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Simple Summary

Agricultural intensification and climate change are increasing pest risks by disrupting
ecological processes that naturally regulate herbivore populations. However, conventional
insecticide-based management of maize pests often reduces beneficial arthropods and un-
dermines ecosystem stability. Here, we developed an integrated pest management strategy
by combining the functional plant Cnidium monnieri with endophytic fungus-coated maize
seeds to simultaneously enhance natural enemy conservation and endophyte-associated
pest suppression. Field experiments conducted over two consecutive years showed that C.
monnieri planted at field margins substantially increased predator abundance and diversity
and promoted predator spillover into adjacent maize fields, as confirmed by gut-content
analysis of ladybirds. Endophytic fungus seed coatings further enhanced pest suppres-
sion without negatively affecting predator communities. The combined strategy achieved
comparable pest control to imidacloprid treatment. Our findings demonstrate that in-
tegrating habitat-based and endophyte-associated defenses can provide a sustainable
approach for improving biological control and reducing reliance on chemical insecticides
in agricultural ecosystems.

Abstract

Agricultural intensification has weakened natural pest regulation by reducing habitat re-
sources for natural enemies and limiting plant-mediated resistance. Here, we conducted
field experiments during 2024-2025 to evaluate the combined effects of Cnidium monnieri
field-margin planting and maize seeds coated with the endophytic fungal strains YC (Beau-
veria bassiana) and PL (Purpureocillium lilacinum) on predator conservation, pest suppression,
and biological control in maize agroecosystems. Compared with natural grass margins,
C. monnieri significantly increased predator abundance, species richness, and Shannon
diversity, particularly of ladybirds, minute pirate bugs, and spiders (p < 0.05). Gut-content
analysis detected C. monnieri DNA in ladybirds collected 10-40 m from field margins,
confirming predator resource use and spillover into maize fields. Importantly, endophytic
fungus-coated seeds did not reduce predator abundance or diversity. Moreover, combining
C. monnieri with endophytic fungi enhanced pest suppression and achieved control effi-
cacy comparable to imidacloprid (p > 0.05). These findings demonstrate that integrating
functional plants with endophytic fungi simultaneously strengthens top-down biological
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control and endophyte-associated bottom-up pest suppression, providing an effective and
environmentally sustainable strategy for pest management in maize.

Keywords: maize pests; Cnidium monnieri; endophytic fungi; conservation biological
control; endophyte-associated pest suppression; sustainable pest management

1. Introduction

Climate warming and increasing extreme weather events are intensifying agricultural
pest risks by expanding pest distributions, accelerating development rates, and increas-
ing the number of generations per year [1-3]. In this context, agricultural intensification
exerts a dual influence on pest dynamics [4-6]. On one hand, simplified cropping sys-
tems and the reduction of non-crop habitats limit the availability of resources for natural
enemies, thereby weakening predator-mediated biological control [7,8]. On the other
hand, intensification undermines the long-term stability of crop resistance by reducing
genetic diversity, simplifying agroecosystems, and facilitating rapid pest adaptation [1,9].
These combined pressures frequently lead to pest outbreaks, posing significant threats to
crop yield and sustainability [10,11]. Therefore, developing integrated pest management
strategies that simultaneously enhance natural enemy recruitment and strengthen plant
resistance is essential for achieving stable and sustainable pest control under intensive
agricultural systems.

Functional plants can improve conservation biological control by providing nectar,
pollen, shelter, and alternative prey, thereby increasing the survival, reproduction, and
foraging ability of predators and parasitoids [12,13]. Flowering strips and insectary plants
further enhance pest suppression by improving natural enemy dispersal, habitat connectiv-
ity, and their ability to colonize crop fields, ultimately strengthening landscape-level pest
regulation [14-16]. Among these, Cnidium monnieri (L.) Cusson has gained attention due to
its prolonged flowering period, abundant floral resources, and strong attractiveness to key
predators such as Harmonia axyridis and Propylaea japonica, with floral volatiles mediating
their attraction and enhancing biological control potential [17,18]. In China, C. monnieri is
widely established as a field-margin habitat plant, typically sown in autumn and flowering
from May to July [19]. In wheat-maize rotation systems, its flowering period extends
into mid-July and substantially overlaps with the maize seedling stage, a critical period
when crops are highly vulnerable to early pest colonization. This phenological synchrony
suggests that C. monnieri may provide ecological support for natural enemies during early
maize growth; however, whether and how C. monnieri-mediated habitat manipulation
influences natural enemy communities and pest populations in maize systems remains
insufficiently understood.

In addition, plant-associated endophytic microorganisms have attracted increasing
attention due to their important roles in enhancing plant resistance to herbivorous insects
and improving crop resilience [20,21]. Beneficial endophytes, including bacteria and fungi,
can colonize internal plant tissues and activate plant defense pathways such as jasmonic
acid (JA) and salicylic acid (SA) signaling, thereby inducing systemic resistance against a
wide range of insect pests [22-24]. Seed coating with endophytes has been shown to reduce
herbivore performance by decreasing feeding, survival, and reproduction [21,25,26].

Integrating habitat management with plant-mediated resistance may offer a promising
approach for robust and sustainable pest control. Functional plants enhance top-down
regulation by supporting predator populations, while endophytes reinforce bottom-up re-
sistance within crops [18,27-29]. The combination of these strategies may achieve stronger
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pest suppression than either approach alone. However, most studies have been conducted
under controlled laboratory or greenhouse conditions, and the ecological effects of integrat-
ing endophytes with habitat management practices, such as functional plants or flowering
strips, remain largely unexplored in field environments.

Therefore, this study aimed to evaluate the combined effects of field-margin planting
of C. monnieri and endophytic seed coating on predator communities and pest suppression
during the maize seedling stage. We hypothesized that (1) C. monnieri planting would in-
crease predator abundance and diversity in maize fields, (2) endophytic seed coating would
reduce pest abundance in maize, and (3) their combination would provide enhanced pest
suppression through complementary ecological mechanisms involving predator-mediated
regulation and endophyte-associated pest suppression.

2. Materials and Methods
2.1. Endophytic Fungi and Maize Seed Coating

Insect-resistant endophytic fungal strains YC (Beauveria bassiana) and PL (Purpureocil-
lium lilacinum) were isolated and screened in the previous study in our laboratory [27,30].

The maize variety used in this study was Zhengdan 958, purchased from Beijing
Denong Seed Industry Co., Ltd., Beijing, China, with a total growth period of 95 days.
Untreated maize seeds (without any coating) were used for endophytic fungal seed-coating
treatments, while maize seeds coated with imidacloprid served as the conventional chemi-
cal control treatment.

For seed coating, each fungal preparation (4 x 10'° viable conidia g~!, 50 g per mu;
corresponding to a theoretical inoculum dose of approximately 4.8 x 108 viable conidia per
seed based on the planting density (63,000 plants ha~!)) was mixed with an appropriate
amount of methyl cellulose (as an adhesive; Shanghai Yuan Ye Biotechnology Co., Ltd.,
Shanghai, China) and talc powder (as a carrier; Guangxi Longsheng Huamei Calcite
Development Co., Ltd., Guilin, China). The mixtures were then applied to maize seeds
using a mechanical seed-coating machine (BY25C; Linyi Lingxin Machinery Equipment Co.,
Ltd., Linyi, China) to ensure uniform coating. Fungal coating did not affect seed viability,
as germination rates exceeded 90% in all treatments and showed no significant differences
from the untreated maize seeds.

2.2. Functional Plants

The functional plant used in this study was C. monnieri, a high-yielding variety with a
stable genetic background that was developed by our research team over many years [31].

2.3. Experimental Design

The experiment was conducted in 2024 and 2025 at the experimental fields located
in Jiyang, China (36°58’ N, 116°58" E). The experimental site was located on relatively
flat agricultural land, and no obvious variation in topography was observed across the
experimental area. The field was composed of two distinct vegetation backgrounds: C.
monnieri plots and natural grass plots. The natural grass vegetation mainly consisted of
Cirsium setosum, Conyza canadensis, Humulus scandens, Digitaria sanguinalis, Eleusine indica,
Setaria viridis, and Portulaca oleracea. Each vegetation strip was 3 m wide and positioned at
opposite ends of the field. Within the C. monnieri background, maize seeds were treated
with two endophytic fungi (CM+YC and CM+PL), an imidacloprid treatment (CM+Imi),
and an untreated control (CM). In contrast, the natural grass background included an
untreated control (NG). Within each vegetation background, treatments were randomly
assigned with three independent replicates, and each plot measured 12 m x 90 m. Each plot
was oriented along the north—south direction. Adjacent plots were separated by isolation
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strips (buffer zones) of 12 m width to reduce potential interference among treatments. The
two vegetation backgrounds were separated by a distance exceeding 200 m to limit the
dispersal of natural enemies between them. Sampling points were established within each
plot and distributed evenly for monitoring insect populations and their natural enemies

(Figure 1).
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Figure 1. Schematic layout of the field experiment showing the arrangement of treatments under
two vegetation backgrounds in 2024 and 2025. The experimental field was divided into two vegetation
backgrounds, Cnidium monnieri and natural grass, each 3 m wide and located at opposite ends of
the field. In the C. monnieri area, maize plots received endophytic fungus treatments (CM+YC and
CM+PL), imidacloprid treatment (CM+Imi) and an untreated control (CM), while in the natural
grass area, plots received an untreated control (NG). Each treatment was replicated three times in
plots measuring 12 m x 90 m, arranged along the length of the field. Each plot was separated by
buffer strips of 12 m. The two vegetation areas were separated by a distance greater than 200 m to
reduce movement of natural enemies between backgrounds. Blue squares indicate sampling points
established within each plot for monitoring insects and natural enemies. The red line indicates the
measured distance between the sampling site and the adjacent boundary.

C. monnieri was initially sown in early September 2023 at a seeding rate of 37.5 kg ha™!.
The C. monnieri strips were managed under natural seed dispersal, allowing for perennial
propagation; therefore, no re-sowing was required during 2024-2025. Maize was planted
on 21 June 2024 and 18 June 2025 at a density of 63,000 plants ha~!. Throughout the
experimental period, no insecticides were applied, and all other agronomic practices
followed conventional local management.

2.4. Predator Populations, Pest Populations, and Maize Damage

Within each C. monnieri strip, three sampling points were randomly selected from
areas with uniform plant growth. A 0.5 m x 0.5 m sampling frame was placed at each point,
and all predators within the frame were recorded. For maize, populations of predators and
pests were monitored using a five-point sampling method within each plot. Five sampling
points were evenly distributed along the length of each plot and maintained at the same
positions during the two experimental years. All sampling points were located at least 3 m
from plot edges to minimize edge effects (Figure 1). At each point, at least 30 maize plants
were randomly selected, and the numbers of predators and pests, as well as the number of
damaged maize plants, were recorded. Surveys were conducted at the seedling stage on
12 July 2024 and 10 July 2025.

The maize damage rate was calculated as the proportion of damaged plants relative to
the total number of surveyed plants:

Number of damaged plants

1
Total number of surveyed plants 00

Damage rate (%) =

The control efficacy was calculated as

. Damage rate in control — Damage rate in treatment
Control efficacy (%) = ( & & )

- x 100
Damage rate in control
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2.5. Detection of C. monnieri in Predators of Maize Fields

To investigate the role of C. monnieri in supporting predatory insects in maize fields,
we examined the presence of C. monnieri DNA in their gut contents. We employed C.
monnieri-specific primers (Forward: 5-GCTCGCTAAGATGACGAGGATT-3’; Reverse:
5'-CACTCTCGGGTGGCCACT-3') to detect plant material within ladybirds [32]. Gut
contents of collected ladybirds were subjected to DNA extraction following the CTAB-
based protocol described previously [32]. PCR amplification was performed in a 25 pL
reaction mixture containing 1 pL template DNA, 12.5 pL. Taq PCR Master Mix (2x), 1 puL
forward primer (10 uM), 1 uL reverse primer (10 uM), and 9.5 pL sterile distilled water. The
PCR program consisted of an initial denaturation at 94 °C for 10 min, followed by 35 cycles
of denaturation at 94 °C for 30 s, annealing at 58 °C for 45 s, and extension at 72 °C for 30 s,
with a final extension at 72 °C for 5 min. PCR products were separated on 1.5% agarose
gels and visualized under UV illumination.

Sampling was conducted at maize field sites located 10, 20, 30, and 40 m from C.
monnieri strips in 2025. At each distance, the gut contents of ladybirds were analyzed via
PCR to assess the detectability of C. monnieri. At each distance, five ladybirds were collected
per replicate, with three replicates per sampling point. As a negative control, ladybirds
reared indoors without exposure to C. monnieri were included.

2.6. Monitoring Temperature and Humidity of C. monnieri and Maize Plants

To explore the potential drivers of predator movement from C. monnieri to maize fields,
temperature and humidity were monitored in both plant systems using a digital temperature—
humidity data logger (GSP-8G, Jiangsu Jingchuang Electric Co., Ltd., Suzhou, China). A dual-
channel sensor was employed, with probes positioned near the central regions of maize leaves
and C. monnieri leaves, respectively. Temperature and relative humidity were recorded at 5 min
intervals, allowing continuous assessment of microclimatic conditions in the two plant canopies.

2.7. Data Analysis

Statistical analyses were performed using IBM SPSS Statistics 26.0 (IBM Corp., Armonk,
NY, USA). Data were examined for normality and homogeneity of variances prior to analy-
sis. Variables that did not satisfy these assumptions were log10- or arcsine-transformed
before analysis, whereas untransformed means are presented in the figures. Two-way
ANOVA was conducted to evaluate the effects of vegetation type (C. monnieri vs. natural
grass), year (2024 vs. 2025), and their interaction on predator abundance in vegetation
strips, corresponding to the hypothesis that C. monnieri enhances natural enemy recruit-
ment. One-way ANOVA was used to compare differences among maize field treatments
(CM, CM+YC, CM+PL, CM+Imi, and NG) in predator abundance, pest abundance, Shan-
non diversity index, species richness, control efficacy, and relative humidity, in order to
evaluate the effects of endophytic fungi and their integration with C. monnieri on biological
control performance (Hypotheses 2 and 3). Following significant ANOVA results, pairwise
comparisons among means were performed using Fisher’s least significant difference (LSD)
test at p < 0.05. Considering that measurements were collected from the same plots across
two experimental years, additional linear mixed models were conducted to account for
potential temporal dependence. Treatment and year were considered fixed factors, whereas
plot identity was included as a random factor.

3. Results
3.1. Differences in Predator Density and Diversity Between C. monnieri and Natural Grass

Two-way ANOVA showed that vegetation type significantly affected predator pop-
ulation density (F = 349.10, p < 0.001). Predator densities were consistently higher on C.
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monnieri (CM) planted at field edges compared to natural grass (NG) (p < 0.05; Figure 2).
During 2024-2025, minute pirate bugs and lacewings were absent from NG, and spiders
were not observed on NG in 2025. Ladybird densities on CM were 29.0- and 25.5-fold
higher than those on NG in 2024 and 2025, respectively. The total predator density on
CM was 15.33- and 53.0-fold higher than that on NG in 2024 and 2025, respectively. These
results indicate that C. monnieri supports substantially greater predator population density
than natural grass across both years.

Predator community diversity was also significantly improved by C. monnieri
(Figure 3). Both the Shannon diversity index and species richness were significantly higher
in C. monnieri plots than those in NG plots in 2024 and 2025 (p < 0.05). These results suggest
that field-margin planting not only increases predator abundance but also promotes a more
diverse predator community.
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Figure 2. Predator population density on C. monnieri (CM) and natural grass (NG) from 2024 to 2025.
(A) 2024 and (B) 2025. Bars represent mean =+ standard error (SE). Different lowercase letters above
bars indicate significant differences between CM and NG within the same predator group (p < 0.05).
“Sum” represents the total predator density across all groups. The dashed line separates individual
predator groups from the total predator density (“Sum”).
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Figure 3. Shannon diversity index and species richness of predator communities on C. monnieri (CM)
and natural grass (NG) in 2024 and 2025. Different lowercase letters indicate significant differences
among treatments (p < 0.05). The dashed line separates data from the two sampling years.
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3.2. Effects of C. monnieri Planting and Endophyte Coating on Predator Density and Diversity in
Maize Fields

Predator population density varied among treatments of C. monnieri planting and
endophyte coating during the maize seedling stage in 2024 and 2025 (Figure 4). Under
conditions where C. monnieri was planted at the field edges, no significant differences were
detected in the population densities of minute pirate bugs, ladybirds, lacewings, spiders,
or the total predator community between maize plots with endophytic fungus—coated
seeds (CM+YC and CM+PL) and those with uncoated seeds (CM) in both 2024 and 2025
(p > 0.05; Figure 4). In contrast, predator population densities in the CM, CM+YC, and
CM+PL treatments were consistently higher than those in plots with imidacloprid-coated
maize seeds (CM+Imi) and natural grass (NG). In 2024, the densities of minute pirate bugs,
ladybirds, spiders, and the total predator community were significantly greater in CM,
CM+YC, and CM+PL treatments compared with those in CM+Imi and NG treatments
(p < 0.05). A similar pattern was observed in 2025, with ladybird, spider, and total predator
densities remaining significantly higher under CM, CM+YC, and CM+PL than those under
CM-+Imi and NG (p < 0.05).
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Figure 4. Predator population density during the maize seedling stage in 2024 (A) and 2025 (B) under
C. monnieri alone (CM), CM with endophytic fungus YC seed coating (CM+YC), CM with endophytic
fungus PL seed coating (CM+PL), CM with imidacloprid seed coating (CM+Imi), and natural grass
(NG). Different lowercase letters above bars indicate significant differences among treatments within
each predator group (p < 0.05). The dashed lines separate predator groups, and “Sum” represents the
total predator density across all groups. The same as in the following figures.

The Shannon diversity index and species richness of predator communities were
significantly lower in the CM+Imi and NG treatments than those in the other C. monnieri-
based treatments (CM, CM+YC, and CM+PL) in both 2024 and 2025 (p < 0.05; Figure 5). No
significant differences were observed among the CM, CM+YC, and CM+PL treatments for
either the Shannon index or species richness (p > 0.05).
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Figure 5. Shannon diversity index (A) and species richness (B) of predator communities in maize
fields in 2024 and 2025 under C. monnieri alone (CM), CM with endophytic fungus YC seed coating
(CM+YC), CM with endophytic fungus PL seed coating (CM+PL), CM with imidacloprid seed
coating (CM+Imi), and natural grass (NG). Different lowercase letters above bars indicate significant
differences among treatments within the same year (p < 0.05). The dashed vertical line separates data
from 2024 and 2025.

Additional linear mixed model analyses considering plot identity as a random effect
confirmed the significant effects of treatments on predator abundance, Shannon diversity
index and species richness, consistent with the results obtained from ANOVA (Table S1).

3.3. Evidence for Spillover of Predators from C. monnieri to Maize Fields

The detection rate of C. monnieri DNA in ladybird gut contents was consistently high
across all sampling distances, reaching 100% at 10 m from the C. monnieri plots (Table S2).
Although the detection rate gradually declined with increasing distance, C. monnieri DNA
remained detectable in 93.33%, 86.67%, and 80% of ladybirds collected at 20, 30, and 40 m,
respectively. However, no significant differences were observed among the four distances
(p > 0.05). In contrast, C. monnieri DNA was not detected in any ladybirds collected from
areas adjacent to natural grass plots, with a detection rate of 0% at all sampling distances.

Microclimatic measurements conducted during the maize seedling stage (09:25-16:05)
showed that the relative humidity on maize plants was consistently higher than that on C.
monnieri plants (+37.94%; p < 0.05; Figure S1).

3.4. Enhanced Biological Control of Maize Pests via C. monnieri Planting and Endophyte Coating

Across both 2024 and 2025, planting C. monnieri at field edges combined with endo-
phytic fungus seed coating treatments significantly reduced pest populations in maize
fields compared with the NG treatment (p < 0.05; Figure 6). No thrips were recorded in
maize plots with C. monnieri combined with endophytic fungus seed coatings (CM+YC and
CM+PL) in either year. In addition, fall armyworm was not detected in CM+YC, CM+PL
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and CM treatments in 2025. For beet armyworm, in 2024, all C. monnieri-based treatments
(CM+YC, CM+PL, CM+Imi, and CM) had significantly lower population densities than the
NG treatment (p < 0.05). Among these, CM+YC and CM+PL did not differ significantly
from CM+Imi but were significantly lower than CM (p < 0.05). In 2025, no significant
difference was observed between CM and NG; however, the CM+PL treatment had a
significantly lower beet armyworm population than CM (p < 0.05). Regarding total pest
abundance, all C. monnieri-based treatments consistently showed significantly lower values
than the NG treatment in both years ((—55.93%)—(—94.92%); p < 0.05). In 2024, the CM+PL
treatment had significantly lower total pest abundance than CM (—80%), while not differing
significantly from CM+YC and CM+Imi (p < 0.05). In 2025, total pest abundance in CM+YC
(—73.08%) and CM+PL (—88.46%) treatments was significantly lower than in CM, but did
not differ significantly from CM+Imi.

A
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Figure 6. Pest populations recorded during the maize seedling stage in 2024 (A) and 2025 (B) under
C. monnieri alone (CM), CM with endophytic fungus YC seed coating (CM+YC), CM with endophytic
fungus PL seed coating (CM+PL), CM with imidacloprid seed coating (CM+Imi), and natural grass
(NG) in maize fields. Different lowercase letters above bars indicate significant differences among
treatments within each pest species or total abundance (sum) (p < 0.05). The dashed lines separate
different pest species, and “Sum” represents the total pest abundance across all recorded species.

Planting C. monnieri combined with endophytic seed coating significantly enhanced
the control efficacy against maize pests (Figure 7). In 2024, CM+PL treatment showed the
highest control effect, which was significantly greater than that of CM treatment (+16.74%;
p < 0.05), but did not differ significantly from CM+YC or CM+Imi treatment (p > 0.05;
Figure 7A). In 2025, the control effect was highest in CM+YC treatment and significantly
higher than that in CM treatment (+13.17%; p < 0.05; Figure 7B). The control efficacy of the
CM-+Imi treatment did not differ significantly from that of the CM+YC or CM+PL treatment
(p > 0.05). Linear mixed model analyses further confirmed that treatment significantly
affected pest populations and control efficacy, and the results were consistent with those
obtained from ANOVA analyses (Table S1).
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Figure 7. Control effects of C. monnieri alone (CM), CM with endophytic fungus YC seed coating
(CM+YC), CM with endophytic fungus PL seed coating (CM+PL), CM with imidacloprid seed coating
(CM+Imi), and natural grass (NG) on maize pests during the seedling stage in 2024 (A) and 2025 (B).
Different lowercase letters above bars indicate significant differences among treatments (p < 0.05).

4. Discussion

Understanding how multiple ecological processes can be integrated to enhance natu-
ral pest regulation is fundamental for developing sustainable crop protection strategies.
Habitat diversification through field-margin planting has been widely recognized as an
effective approach for conserving natural enemies and promoting top-down control [19,31],
while endophytic seed coating represents an emerging plant-mediated strategy for im-
proving host resistance against insect herbivores [27,33]. Nevertheless, the combined
ecological consequences of habitat-mediated and endophyte-associated pest suppression,
particularly during the vulnerable stage when pest populations become established, re-
main largely unexplored. Here, we bridge this knowledge gap by combining C. monnieri
field-margin planting with endophytic seed coating to evaluate their individual and comple-
mentary contributions to predator enhancement, pest suppression, and biological control
in maize agroecosystems.

C. monnieri has received considerable attention as a functional field-margin plant
due to its capacity to conserve beneficial arthropods. However, previous studies have
largely focused on C. monnieri functions within wheat ecosystems [19,34]. In wheat-maize
rotation systems, wheat harvest represents a critical ecological bottleneck, as the rapid
removal of crop vegetation results in substantial losses of shelter, alternative resources, and
suitable habitats for natural enemies [35,36]. Coincidently, C. monnieri is in its flowering
period during this transition, potentially providing continuous floral resources and refuge
habitats that support predator persistence after wheat harvest and before maize canopy
establishment [19]. In this study, we demonstrated that the densities of multiple predator
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taxa, including ladybirds, lacewings, minute pirate bugs, and spiders, were consistently
higher in C. monnieri habitats, accompanied by increased predator species richness and
Shannon diversity. These findings indicate that C. monnieri provides a more suitable habitat
for supporting diverse predator assemblages than unmanaged natural grass vegetation.
The enhanced predator recruitment in C. monnieri habitats may be associated with its
flowering characteristics and vegetation structure, which potentially provide additional
trophic resources and refuge habitats for natural enemies [31,36]. However, because the C.
monnieri and natural grass habitats were established at different positions within the same
experimental field, vegetation effects may partially interact with spatial variation. Although
buffer zones and spatial separation were applied to minimize potential interference, future
experiments incorporating multiple independently replicated vegetation patches across
different locations are needed to further disentangle habitat effects from spatial effects.

Building on the role of C. monnieri as a resource-rich refuge habitat, we further in-
vestigated whether predators recruited by C. monnieri could disperse into adjacent maize
fields and promote the establishment and persistence of predator populations within maize
fields. Our results demonstrate that maize fields associated with C. monnieri consistently
supported higher predator abundance, diversity, and species richness than imidacloprid-
treated and natural grass treatments, indicating that C. monnieri planting can improve the
stability of natural enemy communities by providing complementary trophic resources and
suitable habitats. Importantly, gut-content analysis detected C. monnieri DNA in ladybirds
collected from maize fields 10-40 m away from the C. monnieri plots, with consistently
high detection rates (80-100%) across all distances. These results provide direct molecular
evidence of resource utilization and predator spillover from the functional plant habitat into
the surrounding crop habitat. Moreover, the significantly higher relative humidity observed
in maize plants compared with C. monnieri habitats (+37.94%, p < 0.05) suggests a potential
role of microclimatic conditions in facilitating predator retention after dispersal. Vegetation-
mediated modification of microclimatic conditions, including increased humidity and
reduced environmental stress, has been recognized as an important mechanism promoting
the survival and retention of natural enemies in agricultural landscapes [37,38]. Together,
these findings reveal a complementary ecological mechanism in which C. monnieri functions
as a multifunctional resource habitat by attracting predators and providing essential trophic
resources and refuge, whereas maize plants offer favorable microhabitats that facilitate
predator establishment and persistence within the crop habitat. Moreover, endophytic
fungus-coated maize were compatible with C. monnieri planting, maintaining predator
abundance and diversity while supporting significantly richer predator communities than
imidacloprid-treated plots.

Across two consecutive years, the combined use of C. monnieri planting and endophytic
fungus-coated seeds consistently achieved comparable pest suppression. Notably, thrips
were not detected in maize plots under this combined treatment. This integration provides
a complementary pest management system: C. monnieri enhances predator recruitment and
persistence [17,18], whereas endophytic seed coating provides a complementary bottom-up
component associated with reduced pest abundance [39-41]. Compared with imidacloprid
treatment, this system delivers similar pest control while maintaining higher predator
abundance and diversity, underscoring the advantage of integrating functional plants with
microbial-based strategies to enhance biological control and minimize the ecological costs
associated with chemical insecticides.

Although our two-year field experiments provide evidence that integrating C. monnieri
planting with endophytic fungus-coated maize seeds can enhance biological control during
the maize seedling stage, several limitations should be considered. First, this study was
conducted at a single experimental site using one maize hybrid (Zhengdan 958), and the
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effectiveness of this strategy may vary with environmental conditions, landscape context,
soil properties, and crop genotypes. Therefore, multi-location trials involving diverse
maize varieties are needed to further evaluate the general applicability and stability of
this approach. Second, although consistent effects were observed across two consecutive
growing seasons (2024-2025), longer-term experiments covering multiple years and crop
growth stages are required to determine whether these ecological benefits persist over
time and ultimately translate into improvements in crop productivity, including biomass
accumulation, grain filling, and yield. Third, while previous studies have demonstrated
the insect-resistance potential of the YC strain, endophytic colonization and the associated
physiological mechanisms were not directly investigated in this field study. Future research
integrating fungal colonization analysis, plant defense responses, and metabolomic or tran-
scriptomic approaches will help elucidate the mechanisms underlying endophyte-mediated
pest suppression. Finally, our assessment focused mainly on dominant aboveground preda-
tory arthropods, including ladybirds, minute pirate bugs, lacewings, and spiders. Future
studies incorporating parasitoids, pollinators, and soil arthropod communities will pro-
vide a more comprehensive evaluation of the ecological effects of this integrated pest
management strategy:.

5. Conclusions

Our study demonstrates that integrating C. monnieri field-margin planting with en-
dophytic fungus-coated maize seeds provides an effective and ecologically sustainable
strategy for pest management. C. monnieri enhanced predator abundance, diversity, and
spillover into adjacent maize fields, whereas endophytic seed coating provided comple-
mentary pest suppression. The combined system achieved pest control comparable to
imidacloprid while conserving a more diverse and abundant natural enemy community.
These findings demonstrate the compatibility and complementary effects of habitat man-
agement and endophyte-based pest management, although the physiological mechanisms
underlying the endophyte-associated pest suppression remain to be resolved.
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