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ABSTRACT

The red palm mite (RPM), Raoiella indica Hirst (Acari: Tenuipalpidae), is an invasive
species in several American countries and has a wide range of hosts, causing significant
damage, mainly to coconut and banana crops. Previous studies conducted in America have
focused on the biological control of RPM through predatory mites and insects. Stethorus
tridens Gordon (Coleoptera: Coccinellidae) is considered a promising biocontrol agent
of phytophagous mites it has been observed on several cultures, and has a high predatory
capacity. The aim of this study was to investigate S. fridens preferences among different
developmental stages of RPM and estimating the functional and numerical responses of S.
tridens over its most preferred prey-stage. Furthermore, the prey preference of S. tridents
was examined between eggs of Tetranychus evansi Baker & Pritchard (its natural prey)
and eggs of RPM through two-choice and non-choice experiments. The results showed
that S. tridens prey on all developmental stages of RPM, with a marked preference for
eggs over other stages of RPM. The functional response of this predator was type III, as
consumption increased rapidly at intermediate egg densities. Predation on RPM eggs
was unable to stimulate S. tridens reproduction, even at the highest densities. When we
compared the food preference of S. tridens to eggs of T. evansi and RPM, we found that the
predator preferred tetranychids. The results of this study suggested that RPM can be used
as alternative prey to S. fridents, serving as a source of energy and allows for maintenance
but not its reproduction.

Keywords red palm mite; Coccinellidae; functional response; prey preference; alternative prey; non
essential food

Introduction

The red palm mite (RPM), Raoiella indica Hirst (Acari: Tenuipalpidae), is a species native
to the eastern hemisphere (Beard ef al. 2012), that has experienced rapid territorial and host
expansion (Gondim Jr. ef al. 2012), with a record of plague in 33 countries by the year 2010
and 46 countries by 2022 (Taylor 2022). RPM have been reported in several hosts (Gondim
Jr. et al. 2012; Gomez-Moya et al. 2017; Souza et al. 2020; Sousa Neto et al. 2021; Souza et
al. 2023), causing damage to plants of agricultural importance in the families Arecaceae and
Musaceae (Navia et al. 2015). Several studies have been conducted on the biological control
of this pest (Mendes et al. 2018; Filgueiras et al. 2020; Coelho et al. 2020; Lira et al. 2021).
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This method is ideal for controlling this mite in the medium- and long-term (Gondim Jr. ef al.
2012; Navia et al. 2015).

Arthropod biological control agents, including insects and mites, are associated with RPM
(Carrillo et al. 2012; Contreras-Bermudez et al. 2017; Fidelis et al. 2022). Among these
biological control agents, predatory insects of the Stethorus genus, such as Stethorus keralicus
Kapur, Stethorus parcempunctatus Puttarudriah & ChannaBasavanna and Stethorus tetranychi
Kapur (Puttaswamy and Rangaswamy 1976; Gupta 2001; Joshi et al. 2023). These predators
consume phytophagous mites, mainly those from the superfamily Tetranychoidea (Hodek and
Honék 1996; Biddinger et al. 2009). Several Stethorus species have been used in biological
control programs against tetranychids (Kundoo and Khan 2017). Stethorus punctum LeConte
was a successful example of the biological control of mites in the 1970s in the USA, reducing the
cost of using acaricides (Asquith and Hull 1973). In Brazil, the beetle Stethorus tridens Gordon
preys on tetranychids on plants of the Solanaceae (Britto e al. 2008) and Euphorbiaceae (Costa
et al. 2020) families and is being considered a potential biological control agent.

Promising biological control agents can be evaluated through functional and numerical
responses, which are key factors that regulate population dynamics in predator-prey systems
(Holling 1959). The functional response focuses on changes in individual’s consumption rate
and food (prey) density (Solomon 1949), while the numerical response focuses on the changes
in predator to prey densities (Hassel 1978). Through mathematical and statistical models, it
is possible to characterize the type of functional response of the predator (Moffat et al. 2020)
and compare its effectiveness with that of other biological control agents (Eini et al. 2023).
The functional response involves several parameters, such as handling time (7},) and attack rate
(a) (Holling 1959). The handling time corresponds the time spent by the predator to identify,
stalk, kill, consume and digest a prey, whereas the attack rate corresponds to proportion of prey
captured by each predator per time unit (Holling 1959).

The concept of functional responses is fundamental for studies on biological control,
invasive species management, and conservation biology (Dick ef al. 2014; Mendes et al. 2018;
Coblentz and De Long 2020), making it the first step in assessing whether natural enemies are
effective in controlling pests (Lin et al. 2022). In areas recently colonized by RPM, there is an
increasing interest in cost-effective control strategies. In South America, RPM attack banana
and coconut crops, which are mostly produced by small producers. The predator S. tridens is
frequently associated with crops in Brazil, including those in the same region invaded by RPM
(Brito et al. 2008; Costa et al. 2020). Therefore, we hypothesized that S. tridens may prey
on RPM not only due to the eating habits of the Stethorini tribe (acarophagous) but also due
to their association with this pest in India, as reported by Joshi ef al. (2023). Thus, studying
the potential of generalist native control agents, such as S. tridens, in controlling RPM may
indicate prospects for natural and sustainable biological control of pests.

The objective of this study was to investigate S. tridens preferences among different
developmental stages of RPM and estimating the functional and numerical responses of S.
tridens over its most preferred prey-stage of RPM. Additionally, the prey preference of S.
tridents was examined between eggs of Tetranychus evansi Baker & Pritchard (its natural prey)
and eggs of RPM through two-choice and non-choice experiments.

Material and methods

Obtaining and rearing insects and mites

Stethorus tridens were obtained from individuals collected on the campus of Universidade Fed-
eral Rural de Pernambuco (UFRPE) (8°01'S; 34°56'W) in Solanum americanum (Solanaceae)
Miller plants infested with 7. evansi and on Musa spp. (Musacea) plants infested with Tetrany-
chus abacae Baker & Pritchard. The confirmation of the species was made through the
description of the identification key described by Gordon and Chapin (1983). Adult S. #ridens
were placed in wooden cages (100 x 60 x 80 cm) covered with voile fabric containing a plant

Monteiro V. B. et al. (2024), Acarologia 64(1): 202-212. https://doi.org/10.24349/1hy9-av19 203


https://www1.montpellier.inrae.fr/CBGP/acarologia/
https://doi.org/10.24349/1hy9-av19

Acaroloaia

of S. americanum infested with 7. evansi. Pupae of S. tridens were collected from rearing
cages and kept in a Petri dish with a transparent cylindrical plastic lid (9 cm diameter) and a
circular opening covered with voile fabric to allow for the passage of air. After emergence, the
adults were sexed and used in experiments. Banana seedlings infested with only RPM were
kept inside cages similar to those used for the rearing of S. tridens.

Prey stage preference of Stethorus tridens to Raoiella indica

The preferences of S. tridens to RPM developmental stages were evaluated using two-choice
tests. The individuals of S. tridens used in this experiment were obtained from S. americanum
plants infested with 7. evansi. Experimental units were made with acrylic containers (3 cm
diameter) containing polyethylene foam (0.5 mm thick), filter paper (2.5 cm diameter), and
banana leaf disk (2.5 cm diameter), superimposed in this sequence. The foam was moistened
to maintain the leaf turgor. Then, 50 RPM individuals from two developmental stages (egg,
larva, nymph, or adult) were randomly placed in all possible combinations, (six combinations
in total: egg vs. larva, egg vs. nymph, egg vs. adult, larva vs. nymph, larva vs. adult, and
nymph vs. adult). The inactive (egg) and active (larva, nymph, and adult) forms of RPM were
transferred to each experimental unit using a brush. After transfer, when the active forms did
not move, they were replaced. For the RPM eggs, a blank test was carried out without the use
of the predator to assess the physical integrity as a function of handling; however, no correction
was necessary, since the mortality rate was fewer than 5%. Subsequently, an adult female

S. tridens of unknown age was confined to each experimental unit. Fifteen replicates were
performed per combinations, and each female S. tridens represented a replicate. Finally, the
experimental units were closed with a lid that had a circular opening closed with voile fabric to
allow for the passage of air and kept at 27 °C + 1.0 °C, 75 + 10% R.H. and 12 h of photophase.
After 24 h, prey consumption was counted. The average consumption among the items offered
was compared using the 2 test (a = 0.05), using the Proc FREQ of SAS (SAS Institute 2008).

Functional and numerical response of Stethorus tridens

The RPM eggs were transferred from the rearing unit to the experimental unit and randomly
distributed at densities of 5, 10, 20, 40, 60, 120, 160, or 200 eggs/experimental unit. Adult
females of S. tridens, of unknown age were removed from rearing and kept under food
deprivation for 4 h before being confined to the experimental units. After 24 h of confinement,
the number of eggs consumed and deposited was counted. To determine the type of functional
response, a logistic regression of the proportion of prey consumed as a function of the density
of prey offered was performed using the protocol described by Juliano (1993) (using Proc.
CATMOD of SAS, SAS Institute 2008). Based on the obtained equation, the significance
of the regression coefficient and sign of the linear coefficient were observed to determine
the type of functional response. When not significant, the linear coefficient indicated a type
I response (linear increase in prey consumption as a function of density); when negative
and significant, the response was type II (rapidly increasing prey consumption as a function
of density, passing through reduction until stabilization, plateau); and when positive and
significant, the response was type III (accelerated increase in prey consumption with prey
density, presenting a sigmoidal response) (Holling 1959). Because the experiments were
conducted with prey depletion, the attack rate (a) and handling time (7},) were estimated using
the equation Ne = Ny{1 — exp[(d + bNy)(T;,N.~T)/(1 + ¢N,)|} (Rogers 1972), using
nonlinear regression with the least squares method (using ProcNLIN of SAS, SAS Institute
2008), where Ne is the number of prey consumed during time 7, N, is the initial density of the
prey, a is the coefficient of the attack rate (ratio of prey captured by the predator to search time),
and 7, is the handling time (the time required for the predator to identify, stalk, kill, consume,
and digest the prey); and b, ¢, and d are constants of the function that relate @ and N, in the type
III functional response: a = (d + bN,)/(1 4+ ¢N).
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Prey preference of Stethorus tridens by RPM or Tetranychus evansi eggs

The individuals of S. tridens used in this experiment were obtained from Musa spp. plants
infested with 7 abacae. Initially, a confinement test (non-choice test) was conducted to
evaluate the consumption of S. tridens on RPM or T. evansi eggs. For this purpose, the same
experimental unit used in previous experiments was used. In each unit, 120 eggs were offered.
A female subject deprived of food for 4 h was placed in the experimental unit. Twenty females
were subjected to this test for each treatment (RPM or 7. evansi eggs). Each female represents
a repetition. After 24 h, consumption was counted. The experiment was maintained at 27 °C
+ 1.0 °C, 75 + 10% RH. and 12 h of photophase. The results were subjected to normality
(Kolmogorov test) and homogeneity (Bartlett test) tests using Proc TTEST of SAS (SAS
Institute 2008). Two-choice tests were conducted using the same experimental units and abiotic
conditions as those used in the confinement test (non-choice test). Under the leaf fragments
of the experimental unit, 60 eggs of RPM and 60 eggs of T evansi were randomly placed. A
female S. tridens subject to 4 h of food deprivation was placed in each experimental unit, and
20 females were tested. After 24 h, the eggs consumed within the experimental unit of each
prey species were counted. Mean consumption among prey was compared using the y2 test (o
= (.05) using the Proc FREQ of SAS (SAS Institute 2008).

Results

Prey stage preference of Stethorus tridens to Raoiella indica

Stethorus tridens showed preference for eggs over others prey-stages of RPM (Figure 1) (32 >
37; df = 1; P <0.0001) and preference for nymphs over larva (2 = 6; df = 1; P = 0.0138). In
the other combinations there was no difference (y2 = 0.2; df = 1; P = 0.6248 to larva vs adult;
¥2=3;df=1; P=0.0613 to nymph vs adult). Thus, egg was the stage of development chosen
to perform the functional and numerical response of S. tridens.

1 Eggs
Larvae
771 Nymphs
Adults

50 40 20 0 20 40

Figure 1 Preference of Stethorus tridens for Raoiella indica stages in a choice condition. Paired
comparisons among red palm mite stages. Asterisks indicate significantly different means at 5%
probability level.
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Functional and numerical response of Stethorus tridens

Stethorus tridens females showed a type III functional response since the linear coefficient
was positive and significant (Table 1). The consumption rate increased rapidly at intermediate
densities of 20, 40, 60, and 80 eggs, with average consumption of 20, 40, 60, and 79 eggs,
respectively (Figure 2). The attack rate (a) and handling time (7},) were 2.65 and 0.20,
respectively (Table 2). Despite the high predation observed, this was not enough to stimulate
predator oviposition.

200 -
200 ®  Observed data 1.0
—— Roger's type III functional response
09 —
B ]
£ 150 ]
z 08 §
g o
2100 4 07 2
= =
."-; 06 é
23 50 O  Observed g‘
Holling's Type III disc equation o 05 =]
Na =(0.06*N*24 Na = exp (2.4542+0.1010N-0.00116N>+2.968E-6N*)
i 1+H0.06*N*0.11)| N, 1+ exp (2.4542+0.1010N-0.00116N>+2.968E-6N*) 04
5 20 40 60 80 120 160 2005 20 40 60 80 120 160 200
Prey densities Prey densities

Figure 2 Functional response curves of Stethorus tridens preying on increasing densities of eggs of
Raoiella indica (A) and proportions of egg consumption by the predator (B).

Prey preference of Stethorus tridens by RPM or Tetranychus evansi eggs

In the confinement test (non-choice test), S. tridens had an average consumption of approxi-
mately 100 and 105 eggs in 24 h of T. evansi and RPM, respectively, showing no significant
(t33.2=-1.28; P=0.2111). When submitted to the two-choice experiment, S. tridens preferred
T evansi (57 eggs) over RPM (5 eggs) (x2 = 865; df = 1; P <0.0001) (Figure 3).

Table 1 Holling’s equation and type of functional response of Stethorus tridens fed red palm mite eggs; 'intercept, 2linear, * quadratic, *cubic,
and >type of functional response.

Holling Equation x2 DF p Logistic regression coefficient
'P) L) Q'(P)  CciP)  Type’

y= exp[(0.000002968x3) — (0.00116x2) + 5 45 0.10 00011 0.000002

(0.1010x) +2.4542] / 1+ exp[(0.000002968x3) 548 ~ 136  <0.0001  _ 3 < > n
—(0.00116x2) + (0.1010x) + 2.4542] (<.0001)  (<.0001)  (<.0001)  (<.0001)

Table 2 Attack rate (a’) and handling time (Th) of the functional response of females of Stethorus tridens feeding on Raoiella indica eggs for
24 hours.

Parameter Estimate (+SE) Cl (95%)
bhat (a”) 0.0627 + 0.0039 0.0549 — 0.0705
that (Th) 0.1144 +0.0073 0.0998 — 0.1289
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120 Non-choice  (A) Two-choice (B)

—_

100

HH

Average consumption
80

60

40

Average consumption

20

20 0 20 40 60 80

—— Tetranychus evansi eggs == Raoiella indica eggs

Figure 3 Preference of Stethorus tridens for eggs of Raoiella indica or Tetranychus evansi in non-
choice (A) and two-choice (B). Asterisks indicate significantly different means at 5% probability
level.

Discussion

Stethorus tridens preyed on all development stages of RPM, with a marked preference for
eggs over others stages of the prey. This characteristic has been observed in several species
of the genus Stethorus (Ullah 2000; Ali et al. 2016; Costa et al. 2017). For example, Costa
et al. (2017) found that S. tridens has a feeding preference for the eggs and larvae of the
mite Tetranychus bastosi Tuttle, Baker & Sales. Taghizadeh ef al. (2018) showed that the
consumption rate of the predator Stethorus gilvifrons Mulsant was higher in the eggs of
Tetranychus urticae Koch, followed by protonymphs and females. Ragkou ef al. (2004)
discovered that there was a higher consumption of 7. urticae eggs compared to the predation
of adult mites by Stethorus punctillum Weise. Predation on prey with higher nutritional value
increases the fitness of the predator for greater survival and fecundity (Eubanks and Denno
2000). The egg, besides being a motionless phase, is easy to handle (Costa et al. 2017) and
ingest compared to nymphs and adults, which have a sclerotized cuticle (Ganjisaffar and Perring
2015). In addition, RPM eggs are smaller compared to the other stages of development, making
the egg preferable for the predator. Egg weight is also lower than that of other developmental
stages; therefore, predators need higher egg consumption to obtain the same amount of nutrients
(Ganjisaffar and Perring 2015). The preference for eggs shown by S. tridens is desirable for pest
management, since the predator will kill eggs before they hatch and begin to feed (Filgueiras et
al. 2020).

The functional response of S. #ridens to RPM eggs followed the type 11l model. According
to Holling (1965), predators exhibiting type III response are the only ones with potential to
regulate the density of their prey. Later, it was reinforced by Fernandez-Arhex and Corley
(2003) and also by Pervez and Omkar (2005). At low prey densities such predators have lower
efficiency allow the prey population to recover from population bottlenecks, avoiding local
extinctions, whereas at high densities, the speed of consumption increase helping to avert
outbreak (Bruzzone ef al. 2022). Although it is not common among coccinelids, the type
III functional response was also detected for others coccinelids, such as such as S. gilvifrons
feeding on Tetranychus turkestani Ugarov & Nikolski (Sohrabi and Shishehbor 2007), Eriopis
connexa Germar and Nephus includens Kirsch when preying upon aphids (Sarmento et al.
2007; Bayoumy 2011) and Nephus arcuatus Kapur when preying upon mealybug (Zarghami et
al. 2014). It was also detected for S. tridens feeding on a different prey (eggs from 7. bastosi)
(Costa et al. 2017).

In the present study, we observed that RPM eggs were not able to support the S. tridens
reproduction, even in the highest density. Consequently, the numerical response could not be
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calculated. A similar observation was made when S. tridens was fed T. bastosi eggs (Costa et al.
2017). Some prey consumed in the field by coccinellids may not be nutritionally suitable for its
development and reproduction (Hagen 1987; Hodek and Honek 1996). When the prey has poor
quality, the developmental time, oviposition, fecundity and fertility may be affected. Preys
consumed by coccinellids are often classified as essential or alternative (Hodek 1973; Hodek
and Honek, 1996; Evans et al. 1999). Prey that supports pre-imaginal development with low
mortality and enables an elevated reproduction is considered essential, while that which serves
only as an energy source and is able to prolong survival is considered as alternative (Hodek
1973; Hodek and Hongk, 1996; Evans ef al. 1999). Thus, the results presented here suggest
that RPM eggs may be considered as alternative prey to S. tridens.

Although tetranychid eggs were slightly larger than tenuipalpids, the average consumption
in the feedlots was virtually the same. However, when tetranychid eggs were offered with
tenuipalpid eggs, S. tridens preferred tetranychid eggs. In this case, the difference in egg size
may have influenced the food preference of S. tridens, because when the predator is faced with
two types of prey, it selects one that is more likely to maximize its net energy gain and fitness
(Stephens and Krebs 1986). Thus, larger prey is more likely to be selected by predators because
of their higher energy content (Soares et al. 2004). Another factor that may have influenced
the preference of S. tridens is the adaptability or previous experience of feeding this predator
tetranychids, and some studies have shown that subsequent feeding behavior can be influenced
by previous feeding experience (Zarghami et al. 2014), including acarophagous coccinellids
(Houck, 1986). This is evident from the association of S. tridens with mites of the Tetranychidae
family in the field (Britto et al. 2008; Costa et al. 2017, 2020). This shows that in the field,
coccinellids may not be efficient in controlling RPM if another pest (Tetranychidae) is present.
However, a predator’s preference may change according to prey availability and adaptation
to the new prey (Murdoch 1969; Jaworski ef al. 2013). This preference can influence the
population dynamics of low-preferred species within the same niche (Holt and Lawton 1994).

The average consumption of eggs by S. tridens was much higher in the confinement than in
the experiment with freedom of choice. This observation is not only true for S. tridens; other
predators, such as Typhlodromus (Anthoseius) bagdasarjani Wainstein & Arutunjan, 1967
(Bazgir et al. 2020) and Orius minutus Linnaeus (Song et al. 2018) show the same behavior
when fed mites. The number of preys consumed by a predator depends on its physiological,
nutritional, and morphological requirements (Soares et al. 2004). Prey, in turn, differs in terms
of energy content and costs associated with capture and consumption (Eubanks and Denno
2000), and the predator tends to select the most suitable prey. Therefore, it is possible that in
the two-choice experiment, S. tridens dedicated a significant part of its time to searching for
the preferred prey, which reduced the number of eggs consumed.

Smaller predators, particularly those belonging to the Phytoseiidae family, have been
demonstrated as effective agents in managing the RPM. Among them, Amblyseius largoensis
Muma, Neoseiulus barkeri Hughes, and Iphiseiodes zuluagai Denmark & Muma showed a
type 11 functional response when fed RPM (Carrillo and Pefia 2012; Mendes ef al. 2018;
Filgueiras et al. 2020; Coelho ef al. 2020). This quality is particularly valuable in the
context of biological control programs aimed at maintaining RPM populations at low levels.
Amblyseius largoensis has been found to be very promising for the control of RPM in the field
and demonstrated selectivity for some acaricides used to control RPM (Assis ef al. 2013). This
implies that 4. largoensis could be a viable asset for sustainable pest management strategies.
Conversely, at high RPM densities, S. tridens, with its type III functional response, could
also make a significant contribution to biological control. In this context, an approach that
combines phytoseiids and Stethorini seems promising for effective RPM control in the field. A
relevant example is the successful pest control strategy implemented in New Zealand, where the
combined action of Stethorus bifidus Kapur and Phytoseiulus persimilis Athias-Henriot resulted
in a rapid reduction in the populations of Tetranychus lintearius Dufour ultimately leading to
an equilibrium condition for the pest over several years (Hill ez al. 2000). However, further
research is warranted to determine the potential impact of S. tridens on phytoseiids. Despite the
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strong preference of S. tridens for preying on Tetranychidae, these predators can to consume
RPM, which may help in managing this pest in the future. Moreover, an understanding of S.
tridens food preferences suggests that the predator may primarily target native phytophagous
mites, such as 7. abacae on bananas (Vasconcelos et al. 2004) and Oligonychus pratensis Banks
on coconut palms (Calvet et al. 2022). However, in the absence of these preferred options, it
would readily switch to attacking RPM. This adaptive behavior highlights the versatility of S.
tridens in effectively managing various pest populations. These possibilities open up promising
avenues for future research, emphasizing the need to explore predator-prey interactions and
their implications for sustainable pest control strategies.
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