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Abstract
Because predators may interfere with each other, an important step towards the implemen-
tation of successful release of multiple predators in biocontrol programs requires resolv-
ing how predators respond to the presence of heterospecific competitors. Several species 
of predatory mites are important biocontrol agents and the species Phytoseiulus macro-
pilis and Neoseiulus californicus are used to control the two-spotted spider mite, Tetra-
nychus urticae, an important pest in agriculture worldwide. We investigated their compat-
ibility showing that the two predators do not avoid plants on which the other species is 
present together with their common prey, and demonstrated that their oviposition rates are 
not affected by the presence of the other species. However, the distribution of the eggs 
on leaf discs was affected by the presence of the heterospecific predator. This behaviour 
might weaken possible interference between these two biocontrol agents, which, in turn, 
may enable their persistence on plants and favour pest suppression. The increased joint use 
of several natural enemies for biological control highlights the importance of studies on 
predator–predator interactions.
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Introduction

The rising concern that the intensive use of pesticides leads to the development of pest 
resistance and has negative effects on human health and the environment has led to a strong 
growth in use of biological pest control approaches (Matson et al. 1997; Margni et al. 2002; 
UN Human Rights Council 2017; Wyckhuys et  al. 2019). Amongst the strategies used, 
augmentative biological control consists of the seasonal release of large numbers of natu-
ral enemies to suppress population outbreaks of the target pest species (Hajek 2004; van 
Lenteren et al. 2018). This approach often involves the release of several natural enemies 
which may have complementary effects on controlling the pest species (Sih et  al. 1998; 
Cardinale et  al. 2003; Straub and Snyder 2008; Messelink and Janssen 2014). The pres-
ence of multiple natural enemies can give rise to several types of interactions that further 
increase food web complexity (Janssen et al. 1998; Sih et al. 1998; Messelink et al. 2012). 
For instance, two predators sharing the same prey may interfere with each other through 
competition or intraguild predation and the possible effects of such interactions have been 
increasingly considered in the design of effective biological control programs (Rosenheim 
et al. 1995; Janssen et al. 2006; Messelink et al. 2012; van Lenteren et al. 2018). However, 
alternative food sources, often present in crops, can mitigate such effects and allow com-
peting predators to coexist long enough to complement each other in the control of pests 
(Messelink et al. 2013; Messelink and Janssen 2014).

When competing for resources, the success of individual predators depends more on 
their behavioural strategies than on their physical strength (Milinski and Parker 1991). 
The distribution of predators over prey patches is expected to be directly influenced by the 
availability of resources; however, the presence of competitors on these patches may also 
affect their foraging decisions (Janssen et  al. 1997; Gnanvossou et  al. 2003; Choh et  al. 
2010; Maleknia et al. 2013). If predators are not able to detect and avoid the presence of 
heterospecifics in prey patches, they might interact through the joint use of the resources 
and this may lower the foraging success of one of the competing species (Pianka 1974; 
Milinski and Parker 1991). In attempting to prevent such antagonistic effects, predators 
could avoid the presence of each other, leading to temporal or spatial segregation of their 
niches (Pianka 1974) and this could affect their efficacy of controlling herbivore popula-
tions. Here, we investigated the occurrence of such avoidance of competitors when preda-
tors are searching for patches with food.

Predatory mites (Acari: Phytoseiidae) are used as biological control agents in many agri-
cultural systems, particularly to control species of phytophagous mites and small insects 
(van Lenteren et al. 2018). The predators from this family are the main natural enemies of 
the two-spotted spider mite, Tetranychus urticae Koch (Acari: Tetranychidae), one of the 
most polyphagous pests known: it attacks over 1100 plant species and is able to rapidly 
develop pesticide resistance (Van Leeuwen et al. 2010; Migeon and Dorkeld 2015). Two of 
these predatory mite species, Phytoseiulus macropilis (Banks) and Neoseiulus californicus 
(McGregor) (Acari: Phytoseiidae), are mass-produced and marketed for the control of the 
two-spotted spider mite in the Neotropics. Phytoseiulus macropilis is considered a special-
ist predator of Tetranychus species (McMurtry and Croft 1997; Oliveira et al. 2007) and N. 
californicus has a broader diet, feeding on various pest species and types of pollen (Croft 
et al. 1998; Gerson et al. 2003). The combined use of these predators is considered as con-
trol strategy because whereas P. macropilis tends to disperse when the density of spider 
mites is low, N. californicus remains behind because it can feed on other food sources and 
is more resistant to starvation (Vacacela Ajila et al. 2019). Besides being investigated for 
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combined releases, both P. macropilis and N. californicus co-occur naturally in extensive 
regions of Brazil on various crops and on spontaneous vegetation (Ferla et al. 2007; Rog-
gia et  al. 2009). Therefore, these two predators potentially compete for spider mites and 
may be involved in more complex interactions such as intraguild predation (Fonseca et al. 
2018).

Predatory mites are blind and chemical cues play a central role in their foraging behav-
iour (Sabelis and van de Baan 1983; van Wijk et al. 2008). Although it is known that both 
P. macropilis (Oliveira et al. 2009; Fadini et al. 2010) and N. californicus (Janssen et al. 
1990) are attracted to volatiles from prey patches, it has not yet been reported how these 
predators respond to volatiles emanating from prey patches invaded by the other preda-
tor species. Moreover, we showed before that these predators have the potential to engage 
in intraguild predation (Fonseca et  al. 2018). In such interactions, one predator may 
induce antipredator behaviour in the heterospecific competitor, such as avoiding its pres-
ence (Magalhães et  al. 2005; van der Hammen et  al. 2010) and shifting the distribution 
and oviposition in response to cues of the other species (Choh et al. 2010). These behav-
ioural responses might affect community structure (Wissinger and McGrady 1993; Snyder 
and Wise 1999), and thus the performance of interacting predators in biological control 
programs.

Therefore, exploring how potentially interacting predators respond to the presence of 
each other is an important step towards successful release of multiple natural enemies. 
Here, our goal was to investigate this phenomenon between the predatory mites P. macro-
pilis and N. californicus at three spatial scales. We first tested whether these predators 
avoided the volatiles of plants with their shared prey and the other predator species from a 
distance using a Y-tube olfactometer (Janssen et al. 1999b; Gnanvossou et al. 2003; Çak-
mak et  al. 2006). Subsequently, we verified whether the predators avoided visiting and 
remaining on plants with the other predator. Lastly, we investigated the oviposition of the 
two predators in the presence and absence of the other species.

Materials and methods

Plant material

Jack bean plants (Canavalia ensiformis (L.) DC; Sementes Caiçara®, Brazil) were grown 
from seeds in plastic pots (2 L) filled with commercial potting soil (Mecplant®, Brazil) 
in a greenhouse (25 ± 7 °C, 70 ± 20% relative humidity). Plants were watered twice a day 
and did not receive fertilizers or pesticides. Two-week-old plants with two fully developed 
leaves (about 20 cm high) were used for the rearing of spider mites and experiments.

Mite cultures

The two-spotted spider mite was reared on jack bean plants in a climate-controlled room 
(25 ± 3  °C, 70–90% relative humidity and a photoperiod of 12:12 L:D). Uninfested jack 
bean plants were added to the spider mite culture twice per week. The predatory mites 
P. macropilis and N. californicus were reared under the same conditions as above on 
detached bean leaves infested with two-spotted spider mites. These leaves were put in a 
plastic tray (l × w × h = 45 × 30 × 8 cm) that was placed inside a second, water-containing 
tray (55 × 40 × 10  cm) to prevent the mites from escaping. New bean leaves with spider 
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mites were added to the cultures 2–3 × per week. The cultures of spider mites and preda-
tory mites were started with individuals obtained from a commercial company (Ecotrix 
Biodefensivos Pesquisa & Consultoria, Viçosa, MG, Brazil). Both predatory mite species 
had been reared for about 2 years on jack bean leaves with two-spotted spider mites prior to 
the experiments.

Response of predatory mites to volatiles from heterospecifics

To assess the response of adult female predatory mites to volatiles from heterospecific 
competitors, two-choice tests were done in a Y-tube olfactometer (Sabelis and van de Baan 
1983; Janssen et al. 1999b). The olfactometer consisted of a Y-shaped glass tube (27 cm 
long × 3.5 cm diameter) with a black Y-shaped metal wire in the middle to guide the preda-
tor, with the base of the tube connected to a pump that causes an airflow from the arms of 
the tube to the base (Janssen et al. 1999b). Each arm was connected to a glass container 
(50 × 36 × 43 cm) in which the volatile sources were kept. The wind speed in each arm of 
the Y tube was measured with a hot-wire anemometer and calibrated to 0.50 m/s (Veloci-
Calc® Air Velocity Meter 9545-A). When wind speeds in both arms are equal, the air 
flows coming from the containers form two separate fields in the base of the Y-tube, with 
the interface coinciding with the metal wire (Sabelis and van de Baan 1983).

Prior to the experiments, mated adult females of the predatory mites were taken from 
the culture and starved for 1–3 h, because this motivates the predators to walk upwind in 
the olfactometer (Sabelis and van der Weel 1993). The predatory mites were introduced 
individually in the olfactometer and each female was allowed to make a choice by reaching 
the end of one of the two arms within 5 min. Females that did not make a choice within 
5 min were scored as having made no choice. After making a choice or after 5 min, the 
female was removed and a new female was introduced. Each replicate consisted of 20 adult 
females responding to a set of volatile sources plus a few non-responding females (0–3 
per replicate). To correct for any possible unforeseen asymmetry in the experimental set-
up, volatile sources were connected to the opposite arm of the olfactometer after each five 
females that had made a choice. Three replicates were done per combination of volatile 
sources, each with a new set of plants and a new group of predators.

Each volatile source consisted of two jack bean plants that were infested with spider 
mites (T. urticae). Heterospecific predators were present on one group of plants and absent 
on the other group. The plants were infested with 300 adult females of T. urticae per leaf 
and they were subsequently incubated in this way for 2 days. This resulted in some visual 
damage, but plants were far from being overexploited. After this, one of two densities of 
the predatory mites was placed on one group of plants: 20 or 40 adult females per leaf, 
hence 40 or 80 per plant. Subsequently, plants were incubated for 2 more days. Plants were 
incubated in a climate room (conditions as above) until they were used for olfactometer 
experiments (conditions as above).

We first confirmed that both predator species were capable of performing well in the 
olfactometer by offering them a choice between the volatiles of clean and spider-mite-
infested jack bean plants in an unreplicated test. Both predators were significantly attracted 
to volatiles of plants infested with spider mites (P. macropilis: 19 females to the infested 
plants and 1 to the clean plant, binomial test (Siegel and Castellan 1988), P < 0.001; N. cal-
ifornicus, 15 vs. 5, P = 0.021). Subsequently, we tested the response of the predators with 
plants harbouring prey plus adults of the other species. The choice offered was two jack 
bean plants infested with spider mites vs. two jack bean plants infested with spider mites 
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plus the heterospecific predatory mite; this was repeated for both predator species and with 
both densities of predators on the plants.

The data of each two-choice olfactometer experiment were analysed with a log-linear 
model for contingency tables with Generalized Linear Model (GLM) using a Poisson error 
distribution (Crawley 2013). We first tested whether there was a preference for one of the 
arms of the olfactometer, which would point at an asymmetry in the set-up. We found no 
evidence for this (GLM, all χ2 < 2.42, d.f. = 1, all P > 0.42). We subsequently assessed 
whether the choice of the predators differed significantly among replicates by constructing 
a GLM with volatile source, replicate and their interaction as fixed factors. A significant 
interaction between volatile source and replicate would point at an inconsistent preference 
of predators among replicates. All statistical analyses were done using R software (R Core 
Team 2016).

Plant choice of predatory mites in presence of heterospecifics

We tested the preference of adult females of the predatory mites P. macropilis and N. cali-
fornicus between plants with and without heterospecific competitors. The jack bean plants 
had two fully developed leaves, of which one was infested with 150 adult females of T. 
urticae whereas the other leaf was kept clean. The plants were subsequently incubated in 
this way for 2 days. After this, 10 adult female predatory mites were placed on the prey-
infested leaf of one group of plants, whereas the other group did not receive any predators. 
Subsequently, plants were incubated for 2 more days.

One satin ribbon (Merita®, 0.5 cm thick) was used to make a bridge between the plant 
with only prey (T. urticae) and the plant with prey plus predators. Another ribbon was tied 
to the centre of this bridge, the other end of this ribbon was vertically fixed with a paper-
clip onto one Petri dish (5 cm diameter, 1 cm deep) below the bridge, in between the two 
plants (Zhang et al. 2019). Subsequently, 50 adult female predatory mites of the species 
not present on the plants were randomly collected from the culture and were placed in two 
1.5-mL Eppendorf safe-lock tubes. Subsequently, these Eppendorf tubes were placed in the 
Petri dish and the predatory mites were released, so that they could walk up the vertical 
ribbon to the bridge, and from there to the two plants, one with only spider-mite prey and 
the other with spider mites and predators of the other species. One day later the predators 
on both plants were counted.

Twelve pairs of plants were used for each species of predator. They were divided over 
three blocks in time with N. californicus as the released species and two blocks with 
P. macropilis as the released species. Each pair of plants was placed in a separate tray 
(55 × 40 × 10 cm) and the position of plants with and without the heterospecific competi-
tors was alternated among trays to correct for any possible influence of directionality in the 
response of the predatory mites (Zhang et al. 2019).

The numbers of predatory mites arriving on the plants with and without heterospecific 
competitors were compared with a linear mixed effects model (LME) with treatment as 
fixed factor and replicate as random factor.

Oviposition behaviour of interacting predators

Lastly, we investigated whether the oviposition of the predators was affected by the pres-
ence of heterospecifics on prey patches. The patches consisted of leaf discs (5 cm diameter) 
of jack bean plants that were cut around the midrib, which served to split the leaf in two 
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sides. The leaf discs were put on water-saturated cotton wool in a Petri dish (8 cm diam-
eter, 1.5 cm deep). To obtain patches with spider mites, 25 adult females were trapped on 
one side of the disc by putting a moistened cotton wool barrier on top of the midrib; the 
other side of the disc was maintained clean. The females were allowed to oviposit and pro-
duce web for 48 h. After this, the cotton barrier was removed and the predators to be tested 
were released at the same time on the leaf discs, where they could feed on the spider mites 
and could oviposit either in the web produced by the spider mites or on the clean side of 
the leaf disc without web. All predators used here were gravid females, aged between 10 
and 15 days since the egg stage.

Each leaf disc received one of three treatments: (i) T. urticae plus 1 individual of one of 
the predator species, (ii) T. urticae plus 3 individuals of the other predator species, and (iii) 
T. urticae, 1 individual of one of the predators and 3 individuals of the other predator. This 
last treatment mimicked the invasion of one individual of one species into a patch where 
three individuals of the other species was present. These three treatments were repeated 
with both predator species with one individual responding to the presence of three indi-
viduals of the other species. Each treatment was replicated 12 ×. The eggs of the predatory 
mites were counted on each side of the disc after 24 and 48 h.

The oviposition of predatory mites on each side of the leaf discs in the presence or 
absence of a higher density of the other species was compared using a GLM with a bino-
mial error distribution (Crawley 2013). We assessed whether the distribution and total 
numbers of the eggs changed with the presence of the heterospecific competitor.

Results

Response of predatory mites to volatiles from heterospecifics

Phytoseiulus macropilis did not show a preference when offered a choice between vola-
tiles of plants with spider mites and those of plants with spider mites plus N. californicus, 
both with a density of 20 (GLM, χ2 = 1.67, P = 0.20) or 40 heterospecific predators per leaf 
(χ2 = 0.60, P = 0.44, both d.f. = 1; Fig. 1). There was no significant effect of the density of 
heterospecific predators on the plant (χ2 = 2.14, d.f. = 1, P = 0.14).

Neoseiulus californicus also did not show a preference for volatiles of plants with spider 
mites or those of plants with spider mites plus P. macropilis in both experiments with 20 
(GLM, χ2 = 0.07, P = 0.80) or 40 (χ2 = 2.42, P = 0.12, both d.f. = 1; Fig. 2) heterospecific 
predators per leaf. There was no significant effect of the density of P. macropilis on the 
plants (χ2 = 0.85, d.f. = 1, P = 0.36).

There was no significant difference in preference among replicates for either of the spe-
cies and densities (interaction between volatile source and replicate, all P > 0.05), showing 
that the lack of preference was consistent. We conclude that, despite the potential for com-
petition and possible intraguild predation between individuals of the two predatory mite 
species (Fonseca et al. 2018), they do not avoid plants on which heterospecifics are present 
based on volatiles emanating from such plants.

Plant choice of predatory mites in presence of heterospecifics

Phytoseiulus macropilis had no significant preference for plants with spider mites or 
plants with spider mites plus N. californicus (LME, χ2 = 0.38, d.f. = 1, P = 0.54; Fig.  3). 
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Neoseiulus californicus also did not show a significant preference for plants with spider 
mites compared to plants with spider mites plus P. macropilis (χ2 = 0.87, d.f. = 1, P = 0.35; 
Fig. 3). These results reinforce the findings from the olfactometer experiment: the preda-
tory mites P. macropilis and N. californicus do not avoid plants on which heterospecifics 
are present.

1.0 0.5 0.0 0.5 1.0

P. macropilis Y-tube choices (%)

T. ur�cae
T. ur�cae + 40 heterospecifics
T. ur�cae + 20 heterospecifics

n.s

n.s

No choice

4.8%

0%

Fig. 1   The response of Phytoseiulus macropilis in an olfactometer when offered the choice between vola-
tiles from plants with spider mites (right-hand side of the bars) and plants with spider mites and 20 or 40 
Neoseiulus californicus per leaf (black and dark grey bars, respectively; left-hand side). Each bar is the 
average of three independent replicates with 20 predators making a choice in each replicate

1.0 0.5 0.0 0.5 1.0

N. californicus Y-tube choices (%)

n.s

n.s

No choice

7.7%

3.2%

T. ur�cae
T. ur�cae + 40 heterospecifics
T. ur�cae + 20 heterospecifics

Fig. 2   The response of Neoseiulus californicus in an olfactometer to plants with spider mites (right-hand 
side of the bars) and plants with spider mites and 20 or 40 Phytoseiulus macropilis per leaf (black and dark 
grey bars, respectively; left-hand side). See Fig. 1 for further explanation
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Oviposition behaviour of interacting predators

Both predatory mites changed the distribution of their eggs in the presence of a higher den-
sity of the other species. In these treatments, both P. macropilis (GLM, χ2 = 8.55, P = 0.04; 
Fig. 4) and N. californicus (χ2 = 8.38, P = 0.004, both d.f. = 1; Fig. 5) increased their ovi-
position on the clean side. However, the total number of eggs produced was not affected 
by the presence of the heterospecific for P. macropilis (GLM, χ2 < 0.001, d.f. = 1, P = 1) or 
for N. californicus (χ2 = 0.55, d.f. = 1, P = 0.46). Therefore, whereas the egg distribution of 
both predators over the two sides of the leaf discs was affected by the presence of hetero-
specifics, their reproduction was not.

Discussion

Our results demonstrate that whereas both P. macropilis and N. californicus were signifi-
cantly attracted to volatiles of jack bean plants infested with spider mites, neither of the 
two predator species avoided volatiles from plants with prey and heterospecifics, both 
with 20 or 40 predators per leaf. These results are in agreement with results with a closely 
related system of predatory mites, Phytoseiulus persimilis Athias-Henriot and N. califor-
nicus, which also showed that these predators do not avoid volatiles of plants with prey 
and the heterospecific species (Çakmak et al. 2006). Furthermore, it was demonstrated in 
greenhouse release experiments that P. persimilis did not avoid visiting plants with spider 

1.0 0.5 0.0 0.5 1.0
Propor�on of choices on plants

T. ur�caeT. ur�cae + heterospecifics

No choice

7.2%

8.7%

n.s

n.s

P. macropilis

N. californicus

Fig. 3   The response of Neoseiulus californicus and Phytoseiulus macropilis to plants with spider mites 
(right-hand side of the bars) and plants with spider mites plus the heterospecific competitor (left-hand side). 
Bars are averages of 12 replicates
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mites and N. californicus (Janssen et  al. 1999b). Here, we also show absence of avoid-
ance of competitors and potential intraguild predators for both P. macropilis and N. cali-
fornicus, both in olfactometer and in release-recapture experiments. In contrast, other stud-
ies have shown avoidance of plants with con- or heterospecific competitors and intraguild 
predators based on volatiles emanating from these plants, both for predators (Janssen et al. 
1997; Gnanvossou et  al. 2003; Magalhães et  al. 2005; Maleknia et  al. 2013) and herbi-
vores (Pallini et al. 1997). Because of the limited attention given to such interactions, the 
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mechanisms of such volatile-mediated responses to conspecific or heterospecific predators 
are not yet well understood (Janssen et al. 1997; Chailleux et al. 2014).

Although P. macropilis and N. californicus have been found to co-occur naturally in 
Brazil (Ferla et al. 2007; Roggia et al. 2009), they may not have shared sufficient evolution-
ary history to result in selection for avoidance of plants with the other species. Another 
conceivable explanation for the lack of avoidance found in our system is that the preda-
tors used in our experiments did not have previous experience with heterospecifics. It is 
known that individual foragers have the ability to learn from previous foraging experiences 
(Bernstein et al. 1988, 1991), and it has been shown that predatory mites can change their 
response to volatiles after a negative experience (Dicke et al. 1990; Takabayashi and Dicke 
1992; Drukker et al. 2000; De Boer and Dicke 2004). In parasitoids, selection pressures 
due to competitive interactions may drive the evolution of avoidance mediated by volatiles 
cues (Vet 1999). As our predator–predator system has the potential for competition and 
intraguild predation (Fonseca et al. 2018), their response to each other could be expected to 
change after experiencing such antagonistic interactions. This needs further investigation.

Theoretical models predict that possibilities for coexistence of species involved in 
intraguild predation are limited (Holt and Polis 1997), and that intraguild predation 
between natural enemies may have negative effects on biological pest control (Rosenheim 
et  al. 1995). However, such negative effects on biological control seem to be an excep-
tion rather than the rule (Janssen et al. 2006). This is possibly caused by various factors 
such as habitat structure (Janssen et al. 2007), spatial niche partitioning (Finke and Denno 
2006), and alternative food (Daugherty et al. 2007; Holt and Huxel 2007; Gagnon and Bro-
deur 2014), which can decrease the strength of this interaction and thus, the possible nega-
tive effects for biological control (Messelink and Janssen 2014). Our findings show that, 
although the presence of P. macropilis and N. californicus did not affect the reproduction 
of either species, the distribution of their eggs changed. In the absence of the heterospecific 
competitor, the two predators oviposited almost exclusively in the web produced by the 
prey, but when the other predator species was present, a higher proportion of eggs was laid 
outside this web. This indicates that, although the predatory mites have the same prefer-
ence for oviposition sites, they changed their oviposition behaviour, possibly in attempting 
to avoid competition or intraguild predation and this flexibility may promote their persis-
tence on an individual host plant.

The co-occurrence of the two competing predators on groups of plants might be facili-
tated by differences in their foraging behaviour. Neoseiulus californicus can feed on alter-
native food resources and it is much more resistant to starvation than the specialist P. 
macropilis. In another study, we showed that, whereas 62% of P. macropilis protonymphs 
had died on the 3rd day without food, 67% of N. californicus protonymphs were still alive 
1 day later (Fonseca et al. 2018). Furthermore, P. macropilis has the tendency to disperse 
from crops when the density of the two-spotted spider mite is low, whereas N. californicus 
stays longer (Vacacela Ajila et al. 2019). This suggests that the two species have different 
ways of coping with ephemeral prey patches, and this may facilitate their coexistence (Nee 
and May 1992).

Despite the potential for interference between P. macropilis and N. californicus, our 
results suggest that they do not avoid each other. Future research should ascertain how 
these predatory mites affect each other’s dynamics, as well as their subsequent effects on 
behaviour and population dynamics of the two-spotted spider mite, their shared prey. The 
increased joint use of several species of natural enemies for biological control highlights 
the importance of studying interactions within the third trophic level. Foraging behav-
iour, habitat selection and the spatial distribution of species determine the occurrence and 
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strength of interactions within food webs (Abrams 1996; Janssen et al. 1999a). Therefore, 
a first step to understanding the dynamics of interacting biological control agents requires 
investigation of their foraging behaviour. Because volatile cues are essential for foraging 
predatory mites, olfactometer experiments are a good starting point for such investigations. 
The next step would be to explore their behaviour when the interacting species are present 
on the same plant. The mechanisms involved in such interactions can be determined at the 
smaller scale of experimental arenas. Although such studies may have important implica-
tions for ecological interactions and evolutionary processes, they are still limited to a small 
number of species and deserve more attention.
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