


Functional response of the predatory ladybird beetle, Coccinella undecimpunctata (Coleoptera: Coccinellidae) to different species of aphids (Hemiptera: Aphididae)

                                            
ABSTRACT
Coccinella undecimpunctata, a predatory ladybird beetle, plays a vital role in controlling aphid populations. Understanding its feeding efficiency at different life stages is essential for effective biological pest management. This study investigates the functional response of C. undecimpunctata to Aphis pomi and Aphis spiraecola under laboratory conditions, identifying the fourth instar larva as the most efficient predator. Functional response of different larval instars, adult males and females of the predacious coccinellid, Coccinella undecimpunctata,  was evaluated under laboratory conditions in Division  of Entomology Shalimar campus SKUAST Kashmir,  to varying density of  Aphis pomi  and Aphis spiraecola . The life stages of Coccinella undecimpunctata exhibited a curvilinear Type II functional response .The fourth instar larva of Coccinella undecimpunctata consumed more aphids (19.2 ± 0.59 aphids per day each) due to its larger larval size and greater edacity as compared to female (17.70 ±  0.36 aphids per day by each) and adult male (16.09 ± 0.70  aphids  per day by each) and third instar larvae (16.5 ±  0.52 aphids per day by each), when feeding on  Aphis pomi subsequently. Similarly in case of Aphis spiraecola  the fourth instar larval stage  of Coccinella  undecimpunctata consumed more aphids (17.9 ± 0.48 aphids per day by each) than female ( 16.6 ± 0.42 aphids per day by each), adult male (16.3 ± 0.53 aphids per day by each) and third instar larvae (16.0 ± 0.44 aphids per day by each). The search rate and handling time estimated for different stages of Coccinella undecimpunctata showed that the fourth instar had higher search rate, whereas the handling time showed the opposite trend as search rate. The results suggested that fourth instar larva of Coccinella undecimpunctata is the efficient predator for the biological control of Aphis pomi than Aphis spiraecola.
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1.Introduction
The inordinate use of chemical pesticides has not only resulted in an estranged level of efficacy but has also given rise to other issues such as bioaccumulation, biological magnification, and environmental pollution. Some pesticides, classified as POPs, persist in the environment for long periods and can travel long distances, negatively impacting soil biodiversity and fertility. The improper use of pesticides has also led to a resurgence of pest populations and also poses potential risks to food security, the environment and human health (Ahmad et al. 2024). Therefore, for sustainable pest control, offering environmentally friendly alternatives to synthetic pesticides and the management and conservation of predators in agricultural ecosystems need greater attention. “The responsiveness of lady beetle populations to prey other than Sternorrhyncha has generated considerable interest in promoting these predators as biological control agents. Incorporation of lady beetles into IPM programmes against various insect pests has therefore received attention from researchers. Although lady beetles have been released and promoted for biological control primarily of aphids, scale insects, mealybugs and mites, the presence and diversity of lady beetle species in an ecosystem can be an indicator of a balanced food web and a healthy environment” (Obrycki and Kring, 1998; Obrycki et al., 2009).
Predation is recognized as a key biotic mortality factor in reducing insect pest populations, gaining prominence in pest management programmes due to the pressing need to Minimise reliance on insecticides (Atlihan et al., 2010). Aphidophagous ladybeetles (Coleoptera: Coccinellidae) play a crucial role in agro-ecosystems through their successful implementation in the biological control of aphids. Their significance has increased due to several traits, including their ability to prey on a wide range of species, high predation capacity and rapid numerical response (Hodek and Honek, 1996). Coccinella undecimpunctata L. (Coleoptera: Coccinellidae), a euryphagous predator, prefers feeding on aphids (Hodek and Honek, 1996) and has considerable potential as a biocontrol agent within integrated pest management (IPM) programmes (Cabral et al. 2011). Aphid populations can increase rapidly in space and time, given their polyphenic and cyclic parthenogenesis sexual behaviour; the aphidophagous coccinellids also respond to fluctuations in prey population density through various behavioural adaptations (Borges et al. 2006). The functional response, which describes changes in predation rates relative to prey density, is categorized into three types (Holling, 1959, 1966): Type I (a linear increase in predation), Type II (a decelerating curve), and Type III (a sigmoidal relationship). These functional responses reflect density-independent (Type I), negatively density-dependent (Type II), and positively density-dependent (Type III) prey mortality. The functional response is primarily characterized by two parameters: attack rate (a), which reflects the predator's efficiency at capturing prey, and handling time (Th), which represents the time spent subduing and consuming prey. The logistic regression model has proven useful in identifying functional response types (Pervez and Omkar, 2005). “Ladybird beetles (Coccinellidae: Coleoptera) are significant predators in both natural and agricultural ecosystems, feeding on many economically important pests such as aphids, mealybugs, scale insects, thrips, leafhoppers, mites, and other soft-bodied insects”(Dixon, 2000).
2. Material and Methods 
The colonies of ladybird species (Coccinella undecimpunctata ) as well as Aphids (Aphis pomi and Aphis spiraecola ) were obtained from pesticide free orchards at Sher-e-Kashmir University of Agricultural Sciences and Technology of Kashmir, Shalimar Campus, Srinagar, Jammu and Kashmir, India,  during year 2022. Under controlled condition the aphids  were reared on leaves of apple at 25 ± 20c temperature  and 65 ± 5% relative humidity
2.1 Insect rearing
“Ten couples of coccinellids were released for copulation and after mating were allowed to lay eggs  in plastic jars (height 20 cm and diameter 15 cm) containing  dank filter paper and covered with muslin cloth and providing abundant spaces for egg laying and survival. Newly hatched larvae were collected from the jars and reared individually, as the species shows cannibalism. The different stage sizes of Coccinella undecimpunctata  were taken from the culture for experiments. The larvae and adults were starved for 24 hours in petri plate individually before the experiments. This was to minimize differences in individual hunger levels” (Nakamura, 1977). Subsequently they were introduced individually into the experimental jars and provided with 2, 4, 8, 16, 32, 64, 128, aphids on eradicate apple leaves stuck to agar medium. The aphids were introduced before the predators so that they could disperse and the predators may have to search for the aphids. Each aphid densities was replicated by 10 times. The dishes were preserved under same climatic conditions described earlier. “Greater number of replications was allocated to lowest two densities to obtain more precise information about the initial part of the functional response curve. One treatment was also designed for natural mortality of the aphids. After 24 hours, the number of aphids consumed by the various instars of the predators was recorded by counting the remaining number of aphids present in each petri dish”. (Shah and  Khan,2013)
Predation is recognised as a key biotic mortality factor in reducing insect pest populations, gaining prominence in pest management programmes due to the pressing need to minimise reliance on insecticides (Atlihan et al. 2010). Aphidophagous ladybeetles (Coleoptera: Coccinellidae) play a crucial role in agro-ecosystems through their successful implementation in the biological control of aphids. Their significance has increased due to several traits, including their ability to prey on a wide range of species, high predation capacity and rapid numerical response (Hodek and Honek, 1996). Coccinella undecimpunctata L. (Coleoptera: Coccinellidae), a euryphagous predator, prefers feeding on aphids (Hodek and Honek, 1996) and has considerable potential as a biocontrol agent within integrated pest management (IPM) programmes (Cabral et al. 2011). Aphid populations can increase rapidly in space and time, given their polyphenic and cyclic parthenogenesis sexual behaviour; the aphidophagous coccinellids also respond to fluctuations in prey population density through various behavioural adaptations (Borges et al. 2006). The functional response, which describes changes in predation rates relative to prey density, is categorised into three types (Holling, 1959, 1966): Type I (a linear increase in predation), Type II (a decelerating curve), and Type III (a sigmoidal relationship). These functional responses reflect density-independent (Type I), negatively density-dependent (Type II), and positively density-dependent (Type III) prey mortality. The functional response is primarily characterised by two parameters: attack rate (a), which reflects the predator's efficiency at capturing prey, and handling time (Th), which represents the time spent subduing and consuming prey. The logistic regression model has proven useful in identifying functional response types (Pervez and Omkar, 2005). Ladybird beetles (Coccinellidae: Coleoptera) are significant predators in both natural and agricultural ecosystems, feeding on many economically important pests such as aphids, mealybugs, scale insects, thrips, leafhoppers, mites, and other soft-bodied insects (Dixon, 2000).
Data Analysis 
Prior to fitting the data to a particular Hollings, equation (Holling, 1995 and 1966) , it’s important to know the type of functional response exhibited by a particular instar of a predator to a particular  prey species. Logistic regression model is such a tool that is used to determine the shape ( type) of functional response by talking into consideration the proportion of prey eaten ( Na / N0 ) as a function of prey offered (N0) ( Juliano, 2001) Hence the data was fitted to the following polynomial function that describes the relationship between Na / N0 AND N0 ; 
                  Na =    exp (Po+ P1N0 +P2 N02+ P3 N03 ) 
                  N0       (1+ exp (P0+ P1N0+   P2N02 + P3N03)                                      
Where, 
P0 = Intercept 
P1= Linear coefficient 
P2= Quadratic coefficient 
P3= Cubic coefficient 
Na= Number of prey eaten 
N0 = Number of prey offered.
The coefficients are estimated using the method of maximum likelihood. If p1˃ 0 and p2 <0, the proportion of prey consumed is positively density dependent, thus describing a type iii functional response. If p1 < 0 , the proportion of prey consumed declines monotonically  with the initial number of prey offered , thus describing a type ii functional response ( Juliano, 2001) The coefficients of polynomial logistic regression were determined using the function “glm” in R- software (R Development Core Team, 2008). 
After the determination of type of functional  response , the date I, e. the number of aphids preyed upon by different stages of coccinellids at different densities was analysed by fitting Rogers’ Type II Random Predator Equation (Rogers, 1972) with the help of non- linear least square regression to determine the parameters of functional response . 
Rogers type II Random predator Equation is given by 
                 Na = No (1- exp [a (Th Na – T)])
Where, Na = Number of prey eaten 
N0 =  Number of prey offered 
a = attack rate 
Th= handling time
T= time of confinement ( 24 hours) 
To determine the Coefficient of attack rate and handling time using non- linear least square regression as suggested by Rogers ( 1972), the function “nls” provided by the R- software was used (R- Development  Core Team, 2008). 
After a and Th  were determined for the original data (mt), the differences among a values, as well as Th values, were tested for significance by estimating the variance using the jackknife technique (Meyer et al.1986) The jackknife pseudo- value (mi) was calculated for the n samples using the  following equation .
Mia = n. mta – (n-1) mia 
Mjth = n. mtTh – (n-10) mith 
The mean values of (n-1) jackknife pseudo- values for a and th for each prey stage subjected to analysis of variance followed by least significant Difference Test (p < 0.01) (R Development Core Team, 2008) .

Results
Naturally, the functional responses reveal information about a predator's suitability as a biocontrol agent. The kind of functional response, or the form of the connection between 
the ratio of consumed prey to available prey affects predator-prey population dynamics and could support the stability of predator-prey systems (Hassell, 1978; Taylor, 1980). As seen from Fig.1 - 4, the functional responses of different larval instars and adult male and female of Coccinella undecimpunctata to various densities of A. pomi and Aphis spiraecola .were typically of Type II with a steep initial rise in consumption rates as the prey density increased .The consumption rate of fourth instar larva of Coccinella undecimpunctata consumed more aphids (19.2± 0.59 aphids which was higher than that of female (17.70± 0.36 aphids), adult male (16.9 ± 0.70 aphids), third instar larvae (16.5 ± 0.52 aphids) when feeds on Aphis pomi    respectively , eventually in Aphis spiraecola the fourth instar larval stage  of Coccinella  undecimpunctata consumed (17.09 ± 0.48  aphids) ,female (16.6 ± 0.42 aphids ) adult male (16.3 ± 0.53 aphids ), and third instar (16.0 ± 0.44  aphids/ day). Coccinella undecimpunctata larvae in their fourth instar ingested more A. pomi as they grew older, and the final instar larvae consumed the most A. pomi and Aphis spiraecola at all increasing densities. Likewise, the adult female of Coccinella undecimpunctata eat less aphids than the fourth instar larvae but more than the adult male.
Estimates from logistic regression analysis of the proportional of Aphis pomi and Aphis spiraecola .The results of this study indicated curvilinear response curve Type II functional response exhibited by Coccinella undecimpunctata grubs on Aphis pomi and Aphis spiraecola (Table 1 and 2) .The asymptote in the curves revealed that the point of maximum consumption. Prey consumption of Coccinella undecimpunctata increased with increased prey density. Our results showed that Coccinella undecimpunctata was able to eat a large amount of individuals of Aphis pomi than Aphis spiraecola . The linear coefficients of all life studied stages of Coccinella undecimpunctata (3rd , 4th instar , adult male and adult  female ) was significantly negative Aphis pomi and Aphis spiraecola (- 2.92, - 2.55, - 1.71 , - 2.58) and (- 1.19, - 2.25, - 2.99, - 1.68) respectively . 
The handling time (Th) and attack rate (a) are the parameters that bounce back the significance of functional response. As the polynomial logistic regression model suggested the type II functional response for all the predatory stages. The fourth instar larvae had the highest attack rate that was not significantly higher than adult female while the handling time of the fourth instar larvae was significantly lower than other classes of C. undecimpunctata. The attack rate showed insignificant variation across predatory stages (F = 1.7345; P = 0.05722), while handling time differed significantly (F = 6.3051; P < 0.0001), (Table no 3 and 4).
Discussion 
Our study in laboratory and field provided evidence of ability of ladybirds in suppressing  population of aphids. Our findings support previous studies indicating significant role of predation  of aphids by ladybirds (  Wu et al. 2010). Logistic regression analysis of Coccinella undecimpunctata larvae feeding on Aphis pomi and Aphis spiraecola indicated a Type II functional response, with a curvilinear response curve. Prey consumption increased with prey density, with C. undecimpunctata consuming more A. pomi than A. spiraecola. The 4th instar larvae showed the highest consumption rates, followed by adult females, then adult male and 3rd instar . Similar functional responses were reported by Muhammad et al. (2020) and Khan (2010) in Coccinella septempunctata and Harmonia eucharis (Mulsant) on L. erysimi , D. noxia and A. nerii  and Aphis pomi . “This type  of response was also reported for others species of Coccinellid  such as Coccinella septempunctata, Cheilomenes sexmaculata and Harmonia axyridis” (Sinha et al.1982; Shukla et al.1990; Parvez and Omkar, 2005; Khan and Mir, 2008).
Coccinella undecimpunctata larvae in their fourth instar ingested more A. pomi as they grew older, and the final instar larvae consumed the most A. pomi and Aphis spiraecola  at all increasing densities. Likewise, the adult female of Coccinella undecimpunctata eat more aphids than the third instar larvae and adult male. Similar eating of Cinara spp. by fourth instar larvae of Hippodamia convergens and Cycloneda sanguinea (L.) was documented by Cardoso and Lazzari (2003). Due to their size and voracity, various instar larvae had varying rates of consumption. More aphids were eaten by larger coccinellids than by smaller ones (Isikber,2004; khan and Mir, 2008). To suit their growth and reproductive needs, female Adalia bipunctata beetles consumed more pea aphids (Acyrthosiphon pisum) than males (Hemptinne et al., 1996; Roche, 1998).Compared to other instar larvae and adults, the fourth instar larvae of Coccinella undecimpunctata reacted more strongly to lower densities of A. pomi. When Cinara nymph densities and the former species approached a higher level of predation than the latter, Cardoso and Lazzari (2003) found that “the functional response of fourth instar larvae of H. convergens and C. sanguinea increased earlier and more sharply than that of other instar larvae and adults”. 
“The fourth instar larvae had the highest search rate that was not significantly higher than adult female while the handling time of the fourth instar larvae was significantly lower than other classes of C. undecimpunctata. The attack rate showed insignificant variation across predatory stages (F = 1.7345; P = 0.05722), while handling time differed significantly (F = 6.3051; P < 0.0001), (Table no 2 and 3) aligning with studies by” (Atlihan et al.2010) and Pervez and Omkar (2005). In this study, 4th instar larvae and adult females exhibited the shortest handling times, making them the most effective stages for controlling aphid populations. 
Our study observed Type II functional response of ladybird against aphids. This is analogous with many recent studies who have documented Type II functional response for predation of ladybirds on different prey species (Pervez and Omkar 2005; Koch et al 2018) .Our result revealed that consumption of aphids follows Hollings disc equation. These findings are analogous to earlier research, indicating that Hollings disc model is ideal for describing consumption of different prey species by ladybird (Peixoto et al. 2008; Wang et al. 2012; Zhang et al. 2014). Future field studies are important for successful use of ladybird beetles against pest control as it has potential to reduce of pesticide and increases population of predators (Xue, et al 2009) .
Conclusion 
The functional response of ladybirds in  reducing the potential of aphids was studied under semi- field conditions. The study revealed that among the tested aphid species, Aphis pomi appeared to more suitable for C. undecimpunctata under laboratory  conditions.  It can be wrap up that mass releases of these stages could enhance biological control. Favoring female individuals in mass production might further improve efficiency, as females tend to consume more prey. Among the tested aphid species, Aphis pomi appeared to be more suitable for C. undecimpunctata under laboratory conditions. However, field conditions, including factors like prey patchiness and environmental variability, can influence the predator’s effectiveness. Therefore, future field studies are crucial in implementation of effective biological control program. 
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Fig. 1:	Prey consumption versus prey density offered to 3rd instar larvae of Coccinella undecimpunctata on Aphis pomi and Aphis spiraecola


Fig. 2:	Prey consumption versus prey density offered to 4th instar larvae of Coccinella undecimpunctata on Aphis pomi and Aphis spiraecola



Fig. 3:	Prey consumption versus prey density offered to adult male of Coccinella undecimpunctata on Aphis pomi and Aphis spiraecola














Fig. 4:	Prey consumption versus prey density offered to adult female of Coccinella undecimpunctata on Aphis pomi and Aphis spiraecola




Table 1: Maximum likelihood estimates from logistic regression analysis of the proportion of Aphis pomi eaten by different stages of Coccinella undecimpunctata against initial number of aphids offered
	Predatory             Stages
	Parameters
	Estimates
	S.E
	t- value
	Pr (T)

	Third instar
	Intercept
	4.605e-01
	2.379e-01
	1.936
	0.0529

	
	Linear
	-2.921e-02
	1.874e- 02
	-1.559
	0.1190**

	
	Quadratic
	3.491e-05
	3.633e-04
	0.096
	0.9234

	
	Cubic
	-3.927e-07
	1.817e- 06
	0.216
	0.8289

	Fourth instar
	Intercept
	8.562e-01
	2.448e-01
	3.497
	0.00047***

	
	Linear
	-2.556e-02
	1.903e-02
	-2.394
	0.01668**

	
	Quadratic
	2.802e-04
	3.667e-04
	0.764
	0.44481

	
	Cubic
	-6.888e-07
	1.829e-04
	-0.377
	0.70647

	Adult male
	Intercept
	9.225e-02
	2.356e-01
	0.391
	0.695

	
	Linear
	-1.048e- 02
	1.865e-02
	-0.562
	0.574**

	
	Quadratic
	-2.719e-04
	3.627e-04
	-0.750
	0.453

	
	Cubic
	1.809e 06
	1.817e- 06
	0.995
	0.320

	Adult female
	Intercept
	1.547e -07
	2.683e-01
	5.768
	8.04e-09***

	
	Linear
	-3.581e-02
	2.016e-02
	-3.760
	0.00017***

	
	Quadratic
	7.471e-04
	3.821e-04
	1.955
	0.05059

	
	Cubic
	-2.774e-06
	1.892e-06
	-1.467
	0.14250




Table 2: Maximum likelihood estimates from logistic regression analysis of the proportion of Aphis spiraecola   eaten by different stages of Coccinella undecimpunctata against initial number of aphid.
	Predatory
Stages
	Parameters
	Estimates
	S.E
	t value
	Pr (t)

	Third instar
	Intercept
	-1.190e -01
	2.361e-01
	-0.504
	0.614

	
	Linear
	-1.434e -04
	1.869e-02
	-2.008
	0.994**

	
	Quadratic
	-4.239e -04
	3.633e-04
	-1.167
	0.243

	
	Cubic
	2.460e -06
	1.820e 06
	1.351
	0.177

	Fourth instar
	Intercept
	1.670e-02
	2.355e- 01
	0.071
	0.943*

	
	Linear
	-2.253e-03
	1.863e-02
	-3.282
	0.778**

	
	Quadratic
	-3.552e- 04
	3.621e-04
	-0.981
	0.327

	
	Cubic
	2.180e-06
	1.814e-06
	1.202
	0.229

	Adult male
	Intercept
	-2.295e -01
	2.371e -01
	-0.968
	0.333

	
	Linear
	-2.992e -03
	1.876e -02
	-2.213
	0.832***

	
	Quadratic
	4.860e -04
	3.649e-04
	-1.332
	0.183

	
	Cubic
	2.735e – 06
	1.829e -06
	1.496
	0.135

	Adult female
	Intercept
	3.604e-01
	2.368e-01
	1.522
	0.128

	
	Linear
	-1.689e-02
	1.861e-02
	-3.908
	0.364**

	
	Quadratic
	1.845e-04
	3.603e-04
	-0.512
	0.609

	
	Cubic
	-1.435e-06
	1.802e-06
	0.797
	0.426







Table 3:	Estimates of attack rate (a) and handling time (Th) for various growth stages of Coccinella undecimpunctata preying upon Aphis pomi, for random predator equation
	Predatory             Stages
	Parameters*
	Estimate
	Std. Error
	t- value
	Pr(t)

	Third instar
	A
Th
	0.0389717**
	0.0040497
	9.6233
	< 0.01

	
	
	1.1698015**
	0.0860058
	13.6014
	< 0.01

	Fourth instar
	A
Th
	0.0749057**
	0.0076508
	9.7906
	< 0.01

	
	
	1.1246893**
	0.0636037
	17.6828
	< 0.01

	Adult Male
	A
Th
	0.0558942**
	0.0057775
	9.6745
	< 0.01

	
	
	1.1672722**
	0.0739167
	15.7917
	< 0.01

	Adult female
	A
Th
	0.045961**
	0.004786
	9.6233
	< 0.01

	
	
	1.182287**
	0.081081
	14.5815
	< 0.01


*a no of prey searched  hours-1 and Th in hours


Table 4 Estimates of attack rate (a) and handling time (Th) for various growth stages of Coccinella undecimpunctata preying upon Aphis spirecola , for random predator equation
	Predatory            Stages
	Parameters*
	Estimate
	Std. Error
	t- value
	Pr(t)

	Third instar
	a
Th
	0.033424
	0.003471
	96292
	< 0.01

	
	
	1.153970
	0.091049
	12.6741
	< 0.01

	Fourth instar
	a
Th
	0.045575
	0.004548
	10.021
	< 0.01

	
	
	1.093985
	0.074479
	14.689
	< 0.01

	Adult Male
	a
Th
	0.0354493
	0.0036563
	9.6955
	< 0.01

	
	
	1.1457100
	0.0878356
	13.0438
	< 0.01

	Adult female
	a
Th
	0.0380448
	0.0039086
	9.7337
	< 0.01

	
	
	1.1458868
	0.0849120
	13.0438
	< 0.01


*a in hours-1 and Th in hours
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