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Background: The Chinese medicinal material (CMM) industry faces a persistent
dilemma of lacking legally registered pesticides. This study aims to provide data-
driven support to resolve this issue and systematically evaluate the effectiveness
of policy interventions that expand pesticide application scopes.

Methods: Based on pesticide registration data and multi-source information,
we constructed 125 ‘CMM-pest/disease’ pairs for 10 representative CMMs. We
innovatively developed a ‘Crop-Pest/Disease-Pesticide Registration Certificate’
knowledge graph and applied two metrics—Registration Certificate Resource
Distribution Intensity (RDI) and Pest and Disease Control Coverage Rate (PDCR)—
to quantitatively analyze pesticide resource allocation.

Results: After the scope expansion policy, the overall PDCR for the 10 CMMs
increased from 49% (original registration) to 78% (extended-use included),
enabling legal pesticide access for 36 previously ‘'uncontrollable’ pairs. However,
the graph-based analysis revealed critical systemic imbalances: over 60% of
pests/diseases affecting low-value-added CMMs (e.qg., Astragali radix, Arctii radix)
still lack registered pesticides. Furthermore, while domestic pesticides dominate
the market (94%), they exhibit lower resource allocation efficiency and are dis-
proportionately concentrated on high-value-added CMMs compared to their
imported counterparts.

Conclusion: By transitioning to a multi-dimensional, graph-based analytical
framework, this study demonstrates that while scope expansion policies signifi-
cantly improve pesticide accessibility, market mechanisms inherently fail low-
value-added crops. These findings provide compelling evidence for policymakers
to implement targeted, crop-specific registration subsidies rather than relying
solely on generic scope expansions, thereby ensuring the sustainable and stan-
dardized development of the CMM industry.
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1 Introduction

As a core component of Traditional Chinese Medicine (TCM), the
quality and safety of Chinese medicinal materials (CMM:s) are pivotal
to the sustainable development and internationalization of the TCM
industry (Launois et al., 2022). However, pest and disease infestations
during cultivation threaten CMM yield and quality, increasing the risk
of excessive pesticide residues (Wu and Lin, 2020). Under China’s
Food Safety Law and Regulations on Pesticide Administration, grow-
ers may only use legally registered pesticides for pest/disease control
(State Council, 2023; Standing Committee of the National People’s
Congress, 2024). Regarded as “specialty minor crops,” CMM:s have
long faced a “lack of legal pesticides” due to small market scales and
high registration costs. Compounded by insufficient plant protection
expertise among some growers, this leads to pesticide misuse/overuse,
exacerbating the “difficulty in legal pesticide application” and hinder-
ing the modernization and standardization of the CMM industry
(Ding et al., 2024).

To address this challenge, efforts have been made globally.
Countries/regions including the United States (U.S. Environmental
Protection Agency, 2015), Canada (Health Canada, 2021), the
European Union (European Minor Uses Coordination Facility, 2023),
and Brazil (Ministry of Agriculture, Livestock and Food Supply
(MAPA), 2022) have advanced minor-crop pesticide trials and regis-
tration, ensuring legal pesticide access via dedicated funds, technical
support, and streamlined registration channels. Domestically, China’s
Ministry of Agriculture and Rural Affairs (MARA) has issued docu-
ments such as the List of Specialty Minor Crops Short of Pesticides since
2019, expanding pesticide application scopes to improve registration
coverage (Ministry of Agriculture and Rural Affairs General Office,
2019). Researchers have also utilized pesticide registration databases
to organize registration information (Li et al., 2022), compare pest and
disease spectra (Dai et al., 2019), recommend applicable pesticides for
minor crops (Wang et al., 2025), or even establish preliminary data-
driven prescription recommendation models (Chinese Society of
Agricultural Machinery, 2023).

Despite progress, three gaps persist in CMM pest/disease control
research: (1) Insufficient targeting—most studies focus on large-scale
cash crops (e.g., fruits, vegetables) rather than addressing the unique
pest/disease control needs of CMMs as minor crops; (2) single-dimen-
sional evaluation—coverage is measured solely by the number of reg-
istration certificates, ignoring the many-to-many relationships among
“crops-pests/diseases-pesticides,” which fails to accurately identify
control gaps; (3) Low knowledge translation efficiency—lack of visual-
ized data structures and graph-based knowledge systems limits the
utility of research findings for policy-making and technical promotion.

To address these gaps, this study aimed to establish a scientific,
accurate evaluation system for CMM pest/disease control resources.
Using public data from the China Pesticide Information Network (as
of August 2025), we analyzed 10 representative minor CMMs with
industrial significance (e.g., Ginseng radix et rhizoma, Dioscoreae rhi-
zoma, Angelicae sinensis radix, Arctii radix). We innovatively con-
structed a three-tier “Crop-Pest/Disease-Registration Certificate”
knowledge graph, proposed the RDI metric to quantify resource allo-
cation efficiency, and scientifically assessed the effectiveness of pesti-
cide scope expansion policies. This study integrates standardized data
cleaning, knowledge graph construction, and quantitative metric
evaluation, forming a data-driven, graph-enhanced analytical frame-
work for CMM pest/disease control.
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This study offers three key strengths:

(1) Firstly, it constructs a three-layer knowledge graph of “TCM
materials-pests and diseases-pesticide registration certificates” to visu-
ally present the associations among them.

(2) The RDI metric, combined with PDCR, to quantify pesticide
resource allocation efficiency.

(3) Evidence-based evaluation of the effectiveness of “pesticide
scope expansion” policies using the above tools.

2 Materials and methods
2.1 Research objects and data sources

We focused on 10 widely cultivated, representative CMMs: Isatidis
radix, Angelicae sinensis radix, Dioscoreae rhizoma, Lycii fructus,
Ginseng radix et rhizoma, Notoginseng radix et rhizoma, Astragali radix,
Lilii bulbus, Chrysanthemi flos, and Arctii radix. These CMMs are
valued for their rich pharmacological components, used to treat
common diseases (e.g., respiratory, immune, digestive disorders, and
chronic conditions), and play important roles in the TCM industry
(Pharmacopoeia Commission of the People’s Republic of China, 2020).
They cover dominant CMM families (Leguminosae, Solanaceae,
Apiaceae, Brassicaceae, Liliaceae, Araliaceae, Dioscoreaceae), have
large planting scales and significant economic benefits, and span major
production regions (Northeast, Northwest, Central-South, East China),
reflecting diverse climatic adaptability and pest/disease spectra—
making them typical for pest/disease control research (China
Association of Traditional Chinese Medicine, 2024).

Pesticide registration data (96,868 records, from database inception
to August 20, 2025) were retrieved from the official “China Pesticide
Information Network” (China Pesticide Information Network, 2025),
managed by MARA as the authoritative platform for public pesticide reg-
istration inquiries. Each record includes key information: pesticide name,
registration certificate number, category, formulation, active ingredients,
approval date, manufacturer, target pests/diseases, product performance,
application guidelines, and precautions.

To construct a comprehensive pest/disease list for the 10 CMMs,
we cross-validated three data sources: (1) Authoritative monographs
[e.g., Pest and Disease Control Technology for Chinese Medicinal Crops
(Chen et al., n.d.)], Color Atlas of Green Pest/Disease Control for
Common Chinese Medicinal Materials (Zhuo et al., 2023). (2) Targeted
studies published in the past 5 years in core agricultural journals (e.g.,
Journal of Plant Protection, China Journal of Chinese Materia Medica)
(Dai et al., 2019; Lin et al., 2024). (3) Local technical documents (e.g.,
Technical Code for Green Control of Pests/Weeds in Common CMM
Cultivation) issued by agricultural extension centers in major produc-
tion areas (Shandong Association of Agricultural Science Societies,
2023). This list includes both registered and unregistered (but harm-
ful) pests/diseases, fully reflecting the “registration status-control
demand” matching relationship.

2.2 Data preprocessing

To eliminate interference from duplicate/irrelevant data, we
cleaned, deduplicated, and filtered records, retaining only fields related
to crop type, pest/disease type, pesticide active ingredients, and regis-
tration certificate type (domestic/imported). Expired certificates
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(validity ending before August 20, 2025) were excluded, resulting in
50,723 valid records.

Pest and disease grouping was conducted based on biological
characteristics and control logic to ensure accurate PDCR calcu-
lation. The grouping criteria include: (1) Biological classification:
pests and diseases sharing the same taxonomic category (e.g., red
spider and spider mites are both arachnids requiring similar
acaricides); (2) Control logic: different pest/disease names
requiring identical control agents (e.g., root rot diseases across
different CMMs—such as Isatidis radix root rot and Angelicae
sinensis radix root rot—are grouped together due to similar
pathogenic fungi and fungicide requirements). This standardiza-
tion expanded the pest and disease categories from 25 to 41 types
(18 fungal diseases, 5 bacterial diseases, 3 nematode diseases, 15
insect pests), forming 125 ‘CMM-pest/disease’ pairs, thereby
improving the precision of PDCR calculations and ensuring more
accurate assessment of registration coverage.

Pest/disease names were standardized to ensure consistency:
Synonyms (e.g., “red spider” = “spider mite”) (Nong Baike, n.d.) and
hierarchical terms (e.g., “slug” [general] vs. “wild slug” [specific];
“cutworm” vs. “black cutworm”) (China Science Communication,
n.d.) were unified using a “pest/disease name mapping table,” avoid-
ing analytical biases from nomenclature confusion (State
Council, 2023).

2.3 Knowledge graph construction

This study constructs a knowledge graph containing three rela-
tionships: “crop-pest and disease-pesticide registration certificate” The
nodes include 10 types of Traditional Chinese Medicine (TCM) mate-
rial crops and standardized pests and diseases. Edges are established
between nodes. If a certain TCM material crop is likely to suffer from
a specific pest or disease, an edge is established between the TCM
material crop and the pest or disease, defined as “occurrence,” and the
weight of the edge represents the occurrence frequency and level. If a
certain pesticide can be used to control a specific pest or disease on a
certain crop, an edge is established between the crop’s pest/disease and
the pesticide registration certificate, defined as “control,” and the
weight of the edge represents the number of corresponding registra-
tion certificates.

If a pesticide registration certificate clearly indicates that it is
applicable to the pest or disease of the crop, the attribute of this
control edge is marked as “original registration.” If the pesticide
is extended to be used on the TCM material crop in accordance
with the List of Pesticide Registration Efficacy Test Groups
for Special Minor Crops (2019 Edition) (Ministry of Agriculture
and Rural Affairs General Office, 2019) (hereinafter referred to
as the Group List), the attribute of the edge is labeled as
“extended use”

2.4 Utilization rate of registration certificate
resources

To comprehensively evaluate the rationality of pesticide reg-
istration resource allocation and control efficiency for different
crops, this study introduces the Registration Certificate Resource
Distribution Intensity (RDI) index to simultaneously reflect the
matching degree between “resource input” and “pest and disease
coverage”.
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The calculation formula is as follows:

RDIi:Ri/ZR W
PDCR;
P
PDCR; :?f )

1

Equations 1 and 2 define the Pest and Disease Control Coverage
Rate (PDCR) and the Registration Certificate Resource Distribution
Intensity (RDI), respectively, which are the core metrics used in this
study. The RDI metric is expressed as a percentage (%), quantifying
the ratio of a CMM’s share of total registration certificates to its Pest
and Disease Control Coverage Rate (PDCR). For instance, Isatidis
radix has an overall RDI of 63%, indicating resource concentration
relative to its coverage rate. To interpret RDI values: when RDI > 100%,
the CMM’s share of registration resources exceeds its PDCR, suggest-
ing resource concentration (though not necessarily absolute surplus);
when RDI < 100%, resource input is relatively insufficient but cover-
age efficiency remains high; an RDI closer to 100% indicates better
alignment between resource allocation and control needs.

In the formula, RDIj represents the registration certificate resource
distribution intensity of the i-th crop; R; is the number of valid regis-
tration certificates for the i-th crop; 2R is the total number of valid
registration certificates for the 10 crops. This index evaluates the
resource allocation efficiency by quantifying the proportion of the
number of registration certificates corresponding to the unit coverage
rate. When RDI; > 1, it indicates that the registration certificate
resources for the crop are relatively surplus, and there is a phenome-
non of repeated registration or resource concentration; when RDI; < 1,
it means that the input of registration resources is insufficient but the
coverage efficiency is relatively high; the closer RDI; is to 1, the better
the matching between resource allocation and control needs.

PDCR; (Pest and Disease Control Coverage Rate) represents the
pest and disease control coverage rate of the i-th crop; P, is the number
of pest and disease species of the i-th crop that have been covered by
valid registration certificates; T; is the total number of all known pest
and disease species of the i-th crop. The closer PDCR; is to 1, the more
comprehensive the control coverage is, and the lower the risk of
having no pesticides available for control.

3 Results
3.1 Data overview

Of the 50,723 valid records, 457 were original registrations directly
linking the 10 CMMs to 25 pest/disease categories. After applying the
“scope expansion” policy, 4,825 new valid “pesticide-pest/disease” pairs
were added [note: some pests/diseases affect multiple CMMs; pests/dis-
eases with similar biological traits/control logic were grouped despite dif-
ferent names]. In total, 5,282 valid “pesticide-pest/disease” pairs were
available, including 4,979 domestic and 303 imported pesticides.

Key trends from the data reveal significant disparities in pesticide
resource allocation: high-value-added CMM:s (Ginseng radix et rhizoma,
Lycii fructus, Notoginseng radix et rhizoma) secured 65% of original reg-
istrations, while low-value-added CMMs (Astragali radix, Arctii radix)
faced substantial control gaps with over 60% of their pests/diseases
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lacking registered pesticides even after policy implementation.
Additionally, domestic pesticides dominate in quantity (94% of total reg-
istrations) but demonstrate lower resource allocation efficiency compared
to imported alternatives, as detailed in subsequent sections.

Cross-validation expanded the pest/disease list from 25 to 41 cat-
egories (18 fungal diseases, 5 bacterial diseases, 3 nematode diseases,
15 insect pests), forming 125 “CMM-pest/disease” pairs. Details on
pest/disease counts, certificate distribution, and coverage are shown
in Table 1; specific “uncontrollable” pairs are listed in Table 2.

3.2 Effectiveness of pesticide scope
expansion policies

Before the implementation of the policy for expanding the appli-
cable scope of pesticides based on the “Group List,” among the 125
“TCM material-pest and disease” pairs of the 10 TCM materials, only
61 pairs (49%) had legally registered pesticides available (Table 1).
Among them, Lycii fructus had the highest original PDCR (86%), with
original registration resources relatively concentrated; Arctii radix had
an original PDCR of 0, and there were no legally available pesticides
for all 9 species (categories) of pests and diseases; the original PDCR
of Isatidis radix and Angelicae sinensis radix were 17 and 14% respec-
tively, and more than 80% of their pests and diseases faced the
dilemma of “no pesticides available for control” (Tables 1, 2).

After the implementation of the policy, the overall PDCR of the 10
TCM materials increased to 78%, and the number of “TCM material-
pest and disease” pairs with no available pesticides decreased from 64
to 28 (Figures 1B1,B2). From the crop perspective, Lycii fructus became
the only crop with full coverage of pests and diseases, and its extended
registration certificates supplemented the “Aphids-Lycii fructus” pair
that was not covered by the original registration; the PDCR of Arctii
radix increased from 0 to 33%, and three species of pests and diseases
(Nematode, Soil-dwelling Pests, Anthracnose) obtained legal pesticides
through the expansion policy; the PDCR of Isatidis radix, Angelicae
sinensis radix, and Lilii bulbus had the most significant increases, rising
by 58, 57, and 50%, respectively. The number of corresponding extended
registration certificates reached 2,475, 115, and 551 respectively, which

10.3389/fsufs.2026.1759489

effectively alleviated the pesticide shortage for core pests and diseases
such as “Isatidis radix-Powdery Mildew;” “Angelicae sinensis radix-Soil-
dwelling Pests,” and “Lilii bulbus-Blight” (Table 1, Figure 1A).

For example, as shown in Figures 1A,B, the policy intervention
profoundly changed the availability of resources. Before the policy
(Figure 1B1), Isatidis radix faced a severe shortage with only 2 original
registered pesticides; however, after the scope expansion policy
(Figure 1B2), it gained 2,475 extended-use certificates, successfully
covering previously unmanageable diseases like Powdery Mildew.

The policy impact shows clear differentiation by crop economic
value. While Lycii fructus achieved 100% coverage (including aphid
control previously unavailable), and Isatidis radix, Angelicae sinensis
radix, and Lilii bulbus gained 2,475, 115, and 551 extended registration
certificates, respectively, (raising their PDCR by 58, 57, and 50%),
crops with lower market value received limited benefits. Specifically,
Astragali radix (PDCR 50%) and Arctii radix (PDCR 33%) still have 62
and 67% of their pests/diseases without legal pesticide options, high-
lighting persistent registration gaps in the minor crop pesticide system.

In terms of the increase in registration certificates, among the
4,825 new registration certificates added under the expansion policy,
Isatidis radix accounted for the highest proportion (51%, 2,475/4,825),
followed by Dioscoreae rhizoma (15%, 734/4,825) and Lilii bulbus
(11%, 551/4,825). The number of extended registration certificates
for these three crops accounted for 78% of the total extended quan-
tity. However, Astragali radix and Arctii radix had a relatively small
number of extended registration certificates (79 and 317 respec-
tively), with their PDCR (Pest and Disease Control Coverage Rate)
being 50 and 33%, respectively.

3.3 “Traditional Chinese medicine
material-pest and disease-pesticide
registration certificate” knowledge graph
3.3.1 Overall graph structure

In the three-layer “Traditional Chinese Medicine (TCM) Material-
Pest and Disease-Pesticide Registration Certificate” knowledge graph

TABLE 1 Statistics on pests/diseases and pesticide registration certificates of 10 Traditional Chinese Medicine (TCM) material crops.

CMM name Pest/ Original Original Extended Imported Total
disease certificates coverage certificates certificates coverage
species (species) (species)

Isatidis radix 12 28 2 2,475 86 9

Angelicae sinensis

7 2 1 115 9 5
radix

Dioscoreae rhizoma 15 62 9 734 54 13

Lycii fructus 7 176 6 116 18 7

Ginseng radix et

13 59 10 126 22 11
rhizoma

Notoginseng radix et

16 31 12 166 35 15
rhizoma

Astragali radix 8 11 3 79 5 3

Lilii bulbus 18 14 6 551 34 15

Chrysanthemi flos 20 74 12 146 26 16

Arctii radix 9 0 0 317 14 3

Total 125 457 61 4,825 303 97
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TABLE 2 List of pests and diseases of 10 species of target Chinese medicinal materials.
CMM name Pests/diseases

ILsatidis radix

Powdery mildew, root rot, leaf miner, wild slug, hainan microsnail, sclerotinia disease, downy mildew,

black rot, white rust, cabbage butterfly, aphids, diamondback moth

10.3389/fsufs.2026.1759489

Pesticides unavailable

Leaf miner, sclerotinia disease, black rot

Angelicae sinensis

radix

Root Rot, soil-dwelling pests, sclerotinia disease, nematode, powdery mildew, gray mold, brown spot

Sclerotinia disease, brown spot

Dioscoreae rhizoma

Nematode, anthracnose, noctuid moth, leaf spot, black spot, root rot, seedling blight, whitefly, mites,

thrips, wilt disease, wilting disease, bacterial wilt, soil-dwelling pests, blight

Wilt disease, wilting disease

Lycii fructus

Powdery mildew, aphids, mites, thrips, anthracnose, root rot, soil-dwelling pests

N/A

Ginseng radix et

Black spot, rust rot, root rot, seedling blight, blight, gray mold, damping-off, anthracnose, powdery

Sclerotinia disease, red skin disease

rust rot

rhizoma mildew, soil-dwelling pests, sclerotinia disease, nematode, red skin disease
Root rot, black spot, blight, nematode, powdery mildew, gray mold, thrips, seedling blight,
Notoginseng radix
N anthracnose, downy mildew, leaf spot, soil-dwelling pests, scale insects, wild slug, hainan microsnail, Scale insects
et rhizoma

Astragali radix
borer

Nematode, powdery mildew, aphids, soil-dwelling pests, root rot, seedling blight, brown spot, pod

Aphids, root rot, seedling blight, brown
spot, pod borer

Lilii bulbus

fruit rot, sclerotinia disease

Blight, root rot, aphids, soil-dwelling pests, seedling blight, anthracnose, gray mold, leaf spot,

nematode, wilt disease, wilting disease, bacterial wilt, black rot, angular leaf spot, scab, ulcer disease,

Wilt disease, wilting disease, sclerotinia

disease

Chrysanthemi flos

nematode, brown spot, viral disease

Downy mildew, aphids, powdery mildew, gray mold, angular leaf spot, noctuid moth, rust, thrips,

whitefly, soft rot, white rust, mites, soil-dwelling pests, leaf miner, black spot, root rot, southern blight,

Gray mold, leaf miner, brown spot, viral

disease

Arctii radix
mildew, black spot

Nematode, wilt disease, wilting disease, root rot, soil-dwelling pests, leaf miner, anthracnose, powdery

Wilt disease, wilting disease, root rot,

leaf miner, powdery mildew, black spot

constructed in this study (Figure 2), blue nodes represent 10 types of
TCM materials, red nodes represent pests and diseases covered by
pesticides, and yellow nodes represent pests and diseases with no
available pesticides. The thickness of the edges between nodes is pro-
portional to the weight of the number of pesticide registration certifi-
cates. For pests and diseases with no available pesticides, an edge
weight of 0.1 is set to clearly define the “TCM material-pest and dis-
ease” association.

From the perspective of the overall structure of the graph, Isatidis
radix, Lilii bulbus, and Dioscoreae rhizoma have the highest connec-
tion density of red nodes (pests and diseases covered by pesticides),
which reflects that these three crops have the most sufficient pest and
disease control resources. In contrast, Arctii radix and Astragali radix
have the highest proportion of yellow nodes (pests and diseases with
no available pesticides) (Figure 2).

For example, readers can directly identify ‘control islands’ by
locating yellow nodes in Figure 2. The Arctii radix node is surrounded
by multiple yellow nodes (such as Root Rot and Leaf Miner) with
minimal connecting edges, visually confirming that low-value CMMs
still suffer from severe pesticide shortages.

3.3.2 Differences between domestic and
imported pesticide graphs

Figure 3 shows the differences in the pest and disease control
spectra between domestic and imported pesticide registration certifi-
cates. As can be seen from the figure, a large proportion of domestic
pesticides are concentrated on the control of Root Rot in crops such
as Isatidis radix, Angelicae sinensis radix, and Ginseng radix et rhizoma,
as well as the control of Anthracnose in Dioscoreae rhizoma and Lycii

Frontiers in Sustainable Food Systems

fructus. In contrast, imported pesticides have relatively balanced cov-
erage of most pests and diseases, except for the relatively concentrated
coverage of Diamondback Moth and Cabbage Butterfly.

To a certain extent, these two types of pesticides achieve comple-
mentary coverage. For example, domestic pesticides provide good
coverage for the control of Soil-dwelling Pests on various crops, while
imported pesticides supplement the control of insect pests such as
Diamondback Moth and Cabbage Butterfly on Lilii bulbus and
Isatidis radix.

For example, Figure 3 clearly illustrates the complementary rela-
tionship between the two sources. The domestic graph (left) shows
thick edges converging on specific diseases like Root Rot across mul-
tiple CMMs, whereas the imported graph (right) demonstrates a more
balanced distribution, filling the control gaps for insect pests like the
Diamondback Moth.

From the perspective of the Pest and Disease Control Coverage Rate
(PDCR), the pest and disease coverage rate of imported pesticides is
significantly lower than that of domestic pesticides. At the single-crop
level, Lycii fructus has the highest domestic PDCR (100%), with all 7
types of pests and diseases covered by domestic pesticides; Arctii radix
has the lowest domestic PDCR (0%), with no domestic pesticides avail-
able for use; the domestic PDCR of Angelicae sinensis radix, Ginseng
radix et rhizoma, and Notoginseng radix et rhizoma all exceed 80%,
while their imported PDCR are all lower than 40%, which reflects that
domestic pesticides are the core control resources for these crops.

These coverage patterns directly correlate with the findings in
Section 4.1 regarding low-value-added CMM pesticide shortages. The
data in Table 1 demonstrates that Angelicae sinensis radix, Ginseng
radix et rhizoma, and Notoginseng radix et rhizoma, despite having
domestic PDCR exceeding 80%, show imported PDCR below 40%,
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FIGURE 1
Pest and disease control status of 10 target Chinese medicinal materials. This figure presents the pesticide registration coverage for 10 Chinese
medicinal materials (CMMs) before and after policy implementation. Panel (A) displays bar charts showing the distribution of Extended Used Pesticide
Count (orange) and Original Registered Pesticide Count (blue) for each CMM. PDCR, pest and disease control coverage rate; values indicate the
percentage of pest/disease pairs with at least one registered pesticide. Panel (B) presents heatmaps (B1: original registration; B2: extended use) where
each cell represents the number of available pesticides for a specific CMM-pest/disease combination. Color intensity ranges from dark blue (high
pesticide count) to white (low count). Light gray cells indicate the CMM is not affected by that pest/disease. Black-outlined cells highlight pest/disease
pairs with zero registered pesticides, representing critical control gaps.

indicating domestic pesticides serve as the primary control resources
for these crops. Conversely, for crops like Arctii radix with zero
domestic PDCR, even imported pesticides provide only supplemen-
tary coverage (33%), underscoring the systemic registration deficit for
certain minor CMMs.

From the perspective of the comprehensive indicator Registration
Certificate Resource Distribution Intensity (RDI), the resource alloca-
tion efficiency of pesticide registration certificates for all 10 Traditional
Chinese Medicine (TCM) materials is less than 1. Among them, the
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RDI of domestic pesticides shows obvious differences: Isatidis radix has
the highest domestic RDI, reaching 65%, and it is the only crop with a
domestic RDI exceeding 50%, while the domestic RDI of 5 TCM mate-
rials including Angelicae sinensis radix, Ginseng radix et rhizoma,
Notoginseng radix et rhizoma, Astragali radix, and Chrysanthemi flos are
all lower than 5%; for imported pesticides, except for Isatidis radix, the
imported RDI of the other 9 TCM materials are all higher than their
respective domestic RDI; from the perspective of the overall RDI of the
10 TCM materials, the average value is 14%, among which Isatidis radix
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has the highest overall RDI at 63%, and Angelicae sinensis radix has the
lowest overall RDI at only 3%.

For example, Figure 4 intuitively plots this efficiency gap: Isatidis
radix exhibits both high PDCR and high RD], indicating concentrated
resource input, whereas Angelicae sinensis radix achieves a high PDCR
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Knowledge graph of the relationship between registration certificates
and pests/diseases for 10 Traditional Chinese Medicine (TCM)
materials. Knowledge graph illustrating the tripartite relationship
among 10 Chinese medicinal materials (CMM:s), their pests/diseases,
and registered pesticides. Node types: Blue circular nodes represent
CMMs; red diamond nodes indicate pests/diseases with registered
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lacking pesticide coverage. Edge thickness is proportional to the
number of registration certificates available for each CMM-pest/
disease pair. Dense red node clusters with thick edges indicate robust
pesticide coverage; isolated yellow nodes reveal critical resource
deficiencies.
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despite a very low RDI (3%), showcasing highly efficient resource
utilization.

4 Discussion

This study focuses on 10 widely cultivated Traditional Chinese
Medicine (TCM) materials, including Isatidis radix, Angelicae sinensis
radix, and Dioscoreae rhizoma, which are representative in multiple
aspects such as therapeutic fields, family and genus coverage, planting
scale, production area span, and economic value. Using 50,723 valid
pesticide registration data entries from the “China Pesticide
Information Network,” the study systematically collated and statisti-
cally analyzed three levels of authoritative sources—authoritative
monographs, core agricultural journals, and local documents—to
construct a list of 41 species (categories) of pests and diseases for the
10 TCM materials, forming 125 “TCM material-pest and dis-
ease” pairs.

On this basis, the study used knowledge graph visualization tools
to identify the “island phenomenon” in the control of “TCM material-
pest and disease” pairs (e.g., no pesticides matched any pests or dis-
eases in the original registration of Arctii radix). Additionally, it
innovatively applied the Registration Certificate Resource Distribution
Intensity (RDI) index to systematically measure the pesticide resource
allocation efficiency of the 10 TCM materials, providing a quantitative
basis for the subsequent optimization of registration resources and
adjustment of relevant policies.

4.1 Macro-summary and trend insights of
data results

This challenge is not unique to China's CMM sector Reddy et al.
(2024) examined pesticide regulation for minor crops in Indian
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between domestic and imported pesticides.
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high efficiency (PDCR 71%, RDI 3%).

Resource utilization of domestic and imported registration certificates for Traditional Chinese Medicine (TCM) materials. Scatter plot comparing
resource allocation efficiency (RDI) against coverage breadth (PDCR) for 10 CMMs. Axes: X-axis, PDCR (% of pest/disease pairs with registered
pesticides); Y-axis, RDI (registration certificate resource distribution intensity, %). Points above diagonal indicate resource concentration; points below
suggest efficient utilization. Isatidis radix exemplifies high resource concentration (PDCR 75%, RDI 65%), while Angelicae sinensis radix demonstrates
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agriculture, highlighting similar tensions between market-driven reg-
istration incentives and public plant protection needs for specialty
crops with limited commercial scale. Their study emphasized that
effective minor crop pesticide policies require targeted government
intervention including registration subsidies, technical support, and
streamlined approval pathways—recommendations that align with
our findings on the need for enhanced policy support for low-value-
added CMMs in China’s medicinal material industry.

From the current status of pesticide registration for pest and dis-
ease control of the 10 TCM materials, the implementation of policies
expanding the applicable scope of pesticides (such as the Group List)
has significantly alleviated the dilemma of “difficulty in accessing pes-
ticides” Before the policy implementation, only 49% of the 125 “TCM
material-pest and disease” pairs had legally available pesticides; after
the implementation, the overall coverage rate increased to 78%, and
36 pairs that previously had no available pesticides (e.g., “Isatidis
radix-Black Rot, “Angelicae sinensis radix-Soil-dwelling Pests”)
obtained support from registered pesticides, demonstrating a clear
effect of policy intervention. Among them, the improvement of Arctii
radix was particularly prominent: in the original registration stage,
none of its 9 species (categories) of pests and diseases had legally avail-
able pesticides, while after the policy implementation, its PDCR
increased to 33%, and 3 species of pests and diseases (Nematode, Soil-
dwelling Pests, Anthracnose) achieved registration coverage. However,
it should be noted that the coverage of expansion policies for crops
with low economic added value still needs to be strengthened (Reddy
etal., 2024). Specifically, five out of eight pests and diseases of Astragali
radix (accounting for 62%) and six out of nine pests and diseases of
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Arctii radix (accounting for 67%) still have no available pesticides. This
reflects that the long-term dilemma of “pesticide shortage” for special
minor crops has not been fully resolved, and further policy inclination
is required.

From the perspective of the variety distribution of registration
resources, the characteristic of imbalance is significant. Crops with
high economic value, such as Ginseng radix et rhizoma, Lycii fructus,
Notoginseng radix et rhizoma, and Lilii bulbus, occupy more original
registration resources (e.g., Lycii fructus has 176 original registration
certificates, accounting for 38% of the total original registration quan-
tity). In contrast, Arctii radix has 0 original registration certificates,
and Angelicae sinensis radix has only 2, showing obviously insufficient
coverage. Essentially, this difference reflects the potential tension
between market mechanisms and public plant protection needs: enter-
prises are more inclined to invest in registration costs for high-value-
added crops, while the public plant protection needs of
low-value-added crops cannot be met spontaneously through the
market. This also reveals that in the future policy implementation, it
is necessary to specifically strengthen registration subsidies and tech-
nical support for crops with low economic added value to balance the
distribution of resources.

4.2 Strategic analysis of domestic and
imported pesticides

Further analysis of the Registration Certificate Resource

Distribution Intensity (RDI) index and registration data reveals that
after the implementation of the expansion policy, domestic pesticides
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occupy an absolutely dominant position in the total number of regis-
trations, but their resource utilization efficiency is significantly lower
than that of imported pesticides. This efficiency difference stems from
the fundamental distinction in their registration strategies: domestic
pesticides exhibit a highly concentrated targeting characteristic. For
example, 44% of domestic registration certificates for Ginseng radix et
rhizoma and Notoginseng radix et rhizoma are concentrated on the
control of Powdery Mildew; while imported pesticides have a limited
total quantity (303 items), they feature a prominent multi-target char-
acteristic per certificate.

In addition, imported pesticides play a key supplementary role in
crops with low coverage. For instance, imported pesticides provide
more registration options for the control of insect pests such as
Diamondback Moth and Cabbage Butterfly on Isatidis radix. This
complementary relationship indicates that under the existing registra-
tion framework, the two types of pesticides assume different func-
tions: basic coverage and precise supplementation. The high
value-added attribute of Traditional Chinese Medicine (TCM) materi-
als may reduce price sensitivity, which also provides potential space
for optimizing the broad-spectrum performance of domestic
pesticides.

4.3 The correlation between pesticide
registration data and actual application

Although registration data provides a basis for legal pesticide use,
there remains a significant disconnect between such data and actual
pest control needs. For crops with no registered pesticides (e.g., Arctii
radix), farmers are forced to illegally use pesticides registered for veg-
etables (such as chlorpyrifos and lambda-cyhalothrin), which drasti-
cally increases the risk of pesticide residue exceeding standards
(Northwest A&F University, n.d.). Meanwhile, the existing registration
system struggles to dynamically respond to the evolution of pests and
diseases. For example, pests and diseases that have broken out in
recent years—such as Astragali radix Brown Spot (Liicaodi Garden
Network, n.d.) and Dioscoreae rhizoma Wilt Disease (Ma et al.,
2019)—have not been included in the registration catalog. This lag
stems from two factors: first, high registration costs and long-term
maintenance expenses have dampened the innovation motivation of
domestic enterprises; second, the pest and disease monitoring system
is inadequate, and data from grassroots agricultural technology sta-
tions fail to effectively connect with the registration review system. It
is suggested to establish a two-way traceability mechanism, enabling
the secure transmission of field pesticide application data to registra-
tion authorities through digital technology. Additionally, special
dynamic monitoring should be implemented for high-risk crops to
shorten the market launch cycle of new pesticides.

4.4 Application value and practical
possibilities of the knowledge graph

The knowledge graph of TCM material pesticide registration
constructed in this study realizes the spatial presentation of 125
“TCM material-pest and disease” combination relationships through
the Gephi platform, achieving three key breakthroughs: First, it visu-
ally exposes weak coverage links (such as the isolated state of the
Arctii radix node), providing precise targets for policy intervention;
second, it quantifies biases in resource allocation (e.g., registration
certificates for Dioscoreae rhizoma Nematode account for 54% of the
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total registration certificates for this crop, while those for
Chrysanthemi flos Powdery Mildew only account for 0.55%); third, it
reveals the complementarity between domestic and imported pesti-
cides (e.g., domestic pesticides cover 88% of Soil-dwelling Pests, and
imported pesticides dominate the control of 100% of Chrysanthemi
flos Rust).

This knowledge graph can be directly applied to agricultural
decision support systems: by identifying field pest and disease
images, it can automatically match the list of registered pesticides;
combined with historical meteorological data, it can generate
regional outbreak risk heatmaps. In subsequent research, by con-
structing an extended model incorporating the registration cost of
individual pesticides, a risk-benefit assessment mechanism can be
further established to calculate the quality and safety risk thresholds
of low economic value-added crops. Based on this, registration sub-
sidy policies for characteristic crops can be designed to resolve the
structural contradiction between high registration costs and low eco-
nomic returns.

4.5 Generalizability and future refinements

The knowledge graph and RDI-PDCR evaluation framework pro-
posed in this study extend beyond the 10 specific CMMs analyzed.
This methodology can be generalized to evaluate plant protection
resource allocation for other specialty minor crops globally, such as
tropical fruits or regional niche vegetables, which similarly suffer from
the “minor crop, major pest” dilemma. Furthermore, the graph-based
analytical logic could be adapted for veterinary medicine to monitor
and assess the off-label use of drugs across different minor animal
species.

Future refinements of this model will incorporate the economic
costs of pesticide registration. By integrating dynamic data such as
enterprise registration fees and crop market values, an advanced risk-
benefit assessment model could be developed. This would allow poli-
cymakers to quantitatively determine the exact financial subsidy
threshold required to incentivize domestic enterprises to register pes-
ticides for low-value-added crops.

5 Conclusion

This study advances the field of agricultural policy evaluation by
transitioning from traditional, single-dimensional pesticide counting
to a multi-dimensional, knowledge graph-based analytical framework.
By introducing the Registration Certificate Resource Distribution
Intensity (RDI) metric alongside the PDCR, we quantitatively mapped
the complex “crop-pest-pesticide” tripartite relationships for 10 rep-
resentative CMMs.

While our findings confirm that recent policy expansions success-
fully increased overall legal pesticide coverage from 49 to 78%, the
novel graph-based approach revealed critical, non-obvious systemic
flaws: the market mechanism inherently fails low-value-added crops
(e.g., Arctii radix), and there is a stark efficiency disparity between
domestic (highly concentrated) and imported (broad-spectrum) pes-
ticide registration strategies. These insights provide data-driven evi-
dence for policymakers to move beyond generic scope expansions and
implement targeted, crop-specific registration subsidies to truly
resolve the pesticide shortage in the CMM industry.
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