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Functional response of Harmonia
axyridis preying on Acyrthosiphon
pisum nymphs: the effect

of temperature

Yasir Islam*, Farhan Mahmood Shah®2“, Xu Rubing?, Muhammad Razaq?, Miao Yabo?,
Li Xihong?® & Xingmiao Zhou'**

In the current study, we investigated the functional response of Harmonia axyridis adults and larvae
foraging on Acyrthosiphon pisum nymphs at temperatures between 15 and 35 °C. Logistic regression
and Roger’s random predator models were employed to determine the type and parameters of the
functional response. Harmonia axyridis larvae and adults exhibited Type Il functional responses to A.
pisum, and warming increased both the predation activity and host aphid control mortality. Female
and 4th instar H. axyridis consumed the most aphids. For fourth instar larvae and female H. axyridis
adults, the successful attack rates were 0.23+0.014 h™ and 0.25 +0.015 h™%; the handling times were
0.13+0.005 h and 0.16 +0.004 h; and the estimated maximum predation rates were 181.28 +14.54 and
153.85 + 4.06, respectively. These findings accentuate the high performance of 4th instar and female
H. axyridis and the role of temperature in their efficiency. Further, we discussed such temperature-
driven shifts in predation and prey mortality concerning prey-predator foraging interactions towards
biological control.

The use of integrated pest management strategies based on biocontrol agents has received increasing prominence
worldwide'. It has been implemented with tremendous success in both fields and greenhouses?, in particular
with the intent of reducing the large-scale use of pesticides’. While the adoption of biological control is desirable,
the successful implementation depends upon the comprehensive understanding of predator—prey interactions,
owing to their fundamental role towards ecosystem functionality and food web stability*. Several methods can
be applied to quantifying these interactions®®, including functional response’, numerical response?, kill rate’,
and consumption rate'®. Functional responses describe how the predation rate changes with resource density''.
Three types of functional responses are typically expected, with consumption rate being linear up to a constant
plateau (Type I), parabolic (Type II), or sigmoid (Type I1I)'?, depending on whether the parameters of functional
response, i.e., the enemy attack rate and prey handling time, vary with prey density. In the type II functional
response, the attack rate defines the steepness of the increase in predation with the increase of prey density,
and handling time sets the satiation threshold'®. Natural enemies with high attack rate and low handling time
are thought to be the most efficient biocontrol agents'. Many sources are known to regulate these functional
response parameters'®.

Temperature is a chief driver of biological systems through the temperature-dependent nature of biological
rates (e.g., metabolic rates)". The effect of temperature on biological rates is likely to be realized from physiol-
ogy up to species level, influencing population growth rates and carrying capacities'® as well as ecosystem func-
tions. Temperature can affect prey-predator foraging interactions by altering their behavioural or physiological
responses'’. Warming is shown to increase the predator rate of prey consumption by boosting predator’s meta-
bolic rates'®. In order to consume a large amount of prey, a predator should be adept at searching for and handling
its prey, so that it may spend more time searching on consumption events than on prey handling attempts, there-
fore a change of predatory behaviour or functional response may be expected under warming'>?. For instance,
the handling time decreased, consumption rate increased, and the type of functional response changed from
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Type II to Type III for Podisus maculiventris (Say) and Podisus nigrispinus (Dallas) (Hemiptera: Pentatomidae)
preying on Spodoptera exigua (Hiibner) (Lepidoptera: Noctuidae) when the temperature increased from 18 °C
to 27 °C?L. Similarly, functional response for Euborellia annulipes (Lucas) (Dermaptera: Anisolabididae) prey-
ing on larvae Plutella xylostella (L.) (Lepidoptera: Plutellidae) changed from Type III at low temperature (i.e.,
18 °C) to Type II at higher temperature (i.e., 25 °C and 32 °C)*%. On the other hand, the temperature change
did not change the type of functional response for predators, Scymnus levaillanti Mulsant, Adalia bipunctata L.
and Cycloneda sanguinea (L.) (Coleoptera: Coccinellidae) preying on Aphis gossypii Glover and Myzus persicae
(Sulzer) (Hemiptera: Aphididae), despite improved prey killing/handling abilities at higher temperatures'®*.
This suggests differential effects of temperature on prey-predator pairs, probably for species-specific differences
in their sensitivity to temperature and hunting behaviour®?*. A large body of literature is directed towards
understanding the consequence of warming on food webs and stability?®*. As warmer temperature may desta-
bilize some predator-prey systems through increased predator action or enhanced prey mortality**?*, valuing
the species-specific responses of prey-predator pairs to temperature can enable the better understanding of how
temperature affects food webs.

The pea aphid, Acyrthosiphon pisum (Harris) (Hemiptera: Aphididae), originally a Palearctic species®, has
now become a pest of global concern for pulse and legume producers®. It has a broad host range, infesting
grass pea (Lathryus sativus L.), faba bean (Vicia faba L.), pea (Pisum sativum L.), alfalfa (Medicago sativa L.),
chickpea (Cicer arietinum L.), lentil (Lens culinaris Medik.), and lupin (Lupinus albus L.) (Fabales: Fabaceae)’!
(see Holman?? for more data on A. pisum host plants). The aphid inflicts injury either directly, i.e., by removing
sap from succulent phloem tissues or via injecting phytotoxic saliva, or indirectly, by vectoring multiple plant
viruses (e.g., the cucumber mosaic virus, the pea enation mosaic virus, the bean leaf roll virus, and the beet yel-
low virus) or by producing honeydew, inviting sooty-moulds, subsequently disturbing plant’s photosynthetic
and respirational functions®. Prolonged infestation by pea aphids can lead to plant stunting, deformation, and
discoloration, ultimately reducing crop yields by 35.7%*. The broad host range, complex life cycle, and quick
adaptation to new environments make it difficult to control this aphid. Moreover, this aphid may develop insec-
ticide resistance, making its control through these means challenging™.

Many aphidophagous ladybird beetles (Coleoptera: Coccinellidae) are known to be exploited for conserva-
tive or augmentative release biocontrol programs of several economically important aphids in diverse crops,
outdoors and in greenhouses?, suppressing aphid infestations below economically damaging levels*. Harmonia
axyridis (Pallas) (Coleoptera: Coccinellidae) is a generalist predator, is geographically wide-spread®’, and has
been extensively employed as a biocontrol agent of soft-bodied insects, including aphids in a diversity of crops®®.
Various biological aspects of H. axyridis relevant to its predatory potential (e.g., phenological characteristics, life
table parameters, and generally Type II functional response), have been investigated with respect to temperature
and other factors®*’. Although functional responses have been measured for H. axyridis on many crop pests*"*,
information on the predation and functional response of H. axyridis to A. pisum is limited*. As the foraging
behaviour of coccinellids can differ across predator species, developmental growth stages***, and different types
of prey*®, the quantification of species-specific prey-predator interactions can improve our understanding of
foraging interactions and support the development of efficient biological control.

Here, we report the functional response of H. axyridis to A. pisum under a range of temperatures. We expect
that, based on its close association with predator growth and development, the temperature change also will
modify consumption. Further, we aim to assess whether thermal conditions and aphid density affect the func-
tional response of larvae and adult H. axyridis. Alongside these, the density-dependent mortality of prey in
response to warming was also assessed.

Results

Aphid mortality increased with increasing host aphid density and temperature (temperature: F, ¢, =78.64;
P <0.001; Fig. 1a; density: F, 140 =116.75; P<0.001; Fig. 1b). The density-wise assessment showed similar behav-
iour for increasing mortality with respect to warming and increasing aphid densities (Fyq 4= 10.23; P<0.001;
Fig. Lc).

Harmonia axyridis rate of prey consumption increased with warmer temperatures (Wald X?=104.86; df=4;
P <0.001; Fig. 2a), with consumption significantly greater at 30 °C (i.e., 24.41 +6.11 aphids/day) and 35 °C (i.e.,
27.03 £ 6.43 aphids/day) than at colder temperatures. The rate of prey consumption was significantly different
between growth stages of the predator (Wald X*>=539.39; df=5; P<0.001; Fig. 2b) and densities of prey offered
(Wald X*=1759.52; df=7; P<0.001; Fig. 2c). Adults (female: 30.21 + 5.12 aphids/day; male: 23.45 + 3.71 aphids/
day) and 4th instar (32.25+5.27 aphids/day) of this predator consumed significantly more aphids than did
younger instars. Prey consumption was the highest at prey densities of 128 and 160 aphids/petri dish arena.
Three way (temperature x stage x density: Wald X?=15.07; df=140; P=1) and two way (temperature X stage: Wald
X?=27.78; df=20; P=0.115; temperature x density: Wald X?=20.24; df=28; P=0.855) interactions were non-
significant, meaning the temperature (Fig. 3a-f) and growth stage (Fig. 4a-e) effects on mean prey consumption
remained unchanged when effects were assessed at each prey density offered.

Logistic regression between the initial aphid densities offered and the proportion of aphid consumed (Na/No)
showed all significantly negative values of the linear coefficients P;; indicating a Type II functional response across
all growth stages and temperatures tested (Table 1). The declining consumption with increasing aphid densities
(Fig. 5) also confirmed a Type II functional response. The monotonically declining proportion of consumption
with increased aphid densities, led to further confirmation of Type II functional responses (Fig. 6). A more
linear decline for the proportion of prey eaten with increasing aphid density was noted for 4th instar (Fig. 6d)
and female H. axyridis (Fig. 6f) at higher (i.e., 30 and 35 °C) than lower temperatures.
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Figure 1. Percent control mortality of Acyrthosiphon pisum nymphs exposed to different thermal conditions
under different prey densities. Data are expressed with box plots for temperature (a), prey density effects

(b), and through line graphs for density-wise temperature effects (c) on mean percent mortalities (with 95%
confidence intervals (CIs)) following significant temperature by density interaction. Box plots are showing
the range of data (lower and upper quartiles and extreme values), median, and mean (symbols), and different
alphabets indicate significant differences between group means (P <0.05; Tukey’s HSD test). In panel ¢, the
temperature effects are tested within each prey density offered through running independent ANOVAs and
significant means are compared according to non-overlapping 95% CI of difference. Symbols *; **’, and ***
denote significance at 0.05, 0.01, and 0.001 levels, respectively, whereas ‘ns’” indicates non-significant (P> 0.05)
differences for ANOVAs performed.
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Figure 2. Mean number of Acyrthosiphon pisum nymphs consumed by Harmonia axyridis under different
thermal conditions (a), growth stages (b), and densities of prey offered (c). Box plots are showing the range of
data (lower and upper quartiles, and extreme values), median, and mean (symbols), and different alphabets
indicate significant differences among group means according to Wald chi square test with 95% CI of difference.

Estimates of functional response parameters, determined through fits to the Rogers random predator model,
revealed that the H. axyridis exhibited the highest attack rate (a) (Fig. 7a), the shortest handling time (T',)
(Fig. 7b), and the maximum predation rate (T/Th) (Fig. 7c) typically at higher temperatures and later growth
stages. The attack rates (@) and maximum predation rates (T/Th) were generally low at low temperatures (15 and
20 °C) that started to increase with warming, reaching a peak at 30 and 35 °C. On the other hand, the handling
time (T,) was the lowest at 35 °C and increased with lower temperatures. The estimate of maximum predation
rate (T/Th) was the highest for 4th instar H. axyridis followed by the female and male H. axyridis, respectively.
The 4th instar and female H. axyridis similarly showed the lower handling times (T,) than male H. axyridis.

Discussion

Insect ectotherms are known to respond to thermal conditions for their development, biology, and population
dynamics***, as well as through their trophic interactions*®*. The current research explored the functional
response of H. axyridis foraging on A. pisum at different growth stages, temperatures and evaluated the effect of
temperature on host aphid mortality. The temperature ranges we tested are relevant across a range of temperate
or sub-tropical regions. Our results showed increasing host aphid mortality with warmer temperatures, mean-
ing warming could lead to faster prey depletion. A low-temperature threshold (i.e., 20 °C) is reported the best
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Figure 3. Mean (+ SEM) numbers of Acyrthosiphon pisum nymphs consumed by Harmonia axyridis under
different thermal conditions at different prey densities.

for aphid growth and development, whereas temperatures > 30 °C have been shown to become unfavourable for
aphid fertility and development, subsequently compromising population buildup®’. We showed a Type II func-
tional response by all stages of H. axyridis, within the tested host aphid density ranges and thermal conditions,
with maximum predation by the 4th instar and female H. axyridis between 25 and 35 °C. Warming also has been
shown to accelerate the pace of insect metamorphosis. Accelerated growth/development enhances metabolic rate
and energy gain requirements*"*!, which predators may meet by consuming large meals*, possibly explaining
our results of heightened predation under warming. Heightened predation under warming (between 14 and
35 °C) has been observed for H. axyridis preying on other species of aphids (Chromaphis juglandicola Kalt. or
Panaphis juglandis (Goeze))* as well as eggs of Spodoptera litura F. (Lepidoptera: Noctuidae)*!, and for other
coccinellids, including A. bipunctata, Hippodamia convergens Guérin-Méneville and Coccinella septempunctata
L., preying on M. persicae'*?, suggesting some generality of this outcome.

In our findings, despite its positive effect on aphid consumption, changing temperature did not change H.
axyridis functional response type (i.e., from Type II to Type III). A changing functional response type with ther-
mal changes has been reported for many predators?, but rarely for coccinellids. A Type II response describes an
increase in predation with increasing prey abundance, gradually decelerating to an asymptotic foraging rate at
higher abundance’. This also generates negative density-dependent mortality, often a characteristic of predators
that provide efficient control at smaller resource®. Among the three types of functional responses described
by Holling’, only type producing a positive density dependent mortality is Type III'". The only possibility for
exhibiting a Type III response in current study is the concentration of predator hunting in high density patches™.
This mechanism could have operated in the current experiments, however, no evidence of Type III response
was found in our data. The other mechanisms for a Type III response include switching behaviour and predator
learning that could not have operated in our system, as the experiments were short-term and single prey-based.
Furthermore, H axyridis often shows a Type II functional response. Type II functional responses have been
found for H. axyridis when preying on immature S. litura*!, or when preying on C. juglandicola or P. juglandis
at different temperatures®, Rhopalosiphum padi L. and Sitobion avenae F. with different fertilizer treatments™,
or different prey types such as Lipaphis erysimi K. (Hemiptera: Aphididae), Cacopsylla chinensis (Hemiptera:
Psyllidae) and Danaus plexippus L. (Lepidoptera: Nymphlidae)*>>**, or different growth stages of A. gossypii, M.
persicae, Myzus nicotianae S., Aphis glycines Matsumura (Hemiptera: Aphididae) and Diaphorina citri (Hemip-
tera: Psyllidae)*®-1. However, the change of functional response type with respect to prey distribution® or prey
quality (either pesticide treated or untreated) have been shown for H. axyridis®**, suggesting complex nature
of predator-prey interactions, and, emphasizing the need for further assessments of the functional response
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Figure 4. Mean (+ SEM) numbers of Acyrthosiphon pisum nymphs consumed by various growth stages of
Harmonia axyridis under different thermal conditions at different prey densities.

with regard to factors like pesticides™. Insecticides from synthetics and biopesticides groups are commonly
applied worldwide®-%® and have been shown to have profound effects, both positive or negative, on behavioural
or physiological responses of predators®®.

The attack rate and handling time describe the overall functional response magnitude. The attack rate (also
called the space clearance rate or attack efficiency) describes the ability a predator possesses to catch its prey in a
given time frame, and handling time describes the time lost from searching per host consumed”. A high attack
rate means that the predator is adept at quickly removing hosts from the volumes or areas it is searching, and
low handling time means how quickly a predator traps, hunts, and digests prey”. In our findings, the parameter
estimates showed greater variation across predator growth stages, with frequently higher estimates at later growth
stages and higher temperatures. Maximum daily predation rates were temperature-dependent, especially their
increase, and the handling time of H. axyridis showed an exponential decrease for all growth stages at the low-
est thermal conditions, meaning predators will spend less investment on foraging, possibly using that time for
resting and decrease predation’"’2. Conversely, the greater number of prey consumed due to warming may have
resulted from a decrease in handling time with a resultant increase in encounter rates” . The expected increase
in metabolic rates with warming are associated with greater energy demands, which should cause predators to
increase food intake and foraging activity. Determining these parameters with respect to phenological stage
confirmed poor response by the first three instars as reported earlier®”*, whereas increased foraging performance
by final instar and adult H. axyridis (especially female when compared with male)***>>? suggesting H. axyridis
may provide better biocontrol efficiency at later stages, plausibly owing to better searching efficiencies. The 4th
instar requires large meals to attain the required weight for pupation’ and adult predators have to prepare for
reproduction® and other functions related to egg maturation or fertilization”®. Our results of greater predation
by the 4th instar and female H. axyridis are supported by previous reports investigating the functional response
of coccinellids, namely Adalia tetraspilota (Hope), Hippodamia variegata (Goeze), Harmonia dimidiata (Fab.),
and Scymnus syriacus Marseul preying on many aphid species**>77.

Our results showed strong potential of H. axyridis for A. pisum control. The 4th instar and female H. axyridis
emerged as the best performing biocontrol candidates. We determined the strong role of temperature in predator’s
efficiency, as accelerated predator action under warming (30 and 35 °C) increased prey consumption. However,
there was no evidence for functional response type change with warmer temperatures. Another striking result
was that prey mortality increased with warming. This indicates that warming may reduce prey availability by
increasing predator action and enhancing prey mortality, which allows us to suggest that H. axyridis release at
warmer temperatures may not be feasible against this aphid pest. The 4th instar and female H. axyridis can be
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Temperatures | Growth Stages | Parameters | Estimates S.E Z-Value | Pr(z)
Intercept -7.39x 107" 2.26x107" -3.26 0.001
Linear -6.96x 1072 1.37x107 -5.05 4.36x10°
1st instar
Quadratic 6.449%x 107 1.962x 107 | 3.286 1.01x 107
Cubic -2.040x107% |7.740x 1077 | -2.635 8.40x 107
Intercept —3.67x 107 2.03x 107 -0.18 0.85
Linear -8.96x 107 1.25x107% -7.15 8.15x1071
2nd instar
Quadratic 8.635x 107 1.771x 107 | 4.876 1.08x 107
Cubic -273%x107% 1 6.95x107 | -3.941 |8.12x107"
Intercept 1.58 1.93x10°°  |8.19 2.42x1071°
Linear -1.06x 107" 9.99x107% -10.67 <2x107'°
3rd instar
Quadratic 1.03x 107 1.30x 107 7.887 3.09x 1071
15°C Cubic —3.24x107% 4.89x107 -6.624 3.50x 107!
Intercept 3.35 2.62x107 | 12.76 <2x107¢
Linear -1.18x 107" 1.08x10°2 -10.93 <2x1071®
4th instar
Quadratic 1.08x107% 1.26x 107 8.580 <2x1071°
Cubic —-3.30x107% 4.43x107 —7.462 8.52x1071
Intercept 2.30 2.13x107" 10.77 <2x107'¢
Mal Linear -9.59%x107 ] 9.68x107% | -9.91 <2x107%¢
ale
Quadratic 8.61x10™* 1.20x107% 7.176 7.20x 10713
Cubic —-2.62x107% 4.35%x107 -6.012 1.84x 107"
Intercept 2.47 2.19x107° | 11.27 <2x107'°
Linear -9.75x 107 9.60x 1070 -10.15 <2x1071°
Female
Quadratic 9.13x 107 1.16x 107 7.877 3.36x107"°
Cubic -2.81x107% 4.13x10°7 —-6.808 9.90x 10712
Intercept -8.50x 107 1.95x10° -0.43 0.66
Linear —-7.39%x 107 1.12x107 -6.55 5.42x 1071
1st instar
Quadratic 7.037 x 107% 1.561x 107 | 4.509 6.52x107%
Cubic -2.237x107% |6.045x10° | —3.700 2.16x107%
Intercept 2.97x107% 1.92x10°° | 0.155 0.87
Linear -7.59x 107 1.09x 1072 -6.92 4.32x10712
2nd instar
Quadratic 7.33x107% 1.50x 107 4.871 1.11x107%
Cubic -2.33x107% 5.79% 10777 -4.031 5.56x 107"
Intercept 2.01 2.03x107° 1992 <2x107'°
Linear -9.10x 107 9.43x107% -9.64 <2x107'¢
3rd instar
Quadratic 8.24x107™ 1.18x 107 6.959 3.43x10712
20°C Cubic —-2.53x107% 4.33x107 —5.838 5.29x 107"
Intercept 3.82 3.08x107" 12.41 <2x107'°
Linear -1.09% 107" 1.18x 107 -9.25 <2x107%
4th instar
Quadratic 9.71x 107 1.32x107 7.337 2.19x1071
Cubic —-2.90x 107% 4.48x107 -6.471 9.74x1071!
Intercept 2.85 236x107°" | 12.04 <2x107'°
Mal Linear -1.06x 107 1.00x 107 -10.51 <2x1071°
ale
Quadratic 9.86x 107 1.19x 107 8.232 <2x1071°
Cubic -3.02x107% 4.22x1077 -7.152 8.54x 10713
Intercept 2.68 2.36x107" 11.39 <2x107¢
Linear —-8.48x 107 9.81x107% —8.64 <2x1071°
Female
Quadratic 7.68x107% 1.15x 107 6.661 2.72x1071
Cubic -2.35x107% 4.04x10°7 -5.827 5.65x107%
Continued
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Temperatures | Growth Stages | Parameters | Estimates S.E Z-Value | Pr(z)
Intercept 4.89x107" 1.87x107°" | 2.61 0.009
Linear —8.64x 107 1.06 x 107 -8.12 4.54x1071°
1st instar
Quadratic 8.267x 107 1.463x 107 | 5.652 1.59x 107%
Cubic -2.619%x107% |5645x10°7 | —4.639 3.51x107%
Intercept 4.75x107% 1.78 x107% 2.65 0.007
Linear -6.27x 107 9.40x 107 —6.67 2.48x1071!
2nd instar
Quadratic 5.60x107% 1.26x 107 4.435 9.22x107%
Cubic -1.75x107% | 4.81x10°7 | -3.641 |2.71x107"
Intercept 2.73 2.31x10°° | 11.79 <2x107'°
Linear -1.04x 107 1.00x 10~ -10.38 <2x107'°
3rd instar
Quadratic 9.53x 107" 1.21x107 7.859 3.86x 1071
259C Cubic -2.92x107% 4.32x107 -6.749 1.49x 1071
Intercept 4.12 4.02x107°" | 10.25 <2e-16
Linear -7.67x107% 1.47x 1072 -5.21 1.89x 1077
4th instar
Quadratic 5.94x 107 1.58x107% 3.755 1.73x107%
Cubic -1.71x107% 5.18x 1077 -3.312 9.26x107%
Intercept 4.03 3.24x107" 12.41 <2x1071¢
Mal Linear -1.13x 107" 1.23x107 -9.22 <2x1071°
ale
Quadratic 9.95x 10~ 1.36x107% 7.307 2.73x 1071
Cubic —~2.94x107% 4.58x 1077 -6.429 1.29x 1071
Intercept 4.95 4.22x10°" | 11.73 <2x107'°
Linear -1.28x 107" 1.50x 107 -8.52 <2x1071°
Female
Quadratic 1.15x107% 1.59x 107 7.259 3.89x10°1
Cubic —-3.48x107% 5.18x1077 -6.718 1.84x10™"
Intercept 1.22 1.90x 107" | 6.46 1.04x1071°
Linear -1.00x 107" 1.03x107% -9.75 <2x107'°
1st instar
Quadratic 9.454x 107 1.394x 107 | 6.781 1.19x10™
Cubic -2.942x107% |5334x10° | -5515 3.48x107%
Intercept 1.98 2.02x107° | 9.82 <2x107'°
Linear -1.05x 107" 9.75x 107 -10.77 <2x107'°
2nd instar
Quadratic 9.99x 107 1.24x 107 8.060 7.61x1071¢
Cubic -3.12x107% 4.56x 1077 —6.833 8.29x10712
Intercept 4.40 3.25x107 | 13.52 <2x107'°
Linear -1.46x 107" 1.26x 1072 -11.58 <2x107'¢
3rd instar
Quadratic | 1.34x107 141107 | 9.465 <2x107'
30°C Cubic —4.06x 107% 4.82x107 —8.420 <2x1071°
Intercept 4.97 7.80x 107" 6.37 1.87x1071°
Linear -3.00x10* | 2.86x107* | -1.04 0.29
4th instar
Quadratic 6.043e—-05 3.021e-04 0.200 0.841
Cubic —2.243e-07 9.595e-07 -0.234 0.815
Intercept 7.65 6.89x107°" | 11.09 <2x107'¢
Mal Linear -2.10x 107" 2.25% 1072 -9.32 <2x107'¢
ale
Quadratic 1.87x107% 2.22x107% 8.433 <2x107'°
Cubic ~5.47x107% 6.86x 1077 —7.986 1.4x107%
Intercept 4.96 7.32x10°% | 6.77 1.25x 107!
Linear -3.59%x 107 2.60x107% -1.38 0.16
Female .
Quadratic 2.75x107% 2.69x107% 0.102 0.919
Cubic 1.38x 1077 8.49x107 0.163 0.871
Continued
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Mean (+SEM) numbers of prey consumed
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60

30

Temperatures | Growth Stages | Parameters | Estimates S.E Z-Value | Pr(z)
Intercept 1.42 1.89x 107 7.50 6.00x 1071
Linear -9.36x107% 9.71x107% -9.63 <2x107'°
1st instar
Quadratic 8.732x107% 1.280x 107 | 6.823 8.92x 10712
Cubic -2.731x107% |4.828x10° | —5.658 1.54x107%
Intercept 2.57 2.22x107° | 11.57 <2x107'¢
Linear -1.15x 107" 1.01x107% -11.37 <2x1071°
2nd instar
Quadratic 1.089x 107 1.25x 107 8.706 <2x1071¢
Cubic -3.37x107% 4.52x10°7 -7.458 | 8.77x107*
Intercept 4.00 3.12x107 | 12.81 <2x107'°
Linear -1.21x107™" 1.21x10°? -10.03 <2x107'°
3rd instar
Quadratic | 1.05x107% 136107 | 7.714 1.22x107
3590 Cubic -3.11x107% 4.66x107" —6.672 2.52x1071
Intercept 6.90 1.07 6.44 1.13x1071°
Linear -1.22x 107 3.59x107 -3.40 0.0006
4th instar
Quadratic 1.14x 107 3.59x107" 3.173 1.50x 107
Cubic -3.75%x107% 1.11x107% -3.385 | 7.13x107™
Intercept 9.20 1.15 7.94 1.94x107%
Mal Linear -225x10" | 3.61x10°* | -6.25 4.08x107"
ale
Quadratic 1.93x107% 3.41x10™ 5.660 1.51x107%
Cubic —-5.50x 107% 1.01x107% —5.437 5.43x107%
Intercept 5.13 8.52x107" | 6.02 1.72x107%
Linear -2.91x 107 3.14x 1072 -0.92 0.35
Female -
Quadratic 6.93x107°% 3.31x107™ 0.209 0.834
Cubic -3.27x107" 1.05x107% -0.311 0.756

Table 1. Results of the logistic regression analysis of the proportion of nymphs of Acyrthosiphon pisum
predated by all stages of Harmonia axyridis relative to the initial number of nymphs provided.
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Figure 5. Type II functional response curves fitted by Roger’s random predator equation of Harmonia axyridis
under different densities of Acyrthosiphon pisum over a 24 h period, under different thermal conditions.
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Figure 6. Proportion of Acyrthosiphon pisum nymphs consumed by Harmonia axyridis under different thermal
conditions at different prey densities.
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Figure 7. Functional response parameters of Harmonia axyridis preying on Acyrthosiphon pisum nymphs
under different thermal conditions, resulting from bootstrapped functional response parameters. Different
letters above the bars within each temperature indicate significant difference (P <0.05) among growth stages of
the predator based upon non-overlapping 95% CI of difference.

best used at low temperatures (between 20 and 25 °C) against this aphid pest. Prey depletion under warming
can affect predator—prey interactions by modifying functional responses that can then destabilize communities
through intraguild predation or other antagonistic interactions triggered in response to prey depletion**®. This
necessitates the need for further studies exploring alternative prey resources to support this generalist predator
in the management of aphid pests under warmer conditions.

Methods

Cucumber (Cucumis sativa L., cv. Negin; Cucurbitales: Cucurbitaceae) and broad bean (Vicia faba L.; Fabales:
Fabaceae) seedlings were grown from seeds purchased from Caoxian County, Shandong, China. The seeds
were sown in pots (25 cm diameter, 30 cm deep) with (3:1) soil: manure. The seedlings were maintained under
greenhouse conditions of 12-26 °C, 45-55% RH, and 16:8 h (Light: Dark) photoperiod, and subsequently used
for rearing and conducting functional response assays. The plant materials used were obtained with prior per-
mission, and the present study is in compliance with relevant guidelines and legislation.

For establishing A. pisum culture, the initial populations of aphid collected from unsprayed alfalfa fields
were subsequently brought to the laboratory and reared on broad bean plants inside net cages (20 x 10 x 30 cm
height). The stock culture of H. axyridis was developed from a pre-established laboratory colony, already available
in the same laboratory. The predator was reared on A. pisum infested bean plants (7-8 leaves) inside net cages
(60 x42 x 30 cm height) for three consecutive generations at laboratory conditions of 24 + 1 °C, 65+ 5% RH and
16:8 h (Light: Dark) photoperiod. Bean plants were checked daily for predator eggs. When found, egg batches
were carefully removed, placed on tissue paper in Petri dishes (9 cm), and transferred to a computer-operated
growth chamber, maintained at settings of 25+ 1 °C, 65+ 5% RH and 16:8 h (Light: Dark) photoperiod. The

Scientific Reports|  (2021) 11:13565 | https://doi.org/10.1038/s41598-021-92954-x nature portfolio



www.nature.com/scientificreports/

post-emergence larvae were separated and reared in Petri dishes containing aphids as their diet, refreshed daily.
The whole culture was maintained at the Department of Plant Protection, Huazhong Agricultural University,
China.

The experimental arena consisted of clear Petri dishes (9 cm diameter), with a micromesh screen over the
top for ventilation and bottom covered with clean cucumber leaf disk. The desiccation of cucumber leaf disc was
prevented by adding 1% agar solution”. The assays were performed with H. axyridis larvae (i.e., 1st instar, 2nd
instar, 3rd instar, 4th instar) and adults (male, female) at five constant temperatures (i.e., 15, 20, 25, 30, 35 °C).
The homogeneity of predator age was maintained within each tested growth stage. The first instar larvae were
separated one by one shortly after hatching to avoid sibling cannibalism. Hatchlings were reared in Petri dishes
(9 cm diameter) until maturity on 4th instar nymphs (100-150 aphids/day). Female H. axyridis included mated
individuals®. First instar larvae were starved for about 6 h, whereas subsequent instars/stages were starved for
24 h to standardize hunger level, according to Islam, et al.*'. The moist cotton roll offered humidity to all preda-
tors during starvation. The use of 4th instar aphid was ensured throughout the experiments as a way to prevent
predator preference switch according to prey size*’. Using a fine camel hairbrush, the aphids at different densities
(i-e., 2, 4, 8, 16, 32, 64, 128, and 160 aphids) were transferred in Petri dishes, allowed to spread and settle over
the substrate for 30 min, and thereafter were transferred to a computerized growth chamber at the experimental
temperatures (i.e., 15, 20, 25, 30, 35 °C), with 70+ 5% RH and a 16:8 h (Light: Dark) photoperiod. The whole
experiment was replicated 10 times for each prey density, growth stage, and temperature combination. The
numbers of aphid consumed were recorded every 24 h. Five control replicates were performed for assessing the
prey mortality concerning thermal conditions imposed and prey densities offered. Control replicates were kept
free from H. axyridis to account for natural mortality and to correct for A. pisum consumption by the predator
as a function of natural mortality. Predation mortality data were corrected for control mortality by applying
Abbott’s correction®.

The control mortality data were analyzed between temperatures, aphid densities, and their interaction, by
using Univariate Analysis of Variance (ANOVA) in SPSS (version 21), fitting the above three variables as fixed
factors against the dependent variable (i.e., host mortality). Significant (P <0.05) effects were further compared
by using Tukey’s Honestly Significant Difference (HSD) multiple comparisons test. Prior to analysis, the mortality
data were tested for normality and homogeneity of error variance (i.e., homoscedasticity) using Shapiro-Wilk
and Levene tests, and Y=+ x+ 1 transformed to improve compliance with these assumptions. All means and
standard errors in text and figures are calculated with untransformed data.

Aphid consumption by H. axyridis for temperature, growth stage, density, and their two-way and three-
way interactions were analyzed by using Generalized Linear Models (GLM) in SPSS (version 21). Kolmogo-
rov-Smirnov test confirmed non-normal distributions of data (P>0.05), and due to over-dispersion, the data
were fitted with negative binomial distribution and a log link function, and factors and interaction effects were
analyzed by using the Wald Chi-Square test for a confidence level (CI) of 95%. If needed, the multiple follow up
tests (GLM) were run to analyze the temperature and growth stage effects separately across prey densities offered,
using SPSS (version 21), and the significance for each test was adjusted by following Bonferroni correction (i.e.,
dividing the standard P-value criterion by the number of tests) to avoid Type 1 error.

Analysis of the functional response was done in two different phases'’, in the R statistical environment®?. The
first phase involved the determination of type and estimation of the parameters of the functional response curve.
It is compulsory to find the type of functional response for calculating the functional response parameters using
a proper model. The type was determined by applying logistic regression of the proportion of prey eaten as a
function of initial prey density offered. A polynomial logistic regression equation assuming a binomial distribu-
tion of data to define the type of functional response!" (Eq. 1) was fitted as under:

N,  exp (Po + P1N, + P,N2 + P3N7)
No 1+ exp(Po+ PiN, + P,N? + P3N})

(1)

where N, and N, indicate the number of prey consumed and the initial prey density offered, respectively, and %
is the proportion of prey consumed. The P,, P, P,, and P; are the regression parameters representing intercept or
constant, linear, quadratic, and cubic coefficients, respectively. The coefficients were calculated using maximum
likelihood. The values of the linear and quadratic coefficients indicate the nature of functional response, either
Type II or Type III. When the value of a linear parameter is negative, the functional response is Type II, and if it
is positive with a negative quadratic coefficient, then response is of Type III. The Type II response shows that the
proportion of prey consumption decreases as the prey density increases, and a Type III response represents that
the proportion of prey consumed increases until an inflection point and then decreases!!. Once the functional
response type was determined, the second phase started where functional response parameters were determined.
Data were fitted to the Rogers’ type II random predator equation, using non-linear least square regression, as the
prey was not replaced during the entire experiment %. The attack rate (a) and handling time (Th) were calculated
by using the random predator model as under (Eq. 2):

Ny =N, [1 —exp (a(TyN, — T))} (2)

where N, is the number of prey eaten, N, is the initial prey density (prey.arena™), a is the attack rate (arena.
hour™), Ty, is the handling time (hour.prey™), and T is time available for predator during the experiment (here
24 h). Here, the “glm” function was used to fit the logistic regression, and the parameters (attack rate a and
handling time T}) of functional response were estimated by using FRAIR (Functional Response Analysis in R,
version 4.0.0)*%. The maximum theoretical predation rate per day (K="T/T})* indicates the maximum amount
of prey that a predator can consume in a given time frame (here 24 h).

Scientific Reports |

(2021) 11:13565 | https://doi.org/10.1038/s41598-021-92954-x nature portfolio



www.nature.com/scientificreports/

Received: 19 April 2021; Accepted: 11 June 2021
Published online: 30 June 2021

References

1.

2.

10.
11.
12.
. Pervez, A. Functional responses of coccinellid predators: An illustration of a logistic approach. J. Insect Sci. 5, 5 (2005).
14.
15.
16.

17.
18.

19.
20.
21.
22.
23.
24.
25.
26.

27.
28.

29.
30.
31.
32.
33.
34.
35.

36.

37.
38.
39.

40.

Van Lenteren, J. C., Bolckmans, K., Kohl, J., Ravensberg, W. ]. & Urbaneja, A. biological control using invertebrates and microor-
ganisms: Plenty of new opportunities. Biocontrol 63, 39-59 (2018).

Koch, R. The multicolored Asian lady beetle, Harmonia axyridis: A review of its biology, uses in biological control, and non-target
impacts. J. Insect Sci. 3, 1-16 (2003).

. Huang, N.-X. et al. Long-term, large-scale releases of Trichogramma promote pesticide decrease in maize in northeastern China.

Entomol. Gen. 40, 331-335 (2020).

. Gibert, J. P. Temperature directly and indirectly influences food web structure. Sci. Rep. 9, 1-8 (2019).
. Wootton, J. T. & Emmerson, M. Measurement of interaction strength in nature. Annu. Rev. Ecol. Evol. Syst. 36, 419-444 (2005).
. Novak, M. & Wootton, J. T. Using experimental indices to quantify the strength of species interactions. Oikos 119, 1057-1063

(2010).

. Holling, C. S. Some characteristics of simple types of predation and parasitism. Can. Entomol. 91, 385-398 (1959).
. Fathipour, Y., Maleknia, B., Bagheri, A., Soufbaf, M. & Reddy, G. V. Functional and numerical responses, mutual interference, and

resource switching of Amblyseius swirskii on two-spotted spider mite. Biol. Control 146, 104266 (2020).

. Van Lenteren, J. C. et al. Pest kill rate as aggregate evaluation criterion to rank biological control agents: A case study with Neo-

tropical predators of Tuta absoluta on tomato. Bull. Entomol. Res. 109, 812-820 (2019).

Xia, P.-L., Yu, X.-L., Li, Z.-T. & Feng, Y. The impacts of Harmonia axyridis cues on foraging behavior of Aphidius gifuensis to Myzus
persicae. J. Asia Pac. Entomol. 24, 278-284 (2021).

Juliano, S. A. Non-linear curve fitting: Predation and functional response curve. Design and analysis of ecological experiment (eds
Scheiner, S.M. & Gurevitch, J.), 178-196. (Chapman and Hall, London, 2001).

Jeschke, J. M. & Tollrian, R. Effects of predator confusion on functional responses. Oikos 111, 547-555 (2005).

Uiterwaal, S. FE & DeLong, J. P. Multiple factors, including arena size, shape the functional responses of ladybird beetles. J. Appl.
Ecol. 55, 2429-2438 (2018).

Parajulee, M., Shrestha, R., Leser, J., Wester, D. & Blanco, C. Evaluation of the functional response of selected arthropod predators
on bollworm eggs in the laboratory and effect of temperature on their predation efficiency. Environ. Entomol. 35, 379-386 (2006).
Forster, J. & Hirst, A. G. The temperature-size rule emerges from ontogenetic differences between growth and development rates.
Funct. Ecol. 26, 483-492 (2012).

Diamond, S. E. Contemporary climate-driven range shifts: Putting evolution back on the table. Funct. Ecol. 32, 1652-1665 (2018).
Andrew, N. R. et al. Assessing insect responses to climate change: What are we testing for? Where should we be heading?. Peer/ 1,
ell (2013).

Jalali, M. A,, Tirry, L. & De Clercg, P. Effect of temperature on the functional response of Adalia bipunctata to Myzus persicae.
Biocontrol 55, 261-269 (2010).

Moezipour, M., Kafil, M. & Allahyari, H. Functional response of Trichogramma brassicae at different temperatures and relative
humidities. Bull. Insectol. 61, 245-250 (2008).

Effect of temperature. Clercq, D. Functional response of the predators Podisus maculiventris (Say) and Podisus nigrispinus (Dallas)
(Het., Pentatomidae) to the beet armyworm, Spodoptera exigua (Hiibner) (Lep., Noctuidae). J. Appl. Entomol. 125, 131-134 (2001).
Da Silva Nunes, G. et al. Temperature-dependent functional response of Euborellia annulipes (Dermaptera: Anisolabididae) preying
on Plutella xylostella (Lepidoptera: Plutellidae) larvae. J. Therm. Biol. 93, 102686 (2020).

Isikber, A. A. Functional response of two coccinellid predators, Scymnus levaillanti and Cycloneda sanguinea, to the cotton aphid,
Aphis gossypii. Turk. J. Agric. For. 29, 347-355 (2005).

Walker, R., Wilder, S. M. & Gonzélez, A. L. Temperature dependency of predation: Increased killing rates and prey mass consump-
tion by predators with warming. Ecol. Evol. 10, 9696-9706 (2020).

Davidson, A. T., Hamman, E. A., McCoy, M. W. & Vonesh, J. R. Asymmetrical effects of temperature on stage-structured preda-
tor—prey interactions. Funct. Ecol. 35, 1041-1054 (2021).

Murrell, E. G. & Barton, B. T. Warming alters prey density and biological control in conventional and organic agricultural systems.
Integr. Comp. Biol. 57, 1-13 (2017).

Damien, M. & Tougeron, K. Prey-predator phenological mismatch under climate change. Curr. Opin. Insect. Sci. 35, 60-68 (2019).
Daugaard, U,, Petchey, O. L. & Pennekamp, F. Warming can destabilize predator-prey interactions by shifting the functional
response from Type III to Type II. J. Anim. Ecol. 88, 1575-1586 (2019).

Thomas, C. A list of the species of the tribe Aphidini, family Aphidae, found in the United States, which have been heretofore
named, with descriptions of some new species. Bull. Ill. Nat. Hist. Surv. 1, 3-16 (1878).

Elbakidze, L., Lu, L. & Eigenbrode, S. Evaluating vector-virus-yield interactions for peas and lentils under climatic variability: A
limited dependent variable analysis. J. Agric. Resour. Econ. 36, 504-520 (2011).

Aznar-Fernandez, T., Cimmino, A., Masi, M., Rubiales, D. & Evidente, A. Antifeedant activity of long-chain alcohols, and fungal
and plant metabolites against pea aphid (Acyrthosiphon pisum) as potential biocontrol strategy. Nat. Prod. Res. 33, 2471-2479
(2019).

Holman, J. Host Plant Catalogue of Aphids (Springer, Berlin, 2009).

Sandhi, R. K. & Reddy, G. V. Biology, ecology, and management strategies for pea aphid (Hemiptera: Aphididae) in pulse crops.
J. Integr. Pest Manag. 11, 18 (2020).

Anuj, B. Efficacy and economics of some insecticides and a neem formulation on incidence of pea aphid (Acyrthosiphum pisum)
on pea, Pisum sativum. Ann. Plant. Protect. Sci. 4, 131-133 (1996).

Slusher, E. K., Cottrell, T. & Acebes-Doria, A. L. Effects of aphicides on pecan aphids and their parasitoids in pecan orchards.
Insects 12, 241 (2021).

Soleimani, S. & Madadji, H. Seasonal dynamics of: The pea aphid, Acyrthosiphon pisum (Harris), its natural enemies the seven spot-
ted lady beetle Coccinella septempunctata Linnaeus and variegated lady beetle Hippodamia variegata Goeze, and their parasitoid
Dinocampus coccinellae (Schrank). J. Plant Prot. Res. 55, 2015 (2015).

Roy, H. E. et al. The harlequin ladybird, Harmonia axyridis: Global perspectives on invasion history and ecology. Biol. Invasions
18, 997-1044 (2016).

Roy, H., Brown, P. & Majerus, M. In: An ecological and societal approach to biological control (eds. Hokkanen H and Eilenberg J)
295-309 (Kluwer Academic Publishers), Springer, (2006).

Rasheed, M. A. et al. Lethal and sublethal effects of chlorpyrifos on biological traits and feeding of the aphidophagous predator
Harmonia axyridis. Insects 11, 491 (2020).

Gao, G, Liu, S., Feng, L., Wang, Y. & Lu, Z. Effect of temperature on predation by Harmonia axyridis (Pall.)(Coleoptera: Coc-
cinellidae) on the walnut aphids Chromaphis juglandicola Kalt. and Panaphis juglandis (Goeze). Egypt. ]. Biol. Pest Control 30, 1-6
(2020).

Scientific Reports |

(2021) 11:13565 | https://doi.org/10.1038/s41598-021-92954-x nature portfolio



www.nature.com/scientificreports/

41.

42.

43.

44,

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Islam, Y. et al. Temperature-dependent functional response of Harmonia axyridis (Coleoptera: Coccinellidae) on the eggs of
Spodoptera litura (Lepidoptera: Noctuidae) in laboratory. Insects 11, 583 (2020).

Ge, Y. et al. Different predation capacities and mechanisms of Harmonia axyridis (Coleoptera: Coccinellidae) on two morphotypes
of pear psylla Cacopsylla chinensis (Hemiptera: Psyllidae). PLoS ONE 14, €0215834 (2019).

Unli, A. G., Terlau, J. E. & Bucher, R. Predation and avoidance behavior of the pea aphid Acyrthosiphon pisum confronted with
native and invasive lady beetles in Europe. Biol. Invasions 2020, 1-10 (2020).

Shah, M. A. & Khan, A. Functional response-a function of predator and prey species. The Bioscan 8, 751-758 (2013).

Moradi, M., Hassanpour, M., Fathi, S. A. A. & Golizadeh, A. Foraging behaviour of Scymnus syriacus (Coleoptera: Coccinellidae)
provided with Aphis spiraecola and Aphis gossypii (Hemiptera: Aphididae) as prey: Functional response and prey preference. Eur.
J. Entomol. 117, 83-92 (2020).

Sinclair, B. J., Williams, C. M. & Terblanche, J. S. Variation in thermal performance among insect populations. Physiol. Biochem.
Zool. 85, 594-606 (2012).

Noman, Q. M., Shah, E. M., Mahmood, K. & Razaq, M. Population dynamics of Tephritid fruit flies in citrus and mango orchards
of Multan, Southern Punjab, Pakistan. https://doi.org/10.17582/journal.pjz/20191021181023 (2021).

Logan, J. D., Wolesensky, W. & Joern, A. Temperature-dependent phenology and predation in arthropod systems. Ecol. modell.
196, 471-482 (2006).

Uiterwaal, S. F. & DeLong, J. P. Functional responses are maximized at intermediate temperatures. Ecology 101, 02975 (2020).
Wale, M., Jembere, B. & Seyoum, E. Biology of the pea aphid, Acyrthosiphon pisum (Harris) (Homoptera: Aphididae) on cool-
season legumes. Int. J. Trop. Insect. Sci. 20, 171-180 (2000).

Seyfollahi, F,, Esfandiari, M., Mossadegh, M. & Rasekh, A. Functional response of Hyperaspis polita (Coleoptera, Coccinellidae)
to the recently invaded mealybug Phenacoccus solenopsis (Hemiptera, Pseudococcidae). Neotrop. Entomol. 48, 484-495 (2019).
Katsarou, I., Margaritopoulos, J. T., Tsitsipis, ]. A., Perdikis, D. C. & Zarpas, K. D. Effect of temperature on development, growth
and feeding of Coccinella septempunctata and Hippodamia convergens reared on the tobacco aphid, Myzus persicae nicotianae.
Biocontrol 50, 565-588 (2005).

Koehler, H. Predatory mites (Gamasina, Mesostigmata). Agric. Ecosyst. Environ. 74, 395-410 (1999).

Farhadi, R., Allahyari, H. & Juliano, S. A. Functional response of larval and adult stages of Hippodamia variegata (Coleoptera:
Coccinellidae) to different densities of Aphis fabae (Hemiptera: Aphididae). Environ. Entomol. 39, 1586-1592 (2010).

Aqueel, M. & Leather, S. Nitrogen fertiliser affects the functional response and prey consumption of Harmonia axyridis (Coleoptera:
Coccinellidae) feeding on cereal aphids. Ann. Appl. Biol. 160, 6-15 (2012).

Koch, R. L., Hutchison, W. D., Venette, R. & Heimpel, G. E. Susceptibility of immature monarch butterfly, Danaus plexippus
(Lepidoptera: Nymphalidae: Danainae), to predation by Harmonia axyridis (Coleoptera: Coccinellidae). Biol. Control 28, 265-270
(2003).

He, J., Ma, E., Shen, Y., Chen, W. & Sun, X. Observations of the biological characteristics of Harmonia axyridis (Pallas)(Coleoptera:
Coccinellidae). J. Shanghai Agric. College 12, 119-124 (1994).

Huang, Z. et al. Predation and functional response of the multi-coloured Asian ladybeetle Harmonia axyridis on the adult Asian
citrus psyllid Diaphorina citri. Biocontrol Sci. Technol. 29, 293-307 (2019).

Lee, J.-H. & Kang, T.-J. Functional response of Harmonia axyridis (Pallas)(Coleoptera: Coccinellidae) to Aphis gossypii Glover
(Homoptera: aphididae) in the laboratory. Biol. Control 31, 306-310 (2004).

Xue, Y. et al. Predation by Coccinella septempunctata and Harmonia axyridis (Coleoptera: Coccinellidae) on Aphis glycines (Hom-
optera: Aphididae). Environ. Entomol. 38, 708-714 (2009).

Obrycki, J. J. & Kring, T. J. Predaceous Coccinellidae in biological control. Annu. Rev. Entomol. 43, 295-321 (1998).

Feng, Y., Zhou, Z.-X., An, M.-R,, Yu, X.-L. & Liu, T.-X. The effects of prey distribution and digestion on functional response of
Harmonia axyridis (Coleoptera: Coccinellidae). Biol. Control 124, 74-81 (2018).

Dai, C. et al. Can contamination by major systemic insecticides affect the voracity of the harlequin ladybird?. Chemosphere 256,
126986 (2020).

Qin, D. et al. Treating green pea aphids, Myzus persicae, with azadirachtin affects the predatory ability and protective enzyme
activity of harlequin ladybirds. Harmonia axyridis. Ecotoxicol. Environ. Saf. 212, 111984 (2021).

Shah, F. M., Razaq, M., Ali, A., Han, P. & Chen, J. Comparative role of neem seed extract, moringa leaf extract and imidacloprid
in the management of wheat aphids in relation to yield losses in Pakistan. PLoS ONE 12, e0184639 (2017).

Shah, F. M. et al. Action threshold development in cabbage pest management using synthetic and botanical insecticides. Entomol.
Gen. 40, 157-172 (2020).

Shah, F. M. et al. Field evaluation of synthetic and neem-derived alternative insecticides in developing action thresholds against
cauliflower pests. Sci. Rep. 9, 7684 (2019).

Naeem, A. et al. Laboratory induced selection of pyriproxyfen resistance in Oxycarenus hyalinipennis Costa (Hemiptera: Lygaeidae):
Cross-resistance potential, realized heritability, and fitness costs determination using age-stage, two-sex life table. Chemosphere
269, 129367. https://doi.org/10.1016/j.chemosphere.122020.129367 (2021).

Rix, R. & Cutler, G. Low Doses of a Neonicotinoid stimulate reproduction in a beneficial predatory insect. J. Econ. Entomol. 113,
2179-2186 (2020).

Atlihan, R. & Giildal, H. Prey density-dependent feeding activity and life history of Scymnus subvillosus. Phytoparasitica 37, 35-41
(2009).

Brown, J. H., Gillooly, J. E, Allen, A. P, Savage, V. M. & West, G. B. Toward a metabolic theory of ecology. Ecology 85, 1771-1789
(2004).

Vucic-Pestic, O., Ehnes, R. B., Rall, B. C. & Brose, U. Warming up the system: Higher predator feeding rates but lower energetic
efficiencies. Glob. Change Biol. 17, 1301-1310 (2011).

Lang, B., Rall, B. C. & Brose, U. Warming effects on consumption and intraspecific interference competition depend on predator
metabolism. J. Anim. Ecol. 81, 516-523 (2012).

Wu, P, Zhang, J., Haseeb, M., Yan, S. & Kanga, L. Functional responses and intraspecific competition in the ladybird Harmonia
axyridis (Coleoptera: Coccinellidae) provided with Melanaphis sacchari (Homoptera: Aphididae) as prey. Eur. J. Entomol. 115,
232-241 (2018).

Hodek, I., van Emden, H. E. & Honék, A. Diapause/dormancy. Ecology and behaviour of the ladybird beetles (Coccinellidae). Wiley
Blackwell, Chichester, (2012).

Li, Y. et al. The effect of different dietary sugars on the development and fecundity of Harmonia axyridis. Front. Physiol. 11,
574851 (2020).

Sharma, P., Verma, S., Chandel, R., Shah, M. & Gavkare, O. Functional response of Harmonia dimidiata (fab.) to melon aphid,
Aphis gossypii Glover under laboratory conditions. Phytoparasitica 45, 373-379 (2017).

Feng, Y. et al. Conspecific and heterospecific interactions modify the functional response of Harmonia axyridis and Propylea
japonica to Aphis citricola. Entomol. Exp. Appl. 166, 873-882 (2018).

Hassanzadeh-Avval, M., Sadeghi-Namaghi, H. & Fekrat, L. Factors influencing functional response, handling time and searching
efficiency of Anthocoris minki Dohrn (Hem.: Anthocoridae) as predator of Psyllopsis repens Loginova (Hem.: Psyllidae). Phytopara-
sitica 47, 341-350 (2019).

Scientific Reports |

(2021) 11:13565 | https://doi.org/10.1038/s41598-021-92954-x nature portfolio


https://doi.org/10.17582/journal.pjz/20191021181023
https://doi.org/10.1016/j.chemosphere.122020.129367

www.nature.com/scientificreports/

80. Banihashemi, A. S, Seraj, A. A,, Yarahmadi, E. & Rajabpour, A. Effect of host plants on predation, prey preference and switching
behaviour of Orius albidipennis on Bemisia tabaci and Tetranychus turkestani. Int. J. Trop. Insect Sci. 37, 176-182 (2017).

81. Abbott, W. S. A method of computing the effectiveness of an insecticide. J. Econ. Entomol. 18, 265-267 (1925).

82. R Development Core Team. R: A language and environment for statistical computing. R Foundation for Statistical Computing,
Vienna (2014).

83. Rogers, D. Random search and insect population models. J. Anim. Ecol. 41, 369-383 (1972).

84. Pritchard, D. W, Paterson, R., Bovy, H. C. & Barrios-O’Neill, D. Frair: An R package for fitting and comparing consumer functional
responses. Methods Ecol. Evol. 8,1528-1534 (2017).

85. Hassell, M. The spatial and temporal dynamics of host-parasitoid interactions (Oxford University Press, 2000).

Acknowledgements

We thank Dr. John Paul DeLong (Associate Professor, Director-Cedar Point Biological Station, University of
Nebraska-Lincoln, USA) for proof reading and comments on the initial draft. We thank Dr. M. Abas Shah
(ICAR-Central Potato Research Institute-Regional Station, Jalandhar Punjab) for his kind help with data analysis
in R program. Special thanks to Dr. Afifa Naeem (Entomological Research Institute, Ayub Agricultural Research
Institute, Faisalabad, Punjab, Pakistan) for help with designing the current study protocol.

Author contributions

X.Z. conceived the idea and supervised the laboratory trials. Y.I. and EM.S. designed the protocol of laboratory
experiments. Y.I. performed the experiments, analyzed the data in R software, and wrote the initial draft. EM.S.
wrote the final draft, analyzed the data in SPSS software, prepared figure visuals, and dealt with reviewer com-
ments during the review process. X.R. participated in data analysis and draft writing. M.R., M. Y., L.X. and X.Z.
reviewed the manuscript. All authors discussed and approved the publication of the manuscript.

Funding

This research was funded by the National Key R and D Program of China (2017YFD0201000), The National
Natural Science Foundation of China, Grant No. 31872023, and the Key Research Program of Hubei Tobacco
Company (027Y2018-008).

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to X.Z.

Reprints and permissions information is available at www.nature.com/reprints.

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

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:13565 | https://doi.org/10.1038/s41598-021-92954-x nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Functional response of Harmonia axyridis preying on Acyrthosiphon pisum nymphs: the effect of temperature
	Results
	Discussion
	Methods
	References
	Acknowledgements


