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ABSTRACT
BACKGROUND: Since larval cannibalism is frequently observed in intensive rearing systems, the regeneration of lost legs is
common for the beneﬁcial species Coccinella septempunctata (Coccinella: Coccinellidae) to adapt to the competitive environment, but whether functional recovery occurs in the leg-regenerated coccinellids remains unknown. To evaluate the functional
recovery of regenerated right foreleg after being damaged, the behaviors of leg-regenerated ladybugs containing predation,
attachment, intraspeciﬁc competition, prey preference and fecundity were studied in the laboratory.
RESULTS: The prey consumption and searching rate of leg-regenerated ladybugs decreased, and their handling time extended. A
signiﬁcantly reduced attachment coeﬃcient was detected in leg-regenerated coccinellids. Because of the competitive inferiority,
leg-regenerated ladybugs were greatly hampered in competition with normal opponents, and this inferiority led to a switch of
prey preference from big-sized adults to small-sized ﬁrst–second instar nymphs of Paratrioza sinica. However, although reduced
functional abilities were examined, the leg-regenerated paternity had a higher reproductive output compared to the normal
paternity.
CONCLUSION: Leg-regenerated ladybugs caused by cannibalism may make an investment tradeoﬀ between egg fecundity and
functional recovery. Thus, larval cannibalism potentially improves the oﬀspring production of the biological control agent in
complex environments.
© 2018 Society of Chemical Industry
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1

INTRODUCTION

Cannibalism is the act of one individual consuming all or part
of conspeciﬁc competitors as food, which causes physical damage. Predatory coccinellids tend to cannibalize, and the cannibalism events reach occasionally up to 27.1%, the behavior impacts
population stability of the beneﬁcial species from a biological
control perspective.1 Superior coccinellids can eliminate intraspeciﬁc competitors, but the risk of injury to the larval cannibals is
a remarkable cost of cannibalism.2 Thus, losing a leg is common
for coccinellid larvae, especially under intensive rearing conditions. Regeneration is a capacity of organisms to protect themselves by repairing the lost tissues or organs.3,4 Coccinella septempunctata having a leg-regeneration capacity has been identiﬁed.5
Even though lost legs caused by cannibalism could be regenerated morphologically, various functional behaviors are potentially
impaired containing predation,6 locomotion,7 competition,8–10
and mating.11–13
The foraging ability is impacted primarily although legs are
regenerated under cannibalism situations. Animals invest more
nutrients in tissue regeneration and neglect the body growth.14
Thus, leg-regenerated individuals are likely to avoid further
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capture attempts, triggering a decreased foraging eﬃciency.15,16
Impaired functions of regenerated legs may cause an alternative
selection between safe habitats with scarce prey and risk habitats
with easy predation, and this choice could aﬀect body sizes or
conditions of the predators over evolutionary time.17 Legs are
particularly important to coccinellids as they capture by using
their legs for sensory detection and physical restraint. Sensory
hairs on regenerated legs are occasionally malformed, which may
impact the searching rate,18 so newly regenerated legs sometimes
are less or even not functional in foraging behaviors.19
Various attachment systems on the feet help animals move
freely on smooth surfaces.20–22 One of them is the hairy system
enhancing friction of the adhesive pads across insect groups.23–26
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Some adhesive pads are reported to have an ability to secrete
ﬂuids contributing to attachment.27,28 Adhesive pads of beetles releasing secretions are identiﬁed as a wet attachment
system,29–31 and this hairy system helps them attach to various
natural substrates.32,33 After cannibalism occurs, the attachment
system of the regenerated legs may be aﬀected owing to the hairy
system being damaged.
Interactions in predator–prey systems are complex, especially in the environment where competition is intensive.34
Among them is intraspeciﬁc competition involving conspeciﬁc predators,35 and it has been established in predaceous
coccinellids.36 Limb-regenerated individuals with reduced competitive abilities are greatly hampered in competition with normal
opponents.37–39 Besides, leg-regenerated predators have a tendency to hunt smaller prey,40 so cannibalism may impact the prey
preference of leg-regenerated coccinellids.
Parental generations with leg regeneration produce more
viable oﬀspring in Menochilus sexmaculatus, suggesting the possible existence of reproductive investment.41 As the behavioral
function can not be ﬁxed completely after larval cannibalism,
leg-regenerated Harmonia axyridis tends to make an investment
in oﬀspring ﬁtness.42 Paternal eﬀects are also found in Cheilomenes
sexmaculata and the regenerated paternity can obviously increase
egg fertility.43
In the present study, natural cannibalism failed to keep injury
sites consistent. Since both artiﬁcial amputation and natural cannibalism result in a similar outcome which is that tissues of legs
are physically damaged, artiﬁcial amputation keeping the same
ablation site was performed to imitate larval cannibalism, then the
various functional behaviors of leg-regenerated Coccinella septempunctata were tested. Our goal in this study was to evaluate the
level of functional recovery of leg-regenerated ladybugs by detecting the behaviors containing predation, attachment, intraspeciﬁc
competition, prey preference and fecundity.

2

MATERIALS AND METHODS

2.1 Insects
The 4th-instar larvae of seven-spotted ladybugs Coccinella
septempunctata and their prey Paratrioza sinica Yang & Li were
taken from Dadi eco-cultivation bases of Lycium barbarum L.,
Zhongning County, Ningxia Province, China. Larvae or adults
of Coccinella septempunctata were held in plastic containers
(16 cm × 22 cm × 8 cm), reared with fresh Paratrioza sinica under
the condition of a 16 h:8 h light:dark (L:D) at 28–30 ∘ C and
40–60% relative humidity (RH). The right foreleg (dorsal view) of
the 4th-instar larvae of Coccinella septempunctata was damaged
at the base of the coxa to imitate larval cannibalism. After anesthetization, the larvae were placed on double-sided tape, and
the legs were amputated using a pair of micro-scissors. Then the
leg-damaged larvae were held and fed in the same conditions as
before. The newly emerging adults (<12 h) with leg regeneration
were served as treated subjects, and all emerging adults was
starved for 24 h before predation experiments.
2.2 Foraging ability
The experiment was performed to calculate the functional
response of Coccinella septempunctata adults with leg regeneration on Paratrioza sinica. Adults of Paratrioza sinica at each prey
density were provided to a leg-regenerated ladybug in a plastic
container, prey densities tested were 100, 150, 200, 250 or 300.
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The number of Paratrioza sinica consumed after 24 h was counted
to evaluate the searching rate and the handling time. Normal
ladybugs were served as control. Each treatment was replicated
30 times (15♀:15♂) simultaneously.
2.3 Attachment ability
To analyze the eﬀect of cannibalism on the attachment ability,
a small piece of sponge used as a weight was connected to a
leg-regenerated adult of Coccinella septempunctata via string. The
ladybug was placed on a glass plate in an horizontal orientation,
then the plate was turned upside down. Water was slowly injected
into the sponge until the Coccinella septempunctata fell oﬀ the
plate. The body mass and the critical hanging weight leading to
the beetles falling oﬀ were detected by analytical balance, and the
attachment coeﬃcient (ratio of the critical hanging weight to the
body mass) was calculated. Normal ladybugs were used as control.
Each treatment was replicated 40 times (20♀:20♂) simultaneously.
2.4 Competitive ability
To evaluate the competitive ability of leg-regenerated Coccinella
septempunctata in competition with the normal individuals, the
coeﬃcients of mutual interference between leg-regenerated and
normal adults were examined. Same-sex, four day-old Coccinella
septempunctata adults were paired (one regenerated adult and
one normal adult) in a plastic container, the prey densities tested
were 60, 120, 180, 240 and 300 Paratrioza sinica adults for one,
two, three, four and ﬁve pairs of predators, respectively (the
prey/predator ratio was kept at 60 for each pair of coccinellids).
Same ﬁve density gradients of Paratrioza sinica adults for one,
two, three, four and ﬁve pairs of normal ladybugs were served as
control. Consumption rates of both leg-regenerated and normal
ladybugs were calculated, and then the coeﬃcients of mutual
interference were estimated. Each treatment was replicated ten
times (5♀:5♂) simultaneously.
Consumption of regenerated ladybug =
(
)
Consumption of regenerated − normal couple –
[(
) ]
Consumption of normal − normal couple ∕2 .
2.5 Prey preference
In order to explore the prey preference of leg-regenerated Coccinella septempunctata attributed to cannibalism, overall 90 Paratrioza sinica containing equal numbers (30 capita) of ﬁrst–second
instar nymphs, third–ﬁfth instar nymphs and adults were oﬀered
to a leg-regenerated ladybug in a plastic container. Normal ladybugs were designed as control. The number and stage of Paratrioza
sinica consumed after 24 h were recorded, then the preference and
switching coeﬃcients were predicted. Each treatment was replicated ten times (5♀:5♂) simultaneously.
2.6 Fecundity and hatchability
Four mating treatments were established when Coccinella
septempunctata adults were ten days old: (1) regenerated
♀ × regenerated ♂, (2) normal ♀ × regenerated ♂, (3) regenerated ♀ × normal ♂ and (4) normal ♀ × normal ♂. The ladybugs
were paired in a plastic container containing Paratrioza sinica
diets. The male was removed from the container after copulation,
and the female was fed on Paratrioza sinica diets refreshed daily
through her life. The egg fecundity and hatching rate in each
treatment were tested. Each treatment was replicated ten times
simultaneously.
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Figure 1. Prey consumption by Coccinella septempunctata over 24 h period. (A) Leg-regenerated ladybug, (B) normal ladybug. Each data point represents
the observed Paratrioza sinica consumption. Functional response curves are ﬁtted by the average consumption using the Holling’s disc equation (Eqn 2).

2.7 Statistical analysis
2.7.1 Foraging ability
Functional responses are described using two-stage analysis.44
Cubic logistic regression (Eqn 1) between proportion of prey consumed and prey initial density is ﬁrstly performed to determine the
type of functional response44:
(
)
exp P0 + P1 N0 + P2 N02 + P3 N03
Na
(1)
=
(
)
N0
1 + exp P0 + P1 N0 + P2 N02 + P3 N03
where Na is the prey consumption, N0 is the initial prey density,
and P0 , P1 , P2 , and P3 are the intercept, linear, quadratic, and cubic
coeﬃcients, respectively. Negative or positive linear coeﬃcients
(P1 ) from the regression indicate Type II or Type III curve.44 Since
the logistic regression analysis indicated that our data ﬁt Type
II in each case, further analyses were restricted to the Type II
functional response. The Holling’s disc45 (Eqn 2) is used to model
the relationship between the prey consumption (Na ) and initial
prey density (N0 ):
aTN0
(2)
Na =
1 + aT h N0
where Na and N0 are described in Eqn 1, T is the total time
which in this case is 24 h, a is the searching rate, and T h is the
handling time. A non-linear regression (NLR) procedure based on
the Levenberg–Marquardt method (SPSS 20.0) is performed to
estimate the parameters a and T h . The starting values of a and
T h required by the NLR procedure are found by linearly regressing
1/Na against 1/N0 . The resultant y-intercept is the initial estimate
of T h and the reciprocal of the regression coeﬃcient is an estimate
of a.46,47
2.7.2 Competitive ability
The experiment is to predict the coeﬃcients of mutual interference
between ladybugs in intraspeciﬁc competition. NLR analysis is
performed to estimate parameters of a intraspeciﬁc competition
model by ﬁtting Eqn 3:48
E = QP−m
d

(3)

where E is the consumption rate, Pd is the predator density, m
is the coeﬃcient of mutual interference, and Q is the potential
Pest Manag Sci (2018)

maximum consumption rate. The values of Q and m are found by
power-exponential regressing E and Pd .
2.7.3 Prey preference
Preference coeﬃcients of ladybugs are analyzed in the experiment.
The preference model49 (Eqn 4) is used to describe the preference
of Coccinella septempunctata when Paratrioza sinica at various
developmental stages coexist:
(
) (
)
Qi = 1 + Ci ∕ 1 − Ci × Fi

(4)

where Qi is the proportion of prey i consumed by predators, F i
is the initial proportion of prey i, C i is the preference coeﬃcient of
predators for prey i. Thus, C i = 0 indicates no preference for prey i;
0 < C i < 1 or − 1 < C i < 0 indicates positive or negative preference
for prey i. Moreover, the switching behavior equation50,51 (Eqn 5)
is displayed to evaluate switching levels in prey preference from
normal to leg-regenerated ladybugs:
Qi =

1 + Ci′
1 − Ci′

1−Si

Fi

(5)

where Qi and F i are described in Eqn 4; C i ′ is the preference
coeﬃcient of normal ladybugs on prey i; Si is the switching coeﬃcient in prey preference from normal to leg-regenerated ladybugs.
Thus, Si = 0 indicates no switching behavior for prey i; 0 < Si < 1
or − 1 < Si < 0 indicates positive or negative switching behavior
for prey i.
Descriptive statistics were given as the mean values and standard errors of the mean. The preference or switching coeﬃcients
were compared to C i = 0 or Si = 0 using one-sample t- test.
Fecundity and hatchability were analyzed using one-way analysis
of variance (ANOVA) with the Tukey’s HSD test of signiﬁcance
at the 5% level of statistical signiﬁcance. Other data were
analyzed using independent-sample t-tests. In all tests, P values < 0.05 were considered signiﬁcant. All statistical analyses
were conducted using the SPSS 20.0 software (IBM, Armonk,
NY). Regression analyses were performed using SigmaPlot
12.0 software (Systat Software Inc., San Jose, CA, USA). All the
correlation coeﬃcients were obtained from SigmaPlot 12.0
software.
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Table 1. Parameter estimate of Holling’s disc equation for prey consumption of Coccinella septempunctata

Treatment
Regenerated ladybug
Normal ladybug

R2

F

P

Equation

a

T h (min)

0.993
0.996

429.126
748.394

<0.001
<0.001

Na = 0.4844 N/(1 + 0.002070 N)
Na = 0.6105 N/(1 + 0.001976 N)

0.48 ± 0.05
0.61 ± 0.04

6.15 ± 1.25
4.66 ± 0.68

Theoretical maximum
prey consumption
258.2 ± 46.7
310.3 ± 38.4

Note: P is the probability that Holling’s disc equation yields parameters; a is the searching rate; T h is the handling time; theoretical maximum prey
consumption is estimated when initial density tends to inﬁnity.

Figure 2. Consumption rates of Coccinella septempunctata in the intraspeciﬁc competition between (A) leg-regenerated and (B) normal individuals.
Each data point represents the consumption rate of ladybugs. Curve is ﬁtted by the average rates of Paratrioza sinica consumption via the intraspeciﬁc
competition equation (Eqn 3).

3

RESULTS

3.1 Foraging ability
The number of consumed Paratrioza sinica increased signiﬁcantly
with the increased initial density (Fig. 1). The average consumption
[mean ± standard error (SE) = 66.9 ± 4.9] of leg-regenerated
Coccinella septempunctata was signiﬁcantly lower than that
(85.1 ± 25.5) of control (t28 = 2.231, P = 0.034). According to
parameter estimates from the cubic equation (Eqn 1) of proportion of prey consumption versus initial density, linear coeﬃcients
P1 in leg-regenerated and normal ladybugs were −0.01929 and
−0.02571, respectively. Estimates of P1 in both leg-regenerated
(P = 0.001) and normal (P = 0.014) ladybugs were signiﬁcantly
negative, indicating that Coccinella septempunctata exhibited
a Type II response to Paratrioza sinica. Data for all ladybugs ﬁt
the Holling’s disc model well (P < 0.05), and the coeﬃcients of
determination (R2 ) estimated by ﬁtting Holling’s disc equation
were more than 0.95. The searching rate and handling time of
leg-regenerated ladybugs predicted by Holling’s disc equation
non-signiﬁcantly decreased (t4 = 1.655, P = 0.173) and increased
(t4 = 0.855, P = 0.441), respectively. Moreover, slight reduction
(t4 = 0.862, P = 0.437) was examined in the theoretical maximum
prey consumption of leg-regenerated ladybugs (Table 1).
3.2 Attachment ability
No signiﬁcant diﬀerence occurred in body mass between
leg-regenerated (31.1 ± 1.4 mg) and normal (32.3 ± 1.3 mg)
ladybugs (t38 = 0.62, P = 0.539). However, the critical hanging
weight (92.5 ± 4.2 mg) of leg-regenerated ladybugs was signiﬁcantly lower than that (134.2 ± 6.9 mg) of the normal individuals
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(t31.456 = 5.155, P < 0.001). Based on the data earlier, a signiﬁcantly lower attachment coeﬃcient (3.0 ± 0.1) was detected in
leg-regenerated ladybugs compared to that (4.2 ± 0.2) of control
(t28.465 = 6.143, P < 0.001).
3.3 Competitive ability
Because of intraspeciﬁc competition, the consumption rate of
ladybugs decreased as the introduced numbers of predator and
prey were increased when the prey/predator ratio was kept at
60 for each pair of coccinellids (Fig. 2). The consumption rates at
various predator–prey densities ﬁt the intraspeciﬁc competition
equation (Eqn 3) well (P < 0.05). Potential maximum consumption
rates (Q) and coeﬃcients of mutual interference (m) illustrated
the intraspeciﬁc competition numerically. The potential maximum
consumption rate of leg-regenerated ladybugs was lower than
that of control (t8 = 1.38, P = 0.205). Since the competitive inferiority attributed to the reduced consumption level, leg-regenerated
ladybugs were more greatly hampered in competition with normal
opponents (t8 = 4.643, P = 0.002) (Table 2).
3.4 Prey preference
When Paratrioza sinica at various developmental stages co-existed,
no preference was shown by leg-regenerated ladybugs for
third–ﬁfth instar nymphs (t4 = 0.838, P = 0.838), whereas their signiﬁcantly positive and negative preferences for ﬁrst–second instar
nymphs (t4 = 3.282, P = 0.03) and adults (t4 = 3.426, P = 0.027)
of Paratrioza sinica were tested, respectively. Conversely, normal
ladybugs exhibited markedly negative and positive preferences for the ﬁrst–second instar nymphs (t4 = 6.356, P = 0.003)
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Table 2. Parameter estimate of intraspeciﬁc competition equation for consumption rate of Coccinella septempunctata
Treatment
Regenerated ladybug
Normal ladybug

R2

F

P

Equation

Q

0.861
0.873

18.509
20.583

0.023
0.02

E = 0.8426 P -0.4892
E = 0.8987 P −0.3406

84.3% ± 2.8%
89.9% ± 3.0%

m
0.49 ± 0.02*
0.34 ± 0.02

Note: P is the probability that mutual interference equation yields parameters; Q is the potential maximum consumption rate; m is the coeﬃcient of
mutual interference. The asterisk indicates signiﬁcant diﬀerences in parameters between leg-regenerated and normal ladybugs (independent t-tests,
P < 0.05).

Table 3. Preference and switching levels of Coccinella septempunctata when Paratrioza sinica at various stages coexist
Prey i

Ci

Ci ′

Si

First–second nymphs 0.15 ± 0.05* -0.34 ± 0.05** 0.95 ± 0.13**
Third–ﬁfth nymphs
0.01 ± 0.04 −0.26 ± 0.10
0.53 ± 0.25
0.3 ± 0.03** −1.14 ± 0.20**
Adults
−0.29 ± 0.09*
Note: C i or C i ′ is the preference coeﬃcient of leg-regenerated or
normal ladybugs on prey i; Si is switching coeﬃcient in prey preference from normal to leg-regenerated ladybugs. Asterisks indicate
coeﬃcients signiﬁcantly diﬀer from C i = 0 or Si = 0 (one sample t-test,
*P < 0.05; **P < 0.01).

and adults (t4 = 11.019, P < 0.001), respectively, and no preference for the third–ﬁfth instar nymphs (t4 = 2.614, P = 0.059).
Compared to normal coccinellids, the leg-regenerated individuals positively and negatively switched to ﬁrst–second
instar nymphs and adults of Paratrioza sinica, respectively
(ﬁrst–second instar nymphs, t4 = 7.289, P = 0.002; third–ﬁfth
instar nymphs, t4 = 2.145, P = 0.099; adults, t4 = 5.684, P = 0.005)
(Table 3).
3.5 Fecundity and hatchability
No signiﬁcant diﬀerence was examined in the egg fecundity
between leg-regenerated and normal females of Coccinella
septempunctata, but the females paired with the leg-regenerated
males obtained a notably higher fecundity compared to them
paired with the normal males (F 3, 196 = 45.975, P < 0.001; Fig. 3(A)).
Overall, the egg fecundity of leg-regenerated males increased
by 15.3% compared to that of normal males. After oviposition,
hatching rates of the three treatments were non-signiﬁcantly
lower than that of control (F 3, 196 = 2.232, P = 0.086;
Fig. 3(B)).

4

Figure 3. Reproductive performance of various mating pairs of regenerated (R) and normal (N) ladybugs (means ± standard error). (A) Egg fecundity (number of eggs); (B) hatching rate (%). Diﬀerent letters indicate significant diﬀerences among the treatments (mean separation by Tukey’s HSD,
P < 0.05).

DISCUSSION

4.1 Decreased prey consumption caused by cannibalism
Prey consumption by leg-regenerated Coccinella septempunctata
was signiﬁcantly reduced, and this impact was extended to other
characteristics of predation such as searching rate, handling time
and theoretical maximum consumption. This implies that, as newly
regenerated legs are often less or even not functional,18 cannibalism not only damages the grasping ability of forelegs but also inﬂuences their sensory capability in spite of leg regeneration. Forelegs
of predators are extremely important in determining direction and
angle during prey location.52,53 Moreover, the impaired capture
ability caused by cannibalism is likely to trigger a reduced prey
acceptance of predators,54 also reﬂecting the decreased consumption eﬃciency.
Pest Manag Sci (2018)

4.2 Decreased attachment ability attributed to cannibalism
Feet are primary contact sites between animals and their environment via adhesive devices, helping their survival in complex
habitats.55 Since many attachment systems have developed independently in separated directions among animals with diﬀerent sizes,24,25 small-sized animals such as insects tend to maximize friction on smooth surfaces.56 The density of surface hairs
positively correlates with the body weight of animals,26 so the
attachment coeﬃcient is a more accurate reﬂection of the attachment ability. Our study shows that the attachment coeﬃcient of
leg-regenerated ladybugs was markedly lower than that of control, suggesting a decreased adhesive performance triggered by
cannibalism. For the phenotype of the regenerated legs, they

© 2018 Society of Chemical Industry

wileyonlinelibrary.com/journal/ps

www.soci.org

P Wu et al.

Figure 4. Phenotype of regenerated right foreleg and normal contralateral leg. (A) The regenerated leg was slightly shortened compared to the
contralateral leg. (B) The curtailed segment was mainly at the distal end of the tarsus. Attachment system of regenerated leg via scanning electron
microscope examination. (C) Discoid tip seta releasing adhesive secretions. (D) First and second tarsomeres served as adhesive pads.

(4.28 ± 0.13 mm) were slightly shortened by 4.5% compared to
normal legs (4.53 ± 0.15 mm) (Fig. 4(A)), and curtailed segments
were observed mainly at the distal end of the tarsus (decreased
by 13.3%; Fig. 4(B)) as was reported previously.5 According to a
scanning electron microscope examination, the discoid tip seta
(Fig. 4(C)) served as adhesive pads at the ventral surfaces of the
ﬁrst and second tarsomeres (Fig. 4(D)) became less after leg regeneration, indicating the reduced attachment ability was triggered
by the decreased tenent setae due to the curtailed tarsus under
cannibalism situations. The spoon-shaped endplate is also served
as a wet attachment system,29 so discoid tip seta releasing adhesive secretions plays an important role in the attachment ability of
ladybugs.
4.3 Decreased competitive ability leading to a preference
for small-sized prey
Our study indicated that the foraging eﬃciency of ladybugs
gradually decreased when predator–prey density was increased
due to the increased intensity of intraspeciﬁc competition, which
is consistent with the results of intraspeciﬁc competition in
Chilocorus bipustulatus57 and Menochilus sexmaculatus.58 Our
study also shows that leg-regenerated ladybugs were more
inhibited because of their inferiority in competition with normal
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ladybugs. Coccinellid is a digestive-limited predator, suggesting
the maximum consumption rate is closely related to satiation.59
Ladybugs focus on the predation when the consumption is
below the satiation level, but once the consumption reaches
the satiation level, they become inactive and thus are easily
blocked by more active opponents.60 Therefore, compared to
the normal competitors, leg-regenerated ladybugs attributed
to cannibalism are impeded more frequently because of the
lower satiation level. The analogous result is also found in
Propylea quatuordecimpunctata.61
Since impaired capabilities of newly regenerated legs,19 Coccinella septempunctata regenerating a foreleg was reluctant
to capture big-sized adults of Paratrioza sinica, and signiﬁcantly preferred the small-sized ﬁrst–second instar nymphs.
The switch from adults to young nymphs of Paratrioza sinica
is due to the competitive inferiority of leg-regenerated ladybugs caused by cannibalism. In order to avoid massive energy
losses and increase predation eﬃciency, the inferior competitors
tend to choose prey easily captured and beneﬁt by switching
to small-sized prey after evaluating the cost of big-sized prey.
Similar to coccinellids, many crustaceans and arachnids with
leg regeneration are prone to switch to small-sized suboptimal
prey.40,62
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Tradeoﬀ between oﬀspring production and functional recovery
4.4 Investment tradeoﬀ between egg fecundity
and functional recovery promoted by larval cannibalism
Although decreased foraging, attachment and competitive
abilities were tested in leg-regenerated ladybugs, Coccinella
septempunctata females mating with the leg-regenerated males
produced more eggs. This implies that an investment tradeoﬀ
between oﬀspring production and functional self-repair is likely
to exist in leg-regenerated ladybugs caused by cannibalism, particularly the males. Paternal eﬀects of leg-regenerated coccinellids
potentially beneﬁt egg fecundity.1,43 However, slightly lower proportions of emerging oﬀspring were examined from treatment
groups compared to that from the control group, suggesting
deleterious genetics from damaged tissues or cells attributed
to cannibalism possibly impaired egg hatchability and progeny
survival,42 which deserves to be studied further.
As larval cannibalism occurs frequently in intensive rearing systems, it is common for ladybugs to lose legs,63 and their various functional behaviors are partially impaired although the legs
are regenerated in morphology. After larval cannibalism occurs,
leg-regenerated ladybugs may be prone to make an investment
tradeoﬀ between egg fecundity and functional recovery, and this
investment selection is meaningful in improving progeny production. Thus, larval cannibalism may potentially promote the oﬀspring development of the biological control agent in complex
environments.
4.5 Remaining questions and perspectives
In the study, only the right foreleg was damaged to imitate the
result of larval cannibalism, the eﬀects of cannibalism on the legs
of various thoracic locations (foreleg, mid- or hind-leg) and sides
(left or right leg) remained poorly understood. Regeneration of
forelegs costs crickets Gryllus bimaculatus more time than that of
hind-legs,11 implying the distinguishable importance of diﬀerent
thoracic legs. When various thoracic legs are damaged simultaneously under cannibalism conditions, the priority of functional
recovery among them deserves to be studied further. Even though
forelegs are more functional in foraging and mating behaviors,64,65
diﬀerent thoracic legs are damaged nearly equally in natural
habitats.66 Losing a mid- or hind-leg is also common in intensive rearing systems, so the eﬀect of cannibalism on the mid- or
hind-legs deserve to be considered as well. Besides, behavioral
lateralization is identiﬁed in vertebrates,67 and this asymmetry in
insects draws increasing attention.68 Mediterranean fruit ﬂy Ceratatis capitata is found to preferentially utilize left legs or wings.69
Thus, exploring behavioral lateralization is valuable to the further study on the potentially diﬀerent eﬀects of cannibalism on
left-side and right-side legs of Coccinella septempunctata.
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