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Amblydromalus limonicus is a polyphagous phytoseiid predator used for the biological

control of thrips and whiteflies in greenhouse crops. Besides various prey species, A.

limonicus can also feed on pollen of different plants. Cattail pollen has been previously

shown to be suitable for the development and reproduction of A. limonicus. Hence,

it could sustain its populations in periods of prey scarcity. In the present study, we

hypothesized that pollen provisioning may benefit A. limonicus in mixed diets with prey of

low quality, such as spider mites and thus, positively impact ecosystem services provided

by this predator. For this, the performance and predation efficiency of A. limonicus against

spider mites was assessed in the presence or absence of pollen. Our results show

that pollen significantly shortens the developmental time and increases the survival and

oviposition of the predator when mixed with spider mites, although it negatively affects

its predation rate. Nevertheless, pollen enhances the maintenance of juvenile predators

on the leaf by substantially decreasing their dispersal rate in the mixed diet with spider

mites. In addition, the intrinsic rate of population increase (rm) of A. limonicus feeding with

spider mites increased with the addition of pollen suggesting an increase in its population.

Cattail pollen as supplementary food may thus expand the prey species range that A.

limonicus could exploit. It can also enhance ecosystem services provided against other

pests (thrips and whiteflies) by positively affecting the increase of A. limonicus population.

Keywords: phytoseiids, pollen, spider mites, mixed diet, predation, performance

INTRODUCTION

The success of biological control, an important ecosystem service provided by natural
enemies is, in many circumstances, dependent on the availability, or exogenous application
of alternative/supplementary foods. Plant-based foods such as nectar and pollen constitute
important components of omnivorous diets of many polyphagous predators. They can function
as supplemental foods in the presence of prey and as alternative foods when prey is scarce or not
available in the crop (Coll and Guershon, 2002; Wäckers, 2005; Messelink et al., 2014). Thus, many
omnivorous polyphagous predators rely heavily for population maintenance or build-up on the
presence of plant food. These may be already available in the crop or, in the case of augmentative
biological control, they are provided intentionally to enhance predator populations.

Among plant-feeding predatory arthropods, generalist predatory mites of the family
Phytoseiidae include important biological control agents of key pests of crops of economic
importance. Depending on the extent of their reliance of feeding on plant (pollen) and/or animal
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food, generalist phytoseiids are distinguished in different groups
of feeding types [type III and IV according to McMurtry and
Croft (1997); McMurtry et al. (2013)]. Among plant foods, the
suitability of pollen of different plant species has been tested
for their effects on the performance of several phytoseiids (e.g.,
Broufas and Koveos, 2001; Lorenzon et al., 2012; Goleva and
Zebitz, 2013; Samaras et al., 2015). Due to the documented
positive effects of many plant pollens, their use as supplementary
or alternative foods is considered a promising method for the
enhancement of biological control with the use of generalist
phytoseiid species. In this context, pollen provisioning mainly
aims at the early establishment and population build-up of
phytoseiids as a “standing army” of natural enemies in the
crop even before the arrival of the pest (Messelink et al., 2014;
Pijnakker et al., 2016). Additionally, such tactic could enhance
biological control achieved later on during the cropping season,
because of the positive effects of the mixed diet (pollen plus prey)
on the numerical response of the predators (van Rijn et al., 1999,
2002; Nomikou et al., 2002, 2010; Delisle et al., 2015b; Leman
and Messelink, 2015). It can also maintain predator populations
in the crop till the end of the cropping season even in the
absence of prey and, thus, save growers from the additional
costs required for the predator re-introduction. Other benefits of
pollen provisioning include the ease of application and relatively
limited problems related to its presence on the plants. To date,
there is only one commercially available product of narrow-
leaved cattail (Typha angustifolia L.) pollen (NurimiteTM, Biobest
N.V.) used for enhancing phytoseiid populations in several crops
(Messelink et al., 2014; Pijnakker et al., 2016).

Main problems related to pollen provisioning include the
ability of certain pests to feed on pollen as well as negative
effects on the predation rate of phytoseiid mites. For example,
thrips (e.g., Frankliniella occidentalis or Thrips tabaci) which
are key pests of several crops can also feed and reproduce on
pollen of different plant species (Hulshof et al., 2003). Exogenous
application of pollen to a crop with the aim to control thrips may
backfire in the case the prey boosts its populations on the applied
food. In addition, feeding on a mixed diet of prey and pollen
may result in reduced prey consumption because of predator
preference for the pollen over prey, or the frequent switching
between the two components of the mixed diet (Nomikou et al.,
2002, 2004, 2010; van Rijn et al., 2002). Nevertheless, both
restrictions seem to be outweighed by the resulting substantial
increase in the numerical response of certain predators, most
possibly because of the nutritional benefits of mixed diets
(Nomikou et al., 2010).

For a given species, the extent pest suppression can be
enhanced by the provision of pollen may depend upon the
nutritional quality of the components of a mixed diet (pollen and
prey) and how this affects predator performance, besides initial
predator-prey ratio (Leman and Messelink, 2015). Mixed diets
consisting of two or more prey species or a mixture of pollen
with prey have been shown to increase the numerical response
of phytoseiid predators on prey of both high- (Nomikou et al.,
2002, 2010; van Rijn et al., 2002) and low-quality (Messelink
et al., 2010). Therefore, in theory, high quality pollen combined
with low quality prey would positively affect biological control

even in the event of decreased prey consumption per capita on
the unsuitable prey (Pappas et al., 2013). On the other hand,
variations in the quality of plant food (pollen) may differentially
affect the numerical response of the predator on a specific prey
(Samaras, 2018) and the same holds for the quality of prey.

Diet mixing is common among generalist predatory
arthropods and benefits deriving from this behavior have been
mainly attributed to the ability of several species to feed on
prey containing different amounts of nutrients and thus actively
restores nutritional imbalances in their diets (Mayntz et al.,
2005). Studies on phytoseiid predatory mites have documented
the positive effects of diet mixing on predator performance (e.g.,
Nomikou et al., 2002; van Rijn et al., 2002; Messelink et al., 2008;
Pappas et al., 2013; Marques et al., 2015; Samaras et al., 2015).
These can be roughly divided in two groups, the first assessing
mixed diets consisting of different prey species and the second
consisting of mixtures of prey with non-prey food. Our study
is an addition to the second group differing, however, in that it
deals with a prey species of low suitability for the predatory mite.

We hypothesized that the performance of A. limonicus, a
generalist phytoseiid mite, could be enhanced in a mixed diet of
pollen and prey. Amblydromalus limonicus is a natural enemy
used for the biological control of thrips and whiteflies in
greenhouse crops (van Houten et al., 2008; Hoogerbrugge et al.,
2011; Knapp et al., 2013). Previous work has documented the
high quality of cattail (T. latifolia and T. angustifolia L.) pollen
as alternative food for this predator (Vangansbeke et al., 2014a,b;
Samaras et al., 2015). In addition, mixed diets of prey of high
quality (thrips larvae) with certain plant pollens have been shown
to differentially affect A. limonicus population increase (Samaras,
2018). For this study, we assessed the performance ofA. limonicus
when feeding on a mixed diet consisting of cattail pollen (high
quality supplementary food) with spider mites. Despite the ability
of A. limonicus to feed on spider mites, certain species (e.g.,
Tetranychus urticae) produce dense webbing that dramatically
hinders A. limonicusmovement on and inside webs (van Houten
et al., 2008). It would thus be important forA. limonicus to be able
to consume spider mite individuals and increase its populations
early enough before the rapid increase in spider mite populations
and resulting webs. Moreover, in the absence of other prey, an
alternative food of high quality such as cattail pollen could prove
advantageous in a mixed diet with a prey of low quality, thus
enabling A. limonicus to expand its prey range and also exploit
spider mites, as was also shown in our previous work for the
phytoseiid, Phytoseius finitimus (Pappas et al., 2013). We thus
assessed the impact of pollen provisioning in a mixed diet with
two-spotted spidermiteT. urticae, a major agricultural pest (Hoy,
2011; Vacante, 2016) on the survival, development, dispersal,
and reproduction of A. limonicus. In addition, we assessed prey
consumption when A. limonicus fed on the mixed diet or spider
mites alone.

MATERIALS AND METHODS

Predator and Herbivore Rearing
The laboratory rearing of the predatory mite Amblydromalus
limonicus was established with adults of the commercially
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available product Limonica R© (Koppert B.V. Berkel en Rodenrijs,
The Netherlands). The predatory mites were reared on detached
French bean leaves (Phaseolus vulgaris L.) that were placed with
their upper surface on wet cotton wool in plastic cups at 26
± 1◦C and 16:8 (L:D) h. Cattail pollen (T. latifolia L.) was
provided on the leaves as food for the mites at ∼0.01 mg/cm2

(Samaras et al., 2015).
Spider mites (T. urticae) originated from a population

sampled from a tomato field in Alexandria (Northern Greece)
and were reared on detached bean leaves on wet cotton wool
inside plastic trays. The trays were kept in a climate room at 25±
2◦C, 16:8 LD and 60–70% RH. Fresh bean leaves were provided
every three days and the trays were filled with water to maintain
leaf vigor.

Pollen Diet
Cattail (T. latifolia) pollen was collected from flowering plants
in Northern Greece, as described in Broufas and Koveos (2000).
Pollen was air dried for 12 h, sieved (200mm mesh) and stored
at−20◦C.

Experimental Set-Up
For the experiments, cucumber (Cucumis sativus L., cv Ginga F1,
Geostore SA) plants were grown from seed in plastic pots (Ø
12 cm) in a climate room (25 ± 2◦C, 16:8 LD, 60–70% RH). The
plants were watered every other day and fertilized once a week
(N-P-K, 20–20–20). When plants were 4–5 weeks old, leaf discs
(3 cm in diameter) were punched out of cucumber leaves and
placed with their upper surface individually on wet cotton wool
in Petri dishes (5.5 cm in diameter).

Three treatments were included in our experiments: (1) spider
mite-infested leaf discs (TUR), (2) pollen on spider mite-infested
leaf discs (MIX), and (3) pollen on clean leaf discs (POL). To
infest leaf discs with spider mites and create the desired web
density simulating the onset of the development of spider mite
population, five adult female spider mites were randomly chosen
from the stock colony and transferred on each disc. To simulate
a spider mite infestation at its early development we allowed
spider mites to produce webs in the half of the leaf surface of our
experimental arenas. For this purpose, half the surface of each
leaf disc was covered with wet filter paper to prevent mites laying
eggs and spinning web in that area. This also enabled predatory
mites to easily move on the leaf discs and consume prey in all
experimental treatments.

After 24 h the filter paper and the mites were removed.
The leaf discs were subsequently placed individually to float on
water in the cells of multi-well tissue culture plates (Corning R©),
each consisting of six cells (3.52 cm in diameter). Daily, fresh
spider mite larvae (n = 12) were offered to each predator
on the web-covered half part of the leaf disc after recording
the developmental stage, juvenile survival, female oviposition
and survival, depending on the experiment (juvenile or adult
performance) as well as adult prey consumption i.e., number of
dead individuals. For the POL treatment, pollen was placed on
the respective half of the leaf disc that was not covered with
filter paper during its preparation. Plates of all treatments were
maintained in climate boxes at 26 ± 1◦C and 16:8 (L:D) h. After

hatching, the number of spider mite larvae was set to twelve per
leaf disc.

Juvenile Development, Survival,
and Dispersal
To assess the effect of pollen provisioning on the development
and survival of A. limonicus when fed with spider mites,
young adult females (3–4 days old) from the stock colony were
transferred on bean leaves in plastic cups and allowed to lay
eggs for 24 h. Newly hatched larvae of A. limonicus were placed
individually on the center of the experimental leaf discs prepared
as described above. Developmental stage, survival, and dispersal
(predators trapped in the wet cotton barrier surrounding the leaf
discs were considered as dispersing individuals) were recorded
twice daily until mites reached adulthood. For each treatment
48 individuals (predatory mites, each mite on one leaf disc)
were used. The effect of diet (treatment) on total developmental
time was evaluated with one-way analysis of variance (ANOVA)
and means were further compared with Tukey’s HSD test
(P < 0.05). Normality and homoscedasticity were checked
by Kolmogorov-Smirnov and Levene’s test, respectively, (SPSS,
2011). The percentages of adult emergence (juvenile survival) and
cumulative dispersal rate during juvenile development among the
different treatments were compared by χ

2 test.

Adult Survival, Egg Production, and
Prey Consumption
To assess the effects of pollen provisioning on the performance
of A. limonicus adults when fed with spider mites, newly molted
adults were sexed and placed in pairs (one female plus one
male) for 1 day for mating to occur on experimental leaf discs
prepared as described above. Afterwards, the male was removed
and oviposition, survival, and prey consumption of each female
was recorded for the first 2 weeks of each female’s life, which is
the time period with the highest expected reproduction output.
For each treatment, 25 replicates (adult females, eachmite on one
leaf disc) were used. Data for days 2–10 were only included in
the analyses; day 1 data were excluded because of the presence
of both males and females on the leaf discs. In addition, data for
days 11–14 were excluded because of the low number of surviving
individuals in the spider mite diet. To calculate progeny sex ratio,
for each treatment, all eggs were collected and transferred to
fresh leaf discs as above. Juveniles fed with the same type of
food (spider mite larvae, spider mite larvae plus pollen, pollen)
as their parents till adult emergence. A generalized linear model
with a Poisson error distribution and log link function with time
and diet and their interaction as factors was used to evaluate
the effects on the mean daily oviposition and prey consumption
rates of adult females. In case of significant differences, marginal
means were further separated by pairwise comparisons between
the levels of the main factor (diet) by Bonferroni test (P < 0.05)
(SPSS, 2011).

Intrinsic Rates of Population Increase (rm)
Calculations of the intrinsic rates of increase (rm) of A. limonicus
at the different treatments were performed by solving the
equation: rm = (net reproductive rate) x exp[(–rm) x (egg-to-egg
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period)] (Sabelis and Janssen, 1994), where net reproductive rate
= (peak oviposition rate) x (survival in egg-to-egg period) x (sex
ratio) as described in Nomikou et al. (2001).

RESULTS

Effects of Pollen Provisioning in Mixed Diet
With Spider Mites on A. limonicus Juvenile
Development, Survival, and Dispersal
Juvenile survival was significantly affected by treatment (diet)
(Figure 1A; χ2 = 47.19, df = 2, P < 0.001). Spider mites alone
resulted in significantly lower survival percentage compared
to pollen alone (Figure 1A). However, mixing spider mites
with pollen significantly increased juvenile survival to levels
comparable to pollen alone (Figure 1A). Thus, providing pollen
to a diet consisting of spider mites helps in adverting the negative
impact of the low quality prey on A. limonicus survival.

We further counted the number of live mites found on the
leaf discs to assess the rate of predator dispersal in the different
treatments (diets). We found a significant effect of diet on the
number of dispersing predators (Figure 1B; χ2 = 37.50, df = 2,
P< 0.001). The highest dispersal was recorded when juveniles fed
on spider mites (Figure 1B) which, however, decreased with the
addition of pollen in a mixed diet with spider mites (Figure 1B).

Similarly, juvenile developmental time was significantly
affected by diet (Figure 1C; F = 60.17, df = 2, 89, P < 0.001).
Mean developmental time was significantly shorter on pollen
compared to spider mites (Figure 1C). The addition of pollen
in a mixed diet with spider mites resulted in a significant
decrease in the time needed forA. limonicus juveniles to complete
development (Figure 1C).

Effects of Pollen Provisioning in Mixed Diet
With Spider Mites on A. limonicus Adult
Performance and Predation Efficiency
Adult survival was significantly affected by diet (Figure 2,
χ
2 = 9.15, df = 2, P = 0.010). Feeding on spider

mites resulted in a rapid decline in the survival of A.
limonicus females compared to those feeding on pollen
or a mixture of pollen with spider mites (Figure 2). No
significant difference was recorded in the survival of A.
limonicus females when these fed on pollen or mixed
diet (Figure 2).

The numbers of eggs laid by A. limonicus from
day 2 till day 10 of their adult life were significantly
different among diets (Figure 3A, χ

2 = 69.58, df = 2,
P < 0.001) and with time (Figure 3A, χ

2 = 20.55, df
= 8, P < 0.05). On average, females laid a significantly
higher number of eggs when feeding on pollen (1.6 ±

0.09 eggs/female/day) compared to those feeding on
a mixed diet (1.3 ± 0.08 eggs/female/day) or spider
mites (0.009 ± 0.002 eggs/female/day) (Figure 3A).
However, the females feeding on the mixed diet laid
significantly more eggs compared to those feeding on
spider mites alone (Figure 3A). The interaction between

FIGURE 1 | Effects of pollen provisioning in a mixed diet with spider mites on

the development and dispersal of Amblydromalus limonicus juveniles. Eggs

laid by predator females within 24 h were individually transferred on leaf discs

where juveniles (n = 48 per treatment) had access to either Typha latifolia

pollen (blue bar, POL), spider mite larvae (red bar, TUR), or a mixed diet

consisting of spider mite larvae plus pollen (green bar, MIX) throughout their

development to adults. (A) Percentage of juvenile survival at reaching

(Continued)
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FIGURE 1 | adulthood, (B) percentage of dispersing mites per leaf disc, and

(C) developmental time in the different diets (each box plot horizontal line

shows the median, upper and lower box boundaries the quartiles, and

whiskers the extreme values within a category). Significant differences

between treatments are indicated by asterisks; A-B: χ
2-test; (C) Tukey-HSD

test: P < 0.001 (***), ns, not significant.

FIGURE 2 | Effects of pollen provisioning in a mixed diet with spider mites on

the survival of adult Amblydromalus limonicus. Female adults were feeding on

either Typha latifolia pollen (blue line, POL), spider mite larvae (red line, TUR), or

a mixed diet consisting of spider mite larvae plus pollen (green line, MIX) for a

period of 2 weeks. Shown are Kaplan-Meier survival curves of adults (n = 25

per treatment) feeding on the different diets. Significant differences between

treatments are indicated by different letters by Mantel-Cox log-rank tests

(P < 0.05). Censored observations (dispersing predators) are shown as

crosses on the lines.

diet and time was not significant (χ2 = 3.98, df = 15,
P = 0.998).

The consumption of prey (spider mites) by A. limonicus
females was significantly affected by diet (Figure 3B, χ2 = 53.35,
df = 1, P < 0.001) and not with time (Figure 3B, χ

2 = 11.27,
df = 8, P =0.187). More spider mites were consumed when
A. limonicus females had access to spider mites only (2.2 ±

0.13) than when they were also provided with pollen (1.1 ±

0.08) (Figure 3B). The interaction between diet and time was not
significant (χ2 = 8.43, df= 8, P = 0.392).

Effects of Pollen Provisioning in Mixed Diet
With Spider Mites on Intrinsic Rates of
Increase (rm) of A. limonicus
The population increase of A. limonicus was assessed by
calculating intrinsic growth rates (rm) values on the different
diets. The highest rm value (0.219) was recorded when predators
fed on pollen, and the lowest (0.040) on the spider mite diet.
Remarkably, this value increased to 0.190 when mixing spider

FIGURE 3 | Effects of pollen provisioning in a mixed diet with spider mites on

the performance of adult Amblydromalus limonicus. Female adults (n = 25 per

treatment) were feeding on either Typha latifolia pollen (blue line, POL), spider

mite larvae (red line, TUR), or a mixed diet consisting of spider mite larvae plus

pollen (green line, MIX) for a period of 2 weeks. Shown are the mean (± SE)

(A) number of eggs per female per day and (B) number of consumed prey

(spider mite larvae) per female per day of young female A. limonicus from day

2 to day 10 of their adult life. Only data shown in full lines (day 2–10) were

included in statistical analyses. Per panel, lines with different letters are

significantly different (GLM followed by Bonferroni test, P < 0.001).

mites with pollen suggesting a higher population increase for A.
limonicus on the mixed diet.

DISCUSSION

Generalist phytoseiid predators are capable of exploiting both
animal and plant food (McMurtry and Croft, 1997; McMurtry
et al., 2013) but to which extent plant food (e.g., pollen)
provisioning could affect the performance of phytoseiids that
also have access to prey has been scarcely addressed so far (e.g.,
Nomikou et al., 2002; van Rijn et al., 2002; Messelink et al.,
2010; Pappas et al., 2013). Moreover, our limited knowledge on
mixed diet effects on phytoseiid performance is restricted to the
preferred prey of each particular predator species, and only barely
studied in combination with prey species of lower suitability [e.g.,
spider mites for P. finitimus in Pappas et al., 2013]. Our data
shows that cattail pollen provisioning could enable A. limonicus
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to better exploit spider mites, a prey of lower quality than its main
prey (thrips or whiteflies) via its positive effects on the population
increase (rm) of the predator when feeding on the mixed diet of
pollen and spider mites.

The positive impact of pollen provisioning on juveniles and
adult life-history traits recorded in our study is in agreement with
previous studies with phytoseiids in which the predator performs
better on a mixed diet than on the single prey component of the
mixed diet. Herein however, the positive effects on A. limonicus
oviposition were still stronger when feeding on pollen than on
the mixed diet. Our study shows the ability of A. limonicus
to overcome the nutritional limitations imposed by T. urticae
by also feeding on pollen and does not fall in the group of
studies confirming synergistic effects of mixed diet components
on predator performance (e.g., Marques et al., 2015).

All life-history traits studied herein did not differ among
the pollen and mixed diet treatments with the exception of
female egg production which was significantly higher in the
pollen diet, suggesting that no synergistic effects were recorded
in our study for any of the indexes studied. As we only recorded
prey consumption by the adult females, we cannot exclude
the possibility that juvenile predators avoided spider mites and
mainly relied their feeding on pollen alone during development,
although dead spider mite individuals were regularly observed
on the experimental leaf discs. On the other hand, adult females
were shown to actively prey on spider mite larvae and despite
prey consumption being lower in the mixed diet, it did not
negatively impact adult survival but the resulting egg production
by A. limonicus females. Overall, it seems like the overall
positive effects of pollen provisioning on A. limonicus population
increase should be mainly attributed to the enhancement of
juvenile development and survival and, to a lesser extent, to
increased egg production in the mixed compared to the single
prey diet.

Decreased prey consumption can be an important side-effect
of prey mixing with pollen that negatively impacts predation
efficiency of generalist phytoseiids (van Baalen et al., 2001;
Skirvin et al., 2007; Pappas et al., 2013; Leman and Messelink,
2015; Vangansbeke et al., 2016). It may be related to the
predator shift exclusively toward pollen grains, which are easier
to consume, requiring no energy to forage compared to prey
individuals. Moreover, predator shift might also relate to the
active foraging of the predator toward a more nutritious food
over lower quality prey. Whereas, higher nutritional quality
might only explain predator choice of pollen over low quality
prey, predator shift to mainly pollen feeding might apply
to both low and high quality prey species. On the other
hand, active, or random consumption of variable quantities
of both pollen and prey by the predator, can result to its
satiation and thus, reduced prey consumption compared to
predators having access to prey only. In this study, pollen
provisioning to A. limonicus in a mixed diet with spider
mites resulted in reduced spider mite consumption (Figure 3B).
Similarly, other studies have highlighted the role of pollen in
reducing prey consumption. For example, thrips consumption
by the phytoseiids Amblyseius swirskii or Neoseiulus cucumeris
decreased by∼50% when predators were feeding on a mixed diet

of pollen and thrips (Skirvin et al., 2007; Delisle et al., 2015a;
Leman and Messelink, 2015). We herein recorded a similar
percentage (52.7%) in the reduction of prey consumption by
A. limonicus in the mixed diet compared to spider mites only.
Whether this reduction is related to predator satiation or a shift
toward pollen cannot be easily inferred from the results of the
present study.

Overall effects of pollen provisioning on A. limonicus
performance derived from the stronger population increase
in the mixed diet compared to the diet including only prey.
Such an increase suggests that, in the absence of more suitable
prey, the population of the predator will still be increasing
on the mixed diet but at higher rates than when fed on the
low quality prey (spider mites) alone. In the long-term, pollen
should increase predator/prey ratios and thus eliminate the low
quality effects of the juvenile and adult food (Nomikou et al.,
2004). Moreover, our results on A. limonicus dispersal in the
different diets suggest that pollen provisioning also corroborates
the maintenance of juvenile predators in the release area thus,
contributing to the population increase of the predator. Similarly,
diet mixing of different prey species but no plant food, can result
in increased numerical response of the shared predator negatively
affecting one or all of the involved prey (also termed “apparent
competition”) (Holt, 1977; Chaneton and Bonsall, 2000). On the
other hand, “apparent mutualism” relates to the satiation of the
predator and the subsequent reduction in the consumption of
both prey species (Holt, 1977; Holt and Kotler, 1987). Both types
of predator-mediated interactions among prey species have been
recorded for phytoseiids and, time, seems to be an important
determinant of the expression of either type of interaction, with
apparent mutualism realized in the short-term whereas apparent
competition in the long-term for the predator—prey interaction
(Messelink et al., 2008, 2010; van Maanen et al., 2012; Muñoz-
Cárdenas et al., 2017). In the present study, we used a mixed diet
of spider mites (prey) and pollen (plant food) but the results seem
to follow the general trend previously described for mixed diets
consisting of prey only. Similar trends in the effects of pollen
provisioning as supplementary food on phytoseiid population
increase have also been demonstrated in studies (e.g., Nomikou
et al., 2002, 2010; van Rijn et al., 2002; Messelink et al., 2010;
Pappas et al., 2013) highlighting the importance of pollen in
biological pest control.

To conclude, pollen provisioning is shown herein to enable A.
limonicus population increase in the presence of low quality prey
such as spider mites. It is thus expected that, in the long term, this
initial build-up of predator population on low quality prey would
enable A. limonicus to efficiently confront other prey species
(e.g., thrips or whiteflies) arriving later in the crop. However,
there are a number of restrictions that apply in the extrapolation
of our results to real conditions that need to be discussed and
further evaluated in future studies. Our experimental set-up
was based on the assumption that the predator would have to
control a spider mite population at its early development. In this
situation, spider mites would produce low webbing and thus,
A. limonicus would easily move and forage on the leaf surface.
This is also particularly important for the juvenile predators,
that would consume pollen grains more easily on a relatively
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free- than on a full-web leaf. Moreover, our set-up included only
one prey species which may not be the case in certain time
periods during the cropping season. Finally, as we only recorded
juvenile development and adult egg production for a limited time
period, future studies should include greenhouse experiments to
confirm the hypothesis that A. limonicus would control spider
mites in the long-term via increased population increase. From
an applied perspective, A. limonicus is an important biological
control agent currently used for thrips and whitefly control
(van Houten et al., 2008; Hoogerbrugge et al., 2011; Knapp
et al., 2013). Previous studies have demonstrated the suitability
of several pollens for this predator (Vangansbeke et al., 2014b;
Samaras et al., 2015) and pollen provisioning is expected to
enhance its ability to control thrips (Samaras, 2018). The results
of the present study add on the current literature on the effects
of pollen provisioning on the numerical response of phytoseiid
predatory mites but also reveal the role of cattail pollen in
enhancing the ability of A. limonicus to also exploit a prey of low
quality and thus, to possibly expand its biological control use to
spider mites.
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