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Abstract: Improper use of veterinary antibiotics (VAs) has led to antibiotic resistance and food
safety issues that are harmful for sustainable development and public health. In this study, farmers’
knowledge influencing their usage of veterinary antibiotics was analyzed based on a survey of 654
pig farmers in Funing County, China. A behavior probability model was constructed, and a Matlab
simulation was used to evaluate the dynamic changes in farmers’ behavioral choice regarding VAs
use. The survey results showed that the 654 pig farmers’ knowledge of VAs were relatively poor,
along with a high occurrence of improper behavior. Specifically, 68.35% of the 654 surveyed pig
farmers admitted their violation of VAs use regulations, while 55.50% among them overused and
24.31% among them misused VAs. The simulation results showed that the probability of improper
VA use decreased with the increase in farmers’ knowledge about VA use specification, and when
farmers’ knowledge about the hazards of VA residues increased. However, when farmers had a
high level of knowledge about relevant laws and their penalties, there was still a high probability of
improper VA use.
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1. Introduction

Antibiotics are the most important finding in the 20th century for controlling bacterial infections
and protecting health [1]. In addition to human treatment, antibiotics have been widely used in
agriculture, the food industry, and aquaculture [2]. Veterinary antibiotics (VAs) are widely used
in the treatment and prophylaxis of diseases in food-producing animals and in non-therapeutic
applications [3,4]. However, the misuse or overuse of VAs is the culprit for increasing antibiotic
resistance and food chain contamination [5,6]. Improper use of VAs, on one hand, leads to a
high proportion of VA residues that pollute the ecological environment and exacerbate antibiotic
resistance. On the other hand, VA residues may accumulate in animals and enter the food chain in
the form of chemical hazards, thus causing food safety risks that endanger the health of consumers
(i.e., public health) [7–9]. It is noteworthy that the development of antibiotic resistance has exacerbated
the overuse of antibiotics in veterinary drugs [10], while the release of antibiotics into the environment
has accelerated the development of antibiotic-resistant bacteria. This results in a vicious cycle that
poses a tremendous threat to the ecological environment and public health.

Since antibiotic resistance has become a common global problem, [11,12], there is increasing concern
regarding VAs in developing countries. China is not only the largest producer and user of antibiotics in
the world [1,13], but also the largest pig producer and consumer [14]. In 2013, antibiotic consumption in
animals accounted for approximately 52% of the total antibiotic consumption of approximately 162,000
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tons in China [15]. The negative effects of improper use of VAs by pig farmers are evident to varying
degrees in the vast rural areas of China [16]. In many countries around the world, including China,
there are a large number of small-scale farmers of meat-producing animals who are the direct users of
VAs. In China, farmers tend to overuse VAs, use human antibiotics, or do not follow the withdrawal
time recommendations due to their poor knowledge of VAs and the pursuit of economic benefits from
meat-producing animals [14].

Minimizing antibiotic resistance should be the responsibility of all members of society [17].
The crucial role of farmers in shaping and preserving multifunctional agro-ecosystems, has been
highlighted by agricultural scientists over the past decades [18]. It has been pointed out in some studies
that improper antibiotic use by farmers is closely related to their knowledge of antibiotics [19,20].
Kuipers et al. (2016) [21] found that professionally trained farmers (i.e., farmers with higher knowledge
level) tend to use less VAs in dairy herds. However, the possible use of VAs by farmers with different
knowledge levels and under different regulatory policies (e.g., in China) has been rarely reported.
Therefore, this study empirically investigated the knowledge and use of VAs by pig farmers in rural
areas in China. A behavior probability model was constructed based on the knowledge of pig farmers
that affected their VA use. The dynamic changes in farmers’ behavioral choice regarding the use of
veterinary antibiotics, was then observed by Matlab simulation, when considering their knowledge
regarding VAs and the different government regulation environments. Based on the findings, policy
recommendations were made to regulate improper VA use by farmers.

2. Materials and Methods

2.1. Sample Site

Funing County (located in Jiangsu Province) was selected as it is a famous pig farming base
in China (Figure 1), known as “the hometown of piglets”. Pig farming is an important source of
family income for farmers in Funing, and more than 50% of the pigs were produced by small-scale
household farming. As small-scale household pig farming where VAs are directly used by farmers
will persist over a long period of time in China, investigating the use of VAs in Funing has important
practical significance.
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2.2. Study Design

Prior to the formal survey, a preliminary survey was conducted among pig farmers in Xinlian
Village, Sanzao Town, Wangji Village, Longwo Village, and Shuanglian Village in Funing County.
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A final questionnaire was developed after problems were identified and solved based on the findings
of the preliminary survey. The formal survey was conducted by random sampling and home visits
in all 13 towns/villages in Funing County. Since face-to-face interviews can effectively avoid the
respondents’ possible misunderstanding of survey questions and improve the response rate, the survey
was performed by properly trained investigators (postgraduate and doctoral students) who were
familiar with the questionnaire and interview process. A total of 654 valid questionnaires were
collected for the final analysis.

2.3. Instruments

The questionnaire was developed based on the literature review and the authors’ field
observations [14,16,22]. The questionnaire was divided into three parts. The first part was designed
to collect the demographic characteristics of respondents including gender, age, education, annual
production, farming income, and years of farming experience. In the second part, the use and
knowledge of VAs were assessed. In view of the diversity and complexity of improper use of VAs,
the three most common types: overdose (addition of VAs at a higher than specified concentration),
use of human antibiotics instead of VAs, and non-compliance with withdrawal time requirements
were investigated. To assess the respondents’ knowledge about VAs, their knowledge about VA
use specifications, hazards of VA residues, and relevant laws and their penalties were examined.
Theirs level of knowledge was scored on five-point Likert scale where 1 = no knowledge, 2 = little
knowledge, 3 = moderate knowledge, 4 = good knowledge, and 5 = complete knowledge. The third
part examined the effect of government regulation the use of VAs by farmers. The respondents were
asked about the frequency of spot checks of pig farmers’ VA use by local government regulators,
how and to what extent government spot checks affected pig farmers’ VA use, whether farmers were
punished for improper use of VAs according to law, and what was the effect of punishment. Note that,
strictly in China’s newest Regulations on Administration of Veterinary Drugs, there is no permitted
use of human drugs on animals

3. Model Approach and Simulation Scenarios

This paper referred to a literature for the modeling and scenario methods [22].

3.1. Model Construction for Farmers’ Behavior Choice

3.1.1. Basic Model Assumptions

Due to the fact that farmers operate in a complex environment, the simulation could not take into
account all the factors that may affect their VA use. Therefore, this study focused on how the differences
in farmers’ knowledge affected their VA use during pig farming. The following assumptions were made:

(1) There are only two choices—either proper or improper—for pig farmers regarding the use of VAs.
Proper use refers to the use of VAs in a correct and reasonable way according to requirements.
Improper use comprises of one or more behavior of VA overdose, use of human antibiotics,
and non-compliance with withdrawal time requirements.

(2) Pig farmers are economically rational. Their use of VAs follows the cost–benefit approach.
(3) The government makes spot checks of farmers’ VA use during pig farming. Farmers will be

subject to financial penalties, pressure of public opinion, and moral pressure, if improper use
is discovered.

(4) Pig farmers’ choice regarding VA use is a dynamic process affected by the behaviors of peers in
real-world situations.
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3.1.2. Farmers’ Knowledge

In the simulation experiments, pig farmers were the primary actor in economic activity.
Their knowledge and cognitive capacity were the main factors affecting their estimation of expected
return [23], thus influencing their use of VAs. According to the literature research and the author’s
field observations, the farmers’ knowledge was summarized into three categories: knowledge of VA
use specification, knowledge of hazards of VA residues, and knowledge of relevant laws and their
penalties, represented by ϕi1, ϕi2, and ϕi3, respectively. As the five-point Likert scale was used in
the measurement of the farmers’ knowledge level, it was assumed that ϕi1, ϕi2, and ϕi3 take a value
in [1,5], respectively, where 1 means no knowledge and 5 means complete knowledge. Since the
knowledge level of each farmer is not exactly the same in reality, the values were given for ϕi1, ϕi2,
and ϕi3, respectively, in the simulation.

3.1.3. Farmers’ Expected Returns

Based on the above basic assumptions, the farmers’ expected returns were related to government
regulation in their behavioral decision regarding the use of VAs. To regulate the use of VAs,
government regulators make spot checks to monitor pig farmers’ VA use, and punish the improper
use of VAs in accordance with laws and regulations. Government regulation and punishment of pig
farmers for improper VA use have an impact on their use of VAs. Therefore, the farmers’ expected
returns can be described as follows.

Farmers’ expected return from proper VA use is:

W1 = G (1)

Farmers’ expected return from improper VA use is:

W2 = (1− q)× (∆G + G) + q× (∆G + G− C1 − C2) (2)

where ∆G = θ × G, where G is the farmers’ return from proper VA use; ∆G is the farmers’ extra return
from improper VA use; C1 are the financial penalties imposed by government regulators on farmers for
improper VA use; C2 are the social costs of discovered improper VA use for farmers including pressure
from public opinion and moral pressure, etc.; θ is the ratio of farmers’ increased return from improper
VA use to that from proper use; q is the probability of the farmers’ improper VA use to be checked by
government regulators.

3.1.4. Behavior Probability Model

As pig farmers’ VA use is affected by multiple factors, the choice probability for VA use varies
among farmers. Sun et al. [23] developed a mathematical model of behavior probabilities to assess
the probability of choosing a certain behavior under the general reward expectation on that behavior.
For individual pig farmers, behavior probability is a description of behavioral uncertainty, that is,
the probability of a farmer choosing a certain use of VAs in the “behavior set”. Correspondingly,
for the pig farmer group, behavior probability is the proportion of individual farmers who choose a
certain use of VAs in the group. If all individuals in the group have the same return expectation on
each use of VAs, they will all choose the same use of VAs, and there is no need to discuss behavior
probability. However, in fact, there is a big difference in farmers’ return expectation on each use of
VAs. The differences in cognitive capacity and bias regarding VA use specification, hazards of VA
residues, and relevant laws and regulations among each individual actor in the group lead to different
probabilities for each farmer in choosing the use of VAs. Based on the literature [23] and the knowledge
of farmers, a behavior probability model was developed in this study to simulate the farmers’ VA use
during pig farming under different return expectations.
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According to the assumptions, the farmers’ VA use was simplified into two categories:
either proper use a+ or improper use a−. The behavior set was A = {a+, a−}. The following behavior
probability model was developed:

pi(a+) =
e{ϕi0+(ϕi1+ϕi2+ϕi3)wi(a+)−(ϕi4+ϕi5+ϕi6)wi(a−)}

1 + e{ϕi0+(ϕi1+ϕi2+ϕi3)wi(a+)−(ϕi4+ϕi5+ϕi6)wi(a−)}

pi(a−) = 1− pi(a+) = 1− e{ϕi0+(ϕi1+ϕi2+ϕi3)wi(a+)−(ϕi4+ϕi5+ϕi6)wi(a−)}

1 + e{ϕi0+(ϕi1+ϕi2+ϕi3)wi(a+)−(ϕi4+ϕi5+ϕi6)wi(a−)}

=
1

1 + e{ϕi0+(ϕi1+ϕi2+ϕi3)wi(a+)−(ϕi4+ϕi5+ϕi6)wi(a−)}
pi(a+)
pi(a−)

= e{ϕi0+(ϕi1+ϕi2+ϕi3)wi(a+)−(ϕi4+ϕi5+ϕi6)wi(a−)}

(3)

where ϕij is the regression coefficient, i ∈ [1,2, . . . ,N], j ∈ [1,2, . . . ,6], and ϕij > 0. It should be noted
that when j = 0, ϕi0 ∈ (−∞,+∞). When ϕi0 determines that the expected returns from the two different
behavioral choices, i.e., proper and improper VA use, are both 0, that is, wi (a+) = wi (a−) = 0, the
i-th actor’s behavior occurs without a driving force. The behavior probability in this case is called
spontaneous probability. In fact, the farmer’s choice regarding VA use is influenced by their judgment
of the expected return. Based on the behavior probability model, the probabilities of proper use a+

and improper use a−, pi (a+) and pi (a−), were simulated under the influence of farmers’ knowledge
and return expectations. It is assumed that when pi (a+) ≥ pi (a−), the i-th actor chooses proper use;
otherwise, they choose improper use. The group behavior probability was obtained by the observation
of a total of N actors.

3.2. Simulation Experiment Description

In this study, the independence and interaction of individual pig farmers as an actor were
simulated in a computer-generated environment when considering the influences of their knowledge
and actor-to-actor information exchange on their VA use. The simulation was performed using Matlab
based on Wu’s and Zhou’s research [22,24], and is described as follows:

(1) The simulation area is a 20 × 20 square area. At the start of the simulation, 100 farmers were
randomly distributed in this area. Specific parameters are listed in Table 1 below.

Table 1. Settings of experimental parameters.

Model Parameters Parameter Value (Symbol)

Area 20 × 20
Total number of farmers, N 100

Farmers: proper use A
Farmers: improper use B

Vacancy O

(2) Vision values of farmers. Farmers’ VA use is closely related to the behavior of their peers [25].
“Vision value” was used to indicate the ability of farmers to collect surrounding information in the
model. The larger the value, the higher the ability to collect surrounding information. At the start of
the simulation, 100 vision values were randomly generated and assigned to each farmer. A vision
value of two means that a farmer can observe the behaviors of other farmers in 2× 4 grids surrounding
them. It was assumed that: (a) If a farmer’s behavior is A, and the number of A within their range
of vision≥ the number of B, they will maintain their own behavior; otherwise, their behavior will
change to B; and (b) if a farmer’s behavior is B, they will maintain their own behavior if the number
of B within their range of vision≥ the number of A; otherwise, their behavior will change to A.

(3) Knowledge of farmers. As set forth, ϕi1 (the farmers’ knowledge of VA use specification),
ϕi2 (knowledge of hazards of VA residues), and ϕi3 (knowledge of relevant laws and their
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penalties), take a value in [1,5] in the simulation, respectively, where 1 means no knowledge
and 5 means complete knowledge. Based on the behavior probability model, ϕi1, ϕi1, and ϕi3
are the coefficient part of proper use, and ϕi4, ϕi5, and ϕi6 are the coefficient part of improper
use. As proper and improper VA uses are two opposite behaviors, when a farmer has a high
willingness to perform one behavior, the willingness to perform the other behavior will be
relatively low. Therefore, it is assumed that the relationship between the two sets of coefficients is
as follows: 

ϕi1 + ϕi4 = 5
ϕi2 + ϕi5 = 5
ϕi3 + ϕi6 = 5

(4)

To ensure scientific rigor and practical relevance of the simulation, the 100 farmers were assumed
to have a lower-middle level of knowledge at the start of the simulation. It was assumed that ϕi0
= 2 and ϕi1 = ϕi2 = ϕi3 = 3, that is, the farmers’ three categories of knowledge fluctuated in the
range of [1,3].

(4) Farmers’ expected return. The farmers’ expected return can be calculated by Equations (1) and
(2). Farmers’ normal return, G, follows uniform distribution in [5,9] (in ten thousand yuan). θ is
the ratio of farmers’ increased return from improper VA use to that from proper usage. In general,
the higher the knowledge level regarding VA use specification, the lower the probability of an
improper return. Therefore, θ is correlated with ϕi1. To ensure that θ is nonnegative, it was
assumed that θ + ϕi1 = 5. Based on the finding of field interview regarding spot checks for pig
farmers that were conducted by government regulators each year, the initial value of q was set to
0.3. According to the Regulations on Administration of Veterinary Drugs in China, the penalty
for improper VA use was set to 30,000 yuan considering the various forms of improper use.
Hence, C1 = 3. The higher the farming return, the higher the pressure from public opinion and
moral pressure when the misconduct is disclosed and sanctioned. Hence, it is assumed that
C2 = 2 × G.

4. Results and Discussion

4.1. Sample Characteristics

Statistical analysis was performed by SPSS 20.0 (SPSS Inc., Chicago, IL, USA). Demographic
characteristics of respondents are shown in Table 2. According to our investigation, of the 654 pig
farmers surveyed, 59.2% were male and 40.8% were female. The average age was 56.2 years.
Generally, economic development in rural agricultural zones in China is lower than urban areas.
The fact makes most younger generation workforce leave the rural agricultural zones to seek jobs in
urban ones. This explains well why the average age of our sample is relatively high. Future studies
can focus on the age factor and see if this variable can impact the relationship between knowledge and
VA use. Furthermore, 58.7% of the respondents had an education level of primary school or below,
and 28.4% had junior high school. A large proportion of respondents (51.4%) had a family size of five
or more. The majority of respondents (66.1%) had a pig farming income accounting for 30% or less of
total household income, and 78.9% of them had over ten years of pig farming experience.

4.2. Behaviors and Knowledge of Farmers Regarding Veterinary Antibiotics (VAs) Use

In terms of behaviors regarding VA use, 68.3% of the 654 pig farmers surveyed reported
non-compliance with withdrawal time requirements, 55.5% overdosed VAs, and 24.3% used human
antibiotics instead of VAs. Some farmers reported two or more types of improper VA use.

With regard to knowledge regarding VA use (Table 3), 78.0% and 19.3% of the respondents
had no and little knowledge of VA use specification, respectively (97.3% altogether); 66.2% and
22.5% had no and little knowledge that antibiotics customized for humans cannot be used in pig
farming (88.7% altogether); 48.2% and 28.9% had no and little knowledge of hazards of VA residues,
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respectively (77.1% altogether); and 64.7% and 22.0% had no and little knowledge of punishment for
violating VA use regulations, respectively.

Table 2. Demographic characteristics of the surveyed farmers.

Characteristics Categories Frequency (n) Percentage (%)

Gender
Male 387 59.2

Female 267 40.8

Education Attainment
Primary school and lower 384 58.7

Middle school 186 28.4
High School and Above 84 12.9

Number of household members

1 12 1.8
2 57 8.7
3 93 14.2
4 156 23.9

5 or more 336 51.4

Proportion of pig production to
family income

30% or less 432 66.1
31–50% 78 11.9
51–80% 54 8.3
81–90% 33 5.0

91% or more 57 8.7

Years of farming

1–3 years 45 6.9
4–6 years 42 6.4

7–10 years 51 7.8
Over 10 years 516 78.9

Slaughter amount
1–30 pigs 417 63.8

31–100 pigs 135 20.6
Over 100 pigs 102 15.6

In terms of effect of government regulation, the majority of respondents (68.81%) believed that
government supervision and inspection had no effect on their daily farming behaviors. Only 3.21%
reported a great effect or a very great effect. Moreover, the vast majority of respondents (91.74%)
were not penalized for violating VA use regulations. Only 7.34% and 0.92% were occasionally and
frequently penalized for violations, respectively.

Table 3. Farmers’ knowledge about VAs (in %).

Knowledge 1 = No Knowledge 2 = Little
Knowledge

3 = Moderate
Knowledge

4 = Good
Knowledge

5 = Complete
Knowledge

VAs should be used as directed by a
veterinarian in strict accordance with the

manufacturer’s instructions
78.03 19.27 0.30 1.22 1.22

Antibiotics customized for human cannot be
used in pig farming 66.21 22.48 1.22 7.34 2.75

VA residues can cause antibiotic resistance
and endanger human health 48.17 28.90 7.80 12.84 2.29

Farmers will be punished by the government
for improper VA use 64.68 22.02 3.67 8.26 1.37

4.3. Simulation Experiment Results

The effects of each knowledge category on pig farmers’ VA use were simulated using Matlab.
The effectiveness of government regulation on preventing and controlling pig farmers’ improper VA
use was also analyzed. In figures regarding the simulation experiments, the black and gray curves
indicate the probabilities of proper and improper uses in the farmer group, respectively.

4.3.1. Influence of Knowledge about VA Use Specification on Farmer’s Behavioral Choices

The farmers were randomly distributed in the simulation area at the start of the simulation and
then interacted with each other over time. Repeated experiments revealed relatively obvious curve
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changes when the value of knowledge of VA use specification, ϕi1, was set to 1, 2, 3, and 5. Figure 2
reflects the co-variation between knowledge about VA use specification and behavioral choices of pig
farmers. As shown in Figure 2, the behavioral choices of farmers appeared to have some regularity
under the four different parameter settings of VA use knowledge of farmers—likelihood of good VA
use behavior increases with increasing knowledge about VS use specification. When the value of ϕi1
was 1, that is, the farmers generally have a low level of knowledge of VA use specification, there was
a high probability of improper VA use, fluctuating between 95% and 100%, in the farmer group,
as shown in Figure 2a. The probability of improper VA use decreased gradually when the value of ϕi1
changed from 1 to 2 and 3. When ϕi1 = 3, the probabilities of proper and improper uses fluctuated
around 50%. When ϕi1 further increased to 5, the probability of improper VA use was significantly
lower than that of proper use. The above findings indicated that the probability of improper VA use
decreased with an increase in the farmers’ knowledge of VA use specification. This was consistent
with the conclusion of Wu [26]. However, the probability of improper VA use was still higher than
that of proper use. Only when the level of knowledge was sufficiently high were farmers inclined to
use VAs properly. Also, such result echoes to the finding of Pham and colleagues [27] that the farmers
seldom know the real and specific purpose of using VA. Therefore, persistent improvement of pig
farmers’ knowledge about VA use specification plays a fundamental role in promoting proper VA
use. Note that in the model, the x-axis represents a parameter of time, but we did not specifically
assign a time unit for that parameter. By not specifying time period can extend the flexibility and
generalizability of the models and results [24].
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of VA use specification) was set to 1; (b) the value of ϕi1 was set to 2; (c) the value of ϕi1 was set to 3;
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4.3.2. Influence of Knowledge about the Hazards of VA Residues on Farmer’s Behavioral Choices

Figure 3 demonstrates the relationship between farmers’ knowledge about the hazards of VA
residues on the behavioral choices of them. As can be seen from Figure 3a (ϕi2 = 1), when farmers
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had no knowledge about the hazards of VA residues, there was a high probability of improper VA
use, fluctuating around 90%, in the farmer group. This result was consistent with the survey finding
that respondents with improper VA use had a poor knowledge about the hazards of VA residues.
Moreover, the probability of proper VA use increased significantly when the whole group’s knowledge
about the hazards of VA residues increased to a certain level, as shown in Figure 3b. When ϕi2 = 3,
the probabilities of improper and proper VA use fluctuated between 40% and 60%. A comparison of
Figure 3b (ϕi2 = 3) and 3c (ϕi2 = 4) indicated that the probability of improper VA use did not significantly
decrease with the further increase in knowledge about the hazards of VA residues. One possible reason
is the difficulties in government regulation due to decentralized farming. Moreover, the economic
benefits from improper VA use in pig farming are attractive enough for most farmers due to the general
absence of strict supervision and punishment by the government [26]. Therefore, it is necessary to
educate farmers about the hazards of improper VA use, and at the same time impose financial penalties
for improper VA use to reduce willful misconduct.
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4.3.3. Influence of Knowledge about the Relevant Laws and Their Penalties on Farmer’s
Behavioral Choices

Figure 4 demonstrates the influences of knowledge about the relevant laws and penalties on
farmers’ behavioral choice. Farmers’ VA use is closely related to their knowledge about relevant
laws and their penalties. When farmers’ knowledge about relevant laws and their penalties ϕi3 = 1,
there was a relatively high probability of improper VA use, fluctuating between 70% and 80%, as shown
in Figure 4a,b. When the value of ϕi3 changed from 1 to 3, the probability of proper VA use in the farmer
group did not increase substantially, while the probability of improper use decreased by 5–10%. As can
be seen from Figure 4c, when farmers had a relatively high level of knowledge about the relevant
laws and their penalties, improper VA use still occurred at a probability of around 50%, which was
similar to the probability of proper use. In fact, current pre- and post-slaughter pig quarantine in China
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only focuses on foot-and-mouth disease, swine fever, swine vesicular disease, and other diseases.
VA residues in live pigs are not strictly monitored. The testing of antibiotic residues only includes
several common types of VAs. This has resulted in a low probability of discovering improper VA
use by farmers, and consequently, there has been insufficient punishment. From the perspective of
policy regulation, pig farmers in China is allowed to execute routine treatments by themselves, just like
some advanced nations including The Netherlands (e.g., Kuipers et al., 2016 [21]). This and other
similar permissions have allowed farmers in China more autonomy in medical related behaviors.
Therefore, it is possible that farmers, driven by economic interests and endorsed with higher behavioral
autonomy, deliberately choose improper VA use, despite knowing the penalties.
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4.4. Influence of Government Regulation on Farmer’s Behavioral Choices

Regulative tactics can influence antibiotic use in different ways [28]. Hence, in our simulation
experiments, government regulation of pig farmers’ VA use was reflected by spot checks and penalties
for improper use. The experimental results are shown in Figure 5, which illustrates the relationships
between government regulation (in terms of different numbers of random checking and amount of
penalty) and farmers’ VAs use. When the sampling rate in spot checks and the penalties were both low,
the proportion of farmers with improper VA use (approximately 80%) was much larger than that with
proper use (approximately 20%). When the sampling rate in spot checks increased, the proportion of
farmers with proper VA use (fluctuating between 50% and 60%) was slightly higher than that with
improper use. Furthermore, when the penalties were increased, the number of farmers with proper
VA use was significantly higher than that with improper use. This was consistent with the findings of
Chen et al. [29] on the behaviors of pig farmers.
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5. Conclusions and Policy Implications

In this study, the dynamic changes in farmers’ behavioral choice regarding VA use were observed
by simulation when considering their knowledge regarding VAs and farmer-to-farmer interaction.
First, the simulation results showed that the probability of improper VA use decreased with the
increase in farmers’ knowledge about VA use specification. When the level of this knowledge was
high enough, farmers were inclined to make proper use of VAs. In short, their use of VAs was
significantly affected by their knowledge about VA use specification. Second, the probability of
improper VA use decreased at a decreasing rate as farmers’ knowledge about the hazards of VA
residues increased. In general, the farmers’ use of VAs is related to their knowledge about the hazards
of VA residues. Third, when farmers had a high level of knowledge about the relevant laws and their
penalties, there was still a high probability of improper VA use, which was similar to that of proper
use. The farmers’ choice regarding the use of VAs was not significantly affected by their knowledge
about the relevant laws and their penalties.

These important findings call for the improvement of VA management policies and the
development of sustainable interventions in China to prevent the improper use of VAs by pig farmers,
in order to reduce antibiotic resistance and improve pork safety for the protection of public health.
Considering the fact that improper VA use is common among pig farmers in China, the following
policy recommendations are offered based on the above conclusions. First, support should be provided
to help farmers, the end-user of VAs, to improve their knowledge about VA use specification and to
keep records of VA use. Changes of management practices (e.g., veterinary professionals’ involvement
and professionals-farmers communications) may help increase the level of farmers’ awareness [21].
Second, support should be provided to help farmers understand the hazards of VAs and thus make
proper use of them. Nonetheless, such provision of supportive resources and information should
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be highly relevant to farmers’ special situations (e.g., Garforth et al., 2013 [30]), so as to be highly
appreciated and adopted by farmers. For farmers with different levels of knowledge, specific and
different resources and information should be endorsed in different ways. For example, for farmers
with lower knowledge level of VA, more visual (non-text) and life-related case stories should be told,
while for farmers with higher-level knowledge, more systematic information and resource packages
should be supplied. Third, as the food safety regulator, the government should improve and publicize
relevant laws and regulations to enhance the legal awareness of farmers [28]. Moreover, the government
should enhance supervision and inspection, increase the sampling rate in spot checks, and impose
harsher penalties for improper VA use.

Author Contributions: X.C. conceived and designed the experiments and wrote the paper; X.X. analyzed the
data; L.W. checked the paper and provided important suggestions for the paper.

Funding: This research was funded by a key project of the National Natural Science Foundations of China (Grant
No. 71633002) and Jiangsu Province Social Science Foundation (Grant No. 15JD003).

Acknowledgments: We thank all the field workers who supported data collection and subjects who participated
in this study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yang, Q.; Zhang, H.; Guo, Y.; Tian, T. Influence of Chicken Manure Fertilization on Antibiotic-Resistant
Bacteria in Soil and the Endophytic Bacteria of Pakchoi. Int. J. Environ. Res. Public Health 2016, 13, 662.
[CrossRef] [PubMed]

2. Van Boeckel, T.P.; Brower, C.; Gilbert, M.; Grenfell, B.T.; Levin, S.A.; Robinson, T.P.; Teillant, A.; Laxminarayan, R.
Global trends in antimicrobial use in food animals. Proc. Natl. Acad. Sci. USA 2015, 112, 5649–5654. [CrossRef]
[PubMed]

3. Center for Veterinary Medicine. CVM Updates—FDA Annual Summary Report on Antimicrobials Sold
or Distributed in 2015 for Use in Food-Producing Animals. Available online: https://www.fda.gov/
AnimalVeterinary/NewsEvents/CVMUpdates/ucm534244.htm (accessed on 30 May 2018).

4. Sarmah, A.K.; Meyer, M.T.; Boxall, A.B.A. A global perspective on the use, sales, exposure pathways,
occurrence, fate and effects of veterinary antibiotics (VAs) in the environment. Chemosphere 2006, 65, 725–759.
[CrossRef] [PubMed]

5. Ghosh, S.; LaPara, T.M. The Effects of Subtherapeutic Antibiotic Use in Farm Animals on the Proliferation
and Persistence of Antibiotic Resistance among Soil Bacteria. ISME J. 2007, 1, 191–203. [CrossRef] [PubMed]

6. Capita, R.; Alonso-Calleja, C. Antibiotic-Resistant Bacteria: A Challenge for the Food Industry. Crit. Rev.
Food Sci. 2013, 53, 11–48. [CrossRef] [PubMed]

7. Kummerer, K. Drugs in the Environment: Emission of Drugs Diagnostic Aids and Disinfectants into
Wastewater by Hospitals in Relation to Other Sources—A Review. Chemosphere 2001, 45, 957–969. [CrossRef]

8. Pan, M.; Wong, C.K.C.; Chu, L.M. Distribution of antibiotics in wastewater-irrigated soils and their accumulation
in vegetable crops in the Pearl River Delta southern China. J. Agric. Food Chem. 2014, 62, 11062–11069. [CrossRef]
[PubMed]

9. Fahrion, A.S.; Jamir, L.; Richa, K.; Begum, S.; Rutsa, V.; Ao, S.; Padmakumar, V.P.; Deka, R.P.; Grace, D.
Food-Safety Hazards in the Pork Chain in Nagaland, North East India: Implications for Human Health.
Int. J. Environ. Res. Public Health 2014, 11, 403–417. [CrossRef] [PubMed]

10. Neu, H.C. The crisis in antibiotic resistance. Science 1992, 257, 1064–1073. [CrossRef] [PubMed]
11. Ying, G.; He, L.; Ying, A.; Zhang, Q.; Liu, Y.; Zhao, J. China Must Reduce Its Antibiotic Use. Environ. Sci. Technol.

2017, 51, 1072–1073. [CrossRef] [PubMed]
12. Wilson, C. Battling resistance to antibiotics and pesticides: An economic approach. Ecol. Econ. 2004, 50,

159–160. [CrossRef]
13. Hvistendahl, M. China takes aim at rampant antibiotic resistance. Science 2012, 336, 795. [CrossRef] [PubMed]
14. Chen, X.; Wu, L.; Xie, X.; Zhu, D.; Wang, J.; Zhang, X. Influence of pig farmer characteristics on improper use

of veterinary drugs. Trop. Anim. Health Prod. 2016, 48, 1395–1400. [CrossRef] [PubMed]

http://dx.doi.org/10.3390/ijerph13070662
http://www.ncbi.nlm.nih.gov/pubmed/27376311
http://dx.doi.org/10.1073/pnas.1503141112
http://www.ncbi.nlm.nih.gov/pubmed/25792457
https://www.fda.gov/AnimalVeterinary/NewsEvents/CVMUpdates/ucm534244.htm
https://www.fda.gov/AnimalVeterinary/NewsEvents/CVMUpdates/ucm534244.htm
http://dx.doi.org/10.1016/j.chemosphere.2006.03.026
http://www.ncbi.nlm.nih.gov/pubmed/16677683
http://dx.doi.org/10.1038/ismej.2007.31
http://www.ncbi.nlm.nih.gov/pubmed/18043630
http://dx.doi.org/10.1080/10408398.2010.519837
http://www.ncbi.nlm.nih.gov/pubmed/23035919
http://dx.doi.org/10.1016/S0045-6535(01)00144-8
http://dx.doi.org/10.1021/jf503850v
http://www.ncbi.nlm.nih.gov/pubmed/25356527
http://dx.doi.org/10.3390/ijerph110100403
http://www.ncbi.nlm.nih.gov/pubmed/24368430
http://dx.doi.org/10.1126/science.257.5073.1064
http://www.ncbi.nlm.nih.gov/pubmed/1509257
http://dx.doi.org/10.1021/acs.est.6b06424
http://www.ncbi.nlm.nih.gov/pubmed/28094517
http://dx.doi.org/10.1016/j.ecolecon.2004.03.005
http://dx.doi.org/10.1126/science.336.6083.795
http://www.ncbi.nlm.nih.gov/pubmed/22605727
http://dx.doi.org/10.1007/s11250-016-1104-8
http://www.ncbi.nlm.nih.gov/pubmed/27324246


Int. J. Environ. Res. Public Health 2018, 15, 1126 13 of 13

15. Zhang, Q.Q.; Ying, G.G.; Pan, C.G.; Liu, Y.S.; Zhao, J.L. Comprehensive evaluation of antibiotics emission
andfate in the river basins of China: Source analysis, multimedia modeling, and linkage to bacterial resistance.
Environ. Sci. Technol. 2015, 49, 6772–6782. [CrossRef] [PubMed]

16. Gao, L.; Tan, Y.; Zhang, X.; Hu, J.; Miao, Z.; Wei, L.; Chai, T. Emissions of Escherichia coli Carrying
Extended-Spectrum β-Lactamase Resistance from Pig Farms to the Surrounding Environment. Int. J. Environ.
Res. Public Health 2015, 12, 4203–4213. [CrossRef] [PubMed]

17. Lee, C.-R.; Cho, I.H.; Jeong, B.C.; Lee, S.H. Strategies to Minimize Antibiotic Resistance. Int. J. Environ. Res.
Public Health 2013, 10, 4274–4305. [CrossRef] [PubMed]

18. Walder, P.; Kantelhardt, K. The Environmental Behaviour of Farmers—Capturing the Diversity of
Perspectives with a Q Methodological Approach. Ecol. Econ. 2018, 143, 55–63. [CrossRef]

19. Visschers, V.H.M.; Iten, D.M.; Riklin, A.; Hartmann, S.; Sidler, X.; Siegrist, M. Swiss pig farmers’ perception
and usage of antibiotics during the fattening period. Livest. Sci. 2014, 162, 223–232. [CrossRef]

20. Huang, J.H. Survey of the Status of Veterinary Use in Pig Farming. Heilongjiang Anim. Sci. Vet. Med. 2010,
9, 117–119.

21. Kuipers, A.; Koops, W.J.; Wemmenhove, H. Antibiotic use in dairy herds in the Netherlands from 2005 to
2012. J. Dairy Sci. 2016, 99, 1632–1648. [CrossRef] [PubMed]

22. Wu, L.; Xu, G.; Li, Q.; Hou, B.; Hu, W.; Wang, J. Investigation of the disposal of dead pigs by pig farmersin
mainland China by simulation experiment. Environ. Sci. Pollut. Res. 2017, 24, 1469–1483. [CrossRef]
[PubMed]

23. Sun, S.; Jiao, Y.; Liu, C. The Mathematical Model of Behavior Probability. Syst. Eng. Theory Pract. 2007, 27,
79–86. [CrossRef]

24. Zhou, R.; Yu, D.; Tu, G. System Model and Simulation for Diffusion of Agricultural Technology based on
Farmer Knowledge Behavior. J. Syst. Manag. 2017, 26, 701–712.

25. Chen, Y.; Fang, R. An Empirical Analysis of Influence Factors of Farmers’ Behavior of Admindtering Fishery
Drugs. Chin. Rural Econ. 2011, 8, 72–80.

26. Wu, X.; Mao, Y.; Zhan, S.; Yu, X.; Zhang, Y. Behavior of Pig Farmers to Use Veterinary Drugs and Antibiotic
Analysis Based on Questionnaire Investigation into 964 Pig Farmers. Chin. J. Anim. Sci. 2013, 49, 19–23.

27. Pham, D.K.; Chu, J.; Do, N.T.; Brose, F.; Degand, G.; Delahaut, P.; De Pauw, E.; Douny, C.; Van Nguyen, K.;
Vu, T.D.; et al. Monitoring antibiotic use and residue in freshwater aquaculture for domestic use in Vietnam.
EcoHealth 2015, 12, 480–489. [CrossRef] [PubMed]

28. Poizat, A.; Bonnet-Beaugrand, F.; Rault, A.; Fourichon, C.; Bareille, N. Antibiotic use by farmers to control
mastitis as influenced by health advice and dairy farming systems. Prev. Vet. Med. 2017, 146, 61–72. [CrossRef]
[PubMed]

29. Chen, B.; Zheng, Q. Study on Influence Factors on Intention of Pollution-Free Products Supply and Empirical
Research. World Agric. 2010, 2, 21–25.

30. Garforth, C.J.; Bailey, A.P.; Tranter, R.B. Farmers’attitudes to diseaserisk management in England:
A comparative analysis of sheep andpig farmers. Prev. Vet. Med. 2013, 110, 456–466. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/acs.est.5b00729
http://www.ncbi.nlm.nih.gov/pubmed/25961663
http://dx.doi.org/10.3390/ijerph120404203
http://www.ncbi.nlm.nih.gov/pubmed/25893997
http://dx.doi.org/10.3390/ijerph10094274
http://www.ncbi.nlm.nih.gov/pubmed/24036486
http://dx.doi.org/10.1016/j.ecolecon.2017.06.018
http://dx.doi.org/10.1016/j.livsci.2014.02.002
http://dx.doi.org/10.3168/jds.2014-8428
http://www.ncbi.nlm.nih.gov/pubmed/26709178
http://dx.doi.org/10.1007/s11356-016-7884-6
http://www.ncbi.nlm.nih.gov/pubmed/27783253
http://dx.doi.org/10.1016/S1874-8651(08)60068-X
http://dx.doi.org/10.1007/s10393-014-1006-z
http://www.ncbi.nlm.nih.gov/pubmed/25561382
http://dx.doi.org/10.1016/j.prevetmed.2017.07.016
http://www.ncbi.nlm.nih.gov/pubmed/28992929
http://dx.doi.org/10.1016/j.prevetmed.2013.02.018
http://www.ncbi.nlm.nih.gov/pubmed/23490144
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Sample Site 
	Study Design 
	Instruments 

	Model Approach and Simulation Scenarios 
	Model Construction for Farmers’ Behavior Choice 
	Basic Model Assumptions 
	Farmers’ Knowledge 
	Farmers’ Expected Returns 
	Behavior Probability Model 

	Simulation Experiment Description 

	Results and Discussion 
	Sample Characteristics 
	Behaviors and Knowledge of Farmers Regarding Veterinary Antibiotics (VAs) Use 
	Simulation Experiment Results 
	Influence of Knowledge about VA Use Specification on Farmer’s Behavioral Choices 
	Influence of Knowledge about the Hazards of VA Residues on Farmer’s Behavioral Choices 
	Influence of Knowledge about the Relevant Laws and Their Penalties on Farmer’s Behavioral Choices 

	Influence of Government Regulation on Farmer’s Behavioral Choices 

	Conclusions and Policy Implications 
	References

