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ABSTRACT

The introduction of flowering plants into agricultural landscapes can significantly
impact host-parasitoid food webs, although the extent of these effects varies
depending on landscape characteristics. This study examined the effects of habitat
manipulation by introducing flowering plants on the complexity of herbivore-
parasitoid food webs in agricultural landscapes. Using Shannon diversity, links
per species, linkage density, and vulnerability, we assessed the effects of flowers
planted in maize fields. Herbivore collections were conducted at 2, 4, 6, 8§,
and 10 weeks after planting. Bipartite network analysis identified nine host
morphospecies (Lepidoptera) in maize fields, revealing eight morphospecies
in fields without flowering plants and six in fields with flowering plants. Eight
major parasitoids were recorded, with Paratetracnemoidea sp.1 and Telenomus
remus dominating fields without flowering plants, whereas 7. remus was the most
prevalent in fields with flowers. Spodoptera frugiperda emerged as the dominant
host in both fields, whereas Lymantriidae sp.2 was present in low numbers in
both field types. These results indicate that flowering plants enhance Shannon
diversity and linkage density. However, the composition of the surrounding
landscape can obscure these benefits, leading to simplified food web structures
as the agricultural fields expand. Our findings underscore the significance of
landscape context in shaping crop-herbivore-parasitoid interactions, offering
valuable insights into sustainable agricultural management practices.
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different trophic levels, and their structure significantly
influences biodiversity and ecosystem function

1. Introduction

Biodiversity and ecological functions within plant-
insect communities are shaped by both local habitat
conditions and broader landscape characteristics
(Kruess 2003). Consequently, effective biodiversity
conservation and biological control strategies must
consider landscape effects at varying scales. Food
webs illustrate the interactions between species across
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(Wang & Brose 2018). Furthermore, consumer-
resource interactions are pivotal in driving population
dynamics and community structures (Kawatsu et al.
2021). The conservation of natural enemies aims
to enhance their effectiveness against plant pests
by promoting the presence of nectar and pollen-
rich plants in agroecosystems (Baggen et al. 1999).
Variability in the trophic levels of natural enemies
can influence the interactions between herbivores and
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their natural enemies, ultimately affecting tritrophic
dynamics (Abdala-Roberts et al. 2019). Additionally,
a diverse community of parasitoids may hinder
biological control efforts (Yang et al. 2021) because
hyperparasitoids can undermine the efficacy of
primary parasitoids in these processes (Sullivan et al.
1999).

Investigating tritrophic interactions is crucial for
understanding natural species dynamics and applying
this knowledge to pest control strategies (Agrawal
2000). Herbivore-parasitoid interactions should be
examined through a multitrophic and multispecies lens,
as the strength and direction of effects across trophic
levels can vary with spatial scale (Van De Koppel et
al. 2005). Cuautle & Parra-Tabla (2014) found that
parasitoids are generally less affected by spatial scales
than herbivores, a phenomenon likely linked to the
search behaviors of parasitoids at the patch level. In
host-parasitoid interactions, species at the highest
trophic levels are typically much smaller (Thies et
al. 2005). Despite their size, these higher trophic
level species may be more susceptible to extinction
owing to habitat loss, fragmentation, and degradation
resulting from agricultural intensification, as they face
both direct effects on their populations and indirect
effects on their hosts or prey (Cagnolo et al. 2009).
A comprehensive understanding of agroecosystem
responses and functioning, facilitated by a food
web approach, could enhance the management of
biological control in altered environments (Tylianakis
etal. 2014).

Trophic interactions between herbivores and
parasitoids are affected by the diversity of crops
in the surrounding area, including the presence of
flowering plants (Nitschke et al. 2017). Increasing
crop heterogeneity effectively enhances and restores
multitrophic biodiversity in agricultural landscapes
(Sirami et al. 2019). Incorporating flowering plants
that provide nutrients to their natural enemies
can improve top-down control and support pest
management (Balmer et al. 2013). A tritrophic
study involving plants, sap-sucking Hemiptera, and
ants demonstrated that higher local plant diversity
stabilizes the mutualistic Hemiptera-ant network,
while the antagonistic plant-Hemiptera network
remains unaffected (Staab ef al. 2015). These findings
suggest that the bottom-up effects of plant diversity on
trophic interactions may vary depending on the nature
of the interaction, specifically whether it is mutualistic
or antagonistic.

Understanding the effects of flowering plants
on food webs is crucial for optimizing the use of
floral resources in integrated pest management
programs (Haro et al. 2018). Therefore, a deeper
understanding of flowering plants is necessary to
enhance habitat manipulation strategies for biological
control and conservation (Begum et al. 2004). In
addition, plant-herbivore-parasitoid interactions are
influenced by landscape structure (Kruess 2003).
Research by Syahidah et al. (2021) indicated that
landscape composition, particularly the proportion
of natural habitat and cropland, positively correlates
with the structure of host-parasitoid food webs,
notably in terms of connectance and compartment
diversity. Conversely, Hawro et al. (2015) found
no significant impact of landscape structure on the
dynamics of the food web involving aphids and their
parasitoids. Gagic et al. (2011) reported that increased
landscape complexity led to simpler food webs
between aphids and their parasitoids. While trophic
interactions between herbivores and parasitoids
have been extensively documented, the effects of
flowering plants and landscape composition on the
complexity of herbivore-parasitoid food webs remain
underexplored. Food web complexity is a crucial
factor that influences ecosystem function and stability
(Tylianakis et al. 2007; Bukovinszky et al. 2008).
Food web metrics serve as a means to characterize
interactions among various trophic levels (Thompson
et al. 2012). Understanding these metrics and their
connections with local conservation practices at the
landscape scale can enhance pest and natural enemy
management strategies (Dong et al. 2019).

Maize is a crucial agricultural product in Indonesia,
ranking second after rice as the most significant cereal
crop (Erythrina et al. 2022). As the most extensively
cultivated cereal, maize fosters intricate trophic
interactions, highlighted by the swift adaptation of
local parasitoids to invasive pests, such as Spodoptera
frugiperda(Nurkomaret al.2024). Thisinvasivespecies
has displaced native pests such as Ostrinia furnacalis,
leading to yield losses of up to (Song et al. 2023) and
disrupting the diversity of natural enemies in maize
fields (Rizali er al. 2021). The tall structure of maize
and the prevalence of monoculture landscapes make it
an ideal setting for exploring floral resource provision
and landscape habitat manipulation, which have been
demonstrated to enhance parasitoid diversity and
decrease dependence on chemical pesticides (Sarkar
et al. 2018). Given its their expanding cultivation
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area and vulnerability to various pests, maize fields
are vital habitat engineering models aimed at boosting
natural enemies and herbivore-parasitoid food webs.

Previous studies have documented the connections
between flowering plants and host-parasitoid food
webs (Damien et al. 2017, Haro et al. 2018; Rizali
et al. 2023), as well as the influence of landscape
composition on these webs (Dong et al. 2019; Yang et
al. 2021; Syahidah et al. 2021). However, the impact
of flowering plants on herbivore-parasitoid food webs
at the landscape scale remains unexplored. This study
examined the effect of habitat manipulation through
the planting of flowering plants at the landscape
scale on the complexity of the herbivore-parasitoid
food web, using metrics such as Shannon diversity,
links per species, linkage density, and vulnerability.
Specifically, this study aimed to determine whether
the presence of flowering plants in maize fields and
the surrounding landscape composition influence the
structure of herbivore-parasitoid food webs. This study
enhances our understanding of ecological interactions
in agroecosystems and provides valuable insights
into habitat manipulation strategies that promote
biodiversity and improve pest control in agricultural
landscapes.

2. Materials and Methods

2.1. Study Site and Pest Collection
This study was conducted in Bogor (Figure 1) from
April to September 2022. It involved the examination
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of four maize fields with flowering plants (treatment)
and four maize fields without flowering plants (control).
The flowering plants were initially grown in polybags
and then transplanted to the maize fields as they reached
their flowering period. The selected species of flowering
plants were Cosmos sp., Turnera sp., Helianthus annuus,
Vigna unguiculata, Arachis pintoi, and Antigonon
leptopus. These flowering plants were planted directly
adjacent to the maize fields, approximately two weeks
prior to maize planting, except for V. unguiculata, which
was sown three weeks earlier. They were spaced 20 x
30 cm apart within three 5 x 5 m plots, with a 1 m gap
between each plot. To maintain a continuous supply of
flowers in the maize fields, new flowering plants were
strategically planted alongside those nearing senescence.
All flowering plants were supplied with organic fertilizer
to optimize their growth.

The fields were separated by approximately 150
m to prevent any interactions between the treatments.
Insect collection focused on the egg and larval stages,
comparing plots with flowering plants (treatment) to
those without (control). Three transects located 0, 10,
and 20 m from the edge of the maize field (Figure 2)
were used to collect pests at the egg, larval, and pupal
stages. These collections were conducted 2, 4, 6, 8, and
10 weeks after planting. Pests in the egg, larval, and
pupal stages were collected directly by hand from 100
maize plants at each distance along the transect lines.
The collected pests were placed in labelled plastic
containers, categorized by stage, and marked with the
location, treatment, and collection times. Insects were

Legend
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Figure 1. Map of research locations by land use type in Bogor, Indonesia
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Figure 2. The experimental design in a maize field involved flowering plant enrichment (a) and without enrichment (b). Black arrows
indicated the distance between the points of interest, while red arrows indicated the direction of the transect

identified at the Biological Control Laboratory of the
Department of Plant Protection, Faculty of Agriculture,
IPB University.

2.2. Host Rearing and Identification

Pests captured in the field were transferred to glass
tubes for the egg stage, whereas larvae and pupae were
placed in plastic cups for rearing. The reared larvae were
provided with fresh corn as a daily food source. Daily
observations were conducted to monitor the emergence of
parasitoids from eggs, larvae, and pupae. The parasitoids
were then preserved in 1.5 ml tubes containing 70%
ethanol and labeled according to the pest labels from
the field. The larvae and pupae were reared until they
reached the adult stage. Unknown adult specimens
were stored in a 30 ml plastic bottle of alcohol for
identification purposes. The pests collected from the field
and the parasitoids reared from the pests were counted.
The identification process relied on morphological
characteristics, referencing the books The Insects of
Australia, Volume 1 and 2 (CSIRO 1990; CSIRO 1991),
Hymenoptera of the world (Goulet ef al. 1993), Nixon
(1937), Nixon (1970), Nagaraja & Nagarkatti (1969),
Gauld (1984), Van-Achterberg (1993), Zhang & Huang
(2004), Ubaidillah (2003), Ubaidillah (2007), Buffington
et al. (2020), and the official website, Identification Keys
for Afrotropical Hymenoptera (http://www.waspweb.
org/Keys/).

2.3. Landscape Composition Determination
Landscape composition was determined using

Sentinel-2/S2 images processed using the Google Earth

Engine (GEE) cloud computing platform. The image

acquisition timeframe was adjusted to coincide with
the sample collection period, from April 1, 2022, to
September 30, 2022. The selected S2 image had a median
digital number value and cloudiness level of <20%
(Mahdianpari et al. 2020). The area of interest (AOI) was
defined as a rectangular shape encompassing the Bogor
Regency and its surrounding areas. The classification
inputs consisted of the original band combinations of
the multispectral bands, including B2, B3, B4, B5, B6,
B7, B8, B8A, B11, and B12. The land-use classification
encompassed seven categories: built-up areas, water
bodies, trees, rice fields, dryland farming, shrubs, and
open areas (Figure 3). The random forest algorithm
was employed for land use classification (Gislason et
al. 2006; Noi Phan et al. 2020) with a kappa coefficient
value of >0.80 (Kumar et al. 2021). The image data
were processed using ArcGIS 10.8 software to assess
the landscape conditions within a 500 m radius of the
observation land (Bonato et al. 2023). The landscape
parameters considered were the class area (CA), number
of patches (NumP) of farmland (encompassing rice
fields and dryland farming), and semi-natural habitats
(comprising shrubs and trees).

2.4. Data Analysis

Trophic relationships between hosts and parasitoids
were established based on direct observations of pests
in maize crops and the emergence of parasitoids from
reared insect pests. Trophic interactions were analyzed
and visualized using the 'bipartite' package (Dormann
et al. 2022). The food web indices utilized included
Shannon diversity, which measures the number of host
and parasitoid species in each compartment (Murakami
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Figure 3. Landscape composition at the study site within a 500-meter radius. CWC, PRC, CUC, and CIC are fields without flowering plant
enrichment, and CWT, PRT, CUT, and CIT are fields with flowering plant enrichment

et al. 2008); linkage density, which quantifies the
number of links or relationships between species in the
network (Bersier et al. 2002); links per species, which is
the average number of links per species (Montoya et al.
2006); and vulnerability, which represents the weighted
average number of parasitoids per host species (Maunsell
et al. 2015). These indices were calculated using the
'network level' function (Dormann et al. 2008). To assess
the influence of treatments and landscape structure on
food webs, a generalized linear model (GLM) with a
quasi-Poisson distribution was employed to address data
overdispersion (Demétrio et al. 2014). The predictor
variables included treatment (with or without flowering
plants), maize age, number of patches (NumP), and
class areaareas (CA) of semi-natural habitats and
farmlands. We also examined the interactions between
the treatments and the class areas of farmland and semi-
natural areas to assess the effectiveness of flowering
plants at the landscape scale. All data were analyzed
using R statistical software version 4.4.0 for Windows
(R Core Team 2024).

3. Results

The landscape composition within a 500-meter radius
of the maize fields revealed that the number of farmland
patches varied from 76 to 192, whereas semi-natural
patches ranged from 69 to 134. The area of farmland was
between 5.50 and 22.83 ha, whereas the semi-natural area
spanned from 12.74 to 53.30 ha. Overall, the landscape
conditions at the study site exhibited a proportion of
semi-natural habitats exceeding 20%, indicating a highly
complex landscape.

3.1. Host and Parasitoid Composition in Maize
Fields With and Without Flowering Plants

The bipartite network visualization revealed the
presence of nine host morphospecies of Lepidoptera
in maize fields, specifically Aloa lactinea, Helicoverpa
armigera, Lepidoptera  sp., Lymantriidae sp.1.,
Lymantriidae sp.2., Ostrinia furnacalis, Plusia sp.,
Spodoptera frugiperda and Spodoptera litura. Additionally,
there were ten parasitoid morphospecies, including
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Charops sp., Euplectrus sp., Figitidae sp., Megaselia sp.,
Microplitis sp.1., Microplitis sp.2., Paratetracnemoidea
sp.1., Paratetracnemoidea sp.2., Telenomus remus, and
Trichogramma chilotraea (Table 1). Differences in food
web structures were observed between fields with and
without flowers (Figure 4). Specifically, the field without
flowers exhibited eight host morphospecies, whereas the
field with flowers had six host morphospecies. Eight
primary parasitoids were identified in maize fields without
flowering plant enrichment, with Paratetracnemoidea sp.1
and 7. remus being the dominant species. Conversely, 7.
remus emerged as the dominant species in maize fields
enriched with flowering plants. In both treatments, S.
frugiperda was the prevailing host, representing a new
invasive pest in Indonesia. Notably, all ten parasitoid

morphospecies were observed to parasitize S. frugiperda.
This finding suggests that, despite its invasive nature,
local parasitoids have adapted to the presence of this
new species. Paratetracnemoidea sp.1 and T. remus are
potential parasitoids for controlling S. frugiperda.

3.2 Effect of Flowering Plants and Landscape
Composition on Host-Parasitoid Food Webs
Complexity

This analysis revealed that flowering plants at the
edges of maize fields contribute to the formation of a
complex host-parasitoid food web structure. The study
found significant effects of flowering plants on various
metrics of host-parasitoid food webs, including links per
species (P=0.039), linkage density (P=0.067), Shannon

Table 1. List of parasitoid species and their hosts recorded from maize fields in Bogor

Parasitoid Code Parasitoid function Host Code
Braconidae
Microplitis sp.1 par.05 larval parasitoid Lepidoptera sp. host.03
Lymantriidae sp.1 host.04
Plusia sp. host.07
S. frugiperda host.08
S. litura host.09
Microplitis sp.2 par.06 larval parasitoid A. lactinea host.01
Lymantriidae sp.2 host.05
Plusia sp. host.07
S. frugiperda host.08
S. litura host.09
Encyrtidae
Paratetracnemoidea sp.1 par.07 egg and larval parasitoid H. armigera host.02
Lepidoptera sp. host.03
Plusia sp. host.07
S. frugiperda host.08
Paratetracnemoidea sp.2 par.08 egg parasitoid S. frugiperda host.08
Eulophidae
Euplectrus sp. par.02 larval parasitoid S. frugiperda host.08
Figitidae
Figitidae sp. par.03 larval parasitoid O. furnacalis host.06
Plusia sp. host.07
S. frugiperda host.08
Ichenemonidae
Charops sp. par.01 larval parasitoid S. frugiperda host.08
S. litura host.09
Phoridae
Megaselia sp. par.04 larval parasitoid S. frugiperda host.08
Scelionidae
T. remus par.09 egg parasitoid A. lactinea host.01
Lepidoptera sp. host.03
Plusia sp. host.07
S. frugiperda host.08
S. litura host.09
Trichogrammatidae
T. chilotraeae par.10 egg parasitoid A. lactinea host.01
Lepidoptera sp. host.03
S. frugiperda host.08
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Figure 4. The food web illustration portrays the host-parasitoid trophic system in maize fields under two scenarios: (a) fields without
flowering plant enrichment and (b) fields with flowering plant enrichment. The horizontal bars indicate the abundance of each
parasitized host species (bottom bar) and its primary parasitoid (top bar). Codes on the bars, see Table 1

diversity (P=0.095), and vulnerability (P=0.056) (Table
2). The interaction between flowering plant treatment and
farmland class area had a negative effect on Shannon
diversity (P=0.042). Additionally, a positive correlation
was observed between farmland class area and linkage
density (P=0.087), as well as between vulnerability and
the number of semi-natural patches (P= 0.033), semi-
natural class area (P= 0.089), and farmland class area
(P=0.013). Conversely, the number of farmland patches
was negatively correlated with vulnerability (P=0.038).

4. Discussion

This research suggests that introducing flowering
plants at the edges of maize fields can create complex
host-parasitoid food webs. This observation aligns
with findings by O’Gorman & Emmerson (2009) and
Haro et al. (2018), who indicated that flowering plants
in agroecosystems influence food web connectivity.
Additionally, Tylianakis et al. (2007) highlighted the
significant impact of habitat modification on food web
interactions. Our results further suggest that landscape
composition is a crucial factor in shaping the structure
of host-parasitoid food webs.

Our findings revealed significant disparities in the
composition of hosts and parasitoids between fields
with and without flowering plants. Specifically, host
abundance was more significant in non-flowering

fields, with S. frugiperda emerging as the predominant
host under both scenarios. Notably, S. frugiperda, an
invasive pest identified in Indonesia in 2019 (Sartiami
et al. 2020). It exhibits remarkable adaptability to its
new environment, posing a substantial threat to maize
yield (Hutasoit et al. 2020). In flower-planted fields,
T. remus emerged as the predominant parasitoid.
Conversely, Paratetracnemoidea sp.1 and T. remus
were the primary species in the non-flowering fields.
T remus has been documented as an egg parasitoid of
various lepidopteran species (Kenis ef a/. 2019) and has
been found to dominate in parasitizing the eggs of S.
frugiperda in the field (Sisay et al. 2019). This indicates
its effectiveness as a natural enemy of this pest (Sari et
al. 2020). Its dominance suggests a robust capacity for
the survival and colonization of S. frugiperda (Wengrat
et al. 2021). Remarkably, 7. remus can parasitize entire
egg masses, including those shielded by scales (Laminou
et al. 2020), which is a trait uncommon among other
egg parasitoids (Laminou et al. 2023). Additionally,
this parasitoid effectively locates hosts through volatile
compounds emitted by maize plants during pest attacks
(Pefiaflor et al. 2011; Michereff et al. 2019). The
landscape conditions surrounding the maize field may
have favored this parasitoid, as described by Pascual et
al. (2022), facilitating its abundance in both flowering
and non-flowering fields.
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Table 2. Relationships between flowering plants, maize age, and landscape composition, including the number of farmland patches (NumP.
Agri), number of semi-natural patches (NumP.SemNat), farmland class area (CA.Agri), and semi-natural class area (CA.SemNat)
with Shannon diversity, links per species, linkage density, and vulnerability. Significance level: *P < 0.1; **P < 0.05.

Response variables Predictor variables Estimate SE P R
Shannon diversity (Intercept) -4.475 6.501 0.501 0.501
Flowering plants 3.035 1.717 0.095%*
Maize age 0.061 0.078 0.442
NumP.Agri -0.009 0.082 0.912
NumP.SemNat 0.012 0.110 0.914
CA.Agri 0.163 0.261 0.540
CA.SemNat 0.017 0.070 0.810
Flowering plants x CA.Agri -0.227 0.103 0.042**
Flowering plants x CA.SemNat 0.005 0.059 0.930
Links per species (Intercept) -1.672 1.685 0.335 0.339
Flowering plants 0.741 0.331 0.039%*
Maize age -0.021 0.021 0.334
NumP.Agri -0.011 0.020 0.597
NumP.SemNat 0.017 0.028 0.564
CA.Agri 0.052 0.064 0.429
CA.SemNat 0.010 0.017 0.563
Flowering plants x CA.Agri -0.010 0.025 0.689
Flowering plants x CA.SemNat -0.016 0.015 0.284
Linkage density (Intercept) -2.192 1.369 0.128 0.519
Flowering plants 0.527 0.269 0.067*
Maize age 0.012 0.017 0.496
NumP.Agri -0.023 0.017 0.185
NumP.SemNat 0.033 0.023 0.161
CA.Agri 0.096 0.053 0.087*
CA.SemNat 0.015 0.014 0.299
Flowering plants x CA.Agri -0.022 0.020 0.295
Flowering plants x CA.SemNat -0.008 0.012 0.490
Vulnerability (Intercept) -4.985 1.985 0.022 0.623
Flowering plants 0.840 0.410 0.056*
Maize age 0.021 0.025 0.407
NumP.Agri -0.055 0.024 0.038%*
NumP.SemNat 0.077 0.033 0.033%*
CA.Agri 0.213 0.076 0.013**
CA.SemNat 0.036 0.020 0.089*
Flowering plants x CA.Agri -0.026 0.030 0.383
Flowering plants x CA.SemNat -0.017 0.018 0.348

This study confirms the positive impact of flowering
plants on Shannon diversity within food webs, as Landis
et al. (2000) noted. However, the interaction between
flowering plants and farmland size had a detrimental
effect on this diversity. In landscapes characterized by
intensive farming, the advantages of planting flowers
may be diminished, leading to a less pronounced increase
in biodiversity (Nilsson et al. 2021). These findings
indicate that broader landscape factors often mask the
influence of flowering plants. Consequently, more than
flowering plants alone may be needed to adequately
support diverse parasitoid species in regions dominated
by extensive agricultural land. Thus, a comprehensive
understanding of host-parasitoid food webs, including
Shannon diversity, must account for local conditions,

surrounding habitat, and geographical context (Rizali
et al. 2024).

Analyzing links per species can illuminate patterns of
interaction and specialization among species. This metric
represents the average number of interactions that each
species engages in within the food web (Montoya et al.
2006). A higher average indicates a more interconnected
network, whereas a lower average suggests that species
are more isolated with fewer interactions (Dormann et al.
2009). The positive correlation between flowering plants
and links per species is closely tied to its relationship with
Shannon diversity, which facilitates increased interactions
among host-parasitoid species. This study demonstrates
that local conservation practices significantly enhance
the complexity of herbivore-parasitoid food webs in
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agricultural land (Lohaus et a/. 2013). This study found
no significant impact of landscape composition on
the number of links per species within host-parasitoid
food webs. In tropical agricultural settings, landscape
composition may not substantially influence host-
parasitoid interactions, suggesting that other factors could
be more critical in shaping these dynamics (Ulina ef al.
2019). As Rizali & Buchori (2024) noted, identifying key
factors that affect host-parasitoid interactions in tropical
agricultural landscapes may enhance our understanding
of the complexities within these food webs.

The positive correlation between flowering plants
and linkage density suggests that flowers enhance
resource availability for parasitoid survival. A high
linkage density indicates greater interactions among
species within a network (Bersier et al. 2002). Wang et
al. (2024) also reported a positive association between
linkage density and plant richness. Generally, parasitoid
richness significantly influences linkage density (Gagic
et al. 2011; Rizali et al. 2023). However, some studies
have indicated that habitat modification practices do not
significantly affect linkage density in host-parasitoid
food webs (Tylianakis et al. 2007). Interestingly, this
study found a positive relationship between farmland
area class and linkage density.

An increase in agricultural land cover typically
correlates with decreased parasitoid richness owing to
resource limitations (Jonsson et al. 2012; Letourneau et
al. 2015). This reduction negatively impacts food web
complexity, including the density of linkages. However,
Gagicetal.(2011) found that food webs can exhibit greater
complexity, characterized by higher linkage density, in
more straightforward landscapes with a high proportion
of agricultural land. Larger crop areas generally support
greater densities of host species (Root 1973) and tend
to harbor more parasitoids than non-crop areas (Dong
et al. 2019). This increased host availability can elevate
parasitoid populations and parasitism rates (Cuny et al.
2019), leading to more host-parasitoid interactions within
the food web. Consequently, extensive crop areas can
significantly drive host-parasitoid interactions (Jonsson
et al. 2012), as evidenced by the lack of a significant
effect of patch number and class area of semi-natural
habitat on linkage density.

Beyond flower planting, increasing the number of
semi-natural patches and the extent of semi-natural
and agricultural class areas can increase vulnerability.
Greater vulnerability suggests that a higher number of
parasitoids are capable of attacking their hosts (Dong et
al.2019). This may be because parasitoids thrive on the

enhanced availability of host resources in extensively
cropped areas or those surrounded by semi-natural
patches (Tscharntke et al. 2016; Laterza et al. 2023).
Syahidah et al. (2021) also found that a higher proportion
of agricultural land has a positive influence on host-
parasitoid connectivity. Conversely, Dong et al. (2019)
reported that vulnerability decreases with an increase in
natural habitat. This study found that, on average, host
species in maize fields were attacked by more parasitoid
species in landscapes with a higher percentage of semi-
natural patches and a larger proportion of semi-natural
habitats, even in areas with significant agricultural
land. Additionally, research by Murakami et al. (2008)
indicated that vulnerability was greater in areas with
high connectivity than in those with low connectivity.
This suggests that spatial factors, including the dispersal
frequency of parasitoid species, influence the regulation
of parasitoid species per herbivore species. The findings
also indicated that vulnerability decreased with habitat
fragmentation, as evidenced by the increased crop patch
numbers. A higher number of patches indicates greater
landscape fragmentation (Rizali et al. 2022; Fletcher
et al. 2023). Species loss tends to be most pronounced
with an increase in small fragments (Pardini et al. 2010),
thereby reducing vulnerability (Yang et al. 2021).

In conclusion, the introduction of flowering plants
at the edges of maize fields significantly affected the
structure of host-parasitoid food webs. However, at
the landscape level, the composition of the landscape
masked the effects of flowering plants and modified the
food web structure within maize fields. Our findings
highlight the role of landscape composition in shaping
host-parasitoid food webs, with an increasing number
of farmland patches leading to simplification of the food
web. Supporting studies have emphasized the necessity
of considering landscape composition as a key factor in
food web ecology. Therefore, evaluating the benefits of
flowering plants at the landscape scale is essential for
optimizing habitat engineering practices and enhancing
the complexity of food webs. This understanding can
serve as the foundation for developing sustainable pest
management strategies. From a conservation standpoint,
our study underscores the role of flowering plants in
enhancing parasitoid diversity within landscape-
mediated host-parasitoid food webs. However, further
research is necessary to consider additional factors, such
as agricultural intensification, climate, and geographical
conditions, to better comprehend the mechanisms that
influence the success or failure of crop diversification
strategies in biological pest control.
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