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Abstract: This 5-year study addresses how improved quality of agricultural extension may lead
to more sustainable pest management. We studied 112 agricultural extension workers trained as
plant doctors under the Plantwise program in China. They run 70 plant clinics in Beijing, Guangxi,
and Sichuan provinces. We analysed 47,156 recommendations issued by these plant doctors to
13,051 different growers between 2012 and 2017, and this for 250 different plant health problems
on 91 crops. We also interviewed growers who had taken queries to plant clinics. On average,
86% of plant doctors provided comprehensive integrated pest management recommendations to
the growers, with a 16% improvement in comprehensiveness over years. This most often included
advice of synthetic pesticides (66%) with its frequency not much changing with time. In contrast, as a
likely result of Plantwise interventions and China’s pesticide reduction policies, recommendations
for biological control increased from 2% to 42%, pest monitoring by 8%, and cultural control by
11%. Recommendations of problematic plant protection agents as listed in the Montreal Protocol,
Stockholm or Rotterdam convention, or as highly toxic under WHO’s toxicity classification were
already rare in 2013 (1.9%) and nearly phased out by 2017 (0.2%). About 92% of growers implemented
the advice, suggesting that agricultural extension services may contribute to changes in agricultural
practices at scale. Further investment in such agricultural extension services may be warranted
instead of phasing them out.

Keywords: plantwise; impact; rational pesticide use; extension services; biological control; plant clinic

1. Introduction

The overuse of pesticides for crop protection is a common problem across many farming systems
and regions [1–3]. Particularly in regions where pesticides are comparatively affordable, growers may
apply pesticides preventively and/or according to schedule regardless of the pest situation. In many
cases, growers may not apply regular pest monitoring to aid decision making for or against the use
of pesticides. This might be due to (i) the wish to save labor costs for monitoring or (ii) a lack of
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knowledge in pest diagnosis and monitoring (e.g., [4]). The latter may be largely due to growers’ lack
of information and/or lack of agricultural training [2,5].

Agricultural extension services are aimed at improving agricultural production, but also at
mitigating risks of pesticide overuse or misuse [6,7]. In some regions, such as in East Africa and some
South and East Asian countries, networks of well-structured governmental extension services exist
with offices and staff at district or even village level [8]. In some countries, the Plantwise program uses
plant clinics run by those frontline agricultural extension workers (trained as plant doctors) with the
aim to reach more growers than the office- or field visit-based extension methods [9] or Farmer Field
Schools [10]. Large networks of governmental extension services or plant doctors are also well-placed
to raise awareness and aid implementation of new agricultural policies and legislation, such as updated
lists of registered pesticides, banned pesticide lists, or agricultural subsidy programs.

In plant clinics, the diagnosis and advice are provided to the grower in the form of a written
prescription [3], as known from the human health system. The prescription helps the grower to manage
his/her crop and, where agri-inputs are required, to increase the likelihood of obtaining the correct
products. The data collected through the prescription form are held in a database [11]. This provides
a unique chance to analyse agricultural extension services and to inform decision making by plant
health stakeholders, such as for pest surveillance, for addressing plant health problem changes over
time such as under climate change, for identifying training needs, or (as presented here) for analysing
the quality of recommendations, for example in view of better implementing agricultural policies on
pesticide reduction [12].

China has recently released a number of agricultural policies aimed at reducing pesticide and
fertilizer usage and aimed at reducing incidences of food scandals due to pesticide contamination.
One such policy is China’s “Green Pest Control” Policy [13,14]. It promotes nonchemical pest control
as well as a preference for least toxic/least residual pesticides [14]. All those are called “Green Pest
Control” products in Chinese and equal products compatible with Integrated Pest Management (IPM)
as per definitions of IOBC [15] and Plantwise [16]. These policies have led to a number of subsidy
programs in support of biological control and least toxic/least residual plant protection products.
China is also running plant clinic networks of Plantwise since 2012, largely linked to the governmental
extension services and partly to private services. Zhang et al. compared both types of services and
showed that they both provide high quality services to growers, with a slightly higher risk for more
pesticide advice by private sector services.

Our question was whether agricultural extension services can pick up novel policies and proposed
technologies and whether they can advise growers accordingly. We therefore analysed prescription data
from plant clinics in Beijing, Sichuan, and Guangxi provinces between 2013 to 2017. The main hypothesis
was that pest management advice to growers may change over time with changing agricultural policies
and with skill improvements of the plant doctors. We particularly focused on potential improvements
towards more sustainable pest management advice, and on phasing out of red list active ingredients as
defined by the World Health Organization, Stockholm Convention, Montreal Protocol or Rotterdam
Convention [16]. We also conducted a grower survey to assess whether such agricultural advice is
indeed implemented by the growers and may therefore facilitate the implementation of agri-policies for
reducing problematic pesticides or increasing the use of nonchemical plant protection. Findings may
help to clarify weaknesses and strengths in agricultural extension and may suggest whether it is wise
for countries to further invest in large networks of agricultural extension services.

2. Materials and Methods

2.1. Agricultural Extension Worker Survey

To assess changes in quality of advisory services over time, we analysed written agricultural
advice provided in form of prescriptions to growers in the Beijing, Guangxi, and Sichuan provinces
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of China between 2013 and 2017. These results were then compared with growers’ views and their
agricultural farming practices (see next section).

The analysis of written recommendations covered 112 agricultural extension workers (= study
population) who had been trained as plant doctors on diagnosis and management of plant health
problems as part of the Plantwise program [3,10]. These plant doctors provided free diagnosis and
advice to growers. In China, plant doctors consist of government employed agricultural extension
workers under county/district level Plant Protection Stations or under township level agri-service
centers, of cooperatives‘ extension workers, and of private service providers [3].

Plant clinics have been established through a gradual roll-out in 9 catchment areas around Beijing
municipality (9 districts: Daxing, Miyun, Pinggu, Tongzhou, Changping, Huairou, Shunyi, Yanqing,
and Fangshan) since 2012, in one catchment area in Guangxi province (Xing’an county of Guilin district)
since 2012, and in three areas in Sichuan province (Pengshan, Qingsheng, and Pujiang counties) since
2013 (Table 1). Therefore, the survey followed an unaligned, clustered sample design [17] with the
clinic districts as clusters.

The survey was implemented through analysing data from the prescription forms that plant
doctors had issued on single plant health problems brought by growers to the plant clinics (see form
example in [3]). Prescription forms contain information about the plant clinic location as well as
the advising plant doctor, the advised grower, symptoms and diagnosis of the plant health problem,
and advice details [10]. Altogether there are 88 tick boxes and 17 descriptive areas on the forms. A copy
of the form is provided to the grower so that he/she can double check the diagnosis in his/her field,
further monitor the problem, and then decide whether and how to implement the recommended
measures including potentially visiting an agri-input shop with the prescription form. A copy of the
form is kept electronically at the plant clinic. Between 2013 and 2017, 47,904 prescription forms had
been issued to growers and 47,156 were suitable for analyses (sample sizes in Table 1). For validation
of diagnosis and advice see below.

2.2. Grower Survey

To better understand uptake and impact of advice that agricultural extension workers have
provided to the growers, a grower survey was conducted in 2016. Grower information also helped to
weight findings from the analyses of the written advice on prescription forms as described above.

The survey was based on structured interviews of growers following a stratified sampling plan
across five of the 9 plant clinic catchment areas around Beijing (Yanqing 66 growers, Changping 6,
Shunyi 80, Pinggu 64, Fangshan 47) (see further details in [14]). A study population of 263 growers,
each representing different farm households, was successfully interviewed. The sampling distribution
reflects the distribution of the approximately 9000 growers (= target or statistical population) attending
clinics in the Beijing area each year (see prescription form data in Table 1). The interviewed growers
had been served by a total of 16 plant doctors, which represent the 54 plant doctors that had been active
in 2016. The survey was implemented in November 2016 by two lead investigators and 10 enumerators,
supported by two staff from the Beijing Plant Protection Station. All enumerators had been trained on
conducting interviews including role plays as well as on proper data entry. A pilot survey on a small
grower group was conducted to test the interviewing process. The interview structure and questions
were subsequently adapted where needed.

The final questionnaire contained 51 questions. There were 28 questions with regard to experiences
of the grower since the last plant clinic visit. These included information on plant health problem
diagnosis and pest management advice obtained from the plant doctor, as well as on the uptake
by the grower. An additional 8 questions addressed agricultural production on the farm, including
implementation and impact of pest management practices due to advice from plant doctors. Finally,
15 questions were used to gather data on grower characteristics. Each grower interview lasted about
45 min and data were entered the same day. Data quality was assured as per [14].
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Table 1. Outreach of advisory services of plant clinics as part of the Plantwise program in China. Different growers reached, i.e., multiple visits by a grower to a clinic
excluded. Queries = prescription forms issued by plant doctors on diagnosis and management of a plant health problem. Crop area reached = area of the problem crop
consulted in the plant clinic and not the total farm area. Data nested per plant clinic and year.

Plant Clinics * Different Growers Grower Queries Crop Area Reached (ha) **

Beijing Guangxi Sichuan Total /Clinic Total Cumulative
over Years /Clinic Total Cumulative

over Years /Clinic Total Cumulative
overs Years

2012 2 3 - 5 128 658 658 146 748 748 2.8 14 14
2013 7 4 5 16 94 1371 2029 142 2329 3077 4.0 64 78
2014 23 4 6 33 119 3272 5301 204 8152 11,229 14.2 469 547
2015 24 4 6 34 107 3834 9135 217 12,276 23,505 27.3 929 1476
2016 28 4 5 37 117 3307 12,442 232 13,400 36,905 21.2 786 2262
2017 46 4 3 53 98 1267 13,709 161 10,999 47,904 8.3 414 2676

Cumulative 46 4 6 53 13,709 47,904 *** 2676
Mean ± SD 107 ± 11 2285 ± 1337 191 ± 38 7984 ± 5314 15 ± 9.5 446 ± 370

* active clinics only, i.e., at least 10 prescription forms per year ** 1 ha = 15 mu, which is a common east Asian area unit *** 47,156 analysed.
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2.3. Assessment of Outreach of Plant Clinics

We counted the number of prescription forms on diagnosis and management of a plant health
problem issued to growers per clinic session (Table 1); the number of sessions per year reflecting
regularity; and the number of queries and different growers per plant doctor, as well as the type of
consulted crops and plant health problems.

2.4. Assessment of Quality of Diagnosis

The diagnoses written on the prescription forms were first validated for correctness by a quality
monitoring team of national and local plant protection experts and senior agricultural extension
officers [3,8]. These experts compared the written diagnosis with (a) the described symptoms
(descriptive part of the prescription form), (b) the chosen symptom tick boxes (24 symptoms possible),
and (c) the causation group tick boxes. A diagnosis was accepted as correct if (a), (b), and (c) were
fitting together and were plausible (i.e., problem known from the region and focal crop), as well as
when all key symptoms had been mentioned. Otherwise the diagnosis was rejected.

Views of growers were assessed in interviews through questions on the accuracy of diagnostics
provided by the plant doctors.

2.5. Assessment of Quality of Pest Management Advice

The written advice provided on the prescription forms was validated and agreed on by the
same quality monitoring team mentioned above. Advice categories were monitoring and decision
making, cultural control, biological control, crop resistance/tolerance, synthetic fungicides, insecticides,
acaricides, nematicides, or herbicide. First, the validity of the advice was assessed based on efficacy,
safety, and practicability in relation to the plant health problem diagnosed. The quality of advice was
then further characterized based on its comprehensiveness or, in other words, the extent to which all
relevant IPM approaches have been included in the advice [15]. This means preventive management
measures, pest monitoring and decision information, and both nonchemical and least toxic chemical
options for direct control. For pesticide recommendations, plant doctors may have also provided
additional details on restrictions for use. Finally, the number of words in the written advice were
counted as a parameter for detail.

Views of growers were assessed on recommendation validity and comprehensiveness with regard
to IPM measures as well as to aspects of economics, practicability, and effectiveness. The growers also
provided feedback on the extent of supporting information obtained, such as how to apply pesticides,
dosages, preharvest intervals, and personal protection equipment.

2.6. Assessment of Reduction of Pesticide Risks

The written advice on the prescription forms was analysed for the frequency of pesticides advised
by plant doctors over time. Luckily, China pesticide regulation demands the active ingredient name
being part of a product trade name. This largely facilitates such data analyses. The analyses also
included an assessment of the proportion of pesticides that contain active ingredients considered
to be non-IPM compatible. In our study, these consist of red list active ingredients as well as
antibiotics. Briefly, red list pesticides [16] include (a) highly acute hazardous ingredients classified as
1a, 1b according to the World Health Organization [18] (38 class 1a, 74 class 1b pesticides); (b) pesticides
banned internationally as organic persistent pollutants according to the Stockholm Convention [19]
(16 pesticides); (c) pesticides banned internationally as ozone layer destructive chemicals according to
the Montreal Protocol [20] (1 pesticide), and (d) pesticides banned according to the prior informed
consent in the Rotterdam convention [21] (39 pesticides). Finally, the considered agents must be
nationally registered for the considered crop [22]. In other words, valid advice must comply with the
Plantwise Pesticide Policy and its ‘red list’ of plant protection agents [16]. Special cases are antibiotics
that are commonly not advised in plant protection, and surely not in IPM due to possible developments
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of microbial resistance and therefore human health risks. In China, however, some antibiotics are
regarded as biopesticides and even encouraged for use [13].

2.7. Assessment of Uptake and Impact of Advice

Growers were asked to describe their level of trust in the advice from plant doctors. They were
further asked which proportion of the provided advice they had implemented (fully, partly, or not at
all). This information was assessed for each of the following components of advice: (1) preventive
measures, (2) pest monitoring and decision making, (3) cultural control, (4) physical/mechanical
control, (5) biological control (macrobials, microbials, safe botanicals, and some organic biofertilizers
with pesticidal effects), and (6) synthetic pesticides. This allowed comparisons between the written
prescriptions (A) and the implemented advice (B and C). Growers were asked how much the
implemented advice helped in managing the plant health problem, as well as how much of the potential
yield loss was prevented. Risks of potential confirmation bias were reduced as no plant doctors were
present during the interviews, growers were not paid for the interview, growers were not asked for
and not linked to a certain plant clinic, and personal data were kept blind.

2.8. Data Analyses

The owners of the local data sets are the local agricultural extension service organizations
(the Beijing, Guangxi, and Sichuan Plant Protection Stations). Personal information of plant doctors
and growers was anonymized [23].

Prescription form data were only used from plant doctors and plant clinics that had been active,
this is, having issued at least 10 prescription forms to growers or having held at least 5 plant clinic
sessions each year. In total, 47,156 prescription forms were harmonized with regard to spelling of
names of crops, pest, plant protection products, and so forth [11] and then validated (sample sizes
in Table 1). Most data of form variables [see form example in 3] were averaged per plant doctor and
their clinic as well as per session date to obtain person- and day-independent data (= plant doctor and
session nested data).

From the 268 attempted interviews with growers who had visited plant clinics, 263 were
considered valid and used to analyse their answers given to the qualitative and quantitative questions.
Invalid responses included growers that had provided inconsistent or nonsense answers.

Data, regardless of whether from prescription forms or grower interviews, were analysed for
normal distribution using histograms, Q–Q plots, and the one-sample Kolmogorov Smirnoff test [24].
The influence of the independent explanatory factors, such as “year” or “province”, were tested on each
of the dependent variables described above: outreach, diagnosis quality, advice quality, and uptake
of advice. In cases of normally distributed data, lack of many extreme values, and independence
of variables, general linear models (GLM) were applied. Multiple comparison tests, such as for
comparing different IPM measures, were implemented using the Tukey test in cases of equal variances,
or the Games Howell test in cases of unequal variances [24]. In cases of nominal or ordinal data,
chi-square tests and likelihood ratios were used. Multiple comparison tests are not available for such
data; therefore, p-values obtained from single comparisons with the chi-square likelihood ratios were
corrected for false discovery rates using the Benjamini and Hochberg method [25].

3. Results

3.1. Outreach of Plant Clinics

Between 2012 and 2017, 70 plant clinics were established by 112 trained plant doctors in 13
catchment areas of local districts in three provinces of China (Table 1). An average plant clinic held
around 36 ± 8 SD sessions for growers per year.

Prescription form data revealed that plant doctors issued prescriptions on plant health
problem diagnosis and management for 47,156 queries brought by growers between 2013 and
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2017 (9436 ± 4429/year). Each plant doctor issued, on average, 140 ± 35 prescriptions to growers each
year (191 ± 38/clinic/year).

Outreach to growers improved over time mainly through an increase in plant clinic numbers and
less through improving outreach per clinic (Table 1). Briefly, plant doctors reached 13,051 different
growers between 2013 and 2017 (3909 ± 1505/year, 31% female growers). About 23 ± 7% of growers
regularly visited a plant clinic, 17 ± 1% of growers twice and 59 ± 8% of growers only once per year.
Each plant doctor reached around 77 ± 23 different growers every year, which relates to 107 ± 11
growers per plant clinic per year. Both values remained comparable over years with a slight peak
in 2014.

Thus, the average field size per grower query of the considered problem crop was around
0.053 ± 0.45 ha. This equals 8.8 ± 77 mu, which is a common East Asian area unit. Each plant clinic
advised on 15 ± 9 ha of problem crops per year (225 ± 135 mu).

3.2. Quality of Diagnosis

Prescription form data revealed that 91 different crops were brought by growers to the plant
clinics at least 10 times between 2013 and 2017, plus an additional 62 crops that were brought in fewer
cases (Table 2).

Plant doctors diagnosed around 250 different plant health problems at least 10 times between
2013 and 2017, but there were 516 unique plant health problems in total (Table 2).

In most cases, plant doctors provided a plausible diagnosis of a plant health problem consistent
with the symptoms. About 97.9 ± 8 SD% of written diagnosis made by plant doctors between 2013
and 2017 were accepted as “correct” by quality monitoring teams (Table 3). Diagnosis quality did not
change over years, but minor differences were found between provinces (99.7 ± 8% in Beijing and
99.4 ± 11% in Guangxi, versus 91.8 ± 7% in Sichuan).

Grower interview data confirmed results from the prescription form analyses, judging the
diagnosis of plant doctors (written and oral) as mostly valid (97 ± 16% accepted overall, 2016).
More specifically, growers judged the plant doctor diagnosis to be 64.1% very accurate, 33.2% fairly
accurate, 2.3% acceptable, and 0.4% inaccurate.

3.3. Quality of Pest Management Advice

Written advice on the prescription forms for growers appeared of high quality. That is, 96.8 ± 7%
SD of recommendations between 2013 and 2017 were accepted as “valid” by quality monitoring teams
(Table 3). Advice quality slightly improved by 0.4% over the years but did not differ between provinces.

Overall, 85.5 ± 20% of plant doctors provided comprehensive pest management recommendations
to growers with regard to including all major IPM practices, from preventive measures via
pest monitoring and decision making to non-chemical or chemical direct control (Table 3).
Comprehensiveness of recommendations improved by 16% over years comparably across provinces.

Synthetic pesticides were the most frequently recommended options (66 ± 33%), followed by
cultural controls (38 ± 36%), pest monitoring and decision making (23 ± 31%), and biological control
(23 ± 25%) (Figure 1). The level of recommending pesticides remained high between 2013 and 2017
(more details on pesticide risks below). In contrast, the recommendation of biological control solutions
increased in this period from 1.6 ± 1.9% of all recommendations in 2013 to 42 ± 32% in 2017 (40%
percent point difference). Recommendations for pest monitoring and decisions also increased over the
years (+8%) as did the recommendations on cultural control (+11%).
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Table 2. Top ten crops and plant health problems brought by growers to agricultural extension workers (plant doctors) in plant clinics in Beijing, Guangxi, and Sichuan
provinces in China between 2013 and 2017. Data extracted from prescription forms (#) issued by plant doctors to the growers. Data nested per plant clinic and year.

Beijing Guangxi Sichuan

Crops # % Pests # % Crops # % Pests # % Crops # % Pests # %

Strawberry 6067 14 Downy mildews 5383 13 Grape 1519 46 Downy mildews 308 9 Citrus 639 30 Mites 338 16
Tomato 5886 14 Powdery mildews 5128 12 Rice 369 11 Anthracnose 192 6 Rice 401 19 Aphids 155 7

Cucumber 5097 12 Aphids 2697 6 Citrus 346 10 Powdery mildews 171 5 Rape 150 7 Anthracnose 127 6
Chinese cabbage 2703 6 Botrytis grey mold 2557 6 Maize 231 7 Botrytis grey mold 139 4 Mandarine 146 7 Sheath blights 82 4
Romaine lettuce 2625 6 Pieris spp. 2523 6 Chili 190 6 Brown spot disease 1 106 3 Soybean 82 4 Weeds 82 4

Eggplant 2193 5 Mites 2132 5 Mandarine 70 2 Mites 88 3 Maize 81 4 Stem borers 59 3
Chili 1686 4 Viruses 1998 5 Strawberry 70 2 Rusts 79 2 Grape 75 4 Rice blast 54 3

Watermelon 1362 3 Thrips 1385 3 Baby pakchoi 56 2 Alternaria grape bunch rot 60 2 Kiwifruit 100 5 Downy mildew 44 2
Celery 1154 3 Whitefly 1293 3 Cucumber 50 2 Grape black rot (die back) 56 2 Wheat 42 2 Thrips 42 2
Pepper 1071 3 Anthracnose 1115 3 Pear 45 1 Rice blast 52 2 Chili 39 2 Viruses 37 2
Others 17,958 42 Others 22,134 52 Others 593 18 Others 2321 70 Others 625 29 Others 1290 60

1 Pseudocercospora and Cercospora brown spot diseases.

Table 3. Temporal changes in quality of diagnosis and in recommendations for pest management made by agricultural extension workers (plant doctors) in plant
clinics in Beijing, Guangxi, and Sichuan in China. Bold indicates differences between years or provinces according to GLM at p < 0.05; n = 34,320 to 47,268 queries; data
nested per plant clinic and year; averages ± SD shown.

Extension Service Quality Mean 2013 2014 2015 2016 2017 2013–2017
Years (df 4; 106) Provinces (df 2; 106)

F P F P

Diagnosis correctness * (%) 98 ± 8 - 99 ± 1 98 ± 5 99 ± 3 97 ±11 - 0.4 0.8 30 0.0008
Recommendation validity (%) 97 ± 7 - 99 ± 1 99.7 ± 1 91 ± 10 99.7 ±1 +0.4% 22 <0.001 0.7 0.49

Recommendation comprehensiveness with
regard to IPM (%) 86 ± 20 - 70 ± 23 78 ± 30 90 ± 10 88 ±16 +16% 3.8 0.013 1.4 0.25

Recommendation details (Word counts) 69 ± 47 37 ± 25 59 ± 7 61 ± 32 82 ± 38 93 ±43 +69% 4.9 0.001 0.4 0.67
Recommendation of red list products ** (%) 0.9 ± 2.2 1.9 ± 2.5 0.9 ± 1.5 0.9 ± 3.4 0.9 ± 2 0.2 ± 0.7 - 1.3 0.26 4.8 0.011

Recommendation of antibiotics (%) 3.1 ± 4.7 2.9 ± 3.3 3.4 ± 4.7 2.1 ± 2.9 3.5 ± 5.3 3.6 ± 6.1 - 0.4 0.8 0.17 0.84

* correctness = plausible diagnosis of the plant health problems consistent with symptoms ** Red list products as per Stockholm Convention, Rotterdam Convention, Montreal Protocol,
WHO toxicity class 1a and 1b, [16].
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Figure 1. Temporal changes of recommendations by agricultural extension workers (plant doctors)
to growers on managing plant health problems in Beijing, Sichuan, and Guangxi provinces of China.
Tick box data on prescription forms analysed. Data nested per plant doctor and clinic session. Only plant
doctors considered that issued more than 10 forms per year; averages and standard errors of mean
shown. * indicates a significant effect of years using unifactorial GLM at p < 0.05.

Plant doctors provided on average 69± 47 words long written recommendations onto a prescription
form to a grower, which can be a measure of the level of details provided (Table 3). Recommendation
details increased by 69% from 2013 to 2017, whilst no differences were found between provinces.

In detail, insects and mites were advised to be managed primarily through synthetic insecticides or
acaricides, secondly through cultural control (largely for crop rotation, field sanitation, tillage practices),
and less through biological control (Figure 2). Advice with regard to integrated pest management
approaches improved over years, i.e., advice for pest monitoring increased by 19%, for cultural control
by 23%, and biological control by 53%. As this included an increasing use of predatory mite products,
the advice and need for synthetic acaricides decreased by 12%. The advice of synthetic insecticides
remained high over the years averaging 58 ± 49%.

Fungi and water molds were advised to be managed primarily through synthetic fungicides
(68 ± 47%), followed by cultural control and biological control (Figure 2). Advice improved over
years, i.e., advice for disease monitoring increased by 24%, for cultural control by 16% with a slight
drop towards 2017, and biological control by 36%. The latter was largely due to an increasing use of
fungicidal beneficial fungi and biofertilizers with fungicidal properties. Consequently, the advice of
synthetic fungicides decreased by 15%, although generally remaining at a relatively high level.

Bacteria were advised to be managed primarily through synthetic fungicides (67 ± 47%,
mainly copper products) followed by cultural control and by biological control including few
antibiotic- or botanical-based biopesticides regulated as biological control measure in China (Figure 2).
Advice improved over years, i.e., advice for disease monitoring increased by 10%, for cultural control
by 13%, and for biological control by 33%. Consequently, the advice of synthetic fungicides against
bacteria decreased by 26%.

Viruses were advised to be managed through cultural control and biological control, this is
plant-inducer biopesticides such as oligosaccharide chain proteins and amino-oligosaccharides
(Figure 2). Despite some misuse of fungicides and antibiotics, advice with regard to integrated
management of viruses improved over years. Disease monitoring increased by 19%, and biological
control by 53%. Insecticides were relatively little advised for vector control.

Nutrient problems were advised to be managed through cultural control (crop rotation,
intercropping, residue and mulch management) as well as through biological measures (yield enhancers)
or fungicides and insecticides with biofertilizer properties (Figure 2). Advice to conduct monitoring
for nutritional problems increased by 18% between 2013 and 2016 but dropped in 2017.

Interview data revealed that growers judged the pest management recommendations of
plant doctors (written + oral) to be of high quality, confirming the validation results of written
recommendations (see above). Briefly, growers judged 88 ± 3% of recommendations as “valid” in 2016.
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They judged 95% of plant doctors’ advice as economical, 96% as practical, 98% as effective, and 96% as
clear (74%, very clear, 22% clear, 2.3% acceptable, 1.2% unclear).

Growers claimed to have received plant protection advice (written and oral) primarily on
preventive measures as well as on synthetic pesticides (86 ± 3%, and 87 ± 13%), secondarily on pest
and disease monitoring and decision making, or cultural control (60 ± 10%; 52 ± 6%), and least on
physical/mechanical or biological control (17 ± 2%; 10 ± 7%) (Figure 3B). This is largely comparable
to the patterns found when analysing prescription form data, except that proportions are generally
higher, likely because oral advice added to written prescriptions (Figure 3A versus Figure 3B).

Plant doctors usually provided further details on the advised plant protection measures
(written + oral), such as on how to implement a measure (in 92 ± 27% of cases), and/or on dosages
(95 ± 22%), personal protective equipment (80 ± 40%), or preharvest intervals (87 ± 34%).

Overall, growers trusted the advice of plant doctors, that is, 83% as very reliable, 14% as reliable,
2% as acceptable, and 1% as not reliable.
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Figure 2. Trends in recommendations provided by agricultural extension workers (plant doctors)
to growers in Beijing, Sichuan, and Guangxi provinces of China. Tick box data on prescription
forms analysed. Only plant health problems with more than 100 queries per year analysed;
therefore phytoplasma, nematodes, and weeds were excluded. Virus management may include vector
management. Biofertilizers with fungicidal or insecticidal effects were included. Temporal changes
presented according to unifactorial GLM at p < 0.05.
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Figure 3. Comparing pest management recommendations provided by agricultural extension workers
to growers (A) via written prescriptions forms or (B) written and orally and (C) being implemented by
growers (C) in plant clinics in Beijing area in China in 2016. (A) = prescription form tick-box data, (B,C) =

grower interview data. (C) shows the rate of implementation of advice of (B) according to grower
statements. Different letters on bars indicate differences according fdr-corrected comparisons using chi
square likelihood ratios at p < 0.05; data nested per plant doctor and clinic session; error bars = SEM.

3.4. Reduction of Pesticide Risks

Prescription form data revealed that plant doctors often recommended growers to use synthetic
pesticides to manage a plant health problem (66± 33% SD of advice, Figure 3A). Most advised pesticides
were fungicides and insecticides (42 ± 24 and 20 ± 16%, Figure 1). Nematicides, that are often highly
toxic, were rarely advised (0.3 ± 1.4%). Plant doctors in Guangxi advised slightly more pesticides than
those in Beijing or Sichuan, (90 ± 8% vs. 63 ± 34% vs. 73 ± 41%, 2013 to 2017), but this depends on
the dominant crop–pest combinations in each region. The high frequency of recommending synthetic
pesticides did not change over years.

Plant doctors hardly ever advised red list plant protection products to growers, i.e., only in
0.9 ± 2.2% of queries on average between 2013 and 2017 (by 37 of 81 plant doctors) (Table 3).
Results showed 0.2 ± 0.5% of such advice in Beijing area, 2.1 ± 2.7% in Guangxi, and 2.4 ± 3.7% in
Sichuan province. This included 20 red list pesticides (Table 4), from which three active ingredients
belonged to the WHO acute toxicity class 1a, 14 were class 1b pesticides, five were restricted according
to the Rotterdam Convention, two were persistent organic pollutants according to the Stockholm
convention, and the ozone-depleting methyl-bromide. Advice of such red list products nearly phased
out over the years, this is, decreased from 1.9 ± 2.5% in 2013 to 0.2 ± 0.7% in 2017 (Tables 3 and 4).
The following red list pesticides had not been any more advised by 2017: beta-cyfluthrin, bromadiolone,
cadusafos, captafol, chlordecone, chlordimeform, cyfluthrin, DDVP (dichlorvos), methamidophos,
methidathion, methomyl, monocrotophos, omethoate, oxydemeton-methyl, parathion, and triazotion
(azinphos-ethyl) (Table 4).
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Table 4. Few non-IPM compatible plant protection agents recommended to growers by agricultural extension workers (plant doctors) in Beijing, Sichuan, and Guangxi
provinces of China. Red list products as per Stockholm Convention, Rotterdam Convention, Montreal Protocol, WHO toxicity class 1a and 1b, [16]. Percent red list
products or antibiotics on prescriptions forms averaged per plant doctor.

2013 2014 2015 2016 2017 All Years
Non-IPM-Compatible 2329 8152 12,276 13,400 11,111 47,268 Prescriptions

Products Red List Regulation ** # % # % # % # % # % # %

Red list products
Beta-cyfluthrin * WHO 1b 6 0.04 6 0.01
Bromadiolone * WHO 1a 1 0.01 1 0.00

Cadusafos WHO 1b 1 0.04 4 0.05 5 0.01
Captafol * WHO 1a, PIC 2 0.01 2 0.00

Carbofuran + WHO 1b, PIC 7 0.30 43 0.53 4 0.03 18 0.13 3 0.03 75 0.16
Chlordecone * POP 3 0.02 3 0.01

Chlordimeform POP 2 0.02 2 0.00
Cyfluthrin * WHO 1b 1 0.04 2 0.02 1 0.01 4 0.01

Dichlorvos (DDVP) * WHO 1b 18 0.77 20 0.23 22 0.18 36 0.27 31 0.28 127 0.27
Edifenphos * WHO 1b 1 0.04 3 0.03 4 0.01

Methamidophos WHO 1b, PIC 1 0.01 1 0.01 3 0.01
Methidathion + WHO 1b 4 0.17 2 0.02 1 0.01 3 0.02 10 0.02

Methomyl + WHO 1b 1 0.04 9 0.07 10 0.02
Methyl bromide + Montreal Protocol 2 0.02 2 0.00
Monocrotophos WHO 1b, PIC 2 0.02 2 0.02 4 0.01

Nicotine * WHO 1b 7 0.05 2 0.02 9 0.02
Omethoate + WHO 1b 4 0.05 2 0.02 3 0.02 9 0.02

Oxydemeton-methyl * WHO 1b 2 0.01 2 0.00
Parathion WHO 1a, PIC 1 0.01 1 0.00

Triazotion (Azinphos-ethyl) * WHO 1b 1 0.04 5 0.06 2 0.02 8 0.02

Sum and average percent ± SD 34 1.9 ± 2.5 86 0.9 ± 1.5 37 0.9 ± 3.4 88 0.9 ± 2 41 0.2 ± 0.7 287 0.9 ± 2.2

Antibiotics
Kasugamycin 15 0.64 56 0.69 55 0.45 34 0.25 38 0.34 200 0.42

Ningnanmycin 1 0.04 20 0.25 4 0.03 27 0.20 33 0.30 85 0.18
polyoxin b 40 1.72 82 1.01 89 0.72 259 1.93 210 1.89 683 1.44

Pyrimidine nucleoside antibiotics 1 0.01 35 0.29 49 0.37 39 0.35 124 0.26
Streptomycin 24 1.03 146 1.79 195 1.59 168 1.25 194 1.75 727 1.54
Tetramycin 1 0.01 6 0.04 2 0.02 9 0.02

Zhongshengmycin 78 0.96 99 0.81 85 0.63 92 0.83 354 0.75
Other antibiotics 32 0.39 13 0.11 45 0.10

Sum and average percent ± SD 80 2.9 ± 3.3 415 3.4 ± 4.7 491 2.1 ± 2.9 628 3.5 ± 5.3 608 3.6 ± 6.1 2227 3.1 ± 4.7

* Not yet totally banned in China by the end of 2018 [13,22]. + Not yet totally banned in China but heavily restricted use in special cases in some crops by the end of 2018 [13]. ** Red list
products are internationally restricted products as per Stockholm Convention (POP), Rotterdam Convention (PIC), Montreal Protocol, WHO toxicity class 1a, 1b [16].
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Plant doctors occasionally advised antibiotics for disease management to growers, i.e., in 3.1 ± 4.7%
of queries per plant doctor per year (by 61 of 81 plant doctors, at least 8 different antibiotics) (Tables 3
and 4). The rate of advice of antibiotics remained comparable across provinces and years with a slight
increase in 2017.

3.5. Uptake and Impact of Advice

Prescription form data revealed that the overall expected yield loss of the affected crops was
estimated at 4.3 ± 3.4% on average (6.6 ± 4.8% in 2013, 4.2 ± 3.6% in 2014, 3.4 ± 11% in 2015, 3.6 ± 4.3%
in 2016, and 4.3 ± 5.3% in 2017).

Grower interview data revealed that 92 ± 3 SD% of growers claimed to have implemented
the advice received from plant doctors. About 7 ± 2% of growers partly implemented the advice,
and 1 ± 1% did not follow the advice.

This is also reflected when analysing which of the different advised IPM options were most
frequently implemented (Figure 3C). On average, 67% ± 2.4% of the implementing growers claimed
to have fully implemented all the different recommended IPM measures. Growers claimed to have
followed some of the advised preventive measure, pest monitoring, cultural control, or chemical
control in more than 90% of cases, with the exception that biological control advice was only followed
in 79 ± 27% of cases. The ultimately implemented pest management practices are extrapolated in
Figure 3C.

About 80% of growers fully agreed that the implemented plant doctor advice helped manage the
plant health problem; 17% partially agreed, 1% were uncertain, and less than 2% thought the advice
did not help. Overall, 85% of growers also agreed that the advice helped to avoid yield loss, and 12%
partly agreed. As a result of the Plantwise interventions presented in this study, growers claim to have
prevented 51 ± 32% of the anticipated yield loss through implementing advice (min 0, max 100%).

4. Discussion

Using the example of plant clinics in China, our study provides insights on how advice by
agricultural extension services can improve over time. For example, advice by plant doctors for
biological control increased by 40 percentage points in three studied provinces of China from less than
2% in 2013 to 42% in 2017. Additionally, recommendations for pest monitoring (+8%) and cultural
control (+11%) increased within these five years, indicating that a wider and more integrated pest
management approach [15] is targeted and advised on by plant doctors. However, it needs to be noted
that the observed recommendations may reflect only a segment of all pest management practices as
growers may be visiting the plant clinics when an unfamiliar problem emerges rather than for the
most common, regularly encountered pest problems. Moreover, prescription form data only allow an
analysis on what is recommended as a set of IPM measures, and grower interviews on how much may
have been implemented. However, it was not possible to extract how certain combinations of plant
protection measures may have been applied in an integrated way. Nevertheless, the data collection of
plant clinics within Plantwise has, as in many other cases and studies, proven a powerful research tool.

Through examining the here-presented plant clinic data, we were able to reveal, as it had been
hypothesized, changes in advice quality of agricultural extensionists over time. Although we were not
able to analyse the key reasons behind those changes, they may, on one hand, be a result of the Plantwise
interventions such as training [10] improved information tools [12,26] and guidelines [16], or on the
other hand, a result of new agri-policies on pesticide reduction released during the course of this study.
These included China’s “Green Pest Control” agri-policy from 2006 with an update in 2011 [22,27],
the Professional Unified Control Program from 2010 [28], and the Pesticide and Fertilizer Zero Growth
Action Plan from 2015 to 2020 [29]. Subsequently, local governments initiated subsidy programs for
nonchemical or least toxic and least residual chemical pest control, often favoring biological control [30].
It was beyond the scope of our study to mine recommendation texts in the large amount of data for
the specific types of advised biocontrol agents. However, [14] suggested that in 2018 about half of
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the advised nonchemical agents were biopesticides, one-third macrobial biocontrol agents, about 10%
pollinators, and the rest were plant protection tools such as traps. Within the Plantwise networks
of plant clinics, these programs have existed since 2014, but were only connected to plant doctors’
prescription forms in the Beijing area by mid-2017. This may explain the further large increase of
biocontrol advice in 2017 (Figure 1). Additionally, in some other Plantwise countries (Kenya, India),
particularly biological control is advised through the plant clinic networks [31], although its level of
uptake by growers is uncertain.

Adoption of agricultural technology and policies is influenced by many factors, among these
the type and quality of communication between the extension worker and the growers and how the
messages are understood and perceived [32]. In China, our data surprisingly show that growers
seem to largely follow plant doctors’ advice and to implement most of the recommended measures
(>90% as confirmed by grower interviews). Despite the fact that biological control advice was slightly
less followed (79%) than other control measures (likely due to occasional availability problems),
biocontrol advice was implemented at relatively high rates, indicating that agricultural advisory
services connected agri-policies can make a difference. In addition, growers claim to have prevented
51 ± 32% of the anticipated yield loss through implementing advice. This is a relatively high percentage
but possible due to the large proportion of disease-stroke vegetables and berries in the here-considered
study areas. The findings above indicate that changes in plant doctors’ advice may also result in a
change in pest management practices and subsequently in yield gains. Considering the secondary
reach of such advice to growers, impacts may be even higher. [33] for example showed that plant clinic
attendees share plant health information with an average of 10 other growers in China, compared to
only 3.8 growers in Zambia.

Moreover, quality monitoring teams of plant protection experts confirmed that plant health problem
diagnosis by plant doctors is largely plausible and pest management advice valid. This confirms a
generally high quality of advice by agricultural extension services as already suggested by previous
analyses of [3] and [14]. Only the management of viral plant health problems was occasionally wrongly
advised on, that is, through fungicides. Otherwise, advice quality appears high, which is encouraging
and calls for larger plant clinic networks. Such a proposed enlargement in services is, however,
in contrast to a trend seen in many world regions, where governmental frontline agricultural extension
services are scaled down or even ceased, as for example in many European countries [34]. Sometimes,
these services are replaced by private sector advisory services, but in many cases growers themselves
must become the ultimate experts in pest diagnosis, monitoring, and management. In these cases,
it might be difficult to influence agricultural practices of the growers.

Despite the observed encouraging changes, the reliance on advice of synthetic pesticides (66%) by
plant doctors remains significant. Although we were not able to analyse the frequency of pesticide use
per pest problem, our data suggest that their use by growers remains high and did not change much
with time (Figure 1). This tendency is also known from other agricultural regions in the world [1,35].
As for China, the most advised pesticides were fungicides and insecticides. Positively, nematicides,
that are often highly toxic fumigants, were rarely advised (0.3%). Moreover, already rare advice of
problematic plant protection agents listed in the Montreal Protocol, Stockholm or Rotterdam convention,
or as highly toxic under WHO’s toxicity classification were nearly phased out, going from 1.9% in 2013
to 0.2% in 2017. Additionally, advice of antibiotics remained rare (3%), although they are one of the
permitted and even promoted types of biopesticides according to Chinese agri-policies. Nevertheless,
we considered them as problematic in our study because increased exposure to antibiotics raises
the risk of potential resistance development of human pathogens [36]. This is particularly crucial in
plant protection as antibiotic residues on fruits and vegetables lead to a low dose scenario, which is
particularly prone to resistance development [37].

Despite the here-documented low proportion of advice of problematic plant protection agents,
the general reliance on synthetic pesticides may pose risks to consumers. This is why a number of
food scandals attributed to pesticide misuse have shaken China in recent years [3] but are also known
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from other world regions [1]. As a result, consumers and governments became highly sensitive in the
area of food safety, particularly in China [38]. It remains unclear to what extent agricultural extension
services, legislation [39], or grower decisions may have contributed to such risks. However, changes in
agri-policies as well as improvements in extension worker skills may, as shown in our study through
improvements in IPM-conforming advice, at least partly contribute to safer food and a more sustainable
agriculture [32,40].

5. Conclusions

Our data showed that agricultural extension services are indeed capable of picking up novel
policies and technologies and advising growers accordingly. This also means that pest management
advice can improve over time with changing agricultural policies and with skill improvements of
the extensionists. Interestingly, growers seem to take up such advice. In conclusion, we believe
that governmental agricultural extension services can help changing agricultural practices towards
more sustainable farming and may subsequently improve food safety. This suggests that, at least for
countries where agriculture contributes significantly to the gross domestic product, investment in
large networks of frontline governmental agricultural extension services may be more warranted than
reducing or phasing out such services.
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