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Abstract: Increasing plant diversity in crop production systems has the potential to enhance natural enemies of insect pests 
and improve biological control. The ladybird beetle Harmonia axyridis Pallas (Coleoptera: Coccinellidae) is a predator 
of multiple pests, mainly aphids. Native to Northeast Asia, this species was intentionally introduced into many countries 
during the early and mid-1900s. Its subsequent spread in Europe, Africa, and the Americas caused major concerns due to 
its competition with, and (intraguild) predation on, resident biota. As an eradication of H. axyridis in its invaded range is 
impossible, efforts could be made to exploit its role as a biological control agent in agricultural settings and mitigate its 
negative impact on biodiversity. We outline how on- and off-farm measures affect H. axyridis abundance and behaviour, 
both in its native and invasive ranges. Crop and non-crop diversification can provide shelter and nutritional resources for 
resident predators, reduce predation on non-target biota and thereby sustain biodiversity in farmland ecosystems. Drawing 
upon insights into the ecology of H. axyridis, we describe how annual crop successions and polycultures, companion 
planting, non-crop habitats, and insectary or banker plants can strengthen its role as a biological control agent in different 
settings. We conclude by discussing whether increasing plant diversity can potentially steer H. axyridis predation away 
from non-target biota. As such, our study provides guidance for conservation and biological control science and practice in 
H. axyridis native and invaded farmland ecosystems.

Keywords: Coccinellidae; conservation biological control; Harlequin ladybird; intraguild predation; landscape manage-
ment; mixed cropping; multi-colored Asian lady beetle

1	 Introduction

Integrated pest management (IPM) and agroecological crop 
protection (ACP) have been proposed as concepts and strat-
egies to resolve pest issues with fewer or no use of syn-
thetic pesticides (Barzman et al. 2015; Deguine et al. 2017). 
Despite a considerable gap between IPM theory and prac-
tice (Deguine et  al. 2021), both highlight the necessity to 

strengthen agroecological or biodiversity-driven preventive 
measures. One of these measures, conservation biological 
control, consists of modifications to the agricultural envi-
ronment and farming practices to enhance the abundance, 
activity-density, fitness and impact of pest-killing natural 
enemies (Barbosa 1998; Landis et al. 2000). This is often, 
though not always, achieved through the implementation 
of plant diversification tactics in space and time (Hatt et al. 
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2018). This can be achieved by crop rotation schemes, crop 
associations such as intercropping and the management or 
preservation of non-crop habitats in agricultural landscape 
mosaics (Boeraeve & Hatt 2024; Landis et al. 2000). The use 
of conservation biological control is not restricted to field 
settings but also entails a scientifically-guided deployment 
of plant diversity in greenhouses (Messelink et  al. 2021; 
Xu et al. 2020). Across cropping systems and geographies, 
diversification measures consistently fortify biological con-
trol by favouring natural enemy diversity without compro-
mising primary productivity (Tamburini et al. 2020).

Harmonia axyridis Pallas (Coleoptera: Coccinellidae), 
commonly known as Asian, harlequin or multi-colored 
Asian lady-beetle, preys upon many crop pests, especially 
aphids (Hemiptera: Aphididae), but also Tetranichidae 
(Acari), Psyllidae (Hemiptera), Coccoidea (Hemiptera), 
and the immature stages of Chrysomelidae (Coleoptera), 
Curculionidae (Coleoptera) and Lepidoptera (Koch 2003). 
Native to Northeast Asia (Sasaji 1971), H. axyridis has been 
accidentally or intentionally introduced into many coun-
tries for aphid biological control, subsequently spreading 
widely in Europe, Africa, and the Americas (Roy et al. 2016; 
Camacho-Cervantes et  al. 2017). In its introduced range, 
H. axyridis negatively affects native coccinellids through 
competition for prey and habitats and intraguild predation 
(IGP) (Brown & Roy 2018; Koch & Galvan 2008; Lamb 
et al. 2019; Martins et al. 2009; Roy et al. 2012). Its spread 
may have altered the species composition and survival of 
endemic ladybird beetles (Honek et al. 2016).

The biology, ecology, invasion history and dynamics, 
non-target impacts and contribution to IGP of H.  axyridis 
have been extensively reviewed by multiple authors (Brown 
et al. 2011; Koch 2003; Osawa 2011; Pell et al. 2008; Roy & 
Brown 2015; Sloggett et al. 2011). However H. axyridis could 
also benefit agriculture (Koch & Costamagna 2017; Riddick 
2017) if its non-target impacts could be mitigated. Given its 
role as a key predator of many crop pests, one can also lever-
age the presence of H. axyridis to advance IPM or ACP in its 
native and introduced range alike. Quite surprisingly, this has 
received only scant scientific attention up till present.

In this review, we comprehensively assess whether and 
how agroecosystem diversification may affect H.  axyridis 
population dynamics and predation on target and non-target 
organisms. Following (1) an in-depth description of H. axy-
ridis ecology and biological control potential, (2) we explore 
the population-level effects of plant diversification measures 
at field and farm scales both in its native and non-native 
range. Finally, (3) we question whether increasing plant 
diversity and enhancing habitat structural complexity could 
contribute to minimize the non-target impact that H. axyridis 
exerts on other natural enemies of pests. Although specula-
tive at this stage, it suggests new directions to potentially 
turn H. axyridis into a partner instead of a threat, especially 
in its invaded range.

2	 �Population ecology in farming 
landscapes

2.1	 Habitat diversity
In its native range, H. axyridis is recorded from a diverse 
range of natural (Osawa 2011) and urban habitats (Wang 
et  al. 2011). The species makes up approx. 30% of aphi-
dophagous predators in natural habitats in Japan (Osawa 
1991) and 12–47% of predatory ladybeetles in crops such 
as maize (Pan et  al. 2020a), or wheat (Hatt et  al. 2019b), 
and orchard (Cai et al. 2021a, b). Locally, H. axyridis feeds 
upon a diverse set of aphids (Osawa 2000), though expe-
riences high mortality when consuming Aulacorthum mag-
noliae Essig & Kuwana (Hemiptera: Aphididae)  – which 
assimilates toxic compounds from its host plant Sambucus 
sieboldiana (Fukunaga & Akimoto 2007). Harmonia axy-
ridis also feeds on plant-based food (pollen, nectar, fruits) 
providing energy which contributes to extend its longevity 
and increase its reproductive capacity. However, H. axyridis 
reproduction capacity is limited if it does not consume prey 
(Hatt & Osawa 2019; Wang et al. 2025). In natural habitats, 
H. axyridis may not be a good competitor as its abundance 
negatively correlates with the diversity of other aphidopha-
gous ladybird beetles (Osawa 2011).

In its introduced range, H. axyridis is found in different 
kinds of habitats (Brown et al. 2011), and they may not be the 
same from an invaded region to another (Colunga-Garcia & 
Gage 1998; Vandereycken et al. 2013a). For instance in the 
UK and Belgium, coccinellid communities in rural settings 
or semi-natural habitats were less dominated by H. axyridis 
as in urban ones (Adriaens et al. 2008; Farrow et al. 2022). 
In rural areas, H. axyridis attained the highest abundance in 
man-made, disturbed ecosystems such as ephemeral agri-
cultural crops (Fig. 1). Meanwhile, in natural habitats in the 
UK, H. axyridis preferred deciduous over coniferous wood-
land (Farrow et al. 2022). Harmonia axyridis constitutes the 
main aphid predator in maize in Belgium, whereas the lady-
beetle community in wheat, broad bean and potato is domi-
nated by Coccinella septempunctata Linnaeus (Coleoptera: 
Coccinellidae) (Vandereycken et  al. 2013a, 2013b). In the 
Americas, H. axyridis is a dominant aphid predator on alfalfa 
in Chile (Grez et al. 2016) but it is less the case in USA (Forbes 
& Gratton 2011). There however, it feeds on Rhopalosiphum 
maidis Fitch (Hemiptera: Aphididae) on maize but not on 
sorghum, although it preys on Melanaphis sorghi Theobald 
(Hemiptera: Aphididae) on this crop (Uyi et al. 2022).

2.2	 Resources and enemies
The landscape-level abundance of natural enemies such as 
H. axyridis is closely tied to the availability and continuity 
of key food and non-food resource (Schellhorn et al. 2015). 
As aphids constitute the primary food for H. axyridis (Hodek 
1996), their spatiotemporal occurrence in farming landscapes 
will greatly determine ladybeetle population dynamics 
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(Osawa 2000). Predator-prey interactions and their overall 
relevance for biological control are mediated by the spatio-
temporal heterogeneity of agroecosystems and the extent to 
which food and non-food resources are distributed (Kareiva 
1987; Park & Obrycki 2004). In particular, landscapes of 
high heterogeneity (both compositional and configurational) 
increase resource continuity for H. axyridis, which ultimately 
benefit its landscape-level abundance and biological control 
potential (Gardiner et al. 2009b; Grez et al. 2014; Haan et al. 
2020) (Fig.  1). Landscape composition shapes H. axyridis 
field colonization dynamics as much as its landscape-level 
abundance. Indeed, while H. axyridis abundance correlates 
with aphid numbers at small spatial scale, crop type and 
growing season ultimately dictate predator-prey interac-
tions at the landscape level (Thomine et al. 2020; 2023). In 
the native range of H. axyridis, increased coverage of urban 
habitat and woodland at small spatial scales enhances its 
early-season abundance, while landscapes with high fallow, 
woodland, shelterbelts, and grassland cover are typified by 
high late-season abundance of H. axyridis (Dong et al. 2015; 
Yang et al. 2018, 2019). Ladybeetle influx into a given crop 
is then determined by the extent to which non-crop habitats 
act as sources or sinks (Gardiner et al. 2009a; Gardiner et al. 
2009b; Yang et al. 2018). Similarly, configurational hetero-
geneity benefits H. axyridis by offering habitats with vital 
food or non-food resources at specific points in time within 
or beyond its dispersal radius (Lundgren 2009), leading to 

increasing its abundance and improving its body condition 
(e.g. body size, mass, lipid content) (Tiede et al. 2022).

Over time, ladybird beetles interact in a wide range of 
agricultural and forest habitats within a farming landscape – 
where they engage with (aphid) prey, conspecifics, com-
petitors, intraguild predators and specific natural enemies. 
Natural enemies of H. axyridis include generalist predators 
(e.g. birds, spiders) and parasitoids such as Phalacrotophora 
spp. (Diptera: Phoridae) and Dinocampus coccinellae 
(Schrank) (Hymenoptera: Braconidae) (Ceryngier et  al. 
2018). However, their ability to control the abundance of 
H. axyridis is limited, especially in the invasive range. In 
Italy, the predation rate from invertebrate predators remained 
below 2% on H. axyridis eggs, below 15% on larvae, and 
never occurred on pupae and adults (Burgio et  al. 2008). 
Through a meta-analysis, Ceryngier et  al. (2018) reported 
a parasitism rate from Phalacrotophora spp. of 16% in the 
native range, against <1% in Europe on average. Parasitism 
rate from D.  coccinellae is very variable in the invaded 
area, ranging from none in The Netherlands (Raak-van Den 
Berg et al. 2014) to 24% in Minnesota, USA (Hoogendoorn 
& Heimpel 2002). Beyond predators and parasitoids, few 
records reported the natural infection of H. axyridis by 
entomopathogenic fungi (EPF). To our knowledge, the 
first record of such lethal association was by Kuznetsov 
(1997), who reported few infection cases of H. axyridis with 
Beauveria spp. in its native range in eastern Russia. Later on, 

Fig.  1.  Schematic representation of the spatio-temporal diversity of habitats offering suitable resources for Harmonia axyridis in 
agricultural landscapes.
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Steenberg & Harding (2009) recorded three EPF species, i.e. 
Isaria farinosa, Beauveria bassiana and Lecanicillium spp., 
infecting H. axyridis larvae, pupae and overwintering adults. 
However, the assessment of the prevalence of these species 
on H. axyridis remains to be more studied. Under labora-
tory setting, H.  axyridis was less susceptible to infection 
with the generalist EPF B. bassiana (Cottrell & Shapiro-Ilan 
2003; Roy et al. 2008). The most known association is with 
Hesperomyces harmoniae (Ascomycota, Laboulbeniales), 
identified as the unique naturally occurring obligate ecto-
parasitic fungus of H. axyridis and studies are in progress 
to investigate their spatiotemporal trends with its host (De 
Groot et al. 2024). Experiments conducted under laboratory 
condition to elucidate the susceptibility of H. axyridis and 
other native ladybirds to dual infection with ectoparasitic 
and pathogenic fungi demonstrated that H. axyridis did not 
show the same susceptibility towards EPF infection as for 
native Olla v-nigrum Mulsant (Coleoptera: Coccinellidae) 
(Haelewaters et al. 2020). These findings are in line with the 
enemy release hypothesis, which suggests that invasive alien 
species encounter less regulation by native natural enemies 
than native species in new geographic areas.

2.3	� From population dynamics to biological 
control

Within the farming landscape, predation contributes variably 
to aphid suppression and can eventually enable within-sea-
son biological control (Obrycki et al. 2009). Yet, biological 
control outcomes are determined by a multitude of biotic 
and abiotic factors that act at varying spatiotemporal scales. 
Within given (crop or non-crop) habitats, resident natural 
enemies may interact with H. axyridis biological control to 
varying extent. Positive effects arise when natural enemy 
diversity enhances functional redundancy, response diver-
sity or niche complementarity, whereas negative results arise 
when enemies interfere directly or indirectly, for instance 
via IGP (Straub et al. 2008). Harmonia axyridis can coexist 
with other natural enemies when they utilize the resources 
differentially, leading to resource partitioning, and/or when 
the intraguild prey has some competitive advantage over 
the intraguild predator (i.e. is better at exploiting the shared 
resources) (Rocca et al. 2022). This occurs in natural habi-
tats in its native range, where H. axyridis co-exists with 
multiple aphid predators (Osawa 1991). Co-existence with 
other (ladybeetle) predators is influenced by the respective 
defensive traits (e.g. harmonine content in eggs, Kajita et al. 
2010), the oviposition site selection of female H. axyridis 
(Sicsú et  al. 2015) that is influenced by the level of plant 
diversity (Amaral et al. 2015). Specifically, non-crop plants 
can expand niche space, offer shelter opportunities or pro-
vide alternative prey which, in turn, reduce IGP. As these 
processes occur in crop- and non-crop habitats alike, they 
will ultimately dictate landscape-level performance or fit-
ness of H. axyridis. Habitat fragmentation may interfere with 
natural enemy searching and recruitment behaviour, thereby 

affecting predator-prey interactions (With et  al. 2002). In 
non-fragmented landscapes, H. axyridis was more efficient 
in searching prey than other ladybird species even in plots 
with low aphid abundance (With et al. 2002). Habitat frag-
mentation can also affect cannibalism, which plays a central 
role in H. axyridis life history especially during food short-
age (Osawa 2011).

Beyond predation and parasitism, the most naturally 
occurring biocontrol agents of aphids are EPF, which might 
vary from facultative to obligate pathogenic association 
(Humber 1991). Harmonia axyridis is naturally less  – or 
even not – susceptible to these EFP infections in its invasive 
habitats. Considering its great dispersal capability, it would 
be interesting to explore the role of H. axyridis in the dynam-
ics of EPF infection among insect pests (including their 
prey) in both crop and non-crop habitats. Such studies would 
enhance knowledge about the ecosystem services provided 
by the ladybird species. Yet, to our knowledge, no study has 
investigated the role of H. axyridis as a vector of EPF and the 
cost-benefit analysis from such interactions.

Overall, habitat heterogeneity and fragmentation of agri-
cultural landscapes may affect predator-prey dynamics and 
attenuate negative impacts of inter-predator interactions (but 
see Ortiz-Martínez et al. 2020). So far, empirical work has 
mainly assessed H. axyridis abundance within individual 
habitats instead of its movements between habitats. Further 
studies are needed to determine how H. axyridis populations 
differ in their edge responses (Grez et al. 2014; Pfister et al. 
2017), and how the interrelationships between habitat size, 
configuration and composition at field or plot scales may 
favor biological control by H. axyridis. Analysing the effect 
of local-scale diversification may provide valuable insights 
since many landscape-level outcomes result from practices 
implemented at the field or farm level.

3	 �Steering biological control with field/farm 
scale diversification practices

3.1	 Diversification within field
Crop diversification in space and time may increase the spa-
tiotemporal continuity of necessary resources for H. axyri-
dis, as differential crop phenology can ensure its spillover 
from crop habitats to others e.g., following harvest cycles, 
tillage or pesticide sprays (Jaworski et  al. 2023; Thomine 
et al. 2022; Tooker et al. 2020). Cereal grains such as wheat 
and maize may constitute suitable rotation or inter-crops, as 
they provide alternative prey and a suitable micro-climatic 
refuge for H. axyridis and may enhance spillover into adja-
cent crop fields (but rarely wheat in North America) (Forbes 
& Gratton 2011; Men et al. 2004; Pan et al. 2020a) (Fig. 1). 
As such, early-season H. axyridis population build-up on 
maize or wheat ensures a rapid colonization of the succeed-
ing cotton crop in the northern China plain (Jaworski et al. 
2022). Thus, functional complementation among diverse 
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crops is critical to the conservation of ladybird beetles such 
as H. axyridis in agricultural landscapes. The establishment 
of Cnidium monnieri (L.) Cuss. (Apiaceae) as a bridge crop 
strip between wheat and maize can provide aphid prey for 
resident H. axyridis during the period between wheat matu-
ration and emergence of the succeeding maize crop in China 
(Yang et al. 2021) (Fig. 1).

In addition to diversification over time, plant diversity 
can also be added into a standing crop through intercrop-
ping, secondary planting or more broadly the establishment 
of polycultures (Hatt & Döring 2025). Intercropping refers 
to the joint establishment of two or more cash crop species 
(Lopes et al. 2016), whereas secondary planting entails pair-
ing a cash crop with one or more non-crop plant species 
that fulfil specific functions (Parolin et  al. 2012) (Fig.  1). 
Increasing spatial heterogeneity of crop stands can favour the 
abundance and diversity of predatory insects (Rakotomalala 
et  al. 2023). Crop stand heterogeneity creates ecological 
niches offering diverse resources while reducing risks of 
intraguild predation (Da Silva et al. 2022). Strip intercrop-
ping of peanut (Arachis hypogaea L., Fabaceae) with maize 
increases H. axyridis populations compared to peanut sole 
cropping in China (Ju et al. 2019). Strip intercropping of pea 
(Pisum sativum L., Fabaceae) with wheat increases H. axyri-
dis populations compared to a wheat monocrop in Belgium 
(Lopes et al. 2015). In the latter system, H. axyridis likely 
benefits from the early occurrence of aphid prey on pea 
before moving to the subsequent wheat crop. Insectary plants 
(sensu Parolin et al. 2012) benefit predators in the absence 
of prey by providing pollen and floral and extrafloral nectar 
(Hatt et al. 2019c; Lundgren 2009). For instance, floral and 
extrafloral nectar of Hibiscus cannabinus L. (Malvaceae) 
improves the survival rate of H. axyridis (Xiu et al. 2017). 
Other plant species such as Vicia sativa L. (Fabaceae), buck-
wheat Fagopyrum esculentum Moench (Polygonaceae), 
coriander Coriandrum sativum L. (Apiaceae) (Fig.  2a) 
and Perilla frutescens (L.) Britton (Lamiaceae) similarly 
enhance H. axyridis longevity in laboratory conditions (Hatt 
& Osawa 2019; Wang et al. 2020).

Within-field diversification strategies are equally impor-
tant for perennial agricultural crops, where they offer spa-
tiotemporal continuity of resources to H. axyridis (Jacobsen 
et al. 2022). Orchards in particular lend themselves to biolog-
ical control, as they provide comparatively stable ecosystems 
(Wyckhuys et al. 2025) and ample available space for habitat 
management interventions (Miliczky & Horton 2005; Simon 
et al. 2010). Harmonia axyridis is as an important predator of 
aphids in apple (Brown & Miller 1998; Judt et al. 2023; Zhou 
et al. 2014), pear (Ji et al. 2022), peach (Wan et al. 2019), 
citrus (Michaud 2002; Niu et al. 2014), and cherry (Rosas-
Ramos et al. 2020) orchards as well as in vineyards (Franin 
et al. 2014). In its native range (Table 2), companion plant-
ing with Ageratum spp. L. (Asteraceae), basil Ocimum basi-
licum L. (Lamiaceae) and French marigold Tagetes patula 
L. (Asteraceae) increases the number of H. axyridis in apple 

orchards and suppressed spirea aphid (Aphis spiraecola Patch, 
Hemiptera: Aphididae) numbers (Song et al. 2013). By estab-
lishing C. monnieri in apple orchards (Cai et al. 2021a, b), 
H. axyridis populations are enhanced and 24–80% of these 
readily spill over onto the apple trees (Cai et  al. 2021a, b; 
Zhang et  al. 2022). In peach orchards, the establishment 
of six plant species, i.e. Vitex negundo L. (Verbenaceae) 
(Fig.  2b), Artemisia sieversiana Ehrh. (Asteraceae), Vigna 
unguiculata (L.) Walp. (Fabaceae), Cosmos bipinnata Cav. 
(Asteraceae), Z. mays and Helianthus annuus L. (Asteraceae) 
supports population abundance of H. axyridis (Wu et  al. 
2024). Meanwhile, eight aromatic plant species including 
Nepeta cataria L. (Lamiaceae) boost H. axyridis numbers 
in pear orchards and enhance biological control of resident 
mealybug pests (Wan et al. 2015). Different mechanisms may 
underpin the enhanced H. axyridis recruitment or population-
build up following the addition of one or more plant species 
(Table 1). Beyond the provision of additional food, alternative 
aphids on added plant species can lead to herbivore-induced 
or constitutively released plant volatiles attracting H. axyri-
dis, for instance on V. negundo (Xu et al. 2023) or C. monnieri 
(Cai et al. 2020).

Several empirical works, however, report failure at 
enhancing H. axyridis and biological control with insec-
tary plants in orchards. For instance, in US apple orchards, 
aphid predation by H. axyridis adults is not affected by the 
presence of flowering buckwheat (F. esculentum) (Spellman 
et al. 2006). Equally, H. axyridis exerts higher levels of aphid 
biological control in Canadian apple orchards with conven-
tional ground cover than with flowering ground cover sown 
with phacelia Phacelia tanacetifolia Benth. (Boraginaceae) 
or buckwheat (Fréchette et al. 2008). In China, H. axyridis 
prefer alfalfa × ryegrass strips over flower strips of mari-
gold Callistephus chinensis Cass. (Asteraceae) (Dong et al. 
2021). This last case study suggests that the presence of 
alternative prey on companion plants over-rides that of non-
food resources. More generally, it indicates that crop diver-
sification benefits to H. axyridis by increasing prey diversity, 
while flowering resources remain useful as alternative but 
secondary food (Lundgren 2009).

3.2	 Diversification at field margins
Non-crop or semi-natural habitats can be implemented or con-
served at close proximity to agricultural fields, in order to sup-
port natural enemies such as H. axyridis (Landis et al. 2000). 
As above, these habitats can offer shelter, alternative prey or 
hosts and non-prey foods such as pollen and nectar (Gurr et al. 
2017; Shields et  al. 2019). They often constitute permanent 
habitats which offer stability in the highly disturbed environ-
ments of many agricultural production systems (Tooker et al. 
2020) (Fig. 1). These ecological infrastructures can be com-
posed of grass and/or forb species, i.e. ‘flower strips’ (Hatt 
et al. 2020) or ‘beetle banks’ (MacLeod et al. 2004) depend-
ing on their botanical composition. Compared to crop fields, 
grass-flower strips host a comparatively higher abundance and 
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Fig. 2.  Ladybird beetle Harmonia axyridis on non-crop plants in diversified agricultural systems. (a) Coriander Coriandrum sativum L. 
(Apiaceae) and (b) Vitex negundo (Verbenaceae) as companion plants, (c) nettle Urtica dioica L. (Urticaceae) and (d) Heracleum 
sphondylium L. (Apiaceae) as herbaceous non-crop field margins, (e) Sambucus nigra L. (Adoxaceae) in a hedgerow, (f) maize 
Zea mays L. (Poaceae) as a banker plant in greenhouse. (Photos: S. Hatt, Q. Xu).
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Table 1.  Non-exhaustive listing of plant species that benefit the ladybird beetle Harmonia axyridis through different mechanisms, 
as recorded under field or laboratory conditions. Mechanisms through which a given plant species benefit H. axyridis are differenti-
ated between shelter, nectar, alternative prey or hosts, and pollen (abbreviated as SNAP; Shields et al. 2019). 1Only indicated when 
reported and/or empirically demonstrated.

Plant species (Family) Mechanism1 Location References
Field observations
Crop rotation

Triticum aestivum (Poaceae) Alternative prey China Men et al. 2004; Pan et al. 2020a
Zea mays (Poaceae) Alternative prey USA Forbes & Gratton 2011

Intercropping
Zea mays (Poaceae) Pollen China Ju et al. 2019
Zea mays (Poaceae) Shelter China Pan et al. 2020b
Pisum sativum (Fabaceae) Alternative prey Belgium Lopes et al. 2015

Bridge strip in crop fields
Cnidium monnieri (Apiaceae) Nectar, pollen, 

alternative prey
China Yang et al. 2021, 2023

Companion plant in orchard
Cnidium monnieri (Apiaceae) Nectar, pollen, 

alternative prey
China Cai et al. 2021a, b; Zhang et al. 2022

Ageratum spp. (Asteraceae) - China Song et al. 2013
Ocimum basilicum (Lamiaceae) - China Song et al. 2013
Tagetes patula (Asteraceae) - China Song et al. 2013
Vitex negundo (Verbenaceae) Alternative prey China Xu et al. 2023; Wu et al. 2024
Artemisia sieversiana (Asteraceae) - China Wu et al. 2024
Vigna unguiculata (Fabaceae) - China Wu et al. 2024
Cosmos bipinnata (Asteraceae) - China Wu et al. 2024
Helianthus annuus (Asteraceae) - China Wu et al. 2024
Zea mays (Poaceae) - China Wu et al. 2024

Companion plant in greenhouse -
Scaevola aemula (Goodeniaceae) Nectar, pollen Japan Seko et al. 2017
Calendula officinalis (Asteraceae) Nectar, pollen China Liang et al. 2022

Banker plant in greenhouse -
Vicia faba (Fabaceae) Alternative prey China Wang et al. 2022
Zea mays (Poaceae) Alternative prey China Pers. observation

Grass-flower strip
Medicago sativa (Fabaceae) Alternative prey China Dong et al. 2021
Urtica dioica (Urticaceae) Alternative prey Belgium Alhmedi et al. 2009
Borago officinalis (Boraginaceae) - China Li et al. 2021
Centaurea cyanus (Asteraceae) - China Li et al. 2021

Hedgerow
Populus sp. (Salicaceae) Alternative prey China Dong et al. 2015; Yan et al. 2012
Hippophae rhamnoides (Elaeagnaceae) Alternative prey China Yan et al. 2012
Rhamnus cathartica (Rhamnaceae) Alternative prey USA Bahlai et al. 2008; Hesler et al. 2004
Sambucus nigra (Adoxaceae) - Belgium Adriaens et al. 2008
Salix sp. (Salicaceae) - Belgium Adriaens et al. 2008
Acer sp. (Sapindaceae) - Belgium Adriaens et al. 2008
Tilia sp. (Malvaceae) - Belgium Adriaens et al. 2008
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diversity of beneficial insects (Haaland et al. 2011) including 
ladybird beetles (Meek et al. 2002; Tschumi et al. 2015; Yang 
et al. 2023). In grass-flower strips, H. axyridis often benefits 
from the presence of alternative prey, e.g. Semiaphis heraclei 
(Takahashi) (Hemiptera: Aphididae) on C. monnieri (Yang 
et al. 2023) or Microlophium carnosum (Buckton) (Hemiptera: 
Aphididae) on nettle Urtica dioica L. (Urticaceae) (Alhmedi 
et al. 2009) (Fig. 2c). They can also feed on nectar and pollen 
which allow them to bridge periods of prey scarcity and repro-
duce faster once prey become once more available (Wolf et al. 
2018) (Fig. 2d). Forb mixtures with flowering plants tend to 
be more attractive to H. axyridis, especially those showing an 
ultra-violet pattern i.e. UV-reflecting peripheral flower parts 
and UV-absorbing centre parts (Hatt et al. 2019a).

In its native range (Table  2), monospecific strips of 
C. monnieri flowers enhance the abundance of ladybird beetles 
including H. axyridis in the adjacent cotton crop (Yang et al. 
2023), and H. axyridis specifically by 72% in adjacent peanut 
crop (Ju et al. 2025). In contrast, in Europe, annual and peren-
nial flower mixtures have limited impacts on ladybird beetle 
abundance in adjacent faba bean (Serée et  al. 2022), wheat 
(Tschumi et al. 2015) or potato crops (Tschumi et al. 2016). 
Harmonia axyrdis is no exception and it is often in minority 
compared to the native species in fields bordered with grass-
flower strips (Alhmedi et al. 2009; Hatt et al. 2017a).

Hedgerows and shelterbelts are other important non-crop 
habitats to conserve (beneficial) insects in agroecosystems 
(Thomas & Marshall 1999). They represent stable habi-
tats used by ladybird beetles for overwintering and provide 
(aphid) prey especially in early season when annual crops are 
not yet infested (Honek & Hodek 1996). In China, H. axyri-
dis and aphids attain high levels of abundance in sea-buck-
thorn Hippophae rhamnoides L. (Elaeagnaceae) and poplar 
Populus sp. L. (Salicaceae) shelterbelts, long before aphid 
populations build up in the adjacent wheat crop (Yan et al. 
2012; cited by Riddick 2017). In the USA, H. axyridis and 
soybean aphids (Aphis glycines Matsumura, Hemiptera: 
Aphididae) sustain their populations on buckthorn Rhamnus 
cathartica L. (Rhamnaceae) trees during autumn and winter 

(Bahlai et al. 2008; Hesler et al. 2004). In Belgium, common 
hedgerow trees such as elder Sambucus nigra L. (Adoxaceae) 
(Fig. 2e), willow Salix sp. L. (Salicaceae), maple Acer sp. L., 
(Sapindaceae) or linden Tilia sp. L. (Malvaceae) host high 
numbers of H. axyridis (Adriaens et al. 2008). Tree species 
can also provide pollen and nectar. In the absence of aphids, 
flowers of Sophora japonica L. (Fabaceae) are attractive to 
H. axyridis, and those of Ricinus communis L. (Euphorbiaceae) 
improve survival rate of adult lady beetles (Zhu 2023). One 
major limitation however is that hedgerows inconsistently 
enhance ladybeetle spillover into the nearby crops (Albrecht 
et  al. 2021; Morandin et  al. 2014). This is possibly due to 
the fact that ladybeetle colonization of agricultural crops is 
largely determined by aphid abundance instead of extra-field 
features such as hedgerows (Hatt et al. 2017b).

3.3	 Diversification of greenhouse environments
Greenhouses are semi-enclosed or fully-enclosed environ-
ments that lend themselves to biological control (Van Lenteren 
et al. 2020). The efficacy and long-term survival of released 
natural enemies such as H. axyridis can be considerably 
enhanced by deploying banker plants (Table 2). Banker plants 
are aimed at sustaining a reproducing population of natural 
enemies within a crop that will provide long-term pest sup-
pression (Frank 2010). They provide alternative hosts, prey 
and/or food for natural enemies and can be placed throughout 
a greenhouse (Payton Miller & Rebek 2018). Broad bean Vicia 
faba L. (Fabaceae) infested with Megoura japonica Matsumura 
(Hemiptera: Aphididae) support H. axyridis-mediated biologi-
cal control on bell pepper (Capsicum annuum L., Solanaceae) 
in China (Wang et al. 2022). In banker plant systems, a high 
density of alternative prey benefits H. axyridis when the den-
sity of the target pest is low, whereas low numbers of alter-
native prey facilitate H. axyridis spillover into the main crop 
when target prey is abundant (Wang et al. 2022). Other banker 
plant systems include maize infested by Rhopalosiphum mai-
dis (Fitch) (Hemiptera: Aphididae) to control M. persicae on 
greenhouse tomato (Solanum lycopersicum L., Solanaceae) 
(personal observation in China, Fig. 2f). Insectary plants are 

Plant species (Family) Mechanism1 Location References
Laboratory experiments

Hibiscus cannabinus (Malvaceae) Extrafloral nectar China Xiu et al. 2017
Vicia sativa (Fabaceae) Nectar, pollen France (FR) Wang et al. 2020
Fagopyrum esculentum (Polygonaceae) Nectar, pollen Switzerland, 

FR
Wolf et al. 2018; Wang et al. 2020

Coriandrum sativum (Apiaceae) Nectar, pollen Switzerland, 
FR

Wolf et al. 2018; Wang et al. 2020

Perilla frutescens (Lamiaceae) Nectar, pollen Japan Hatt & Osawa 2019
Sophora japonica (Fabaceae) Nectar, pollen China Zhu et al. 2023
Ricinus communis (Euphorbiaceae) Nectar, pollen China Zhu et al. 2023

Table 1.  Continued.
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Table 2.  Examples of successful enhancement of Harmonia axyridis abundance through diversification practices in its native range. 
a Study reports impact on ladybird beetles, with H. axyridis being among the most abundant species.

Diversification 
practice

Treatment Control Impact Location Reference

Annual field crops
Row intercropping Pure stand peanut Pure stand peanut ×25 China Ju et al. 2019
Flower strips Peanut + Cnidium monnieri Pure stand peanut +72% China Ju et al. 2025

Cotton + Cnidium monnieria Pure stand cotton ×10 China Yang et al. 2023
Orchards

Companion 
planting

Apple trees + Ageratum houstonianum Natural grass +48% China Song et al. 2013

Apple trees + Tagetes patula Natural grass +76% China Song et al. 2013
Apple trees + Ocimum basilicum Natural grass +48% China Song et al. 2013
Apple trees + Cnidium monnieri Without C. monnieri ×2.5 China Cai et al. 2021a
Pear trees + Nepeta cataria Clean tillage +57% China Wan et al. 2015

Greenhouse
Banker planting Bell pepper + Vicia faba 

(400 inoculated aphids)
100 inoculated aphids ×4 China Wang et al. 2022

also used in greenhouses. For instance, by planting fairy fan 
flower Scaevola aemula R.Br. (Goodeniaceae) together with 
eggplants in Japanese greenhouses, survival and long-term 
establishment of flightless H. axyridis is enhanced (Seko et al. 
2017). Flightless H. axyridis are population strains artificially 
selected for greenhouse ladybird releases in augmentative 
biological control program (Tourniaire et  al. 2000). Outside 
greenhouses, non-crop habitats including hedgerows and 
flower strips can promote biological control inside (Messelink 
et  al. 2021; Xu et  al. 2020). In flower strips sown outside 
Chinese greenhouses, H. axyridis frequently occurs on bor-
age Borago officinalis L. (Boraginaceae) and cornflower 
Centaurea cyanus L. (Asteraceae) (Li et al. 2021). Presence 
or coverage of these two plants likely can enhance H. axyridis 
influx into the greenhouse and benefit biological control on 
locally grown crops.

4	 �Mitigating the impact on non-target biota 
with plant diversity?

An array of farm-scale diversification practices can enhance 
H. axyridis-mediated biological control (Tables  1 and 2). 
Evidence from its native range is numerous and the posi-
tive effects of diversification schemes on H. axyridis abun-
dance are consistent across studies. In the invaded regions, 
however, evidence is scarcer and effects of diversification 
practices on its population abundance are unclear. In most of 
field-based studies, H. axyridis is not identified at the species 
level, and when it is, H. axyridis is often less abundant than 
native species (Alhmedi et al. 2009; Hatt et al. 2017a).

Intra-guild predation involving H. axyridis is common, 
and represents a sensitive issue when it is on resident (native) 

species in its non-native range (Pell et al. 2008). Evidence of 
H. axyridis as an asymmetric intraguild predator has been well-
documented under laboratory conditions or in field cages over 
the past decades (Burgio et al. 2002; Katsanis et al. 2013; Rizzo 
et al. 2023). Adalia bipunctata, an endemic ladybird species 
in Europe, declined by 30% in Belgium and 44% in the UK 
over the five years following the arrival of H. axyridis. Hence, 
discussing agroecosystem designs supporting predators such as 
H. axyridis requires considering the potential risks, especially 
in its non-native range. Ladybird species the most at risks are 
primarily aphidophagous, sensitive to IGP at their immature 
stages, and found on deciduous trees (Kenis et al. 2017).

With the advent of high-throughput sequencing meth-
ods, DNA-based gut content analyses have been used to 
infer ecological interactions of H. axyridis in the field. 
Use of these tools has uncovered the extent to which habi-
tat complexity mediates IGP (Gagnon & Brodeur 2014; 
Rondoni et al. 2015). However, to our knowledge, few stud-
ies have directly measured the effect of plant diversity on 
IGP involving H. axyridis. A laboratory setting using squash 
(Cucurbita pepo L., Cucurbitaceae) as a crop plant and mug-
wort (Artemisia vulgaris L., Asteraceae) as an added non-
crop plant was used to analyse the effect of an increased 
structural complexity on the interactions between the native 
ladybird species Hippodamia convergens Guérin-Méneville 
and H. axyridis (as an exotic species in USA) (Amaral et al. 
2015). Squash-mugwort combination significantly reduced 
the predation of H. convergence’s eggs by H. axyridis com-
pared to settings including only squash. In addition, survival 
of H. convergence larvae in the presence of H. axyridis larvae 
was significantly increased (suggesting a lower IGP) when 
squash and mugwort were combined compared to when only 
one plant species was used. In another laboratory experiment 
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exploring the role of nectar and pollen as a nutritive supple-
ment to mitigate IGP, the addition of marigold (Calendula 
officinalis L., Asteraceae) flowers significantly reduced 
IGP between H. axyridis and Propylea japonica Thunberg 
(Coleoptera: Coccinellidae) in China (their native range) 
(Liang et al. 2022). Although obtained in microcosms highly 
differing from natural or agricultural contexts, these results 
suggest that increasing structural and resource diversity may 
mitigate negative interactions between ladybird species.

Prey density is a key determinant of IGP dynamics: when 
aphid abundance declines, IGP may increase possibly due to 
prey dilution effects in diversified agroecosystems (Gagnon 
& Brodeur 2014). Yet, to our knowledge, this ecological 
process has never been studied for H. axyridis or any other 
IGP predator at the landscape level and/or along a landscape 
complexity gradient. By designing distinct ecological niches 
such as arboreal and flowering habitats (Yang et al. 2021), 
diversification measures possibly may limit asymmetrical 
IGP within crops while simultaneously reducing H. axyridis 
aphidophagous activity in those same areas. However, this 
strategy poses risks; habitat diversification can exacerbate 
native coccinellid declines by increasing IGP under condi-
tions of low prey density (Hautier et al. 2011). Introducing 
additional vegetation strata, such as herbaceous plants, pos-
sibly can mitigate those effects, as IGP by H. axyridis is less 
frequent in such habitats (Honek et al. 2019).

By outlining how diversification tactics may affect ben-
eficial and deleterious impacts of H. axyridis, our work lays 
the initial groundwork for a science-based redesign of farm-
ing landscapes (Table 1). Based upon the available evidence, 
we are confident that plant diversity can be smartly lever-
aged to bolster the effectiveness of H. axyridis as a biological 
control agent in field crops and mitigate its detrimental eco-
logical effect on endemic biota (Fig. 3). Yet, to target inter-
ventions at field, farm and landscape scales, our scientific 
understanding of in-field ecological interactions needs to be 
dramatically enhanced through large-scale and long-term 
observational or manipulative field studies. These eventually 
will lay the groundwork for a science-driven design of pest-
suppressive farming landscapes in which ecological impacts 
of invasive biota are effectively defused.
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Fig. 3.  Model of plant diversification practices potential to improve biological control while mitigating intraguild predation through the 
provisioning of alternative structural and food resources to the ladybird beetle Harmonia axyridis.
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