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Abstract The predatory bug, Anthocoris minki Dohrn
(Hem.: Anthocoridae), is an important predator of ash
psyllid, Psyllopsis repens Loginova (Hem.: Psyllidae)
and is very abundant on ash trees (Fraxinus excelsior L.)
in Mashhad region, Iran. Functional response parame-
ters, handling time and searching efficiency are of par-
ticular value in understanding feeding behavior of a
predator. The type of the functional response and the
rates of its parameters are influenced by different fac-
tors. In this study, the functional responses of A. minki to
densities of P. repense at different temperatures (15, 24
and 30 °C), prey instar (2nd and 4th instar nymphs),
developmental stage of predator (4th nymph and adult)
and sex of predator (male and female) were investigated.
The effects of predator densities and interference on
searching efficiency were estimated. Logistic regression
and nonlinear least- square regression were used to
estimate the type of the functional response and its
parameters, respectively. In order to determine the per
capita searching efficiency and interference coefficient,
Nicholson’s model and linear regression were used. The
results showed a type II functional response on all
experiments except of adult predators to 2nd instar
nymphs of prey which exhibited a type III functional
response. The greatest value of attack rate and the
shortest handling time were seen at 30 °C. The per

capita searching efficiency decreased as densities in-
creased but there was no significant difference. The
laboratory results suggest that A. minki has potential to
control P. repens on ash trees but further research is
needed under field conditions.
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Introduction

Functional response of predators to prey densities and
mutual interference among predators are two important
behaviors which can be used to determine their efficacy
as biocontrol agents (Huffaker and Messenger 1976;
Butler and O’Neil 2008). In general, the functional
response of a predator to a prey can be classified in three
response models: type I, II, and III (e.g., Holling 1961;
Timms et al. 2008). Each type has a characteristic curve
with different consequences for population dynamics
(Petchey et al. 2008; Petchey et al. 2010). Whereas a
type I response with linear increase in consumption rate,
implies a density-independent predator attack rate, a
type II response with decelerating rate leads to inverse
density-dependent predation and the type III functional
response with a sigmoid shape encompasses density
dependence; at low densities of prey has an accelerating
phase (Hassell et al. 1977; Hassell 1978; Berryman
1999; Bernstein 2000).

The type of functional response and the size of its
parameters (attack rate and handling time) is affected by
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factors such as the species of predators or its prey, the
variety and phenology of host plants, insecticides, pred-
ator age and other biotic and abiotic factors (Coll and
Ridgway 1995; Messina and Hanks 1998; Fathipour
et al. 2001; Gitonga et al. 2002; Pervez and Omkar
2005; Fathipoour et al. 2006; Sarmento et al. 2007;
Pakyari et al. 2016; Mercado et al. 2017;).

The functional response of several species of
anthocorids to different prey species has been studied.
Jalalizand et al. (2011) studied the effect of host plant
morphological features on the functional response of
Orius niger Wolff (Hemiptera: Anthocoridae) to
Tetranychus urticae Koch (Acari: Tetranychidae). The
effect of plant varieties on the functional response of
Anthocoris nemoralis Fabricius (Hem.: Anthocoridae)
to Cacopsylla pyricola (Foerster) (Hem.: Psyllidae) was
investigated by Emami et al. (2014).

Allied to a prey-density response of a predator are
effects of changes in predator density. Generally, a
higher density of predators leads to a lower feeding rate
because predators interfere among them (Rotheray
1989). As the density of conspecifics increases, each
individual predator spends less time searching for prey
and more time interacting with other conspecifics
(Hassell 1971). According to Hassell and Varley
(1969), Hassell (1971) and Delong and Vasseur
(2011), mutual interference is known as interference
competition which occurs when access to resources is
negatively affected by the presence of other individuals.
For example , searching ra te of Coccinel la
undecimpunctata Linnaeus and Hippodamia
tredecimpunctata Linnaeus (Coleoptera: Coccinellidae)
for Aphis gossypii (Glover) and Aphis punicae (Shinji)
(Hemiptera: Aphididae) declined with increasing pred-
ator density (Al-Deghairi et al. 2014).

The ash tree, Fraxinus excelsior Linnaeus
(Oleaceae), is the second most abundant shade tree in
many urban green spaces in Iran and is the host of
several herbivores, including a common psyllid in the
genus Psyllopsis Loew (Hem.: Psyllidae). Psyllopsis
repens Loginova, is the most abundant species of this
genus on ash in Mashhad region, Iran. The psyllid
induces galls in the host plant, characterized by rolled
leaf margins that presumably protect this herbivore
(Khandehroo 2015; Loginova 1963, 1968).

Anthocoris minki Dohrn (Hem.: Anthocoridae) is an
important predator of P. repens and is very abundant on
ash trees in the study area, but little is known about its
predation rate on P. repens. Consequences of A. minki

densities on its feeding behavior also are lacking. The
present study investigated feeding behavior of A. minki
to P. repens. Specifically the functional response param-
eters (e.g., handling times and attack rate/searching ef-
ficiency) of A. minki to densities of P. repens at different
a) temperatures, b) prey instar, c) developmental stage of
predator, d) sex of predator, and e) the effects of predator
densities (via interference) on searching efficiency were
investigated.

Materials and methods

The study insects

A laboratory colony of A. minki was established in
June 2016 by collecting psyllid- and predator-infested
leaf galls from Fraxinus excelsior. Predators were kept
in plastic cages (8 cm in diameter and 11 cm high) and
reared on ash psyllid nymphs in climate cabinets (L16:
D8 photoperiod, 24 ± 1 °C and 65–70% RH). Twice a
week leaves with galls and psyllid nymphs were re-
placed and leaves with anthocorid eggs were moved to
new cages to produce equal age cohorts of the predator.

The prey species, P. repens was collected from
insecticide-free ash trees. Prey were kept on ash leaves
in the laboratory at a constant environmental condition
(L16: D8 photoperiod, 24 ± 1 °C and 65–70% RH).

Functional response

Assays were conducted to determine the effect of A)
temperature (15, 24 and 30 °C fed on 4th instar nymphs
of prey), B) prey instar (2nd and 4th instar nymphs), C)
predator sex (male and female fed on 4th instar nymphs
of prey), D) developmental stage of predator (4th instar
nymphs and adult females of predator fed on 2nd instar
nymphs of prey) and E) predator density (one, two and
three) on the functional response and its parameters
under laboratory conditions (24 ± 1 °C, L16:D8 and
65–70% RH). Experiments were performed in small
Petri dishes (9 cm diameter) ventilated with a 2 cm
diameter mesh-covered hole in the lid. Leaf discs of
ash were used for experiments. To provide water and
support for leaves the floor of the petri dishes were
covered with 1% agar. The leaves were collected from
the field and checked for cleanness immediately before
their use in the experiments. Female A. minki of 5–
7 days in age were used in all experiments, except for
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experiments ‘C’ and ‘D’ in which 4th instar nymphs and
5–7 day old males were also examined. Predators were
starved for 24 h before each assay to standardize hunger
levels.

Prey size was standardized as much as possible to
exclude the influence of this variable on the choices
made by the predators. Prey densities were 5, 10, 15,
30, 60, and 100. Prey were allowed to settle on substrate
for 20 min before adding a predator into each Petri dish.
The lid of the Petri dish was sealed with Parafilm to
prevent escape of prey. Ten replicates were made per
prey density tested. A control treatment (five replicates)
without predator was made to assess natural prey mor-
tality. The number of prey consumed within 24 h was
recorded.

To determine if increased density of predators de-
presses their feeding rate, three predator densities were
tested (1, 2 and 3 individuals). In each Petri dish, 30
similar-sized nymphs of P. repenswere offered to the 5–
7 day-old predators. The number of prey consumed after
24 h was recorded. Each treatment was replicated 8
times. The experiment was conducted at the same envi-
ronmental conditions as described above.

Data analysis

Functional response

The functional responses of A. minki were analyzed in
two steps, model selection and parameters estimation
(Juliano 2001). The type of functional response was
described by determining how well the data fitted to a
type I, II, or III functional responses. A polynomial
logistic regression of the proportion of prey consumed
(Na/N0) was used as follows (Eq. 1):

Na
N 0

¼ exp
P0 þ P1N 0 þ P2N0

2 þ P3N 0
3

� �

1þ exp P0 þ P1N0 þ P2N 0
2 þ P3N 0

3
� � ð1Þ

where Na is the number of prey consumed, N0 is the
initial prey density, and the parameters P0, P1, P2, and
P3 are the constant, linear, quadratic, and cubic param-
eters related to the slope of the curve. The types of
functional response were determined by examining the
signs of P1 and P2. If P1 was positive and P2 was
negative, a type III functional response was evident.
However, if P1 was negative the functional response
type was a type II (Juliano 2001). The type of the

functional response was selected using FRAIR (Func-
tional Response Analysis in R, version 0.5.100) package
in the R statistical environment. The FRAIR test func-
tion of this package was used for selection of response
type based on sign and significance of terms in Eq. 1
(Pritchard et al. 2017a; Pritchard et al. 2017b).

Because the experiments allowed prey depletion, the
random predator equation (Eq.: 2) (Rogers 1972) for
Type II and the integral Hassell equation (Eq.: 3)
(Hassell 1978) for type III functional response were
used to estimate the handling time (Th) and searching
efficiency or attack rate (a) as follows:

Na ¼ N 0 1−exp a ThNa−Tð Þ½ �f g ð2Þ
WhereNa is the number of prey eaten by the predator,

N0 is the initial prey density, a is attack rate, T is the time
that predator and prey are exposed to each other (24 h)
and Th is handling time.

Na ¼ N0
1−exp d þ bN 0ð Þ ThNa−Tð Þ½ �

1þ cN0ð Þ ð3Þ

Where T is the total time available for search (24 h),
Th is the handling time. The parameters b, c and d are
constants from the function that relates the a and N0 in
type III functional response (Eq.: 4) (Hassell 1978):

a ¼ d þ bN0ð Þ
1þ cN0ð Þ ð4Þ

Parameters of Type II (Eq. 2) and III (Eq. 3) func-
tional responses were estimated using the FRAIR re-
sponse function provided in FRAIR package version
0.5.100 (Pritchard et al. 2017a; Pritchard et al. 2017b).

The parameters of functional response (a and Th)
were calculated by fitting data to eq. 2 for type II and
to eq. 3 for type III functional responses. Differences
between treatments for the estimated predator handling
time and searching rate were considered as significant
when their 95% confidence intervals did not overlap.

Mutual interference

The following equation was used to calculate the per
capita searching efficiency (a) of the predator at differ-
ent predator densities (Nicholson 1933) (Eq. 5):

a ¼ 1=PTð Þ ln Nt= Nt−Nað Þ½ � ð5Þ
Where Nt is the total number of prey available (=30),

Na is the total number of prey eaten, P is the number of
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predators, and T is the duration of the experiment (set to
1.0 for one day). Searching efficiency was plotted
against predator density on a logarithmic scale. The
points were fitted to a linear regression by least squares
analysis according to the inductive model proposed by
Hassell and Varley (1969) (Eq. 6).

a ¼ QP−mor Log a ¼ log Q−m log P ð6Þ
Where a is the searching efficiency of the predator,Q

is the quest constant, and m is the mutual interference
constant. In this model, m includes only the component
of interference due to behavioral interactions between
predators, not pseudo interference resulting from patch
exploitation (Free et al. 1977). A negative value for the
regression slope would indicate an inverse relationship
between predator density and per capita searching effi-
ciency (a).

Results

Functional response

The estimated linear coefficients (P1) of the logistic
regressions were negative in all the experiments except
in experiments ‘prey instar’ and ‘developmental stage of
predator’ in which the linear coefficient (P1) and qua-
dratic coefficient (P2) were positive and negative, re-
spectively (Table 1). These results indicate that A. minki
exhibited a type II functional response to density of
P. repense at all temperatures, to 4th instar nymphs of
the prey, for both females and males of the predator, for
nymphs of predator, and type III functional responses in
cases of the adult predator to 2nd instar nymphs of prey
in experiments ‘prey instar’ and ‘developmental stage of
predator’ (Fig. 1). No natural prey mortality was ob-
served in the control treatment.

The shortest handling time (Th) estimated in experi-
ment ‘temperature’ was 1.4848 h whereas the greatest
searching rate (a) was 0.0401 h−1. Both were obtained at
the 30 °C treatment. Estimated handling times of
A. minki at all temperatures (15, 24 and 30°c) were
significantly different whereas differences on searching
rates were only observed for 15 and 30 °C treatments. In
experiment ‘prey instar’, A. minki had a shorter handling
time (Th = 1.7684 h) when preying on 2nd instar
nymphs of P. repens but differences were not signifi-
cant. The attack rate of the predator to 4th instar of

nymphs of prey (a = 0.0274 h−1) was significantly great-
er than that to 2nd instar nymphs (a = 0.0032 h−1)
(Table 2). In experiment ‘predator sex’ both handling times
and attack rates of female and male predators were not
significantly different. In experiment ‘developmental stage
of the predator’, 4th instar nymphs of the predator had a
slightly shorter handling time (Th = 1.601 h) than adult
predators (Th = 1.768 h). Their attack rate (a =
0.0269 h−1) was nevertheless greater than that of adult
predators (a= 0.0032 h−1). Searching rates of nymph and
adult predators were significantly different but no differ-
ences on handling times were observed (Table 2).

Mutual interference

Per capita predation (prey mortality) was significantly
higher with one predator (7 ± 0.378a) than with two
(4.75 ± 0.575b) and three predators (3.46 ± 0.188b) (F2,
21 = 18.96, P < 0.0001). Also, per capita searching effi-
ciency was significantly higher with one predator
(0.267 ± 0.0168a) than with three (0.142 ± 0.0097b)
(F2, 21 = 7.97, P < 0.0027). When two predators were
released (0.197 ± 0.033a, b), per capita searching effi-
ciency was similar to one and three predators.

The linear regression between the logarithm of per
capita searching efficiency and logarithm of predator
density in the mutual interference analysis resulted in
the equation: Log a = −0.564–0.575 Log P (F1, 1 =
95.20, P = 0.0650). The estimated interference coefficient
(slope of the regression line) was m = −0.575 ± (0.059)
indicating an inverse relationship between predator den-
sity and per capita searching efficiency (Fig. 2).

Discussion

Functional response

In this study the predatory bug, A. minki showed two
types of functional responses to density of its prey
depending on experimental conditions. This predator
exhibited a type II functional response to density of
P. repense at all temperatures, to 4th instar nymphs of
the prey, for both females and males of the predator, for
nymphs of predator, and type III functional responses in
cases of the adult predator to 2nd instar nymphs of prey.

Whereas a type II functional response has been re-
ported by several authors for some species of different
genus of anthocorids including Orius Wolff, Xylocoris
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Dufour and Anthocoris Fallen to their prey (McCaffrey
and Horsburgh 1986; Singh and Arbogast 2008;
Rahman et al. 2009; Zamani et al. 2009; Hemerik and
Yano 2010; Gholami Moghaddam et al. 2012; Emami
et al. 2014), a type III response was inhibited by
O. albidipennis to T. urticae on both cucumber and
strawberry substrates (Jalalizand et al. 2011). A type
III response was originally considered characteristic of
vertebrate predators (Holling 1959). However, a number
of invertebrate predators and parasitoids, if presented
with cryptic, relatively small and immobile prey, show a
type III response (Hassell 1978). The three postulated
mechanisms for type III functional responses in preda-
tors are as follows: (1) the concentration of a predator’s
hunting efforts in a high-density patch (Hertlein and
Thorarinsson 1987), (2) switching in a multiple prey
system (Murdoch 1969), and (3) learning (Holling
1965; Murdoch and Oaten 1975). It seems that a type
III response for A. minki in this study could be induced
by smaller size of 2nd instar nymphs of prey as men-
tioned by Hassell (1978).

In this study, the handling time decreased and attack
rate increased with increasing temperature indicating that
the predator was more effective at higher temperatures
under our conditions (24 h searching). Similarly, Ding-

Xu et al. (2007) showed that temperature had significant
effects on the predation and functional response of the
predatory thrips, Scolothrips takahashii Priesner (Thys.:
Thripidae) against the hawthorn spider mite, Tetranychus
viennensis Zacher (Acari: Tetranychidae). Such strong
influence of temperature on parameters of the functional
response which can lead to important changes in
predator–prey interactions, population dynamics, and
food-web connectance has been reported by other re-
searchers (Vasseur and McCann 2005; Englund et al.
2011; Vucic-Pestic et al. 2011; Sentis et al. 2012).

Females of A. minki were more effective in feeding
on smaller than on larger nymphs. In line with the
present study, Evans (1976a) showed that in
A. nemorum Linnaeus (Hem.: Anthocoridae), the larger
the individual predator was in relation to its prey,
Acyrthosiphon pisum (Harris) (Hom.: Aphididae), the
greater was the searching efficiency. However, Rotheray
(1983) found that in cases of two syrphid species name-
lyMelanostoma scalare (Fabricius) and Syrphus ribesii
(Linnaeus) (Dip.: Syrphidae), small larvae did best on
small aphids and large larvae did best on large aphids.
As an explanation, large aphids were not so readily
captured by small predators because these aphids were
able to defend themselves.

Table 1 Linear and quadratic coefficients of logistic regression analysis of the proportion of Psyllpsis repens eaten by Anthocoris minki to
initial prey density on different treatments

Experiment Treatment Coefficient value S.E. t P value

A: Temperature 15 Linear(P1) −0.051568 0.024812 −2.078 0.044

Quadratic(P2) 0.000580 0.000725 1.9801 0.053

24 Linear(P1) −0.104167 0.016461 −6.328 0.0000

Quadratic(P2) 0.001778 0.000450 3.950 0.0003

30 Linear(P1) −0.046623 0.0160580 −2.904 0.0057

Quadratic(P2) 0.000278 0.0004350 2.019 0.0505

B: Prey size 2nd instar Linear(P1) 0.017329 0.021312 1.993 0.052

Quadratic(P2) −0.000848 0.000578 −2.086 0.043

4th instar Linear(P1) −0.104257 0.016467 −6.331 0.000

Quadratic(P2) 0.001780 0.000450 3.953 0.000

C: Predator sex Female Linear(P1) −0.10506 0.016519 −6.360 0.000

Quadratic(P2) 0.00180 0.000452 3.986 0.000

Male Linear(P1) −0.136173 0.204996 −2.166 0.0361

Quadratic(P2) 0.008378 0.015525 1.974 0.0552

D: predator age Nymph Linear(P1) −0.0134320 0.0238210 −2.564 0.0139

Quadratic(P2) −0.0001310 0.0006510 −1.951 0.0570

adult Linear(P1) 0.017276 0.021336 2.181 0.034

Quadratic(P2) −0.000847 0.000579 −1.963 0.055
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The results of the present study showed that the
value of the functional response parameters could
be affected by the developmental stage of the
predator. The handling time for adult predators
was similar to that of nymph predators but the
attack rate of the nymph predators was greater
than that of adults.

The present study showed that the attack rates of both
female and male of A. minki were almost equal, indicat-
ing that they had similar feeding behaviors. In contrast
to our results, the handling time of Cosmoclopius
nigroannolatus Stal. (Hem.: Reduviidae) on Spartocera
dentiventris (Berg) (Hem.: Coreidae) was higher in
males than females (Rocha and Redaelli 2004).

The per capita predation and per capita searching
efficiency of A. minki decreased significantly with in-
creasing predator density. The same effect has been
documented for some coccinellid predators in relation
to their prey (Abd El-Fattah et al. 1987; Abd El-Kareim
1998; Bayoumy and Michaud 2012). Abd El-Fattah
et al. (1987) reported that intraspecific competition
among Coccinella undecimpunctata individuals re-
duced their searching rate. Increasing density of two
predators, C. undecimpunctata and Hippodamia
tredecimpunctata fed Aphis gossypii and Aphis punicae,
caused a reduction in foraging efficiency of the preda-
tors (Al-Deghairi et al. 2014). The per capita parasitism
and per capita searching efficiency ofDiaeretiella rapae

Fig. 1 Functional response ofAnthocoris minki toPsyllosis repens in different experiments: a = effect of temperature, b = effect of prey size,
c = effect of predator sexuality, d = effect of developmental stage of predator
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(M’Intosh) (Hym.: Braconidae) to Brevicoryne
brassicae (Linnaeus) (Hom.: Aphididae) decreased sig-
nificantly with increasing parasitoid density. Ac-
cording to Hassell and Varley (1969), there was
an adverse influence of predator density on
searching efficiency in the same experimental

arena. As the density of conspecifics increases,
each individual predator spends less time looking
for prey and more time interacting with other
conspecifics (i.e., mutual interference) (Hassell
1971). Commonly when one predator meets anoth-
er they spend time interacting and may disperse

Table 2 Parameters estimated by Rogers’s random predator equation as well as R2 forAnthocoris minki fed onPsyllopsis repens in different
experiments

Experiment Treatment Parameter value S.E. 95% CI
Lower

95% CI
Upper

t P value R2

A: Temperature 15 a(h−1) 0.02133 0.0034 0.0146 0.028 6.230 0.000

Th(h) 3.296 0.2753 2.7565 3.8358 11.972 0.000 0.643

24 a(h−1) 0.0274 0.0031 0.0213 0.0336 8.769 0.000

Th(h) 2.0529 0.1355 1.7874 2.3185 15.153 0.000 0.793

30 a(h−1) 0.0401 0.0036 0.0331 0.0473 11.040 0.000

Th(h) 1.4848 0.0757 1.3364 1.6331 19.619 0.000 0.856

B: Prey size 2nd instar a(h−1) 0.0032 0.0005 0.0023 0.0041 6.90 0.000

Th(h) 1.7684 0.0795 1.6126 1.9242 22.24 0.000 0.83

4th instar a(h−1) 0.0274 0.0031 0.0213 0.0336 8.76 0.000

Th(h) 2.0529 0.1355 1.7874 2.3185 15.15 0.000 0.79

C: Predator sex Female a(h−1) 0.0274 0.0031 0.0213 0.0336 8.769773 0.000

Th(h) 2.053 0.1355 1.7874 2.3184 15.15357 0.000 0.79

Male a(h−1) 0.029 0.0033 0.0225 0.0354 8.81002 0.000

Th(h) 2.529 0.1465 2.2414 2.8157 17.26133 0.000 0.78

D: predator size 4th instar nymph a(h−1) 0.0269 0.0038 0.0195 0.0344 7.11 0.000

Th(h) 1.601 0.1483 1.31o6 1.8918 10.79 0.000 0.73

adult female a(h−1) 0.0032 0.0005 0.0023 0.0041 6.90 0.000

Th(h) 1.768 0.0795 1.6126 1.9242 22.24 0.000 0.83

Fig. 2 Regression line describingmutual interference among individuals ofAnthocoris minki (X andYindicate logP and log a respectively;
P is density of predator and a is per capita searching efficiency of predator)
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from the site of the interaction rather than staying
to feed. For instance, adult anthocorids may emit
an alarm pheromone on contact with each other
and this may cause them to redistribute among
their prey (Evans 1976b).

In conclusion, this is the first study in evaluating the
foraging behavior of A. minki on P. repens. These labo-
ratory results suggest that A. minki has the potential of
depression the prey populations and can be considered
as augmentative biocontrol agent in green space ecosys-
tems. Exhibiting a type III functional response by the
adult predator on the second nymphal stage of the prey
implies that the application of adult predators when the
density of the second nymphal stage of the prey is
higher, especially at high temperatures, can improve
the results of biological control. However, further stud-
ies should be carried out in field.
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