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ABSTRACT

Aphids are phloem-feeding insects that cause both direct and indirect damage to crops, reducing agricultural productivity.
Among the available pest control strategies, biological control using natural enemies is a sustainable and effective approach. The
ladybird Eriopis connexa (Germar, 1824) is a generalist predator known for its voracity and ability to exploit aphid populations
across diverse habitats. This study aimed to evaluate the foraging behaviour and prey preference of E. connexa when exposed
to two aphid species, Myzus persicae (Sulzer, 1776) and Aphis gossypii Glover, 1877, under varying ecological contexts. We con-
ducted three independent experiments to assess: (i) preference across developmental stages (2nd vs. 4th instars); (ii) functional
response to increasing prey density; and (iii) prey choice in varying species proportions. Results indicate that E. connexa lacks
an intrinsic preference for either aphid species. Instead, its predation behaviour is significantly influenced by prey characteris-
tics such as instar stage and relative abundance. The predator tended to consume smaller instars and more abundant prey first,
suggesting decisions based on prey profitability. These findings enhance our understanding of predator-prey dynamics and
biological control strategies involving aphidophagous predators in agroecosystems.

1 | Introduction

The dynamics of predator-prey interactions are a fundamen-
tal aspect of ecology, as these relationships play a crucial role
in shaping community structure and regulating insect popula-
tions. Among the various groups of insect predators, coccinel-
lids stand out due to their vast species diversity, intense foraging
activity and importance as natural enemies of agricultural pests
(Slipinski and Tomaszewska 2010; Michaud 2012; Pervez
et al. 2020). The relationship between Coccinellidae and aphids
has been recognised for centuries (Kirby and Spence 1826).
Among the ladybird species, Eriopis connexa (Germar, 1824) is
widely distributed in South America and has demonstrated a
high potential for reducing populations of multiple pest species,
with a preference for aphids (Sarmento et al. 2007; Dos Santos
et al. 2020; Francesena et al. 2019; de Matos et al. 2022).

Globally, E.connexa plays an essential role in the natural con-
trol of aphids and mites, characterised by its polyphagy, vorac-
ity and widespread distribution across economically important
crops (de Oliveira and Matos 2004; Nascimento et al. 2021).
In addition to its foraging capacity and widespread presence,
E.connexa has several traits valuable for integrated pest man-
agement (IPM), including populations selected for resistance to
pyrethroid insecticides (Lira et al. 2019, 2023; D'Avila et al. 2018;
Rodrigues et al. 2020) and spinosyns (Costa et al. 2020), as well
as its potential for mass rearing using alternative prey or artifi-
cial diets (Silva et al. 2009, 2013).

However, a detailed understanding of a natural enemy's interac-
tions with prey under variable conditions is essential before rec-
ommending a natural enemy for biological control programmes.
As generalist predators, ladybirds may exhibit prey preferences
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and shifts in foraging behaviour influenced by factors such as prey
quality, size, distribution, density, starvation period, predator and
prey developmental stages, and the presence of other predators
(Zarghami et al. 2014; Rocca et al. 2017; Pervez and Yadav 2018).

Changes in prey abundance also influence predator strategies.
Optimal foraging theory posits that predators adopt strategic
choices to maximise their energy gain while minimising costs
(Stephens and Krebs 1986). This theoretical framework enables
researchers to explore scenarios in which the relationships
among prey preference, attack rates and population stability can
be analysed. An important tool for studying these dynamics is
the functional response, which quantifies the number of prey
consumed by a predator relative to prey density over a specific
time period (Holling 1959). Key parameters in this model are
the attack rate and handling time, and predators exhibiting Type
II or Type III functional responses are often effective biologi-
cal control agents (Sarmento et al. 2007; Islam et al. 2021; Dami
et al. 2023; Kulkarni and Evenden 2024).

Predator behaviour may shift as the relative density of prey species
changes (Jaworski et al. 2013). These behavioural adjustments can
promote prey population stability by increasing the consumption
of more abundant prey while exerting less pressure on less abun-
dant prey, preventing extinction or outbreaks (Murdoch 1969).
This dynamic is valuable in pest management, as generalist preda-
tors can switch between prey species, helping to suppress pest pop-
ulations in agricultural systems (Symondson et al. 2002).

Although several studies have explored the biology of E. connexa
and its use in biological control (Almeida et al. 2021; Nascimento
et al. 2021; de Matos et al. 2022), particularly regarding insec-
ticide effects on behaviour and physiology (Lira et al. 2023;
Nascimento et al. 2023; Rodrigues et al. 2024) knowledge of its
ecological behaviours—such as foraging strategy, prey prefer-
ence, functional response and switching behaviour—remains
limited (Sarmento et al. 2007; Francesena et al. 2019; Dos Santos
et al. 2020; Nascimento et al. 2021).

Investigating foraging behaviour is crucial, as it reflects the
predators’ adaptive capacities to exploit diverse prey types in re-
sponse to varying prey availability (Heit et al. 2008; Hodek and
Evans 2012). Such behaviour enhances the efficiency of natural
enemies by enabling them to target the most abundant prey spe-
cies, thereby improving population regulation. Understanding a
predator's prey preferences and behavioural responses is critical
to evaluating its predatory potential and effectiveness in biolog-
ical control programmes.

In this study, we investigated the foraging behaviour of E. con-
nexa in response to two aphid species, Myzus persicae (Sulzer,
1776) and Aphis gossypii Glover, 1877, under varying conditions.
These aphids are highly polyphagous pests. The species M. per-
sicae, the green peach aphid, feeds on over 40 plant families
(Blackman and Eastop 2000), while A. gossypii, a major pest of
cotton, also infests cucurbits, citrus, potato, peach and pepper
(Blackman and Eastop 2000). The primary damage caused by
these aphids stems from their ability to transmit plant viruses:
M. persicae transmits more than 100 plant viruses, and A. gos-
sypii is a vector for at least 76 viral diseases in a wide range of
crops (Chan et al. 1995; CABI 2021).

This study aimed to investigate E.connexa's prey preference
for varying aphid species and instars, analyse its foraging be-
haviour in mixed-prey environments with different species den-
sities and proportions, and evaluate its functional response to
each aphid species.

2 | Materials and Methods
2.1 | Insect Rearing

Eriopis connexa and the aphids M.persicae and A.gossypii
were reared in the Ecology and Forest Entomology Laboratory,
Department of Entomology and Acarology, University of Sao
Paulo (USP)/Luiz de Queiroz College of Agriculture (ESALQ),
Piracicaba, Sdo Paulo, Brazil. The aphids of M. persicae were
maintained in 15cm diameter Petri dishes, containing a cabbage
(Brassica oleracea) leaf disk on 10% agar. The dishes were sealed
with a white paper towel secured by a rubber band to prevent
aphid escape while allowing aeration inside the Petri dish. The
cabbage leaves were sourced from plants grown in a greenhouse.
The dishes were kept under controlled conditions (20°C +1°C,
70%+10% RH, and a L:D 14:10 photoperiod). A.gossypii was
reared using a similar method, using cotton (Gossypium hirsu-
tum) leaf disks under specific conditions (25°C £1°C, 70% + 10%
RH, and a L:D 12:12 photoperiod). Maintenance was performed
twice weekly.

Adults of E.connexa were maintained in transparent poly-
ethylene containers (350mL) with perforated lids to allow gas
exchange and humidity control. The pots were housed under
controlled conditions (25°C+1°C, 70%+10% RH, and a L:D
12:12 photoperiod). The diet provided consisted of an artificial
diet mixture of brewer's yeast, water and honey (1:1:1 ratio),
along with Ephestia kuehniella (Lepidoptera: Pyralidae) eggs. A
0.5-mL microtube filled with water and sealed with moistened
cotton was also included. Paper towels were used as obstacles to
prevent cannibalism and serve as an oviposition substrate. The
ladybird's containers were maintained every 48h, and E. kueh-
niella eggs were offered daily.

Eggs were collected daily and stored in plastic Petri dishes
(9cm diameter) inside a BOD incubator until larval hatching.
When larvae reached the second instar, they were transferred
at a density of two per flat-bottom glass tubes (8 x2.5cm). These
tubes were sealed with PVC plastic film perforated to allow gas
exchange and humidity control. They were maintained in the
BOD incubator under the same conditions described previously
for ladybirds, and larvae were fed E. kuehniella eggs until adult
emergence. Upon reaching adulthood, ladybirds were separated
into transparent polyethylene containers (as mentioned in the
previous paragraph) to maintain subsequent generations.

2.2 | Bioassay 1: Foraging Behaviour of Eriopis
connexa in Different Prey Instars

Adult E.connexa were subjected to predation choice tests,
using second- and fourth-instar M. persicae and A. gossypii
as prey. A completely randomised design (CRD) with six
treatments was implemented to encompass three predation
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categories: (i) predation only on M. persicae instars, (ii) pre-
dation only on A. gossypii instars, and (iii) predation on both
species and different instars of aphids. The six treatments
were: (a) predation on second- and fourth-instar M. persicae
(M2M4), (b) predation on second- and fourth-instar A. gossypii
(A2A4), (c) predation on second instar of both species, A. gos-
sypii and M. persicae (M2A2), (d) predation on fourth instar
of both species, A. gossypii and M. persicae (M4A4), (e) preda-
tion on fourth-instar M. persicae and second-instar A. gossypii
(M4A?2), (f) predation on second-instar M. persicae and fourth-
instar A. gossypii (M2A4).

Each treatment was replicated 10 times in plastic Petri dishes
(9cm diameter) under controlled conditions (25°C+2°C;
70% +10% RH). Ten nymphs (five per instar and species combi-
nation) were provided per dish. Predation events were recorded
at 15-min intervals over a 2-h observation period. A predation
event was defined as the successful capture and subsequent kill-
ing of prey. Before the trials, all E. connexa adults were starved
for 24h and had no prior exposure to aphids. Figure 1 shows the
six treatments. Treatments (a) and (b) assessed whether older
instars were preferred by the predator regardless of the species
offered. Options (c) and (d) were used to analyse whether one
species was preferred over another according to the instar pro-
vided. Treatment choices (e) and (f) tested the interaction be-
tween species and instars.

2.3 | Bioassay 2: Foraging Behaviour in Eriopis
connexa in Different Proportions of Aphid Species

To investigate the influence of prey density on switching be-
haviour in E.connexa, a completely randomised design (CRD)
was implemented with four treatments (A-D) and 12 replicates.

Prey ratios of A. gossypii (A) to Myzus persicae (M) were manip-
ulated inversely across treatments: (A) 10A:40M, (B) 20A:30M,
(C) 30A:20M, and (D) 40A:10M, maintaining a constant total of
50 aphids per Petri dish. Adult E. connexa were starved for 24h
before the trials. Each experimental arena (plastic Petri dish,
9cm diameter) contained one E.connexa adult and the desig-
nated prey mixture. After 24 h, each predator was removed, and
the number of preys consumed was recorded.

2.4 | Bioassay 3: Functional Response of Eriopis
connexa Preying on Aphis gossypii and Myzus
persicae

The functional response of E. connexa to the aphids M. persicae
and A. gossypii was investigated using a completely randomised
design (CRD) with two treatments: (a) single-species arena with
M. persicae and (b) single-species arena with A. gossypii. Six prey
density levels (10, 25, 40, 55, 70 and 85 aphids per Petri dish)
were tested for each species, with 10 replicates per density.
Each Petri dish (15cm diameter) contained a cotton leaf (G. hir-
sutum). Adult E. connexa were starved for 24 h before trials to
standardise hunger levels. Prey density levels were determined
based on preliminary tests of daily consumption rates. In each
trial, one E. connexa was introduced into a dish, and the number
of unconsumed aphids was recorded after 24 h. No prey replen-
ishment occurred during the experiment.

2.5 | Statistical Analysis

To analyse the prey instar preference experiment, Kaplan-
Meier survival analysis was conducted using the survfit func-
tion, in software R (R Core Team 2024), to evaluate predation

b

FIGURE1 | Experimental design for the foraging behaviour of Eriopis connexa on different instars of Myzus persicae and Aphis gossypii. The cir-

cle shape represents individuals of the species M. persicae, while the diamond represents individuals of the species A. gossypii. The numbers indicate

the instars of the aphids used in each treatment.
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events across treatments, with observations recorded at 15-
min intervals. Mean survival times were calculated for each
treatment. Survival curves were compared using the log-rank
(LR) test (survdiff function), and pairwise comparisons be-
tween treatments were conducted with the pairwise_survdiff
function. We also adjusted p-values for multiple comparisons
using the Bonferroni correction to control type I error. All
functions are available in the survival package. In the risk
table below the survival curves, the value outside parentheses
represents the number of aphids at risk at the beginning of
each interval, that is, those still alive and not censored im-
mediately before that time point. The value inside parenthe-
ses shows the percentage of individuals at risk relative to the
total number of aphids included in that treatment at time zero.
All analyses were carried out using software R 4.4.1 (R Core
Team 2024).

The switching behaviour in the prey ratio experiment was as-
sessed using Manly's preference index () log-scaled (Moradi
et al. 2020) within the framework of Manly (1974), calcu-

lated as:
oz ()

og (5) +10g( )

where 8, (Beta=Manly preference index) is the preference for
a particular prey, e, and e, are the number of type 1 and 2 prey
remaining at the end of the experiment, respectively, and A, and
A, are the number of type 1 and 2 prey offered, respectively. In
this study, the species A.gossypii was considered species one,
and M. persicae was considered species two. Index values range
from 0 to 1, where an index close to 1 indicates strong preference
for A. gossypii while values closer to 0 indicate a preference for
M. persicae. A value around 0.5 suggests no strong preference
(random predation). Manly's indices were compared across
treatments using analysis of variance (ANOVA), followed by
the Tukey test for group-level comparisons, using software R (R
Core Team 2024).

b=

The type of functional response (Type II or III) was deter-
mined using the frair_test function from the frair package
(Pritchard et al. 2017), based on the number of preys con-
sumed. After identifying the functional response type, data
were fitted to Rogers' equation (Rogers 1972) corresponding
to the identified response type. Initial parameter estimates
and fixed values were provided, and the model was optimised
using the frair_fit function, which employs maximum likeli-
hood estimation to derive functional response parameters (at-
tack rate a and handling time h). To formally compare these
parameters between species, the frair_compare function was
applied, performing a likelihood-ratio test on models fitted
separately for each species. Statistical significance of differ-
ences in a and h was evaluated based on the resulting z-values
and p-values.

Parameter uncertainty was also assessed using non-parametric
bootstrapping via the frair_boot function, which operates on the
output of frair_fit. Bootstrap results generated 95% BCa (bias-
corrected and accelerated) confidence intervals for the fitted

curves, visualised using the drawpoly function. The overlap of
these bootstrap confidence intervals between species was used
to assess potential differences in predation parameters. These
intervals provided a representation of uncertainty but were not
used as a formal test of differences. All analyses were carried out
using R (R Core Team 2024).

3 | Results

3.1 | Bioassay 1: Foraging Behaviour of Eriopis
connexa on Different Prey Instars

Regarding the aphid instars provided, the survival curves in
Figure 2 depict the predation dynamics of E. connexa across
treatments, with predation events recorded at 15-min inter-
vals. Complete prey consumption by E. connexa was observed
in two treatments: both aphid species in the second instar
(M2A2) and the treatment where M. persicae was in the fourth
instar and A. gossypii in the second instar (M4A2). In contrast,
no complete predation occurred in the remaining treatments
(Figure 2).

To statistically validate these differences, a log-rank test was
used to compare the mean survival times across observed in-
tervals (Table 1). The analysis revealed significant differences
among treatments (log-rank test: y*=310, df=5, p<0.0001),
supporting the survival curve patterns (Figure 2).

Survival analysis revealed significant differences in predation
rates among treatments. Predation was fastest when both spe-
cies were offered in the second instar (M2A2) with a mean sur-
vival time of aphids of 19.5min, followed by the mixed-instar
treatment with 69.2 (M4A2), while treatments involving fourth-
instar aphids (e.g., M4A4) exhibited markedly slower predation
(Table 1). This indicates that predation by E.connexa was sig-
nificantly faster when both species were offered in the second
instar (M2A2) compared to the other treatments, indicating that
instar stage, rather than species identity, strongly influenced
predation dynamics.

Post hoc statistical comparisons revealed no significant differ-
ences in mean predation times among the treatments M4A2,
A2A4, M2M4 or M2A4 (Table 1), suggesting similar predation
efficiency across these groups.

In contrast, the lowest predation rate was observed in the
M4A4 treatment (both species in the fourth instar), with a
mean survival time of 93.7min. This stark contrast highlights
that E. connexa consumed prey more rapidly and completely
when the prey items were small (M2A2), and the predation
number declined markedly when both species were large
(M4A4).

3.2 | Bioassay 2: Foraging Behaviour in Eriopis
connexa in Different Proportions of Aphid Species

The mean preference index (f;) varied across aphid pro-
portion treatments (Table 2). In treatment A (10 A. gossypii
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FIGURE 2 | Survival of Eriopis connexa consumption under different treatments containing Aphis gossypii and Myzus persicae in different in-

stars. In the risk table, values outside parentheses indicate aphids at risk; values in parentheses show the percentage relative to the initial number.

A2, A.gossypii 2nd instar; A4, A. gossypii 4th instar; M2, M. persicae 2nd instar; M4, M. persicae 4th instar.

TABLE 1 | Mean survival times in minutes (£SEM) of Eriopis
connexa under different treatments with the aphid species Aphis
gossypii and Myzus persicae at different instars. Different letters in the
column indicate significant differences among treatments (the log-rank
test adjusted by the Bonferroni method, p <0.05).

TABLE2 | Mean preference index of each treatment (+SD) of Eriopis
connexa under different densities in the same experimental area of the
aphid species Aphis gossypii and Myzus persicae. Different letters in
the column indicate significant differences among treatments (Tukey
multiple comparison test, p <0.05).

Aphid total Aphid average Aphid proportions

Treatment consumed survival times Treatment  (A.gossypii:M. persicae) Bimean
M2M4 97 64.85+3.66b A 10:40 0.534+0.13a
A2A4 95 72.56 +3.45b B 20:30 0.521£0.14a
M2A2 100 19.51+1.18a C 30:20 0.598 +0.16ab
M4A4 83 93.70+2.48¢c D 40:10 0.705+0.17b
M4A2 100 69.17£3.33b

M2A4 95 72.73+3.49b

and 40 M. persicae), E.connexa showed no clear preference
(Bimean =0.53). In contrast, under the inverse condition in treat-
ment D (40 A. gossypii, 10 M. persicae), the predator showed a
stronger preference for A.gossypii (8;,,.,,=0.70). A similar
pattern was observed between treatments B (20 A. gossypii,
30 M. persicae) and D, where the preference index was 0.52 and
0.70, respectively. These results suggest that E. connexa's pred-
atory behaviour varies depending on the proportion of aphid
species available.

Statistical analysis using ANOVA confirmed a significant ef-
fect of treatments (df=3, F=3.68, p<0.02). Tukey's multiple
comparison test indicated significant differences between

treatments A and D (p =0.041) and between Band D (p =0.024),
demonstrating that E. connexa exhibited a change in behaviour
depending on the density of each offered aphid species.

3.3 | Bioassay 3: Functional Response of
Eriopis connexa Preying on Aphis gossypii
and Myzus persicae

Adult E. connexa exhibited a type II functional response, with
average prey consumption increasing as the density of M. per-
sicae and A. gossypii went up (Figures 3 and 4). This conclusion
is supported by a logistic regression analysis performed by the
frair_test function, which revealed a significant negative rela-
tionship between the initial prey density and the proportion

Journal of Applied Entomology, 2025

351017 SUOWILLIOD SAIIER.D) 3]0 dde 3 Ag pauLBAOB a2 SSPILE YO '8N 0 S3IN 104 ARIGIT SUIIUO AB|IA IO (SUONIPLOD-PLE-SWLBY/LI0D™AB 1M ARG [BU1UO//SA1L) SUONIPUOD PU. SWie L aU) 385 *[5202/ZT/GT] U0 ARiq1Tauliuo AB1iM ‘saded Aq 8500, USI/TTTT OT/I0P/LI0Y A5 | 1M ARe.q1jpU1UO//SHNY LU0} PPEOIUMOQ ‘0 ‘8THOBEYT



Myzus persicae
o _|
[¢¢] o)
o)
8
[©)
o _|
©
[e)
C
g
]
g 7
o
° o)
pz4

20
|

T T T
40 60 80

Prey Density

FIGURE3 | Functional response of Eriopis connexa consuming different densities of Myzus persicae.
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FIGURE4 | Functional response of Eriopis connexa consuming dif-
ferent densities of Aphis gossypii.

of prey consumed for both A.gossypii (coefficient=-0.005,
z=-2.84, p=0.004) and M.persicae (coefficient=-0.017,
z=-6.43,p<0.001).

Eriopis connexa exhibited a higher attack rate on M. persicae
(2.80h71) than on A. gossypii (1.43h™!), while handling times

were similar between species (0.007h vs. 0.004h, respec-
tively) (Table 3). Bootstrap 95% BCa confidence intervals for
attack rate (@) and handling time (h) indicated variation in
parameter estimates between species, with a=1.122-1.807
and h=0-0.009h for A.gossypii, and a=2.091-3.765 and
h=0.002-0.011 for M.persicae. Formal comparison using
frair_compare showed that the attack rate was signifi-
cantly higher for M. persicae than for A. gossypii (Aa=-1.38,
p <0.001), whereas handling time did not differ significantly
between species (Ah=-0.002, p=0.156).

4 | Discussion

The results from the three bioassays demonstrate that the forag-
ing behaviour of the ladybird E. connexa in response to different
aphid species and proportions is not driven by an inherent pref-
erence for a specific species, but is strongly influenced by the
developmental stage of the aphids and their relative abundance
in the environment. Prey selection can be influenced by several
characteristics, including prey size, mobility and nutritional
quality (Bilde and Toft 1994; Xue et al. 2025).

The survival analysis provides compelling evidence that aphid
instar plays a more critical role than species identity in shaping

TABLE 3 | Estimates (+SE) of attack rate (a, aphids per predator per hour, h™!) and handling time (h, hours per aphid, Th) plus 95% confidence

limits (CL) of aphid consumption by Eriopis connexa.

95% CL 95% CL
Treatment a(h™) Lower Upper h(T,) Lower Upper
Myzus persicae 2.805+0.19 2.033 3.857 0.007+0.001 0.002 0.011
Aphis gossypii 1.431+0.11 1.222 1.828 0.004+0.001 0 0.009
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the predation patterns of E. connexa. Complete prey consump-
tion occurred in treatments where both species were offered in
the second instar (M2A2) or in a mixed-instar treatment with
M. persicae in the fourth instar and A. gossypii in the second in-
star (M4A2). However, the mean survival time was significantly
shorter in M2A2 (19.5min) than in M4A2 (69.2min), indicating
faster and more efficient predation when both prey types were
in early instars.

The trend of higher predation on early instar aphids is not
unique to E.connexa but has also been observed in other gen-
eralist predators. For example, Orius albidipennis showed a
preference for first- and second-instar aphid nymphs over older
stages (Rashedi et al. 2020). Similarly, although Coccinella sep-
tempunctata adults exhibited the highest consumption rate on
fourth-instar aphids, Yang et al. (2022) reported that the highest
attack rates and shortest handling times occurred when pred-
ators fed on early instars. Despite involving different predator
species, these findings support our results, particularly when
considering the survival time data, and reinforce the notion that
early instars are more accessible and efficiently consumed by
predators like E. connexa.

In the M4A2 treatment, where M. persicae was offered fourth
instar and A. gossypii in the second instar, complete prey con-
sumption was still achieved. This suggests that when a more ac-
cessible prey (second-instar A. gossypii) is available, E. connexa
initiates feeding on it and subsequently invests time in handling
the more challenging prey (fourth-instar M. persicae). This se-
quential feeding pattern was not observed in treatments involv-
ing different instars of the same species (e.g., A2A4), possibly
due to similarity in prey recognition or a reduced motivation
to engage with more difficult prey when the expected reward
is lower.

In contrast, the treatment where both species were offered in the
fourth instar (M4A4) resulted in the lowest predation rate, with
a mean survival time of 93.7min. These findings support the
idea that E. connexa preys more efficiently on early and smaller
aphids, regardless of species, optimising energy intake by pri-
oritising easier-to-handle prey (Crawley and Krebs 1992; Roger
et al. 2000).

From a biological control perspective, the ability of E. connexa to
efficiently consume early aphid instars suggests potential over-
lap with parasitoid activity, as many parasitoids prefer younger
or smaller hosts for oviposition (Lykouressis et al. 2009; Perdikis
et al. 2004; Martinou and Wright 2007; Soni and Kumar 2021;
Sengonca et al. 2008). However, our results demonstrate that
E.connexa is also capable of preying on later instars, particu-
larly when early instars are less available. As older aphids are
often less suitable or unsuitable for successful parasitism, due to
continued reproduction by the host (Khatri et al. 2017; Perdikis
et al. 2004) or enhanced defensive behaviours (He et al. 2011),
the consumption of these stages by E. connexa may enhance bi-
ological control by targeting individuals that would otherwise
escape parasitism. Furthermore, in systems where parasitoids
prefer older instars (e.g., He et al. 2011), E. connexa can com-
plement parasitoid activity by suppressing younger stages. This
complementary predation-parasitism dynamic broadens the
scope of aphid suppression across developmental stages and

reinforces the value of integrating both natural enemies in IPM
programmes.

In our study, when evaluating predatory behaviour in re-
sponse to varying prey proportions, we observed that E. con-
nexa exhibited a preference for A. gossypii when it was more
abundant. When M. persicae dominated the mixture, E. con-
nexa showed no clear preference; however, as the proportion
of A. gossypii increased, E. connexa consistently preferred this
species. The pattern suggests that the ladybird's preference
is not fixed but context-dependent, influenced by the relative
abundance of prey species and potentially by their morpho-
logical or nutritional characteristics. The study reported by
Messelink et al. (2008) noted that whitefly control improved
by the presence of thrips, but the thrips control was not af-
fected by the presence of whiteflies. Also, a similar pattern
of context-dependent selectivity was reported for four instar
larvae of Scymnus syriacus, where the Maily preference index
for the 50:30 ratio was higher for Aphis spiraecola, and for the
30:50 ratio, there was no significant preference for either of
the two species of aphid (Moradi et al. 2020). Such asymmetric
effects of prey species on each other via a shared predator have
been documented and are known to influence prey dynamics
in predator-prey systems (Van Maanen et al. 2012; Desneux
et al. 2019; Messelink et al. 2008).

This asymmetric interaction between M. persicae and A. gos-
sypii may be attributed to behavioural or morphological differ-
ences between the aphid species. A. gossypii is smaller bodied
than M. persicae (Maciel A.M.F, personal observation), which
could in principle facilitate quicker handling and consump-
tion. However, our functional response analyses showed no
significant difference in handling time between the two spe-
cies, suggesting that size alone does not explain the observed
preference. Instead, the consistent selection of A. gossypii when
more abundant may reflect a combination of prey availability
and morphological or behavioural traits that make it a more
readily exploited resource. Farhoudi et al. (2014) showed that
aphid size is a more important factor than colour in contrib-
uting to the predation preference of Aphidoletes aphidimyza
(Rondani). Nevertheless, M. persicae was readily consumed by
E. connexa, with no evidence of avoidance or reduced foraging
efficiency. Indeed, de Matos et al. (2022) reported that M. per-
sicae is a suitable prey for this predator, supporting the no-
tion that while prey size may influence preference in certain
contexts, E. connexa maintains high foraging efficiency across
different aphid species.

The functional response parameters revealed that E.connexa
exhibited a significantly higher attack rate (2.80h™) on M. per-
sicae compared to A. gossypii (1.43h7!), whereas handling times
did not differ between the two species (0.007 and 0.004h, re-
spectively). While the estimated handling time was numerically
greater for M. persicae, this difference was not statistically sup-
ported. These results indicate that prey accessibility and relative
abundance are more important drivers of predation dynamics
than species identity per se. In the experiment under mixed-prey
conditions, when A.gossypii was more abundant, E.connexa
showed a preference for A.gossypii. These findings reinforce
the hypothesis that smaller-bodied prey may be easier to exploit
when available in sufficient numbers.
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The observed behaviour suggests that E. connexa may adopt an
optimal foraging strategy in the presence of both species, ini-
tially consuming the smaller and more abundant A. gossypii,
and subsequently shifting to M. persicae, which, despite requir-
ing similar handling effort according to our results, may still
impose higher energetic costs due to its larger body size and
mobility. This behaviour aligns with optimal foraging theory,
which predicts that predators will adjust their feeding strate-
gies to maximise net energy gain depending on prey availabil-
ity and characteristics (Stephens and Krebs 1986). In this study,
E.connexa exhibited a type II functional response, consistent
with findings by other authors (Lira et al. 2019; Dos Santos
et al. 2020). This type of foraging is particularly relevant under
type II functional response dynamics, where predator satura-
tion and prey handling time are critical decision-making factors
(DeLong and Uiterwaal 2022).

In addition to varying prey proportions, with E. connexa display-
ing a consistent preference for A.gossypii as its proportion in-
creased, the second experiment further supports the hypothesis
that prey size and ease of handling influence foraging behaviour.
In the M4A2 treatment, with M. persicae in the fourth instar and
A. gossypii in the second instar, complete consumption was ob-
served, suggesting again that E. connexa initiates predation on
the more accessible prey and subsequently shifts to those requir-
ing greater energetic investment cost. In this sense, the apparent
preference for A.gossypii when it is more abundant reflects a
strategic foraging decision rather than an inherent preference.
When M. persicae was dominant, no clear preference emerged,
likely due to the energy cost associated with this species, even
if it offers higher nutritional reward, leading to an initially bal-
anced attack rate across species.

Our results demonstrate that E. connexa can prey on both aphid
species but exhibits behavioural flexibility by adjusting its preda-
tion strategy based on ecological context. Moreover, in cropping
systems where both A. gossypii and M. persicae co-occur, such
as cotton-vegetable or pepper-brassica intercropping systems,
E.connexa may act as an effective agent by initially reducing
A. gossypii populations and subsequently shifting to M. persicae,
offering broad suppression across prey stages.
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