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Abstract Many omnivorous arthropods are impor-

tant natural enemies because they can feed on plant-

provided pollen and several prey species, and thus

persist in crops even in the absence of the target pest.

Hence, populations of these predators can be estab-

lished in a crop by providing alternative food, thus

increasing biological control. We investigated how

alternative food affects broad mite (Polyphagotarson-

emus latus) control on chilli pepper plants by preda-

tory mites. The predatory mite Amblyseius herbicolus

had high oviposition and population growth rates

when fed with cattail pollen, chilli pepper pollen and

bee-collected pollen, and a low rate on the alternative

prey Tetranychus urticae. Supplementing pepper

plants with pollen resulted in better control of broad

mite populations. Release of A. herbicolus on young

plants with weekly addition of honeybee pollen until

plants produce flowers seems a viable strategy to

sustain populations of this predator, thus protecting

young, vulnerable plants from broad mite infestations.

Keywords Biological control � Pollen � Spider
mites � Polyphagotarsonemus latus � Amblyseius
herbicolus � Phytoseiidae

Introduction

Many important natural enemies in biological control

feed on both plant material and prey, for example,

predatory bugs (Bonte and De Clercq 2011; Pumariño

et al. 2012; Wong and Frank 2013), ladybugs (Burgio

et al. 2006; Amaral et al. 2013), lacewings (Venzon

et al. 2006; Morgado et al. 2014) and predatory mites

(van Rijn and Tanigoshi 1999; Goleva and Zebitz

2013). When feeding on food sources from plants,

these omnivorous natural enemies persist longer in the

crop than strictly carnivorous enemies, and this can be

advantageous for biological control (Symondson et al.

2002; Janssen and Sabelis 2015).

Many plants offer food for natural enemies, such as

extrafloral nectar and pollen (Wäckers et al. 2005).

The presence of these alternative foods can increase

biological control of plant pests by natural enemies

(Ramakers 1990; van Rijn et al. 2002; Messelink et al.

2008; Rezende et al. 2014). The presence of alterna-

tive foods can increase densities of natural enemies

and subsequently cause a reduction of the pest
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populations, a phenomenon similar to apparent com-

petition (Holt 1977; Nomikou et al. 2010), which is an

interaction between populations of different prey

species mediated by a shared predator (Holt 1977;

van Veen et al. 2006; Messelink et al. 2008; Nomikou

et al. 2010). In addition to offering a higher quantity of

food, the combination of alternative food and prey

may provide the predators with a better diet than both

single diets, which leads to higher predator densities

and better biological control (Messelink et al. 2008).

Besides pollen and nectar, other, non-pest, herbivores

can also serve as alternative food for predators (Langer

and Hance 2004; Park et al. 2011; Goleva and Zebitz

2013). The release of non-pest herbivorous mites as

alternative food has already shown its potential as

strategy to improve biocontrol (English-Loeb et al.

1993; Karban et al. 1994).

Besides having positive effects on biological con-

trol, the presence of alternative food can also result in

negative effects (van Maanen et al. 2012). The

addition of alternative food can result in satiation of

the natural enemies, thus reducing the efficiency of

biological control in the short term (so-called apparent

mutualism, Abrams and Matsuda 1996). However, in

the long term, this often results in positive effects on

biological control through apparent competition (van

Maanen et al. 2012; Bompard et al. 2013). In the

present study, we investigate how adding alternative

food (prey or plant based) for predators to a crop plant

affects biological control in the short term, thus

protecting young plants from becoming infested with

an extremely damaging pest.

Our experimental system consisted of chilli pepper

(Capsicum frutescens L.), its pest, the broad mite

Polyphagotarsonemus latus Banks (Acari: Tarsone-

midae), and the omnivorous predatory mite Ambly-

seius herbicolus Chant (Acari: Phytoseiidae). Chilli

pepper is an important crop in (sub) tropical regions.

In Brazil, the main production occurs in the state of

Minas Gerais, where it is mainly cultivated by small

farmers (Pinto et al. 2012). Chilli pepper plants

produce pollen that has been shown to serve as

alternative food for phytoseiid mites (Xiao et al. 2012;

Avery et al. 2014; Kumar et al. 2015).

Chilli pepper plants are attacked by many herbi-

vores such as aphids, whiteflies, mites and fruit borers

(Venzon et al. 2011). The broad mite P. latus deserves

special attention due to the serious economic damage

it causes (Venzon et al. 2011, 2013). Broad mites can

feed on more than 60 families of plants (Gerson 1992).

They are very small (0.10–0.30 mm), which makes

them hard to detect (de Moraes and Flechtmann 2008),

and they are usually noticed only when plants show

damage symptoms, which usually is too late to control

the broad mites (Venzon et al. 2013). Plants from the

genus Capsicum are highly susceptible to damage

from these mites: an infestation of ten individuals per

plant is sufficient for causing significant damage and

reducing the yield of these crops (de Coss-Romero and

Peña 1998; Rodrı́guez-Cruz 2014).

Phytoseiid mites are important natural enemies in

many agricultural systems (Helle and Sabelis 1986; de

Moraes and Flechtmann 2008). Many phytoseiids are

omnivores and are capable of feeding on a wide

variety of prey and plant-provided food (McMurtry

and Croft 1997; McMurtry et al. 2013). Several

predatory mites, such as Neoseiulus cucumeris Oude-

mans, Amblyseius swirskii Athias-Henriot, Iphi-

seiodes zulugai Denmark and Muma, Euseius

concordis (Chant), N. barkeri Hughes, N. californicus

(McGregor) and A. herbicolus have shown potential to

control broad mite populations (Peña and Osborne

1996; Weintraub et al. 2003; Jovicich et al. 2009; van

Maanen et al. 2010; Sarmento et al. 2011; Rodrı́guez-

Cruz 2014). Of those, A. herbicolus is frequently

found in association with chilli pepper plants infested

with broad mites in Minas Gerais (Matos 2006;

Rodrı́guez-Cruz 2014). It is capable of reproducing

and developing when feeding either on pollen or on

broad mites (Rodrı́guez-Cruz et al. 2013), and of

significantly reducing broad mite populations under

greenhouse and field conditions (Rodrı́guez-Cruz

2014). However, even these reduced populations

consisted of sufficient numbers of broad mites to

cause yield reduction in this sensitive crop (de Coss-

Romero and Peña 1998; Rodrı́guez-Cruz 2014).

We conducted a series of experiments to determine

the ability of A. herbicolus to reproduce on alternative

foods such as (a) honeybee pollen; (b) cattail (Typha

sp.) pollen; (c) Tetranychus urticae, a non-pest

herbivore on chilli pepper; and (d) chilli pepper

pollen, a food source that this predatory mite will

encounter on chilli pepper plants in the field. The

population growth rate of A. herbicolus on these

alternative foods on entire plants was also evaluated.

We furthermore tested how the best alternative food

sources affected the population dynamics of A.

herbicolus and broad mites, with the objective to

818 M. V. A. Duarte et al.

123



determine how alternative food affected biological

control.

Materials and methods

Rearing methods

Chilli pepper seeds were sown in polystyrene trays

(8 9 16 cells) filled with a commercial substrate

(Bioplant�, a mixture of vermiculite and organic

fertilizer) in a greenhouse. Plants of 21 days old were

transplanted to 2 l pots filled with the same substrate.

Plants were watered daily and a commercial fertilizer

(Biofert�, 6-4-4 and micronutrients) was applied

every 15 days according to the seller’s instructions.

We used a commercial dehydrated form of honey-

bee (Apis mellifera) pollen (Santa Barbara�). It

consisted of a mixture of pollen of various plant

species, collected by honeybees. Pollen from a local

Typha sp. was collected from plants found in the rural

area of Viçosa (Minas Gerais, Brazil, 20�450000S,
42�520000W). Chilli pepper pollen was collected from

recently opened flowers from plants that were grown

in a greenhouse. All pollen was dried in an oven at

50 �C for 48 h and stored in a refrigerator at 8 �C.
Polyphagotarsonemus latus was obtained from

naturally infested chilli pepper plants from green-

houses at the Federal University of Viçosa in 2012 and

a rearing was kept in the Laboratory of Entomology at

EPAMIG (Agriculture and Livestock Research Enter-

prise of Minas Gerais). They were reared on chilli

pepper plants placed inside cages (100 9 70 9

70 cm), covered with fine mesh (90 lm) in a green-

house. New plants were placed in the cages every

week and plants with reduced quality due to high mite

infestation were removed.

Tetranychus urticae was collected from naturally

infested bean plants at the campus of the Federal

University of Viçosa in 2002. They were reared on

jack bean (Canavalia ensiformis) leaves placed on top

of foam pads (4 cm height), covered with cotton wool,

which was submersed in a tray (29 9 15 9 4 cm)

filled with water. These arenas were kept in a climate-

controlled cabinet (25 ± 1 �C, 70 ± 10 % RH,

12:12 h L:D). New arenas were made every four days.

The leaves from the old arenas were cut into small

pieces and placed on top of the leaves in the new

arenas, allowing the mites to infest the new leaves.

A rearing of A. herbicolus was started with mites

kindly provided by A. Rodrı́guez-Cruz (EPAMIG).

Theywere collected from chilli pepper plants inViçosa

and Oratórios (Minas Gerais, Brazil, 20�450000S,
42�520000W and 20�240000S, 42�480000W respectively).

The rearing was kept on arenas made of PVC sheets

(15 9 10 cm) on top of foam pads (4 cm height),

which were kept in plastic trays (29 9 14 9 4 cm)

filledwithwater. The edges of the arenaswerewrapped

with wet Kleenex� paper tissue, which was suspended

into the water and thus served as both barrier and water

source (van Rijn and Tanigoshi 1999). A small tent-

shaped piece of PVC sheet was placed on the arena to

serve as shelter, and a small piece of cotton wool was

put under it as oviposition substrate. Typha sp. and

honeybee pollen were offered as food. These arenas

were kept in a climate-controlled cabinet (25 ± 1 �C,
70 ± 10 % RH, 12:12 h L:D).

Oviposition with different food sources

For each repetition, a single female of A. herbicolus,

ten days old since egg (3–4 days old since adult), was

placedona 3 cm(diameter) chilli pepper leaf discwith a

single food source, whichwas placed, abaxial side up, in

a 5 cmPetri dish on top of cottonwool inwater. A small

tent-shaped piece of PVCwas placed on the disc to offer

shelter, thus reducing predator escape. The arenas were

kept in a climate cabinet (25 ± 1 �C, 70 ± 10 % RH,

12:12 h L:D). Themites were offered ample amounts of

chilli pepper pollen, honeybee pollen, Typha sp. pollen

or a mixture of different stages of T. urticae as food.

Food was always remaining at the end of the experi-

ment, indicating that there was always sufficient food

available. The mixture of T. urticae was obtained by

placing twenty adult females on the discs, allowing them

to oviposit for two days, and subsequently adding

fifteen larvae and deutonymphs. This number of prey

was found to be sufficient food in previous experiments.

Predator oviposition was recorded daily for three days.

Oviposition of the first day was not included in the

analysis because it would have been affected by the diet

of previous days (Sabelis 1990). The eggs were counted

daily while removing them from the arenas. Because

these oviposition data did not fit a parametric distribu-

tion, a non-parametric Kruskal–Wallis test was used to

assess the effect of diet on oviposition, and a Wilcoxon

rank sum testwithHolmcorrectionwasused to compare

oviposition on the different food sources.
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Predator population dynamics on chilli pepper

plants with different food sources

To evaluate the quality of food sources on plants, the

population growth of A. herbicolus was assessed on

chilli pepper plants (60 days old, approximately 30 cm

high, four pairs of fully expanded leaves) kept in a

climate-controlled room (26 ± 2 �C and 70 ± 10 %

RH). Each treatment had a total of six plants (repli-

cates). In the first treatment, plants had flowers that

supplied pollen as food. Flowers were removed from

the plants of all other treatments. The second treatment

consisted of the addition of honeybee pollen to the

plants (0.15 g added weekly on the third completely

expanded leaf). The third treatment consisted of plants

with a mixture of T. urticae stages, and the fourth

treatment consisted of plants containing no food

(control). The mixture of T. urticae was obtained by

placing 200 T. urticae females on the plants and

allowing them to oviposit for one week before the

experiment, thus all stages were present during the

experiment. The plants were placed in water-filled

trays to avoid escape of mites and migration to other

plants. Five A. herbicolus females (ten days old since

egg) were placed on each plant. On the second, third,

fourth, sixth and eighth day, the number of motile

predators was assessed on the entire intact plants using

a hand-held 910 magnifying glass. The numbers of

predators per plant were compared among treatments

with a linear mixed-effects model with treatment as

fixed factor and plant identity as random factor to

correct for repeated measures. On the tenth day, the

plants were taken to the laboratory, the leaves were

removed one by one and the motile stages of the

predatory mites were counted using a stereoscopic

microscope (Zeiss� Stemi 2000-c). The numbers of

predators found during this destructive sampling did

not fit any parametric distribution and were analysed

using a non-parametric Kruskal–Wallis ANOVA fol-

lowed by a pairwiseWilcoxon rank sum test withHolm

correction to compare the different treatments.

Population dynamics of P. latus and A. herbicolus

in the presence of alternative food

The dynamics of broad mites and predators was

studied on intact chilli pepper plants (90 days old,

approximately 40 cm high, eight pairs of fully

expanded leaves), which received the following

treatments: (a) plants without flowers or pollen

(control), (b) plants without flowers but with honeybee

pollen (as described above), and (c) plants with

flowers but without honeybee pollen. Each treatment

had eight plants (replicates) and each plant received

five ten-day-old A. herbicolus females. Ten days later,

plants were infested with twenty adult P. latus

females. Seven and fourteen days after this infestation,

three leaves were removed from the top third and from

the middle third of the plant, the number of eggs and

motile mites (both species) and quiescent larvae (for

P. latus) were counted using a stereoscopic micro-

scope as described above. These leaves were chosen

because the majority of predators were found on them

in the previous experiment. Broad mites are usually

found on new leaves near the top of the plant. This

experiment was also done in a climate-controlled

room (26 ± 2� C and 70 ± 10 % RH). The numbers

of mites were compared among treatments with a

linear mixed-effects model with treatment as fixed

factor and plant identity as a random factor to correct

for repeated measures. Non-significant interactions

and factors were removed from the model, and

contrasts among treatments were assessed by stepwise

model simplification through aggregation of non-

significant factor levels (Crawley 2013). All statistical

analyses were done using the computer software R

version 3.1.0 (R Core Team 2014).

Results

Oviposition with different food sources

Diet significantly affected the oviposition of A.

herbicolus (Fig. 1: Kruskal–Wallis ANOVA,

v2 = 36.9, df = 3, p\ 0.001). Treatments with pol-

len (honeybee, chilli pepper and Typha sp.) did not

differ significantly from each other, whereas A.

herbicolus feeding on T. urticae had a lower ovipo-

sition rate than in the other treatments (Fig. 1).

Predator population dynamics on chilli pepper

plants with different food sources

The different food sources affected the numbers of

predators (Fig. 2a: F3,20 = 70.5, p\ 0.001). Time

also had a significant effect on the numbers of

predators (F1,140 = 5.6, p\ 0.05), as had the
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interaction between time and treatment

(F3,155 = 108.8, p\ 0.001). This interaction was

caused by the increase of the populations in the

treatments with honeybee pollen and chilli pepper

flowers, whereas the populations in the treatment with

T. urticae and in the control did not increase (Fig. 2a).

The numbers of predators on plants without food

(control) was lower than in the other treatments

(Fig. 2a). Plants with flowers or honeybee pollen had

the highest numbers of predators, followed by plants

infested with T. urticae (Fig. 2a).

The destructive sampling also showed that the

numbers of predators differed among treatments

(Fig. 2b: Kruskal–Wallis ANOVA, v2 = 20.91,

df = 3, p\ 0.001) and confirmed the results pre-

sented above. The number of motile predators differed

significantly among all treatments, was highest when

honeybee pollen was added as alternative food,

slightly but significantly lower with pepper flowers,

low in the treatment with T. urticae and lowest without

alternative food (control) (Fig. 2b).

Population dynamics of P. latus and A. herbicolus

in the presence of alternative food

Because time did not have a significant effect on the total

number ofP. latus (LME, likelihood ratio = 0.7, df = 3,

p = 0.88) orA. herbicolus (LME, likelihood ratio = 3.9,

df = 3, p = 0.28),we combined data fromday7 andday

14 by using the average numbers of the two days. The

total number of P. latus differed significantly among

treatments (Fig. 3, LME, likelihood ratio = 59.1,

df = 2, p\0.001). The number of P. latus was higher

in the control treatment without alternative food than in

the treatments with pepper flowers or honeybee pollen,

which did not differ significantly from each other

(Fig. 3). The experiment was terminated because plants

of the control treatment were dying, whereas there were

no visual symptoms of broad mite damage in the

treatments with alternative food.

Densities of A. herbicolus also differed signifi-

cantly among treatments (Fig. 3: LME Likelihood

ratio = 37.0; df = 2; p\ 0.001). The number of

predators was lower in the control than in the other
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treatments, which did not differ significantly from

each other (Fig. 3).

Discussion

As shown previously, pollen is an excellent food

source for predatory mites (van Rijn and Tanigoshi

1999; Nomikou et al. 2003; Gnanvossou et al. 2005;

Rodrı́guez-Cruz et al. 2013). Here, A. herbicolus

reached the highest oviposition rates when the mites

were feeding on pollen (honeybee, Typha sp. or chilli

pepper) and lower when feeding on T. urticae. When

these food sources were offered on entire chilli pepper

plants, the results were consistent with those found in

the oviposition experiment. Honeybee pollen and

chilli pepper pollen were superior food sources

compared to T. urticae. It is known that A. herbicolus

is not able to develop to adulthood when fed only with

T. urticae (Oliveira et al. 2009), possibly because it

cannot cope with the web produced by T. urticae. We

found persistence of A. herbicolus populations on

chilli pepper plants with a population of T. urticae, but

the numbers did not increase as much as on the plants

with honeybee pollen or with flowers. Therefore, the

use of T. urticae as an alternative food for A.

herbicolus is less promising than the use of pollen,

not only because of its inferior quality, but also due to

the necessity of rearing this herbivore, whereas

honeybee pollen is commercially available.

There have been mixed results regarding the quality

of bee pollen as food for phytoseiid predators

(Ramakers 1995; Goleva and Zebitz 2013). We

routinely use bee pollen to rear other predatory mite

species, hence the capacity to feed and reproduce on

bee pollen is not unique for A. herbicolus. Rather, we

think that the pollen used here may be of better quality

than those in other studies. Although we do not know

its exact composition, the pollen originated from a

mixture of native Brazilian plants. Moreover, we dried

the pollen before usage (see ‘‘Materials and methods’’

section) and this may prevent the growth of fungi on

the pollen.

Amblyseius herbicolus was already known for its

potential to control broad mites on chilli peppers in

greenhouses and in the field (Rodrı́guez-Cruz 2014).

In a field experiment where chilli peppers were

infested with broad mites before the release of A.

herbicolus, a reduction of the number of broad mites

was found on plants where the predators were

released, yet the control of broad mites was not

sufficient (de Coss-Romero and Peña 1998; Rodrı́-

guez-Cruz 2014). This might have been caused by the

plant having already been infested with broad mites

prior to the release of predators. Because pepper plants

are extremely sensitive to broad mite damage, this

infestation probably caused significant damage.

Hence, predators should preferably be present on the

plants before infestation with broad mites occurs, but

for such populations to persist, predators need alter-

native food. We show here that establishing predator

populations on pepper plants with alternative food

before infestation by the pest indeed results in

effective control: the numbers of broad mites per

plant in treatments with alternative food were all low

(Fig. 3), and plants did not show symptoms of broad

mite damage. Because pepper plants themselves

provide such food, i.e. pollen, predators can be

released on the plants when they start flowering

(Ramakers 1990). However, infestation by broad

mites can occur before flowering. Hence, early

releases of A. herbicoluswith the addition of honeybee

pollen can possibly prevent infestations by the broad

mite, as our results indeed show (Fig. 3).

Previous work has demonstrated how pollen can be

used to improve biocontrol (van Rijn et al. 2002; Duso

et al. 2004; González-Fernández et al. 2009; Nomikou

et al. 2010; Delisle et al. 2015; Leman and Messelink

2015) and that the presence of flowers can result in
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persistence of populations of predatory mites on plants

without pests (Ramakers 1990; Xiao et al. 2012; Avery

et al. 2014; Kumar et al. 2015). Here, we demonstrate

that this increment in the number of predatory mites in

the absence of the prey can be a strategy to protect

plants from pest infestations, similar to what was

found by Ramakers (1990) for thrips. Instead of

supplying alternative food on the plants, intercropping

with other plant species that provide alternative food

can also be used to enable early establishment of

predators (Landis et al. 2000; Norris and Kogan 2005;

Amaral et al. 2013; González-Fernández et al. 2009;

Jonsson et al. 2009; Rezende et al. 2014). This remains

to be investigated for pepper cropping systems.

Early releases of A. herbicolus on young pepper

plants and a weekly addition of honeybee pollen could

be sufficient to maintain the predatory mites on chilli

pepper plants until these start flowering. Chilli pepper

flowers face the leaves under the flowers, allowing

their pollen to rain down on the leaves. Given that

pollen is a good food source for predatory mites (van

Rijn and Tanigoshi 1999; Nomikou et al. 2003;

Gnanvossou et al. 2005), the production of excess of

pollen could be a trait that evolved as an indirect plant

defence (Sabelis et al. 1999, 2011).

Large-scale experiments in the greenhouse or in the

field are needed to verify if the addition of food and

predatory mites results in better control of broad mite

populations. There is the risk involved that other

organisms may profit from the pollen supplied, which

is not necessarily to the benefit of the plant or of pest

control. These competitors for pollen can potentially

feed on the predatory mite of interest (intraguild

predation) or monopolize the resource, making it more

difficult for A. herbicolus to benefit from it and

consequently protect the plant (van Rijn et al. 2002). If

the phenomenon shown here also holds at larger

spatial scales and within the context of the community

of herbivores, predators and omnivores occurring on

pepper plants, the release of predatory mites along

with honeybee pollen prior to the infestation, followed

by the weekly addition of this pollen until the plants

start to produce flowers, is a promising strategy for

pest management.
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