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Abstract: Over-fertilization has caused serious environmental problems and high agricultural
production costs at the household level in China. This study attempts to analyze the effects of grape
growers’ fertilization knowledge and technologies on their over-fertilization behavior. Using survey
data collected from 235 grape growers planting a particular grape (the “Hutai No. 8” grape) in
Shaanxi, the marginal productivity of the chemical fertilizer (CF) as well as the effect of fertilizing
knowledge and technologies on households’ over-fertilization behavior were examined, using the
loss control production function and examining a two-part model, respectively. The results show that
the average marginal productivity of the CF is 0.46 and that more than 75% of the participants were
overusing CFs, with the probability and intensity of over-fertilization being lower when households
have richer knowledge on how to determine the accurate fertilization time and match fertilizers with
nutrient needs. The identification of nutrient deficiency symptoms has no significant effect on the
over-fertilization behavior of households. In addition, the adoption of water and fertilizer integration
technology (WFIT) can reduce both the probability and intensity of over-fertilization, while the
adoption of the soil testing and formulated fertilization technique (STFFT) helps to reduce only the
intensity of over-fertilization by households, but does not have a significant impact on the probability
of over-fertilization. Therefore, policies aimed at reducing over-fertilization may focus on increasing
households’ fertilization knowledge and adopting advanced technologies on fertilizer management.

Keywords: optimal fertilization; profit maximization; fertilization time; nutrient supply;
two-part model

1. Introduction

At present, China is the largest consumer of chemical fertilizers (CFs) in the world, accounting for
about one-third of the world’s total CF consumption. The amount of CF application per sowing area in
China far exceeds the optimal application amount and the global average [1,2]. The primary initial
purpose of high-intensity CF use in China was to promote agricultural production [1,3]. However,
such an activity has brought negative effects on the ecological environment, such as eutrophication
and water pollution [4], biodiversity reduction [5], imbalance of soil nutrients and consolidation of
soil [6]. There is an urgent need to improve fertilization methods and increase the utilization rate of
CFs to promote sustainable agricultural development. As a result, the Ministry of Agriculture of China
(MAC) decided to initially establish a scientific fertilization management and technology system by
2020, and gradually control the increased rate of CF use within 1% between 2015 and 2019, reaching
zero by 2020 [7].
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From 1978 to 2016, the annual application amount of CFs in China increased from 8.84 million tons
to 59.84 million tons. The main reasons behind this include the increase in planting area, the adjustment
of planting structure and changes in fertilization intensity [8,9]. During the same period, the sowing
area of China’s grain crops was generally maintained at 11 × 107 ha, while its proportion to the total
sowing area of crops fell from 80.34% to 67.83%. The planting area of horticultural crops increased
from 6.04 × 106 ha to 3.81 × 107 ha, with an increase from 4.02% to 22.93% in its proportion to the total
sowing area of crops [10,11]. Some studies have shown that the intensity of CF application for crops is
roughly stable over the years, with that for the horticultural crops, such as fruits and vegetables, being
the highest [2,12]. Although overuse of CFs is common, growers of fruit and vegetable excessively use
CFs to a greater extent than growers of grain crops. For example, while the overuse amount of CFs by
rice and corn growers are 73–81 kg/ha [13] and 156 kg/ha [14], respectively, apple growers overuse an
average of 307.5 kg/ha [15].

Although many studies are concerned about over-fertilization among Chinese households;
they are mainly concentrated on the households that grow grain crops, such as maize, wheat and
rice [1,3,14,16,17]. Some scholars pay attention to the excessive fertilization behavior of horticultural crop
growers, such as citrus [18], peach [19] and tea [20]. Some studies have found that the factors influencing
households’ over-fertilization include gender, education, risk aversion of the householder [14,21],
the use of organic fertilizer, participation in training [17,22–24], fertilizer prices [16], technologies
and knowledge of fertilization [1], non-farm employment and the tendency to accept suggestions
from fertilizer sellers [25]. Schultz [26] proposed in Transforming Traditional Agriculture that
raising smallholder farmers’ skills and knowledge level is one of the main ways to transform
traditional agriculture.

Indeed, some scholars have found that the lack of scientific fertilization knowledge and technologies
is one of the main reasons leading to over-fertilization from a household’s perspective [1,22,27].
Households lacking agricultural knowledge could hardly distinguish different kinds of CFs, leading to
the application of the CFs without knowing the details of the formulas and their specific advantages [16].
Instead, households tend to rely on their own experience and habits when fertilizing [15], which include
the notions that higher-priced CFs are of better quality [16] and that the more CFs are applied the
higher the yield [22]. However, it should be noted that the effect of an increase in fertilization has
“diminishing marginal benefits” [28].

In order to guide households to conduct scientific fertilization, the Chinese government
has promoted soil testing and formulated fertilization techniques (STFFT), as well as water and
fertilizer integration technology (WFIT). Applying STFFT helps households understand the risks of
over-fertilization [29] and guides them to follow an appropriate structure and reasonable intensity
of CF application [3]. Compared to STFFT, WFIT is a relatively new agricultural technology that
integrates irrigation and fertilization to meet the crop’s needs for water and nutrients in a timely and
appropriate manner. The adoption of WFIT by households is found to have significantly improved the
utilization efficiency of CFs [17,30].

The Huyi District (formerly known as Hu County) belongs to Xi’an, Shaanxi Province, which is
located in the northwestern region of China. It borders with the Qinling Mountains to the south and
the Weihe River to the north. This region is rich in light, heat and water resources, which makes
grape growing one of the most distinctive and advantageous industries. The Huyi District has a long
history of grape planting, with a reputation of being the “Hometown of China’s Hutai Grapes”, as it
mainly grows a particular variety, which is Hutai grapes, including Hutai No. 8, Xiahei, Xinghuawang,
Sunshine Rose, etc., among which “Hutai No. 8” is the most outstanding and renowned throughout the
country. “Hutai No. 8” generally becomes mature in three years and enters the full fruit period in the
fourth year, with production of over 30,000 kg per ha. This study chose the growers of “Hutai No. 8”
grape in the full fruit period to investigate the effect of fertilization knowledge and technologies on the
over-fertilization behavior for two reasons. First, the Huyi District is the original and main planting
region of “Hutai No. 8”, which has been cultivated in this region since 1996. The planting area of
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“Hutai No. 8” reached 64,500 mu (4300 ha, 1 mu = 1/15 ha) by the end of 2015, accounting for more than
90% of the total grape area and about 12% of the total cultivated area in the region [31]. In addition,
there are more than 5000 households whose main sources of income are growing “Hutai No. 8”.
Second, “Hu County Grape” was approved as the protection certification of geographical indication
products (GIP) by the General Administration of Quality Supervision, Inspection and Quarantine of
China in 2012. “Hu County Grape” refers to the grapes grown in the Huyi District. Although there are
many varieties, Hutai No. 8 has the largest planting area. As the quality of GIP must comply with
certain regulations, the local government guides and standardizes households’ behavior of fertilization
through experts giving lectures, field guidance and knowledge training. Therefore, some of these
households have a certain knowledge about fertilization and its related technologies, making them
appropriate for investigating the issue of interest to this study.

The structure of the paper is as follows: Section 2 discusses the theoretical foundation of households’
fertilization behavior, followed by the Materials and Methods in Section 3; Section 4 presents results of
this study; Section 5 is the discussion; and the last section concludes the study.

2. Theoretical Foundation of Households’ Fertilization Behavior

2.1. Perspectives of Optimal Fertilization

“Over-fertilization” refers to when the amount of CF applied exceeds the optimal level, which could
be measured from the perspectives of agronomy, eco-environment and economics. The agronomy
perspective emphasizes the maximization of agricultural output [16]. For crop production, if the CF is
the only variable input, the yield curve is shown in Figure 1. Point A in Figure 1 depicts the input level
for maximizing output, which suggests the optimal level of CF input from an agronomy perspective.
The optimal application of CFs in agronomy may not be adopted by households due to the high
incidental costs required, such as the needs for extra multiple fertilization and labor input [16].

Figure 1. Optimal application of chemical fertilizer (CF) in agronomy.

The eco-environment perspective focuses on the maximization of profit, taking consideration of the
production cost and the environmental cost caused by the use of CFs [32]. The optimum CF use occurs
at the point where the marginal value product (Mv) equals the marginal cost (Mc1), which is noted
as Point B in Figure 2 and usually called the social optimal point. The eco-environment fertilization
standard implies that the ecological environment consideration has absolute priority, which is not
negotiable [16]. Even though the households’ over-fertilization can cause point-source pollution
and destroy the ecological environment, they take little responsibility for ecological destruction in
China [21]. In this case, the households are unlikely to adopt the optimal fertilization from the
eco-environment perspective.
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Figure 2. Optimal applications of CFs in economics and the eco-environment.

The economics perspective emphasizes the maximization of profits, merely taking into
consideration the production cost [14]. When the produce value is high, it is suggested that some
environmental value can be abandoned appropriately [16]. Because the negative externality caused by
the CF application on the environment is not taken into consideration, the marginal cost line (Mc2)
moves down. The optimal CF use is denoted as Point C in Figure 2, which is also known as the private
optimal point [33]. Since households are “rational smallholder farmers” [26], whose goal is to pursue
maximized profit, it is reasonable to measure the optimal amount of CF application by households from
the perspective of economics. In addition, such a perspective is considered appropriate for examining
households’ optimal fertilization application by prior studies, such as [14,16,33]. Therefore, this study
takes an economics perspective.

2.2. Optimal Fertilization-Related Considerations

Fertilizer management has a marked effect on crop production (agriculture production), exhibiting
a yield advantage of with less CF use [27]. Following the principle of “applying appropriate fertilizers
at appropriate times with appropriate methods” [27], this study analyzes the effect of fertilizing
knowledge and technologies on over-fertilization by households with three considerations, including
the timing of fertilization, the consistency between the fertilizer types and nutrient requirements as
well as the technologies used for fertilization.

The timing of fertilization. The various nutrients released by the soil organic matter cannot
fully meet the normal needs of crop growth. Therefore, it is necessary to continuously supplement
nutrients through artificial fertilization to ensure the healthy growth of the crop [34]. When applied
according to the growth cycle of a crop and its nutrient requirements at each stage, artificial fertilization
could play an important role in improving the crop yield during the critical periods of crop nutrient
demand [35,36]. The appropriate timing of top-dressing, for example, is found to contribute to an
increase in crop yield [27], because fertilizing at appropriate times is helpful for the growth of the crop
and its competition with weeds for nutrients [37], yet delaying or advancing the fertilization time
would reduce crop yield [16,38,39].

The consistency between the types of fertilizers applied and the nutrient requirements of crop. At different
stages of growth, crops vary in the quantity and type of nutrients needed. Households need to
apply fertilizers in accordance with the nutrient requirements of crops, the soil environment and
climatic conditions to increase the efficiency of their fertilizer use. In order to reduce the frequency of
fertilization and improve fertilizer utilization efficiency, slow-release fertilizers and inhibitors can be
applied. Slow-release fertilizers and inhibitors can slow down the release rate and conversion rate
of fertilizer nutrients, respectively, but they have not yet been widely applied in China. Fertilization
application should consider a combination of organic fertilizers and CFs in practice, as an over-reliance
on CFs is likely to cause over-fertilization [17]. If households fail to apply an appropriate type of
fertilizer at an appropriate time, it may lead to the nutrient deficiency of crops. In this circumstance,
the accurate identification of a deficiency in nutrients is the premise for households to “prescribe the
right medicine”. If the households cannot correctly identify the “disease”, they may mistakenly use
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“prescription”, missing the opportunity for appropriate treatment. As a remedy, households tend to
apply CF for recovering some losses, possibly leading to over-fertilization.

The technologies used for fertilization. The fertilizer effect depends largely on the technologies of
fertilization [40]. Advanced fertilization technologies can increase the fertilizer-use efficiency and
reduce costs [17]. The fertilization technologies include the technologies for determining the fertilizer
type to be applied and helping the crop absorb nutrients. While the STFFT functions as the former,
the WFIT represents the latter. STFFT is a fertilization technology that simultaneously considers
the fertilizers demanded by the crop and supplied by the soil [41]. Its purpose is to increase crop
yield and protect ecosystems, by means of balancing the supply of various nutrients, increasing the
fertilizer-use efficiency and reducing CF application. The field trial results and households survey
results have both proved that using STFFT can achieve these goals [3,42]. The WFIT is a technology that
integrates fertilization with irrigation. It enhances effectiveness, mobility and solubility of nutrients in
the soil by means of “small amount, fractionated, dripped”, which helps promote the efficiency of
the absorption of nutrients by the crop [43]. In addition, WFIT has the advantages of reducing the
CF amount, increasing crop yields and improving the quality of crops [44]. The adoption of WFIT,
therefore, is expected to help reduce over-fertilization.

3. Materials and Methods

3.1. Data Collection

Data used in this study were collected using face-to-face surveys in the Huyi District of the Shaanxi
province in July 2017. The type of information about fertilizers included in the survey questionnaire
was obtained prior to the survey. The fertilizers sold in shops of the sample towns were photographed,
together with the collection of their nutrient content registrations and prices. The photographs of these
fertilizers were printed in color, which were used as an attachment with the questionnaire. In addition,
the prices of these fertilizers were obtained from the sellers. In the questionnaire, respondents were
asked to select the types and quantities of the fertilizers that they had used. They were also asked to
report the prices of the fertilizers used. If the respondent were able to recall the prices, the reported
prices were noted down, which was the case for most respondents. In cases where the respondent did
not remember the prices, the prices provided by the sellers were used.

The sampling procedure was as follows: first, the nine main towns (Caotang town, Jiangcun
town, Pangguang town, Qindu town, Shijing town, Tian qiao town, Yuchan town, Yuxia town and
Zu’an town) for planting grapes in the Huyi District were chosen; secondly, 2 to 4 villages in each
town were selected if the village has planted “Hutai No. 8” for more than 5 years with the planting
area being more than 30% of the total cultivated area; and thirdly, 8 to 10 households in each village
were randomly recruited to participate in the survey. In total, 235 valid responses were obtained.
The distribution of the sampled households is shown in Table 1.
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Table 1. Distribution of the sampled households growing grape.

Planting Grape
Years of the Town

Planting Grape
Area/Total Cultivated Town Name Number of

Households Percentage (%)

(10, 20) (45%, 60%)
Caotang 33 14.04
Jiangcun 23 9.79

Qindu 28 11.91

(10, 20) (30%, 45%)
Pangguang 18 7.66

Shijing 31 13.19
Tianqiao 27 11.49

(5, 10) (45%, 60%)
Zu’an 20 8.51
Yuxia 24 10.21

Yuchan 31 31.91

Total 235 100.00

3.2. Sample Description

3.2.1. Characteristics of the Sampled Households

Among all the respondents, males accounted for 95%. The respondents were mainly middle-aged,
with 71% between 41 and 60 and 20% above 60 years old. The respondents generally were balancers,
with 29% of them being risk lovers and 13% of them risk averters. Only 28% of the respondents selected
fertilizer by themselves, and only 10% of them were aware of the greater negative impact on the
environment of over-fertilization. The planting scale was generally small, with 77.02% of households
growing grapes below 5 mu (0.33 ha). For all respondents, an average of 76% of their income was from
grape growing. Descriptive statistics of the sampled households are shown in Table 2.

Table 2. Descriptive statistics of the characteristics of the sample households.

Variable Variable Definition Mean Std. dev.

Gender of HH head 1 = male, 0 = female 0.95 0.22
Age of HH head Year 52.93 8.94

Risk-loving a 1 = yes, 0 = no 0.29 0.45
Risk aversion b 1 = yes, 0 = no 0.13 0.34

Fertilizer selection 1 = myself, 0 = others 0.28 0.45

Awareness of CF
pollution

Whether the overuse of CF have a
greater negative impact on the
environment or not? 1 = yes, 0 = no

0.10 0.30

Grape income ratio Grape income/ total income in 2016 0.76 0.29
Planting scale Planting area/mu(ha) 4.18 (0.28) 2.31(0.15)

Note: a b In the survey, the following questions were set: “If there is a new type of CF, your attitude is: (a) I would
feel that the effect is good and immediately adopt it; (b) I would observe the effect of others’ adoption and then
decide whether to use it. (c) I would decide to adopt it after almost everyone around use it”. The answers (a), (b)
and (c) indicate that the head of the household is a risk lover, risk balancer or risk averter, respectively.

3.2.2. Production Output and Input of Sample Households

In this study, households’ input includes CF, organic fertilizer, land, labor, pesticide, fixed assets
(i.e., concrete pole, irrigation facilities, iron wires, agricultural machinery, etc.) and others (i.e., grape
bagging, irrigation costs, clips, nets, etc.) for grape growing, while the households’ output is represented
by revenue. On average, the revenue from grape growing was more than 12,000 yuan per mu (about
$25,974 per ha). In term of the input, in descending order by cost, the investment in grape growing are
fixed assets, CFs, pesticides, organic fertilizers, labor and others, with fixed assets and CFs accounting
for about 60% of the total costs, as shown in Table 3.
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Table 3. Descriptive statistics of the input and output per mu (1/15 ha) of households growing grapes.

Variables a Mean Std. dev. Max Min

Output Revenue b 12,759.49 7758.11 24,570.00 780.00
Input CF 1297.32 831.95 3180.50 320.00

Pesticides 474.79 302.48 737.68 54.55
Organic fertilizer 422.25 470.61 5600.00 56.00

Labor c 433.72 209.05 610.00 135.00
Fixed assets d 1346.86 719.78 4480.00 360.00

Others e 286.52 102.49 1075.00 46.00

Note: a The unit of variables is yuan (1 yuan = $0.14). b Normally, a higher production is related to a lower grape
quality, and a lower production is associated with a higher grape quality in China. Revenue is the cash inflow of
households planting grapes in a year. In theory, revenue equals production multiplied by price. Price is a reflection
of quality, so revenue is a comprehensive index of production and quality. In practice, the households’ grapes are
usually sold in multiple batches, and the revenue is the sum of the households’ revenue from multiple sales of
grapes. c There are two types of labor for growing grapes: family laborers and hired laborers. If the household
has hired workers, the labor cost of the family labor will be calculated according to the price of the hired worker.
If there is no hired worker, the family labor price will be calculated according to the average price. d It includes
capital inputs, such as concrete poles, iron wires, irrigation facilities and agricultural machinery, and is depreciated
according to 10 years. e It includes the inputs of grape bagging, irrigation fees, clips, nets, etc.

3.2.3. Familiarity with Fertilization Knowledge and Technologies of the Sampled Households

During the growth period of the grapes, various nutrient elements are needed. The replenishment
of nutrients needs to comply with the demand for the nutrients of grapes. In accordance with the
local natural conditions and the growth characteristics of Hutai No. 8, the Professional Association
of Huyi District Grapes recommends four timings for applying fertilizer to households, namely,
fertilizing during budding, swelling fruit, coloring and after-harvest. The main nutrient supply of
each fertilization timing is shown in Table 4. Such a fertilization scheme is consistent with the rules of
grapes’ nutrient absorption discovered by Conradie [45,46], Schreiner et al. [47] and Ma [48], as well as
the outcomes of the formulated fertilization based on field trials conducted by Schreiner et al. [49].
Thus, the aforementioned fertilization scheme can be considered as a scientific fertilization scheme.

Table 4. Recommended fertilization time and main nutrient supply.

Type Budding Fertilizer Swelling Fruit
Fertilizer Coloring Fertilizer After-Harvest

Fertilizer

Fertilization time Mid-April Mid-May Late June to Early
July

Early to Middle
October

Main nutrient
supply

Organic fertilizer
+NPK balanced

compound
fertilizer

High N High K
compound

fertilizer
+P-fertilizer

High K compound
fertilizer +Organic

fertilizer

Organic fertilizer
+NPK balanced

compound
fertilizer

Based on the aforementioned analysis, this study measured households’ fertilization knowledge
and technologies using their understanding of the fertilization timing, fertilizer and nutrient matching
and identification of nutrient deficiency symptoms, as well as their technology status. The specific
measurement indicators are shown in Table 5.
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Table 5. Measurements and descriptions of households’ fertilization knowledge and technologies.

Indicator Definition Mean Std. dev.

Grasp of
fertilization time

The assignment is taken based on the matching times of
households’ fertilization time and the optimal fertilization
time, and the specific value is 0 for 2 times or less,
indicating that households have a poor grasp of
fertilization time; and 1 for 3 to 4 times, indicating that
households have good grasp fertilization time.

0.57 0.50

Fertilizer and
nutrient matching

The degree of matching between the types of fertilizer
applied by the households and the recommended main
nutrient supply plan is based on for judgment. For each
fertilization, the total matching is 2 points, part matching
is 1 point and no matching is 0 point. The total score of the
4 times fertilization of the households is added up and
re-assigned. Specifically, 0 to 4 points is assigned the value
of 0, indicating that the matching degree between the
households’ fertilization type and crop nutrient demand is
relatively low; the value of 5 to 8 points is 1, indicating that
the matching degree between households’ fertilization
type and crop nutrient demand is relatively high.

0.42 0.49

Identification of
nutrient deficiency

symptom

In the investigation, the eight typical grape leaf symptoms
of Taitai No. 8, namely, nitrogen deficiency, phosphorus
deficiency, potassium deficiency, zinc deficiency, iron
deficiency, magnesium deficiency, boron deficiency and
manganese deficiency are made into a color map. Ask the
households the causes of the symptoms. According to the
households’ answer, 0 is for 0 to 4 right answers,
indicating that the households’ ability to identify the
deficiency is low; and 1 is for 5 to 8 right answers,
indicating that the households have a high ability to
identify the nutrient deficiency.

0.06 0.23

WFIT 0 = yes, 1 = no 0.31 0.46

STFFT 0 = yes, 1 = no 0.17 0.37

3.3. Model Specification

3.3.1. Model for Measuring Over-Fertilization

Households need to invest in production factors such as CFs, organic fertilizers, land, labor and
pesticides for grape growing. In general, the increase in CFs, organic fertilizers, land and labor can
help to increase the crop yield. However, pesticides have different ways of affecting crop yield as it
does not directly increase the crop yields. Pesticides are found to help maintain yield by preventing
and reducing the negative impact of pests and diseases on crops in situations where other inputs are
fixed [50]. Therefore, factors such as CF are considered as productive inputs, while pesticides are
considered as the loss control input [50].

Based on the theory of profit maximization, the optimal CF input for households is the “point” at
which the marginal revenue is equal to the marginal cost, only including the production cost. Therefore,
the premise of determining whether households are over-fertilizing is to determine the marginal
productivity of the CF. It is assumed that a household is a “rational economic man” whose production
goal is to maximize net profit:

Max pF (A, B, Z) −wAA−wBB−
∑

γiZi (1)

In Formula (1), A denotes the CF input; B denotes pesticide input; Z denotes other factors of
production input (including labor, organic fertilizer, fixed assets, etc.) other than CFs and pesticides;
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p, wA, wB and γ represent prices of the grapes, CF, pesticides and other production factors, respectively;
and F(·) refers to the production function. When households maximize their net profit, their optimal
CF application meets Formula (2):

pF′A(A, B, Z) = wA (2)

In Formula (2), pF′A(A, B, Z) denotes the value of the marginal product (VMP) when the CF is
used by the household. In other words, when VMPA/wA = 1, the amount of CF used is optimal;
when VMPA/wA < 1, the CF use is excessive; otherwise, the CF use is not enough.

Lichtenberg and Zilberman [50] introduced pesticide as a loss control input into the production
function and established the following loss control production model:

Y = f (A, Z)G(B) (3)

In Formula (3), Y denotes crop output, f (·) meets the form of C-D production function and G(B) is
a loss control distribution function with four distribution patterns: The Pareto distribution, exponential
distribution, logistic distribution and Weibull distribution. The exponential distribution is believed to
not only perform better in model fitting, be simpler to calculate and easier to understand [51], but also
more robust in its results compared to the other three distribution patterns [52]. Therefore, G(B) with
an exponential distribution is adopted in this study. Then, the loss control production function is
revised as follows:

LnY = α+ βLnA +
∑

γiLnZi + Ln(1− e−λB) + ε (4)

In Formula (4), α, β, γ and λ represent the parameters to be estimated; and ε is a random
disturbance term. There are two ways to estimate Formula (4). While one is to examine the relationship
between the output quantity and input quantity, the other is to examine the relationship between
revenue and cost. Households use various types of CF with different nutrients and forms (i.e., CF
can be liquid or solid), which makes it difficult to add up the amount of CF used. Therefore, this
study uses cost and revenue to estimate Formula (4). In order to take into account the households’
experience and ability to apply technologies to grape growing, this study adds age and education of
the household head to Formula (4) as the control variables, as suggested by Qiu et al. [14] and Asfaw
and Admassie [53]. The maximum likelihood estimation (MLE) was run using STATA 14.0 to estimate
Formula (4).

Calculating the first-order partial derivative of the CF input in Formula (4) results in Formula (5):

Y′A = βY/A (5)

Since revenue and cost are used to estimate Formula (4), the purchase price of the CF is already
included in variable A. Thus, when the marginal value is equal to unity, the amount of CF is the optimal
CF input for the households. Substituting the parameter estimates of Formula (4) into Formula (5),
the marginal productivity of the CF for each household is calculated to determine whether they
are over-fertilizing.

3.3.2. Model for Examining Factors Affecting Households’ Over-Fertilization Behavior

The two-part model proposed by Cragg [54] was used to analyze the factors influencing the
households’ over-fertilization behavior. If the household is over-fertilizing, d = 1; otherwise, d = 0.
When the household is over-fertilizing, the intensity of the over-fertilization is observed (y > 0);
otherwise, the intensity of the over-fertilization is 0 (y = 0). The two-part model is

f (y|x ) =
{

P(d = 0|x ) i f y = 0
P(d = 1|x ) f (y|d = 1, x) i f y > 0

(6)
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In Formula (6), y represents the intensity of over-fertilization by a household, where the intensity
of over-fertilization is expressed in Ln(A/βY), as suggested by Ji et al. [16]. For the first part of
the model, the Probit estimation was performed using the full sample. For the second part of the
model, sub-samples of the over-fertilized households were used for the ordinary least squares (OLS)
estimation [45]. STATA 14.0 was used to estimate Formula (6).

4. Results

4.1. Estimated Results of the Households’ Over-Fertilization Behavior

The estimation results of Formula (4) are shown in Table 6. In statistics, p < 0.10 indicates
that it is significant at least at the 10% level [23], so p < 0.10 was considered as significant. The CF,
organic fertilizer and pesticide inputs have significant positive effects on the households’ revenue from
growing grape. The impact of labor is not statistically significant, which is in align with Qiu et al. [14].
In China, grape growing is labor-intensive. Households usually do most work on their own and hire
workers for flower thinning and fruit thinning. The cost of hired labor is easy to measure, because
of the cash expenditure, yet there is neither cash expenditure on a household’s own labor nor the
records of time spent. Thus, it is difficult for households to estimate the total labor costs, resulting in an
insignificant impact of labor costs on revenue. Similarly, the impacts of fixed assets and other inputs
on revenue are not statistically significant. As for the variables of the household head’s characteristics,
education has a significantly positive impact on revenue, while the influence of age is not significant.

Table 6. Results of the loss control production function.

Variables Coefficients T-Value p-Value

Constant 9.8751 6.52 0.000
CF 0.0470 2.14 0.033

Organic fertilizer 0.2797 5.80 0.000
Labor 0.1583 0.26 0.764

Fixed assets 0.0212 1.25 0.193
Other 0.0398 1.35 0.188

Pesticide 0.1026 1.78 0.076
Age of HH head 0.0521 0.19 0.851

Education of HH head 0.0957 0.32 0.697
R2 = 51.81

The parameter estimation results shown in Table 5 and the variables Y and A of each household
are brought into Formula (5) to obtain the marginal productivity of the CF for every household.
The Kerner density distribution of the CF marginal productivity of the sample households is shown
in Figure 3. There are 181 households whose marginal productivity is less than 1 (over-fertilization),
accounting for 77.02% of the total sample. The remaining 54 households’ marginal productivity of CF is
greater than or equal to 1 (not over-fertilization), accounting for 22.98%. In particular, about 50% of the
households have a marginal productivity of CF ranging from 0.2 to 0.8. The percentage of households
with over-fertilization is found to be higher than that of households planting grain crops, as estimated
by [13,16].

The parameter estimation results presented in Table 5 and the average values of the household
variables are brought into Formula (5). The result shows that the marginal productivity of the CF
is 0.46. In other words, the households’ revenue from grape growing is increased by 0.46 yuan for
every additional CF input worth 1 yuan. Such a marginal productivity is below the “economic optimal
point” where the marginal revenue equals the marginal cost. It should be noted that, the marginal
productivity of the CF was calculated without taking into consideration the negative impact of CFs on
the environment and human health. If a negative externality is considered, its marginal productivity
would be even lower [52].
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Figure 3. Kernel density distribution of the marginal productivity of the CF.

4.2. Estimated Results of Factors Influencing Households’ Over-Fertilization Behavior

The estimated results of the factors influencing households’ over-fertilization behavior are shown
in Table 7. There are two noteworthy findings. First, the identification of nutrient deficiency symptoms
has no significant effect on the over-fertilization behavior of households. The reason could be that
if a certain nutrient is lacking during a period of crop growth, which is considered a critical stage
for nutrients, the growth of the crop is affected. Even if it is possible to have a timely supply of this
nutrient for remedy, it is difficult to make up for the loss that has already happened [55]. It may also be
caused by the respondents’ low identification ability of the nutrient deficiency symptoms.

Table 7. Results of the influencing factors of households’ over-fertilization.

Variables.
Over-Fertilization Over-Fertilization Intensity

Coefficients Z-Value p-Value Coefficients T-Value p-Value

Grasp of fertilization time −0.5041 −1.77 0.084 −0.1232 −1.78 0.082
Fertilizer and nutrient

matching −1.8770 −5.35 0.000 −0.1290 −2.08 0.045

Identification of nutrient
deficiency symptom 0.1076 0.82 0.490 −0.0847 −0.89 0.421

WFIT −1.1797 −4.15 0.000 −0.1887 −2.87 0.007
STFFT −0.0567 −0.19 0.913 −0.1164 −1.77 0.084

Risk lover −0.2098 −0.89 0.416 0.0457 0.68 0.489
Risk averse 1.1936 2.11 0.039 0.2982 2.23 0.027

Fertilizer selection 0.0745 0.28 0.805 0.1308 1.33 0.188
Awareness of CF pollution −0.0474 −0.12 0.933 0.0511 −0.73 0.534

Grape income ratio −1.3162 −2.96 0.006 −0.2915 −2.48 0.016
Planting scale 0.0614 1.05 0.202 −0.0599 0.22 0.850

Constant 3.1737 4.96 0.000 0.5630 6.16 0.000
Sample size 235 181

Log likelihood = −63.01 F = 13.23

Secondly, STFFT does not have a significant impact on the over-fertilization behavior of households.
One possible explanation is that the providers of STFFT in the survey area include both professional
cooperatives and fertilizer distributors. While the former usually recommends “fertilizer formula”
to households based on the result of “testing soil” to maximize the public welfare, the latter often
does not recommend fertilizers to households according to the appropriate nutrient management as
the formulated fertilization cannot meet their pursuit of profit [3]. In addition, STFFT is found to
negatively affect over-fertilization intensity, similar to the findings of studies on apple growing [15].
The prior studies found that STFFT results in an increase in the output value of crops [56] and
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in the application amount of P-fertilizer and K-fertilizer, but a decrease in the N-fertilizer use by
households [15]. Therefore, it can be argued that STFFT guides households to improve the structure of
their CF application, reducing the intensity of over-fertilization.

The timing of fertilization, the matching of fertilizer types and crop nutrient requirements, as well
as WFIT, were found to have significantly negative effects on households’ over-fertilization behavior
and over-fertilization intensity. It means that the application of CFs that are consistent with crop
nutrient requirements at the appropriate times and the adoption of WFIT are likely to help reduce the
possibility and intensity of over-fertilization by grape growers.

The risk-loving attitude demonstrates no significant impact on over-fertilization by households.
The reason might be that because risk-lovers are more inclined to use new fertilizer to increase crop
yield than other types of households [3], they have to pay higher price for newer fertilizers [16].
The impact of a risk-aversion attitude on over-fertilization of households turns out to be positive,
which means that risk-aversion households apply more CF. This is consistent with the result of [14].
As the livelihood of households in developing countries is highly uncertain, households in these
countries lack reliable approaches for the transfer and decentralization of risks [57,58]. Given that the
overuse of CFs can be considered as an insurance against potential yield loss [27], households tend to
use more CFs than needed, resulting in over-fertilization.

The variable of whether households choose fertilizer by themselves has no significant effect on
over-fertilization. Traditionally, households rely on their experience for fertilizer application, which is
that the more fertilizer used the higher the crop yield [14,22]. Due to the inefficiency of the agricultural
technology extension system in China, households have limited access to scientific knowledge on
CF application.

Households’ awareness of CF pollution has no significant effect on their over-fertilization behavior.
This finding is similar to Wang and Gu [59] who found that households’ environmental cognition
does not necessarily lead to environmentally friendly behavior. In China, households take little
responsibility for ecological destruction caused by their farming behavior. Thus, households seldom
consider the impact of over-fertilization on the ecological environment [21].

The grape income ratio has a significantly negative effect on the over-fertilization behavior,
which means that households with a lower grape income ratio have a higher probability and intensity
of over-fertilization. Households with relatively low grape income have a larger portion of their income
from off-farming jobs, which means that they have a high opportunity cost for growing grape. In order
to save labor for off-farming jobs, households tend to use a large amount of fertilizer at one time instead
of using the appropriate fertilizers multiple times [12,60], which is likely to cause excessive use of CFs.

The planting scale does not have a statistically significant impact on households’ over-fertilization
behavior. On the one hand, CF application in grape planting is mainly completed by human labor,
which means that the CF requires the assistance of labor input. On the other hand, as an input
factor to promote crop growth, CF application can, to a certain extent, replace labor input in field
management [60]. Since a larger planting area usually means a greater possibility of labor shortage,
households with a larger planting scale are more likely to increase the use of capital-intensive inputs,
such as CFs. However, such an effect is not found in this study.

5. Discussion

Our findings support the beliefs that households’ over-fertilization is common in grape production
in China. This is similar to findings from research in the Zhengjiang province [61] and Hunan
province [62], but the marginal productivity in this study is much lower than the fertilizer expenditure
for grape in these other studies [61,62]. The main reason for this is that the climate in the north is drier
with less rain than in the south of China, which effects the absorption of nutrients from the CF by crops.

Households’ non-optimal fertilization strategy is a result of the lack of related knowledge and
irresponsible fertilizer marketing [27]. China’s agricultural public service system allows limited
household access to accurate fertilization knowledge [63], which makes it possible for households to be
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misled by commercial organizations, such as the CF manufacturers and distributors. Technical training
organized by fertilizer suppliers are usually focused on promoting CF sales without considering
households’ economic benefits or social and environmental costs [17]. The households’ decisions on
CF purchases could be influenced by price and marketing schemes, which can be confusing sometimes
as the information about most CF is shown in neither simple nor user-friendly ways [27]. The diversity
of CFs and the market shortcomings make it difficult for households to acquire accurate knowledge
on fertilization, leading households to choose rational ignorance [16]. Especially, local fertilizer
distributors usually allow households to purchase fertilizer on credit and pay back after they have sold
grapes, which further exacerbates the households’ over-fertilization behavior.

Through field experiments in China, it was proved that advanced crop and nutrient management
practices can increase yields with improved CF-use efficiency [32]. However, the lack of knowledge
is one of the main reasons for households’ CF management deficiencies [27]. The fertilization
technique training may enable households to access to knowledge and technologies on scientific
fertilization, such as new technology, the amount of fertilizer used, the time for top-dressing, etc. [21].
The Agricultural Extension Department of China provides a short-term training program on scientific
fertilization, which is found to hardly effectively improve the efficiency of fertilizer use [3] because
households’ knowledge gained from a one-time training could slowly wane over time, especially
without practicing [1]. Instead, changing the households’ over-fertilization behavior requires intensive
and long-term training [3] and field guidance [17,22], as households need to internalize knowledge and
know both how and why [1]. It is suggested to enable households to achieve the relevant knowledge
and technologies by using the Science and Technology Backyard (STB) platform [27]. STB is an
organization whose staff are professors and graduate students from China Agricultural University
who live in villages together with peasants for promoting technology transfer to help them increase
the return from agricultural production in an environmentally friendly manner.

This study contributes to the literature on households’ over-fertilization behavior. Prior studies
focus on the impact of the households’ understanding of the CF’s characteristics [16] and on
training concerning households’ fertilization behavior [1,22,25]. Following the principle of “applying
appropriate fertilizers at appropriate times with appropriate methods”, this study examines the effect
of fertilizing knowledge and technologies on households’ over-fertilization behavior by measuring the
households’ fertilization knowledge and technologies using their experience and knowledge on the
timing of the fertilization, the consistency between the fertilizer types and nutrient requirements and
the technologies used for fertilization. The results of this study can be used to identify the entry points
for reducing the possibility and intensity of excessive use of CFs by households in horticultural crop
production, because more training will encourage households to change their fertilization management
and protect the local environment [3]. It is suggested that the Chinese government should promote the
establishment of a systematic training program on horticultural crop fertilization and put it into force
nationwide. In addition, the government could build a public service platform for information sharing
between agricultural experts and households [61,64,65]. On this type of platform, knowledge on crop
nutrient management, different types of fertilizers and fertilization technologies can be distributed
and on-site advice and reminders can be sent automatically at proper times [27] to households in an
easy–to-understand way based on the farming season and the growth period of the crops. By doing so,
one would improve the households’ fertilization knowledge and technologies, which is a win-win
measure that could increase households’ income and ensure enhanced environmental sustainability.

6. Conclusions

Chemical fertilizer plays an important role in horticultural crop production in China,
but households’ over-fertilization behavior has caused serious environmental problems and has
affected sustainable land use [66]. This study analyzes whether improving households’ fertilization
knowledge and technologies can reduce their over-fertilization behavior. Using survey data collected
from 235 grape growers, this study estimates the marginal productivity of CFs using the loss control
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production function and examines the effect of fertilizing knowledge and technologies on households’
over-fertilization behavior using a two-part model. Our empirical results show that more than 75%
of households report over-fertilizing in grape production. The appropriate timing of fertilization
and matching between the type of fertilizer to be used and the nutrients needed by the crop can
help reduce the probability and intensity of excessive fertilization. The adoption of WFIT was also
found to be helpful. However, the adoption of STFFT was found to only reduce the intensity of
the over-fertilization.

The findings of this study should be carefully applied to grape growers in other districts
of China, given the widely varying planting conditions and endowments of rural households
throughout the country. In addition, the model used in this study did not take into account the
negative effects of fertilization on the environment. However, considering the negative effects of
fertilization on the environment, future research may consider studying over-fertilization from an
eco-environment perspective.
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