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Abstract
Predatory ladybirds are key natural enemies of a diversity of crop pests. Conserving ladybirds in agroecosystems to benefit 
from their biocontrol potential requires to understand the ecological interactions between them and functional plants. A 
diversity of functional plants is known to offer resources improving ladybirds’ fitness and pest control effects. Yet, there is 
a lack of knowledge on the relationship between a diversity of functional plants found at the field scale and the dynamic of 
ladybird population. In this study conducted over three consecutive years, we investigated from early May to mid-August, 
the weekly abundance of predatory ladybirds on 15 functional plants and peach trees (Prunus persica) in a peach orchard 
agroecosystem in the Beijing Province of China. Seven plant species hosted 90% of the ladybird population throughout the 
study period. Through them, two abundance peaks of ladybirds were observed, with Vitex negundo and Prunus persica sup-
porting the ladybirds in the first peak, Artemisia sieversiana, Vigna unguiculata, Cosmos bipinnata, Zea mays and Helianthus 
annuus playing a major role in the second peak. The plant species were either at their seedling, blooming or fructification 
stage when hosting the ladybirds, suggesting that these lasts used the diversity of resources (prey, nectar and pollen of flow-
ers and extra-floral nectar) offered at the agroecosystem level. The present results enrich the screening of functional plants 
supporting predatory ladybirds in perennial agroecosystems and emphasize the need to pay attention to the long-standing 
plants in the surrounding habitats. It suggests that maintaining and managing a diversity of functional plants at the field scale 
is needed to offer a spatial and temporal continuity of resources to ladybirds.

Keywords  Agroecosystem diversification · Coccinellidae · Secondary plants · Conservation biological control · 
Phenological periods · Population dynamic

Introduction

The modernization of agriculture has contributed to the sim-
plification of agroecosystems, and orchards are no excep-
tion. It went along with high use of synthetic pesticides, 
causing a significant reduction of biodiversity in agricul-
tural ecosystems, and leading to a gradual weakening of 
service functions including the regulation of pests, food 
safety issues and ecological environment damage (Geiger 
et al. 2010; Pretty et al. 2018; Zhou et al. 2023). In this con-
text, restoring ecological regulations in agroecosystems is 
possible by increasing plant diversity (Nicholls and Altieri 
2004). Against insect pests, conservation biological control 
consists in managing the environment to protect and enhance 
local natural enemies—among which predatory ladybirds 
(Obrycki et al. 2009)—to reduce the detrimental effects of 
herbivores on crops (Rayl et al. 2018).
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The use of functional plants, also called secondary plants 
(sensu Parolin et al. 2012), is key when designing pest sup-
pressive agroecosystems (Hatt et al. 2018). Functional plants 
are sown or preserved with the objective of enhancing the 
delivery of one or more ecosystem services and are not 
necessarily harvested. Certain functional plant species can 
have direct effects on the pests, through repellence, or by 
attracting them away from the cash crop (Wang et al. 2022a). 
Functional plants can also benefit to pest predators. Preda-
tory ladybirds (Coleoptera: Coccinellidae) can benefit from 
the provisioning of high-quality alternative food resources 
such as pollen and nectar (Wang et al. 2020; He et al. 2021) 
or alternative prey (Wang et al. 2022b), and use functional 
plants as shelter against disturbances (Tooker et al. 2020). 
Specific integrated strategies make use of functional plants 
for biological control in ‘push-pull’ and ‘attract-reward’ 
systems (Xu et al. 2018a; Simpson et al. 2011). Promising 
results showed that increasing plant diversity at the field 
scale allows reducing insecticide uses without decreasing 
yield, in fine favouring economic gains (Gurr et al. 2016; 
Li et al. 2021).

In orchard agroecosystems, functional plants can be man-
aged between tree rows and/or in semi-natural habitats in 
the direct surrounding (Jaworski et al. 2019). Flowering 
forbs such as Cnidium monnieri (Apiaceae), Tagetes pat-
ula (Asteraceae) or Ocimum basilicum (Lamiaceae) sown 
between tree rows can support predatory ladybirds including 
Harmonia axyridis (Pallas) (Coleoptera: Coccinellidae) and 
Propylea japonica (Thunberg) (Coleoptera: Coccinellidae) 
(Zhang et al. 2022; Song et al. 2013). In the natural habitats 
potentially surrounding orchards, shrubs and trees hosting 
H. axyridis include Sambucus sieboldiana (Caprifoliaceae) 
or Quercus glauca (Fagaceae) in its native range (Osawa 
2011). In a semi-natural environment (i.e. a botanical garden 
in Kyoto, Japan), Osawa (2000) showed that from April to 
July, H. axyridis beetles make use of a diversity of other 
plant species such as Spiraea spp. (Rosaceae), Salix spp. 
(Salicaceae), Typha angustifolia (Typhaceae) and peach 
trees Prunus persica (Rosaceae).

Population dynamic of predatory ladybirds is known 
to follow the population dynamic of their prey, especially 
aphids (Hemiptera: Aphididae) (Osawa 2000; Hodek and 
Honek 1996), explaining the key role of alternative prey 
on functional plants to support population of natural ene-
mies of crop pests (Alhmedi et al. 2009). Yet, the fitness of 
aphids and therefore their availability as prey may depend 
on the growth stage of their host plants (Guldemond et al. 
1998; Karley et al. 2004). In addition, ladybirds are known 
to visit flowers. Ultra-violet pattern of inflorescences (i.e. 
ultra-violet reflectance of the internal flower part differing 
to that of the external flower part) (Hatt et al. 2019a), short 
corolla depth implying accessible nectar (Hatt et al. 2019b) 
and the presence of extra-floral nectar (Mathews et al. 2016) 

are functional traits of plants attracting predatory ladybirds. 
It suggests that the phenological stages of functional plants 
can be critical to support populations of ladybirds, and that 
understanding ladybird-functional plant interactions consid-
ering plants’ growth stage should help tailoring agroecosys-
tem designs benefiting to pest natural enemies.

With the objective of supporting natural enemies of pests 
in peach orchard agroecosystems towards enhancing conser-
vation biological control in the Beijing province of China, 
the aim of the present study was (i) to identify functional 
plant species and their development stage supporting preda-
tory ladybirds at the field scale, and (ii) to evaluate whether 
different suitable functional plant species would comple-
ment each other to support ladybird populations through 
the whole cropping season. While predatory ladybirds can 
migrate short distances from plant species to others looking 
for food resources (Osawa 2000), ensuring the continuity of 
resources through time is supposed to be key to bolster eco-
system services such as pest control (Schellhorn et al. 2015).

Materials and methods

Study species and study site

Twenty functional plants were selected for this experiment 
(Table 1). These species were selected from native plants 
around the peach orchard agroecosystem in Beijing, or from 
varieties with potential application effects reported in other 
regions. The initial plants were derived from the surround-
ing natural ecosystems or seedlings cultivated by the Plant 
Protection Institute of Beijing Academy of Agriculture and 
Forestry Sciences. Functional plant plots were set around a 
peach orchard (Fig. 1) in Changping district experimental 
station in Beijing, China (116° 2′ E, 40° 10′ N), for three 
consecutive years in 2019, 2020 and 2021, with one plot for 
each plant species, each plot comprising 25 plant individu-
als. The plant layout in each plot was carried out according 
to 5 rows × 5 columns (the plant spacing of each species 
is indicated in Table 1). The field layout of all plants was 
similar for three consecutive years, some perennial plants 
(i.e. Vitex negundo, Salvia miltiorrhiza, Artemisia sieversi-
ana) were planted 1 year before the experiment, the seeds 
or seedlings of other annuals plants were derived from Bei-
jing Academy of Agriculture and Forestry Sciences, field 
planting or transplanting of these species was completed in 
March–April. No pesticide was used in the whole area dur-
ing the whole duration of the experiment.

Data collection

The population dynamics of predatory ladybirds, with a 
focus on Coccinellinae, on functional plants and peach trees 
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were investigated every seven days from early May to mid-
August (16 times per year in total) in 2019, 2020 and 2021. 
For 15 functional plant species (i.e. five plant species were 
finally not monitored during the whole period because the 

abundance of ladybirds on the five plants was extremely low 
on all dates and therefore were excluded from the analysis; 
Table 1), 10 individual plants were visually investigated 
in each plot between 9:00 am and 11:00 am to assess the 

Table 1   Species and spacing of functional plants

a These species, although sown in the field, were not monitored for ladybird beetle abundance

Number Family Latin name Growth cycle Type Plant classification Blooming period Spacing (cm)

1 Asteraceae Cosmos bipinnata Annuals/perennial Herb Native Jun.–Aug. 10
2 Hemistepta lyratea Annuals Herb Native Mar.–Aug. 15 
3 Zinnia elegans Annuals Herb Naturalized Jun.–Sep. 15 
4 Artemisia sieversiana Annuals/biennial Herb Native Jul.–Aug. 30 
5 Helianthus annuus Annuals Herb Native Jul.–Sep. 50 
6 Lamiaceae Lagopsis supinaa Perennial Herb Native Mar.–Apr. 10 
7 Nepeta cataria Perennial Herb Native Jul.–Sep. 15
8 Salvia miltiorrhiza Perennial Herb Native Apr.–Aug. 15 
9 Perilla frutescens Annuals Herb Native Aug.–Nov. 30 
10 Liliaceae Hosta plantagineaa Annuals Herb Native Aug.–Sep. 15 
11 Anemarrhena asphodeloides Perennial Herb Native May–Jun. 15 
12 Polygonatum odoratum Perennial Herb Native May–Jun. 15 
13 Fabaceae Medicago sativaa Perennial Herb Native May–Jul. 15 
14 Vigna unguiculata Annuals Herb Naturalized May–Aug. 30 
15 Solanaceae Solanum lycopersicum Annuals Herb Naturalized May–Jun. 30 
16 Iridaceae Iris pallida Perennial Herb Naturalized May–Jun. 30 
17 Brassicaceae Orychophragmus violaceusa Annuals/biennial Herb Native Apr.–May 15 
18 Rosaceae Rosa chinensis Perennial Woody Native May–Sep. 30
19 Gramineae Zea mays Annuals Herb Naturalized Sep.–Oct. 50 
20 Verbenaceae Vitex negundo Perennial Woody Native MayvJul. 60 

Fig. 1   Field layout of functional 
plants and the peach orchard. 
The numbers in the figure 
correspond to the plant species 
in Table 1. Different colour 
numbers represent different 
botanical families. The yellow 
area is the peach orchard, and 
the pentagon and hexagon are 
field greenhouses
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abundance of ladybird larvae and adults (excluding eggs 
and pupae) (Li et al. 2021). The growth status of the plants 
(seedling stage, blooming or fructification) was noted for 
each monitoring date. To investigate the population dynam-
ics of predatory ladybirds on peach trees, five points were 
selected at equal distances through the diagonal of the peach 
orchard, and two peach trees were selected at each point. On 
each of these two trees, 10 branches were randomly chosen 
and visually observed over 15 cm from the top of the new 
tip to record the abundance of predatory ladybirds (larvae 
and adults).

Statistical analyses

All statistical analyses were performed using R Core Team 
(2020). Difference between years (2019, 2020, 2021) in the 
abundance of ladybirds was evaluated by fitting a general-
ized linear mixed model (GLMM), including years as a fixed 
factor, and the plant species nested within years as a random 
factor. The random factor allowed integrating the repeated 
measurements done on the different plant species every year. 
A negative binomial distribution (function glmmTMB, pack-
age glmmTMB, Brooks et al. 2017) was used to solve the 
overdispersion of the data observed when using a Poisson 
distribution. The effect of years on ladybird abundance was 
tested using a Wald Chi-squared test. Difference in abun-
dance of ladybirds was also compared between the first (5 
May to 23 June) and the second (30 June to 18 August) 
half of the study period. The potential interactive effects of 
time phases and years were evaluated by fitting a GLMM 
with negative binomial distribution, with phases (5 May–23 
June, 30 June–18 August), years (2019, 2020, 2021) and 
their interaction as fixed factors, the plant species nested 
within years as a random effect, the model tested using a 
Wald Chi-squared test.

The effect of plant species on the abundance of ladybirds 
was analysed by fitting a GLMM using a negative binomial 
distribution, including plant species as a fixed factor and 
the years as a random factor. Abundances over the sampling 
dates were pooled per plant species for each year separately. 
The effect of plant species was tested using a Wald Chi-
squared test, and comparisons between species were per-
formed using a post hoc test of Tukey (function glht, pack-
age multcomp, Hothorn et al. 2008). Similar analyses were 
performed by considering the first and second 8-week phases 
separately (i.e. 5 May–23 June and 30 June–18 August, 
respectively).

Considering separately the first and the second half of 
the study period was explained by the temporal dynamic 
of ladybird abundance, that was analysed over the whole 
study period by fitting a GLMM using a negative binomial 
distribution, with time (i.e. the successive sampling dates) 

as a fixed factor, years as a random factor, and tested using 
a Wald Chi-squared test.

Finally, whether ladybirds were significantly more 
observed on a plant species at a specific plant develop-
ment stage (seedling, blooming or fructification) was ana-
lysed using an exact binomial test (function binom.test). 
The ‘hypothesized probability of success’ was fixed at 0.5. 
Summed ladybird abundances over the 3 years were consid-
ered for each development stage per plant species.

Results

Ladybird species observed were H. axyridis, Coccinella sep-
tempunctata (Linnaeus) and Propylea japonica. On average, 
372 ± 25 (mean ± SE) ladybird individuals were observed 
every year, without significant differences between years 
(df = 2; χ2 = 0.57; P = 0.752). Over the whole study period, 
plant species identity had a significant effect on the abun-
dance of ladybirds (df = 15; χ2 = 222; P < 0.001; Fig. 2a). 
Seven plant species statistically equally contributed (i.e. 
without significant differences between them) at support-
ing altogether 90 % of the ladybird population, namely V. 
negundo (20.43%), Vigna unguiculata (12.81%), A. siev-
ersiana (12.63%), Cosmos bipinnata (9.77%), Zea mays 
(8.51%), Helianthus annuus (6.99%), as well as the peach 
trees Prunus persica (19.53%) (Fig. 2a; Table S1).

Specifying the plant phenological stages at which lady-
birds were observed reveals contrasting situations. The seed-
ling stage was preferred by ladybird beetles for V. negundo 
(P < 0.001) and A. sieversiana (P < 0.001), the blooming 
stage was preferred for C. bipinnata (P < 0.001) and H. ann-
uus (P < 0.001), and finally the fructification stage was pre-
ferred for V. unguiculata (P < 0.001), Z. mays (P < 0.001) 
but also P. persica (P < 0.001) (Fig. 2a; Table S1).

The analysis of ladybird population dynamic, fitted as 
a fourth-degree polynomial regression (df = 4; χ2 = 44.7; 
P < 0.001), reveals an oscillation with two abundance peaks, 
first in mid-May, and second on early August (Fig. 3). Two 
phases of 8 weeks showing each an increase followed by 
a decrease of the abundance of ladybirds could be identi-
fied, i.e. from 5 May to 23 June, and from 30 June to 18 
August. Abundance of ladybirds was not significantly differ-
ent between the two phases (df = 1; χ2 = 1.68; P = 0.195), 
and no interaction between phases and years was identified 
(df = 2; χ2 = 4.27; P = 0.118).

During each phase, plant species identity had a signifi-
cant effect on the abundance of ladybirds (phase 1: df = 15; 
χ2 = 223; P < 0.001; phase 2: df = 15; χ2 = 176; P < 0.001; 
Fig. 2b, c). The plant species hosting the most of ladybird 
individuals were different during the two phases (Fig. 2b, 
c). From 5 May to 23 June (phase 1), two species statis-
tically equally contributed at supporting 80% of ladybird 
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Fig. 2   Mean (± SE) abundance 
per year of ladybird beetles 
observed on companion plants 
and peach trees (Prunus per-
sica) considering a all sampling 
dates (5 May to 18 August) with 
specifications on the plant’s 
development stage, b only the 
first 8 weeks (i.e. phase 1, 5 
May to 23 June), and c only the 
second 8 weeks (i.e. phase 2, 30 
June–18 August)—see this fig-
ure for more details on ladybird 
beetles’ population dynamics 
explaining the separate analysis 
of the two phases. Plant species 
sharing the same letters above 
the bars show no significant 
differences in the abundance of 
ladybird beetles.
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individuals: V. negundo and P. persica (mean ± SE: V. 
negundo 75 ± 14; P. persica 63 ± 31; Fig. 2b). From 30 June 
to 18 August (phase 2), five other plant species statistically 
equally contributed at supporting 90% of ladybird beetle 
individuals: A. sieversiana, V. unguiculata, C. bipinnata, Z. 
mays and H. annuus (mean ± SE: A. sieversiana 47 ± 15; V. 
unguiculata 47 ± 9; C. bipinnata 33 ± 12; Z. mays 31 ± 7; 
H. annuus 22 ± 2; Fig. 2c).

Discussion

In this study, the abundance of predatory ladybirds was mon-
itored on 15 plant species over 3 years from May to August 
in a peach orchard agroecosystem. We found that seven plant 
species, including peach trees, accounted for almost all the 
ladybird population mostly made of H. axyridis, C. sep-
tempunctata and P. japonica. During the study period, two 
abundance peaks of the ladybirds were observed, and during 
each peak period they used two distinct groups of plants. The 
plant species that hosted the ladybirds during the first phase 
(i.e. V. negundo and P. persica) had a significantly reduced 
hosting capacity during the second phase, when other plant 
species (i.e. A. sieversiana, V. unguiculata, C. bipinnata, Z. 
mays and H. annuus) were used. It suggests that sustaining 
predatory ladybirds in a peach orchard agroecosystem from 
spring to summer, i.e. throughout the production period of 

peach trees, requires preserving and managing a diversity of 
key functional plant species at the field scale.

Three of the highly attractive plant species in the present 
study belong to the Asteraceae (A. sieversiana, C. bipinnata, 
H. annuus). Previous studies also showed that Asteraceae is 
among the botanical family comprising plant species attrac-
tive to ladybirds (Losey et al. 2022). Yet, compared to Api-
aceae which consistently benefit to ladybirds, variable effects 
of Asteraceae species are observed (Hatt et al. 2019b), which 
is confirmed in the present experiment. Here, C. bipinnata 
and H. annuus were attractive to ladybirds while blooming. 
While both have deep corolla making nectar hardly avail-
able to ladybirds (Wäckers and van Rijn 2012), H. annuus 
offers extra-floral nectar (Weber et al. 2015), which likely 
explain the observed attraction to ladybirds. The production 
of extra-floral nectar, which can occur at various develop-
ment stages of plants (Marazzi et al. 2013), can also explain 
the attractivity of V. unguiculata, a Fabaceae which hosted 
the coccinellids while fruiting in the present study. Although 
nectar generally contributes to increase the survivability of 
ladybirds (He et al. 2021), aphids are their essential food 
(Hodek 1996). Xu et al. (2023) previously showed that the 
presence of ladybirds on V. negundo and peach trees is 
driven by the abundance of aphids on these plants. As for 
Z. mays, previous studies also highlighted the positive cor-
relation between aphid and ladybird dynamics, especially 
in August in adjacent regions of Beijing (Pan et al. 2020).

The diversity of resources offered by the various func-
tional plants at the field scale is central in the dynamic of 
the ladybird population (Osawa 2000). In the present study, 
it was oscillatory with two abundance peaks in the end of 
May and early August, respectively, and a reduced popula-
tion in the end of June. In the first phase, hosts plants pro-
vided ladybirds with prey food (i.e. aphids) (as shown in 
a previous analysis, Xu et al. 2023) essential for the lady-
bird reproduction (Hodek 1996), allowing the population 
to increase which is critical for early pest control (Evans 
2008). During the second phase, it is likely that food sources 
were more diverse, with non-prey food potentially allowing 
the ladybirds to survive in the absence of prey (Wolf et al. 
2018). Previous studies attributed the oscillatory dynamic 
of ladybird population to the dynamic of aphids (Osawa 
2000). The present results suggest that non-prey food, such 
as extra-floral nectar, can also significantly contribute to this 
oscillatory dynamic.

The spill-over of natural enemy insects from surround-
ing habitats or native plants to crops is key for conservation 
biological control (Jaworski et al. 2023; Zaviezo and Muñoz 
2023). According to our observation in the present study, 
ladybirds may have transferred from V. negundo to peach 
trees before moving again to other plant species (Fig. S1). 
The movement of insect from one habitat type to another 
in agricultural landscapes determines their abundance and 

Fig. 3   Dynamic of ladybird beetles’ abundance averaged over the 3 
years of monitoring (2019–2021) considering all observed plants 
(i.e. each point being the summed abundance of ladybirds over the 
15 monitored plant species and peach trees for a given sampling date 
and year). Grey shading indicates the 95% confidence interval in the 
polynomial regression
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distribution in space and time (Mazzi and Dorn 2012). The 
existence or density of (alternative) prey, in addition to 
nectar and pollen, is a significant driver of natural enemy 
distribution (Gurr et al. 2017; Wang et al. 2022b; Zhang 
et al. 2022). Yet, previous studies conducted in other agro-
ecosystem contexts did not consistently show such a move-
ment of ladybirds between a variety of plant species avail-
able at the field scale. In field crops, C. monnieri sown as 
a flower strip is used as a bridge habitat to facilitate the 
movement of P. japonica from wheat to maize (Yang et al. 
2021). However, in an apple orchard, the abundance of H. 
axyridis peaked synchronically on all the four functional 
plants tested [i.e. Brassica napus (Brassicaceae), Vicia vil-
losa (Fabaceae), Schizonepeta tenuifolia (Lamiaceae) and C. 
monnieri] suggesting a redundancy in the use of resources 
(Zhang et al. 2022). In the present study, woody species in 
addition to forbs were considered. The high attractivity of 
V. negundo in the earlier phase highlights the key role that 
woody plants can play to support ladybirds at crop vicinity. 
While predatory ladybirds are known to use both trees and 
forbs (Osawa 2000; Burgio et al. 2004), the present results 
suggest a complementary between both, with trees playing 
a significant role in the early phase of population develop-
ment, forbs being more attractive in the second phase.

Beyond food sources and shelter, attractivity of functional 
plants to predators is partly driven by chemical cues, i.e. 
plant volatiles (Turlings and Erb 2018). Large range of plant 
volatiles attracting predators are induced by herbivores, and 
therefore released by plants as indirect defences. By using 
Y-tube olfactometer, Xu et al. (2023) demonstrated that 
aphid-infested V. negundo attracts adults of H. axyridis, and 
identified sclareol, eucalyptol, nonanal and a-terpineol as 
key plant volatiles involved in H. axyridis attraction. Methyl-
salicylate (MeSA) is another herbivore-induced plant vola-
tile (HIPV) known to be highly attractive to natural enemies 
of pests including ladybirds (Rodriguez-Saona et al. 2011). 
Complementing the use of functional plants, and more gen-
erally plant diversity in agroecosystems, with the release of 
HIPVs such as MeSA was successful in enhancing predatory 
ladybirds and promoting biological control (Jaworski et al. 
2019; Xu et al. 2018b).

More generally, stacking practices to attract and support 
natural enemies was proposed as a key principle to design 
pest suppressive agroecosystem (Hokkanen 2017; Hatt and 
Döring 2023). It is supposed to enhance the resilience of 
regulating processes by increasing the redundancy in eco-
logical functions. It is not trivial as several plant species 
tested in the present experiment did not support ladybirds 
as expected. It is the case of Nepeta cataria, which was as 
efficient as other functional plant species to support preda-
tory ladybirds in previous studies (Wan et al. 2015). It is 
also the case of Perilla frutescens, which floral resources can 
enhance the longevity of ladybirds, and even bolster their 

fecundity if associate with prey food (Hatt and Osawa 2019). 
However, P. frutescens is a relatively late blooming species, 
i.e. flowering in September, which was beyond the study 
period in the present research. Finally, the limited attractiv-
ity of Medicago sativa was surprising. Regulation by other 
natural enemies (e.g. parasitoids), or aphid-ant symbiosis 
(Stadler and Dixon 2005) can explain that plant species 
usually hosting alternative preys may not support targeted 
predators such as ladybirds.

In the present study, six functional plant species sup-
porting ladybirds in a peach orchard agroecosystem were 
identified. It was demonstrated that together, they can sus-
tain the predators throughout the peach production period 
from spring to summer. It offers practical information for 
future research, in which these six functional plants could 
be implemented in peach orchards to quantify their effect on 
pest reduction on peach trees. While the forb species could 
be sown between tree rows as flower strips, V. negundo could 
be planted as hedgerows at orchard margins. The effect of 
these functional plants on other pest natural enemies, such 
as predatory hoverflies (Diptera: Syrphidae) and lacewings 
(Neuroptera: Chrysopidae) as well as parasitoids (Hymenop-
tera), could be evaluated.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s11829-​024-​10069-2.

Author contributions  CW, QX, SW and XG contributed to the study 
conception and design. CW, SW and QX completed the field investiga-
tion. CW, SH, DX and QX analysed experiments data. CW, SH and QX 
wrote and revised the paper. All authors have read, commented on and 
approved the final manuscript.

Funding  This research was supported by the Youth Scientific Research 
Fund of Beijing Academy of Agriculture and Forestry Sciences (Grant 
No. QNJJ202118), the earmarked fund for CARS (Grant No. CARS-
30) and the Beijing Key Laboratory of Environment-friendly Manage-
ment of Fruit Diseases and Pests in North China (Grant No. BZ0432).

Data availability  Authors can provide relevant data.

Declarations 

Competing interests  The authors have no conflict of interests in this 
contribution.

References

Alhmedi A, Haubruge E, Francis F (2009) Effect of stinging nettle 
habitats on aphidophagous predators and parasitoids in wheat 
and green pea fields with special attention to the invader Har-
monia axyridis Pallas (Coleoptera: Coccinellidae). Entomol Sci 
12:349–358. https://​doi.​org/​10.​1111/j.​1479-​8298.​2009.​00342.x

Brooks ME, Kristensen K, van Benthem KJ et al (2017) glmmTMB 
balances speed and flexibility among packages for zero-inflated 
generalized linear mixed modeling. R J 9:378. https://​doi.​org/​10.​
32614/​RJ-​2017-​066

https://doi.org/10.1007/s11829-024-10069-2
https://doi.org/10.1111/j.1479-8298.2009.00342.x
https://doi.org/10.32614/RJ-2017-066
https://doi.org/10.32614/RJ-2017-066


720	 C. Wu et al.

Burgio G, Ferrari R, Pozzati M, Boriani L (2004) The role of eco-
logical compensation areas on predator populations: an analysis 
on biodiversity and phenology of Coccinellidae (Coleoptera) on 
non-crop plants within hedgerows in Northern Italy. Bull Insectol 
57:1–10

Evans WE (2008) Multitrophic interactions among plants, aphids, alter-
nate prey and shared natural enemies-a review. Eur J Entomol 
105:369–380. https://​doi.​org/​10.​14411/​eje.​2008.​047

Geiger F, Bengtsson J, Berendse F et al (2010) Persistent negative 
effects of pesticides on biodiversity and biological control poten-
tial on European farmland. Basic Appl Ecol 11:97–105. https://​
doi.​org/​10.​1016/j.​baae.​2009.​12.​001

Guldemond JA, Van den Brink WJ (1998) Methods of assessing popu-
lation increase in aphids and the effect of growth stage of the host 
plant on population growth rates. Entomol Exp Appl 86:163–173. 
https://​doi.​org/​10.​1046/j.​1570-​7458.​1998.​00277.x

Gurr GM, Lu Z, Zheng X et al (2016) Multi-country evidence that crop 
diversification promotes ecological intensification of agriculture. 
Nat Plants 2:16014. https://​doi.​org/​10.​1038/​nplan​ts.​2016.​14

Gurr GM, Wratten SD, Landis DA et  al (2017) Habitat manage-
ment to suppress pest populations: progress and prospects. 
Annu Rev Entomol 62:91–109. https://​doi.​org/​10.​1146/​annur​
ev-​ento-​031616-​035050

Hatt S, Döring TF (2023) Designing pest suppressive agroecosystems: 
principles for an integrative diversification science. J Cleaner Prod 
432:139701. https://​doi.​org/​10.​1016/j.​jclep​ro.​2023.​139701

Hatt S, Osawa N (2019) The role of Perilla frutescens flowers on fit-
ness traits of the ladybird beetle Harmonia axyridis. BioControl 
64:381–390. https://​doi.​org/​10.​1007/​s10526-​019-​09937-1

Hatt S, Boeraeve F, Artru S et al (2018) Spatial diversification of 
agroecosystems to enhance biological control and other regulat-
ing services: an agroecological perspective. Sci Total Environ 
621:600–611. https://​doi.​org/​10.​1016/j.​scito​tenv.​2017.​11.​296

Hatt S, Uytenbroeck R, Lopes T et al (2019) Identification of flower 
functional traits affecting abundance of generalist predators in per-
ennial multiple species wildflower strips. Arthropod Plant Interact 
13:127–137. https://​doi.​org/​10.​1007/​s11829-​018-​9652-7

Hatt S, Xu Q, Francis F et al (2019) Aromatic plants of East Asia to 
enhance natural enemies towards biological control of insect pests. 
A review. Entomol Gen 38:27–315. https://​doi.​org/​10.​1127/​entom​
ologia/​2019/​0625

He X, Kiær LP, Jensen PM, Sigsgaard L (2021) The effect of floral 
resources on predator longevity and fecundity: a systematic review 
and meta-analysis. Biol Control 153:104476. https://​doi.​org/​10.​
1016/j.​bioco​ntrol.​2020.​104476

Hodek I (1996) Food relationships. Ecology of Coccinellidae. Kluwer, 
Dordrecht, pp 143–238

Hodek I, Honek A (1996) Distribution in habitats. In: Hodek I, Honek 
A (eds) Ecology of Coccinellidae. Kluwer, Dordrecht, pp 95–141

Hokkanen HM (2017) Ecostacking: maximising the benefits of ecosys-
tem services. Arthropod–Plant Interact 11:741–742. https://​doi.​
org/​10.​1007/​s11829-​017-​9575-8

Hothorn T, Bretz F, Westfall P (2008) Simultaneous inference in gen-
eral parametric models. Biom J 50:346–363. https://​doi.​org/​10.​
1002/​bimj.​20081​0425

Jaworski CC, Xiao D, Xu Q et al (2019) Varying the spatial arrange-
ment of synthetic herbivore-induced plant volatiles and compan-
ion plants to improve conservation biological control. J Appl Ecol 
56:1176–1188. https://​doi.​org/​10.​1111/​1365-​2664.​13353

Jaworski CC, Thomine E, Rusch A et al (2023) Crop diversification to 
promote arthropod pest management: a review. Agric Commun. 
https://​doi.​org/​10.​1016/j.​agrcom.​2023.​100004

Karley AJ, Parker WE, Pitchford JW, Douglas AE (2004) The mid-
season crash in aphid populations: why and how does it occur? 
Ecol Entomol 29:383–388. https://​doi.​org/​10.​1111/j.​0307-​6946.​
2004.​00624.x

Li S, Jaworski CC, Hatt S et al (2021) Flower strips adjacent to green-
houses help reduce pest populations and insecticide applications 
inside organic commercial greenhouses. J Pest Sci 94:679–689. 
https://​doi.​org/​10.​1007/​s10340-​020-​01285-9

Losey J, Allee L, Gill H et al (2022) Predicting plant attractiveness to 
coccinellids with plant trait profiling, citizen science, and com-
mon garden surveys. Biol Control 176:105063. https://​doi.​org/​10.​
1016/j.​bioco​ntrol.​2022.​105063

Marazzi B, Bronstein JL, Koptur S (2013) The diversity, ecology and 
evolution of extrafloral nectaries: current perspectives and future 
challenges. Ann Bot 111:1243–1250. https://​doi.​org/​10.​1093/​aob/​
mct109

Mathews CR, Brown MW, Wäckers FL (2016) Comparison of peach 
cultivars for provision of extrafloral nectar resources to Harmonia 
axyridis (Coleoptera: Coccinellidae). Environ Entomol 45:649–
657. https://​doi.​org/​10.​1093/​ee/​nvw035

Mazzi D, Dorn SJ (2012) Movement of insect pests in agricultural 
landscapes. Ann Appl Biol 160:97–113. https://​doi.​org/​10.​1111/j.​
1744-​7348.​2012.​00533.x

Nicholls CI, Altieri MA (2004) Agroecological bases of ecological 
engineering for pest management. In: Gurr G, Wratten S, Altieri 
M (eds) Ecological engineering for pest management: advances in 
habitat manipulation for arthropods. CSIRO Publishing, Colling-
wood, pp 33–54

Obrycki JJ, Harwood JD, Kring TJ et al (2009) Aphidophagy by Coc-
cinellidae: application of biological control in agroecosystems. 
Biol Control 51:244–254. https://​doi.​org/​10.​1016/j.​bioco​ntrol.​
2009.​05.​009

Osawa N (2000) Population field studies on the aphidophagous ladybird 
beetle Harmonia axyridis (Coleoptera: Coccinellidae): resource 
tracking and population characteristics. Popul Ecol 42:115–127. 
https://​doi.​org/​10.​1007/​PL000​11990

Osawa N (2011) Ecology of Harmonia axyridis in natural habitats 
within its native range. BioControl 56:613–621. https://​doi.​org/​
10.​1007/​s10526-​011-​9382-6

Pan H, Liu B, Jaworski CC et al (2020) Effects of aphid density and 
plant taxa on predatory ladybeetle abundance at field and land-
scape scales. Insects 11:695. https://​doi.​org/​10.​3390/​insec​ts111​
00695

Parolin P, Bresch C, Desneux N et al (2012) Secondary plants used in 
biological control: a review. Int J Pest Manage 58:91–100. https://​
doi.​org/​10.​1080/​09670​874.​2012.​659229

Pretty J, Benton TG, Bharucha ZP et al (2018) Global assessment 
of agricultural system redesign for sustainable intensification. 
Nat Sustain 1:441–446. https://​doi.​org/​10.​1016/j.​jinsp​hys.​2019.​
103994

R Core Team (2020) R: a language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna

Rayl RJ, Shields MW, Tiwari S et al (2018) Conservation biological 
control of insect pests. In: Gaba S, Smith B, Lichtfouse E (eds) 
Sustainable agriculture reviews: ecology for agriculture. Springer, 
Cham, pp 103–124

Rodriguez-Saona C, Kaplan I, Braasch J et al (2011) Field responses of 
predaceous arthropods to methyl salicylate: a meta-analysis and 
case study in cranberries. Biol Control 59:294–303. https://​doi.​
org/​10.​1016/j.​bioco​ntrol.​2011.​06.​017

Schellhorn NA, Gagic V, Bommarco R (2015) Time will tell: resource 
continuity bolsters ecosystem services. Trends Ecol Evol 30:524–
530. https://​doi.​org/​10.​1016/j.​tree.​2015.​06.​007

Simpson M, Gurr GM, Simmons AT et al (2011) Attract and reward: 
combining chemical ecology and habitat manipulation to enhance 
biological control in field crops. J Appl Ecol 48:580–90. https://​
doi.​org/​10.​1111/j.​1365-​2664.​2010.​01946.x

Song B, Tang G, Sang XS et al (2013) Intercropping with aromatic 
plants hindered the occurrence of Aphis citricola in an apple 
orchard system by shifting predator–prey abundances. Biocontrol 

https://doi.org/10.14411/eje.2008.047
https://doi.org/10.1016/j.baae.2009.12.001
https://doi.org/10.1016/j.baae.2009.12.001
https://doi.org/10.1046/j.1570-7458.1998.00277.x
https://doi.org/10.1038/nplants.2016.14
https://doi.org/10.1146/annurev-ento-031616-035050
https://doi.org/10.1146/annurev-ento-031616-035050
https://doi.org/10.1016/j.jclepro.2023.139701
https://doi.org/10.1007/s10526-019-09937-1
https://doi.org/10.1016/j.scitotenv.2017.11.296
https://doi.org/10.1007/s11829-018-9652-7
https://doi.org/10.1127/entomologia/2019/0625
https://doi.org/10.1127/entomologia/2019/0625
https://doi.org/10.1016/j.biocontrol.2020.104476
https://doi.org/10.1016/j.biocontrol.2020.104476
https://doi.org/10.1007/s11829-017-9575-8
https://doi.org/10.1007/s11829-017-9575-8
https://doi.org/10.1002/bimj.200810425
https://doi.org/10.1002/bimj.200810425
https://doi.org/10.1111/1365-2664.13353
https://doi.org/10.1016/j.agrcom.2023.100004
https://doi.org/10.1111/j.0307-6946.2004.00624.x
https://doi.org/10.1111/j.0307-6946.2004.00624.x
https://doi.org/10.1007/s10340-020-01285-9
https://doi.org/10.1016/j.biocontrol.2022.105063
https://doi.org/10.1016/j.biocontrol.2022.105063
https://doi.org/10.1093/aob/mct109
https://doi.org/10.1093/aob/mct109
https://doi.org/10.1093/ee/nvw035
https://doi.org/10.1111/j.1744-7348.2012.00533.x
https://doi.org/10.1111/j.1744-7348.2012.00533.x
https://doi.org/10.1016/j.biocontrol.2009.05.009
https://doi.org/10.1016/j.biocontrol.2009.05.009
https://doi.org/10.1007/PL00011990
https://doi.org/10.1007/s10526-011-9382-6
https://doi.org/10.1007/s10526-011-9382-6
https://doi.org/10.3390/insects11100695
https://doi.org/10.3390/insects11100695
https://doi.org/10.1080/09670874.2012.659229
https://doi.org/10.1080/09670874.2012.659229
https://doi.org/10.1016/j.jinsphys.2019.103994
https://doi.org/10.1016/j.jinsphys.2019.103994
https://doi.org/10.1016/j.biocontrol.2011.06.017
https://doi.org/10.1016/j.biocontrol.2011.06.017
https://doi.org/10.1016/j.tree.2015.06.007
https://doi.org/10.1111/j.1365-2664.2010.01946.x
https://doi.org/10.1111/j.1365-2664.2010.01946.x


721Functional plants supporting predatory ladybirds in a peach orchard agroecosystem﻿	

Sci Technol 23:381–395. https://​doi.​org/​10.​1080/​09583​157.​2013.​
763904

Stadler B, Dixon AFG (2005) Ecology and evolution of aphid-ant inter-
actions. Annu Rev Ecol Syst 36:345–372. https://​doi.​org/​10.​1146/​
annur​ev.​ecols​ys.​36.​091704.​175531

Tooker JF, O’Neal ME, Rodriguez-Saona C (2020) Balancing distur-
bance and conservation in agroecosystems to improve biological 
control. Annu Rev Entomol 65:81–100. https://​doi.​org/​10.​1146/​
annur​ev-​ento-​011019-​025143

Turlings TCJ, Erb M (2018) Tritrophic interactions mediated by herbi-
vore-induced plant volatiles: mechanisms, ecological relevance, 
and application potential. Annu Rev Entomol 63:433–452. https://​
doi.​org/​10.​1146/​annur​ev-​ento-​020117-​043507

Wäckers FL, Van Rijn PCJ (2012) Pick and mix: selecting flowering 
plants to meet the requirements of target biological control insects. 
In: Gurr GM, Wratten SD, Snyder WE, Read DMY (eds) Biodi-
versity and insect pests: key issues for sustainable management. 
Wiley, Chichester, pp 139–165

Wan HH, Song B, Tang G et al (2015) What are the effects of aromatic 
plants and meteorological factors on Pseudococcus comstocki and 
its predators in pear orchards? Agrofor Syst 89:537–547. https://​
doi.​org/​10.​1007/​s10457-​015-​9789-7

Wang Y, Yao F, Soares MA et al (2020) Effects of four non-crop plants 
on life history traits of the lady beetle Harmonia axyridis. Ento-
mol Gen 40:243–252. https://​doi.​org/​10.​1127/​entom​ologia/​2020/​
0933

Wang J, Li S, Fang Y et al (2022) Enhanced and sustainable control 
of Myzus persicae by repellent plants in organic pepper and egg-
plant greenhouses. Pest Manage Sci 78:428–437. https://​doi.​org/​
10.​1002/​ps.​6681

Wang J, Yang Y, Li Y et al (2022) Direct and indirect effects of banker 
plants on population establishment of Harmonia axyridis and 
aphid control on pepper crop. Front Plant Sci 13:1083848. https://​
doi.​org/​10.​3389/​fpls.​2022.​10838​48

Weber MG, Porturas LD, Keeler KH (2015) World list of plants with 
extrafloral nectaries. www.​extra​flora​lnect​aries.​org. Accessed 19 
Dec 2023

Wolf S, Romeis J, Collatz J (2018) Utilization of plant-derived food 
sources from annual flower strips by the invasive harlequin 

ladybird Harmonia axyridis. Biol Control 122:118–126. https://​
doi.​org/​10.​1016/j.​bioco​ntrol.​2018.​04.​008

Xu Q, Hatt S, Lopes T et al (2018) A push-pull strategy to control 
aphids combines intercropping with semiochemical releases. J 
Pest Sci 91:93–103. https://​doi.​org/​10.​1007/​s10340-​017-​0888-2

Xu Q, Hatt S, Han Z et al (2018) Combining E-β-farnesene and methyl 
salicylate release with wheat-pea intercropping enhances biolog-
ical control of aphids in North China. Biocontrol Sci Technol 
28:883–894. https://​doi.​org/​10.​1080/​09583​157.​2018.​15048​85

Xu Q, Wu C, Xiao D et al (2023) Ecological function of key vola-
tiles in Vitex negundo infested by Aphis gossypii. Front Plant Sci 
13:1090559. https://​doi.​org/​10.​3389/​fpls.​2022.​10905​59

Yang Q, Men X, Zhao W et al (2021) Flower strips as a bridge habitat 
facilitate the movement of predatory beetles from wheat to maize 
crops. Pest Manage Sci 77:1839–1850. https://​doi.​org/​10.​1002/​
ps.​6209

Zaviezo T, Muñoz AE (2023) Conservation biological control 
of arthropod pests using native plants. Curr Opin Insect Sci 
56:101022. https://​doi.​org/​10.​1016/j.​cois.​2023.​101022

Zhang X, Ouyang F, Su J et al (2022) Intercropping flowering plants 
facilitate conservation, movement and biocontrol performance of 
predators in insecticide-free apple orchard. Agric Ecosyst Environ 
340:108157. https://​doi.​org/​10.​1016/j.​agee.​2022.​108157

Zhou Y, Zhang H, Liu D et al (2023) Long-term insect censuses capture 
progressive loss of ecosystem functioning in East Asia. Sci Adv 
9:eade9341. https://​doi.​org/​10.​1126/​sciadv.​ade93​41n

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.1080/09583157.2013.763904
https://doi.org/10.1080/09583157.2013.763904
https://doi.org/10.1146/annurev.ecolsys.36.091704.175531
https://doi.org/10.1146/annurev.ecolsys.36.091704.175531
https://doi.org/10.1146/annurev-ento-011019-025143
https://doi.org/10.1146/annurev-ento-011019-025143
https://doi.org/10.1146/annurev-ento-020117-043507
https://doi.org/10.1146/annurev-ento-020117-043507
https://doi.org/10.1007/s10457-015-9789-7
https://doi.org/10.1007/s10457-015-9789-7
https://doi.org/10.1127/entomologia/2020/0933
https://doi.org/10.1127/entomologia/2020/0933
https://doi.org/10.1002/ps.6681
https://doi.org/10.1002/ps.6681
https://doi.org/10.3389/fpls.2022.1083848
https://doi.org/10.3389/fpls.2022.1083848
http://www.extrafloralnectaries.org
https://doi.org/10.1016/j.biocontrol.2018.04.008
https://doi.org/10.1016/j.biocontrol.2018.04.008
https://doi.org/10.1007/s10340-017-0888-2
https://doi.org/10.1080/09583157.2018.1504885
https://doi.org/10.3389/fpls.2022.1090559
https://doi.org/10.1002/ps.6209
https://doi.org/10.1002/ps.6209
https://doi.org/10.1016/j.cois.2023.101022
https://doi.org/10.1016/j.agee.2022.108157
https://doi.org/10.1126/sciadv.ade9341n

	Functional plants supporting predatory ladybirds in a peach orchard agroecosystem
	Abstract
	Introduction
	Materials and methods
	Study species and study site
	Data collection
	Statistical analyses

	Results
	Discussion
	References




