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Abstract

Coccinellids (Coccinellidae, commonly referred to as ladybeetles, ladybugs, or ladybirds) are predatory insects that often
contribute to the biological control of crop pests. Especially when prey is limited, ladybirds have been reported to consume
plant resources such as nectar. However, the importance of nectar consumption to ladybird fitness is not well understood. We
performed artificial feeder experiments confirming ladybird consumption of a sugar solution with carbohydrate ratios similar
to nectar. Both Harmonia axyridis (harlequin ladybird) and Hippodamia convergens (convergent ladybird) depleted sugar
solution in 100% of trials. We also tested the effects of aphid and sugar solution availability on longevity and fecundity of
these species. Ladybirds generally died within 10 days if no food was provided but survived for 10 days when either aphids
or sugar solution were available. Aphids were required for oviposition. However, when aphids were available, oviposition
was 36-90% higher when sugar solution was available as well. We conclude that nectar availability has significant potential

to increase ladybird fitness, so may be worth considering in the design of conservation biological control programs.
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Introduction

Arthropod pests represent a significant threat to crop pro-
duction worldwide. Yield losses may already reach 20% of
global annual crop production and are projected to increase
with climate change (Deutsch et al. 2018; Sharma et al.
2017; Tonnang et al. 2022). In many cropping systems,
arthropod pests are controlled primarily with pesticide
applications (Dent and Binks 2020; Tudi et al. 2021). How-
ever, pesticide applications can carry significant drawbacks,
including hazards to human health, biodiversity, and eco-
system function (Ansari et al. 2014; Chagnon et al. 2015;
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Thompson et al. 2020). In addition, overreliance on pesti-
cide applications can drive losses in efficacy and unintended
negative outcomes, e.g., resistance, resurgence, and replace-
ment (Dutcher 2007; Onstad and Knolhoff 2022). Some of
the same issues arise when crops are genetically engineered
to produce insecticidal toxins (Tabashnik et al. 2023).
Natural enemies of crop pests, including parasitoids and
predators, can make significant contributions to the inte-
grated management of these pests (Barzman et al. 2015;
Kogan 1998; Rusch et al. 2010). While natural enemies can
be added directly to fields, this approach may be expensive
(Collier and Van Steenwyk 2004; van Lenteren 2012). Con-
servation biological control, i.e., the manipulation of agri-
cultural habitats to enhance the abundance and efficacy of
natural enemies, can be an useful alternative in a wide range
of cropping systems (Rayl et al. 2018; Shields et al. 2019).
Two potential components of conservation biological
control are attraction and facilitation. Attraction involves lur-
ing natural enemies to the crop field or other areas infested
by pests, whereas facilitation involves increasing the popula-
tion or fitness of natural enemies (Begg et al. 2017; Jonsson
et al. 2008). Different arthropod taxa are attracted and facili-
tated by different resources, e.g., different forms of shelter,
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nectar, alternative prey, and pollen (“SNAP”; Gurr et al.
2017). Therefore, habitat created or managed for conserva-
tion biological control can be tailored to the needs of natural
enemies (Hatt et al. 2020; Holland et al. 2016; Jonsson et al.
2008). For many natural enemy species, these needs are not
fully understood.

Many coccinellids (Coccinellidae, commonly known as
ladybugs, ladybeetles, or ladybirds) are predatory insects
that are frequently abundant in agroecosystems (Obrycki and
Kring 1998). Some species, such as Harmonia axyridis Pal-
las 1773 (harlequin ladybird), are considered invasive in all
regions outside their native range in Asia (Soares et al. 2023,
Hodek et al. 2012). Other species, such as Hippodamia con-
vergens Guérin-Méneville 1842 (convergent ladybird), are
native and have a long history of use as biological control
agents (Hodek et al. 2012). These desirable ladybirds can
help control populations of aphids (Aphididae) and other
crop pests (Kundoo and Khan 2017; Obrycki et al. 2009).
Both augmentation and conservation biological control have
the potential to enhance predation by ladybirds (Obrycki and
Kring 1998).

Conservation biological control programs intended to
promote ladybird predation of crop pests can both attract
and facilitate ladybird populations. More information is
available about attraction, relative to facilitation. Previous
studies have confirmed that coccinellids are attracted to
plants in the Apiaceae (carrot) family (Hatt et al. 2019b;
Losey et al. 2022). Plants in this family may have attrac-
tive traits such as yellow flowers and specific volatiles, as
well as accessible nectar (Adedipe and Park 2010; Campbell
et al. 2017; Losey et al. 2022; Togni et al. 2016; Venjakob
et al. 2022). While color and scent only serve as signals to
ladybirds, nectar is a potential food source. Like other short-
tongued beneficial arthropods, coccinellids can only reach
nectar when plants have shallow nectary depths or extraflo-
ral nectaries (Hatt et al. 2019a; Lundgren 2009a). In other
words, accessible nectar may contribute to the facilitation
component of conservation biological control.

Ladybirds have been reported to consume a variety of
non-prey foods, including nectar (Hodek et al. 2012; Lun-
dgren 2009a, b). It is possible for nectar (or sugar solution)
consumption to increase ladybird fitness (Evans and Gunther
2013; He and Sigsgaard 2019; Lundgren and Seagraves
2011; Mathews et al. 2016; Wolf et al. 2018). There is more
evidence for feeding on extrafloral nectar, relative to floral
nectar. Extrafloral nectar is frequently more accessible to
these short-tongued insects, may be less strongly defended,
and is often available for longer time periods (Lundgren
2009a). However, extrafloral nectaries are absent in many
plants, including all members of the Apiaceae family (Keeler
et al. 2023; Weber and Keeler 2013).

There is more limited evidence for ladybird feeding from
floral nectaries (Bugg 1987; Nalepa et al. 1992; Patt et al.
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1997). While ladybirds do consume floral resources, they
may feed on pollen more than nectar (Wéckers and van Rijn
2012). Some studies have demonstrated effects of flower
availability on ladybirds without distinguishing between pol-
len and nectar provision. For example, Calendula officinalis
L. (pot marigold) flowers decreased intraguild predation
involving H. axyridis and Propylea japonica Thunberg 1781
(Liang et al. 2022). Perilla frutescens (L.) Britton (beefsteak
mint) flowers increased H. axyridis longevity, relative to a
no-food control (Hatt and Osawa 2019).

To summarize, the existing literature suggests that sev-
eral ladybird species can consume nectar. However, it is
not clear how often they do so. In addition, the functional
importance of nectar resources in supporting coccinellid fit-
ness is not well understood. Such knowledge can be used to
design effective biological control programs. In this study,
we addressed the following questions:

1. Do H. axyridis and H. convergens consume a sugar solu-
tion with carbohydrate ratios similar to Apiaceae nectar?

2. Does the sugar solution increase survival when prey lev-
els are low?

3. Does the sugar solution increase reproduction when prey
levels are low?

Materials and methods
Ladybird rearing

Two ladybird species, Harmonia axyridis and Hippodamia
convergens, were taken from a laboratory stock colony at
Cornell University. Beetles were maintained in a reach-in
environmental incubator at 25+ 2 °C with a 16:8 h (L:D)
light cycle. Adult beetles of each species were maintained
singly in plastic cups that contained a single piece of paper
towel. We provided beetles with an ad libitum diet of
Acyrthosiphum pisum Harris 1776 (pea aphid). Aphids had
been produced on and collected from Vicia faba L. (fava
bean) plants. Cups were monitored daily for the production
of eggs, which were separated from their mothers within
24 h. Larvae were fed excess diet through eclosion. Upon
eclosion, adult females were placed in a new cup.

Aphid rearing

Vicia faba seeds were sown in pots and maintained in a
greenhouse at 23 +2 °C with ambient relative humidity
and a 16:8 hr L:D cycle. Germinated seedlings (2 days old)
were then moved to an environmental incubator at 21 +2 °C
with a 16:8 hr L:D cycle. Fifty to one hundred mixed-age
aphids were added to each pot. Aphids were collected from



Consumption of nectar-like sugar solutions promotes longevity and fecundity in the ladybird... 765

the plants 7-10 days later and used to rear ladybirds and for
experiments.

Sugar solution

Plant nectar is largely composed of glucose, fructose, and
sucrose (Baker and Baker 1983). As ladybirds may respond
differently to these different sugars (He and Sigsgaard 2019),
we formulated our “nectar” solution to match the composi-
tion of Pastinaca sativa L. (wild parsnip), a common species
in the Apiaceae family that has been reported to harbor lady-
birds and aphids (Losey et al. 2022). Nectar in this species
contains a total of 97.45 mg/mL carbohydrates, including
31.71 mg/ml glucose, 36.58 mg/ml fructose, and 29.16 mg/
ml sucrose (Venjakob et al. 2022). Our sugar solution was
therefore prepared according to these proportions.

Experiment 1: consumption of sugar solution

We tracked consumption of the sugar solution by measuring
depletion from feeder tubes placed in arenas with and with-
out adult ladybirds (Fig. 1). The no-beetle control enabled
us to distinguish sugar consumption by beetles from any
effects of evaporation or dripping. Feeder tubes were filled
with sugar solution to the same height in all arenas. After
24 h, the height of sugar solution in tubes was compared
between beetle and control arenas. The amount of depletion
(reduction in height) was recorded as Beetle > Control or
Beetle < Control. Comparisons were made for 40 H. axy-
ridis and 60 H. convergens with each beetle tested twice
during the study, yielding 80 and 120 total comparisons,
respectively.

Experiment 2: survival and reproduction

For each ladybird species, newly mated females were placed
singly in plastic cups provisioned with a piece of paper towel
and different diets. Diets included mixed-age high, low, or
no aphids, with or without sugar solution. The high aphid
rate was 0.1 mg, the low aphid rate was 0.02 mg, and the
sugar solution rate was 40 pl. The sugar solution and feed-
ing tubes were as in Experiment 1. Each day for 10 days, we
recorded survival and number of eggs, then moved females
to new cups and added freshly collected aphids. There were
two replications per species blocked by time. For H. axy-
ridis, sample sizes were N =06 for the first replication and
N =7 for the second replication. For H. convergens, sample
sizes were N = 10 for both replications.

Statistical analyses

Data analysis was performed in R version 4.3.1 (R Core
Team 2023). All analyses were performed separately for

Fig.1 Type of arena and feeding tube used to supply sugar solution
in both experiments

the two species. Results from the sugar consumption study
were analyzed using a one-sided exact binomial test of the
alternative hypothesis that sugar solution was more depleted
in the ladybird arena, relative to the no-beetle control, in
greater than 50% of all trials (package “stats”). We evaluated
effect size as Fei, an adjusted version of Cohen’s  (pack-
age “effectsize”, Ben-Shachar et al. 2023). Fei is bounded
between 0 and 1, with O representing a perfect fit to the
expected distribution and 1 representing maximum deviation
(Ben-Shachar et al. 2023).

For survival data, we used the commands prop.test and
pairwise.prop.test (package “stats” with Holm P value
adjustment) to evaluate the alternative hypothesis that
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the probability of survival for the entire 10-day period
differed by feeding treatment. The total number of eggs
laid over 10 days was analyzed using linear mixed models
with aphid availability, sugar availability, and their inter-
action as fixed effects, and replication as a random effect
(package “Ime4”). The random effect of replication was
not significant for either species (command ranova, pack-
age “ImerTest”). Square root and In(x + 1) transformations
were applied to the total number of eggs for H. axyridis
and H. convergens, respectively. ANOVA and post-hoc
tests (package “emmeans” with Tukey method for P value
adjustment) were performed on the transformed scales.
Post-hoc tests were performed for all combinations of
aphid and sugar availability, and for levels of sugar avail-
ability within levels of aphid availability. Oviposition
graphs show raw means and standard errors alongside
results from these post-hoc analyses (Excel, Microsoft
Corporation, Redmond, WA).

Results
Experiment 1: consumption of sugar solution

In 100% of comparisons (N =80 for H. axyridis and
N =120 for H. convergens), more sugar solution was
depleted in the ladybird beetle treatment compared with
the no-beetle control (Table 1). Exact binomial tests indi-
cated that these results were highly significant for both
species, i.e., that depletion in the ladybird treatment
exceeded depletion in the control treatment more often
than expected according to a null hypothesis of no dif-
ference (P <0.0001). The effect size Fei was maximized
at 1.0 for both species, with one-sided 95% confidence
intervals beginning at 0.82 (H. axyridis) or 0.85 (H.
convergens).

Based on these results, we confirm that both species
did consume the sugar solution from our feeder tubes.
Although we did not quantify the amount of solution con-
sumed, we estimate that consumption was between 10 and

Table 1 Depletion of sugar solution in Experiment 1

H. axyridis H. convergens
Total comparisons (N) 80 120
Beetle > Control 80a 120 a
Beetle < Control 0b 0b

Different letters within columns indicate that depletion of sugar solu-
tion in ladybird beetle arenas exceeded depletion in no-beetle control
arenas more often than would be expected if coccinellids did not con-
sume sugar solution (exact binomial test, P <0.0001)

@ Springer

15 pl per individual over 24-h period, i.e., 25 to 38% of
the initial volume.

Experiment 2: survival

All H. axyridis beetles provided with aphids or sugar solu-
tion survived for the full 10 days, in both replications of the
study (Table 2). In contrast, H. axyridis beetles provided
with neither aphids nor sugar solution never survived for
the full 10 days. In this no-food treatment, survival time
ranged from 3 to 8 days with a mean of 4.92 +0.45 days. The
likelihood of survival for the entire 10-day period differed
by feeding treatment, i.e., death was much more likely when
ladybirds were not fed (P <0.0001).

All H. convergens beetles provided with either the
high rate of aphids (0.1 mg) or sugar solution (40 pl) sur-
vived for the full 10 days, in both replications of the study
(Table 2). Among the 20 beetles provided with the low aphid
rate (0.02 mg) and no sugar solution, 19 beetles survived
for the full 10 days and the remaining beetle survived for
9 days. However, among the 20 beetles provided with nei-
ther aphids nor sugar solution, only 2 beetles survived for
the full 10 days. In this no-food treatment, survival time
ranged from 4 to 10 days with a mean of 7.00+0.40 days.
The likelihood of death during the 10 days differed by feed-
ing treatment (P <0.0001). Survival was lower when beetles
were not fed than in other treatments; however, there was no
significant difference between the low aphid rate/no sugar
treatment and other feeding treatments.

Experiment 2: oviposition

The total number of eggs laid by H. axyridis was influ-
enced by aphid availability (P <0.0001) and the interaction
between aphid and sugar availability (P=0.0012). Eggs
were not laid in treatments without aphids (Fig. 2). At the
low level of aphid availability (0.02 mg), the availability of
40 pl sugar increased oviposition from 97 +10 to 137112
eggs. At the high level of aphid availability (0.1 mg), the

Table 2 Longevity of ladybirds fed with different diets (amounts per
day for 10 days)

Sugar (pl) Aphids (mg) Mean (SE)
H. axyridis N=13)  H. convergens
(N=20)

0 0 4.92 (0.45) 7.00 (0.40)
0 0.02 10.00 (0.00) 9.95 (0.05)
0 0.1 10.00 (0.00) 10.00 (0.00)
40 0 10.00 (0.00) 10.00 (0.00)
40 0.02 10.00 (0.00) 10.00 (0.00)
40 0.1 10.00 (0.00) 10.00 (0.00)
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Fig.2 Effects of feeding treat-
ments on total number of eggs
oviposited by Harmonia axy-

ridis over 10 days (mean + SE,

N=13). Similar letters indicate

no significant differences e
between treatments (Tukey’s
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Fig. 3 Effects of feeding treatments on total number of eggs ovipos-
ited by Hippodamia convergens over 10 days (mean=+SE, N=20).
Similar letters indicate no significant differences between treatments
(Tukey’s HSD, a=0.05). This post-hoc analysis was performed for
all pairwise combinations of aphid and sugar availability

availability of 40 pl sugar increased oviposition from
195 + 14 to 305 £ 25 eggs.

Similarly, the total number of eggs oviposited by H. con-
vergens was influenced by aphid availability (P <0.0001)
and the interaction between aphid and sugar availability
(P<0.0001). Eggs were not laid in treatments without aphids
(Fig. 3). At the low level of aphid availability (0.02 mg),
the availability of 40 pl sugar increased oviposition from

Harmonia axyridis oviposition

0.02-40 0.02-0 0-

o OW®

Aphids (mg) - Sugar (ul)

92 +4 to 175 +4 eggs. At the high level of aphid availability
(0.1 mg), the availability of 40 pl sugar increased oviposition
from 234 +6to 319+ 11 eggs.

Discussion

This research demonstrated that Harmonia axyridis and
Hippodamia convergens both consume a sugar solution that
is similar to Apiaceae nectar in its carbohydrate composi-
tion. This solution was consumed in substantial quantities
(> 10 pl) per individual within a 24-h period. The sugar
solution was provided through a feeder consisting of a nar-
row tube, so that adhesion balanced the force of gravity.
Ladybirds pulled solution down through the tube by capil-
lary action. From a methodological standpoint, this feeder
system proved to be an effective way to provide precise
quantities of sugar solutions to coccinellids. It could also be
used to track consumption of various solution types with a
high level of precision.

In the second experiment, availability of sugar solution
prevented mortality when aphids were unavailable. Although
sugar solution alone (without aphids) did not enable ovipo-
sition, sugar solution did increase oviposition when aphids
were present. The increase in oviposition was approximately
40-110 eggs over the 10-day period, corresponding to
36-90% increases. Although we did not statistically com-
pare the two ladybird species, we note that H. convergens
appeared to survive longer without food and respond more
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strongly to the presence of sugar solution at the low level of
aphid availability.

Our results are consistent with previous research show-
ing that nectar can function as an alternative food source
for ladybirds, potentially increasing performance. Access to
extrafloral nectar can increase survival and fecundity when
other food is unavailable (Lundgren and Seagraves 2011;
Mathews et al. 2016). Ladybirds may consume extrafloral
nectar even when prey is available, potentially reducing
predation rates (Choate and Lundgren 2013; Mathews et al.
2016). Spellman et al. (2006) reported that the presence of
extrafloral nectaries, but not floral resources, reduced H.
axyridis feeding on aphid prey. However, the prevalence of
ladybirds on species that have accessible floral nectaries but
no extrafloral nectar (e.g., Apiaceae), combined with our
finding that coccinellids readily consume large amounts of
sugar from capillary feeders, suggests that floral nectar con-
sumption may be important as well. In a field cage experi-
ment, Wolf et al. (2018) found that a species with accessible
floral nectar (Fagopyrum esculentum Moench, buckwheat),
in addition to a species with extrafloral nectaries (Centaurea
cyanus L., cornflower), increased H. axyridis performance
relative to a species with less accessible nectar (Calendula
arvensis L., field marigold).

Studies that have previously evaluated consumption of
sugar solutions by ladybirds in controlled environments
reported fitness benefits. Evans and Gunther (2013) found
that H. axyridis oviposition was possible when diets included
both sugar (sucrose) solution and Hypera postica L. Gyllen-
hal 1813 (alfalfa weevil) but not either resource alone. He
and Sigsgaard (2019) found that sugar diets (glucose, fruc-
tose, or sucrose solutions) promoted Adalia bipunctata Lin-
naeus 1758 longevity but did not enable molting or repro-
duction. Larvae survived longer when provided with sugar
diets or entire F. esculentum flowers, relative to other flowers
or pollen diets (He and Sigsgaard 2019). Similarly, adults
survived longer when provided with sugar diets, relative
to entire flowers or pollen diets (He and Sigsgaard 2019).
Among entire flowers, F. esculentum and Anethum graveo-
lens L. (dill) outperformed Sinapis alba L. (white mustard,;
He and Sigsgaard 2019). These findings could reflect factors
including the high levels of fructose and glucose in F. escu-
lentum and A. graveolens nectar, lower nectar accessibility
in S. alba, or the presence of toxic secondary compounds
in S. alba (He and Sigsgaard 2019). These findings indi-
cate that additional experiments should consider comparing
actual nectars with artificial sugar solutions to understand
the roles of non-carbohydrate components in driving lady-
bird consumption and performance. Artificial feeder trials
should also be complemented by trials using entire flowers.

Overall, we conclude that nectar may be an important
resource for ladybirds, especially when prey availability is
limited. This resource may be underrecognized especially in
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taxa without extrafloral nectar. Flowering plants with acces-
sible floral morphology and nectar containing an optimal
profile of sugar and other constituents has the potential to
enhance the effectiveness of conservation biological control.
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