
general, an increase in the total number of available sales channels provides incentives to
use more organic fertilizer, to pursue apple quantity at the expense of quality, to the point
where the value per hectare declines. Further, having multiple sales channels might reduce
a farm’s incentive to pursue quality, since low-quality products that would sell at a low
price in one channel might sell at a higher price in another channel. Hence, availing various
sales channels might improve the apple growers’ gross income. Importantly, as discussed
in the prior sections, arid climate, water scarcity, and the unavailability of suitable organic
fertilizer in the Loess Plateau, increase the use of chemical fertilizer. Contrary, the results
for bacteria count indicate that farmers are concerned with sustainable land management in
organic apple production. Given these results, registration of apple growers and branding
their products in terms of the sustainable land management measures and organic practices
used, might create a differential change, where sales channels would also foster the uptake
of sustainable land management measures in apple production.
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Table 7. Estimated determinants of partial output elasticities for organic fertilizer.

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
Partial Output Elasticity for

Organic Matter
Partial Output Elasticity for

Bacteria Count
Partial Output Elasticity for

Organic Fertilizer N
Partial Output Elasticity for

Organic Fertilizer P
Partial Output Elasticity for

Organic Fertilizer K
Variables Yield in kg/ha Yield in

yuan/ha Yield in kg/ha Yield in
yuan/ha Yield in kg/ha Yield in

yuan/ha Yield in kg/ha Yield in
yuan/ha Yield in kg/ha Yield in

yuan/ha

Number of available sales channels −0.001 −0.079 *** 0.004 0.026 *** 0.821 *** −0.191 *** 0.161 *** −0.655 *** 0.603 ** −2.186 ***
(−0.07) (−4.71) (0.48) (2.62) (7.55) (−2.71) (2.83) (−10.69) (2.45) (−5.63)

Sales channel dummies
Unified sales by cooperatives 0.070 0.181 ** −0.046 −0.105 0.255 0.025 0.279 −0.285 −0.253 −0.397

(0.93) (2.55) (−1.08) (−1.49) (0.19) (0.09) (0.57) (−0.23) (−0.36) (−0.12)
Dealer door-to-door purchases 0.031 0.108 * −0.028 ** −0.053 *** −0.737 ** 0.273 *** −0.033 0.616 * −0.955 *** 2.358 ***

(0.71) (1.91) (−2.24) (−2.98) (−2.06) (4.26) (−0.24) (1.90) (−4.61) (2.63)
Enterprise sales (fresh fruit) 0.029 −0.000 −0.004 0.023 * 0.350 0.059 0.049 −0.208 −0.067 −0.485

(0.47) (−0.00) (−0.42) (1.73) (0.35) (0.29) (0.17) (-0.24) (−0.07) (−0.17)

Direct-to-consumer sales −0.003 0.060 * −0.001 0.002 −1.549 *** 0.345 * −0.387 1.392 *** −1.319 4.460 ***
(−0.12) (1.91) (-0.02) (0.03) (−16.91) (1.92) (−1.42) (9.84) (−1.60) (5.88)

Apple broker 0.029 0.112 ** −0.042 *** −0.066 *** −0.628 ** 0.346 *** 0.128 0.633 *** −1.315 *** 2.436 ***
(0.70) (2.28) (−3.48) (−6.32) (−2.29) (4.42) (0.82) (2.92) (−5.43) (4.16)

Enterprise sales (juice pressing) 0.007 0.061 *** 0.002 −0.018 −0.650 *** 0.118 −0.137 *** 0.508 *** −0.491 ** 1.815 ***
(0.43) (3.56) (0.12) (−0.93) (−3.14) (1.43) (−2.86) (3.31) (−2.35) (3.16)

Farmers transport apples to dealers - - - - - - - - - -
Control variables included
Soil quality dummies Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Years to bear fruit Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Production cycle stage Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Natural disaster Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Subsidy for organic fertilizer Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Rainfall Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Sunlight Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Temperature 1, 2, and 3 Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
County dummies Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

Constant 0.112 −0.173 *** 0.060 0.063 4.468 *** −2.833 *** 0.992 ** −2.024 ** 7.881 *** −19.004 ***
(1.14) (−2.58) (1.41) (1.08) (4.20) (−7.87) (2.17) (−2.47) (11.23) (−7.09)

Number of observations (3 per farm) 1377 1377 1377 1377 1377 1377 1377 1377 1377 1377
Number of farms 459 459 459 459 459 459 459 459 459 459

Note: robust z-statistics in parentheses; *** p < 0.01, ** p < 0.05, * p < 0.1.
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Concerning individual sales channels, dealer door-to-door purchases (the most com-
mon sales channel, see Table 2) are estimated to have a positive and significant impact on
the partial output elasticities for organic matter, organic N, organic P, and organic K, when
the yield is measured in value terms. The effect on partial output elasticities for organic
N and K is negative and statistically significant when the yield is measured in quantity
terms. On the other hand, dealer door-to-door purchases are estimated to have a negative
impact on the partial output elasticity for bacteria count, under both measures of yield.
With this exception, dealer door-to-door purchases appear to incentivize the use of organic
fertilizer, to shift away from a focus on apple quantity and towards a focus on quality,
raising the value per hectare. It indicates that the direct contact of apple growers with
dealer door-to-door purchases tends to focus on apple quality, rather than quantity. Thus,
strengthening the linkage of dealers with farmers can promote the broader application of
organic fertilizer among apple farmers. Further, this linkage could help boost the broader
uptake of other sustainable land management measures, such as drip irrigation, animal
manure, and crop rotation, which are quite appropriate remedies for the current state of
sustainability issues in the Loess Plateau.

The enterprise sales for juice pressing (the second most common sales channel) are
estimated to positively and significantly impact the partial output elasticities for organic
matter, organic P, and organic K when the yield is measured in value terms. Likewise,
this sales channel is estimated to have a significant negative impact on the partial output
elasticities for organic N, organic P, and organic K. Similar to dealer door-to-door purchases,
enterprise sales for juice pressing seem to incentivize the use of organic fertilizer, to shift
away from quantity and towards quality. The story is also generally the same for apple
brokers (the third most common sales channel) and direct-to-consumer sales. Farms with
these four kinds of sales channels are using organic fertilizer to pursue apple quality.
Interestingly, these findings indicate that the greater the extent of the direct contact of
apple farmers with end consumers, the greater the demand for quality and, therefore, the
application of organic fertilizer. Hence, transformation in the value chains linking farmers
and end consumers would better drive the demand for quality, where price incentives can
boost the application of organic fertilizer. These findings are consistent with empirical
work by Lu et al. [61], finding that a greater economic transformation in China is creating
profound opportunities for organic products. These results imply that greater consumer
awareness could help stimulate a scalable adoption of sustainable land management
practices hand-in-hand with organic production.

3.3.2. Technical Inefficiency

Table 8 presents the results of regression models estimating technical inefficiency as
a function of the sales channels and control variables. Since we assumed that technical
inefficiency does not change over time, the results in Table 8 are based on that assumption.
In this study, we used the average prices of explanatory variables for 2017–2019, and
accordingly applied regression models. The results from column 11, where the yield is
measured in quantity terms, indicate that a larger number of available sales channels
reduces the technical inefficiency. Enterprise sales for juice pressing and enterprise sales
for fresh fruit are estimated, to increase the technical inefficiency. None of the sales
channel variables are statistically significant in column 12, where the yield is taken in
value terms. This implies that farmers adopt chemical fertilizers to maximize their output,
where utilizing multiple sales channels can reduce the quality concerns and help receive
higher prices. As these results are mixed, this suggests that having more sales channels
can encourage farms to become more efficient, perhaps because additional sales channels
represent additional sources of information for farmers, about the best practices in apple
production. The results for enterprise sales might be due to inefficiencies arising as farms
strive to meet the enterprise buyers’ production (quantity) expectations. Simultaneously,
the results above, for the partial output elasticities, indicate that farms with enterprise sales
for juice pressing complement apple quality. Those two factors, which offset each other,
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might explain why the enterprise sales are not significant in column 12. Arguably, the
inclusion of quality attributes in apple pricing and marketing could help encourage the
adoption of sustainable land management practices in apple production.

Table 8. Estimated determinants of technical inefficiency.

Variables
Technical Inefficiency

(11) (12)
Yield in kg/ha Yield in yuan/ha

Number of available sales channels
−0.103 *** −0.044

(−8.67) (−0.99)
Sales channel dummies

Unified sales by cooperatives −0.077 −0.197
(−0.30) (−1.22)

Dealer door-to-door purchases 0.069 0.020
(0.82) (0.16)

Enterprise sales (fresh fruit) 0.154 ** 0.063
(5.31) (0.58)

Direct-to-consumer sales
−0.091 −0.171
(−0.62) (−1.68)

Apple broker 0.059 0.148
(0.40) (0.72)

Enterprise sales (juice pressing) 0.082 * −0.002
(2.71) (−0.03)

Farmers transport apples to dealers - -
Control variables included
Soil quality dummies Yes Yes
Years to bear fruit Yes Yes
Production cycle stage Yes Yes
Natural disaster Yes Yes
Subsidy for organic fertilizer Yes Yes
Rainfall Yes Yes
Sunlight Yes Yes
Temperature 1, 2, and 3 Yes Yes
County dummies Yes Yes
Constant 2.344 *** 1.231 **

(0.160) (0.355)
Number of observations 459 459

Note: robust t-statistics in parentheses; *** p < 0.01, ** p < 0.05, * p < 0.1.

The results indicate that the unified sale by the cooperatives sales channel does not
significantly impact the technical inefficiency. These results differ somewhat from Ma
et al. [62], who found higher technical efficiency for apple farmers who are members of
cooperatives than those who are not members. However, the results of this study are not
directly comparable to theirs, because being a cooperative member is not the same as using
the cooperative as a sales channel. The empirical work of Hao et al. [63] complements this
study’s findings, implying that apple farmers who are cooperative members tend to utilize
several sales channels, and only about 14% of the cooperative members in their survey
sample utilized the cooperative as a sales channel. Another related, though not directly
comparable study, by Ma and Abdulai [64], found that apple yields and farm household
income were about 5% higher among apple farms that were cooperative members than
those of nonmembers.

4. Conclusions, Policy Implications and Way Forward

Overuse of chemical fertilizer in China causes severe damages to soil physical and
chemical properties, resulting in soil compaction, soil acidification, and non-point source
water pollution. This study investigates the key factors affecting farmers’ decisions to
use chemical fertilizer and/or organic fertilizer in Chinese apple production. Using a
stochastic frontier production function model and data set for 2017–2019 from apple farms
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in the Loess Plateau, this study calculates the partial output elasticities and substitution
elasticities between organic and chemical fertilizer. Further, it analyzes the following
two-fold impacts: (1) how different sales channels for apple output marketing impact the
partial output elasticities of organic fertilizer, and (2) whether different sales channels offer
economic incentives to farmers to use organic fertilizer. Lastly, this work analyzes the effect
of different sales channels on the levels of technical inefficiency in apple production. This
study provides several insights into policy and practice. It extends the existing literature on
the substitution effect of organic and chemical fertilizer, sales channels, pricing mechanisms
for organic products, and sustainable land management measures.

The findings of this study provide several insights for farmers, policymakers, and
institutions. First, the findings indicate that the partial output elasticities for organic matter
in organic fertilizer are positive and statistically significant, both when the apple yield is
measured in quantity terms (kg/ha) and value terms (yuan/ha). These results suggest
that policy approaches that are directed at educating apple farmers about the benefits of
organic matter in organic fertilizer, could promote greater use of organic fertilizer and
less use of chemical fertilizer. Second, the findings indicate that organic matter in organic
fertilizer has a medium level of substitutability (substitution elasticities around one) with
nitrogen, phosphorus, and potassium in chemical fertilizer. Thus, the provision of organic
fertilizer containing a sufficient amount of organic matter and bacteria can reduce the use
of chemical fertilizer, hand-in-hand with the cost of production. Further, encouraging
farmers to test their soil for nutrient deficiencies would offer a broader scope for better
training farmers regarding the effectiveness of organic fertilizer and adopting related land
management measures, i.e., drip irrigation, animal manure, and crop rotation. Third, the
findings indicate that the partial output elasticity for phosphorus (P) in organic fertilizer
is not significant, but neither is that for P in chemical fertilizer. Thus, promoting organic
fertilizer use as a source for P and subsidized provision of advanced irrigation systems (i.e.,
drip irrigation), is recommended. Likewise, encouraging sustainable land management
measures—such as crop rotation and animal manure—could help boost soil organic matter
and water-holding capacity.

Lastly, the empirical results indicate that an increase in the total number of available
sales channels drives output optimization decisions, which, in turn, incentivize farmers to
use more organic fertilizer to pursue apple quantity at the expense of quality. At the same
time, using any of the three most common sales channels (dealer door-to-door purchases,
enterprise sales for juice pressing, and apple brokers) tends to induce apple quality, and
therefore complements the use of organic fertilizer. These findings imply that the apple
market in China is still characterized by high transaction costs, and significant price
uncertainty exists for apple farmers. Policy actions that encourage apple market pricing
mechanisms, based on quality attributes, could enhance price premiums for apple quality,
and increase incentives to use organic fertilizer and related sustainable land management
measures. Adopting these land management measures is desirable, since climate change
and water scarcity have adversely affected apple production and farmers’ incomes in the
Loess Plateau in China.

This study highlights several avenues for future research. First, the current study
examines organic and chemical fertilizer substitution among smallholder apple growers.
Future studies could compare the degree of substitutability, depending on the farm’s
ownership and management structure—whether that involves landholders, shareholders,
or renters. Second, future studies could compare the use of organic fertilizer among
various marketing channels, such as forward contracting, online selling, and direct selling
to consumers. Lastly, future studies could explore the impact of institutional factors on
the substitutability of organic and chemical fertilizer, and broader implementation of
sustainable land management among smallholders.
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Appendix A

This Appendix presents the production function estimation results, with inputs mea-
sured in value terms (Table A1) and in physical units (Table A2). There are two sets of
results in each case, one where the yield is measured in quantity terms (kg/ha) and one
where the yield is measured in value terms (yuan/ha).

Table A1. Production function estimation results with inputs measured in value terms.

Panel A1-1 Panel A1-2
(Yield is in kg/ha) (Yield is in yuan/ha)

Variables Coeff. z-Statistics Coeff. z-Statistics

ln(Manure expense) 0.039 0.78 0.033 0.49
ln(Organic fertilizer expense) 0.064 0.92 −0.021 −0.22
ln(Chemical fertilizer expense) 0.123 1.34 0.079 0.64
ln(Hired labor expense) 0.023 0.56 0.010 0.18
ln(Family labor expense) −0.390 −1.05 −0.333 −0.67
ln(Machinery expense) 0.096 1.05 0.069 0.56
ln(Other input expense) 0.545 0.98 3.130 *** 4.22
ln(Manure expense) × ln(Organic fertilizer expense) −0.001 * −1.84 −0.002 ** −2.37
ln(Manure expense) × ln(Chemical fertilizer expense) 0.003 *** 3.86 0.004 *** 4.18
ln(Manure expense) × ln(Hired labor expense) −0.000 −1.14 −0.001 −1.07
ln(Manure expense) × ln(Family labor expense) 0.001 0.17 0.005 1.08
ln(Manure expense) × ln(Machinery expense) −0.004 *** −3.45 −0.006 *** −4.28
ln(Manure expense) × ln(Other input expense) −0.003 −0.63 −0.006 −0.95
ln(Organic fertilizer expense) × ln(Chemical fertilizer expense) 0.001 1.14 0.001 0.80
ln(Organic fertilizer expense) × ln(Hired labor expense) −0.001 * −1.88 −0.001 ** −2.48
ln(Organic fertilizer expense) × ln(Family labor expense) −0.010 −1.58 −0.001 −0.09
ln(Organic fertilizer expense) × ln(Machinery expense) −0.001 * −1.71 −0.002 * −1.81
ln(Organic fertilizer expense) × ln(Other input expense) 0.005 0.80 0.004 0.46
ln(Chemical fertilizer expense) × ln(Hired labor expense) −0.001 −1.55 −0.001 −1.25
ln(Chemical fertilizer expense) × ln(Family labor expense) −0.003 −0.27 −0.001 −0.09
ln(Chemical fertilizer expense) × ln(Machinery expense) −0.003 ** −2.52 −0.003 ** −2.14
ln(Chemical fertilizer expense) × ln(Other input expense) −0.007 −0.83 −0.003 −0.25
ln(Hired labor expense) × ln(Family labor expense) −0.003 −1.04 −0.002 −0.58
ln(Hired labor expense) × ln(Machinery expense) 0.001 * 1.700 0.001 ** 2.09
ln(Hired labor expense) × ln(Other input expense) 0.004 0.87 0.004 0.75
ln(Family labor expense) × ln(Machinery expense) −0.012 −1.43 −0.005 −0.48
ln(Family labor expense) × ln(Other input expense) 0.061 1.50 0.040 0.73
ln(Machinery expense) × ln(Other input expense) 0.003 0.39 −0.003 −0.36
ln(Manure expense) × ln(Manure expense) 0.003 1.58 0.006 ** 1.99
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Table A1. Cont.

Panel A1-1 Panel A1-2
(Yield is in kg/ha) (Yield is in yuan/ha)

Variables Coeff. z-Statistics Coeff. z-Statistics

ln(Organic fertilizer expense) × ln(Organic fertilizer expense) 0.002 1.17 −0.001 −0.41
ln(Chemical fertilizer expense) × ln(Chemical fertilizer expense) 0.008 *** 5.66 0.009 *** 4.55
ln(Hired labor expense) × ln(Hired labor expense) 0.005 *** 3.940 0.009 *** 5.5
ln(Family labor expense) × ln(Family labor expense) 0.007 ** 2.22 0.009 ** 2.25
ln(Machinery expense) × ln(Machinery expense) 0.002 1.31 0.004 ** 2.15
ln(Other input expense) × ln(Other input expense) −0.043 −1.37 −0.164 *** −3.98
Control variables
Soil lacks N 0.089 0.52 −0.056 −0.25
Soil lacks K 0.160 1.30 0.162 1.00
Soil lacks P 0.108 0.89 0.320 ** 2.01
Soil lacks trace elements 0.134 1.21 0.233 1.61
Soil lacks organic matter 0.028 0.33 0.228 ** 2.03
Soil does not lack anything 0.259 1.12 0.241 0.8
Years to bear fruit 0.008 ** 2.28 −0.005 −1.00
Production cycle stage 0.200 *** 6.00 0.203 *** 4.52
Natural disaster −0.005 *** −11.78 −0.006 *** −10.93
Subsidy for organic fertilizer 0.122 *** 3.09 0.069 1.31
Rain −0.000 −0.27 −0.000 * −1.76
Sunlight 0.000 ** 2.23 −0.001 *** −4.35
Temperature 1 −0.006 ** −2.38 0.017 *** 4.7
Temperature 2 0.011 *** 3.81 −0.018 *** −4.41
Temperature 3 0.000 0.42 0.003 ** 2.32
Constant 5.314 0.25 −4.246 −0.18
Sigma −0.970 *** −20.41 −0.408 *** −8.68
Gamma −0.093 −0.76 −0.170 −1.35
Mu 2.621 0.12 3.006 0.13
Observations 1377 1377
Number of farms 459 459

Note: *** p < 0.01, ** p < 0.05, * p < 0.1.

Table A2. Production function estimation results with inputs measured in physical units.

Panel A2-1 Panel A2-2
(Yield is in kg/ha) (Yield is in yuan/ha)

Variables Coeff. z-Statistics Coeff. z-Statistics

ln(manure quantity) −0.013 −0.44 −0.028 −0.71
ln(Organic matter) 0.187 1.29 −0.132 −0.63
ln(Bacteria count) −0.056 −0.66 −0.019 −0.17
ln(Organic fertilizer N) 0.092 0.12 −0.808 −0.81
ln(Organic fertilizer P) 0.096 0.08 0.810 0.52
ln(Organic fertilizer K) −0.159 −0.10 0.149 0.07
ln(Chemical fertilizer N) 0.173 0.43 −0.359 −0.66
ln(Chemical fertilizer P) −0.207 −0.32 0.394 0.45
ln(Chemical fertilizer K) 0.066 0.11 −0.023 −0.03
ln(Hired labor quantity) 0.084 *** 2.67 0.102 ** 2.42
ln(Family labor quantity) 0.335 ** 2.29 0.207 1.06
ln(Machinery quantity) 0.307 *** 2.71 0.325 ** 2.14
ln(manure quantity) × ln(Organic matter) 0.008 *** 10.68 0.013 *** 10.27
ln(manure quantity) × ln(Bacteria count) −0.006 *** 4.78 −0.009 *** 5.81
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Table A2. Cont.

Panel A2-1 Panel A2-2
(Yield is in kg/ha) (Yield is in yuan/ha)

Variables Coeff. z-Statistics Coeff. z-Statistics

ln(manure quantity) × ln(Organic fertilizer N) 0.004 −5.53 0.002 −6.43
ln(manure quantity) × ln(Organic fertilizer P) 0.011 0.57 0.001 0.25
ln(manure quantity) × ln(Organic fertilizer K) −0.015 0.90 −0.004 0.03
ln(manure quantity) × ln(Chemical fertilizer N) 0.003 −0.91 0.005 * −0.16
ln(manure quantity) × ln(Chemical fertilizer P) −0.008 1.52 −0.010 1.86
ln(manure quantity) × ln(Chemical fertilizer K) 0.006 −1.53 0.007 −1.5
ln(manure quantity) × ln(Hired labor quantity) 0.000 1.22 −0.000 1.06
ln(manure quantity) × ln(Family labor quantity) 0.004 0.08 0.007 −0.48
ln(manure quantity) × ln(Machinery quantity) 0.000 1.08 0.001 1.43
ln(Organic matter) × ln(Bacteria count) 0.017 ** 0.10 0.017 0.54
ln(Organic matter) × ln(Organic fertilizer N) −0.185 2.05 −0.058 1.47
ln(Organic matter) × ln(Organic fertilizer P) −0.192 −1.45 0.063 −0.34
ln(Organic matter) × ln(Organic fertilizer K) 0.379 −1.07 −0.020 0.26
ln(Organic matter) × ln(Chemical fertilizer N) −0.009 1.38 0.029 −0.05
ln(Organic matter) × ln(Chemical fertilizer P) 0.019 −0.27 −0.030 0.65
ln(Organic matter) × ln(Chemical fertilizer K) −0.004 0.45 0.005 −0.52
ln(Organic matter) × ln(Hired labor quantity) 0.001 −0.10 0.001 0.11
ln(Organic matter) × ln(Family labor quantity) −0.010 1.27 0.020 0.54
ln(Organic matter) × ln(Machinery quantity) 0.007 ** −0.62 0.014 *** 0.84
ln(Bacteria count) × ln(Organic fertilizer N) 0.022 2.04 −0.006 2.97
ln(Bacteria count) × ln(Organic fertilizer P) 0.005 0.46 −0.012 −0.09
ln(Bacteria count) × ln(Organic fertilizer K) −0.027 0.18 0.019 −0.34
ln(Bacteria count) × ln(Chemical fertilizer N) 0.011 −0.37 −0.018 0.2
ln(Bacteria count) × ln(Chemical fertilizer P) −0.021 0.50 0.014 −0.57
ln(Bacteria count) × ln(Chemical fertilizer K) 0.006 −0.74 −0.000 0.37
ln(Bacteria count) × ln(Hired labor quantity) −0.001 ** 0.25 −0.001 0
ln(Bacteria count) × ln(Family labor quantity) −0.005 −2.03 −0.014 −1.63
ln(Bacteria count) × ln(Machinery quantity) −0.007 *** −0.51 −0.012 *** −1.06
ln(Organic fertilizer N × ln(Organic fertilizer P) 0.019 −3.34 0.639 −4.16
ln(Organic fertilizer N × ln(Organic fertilizer K) 0.536 0.06 −0.874 1.51
ln(Organic fertilizer N × ln(Chemical fertilizer N) 0.065 0.90 −0.032 −1.09
ln(Organic fertilizer N × ln(Chemical fertilizer P) −0.002 1.40 −0.063 −0.51
ln(Organic fertilizer N × ln(Chemical fertilizer K) −0.010 −0.02 0.110 −0.41
ln(Organic fertilizer N × ln(Hired labor quantity) 0.005 −0.09 0.003 0.73
ln(Organic fertilizer N × ln(Family labor quantity) 0.009 0.93 0.036 0.38
ln(Organic fertilizer N × ln(Machinery quantity) −0.007 0.16 0.019 0.48
ln(Organic fertilizer P × ln(Organic fertilizer K 0.078 −0.27 −0.957 0.57
ln(Organic fertilizer P × ln(Chemical fertilizer N) 0.072 0.15 −0.007 −1.43
ln(Organic fertilizer P × ln(Chemical fertilizer P) 0.058 1.36 0.197 −0.1
ln(Organic fertilizer P × ln(Chemical fertilizer K) −0.128 0.31 −0.176 0.79
ln(Organic fertilizer P × ln(Hired labor quantity) 0.001 −0.71 −0.005 −0.72
ln(Organic fertilizer P × ln(Family labor quantity) 0.087 0.07 −0.009 −0.37
ln(Organic fertilizer P × ln(Machinery quantity) 0.022 0.78 0.013 −0.06
ln(Organic fertilizer K × ln(Chemical fertilizer N) −0.139 0.50 0.045 0.21
ln(Organic fertilizer K × ln(Chemical fertilizer P) −0.063 −1.57 −0.150 0.38
ln(Organic fertilizer K × ln(Chemical fertilizer K) 0.145 −0.23 0.077 −0.41
ln(Organic fertilizer K × ln(Hired labor quantity) −0.006 0.55 0.003 0.21
ln(Organic fertilizer K × ln(Family labor quantity) −0.098 −0.40 −0.031 0.17
ln(Organic fertilizer K × ln(Machinery quantity) −0.016 −0.66 −0.033 −0.16
ln(Chemical fertilizer N × ln(Chemical fertilizer P) 0.023 −0.25 −0.038 −0.36
ln(Chemical fertilizer N × ln(Chemical fertilizer K) 0.008 0.42 0.046 −0.5
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Table A2. Cont.

Panel A2-1 Panel A2-2
(Yield is in kg/ha) (Yield is in yuan/ha)

Variables Coeff. z-Statistics Coeff. z-Statistics

ln(Chemical fertilizer N × ln(Hired labor quantity) −0.003 0.20 −0.003 0.81
ln(Chemical fertilizer N × ln(Family labor quantity) −0.002 −1.49 0.051 −0.96
ln(Chemical fertilizer N × ln(Machinery quantity) −0.011 −0.05 0.003 1.24
ln(Chemical fertilizer P × ln(Chemical fertilizer K) 0.015 −0.6 −0.008 0.13
ln(Chemical fertilizer P × ln(Hired labor quantity) 0.003 0.8 0.009 * −0.33
ln(Chemical fertilizer P × ln(Family labor quantity) 0.022 0.86 −0.059 1.94
ln(Chemical fertilizer P × ln(Machinery quantity) 0.007 0.37 0.020 −0.74
ln(Chemical fertilizer K × ln(Hired labor quantity) −0.001 0.38 −0.007 * 0.75
ln(Chemical fertilizer K × ln(Family labor quantity) −0.019 −0.43 0.015 −1.79
ln(Chemical fertilizer K × ln(Machinery quantity) 0.004 −0.35 −0.024 0.2
ln(Hired labor quantity) × ln(Family labor quantity) −0.004 0.32 −0.005 −1.43
ln(Hired labor quantity) × ln(Machinery quantity) −0.000 −1.19 −0.001 −0.93
ln(Family labor quantity) × ln(Machinery quantity) −0.033 ** −0.34 −0.030 −0.57
ln(manure quantity) × ln(manure quantity) −0.000 −2.35 0.004 −1.61
ln(Organic matter) × ln(Organic matter) −0.022 ** −0.13 −0.026 * 1.33
ln(Bacteria count) × ln(Bacteria count) −0.001 −20 0.001 −1.76
ln(Organic fertilizer N) × ln(Organic fertilizer N) −0.234 −0.2 0.155 0.38
ln(Organic fertilizer P) × ln(Organic fertilizer P) 0.005 −0.96 0.085 0.48
ln(Organic fertilizer K) × ln(Organic fertilizer K) −0.404 0.10 0.971 1.24
ln(Chemical fertilizer N) × ln(Chemical fertilizer N) −0.031 −0.74 −0.015 1.33
ln(Chemical fertilizer P) × ln(Chemical fertilizer P) −0.013 −0.91 0.010 −0.31
ln(Chemical fertilizer K) × ln(Chemical fertilizer K) 0.007 −0.71 0.013 ** 0.41
ln(Hired labor quantity) × ln(Chemical fertilizer K) 0.004 *** 1.40 0.008 *** 2.01
ln(Family labor quantity) × ln(Family labor quantity) 0.008 3.28 0.011 4.52
ln(Machinery quantity) × ln(Machinery quantity) 0.002 1.53 0.004 ** 1.5
ln(Other input expense) 0.442 *** 1.63 0.579 *** 2.16
Control variables
Soil lacks N 0.156 0.90 0.050 0.22
Soil lacks K 0.163 1.34 0.164 0.97
Soil lacks P 0.082 0.70 0.232 1.49
Soil lacks trace elements 0.076 0.70 0.206 1.44
Soil lacks organic matter 0.048 0.56 0.214 * 1.93
Soil does not lack anything 0.236 1.06 0.225 0.78
Years to bear fruit 0.010 *** 2.75 −0.004 −0.87
Production cycle stage 0.217 *** 6.48 0.241 *** 5.35
Natural disaster −0.005 *** −12.41 −0.007 *** −11.33
Subsidy for organic fertilizer 0.103 *** 2.66 0.043 0.83
Rain −0.000 −0.32 −0.000 −0.99
Sunlight 0.000 ** 2.31 −0.001 *** −3.56
Temperature 1 −0.006 ** −1.98 0.017 *** 4.37
Temperature 2 0.010 *** 2.92 −0.021 *** −4.31
Temperature 3 0.000 0.12 0.002 1.39
Constant 2.891 0.10 3.585 ** 2.19
Sigma −1.020 *** −21.54 −0.421 *** −2.99
Gamma −0.152 −1.20 −0.128 −0.43
Mu 2.410 0.08 1.217 1.55
Observations 1377 1377
Number of farms 459 459

Note: *** p < 0.01, ** p < 0.05, * p < 0.1.
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