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General introduction

Predators and prey evolve in response to each other, with prey trying to avoid pre-
dation and predators trying to catch prey. This coevolutionary arms race (Sih

1984) has been described as asymmetric, with the prey having an inherent evolution-
ary advantage because of the ‘life-dinner principle’ (Dawkins and Krebs 1979): the
prey dies if it is eaten by the predator, so it evolves whatever is necessary to avoid
being eaten, but the predator only loses a meal when a prey escapes. However, if all
prey would outrun or outsmart their predators, there would be no predators around.
So at some point dinner equals the predator’s life. Thus, prey continually evolve var-
ious prey defence mechanisms (e.g., morphological adaptations, toxicity, mimicry)
and behavioural strategies (e.g., hiding, escaping, defending, counterattacking, pro-
ducing toxins) and predators are selected to overcome the prey defense strategies
(Pasteur 1982; Stevens and Merilaita 2001; Ruxton et al. 2004; Davies et al. 2012).
The first step of prey defence consists of avoiding detection, through camouflage,
living secluded, being active during the night, or avoiding to be reached, and avoid-
ing the production of signals that betray their whereabouts (Daly et al. 1992; Stevens
and Merilaita 2001; Ruxton et al. 2004).

Herbivores will also be selected to minimize the risk of being detected by preda-
tors; however, together with the plant on which they feed, they will be involved in a
tritrophic evolutionary arms race. Plants will be selected to betray the presence of the
herbivores, so that they can be detected by natural enemies (Price et al. 1980; Dicke
and Sabelis 1988; Turlings et al. 1990; Dicke and Vet 1999). Predators, pathogens,
and parasitoids that attack herbivores can benefit plants by removing the herbivores
or hindering their feeding behaviour. It is thought that many plant traits have evolved
in response to this mutualism to facilitate the natural enemies and diseases of their
herbivores (Price et al. 1980). This is indeed what plants do: upon being attacked by
herbivores, they produce specific volatile signals that are attractive to the predators
of the herbivores (Dicke and Sabelis 1988; Dicke et al. 1990; Turlings et al. 1990;
Sabelis et al. 1999a). This is not the only line of plant defence: they can also arrest
predators by providing food and shelter (Janzen 1966; Risch and Rickson 1981;
Beattie 1985; O'Dowd and Willson 1989; O'Dowd 1994; Sabelis et al. 1999b;
Wäckers et al. 2005). This enlisting of natural enemies to protect against herbivory is
considered an indirect plant defense mechanism (Price et al. 1980; Dicke and Sabelis
1988; Sabelis et al. 1999b; Bruinsma and Dicke 2008; Sabelis et al. 2008). Besides
these tritrophic interactions, i.e., the recruiting of natural enemies of the herbivores,
plants can also defend themselves directly against herbivores by producing struc-
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tures such as spines, trichomes, toxins and digestibility-reducing secondary plant
compounds (Hanleya et al. 2007; Glas et al. 2012).

Faced with so many threats and challenges, some herbivorous arthropods have
evolved the capacity to feed unnoticed by the plant (Walling 2000; Kant et al. 2008),
or reduce or even manipulate plant defences (Sabelis et al. 1999b; Kant et al. 2008,
2015; Glas et al. 2014; Alba et al. 2015). Other herbivorous arthropods are known to
produce refuges, for example web-producing spider mites, silk-producing caterpil-
lars, leaf-folding caterpillars, wasps and mites inducing galls or other types of mal-
formation (Gerson 1985; Lindquist et al. 1996; Lindquist and Oldfield 1996; Fukui
2001; Bailey et al. 2009; Lemos et al. 2015). Finally, some herbivores use existing
plant structures to hide from predators (Magalhães et al. 2007), they reside between
the scales of flower bulbs (Lesna et al. 2014), inside dense forests of leaf trichomes
(van Houten et al. 2012; Glas et al. 2014), in shafts of grasses (Oldfield 1996;
Lindquist et al. 1996; Sabelis and Bruin 1996), inside leaves (leaf miners) (Katô 1985;
Connor and Taverner 1997) or stems of plants (borers) (Maqbool et al. 1998; Kfir et
al. 2002), under the bark of trees (bark beetles) (Aukema and Raffa 2004), where their
risk of predation is reduced. Whereas natural enemies have, in turn, found ways to
attack the prey (i.e., parasitoids of leaf miners, gall wasps, stem borers), the question
is what plants can do to expose these hiding herbivores to their natural enemies.

Because prey refuges affect predation risk, they also affect the population dynam-
ics of prey and predators. Several empirical (Hixon and Beets 1993; Persson and
Eklov 1995; Murdoch et al. 1996) and theoretical studies (Crowley 1981; Holt 1984;
Abrams and Walters 1996; Krivan 1998; Poggiale and Auger 2004) have shown that
refuges used by prey have a stabilizing effect on predator-prey dynamics (Ives and
Dobson 1987; Collings 1995) and the extinction of prey can be avoided by adding
refuges (May 1974; Freedman 1980; Ives and Dobson 1987; Collings 1995;
González-Olivars and Ramos-Jiliberto 2003). These effects vary depending on the
way the prey use the refuges and how they interact with their predators (McNair
1986; Collings 1995; Gonzalez-Olivars and Ramos-Jiliberto 2003). However, refuges
do not necessarily lead to stable coexistence of predators and prey (McNair 1986).
The reason for the divergent results of these studies and the effects of refuges of
prey, as well as the interactions between populations in a refuge and in open habi-
tats in experimental systems and in nature, remain poorly understood (Murdoch et al.
1996; Murdoch 2005). It is therefore important to study the effects of refuges and
their effects on population dynamics, not only from a theoretical perspective, but also
to assess the effects of refuges used by pests on biological pest control.

Examples of herbivores that successfully use existing plant structures as a refuge
are tiny eriophyid mites. The mite family Eriophyidae represents some of the smallest
arthropods known in the world (Lindquist et al. 1996). They have worm-like bodies with

8

CHAPTER 1 | GENERAL INTRODUCTION

Fernando-chap1_Gerben-chap3.qxd  02/06/2016  15:59  Page 8



a cross-section diameter of c. 50 μm, much smaller than their main predators (Keifer
1965; Sabelis and Bruin 1996; Lima et al. 2012). The minute size of eriophyid mites
seems to be the key to their ecological success, enabling them to reach places small
enough to be free of predators (Moore and Howard 1996; Sabelis and Bruin 1996).
Moreover, the mites can take advantage of their minute size to take on a plant-para-
sitic life style that is quite different from other herbivorous arthropods (Lindquist et al.
1996; Sabelis and Bruin 1996). Many eriophyids live in self-induced plant galls, where-
as others have a vagrant lifestyle and seek refuge in natural tight plant structures, fre-
quently changing feeding sites that vary in the degree of protection against predators
(Moore and Alexander 1987; Lindquist et al. 1996; Sabelis and Bruin 1996).

Eriophyid mites occur on a wide range of host plants. However, many species
show specificity to a certain plant species (Oldfield 1996; Lindquist and Oldfield
1996; Sabelis and Bruin 1996; Michalska et al. 2010) and cause significant crop loss-
es (Lindquist et al. 1996). Eriophyid mites are pests on economically important crops
such as citrus, wheat, mango, lychee, tomato plants, rubber trees, coconuts and
tulip bulbs (Mariau 1969, 1977; Keifer and Saunders 1972; Feres 1992; Moore and
Howard 1996; Castagnoli et al. 2003; Lesna et al. 2004, 2014; Halliday and Knihinicki
2004; Lawson-Balagbo et al. 2007a, 2008a; Negloh at al. 2011; van Houten et al.
2012; Fornazier et al. 2014). Despite their pest status and difficulties to control them
with pesticides, research on biological control of these species has not outgrown the
phase of laboratory trials. For instance, in all existing integrated pest and disease
management programmes in Europe, no biological control method was proposed
against any eriophyid mite (van Lenteren 2000).

One example of an eriophyid that takes advantage of its host’s morphology to
escape predation is the tomato russet mite Aculops lycopersici (Tryon). It is so tiny that
it can walk and feed on epidermal cells without touching the glands at the tips of the
trichomes, which form a dense ‘forest’ covering tomato leaves and stems (van Houten
et al. 2012; Glas et al. 2012, 2014). Although predatory mites of the family Phytoseiidae
are known to feed on tomato russet mites (de Moraes and Lima 1983; Brodeur et al.
1997; Park et al. 2010), they are much larger and cannot move in between the tri-
chomes. When walking over the trichomes, they are exposed to the glands that pro-
duce sticky and toxic substances (Trottin-Caudal et al. 2003; Chatzivasileiadis and
Sabelis 1997). This may explain the lack of success of biological control of this pest
(van Haren et al. 1987; Trottin-Caudal et al. 2003; Fischer et al. 2005).

Another eriophyid that hides inside plant structures is the dry bulb mite Aceria tuli-
pae (Keifer). It finds protection against most of its predators by hiding in between the
scales of tulip bulbs, as long as the scales are tightly appressed to one another. A
previous study showed effective suppression of populations of A. tulipae on the outer
scale of stored tulip bulbs by the generalist predatory mite Neoseiulus cucumeris
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(Oudemans) (Lesna et al. 2004), a predator commonly used for biological control of
various pests in greenhouses (Gerson et al. 2003). It was able to control the mites
between the inner scales only after the bulbs were exposed to ethylene, a plant hor-
mone that causes microscopic increases in the distance between the bulb scales
(Lesna et al. 2004, in prep; Sabelis et al. 2007, 2008, 2012).

A third example is the coconut mite Aceria guerreronis (Keifer), which hides under
the perianths of young coconut fruits. There, it feeds on the meristematic tissue,
causing severe malformation and even fruit abortion (Doreste 1968; Mariau 1977;
Moore and Howard 1996; Aratchige et al. 2007; Lawson-Balagbo et al. 2008b; da
Silva et al. 2010; Negloh et al. 2012). During surveys for natural enemies associated
with this mite in coconut palm, an exceptionally small phytoseiid predator,
Neoseiulus paspalivorus De Leon, was found under the perianths of coconut fruits
feeding and reproduction on the coconut mite (Lawson-Balagbo et al. 2008a; da
Silva et al. 2010).

In this thesis, I present results of five interrelated and complementary studies
sharing the main goal of understanding the tritrophic interactions of eriophyid mites
that hide inside plant structures and natural enemies. Although interesting enough by
itself, this new knowledge also serves to develop biological control methods for
these important pests.

Thesis overview
The studies presented in this thesis focus on the behavioural and morphological
characteristics of the predatory mite N. paspalivorus that allow it to reach popula-
tions of coconut mites and dry bulb mites in their refuges. First, I present some back-
ground information on the experimental systems.

The coconut system
The coconut palm Cocos nucifera L. (Liliopsida: Arecaceae) has dispersed naturally,
but also by man, and now occurs throughout tropical regions, which makes it diffi-
cult to pinpoint its origin and initial distribution. It is now thought to be native to trop-
ical eastern Asia (Persley 1992; Lebrun et al. 1998; Ohler 1999; Chan and Elevitch
2006), but is cultivated in tropical Asia, in Central and South America and in Africa
(Cook 1910; Krauss 1993; Kepler 1998; Ohler 1999; Foale 2003; Chan and Elevitch
2006; Uwubanmwen et al. 2011).

The coconut is perhaps the most widely grown palm in the world and it provides
an important source of income in many tropical countries. Besides serving as an
important component of the daily meals in many countries, a large variety of products
are made of and from coconut, and are used around the word. The main product is
copra, which is the primary material for coconut oil, which in turn is used for making
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soap, cooking oils and many other products. The ornamental aspect of the tree is
highly valued as well; it is emblematic for the tropics and is often associated with hol-
idays (Magness et al. 1971; Krauss 1993; Kepler 1998). Herbivores represent one of
the most important limiting factors of the coconut production around the world.

The coconut mite A. guerreronis is the most important pest of coconut fruits. It
was first recorded in 1960 in the state of Guerrero, Mexico. Later it was found in
Central America, the Caribbean, Brazil and several other countries in South America
(Mariau 1977; Moore et al. 1989). In Africa, it has been recorded first from Benin in
1967, followed by other African countries (Mariau 1977). It has subsequently reached
the Indian sub-continent, first appearing in Sri Lanka in 1997 (Fernando et al. 2003),
reaching India one year later (Nair 2002). Molecular studies suggest that South
America is the likely origin of this species, because the largest genetic variation
occurs in Brazil (Navia et al. 2005). Hence, the invasion routes of the coconut mite
seem to be from South America through Central America, to the Caribbean, Africa
and Asia. The pest is likely to continue spreading eastward to countries in South and
East Asia, the Pacific Islands and Oceania, where nearly 80% of the world coconut
production is located.

Damage caused by the coconut mite is initially manifested as triangular white-yel-
lowish spots on the fruit surface, which subsequently expand and become necrotic
(Haq et al. 2002; Galvão et al. 2008; FIGURE 1.1). With the growth of the fruit, longitu-
dinal cracks and ruptures appear in the damaged surface, resulting in malformation
of the fruit, and from which resin exudes (Cardona and Pots 1971). Feeding by the
mites often results in fruit abortion (Nair 2002). The mite can also damage coconut
seedlings, causing damage that extends across the entire sheet (Aquino et al. 1968).

Control of the coconut mite has been attempted in many parts of the world (Moore
2000; de Moraes et al. 2004; Fernando et al. 2010; Navia et al. 2013). Chemical con-
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FIGURE 1.1 Infested coconut fruits: (left) a single fruit showing different levels of damage at different sides; (right) a
fruit showing severe damage (Photos FR da Silva)
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trol has been problematic to implement for several reasons. First, there is the obvi-
ous negative impact of chemical pesticides on the environment. Second, pesticides
are difficult to apply in the crowns of the tall trees, where, additionally, the herbivores
are protected from pesticides under the perianths of the fruits. Furthermore, the trees
continuously produce new fruits where the mites can find refuge from pesticide appli-
cations. Lastly, the mite’s high reproduction rate may result in rapid development of
pesticide resistance. Together, this makes biological control preferable to chemical
control (Fernando et al. 2010; Navia et al. 2013).

Biological control of the coconut mite
Several natural enemies can be found associated with coconut mites in the field (de
Moraes et al. 2004; Aratchige et al. 2012; Lawson-Balagbo et al. 2008a; Reis et al.
2008; Galvão et al. 2011; Negloh et al. 2011), and some of these are reported to attack
the coconut mite under laboratory conditions (Lima et al. 2012; Lawson-Balagbo et al.
2007a, 2008b). However, they have minor effects of on coconut mite populations
under field conditions (Moore 2000). This suggests that strategies must be developed
to improve the effectiveness of natural enemies in the field. Species of the ento-
mopathogenic fungi Hirsutella have attracted attention as biocontrol agents with great
potential (Julia et al. 1979; Moore et al. 1989; Kumar and Singh 2008; Kumar 2010),
and attempts of commercial production of Hirsutella thompsonii and H. nodulosa in
Mexico (Espinosa-Becerril and Carrillo-Sanches 1986; Lampedro and Rosas 1989)
and Cuba (Gillespie 1988) have been undertaken. However, because of the high costs,
difficulties in handling, and inaccessibility to rural growers, it has not been possible to
include them in biological control programs so far (Van Leeuwen et al. 2000).

For decades, efforts have been made to find an efficient predator of A. guerrero-
nis (Hall et al. 1980; Moore 2000; Moore et al. 1989; de Moraes et al. 2002; Fernando
et al. 2002; Lawson-Balagbo et al. 2008a; da Silva et al. 2010). A species of
Lupotarsonemus was observed feeding on different stages of the coconut mite, but
seemed to have little effect on pest population densities (Hall et al. 1980). Similar
results were obtained by Julia et al. (1979) and Hall et al. (1980) with a Bdella sp., var-
ious species of phytoseiid mites and an unknown tarsonemid mite species. Other
studies revealed predators that feed on the coconut mite with a voracious appetite
(i.e., Proctolaelaps bickleyi (Bram) and Proctolaelaps bulbosus Moraes, Kings and
Gondim Jr) (Lawson-Balagbo et al. 2007a, 2008b; Reis et al. 2008; Domingos et al.
2009). However, these mites were never found in association with coconut mites at
an early stage of fruit colonization. In general, many natural enemies are known to
attack coconut mites under laboratory conditions, but very few seem to be able to
reach the pest under the perianths of young coconuts, which is crucial for efficient
pest control.

12
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Surveys in coconut fields in South America have revealed that a group of small
predatory mite species were found associated with coconut mites (Lawson-Balagbo et
al. 2008a; Reis et al. 2008; da Silva et al. 2010). Subsequent year-round studies of the
population dynamics of coconut mites and predators showed that N. paspalivorus is
one of the main natural enemies of the coconut mite (Lawson-Balagbo et al. 2008b;
Negloh et al. 2011). This phytoseiid mite has been found in close association with the
pest under the perianths of relatively young coconuts (Lawson-Balagbo et al. 2007b,
2008a; da Silva et al. 2010), and has shown potential as a biological control agent of
the coconut mite (Lawson-Balagbo et al. 2007a; da Silva et al. 2010; Negloh et al. 2010).
However, the effect of this predator on the population dynamics of the coconut mite in
the field is poorly understood. The CHAPTERS 3, 4 and 5 of this thesis aim to fill this gap.

The last chapter of the thesis is on a completely new application of N. pas-
palivorus. Because of its small size, it was hypothesized to be capable of controlling
the dry bulb mite, another eriophyid, of the same genus as the coconut mite. This
mite is a pest in a completely unrelated agricultural system, i.e., stored tulip bulbs.

The bulb system
The genus Tulipa L. (Liliopsida: Liliaceae) occurs naturally in Africa, Asia and Europe
and its main centre of diversity is Asia (Govaerts 2008; Botschantzeva 1962). Its
region of origin remains disputed (Botschantzeva 1962; Bermejo and Sánchez 2009).
The first tulip bulbs and seeds were introduced from Turkey into Europe through
Vienna in 1554 (Brunt and Walsh 2005). Subsequently, tulip bulbs were spread from
Vienna to Augsburg, Antwerp and Amsterdam (Brunt and Walsh 2005). Around four
decades after its introduction to Europe, the cultivation of tulip gained great popular-
ity in the region that is now The Netherlands (Garber 1989).

The Netherlands dominate the trade in floricultural products worldwide, with a
share of 50%. Whereas there were several countries (e.g., Japan) with a representa-
tive trade in tulip products in the past, The Netherlands currently has an exception-
ally large share of 80% worldwide, amounting to 4.3 billion tulip bulbs each year. This
production is not without problems. Because tulips serve aesthetic purposes only,
damage tolerance is very low. This has resulted in excessive use of pesticides, while
biological control of pests has lagged behind, as in other ornamentals. The main pest
in tulip production is the dry bulb mite.

Every year, tulip bulbs are attacked by A. tulipae, an eriophyid mite so tiny (cross-
section diameter c. 60 μm) that it can move in between the scales of the young tulip
bulb (Lesna et al. 2004). It was described from tulip bulbs, apparently of Dutch ori-
gin, in California (Keifer 1938), and has since been reported as pest of tulips, onions
and garlic in many parts of the world, including several European countries (Amrine
et al. 2003; Magowski 2004).

13
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The dry bulb mites feed on the tissue between the scales of the tulip bulbs. Their
feeding causes discoloration, scars, superficial red to purple spots, and desiccation
of bulb tissue (Keifer et al. 1982; Conijn et al. 1996; FIGURE 1.2). Furthermore, feed-
ing by this eriophyid induces internal rearrangement of the bulb scales, resulting in
small changes in distance between them (c. 0.1 mm, I.K.A. Lesna, pers. obs.). This
change is sufficient to allow predators, such as the phytoseiid mite N. cucumeris
(with a somal width of c. 0.2 mm and a somal height of c. 0.12 mm), to enter the inte-
rior bulb space, which it cannot in uninfested bulbs (I.K.A. Lesna, pers. obs.). These
changes in bulb morphology are controlled by ethylene, a plant hormone released
upon herbivore attack (Henk Gude, Laboratory for Plant and Environment, Lisse, The
Netherlands). Exposing uninfested tulip bulbs to ethylene makes them attractive for
mites (Aratchige et al. 2004). Previous studies showed that in climate cabinets ven-
tilated to remove ethylene, short periods of exposure of bulbs to ethylene had major
effects on the ability of the predatory mite N. cucumeris to control the dry bulb mite
inside the tulip bulb (Lesna et al. 2004). Such exposure to ethylene and its blockers
had no direct effect on dry bulb mites and predatory mites and at the concentrations
offered, it had similar effects on the morphology of both healthy bulbs and infested
tulip bulbs (Lesna et al. 2004; Sabelis et al. 2007).

This suggests that biological control of the dry bulb mite can be achieved by
exposing tulip bulbs to ethylene and releasing predatory mites. However, ethylene
exposure causes malformation of the flowers, which makes its use unsuitable for the
flower bulb industry. In fact, growers actively reduce ethylene concentrations in the
rooms where bulbs are stored after being harvested from the field (end of June).
There, the bulbs are kept under ideal conditions for exponential growth of the dry
bulb mite: few enemies, refuges from predation in the interior part of the bulbs and
optimal temperatures for development and reproduction. Thus, there is a need to find
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FIGURE 1.2 Tulip bulbs infested by the dry bulb mite: (left) infestation in a storage room; (right) close up of damage
by the dry bulb mite on the bulb surface (Photos FR da Silva)
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predators that do not only feed on eriophyids, but are also small enough to enter the
inside of the bulb. During the study of N. paspalivorus as control agent for the
coconut mite, the idea was born that this tiny predator can perhaps also serve to
control the dry bulb mite. This is the subject of CHAPTER 6 of this thesis.

Thesis outline
In CHAPTER 2 of this thesis, I present results of a survey of coconut trees, where we
confirmed that two large (c. 0.5 mm) species of predatory mites (Amblyseius largoen-
sis and Euseius alatus) rarely occurred under the perianths of young coconuts infest-
ed with the coconut mite, confirming the use of this space as a refuge. Nevertheless,
DNA fragments that are specific for the coconut mite were found in individuals of
these two species collected from the field, showing that they do feed on the coconut
mite, probably only on those individuals that left the refuge. Furthermore, two small,
flat species of predatory mites, Neoseiulus baraki (Athias-Henriot) and N. pas-
palivorus, were found under perianths in the field (CHAPTER 2; Lawson et al. 2008a; da
Silva et al. 2010). For this reason, I focussed on these small species, in this thesis in
particular on N. paspalivorus.

In CHAPTER 3, the effect of inoculative releases of N. paspalivorus on the population
dynamics of the coconut mite on individual coconuts in the field, I compared the
dynamics of the coconut mites without predators with that with predators, released in
two densities, one comparable to observed densities in the experimental field, and the
other twice as high. In this way, I tested whether releasing extra predators would
improve control of the coconut mites. The release of predators resulted in their estab-
lishment and in significant reductions of prey densities, initially only under the outer
perianths, but later also under the inner perianths. This shows that N. paspalivorus has
potential to control coconut mites in the field, but its success is perhaps limited by the
coconut mites finding refuge under the inner perianths of young coconuts. This hypoth-
esis is supported by the fact that the initial infestations of young coconut fruits by A.
guerreronis do not seem to be controlled by any predators in the field. The role of the
perianth in protecting, at least temporally, the coconut mite from its predators as long
as the perianth is tightly appressed to the fruit surface still needs to be clarified.

In CHAPTER 4, I therefore experimentally increased the distance between the rim of
the perianth and the fruit of young coconuts in the field, to investigate whether this
promoted access of predatory mites to the area beneath the perianth, thereby
improving biological control of coconut mites under the perianth.

This was further elaborated in CHAPTER 5, where I tested the capacity of N. pas-
palivorus and another species of predatory mite (N. cucumeris) for their response to
prey-associated volatiles and for their capacity to move into narrow spaces, which
would enable them to enter prey refuges.

15

GENERAL INTRODUCTION | CHAPTER 1

Fernando-chap1_Gerben-chap3.qxd  02/06/2016  15:59  Page 15



In CHAPTER 6, I tested whether N. paspalivorus, a natural enemy of the coconut
mite, can control the dry bulb mite under conditions prevailing in bulb storage rooms.
Furthermore, I compared its performance to the commercially available predatory
mite N. cucumeris. I carried out two series of biocontrol experiments, one with high
initial levels of dry bulb mite infestation and one with a low initial infestation.
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Evidence of Amblyseius largoensis and
Euseius alatus as biological control
agent of Aceria guerreronis

José WS Melo, Debora B Lima, Heike Staudacher, Fernando R da Silva, Manoel GC
Gondim Jr & Maurice W Sabelis

Amblyseius largoensis (Muma) (Acari: Phytoseiidae) and Euseius alatus De Leon
(Acari: Phytoseiidae) are predatory mites that are mostly found on leaves and on the
exposed fruit surface of coconuts. Their morphology hampers the access to the
microhabitat occupied by Aceria guerreronis Keifer (Acari: Eriophyidae), the most
important pest of coconut fruits throughout the world. However, it was suggested
that they can prey on A. guerreronis under natural conditions when this pest leaves
its refuge to disperse. Since the trophic interactions between A. largoensis or E. ala-
tus and A. guerreronis are unknown, we compared the frequencies of occurrence
of A. largoensis and E. alatus under the perianths of coconut fruits and on coconut
leaflets. In addition, because phytoseiids feed by liquid ingestion, we used molec-
ular analysis to confirm the potential role of A. largoensis or E. alatus as predators
of A. guerreronis and to assess how fast the A. guerreronis DNA fragments are
degraded in the A. largoensis digestive tract. Our study demonstrated that E. ala-
tus was only present on coconut leaflets whereas A. largoensis was found mostly
on leaflets and, to a much lesser extent, under the perianth of coconut fruits.
Species-specific ITS primers designed for A. guerreronis were shown to have a
high degree of specificity for A. guerreronis DNA and did not produce any PCR
product from DNA templates of the other insects and mites associated with the
coconut agroecosystem. Based on molecular analyses, we confirmed that the
predatory mites A. largoensis and E. alatus had preyed on coconut mites in the
field. Overall the predatory mites collected in the field exhibited low levels of preda-
tion (26.7% of A. largoensis and 8.9% of E. alatus tested positive for A. guerrero-
nis DNA). The fragment of A. guerreronis DNA remained intact for a very short time
(no more than 6 h after feeding) in the digestive tract of A. largoensis.

Experimental and Applied Acarology (2015) 67:411-421

The coconut mite, Aceria guerreronis Keifer (Acari: Eriophyidae), is the most impor-
tant pest of coconut fruits throughout the world (Navia et al. 2013). It occurs in all

coconut-producing countries, with exception of the presumed region of coconut ori-
gin, namely between Southeast Asia and Papua New Guinea (Chan and Elevitch
2006). The mite resides under the perianth of fruits where it feeds on the meristemat-
ic tissue, and is protected by floral bracts. Fruits injured by the coconut mite have
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reduced weight, size, and content of coconut water and albumen (Negloh et al. 2011;
Rezende-Puker et al. 2105), and can eventually result in premature fruit fall (Moore and
Howard 1996; Rezende-Puker et al. 2015). The estimated economic loss may reach
up to 60% of the potential harvest (Moore 2000; Rezende-Puker et al. 2105).

Control of this pest species in commercial plantations has been attempted with
acaricide applications (Hernández 1977; Moore and Howard 1996; Ramaraju et al.
2002; Rezende-Puker et al. 2105). However, the cryptic life history in a confined habi-
tat makes the pest extremely difficult to control. Perianths of the fruit act as a phys-
ical barrier, hindering the direct action of acaricides on the colony under the perianth
(Mariau and Tchibozo 1973; Hernández 1977). Acaricides are only effective if applied
frequently, beginning when the coconuts are still developing (Moore and Howard
1996; Ramaraju et al. 2002; Melo et al. 2012). The need for frequent applications may
impair implementation of this method for low-yield farmers due to the high cost
(Mariau and Tchibozo 1973; Hernández 1977; Ramaraju et al. 2002) and in most
countries low-yield farmers are the main coconut producers.

Given the economic significance of coconut production for tropical countries, the
damaging nature of the coconut mite and the limitations of the use of acaricides
against this mite, particular attention has been given for more than 10 years to iden-
tifying a predator that can be effective in biological control programs (Moore and
Howard 1996; Moraes and Zacarias 2002; Lawson-Balagbo et al. 2008; Reis et al.
2008; da Silva et al. 2010; Negloh et al. 2011). Despite the common occurrence of
several predatory mites in association with the coconut mite, field and laboratory
observations suggest that many potential predators have difficulties to invade the
refuge used by the coconut mite (Lawson-Balagbo et al. 2007a; Arachige et al. 2007;
Negloh et al. 2010; Galvão et al. 2011; Lima et al. 2012). Among the predators,
species of Neoseiulus (Acari: Phytoseiidae) are the most widely tested species in the
laboratory (Fernando et al. 2003; Aratchige et al. 2007; Lawson-Balagbo et al. 2007b;
Domingos et al. 2010; Melo et al. 2011; Lima et al. 2012) and in field studies (Lawson-
Balagbo et al. 2007a; Fernando et al. 2010; Negloh et al. 2010). Species of
Neoseiulus found on coconuts are dorso-ventrally flattened and have short legs
(Chant and McMurtry 2003), which enables them to move in small spaces.
Conversely, other phytoseiid species found on coconuts [e.g., Amblyseius largoensis
(Muma) and Euseius alatus De Leon (Acari: Phytoseiidae)] are comparatively more
globular and have longer legs (Chant and McMurtry 2004, 2005). These characteris-
tics apparently render A. largoensis and E. alatus species less adapted to gain
access to the microhabitat occupied by the coconut mite. Due to their morphology
these phytoseiids are mostly found on leaves and on the exposed fruit surface.
However, biological aspects of A. largoensis and E. alatus studied in the laboratory
by Galvão et al. (2007) and Melo et al. (2009a,b) suggested that they can prey on the
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coconut mite under natural condition and may contribute to the control of this pest
when it leaves its refuge to disperse.

Mainly due to the disparity in occupied microhabitats, it is not clear to which extent
the predatory mites A. largoensis and E. alatus truly feed on coconut mites. Therefore,
these new trophic interactions should be investigated. Currently, tracking of trophic
interactions has been done through the detection of prey DNA in the predator in var-
ious invertebrates (Chen et al. 2000; Symondson 2002; Agustí et al. 2003; Greenstone
et al. 2007; Weber and Lundgren 2009; Jaramillo et al. 2010), and it was found to be
a very useful tool, especially in cases where the prey is ingested as liquid, which
makes it impossible to visually identify it in dissected predators. In this study, our prin-
cipal research objective was to develop a molecular detection system and to utilize
this approach to corroborate the trophic relatedness between A. largoensis or E. ala-
tus and the coconut mite. Therefore, we first sampled A. largoensis and E. alatus in
the field and verified their rare occurrence on coconut fruits and on leaves.
Importantly, by the means of molecular analysis, we confirmed the role of A. largoen-
sis and E. alatus as predators of the coconut mite in the field, a system that could have
important implications for the future management of this pest throughout the world.

Materials and methods
The field activities were conducted in a commercial coconut plantation of the ‘Green
Dwarf’ variety, in the municipality of Itamaracá, State of Pernambuco (07°46'19’S,
34°52'39’W).

Occurrence of phytoseiid mites
To confirm that A. largoensis and E. alatus are species that are rarely found under the
perianths of coconut fruits (microhabitat occupied by the coconut mite) we conduct-
ed a survey in a coconut plantation in the municipality of Itamaracá, State of
Pernambuco. Coconut plants were visually inspected and those with fruits damaged
by the coconut mite were sampled. Samples were taken monthly of three plants at
each sampling date during 3 months. At each sampling date, two fruits of each
bunch 3–5 (bunch number corresponding approximately to age in months after pol-
lination) were collected from each of three plants. The collection of fruits of different
ages was done to increase the chance to find different predatory mite species. In
addition, 10 leaflets, taken separately from each of the basal, median and apical
thirds of the leaf of a plant were collected. The samples (fruits and leaflets) were
placed in separate plastic bags and temporarily stored in a cool box for transporta-
tion to the laboratory, where they were stored in a refrigerator (about 10 °C) until
inspected, within a period of 5 days. Prior to being processed, the exposed surface
of each fruit was cleaned with wet tissue paper, in an attempt to eliminate possible
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predators (avoiding predatory mites found above the perianths of coconut fruits). The
perianths were then removed to collect the predatory mites from their lower surface
and from the subjacent fruit surface. Inspection of coconut fruits and leaflets was
done focusing on phytoseiid species under a stereomicroscope. All phytoseiid mites
were mounted in Hoyer's medium for identification and counting.

Collection of mites and insects and establishment of predator colonies
Coconut leaflets and coconut fruits were collected in the same field as mentioned
above. Each leaflet was inspected under a stereomicroscope and predatory mites
(~200 of each A. largoensis and E. alatus) and 60 specimens of their possible prey
(mites and small insects) were collected and frozen immediately in dry microtubes at
-20 °C for molecular analysis. Coconut fruits were inspected under a stereomicro-
scope and at least 1000 coconut mite individuals were collected. Approximately half
of the individuals was preserved in 70% ethanol to confirm species identification and
the remaining individuals were frozen immediately in dry microtubes at -20 °C for
molecular analysis.

Stock colonies were established with approximately 50 individuals of each species
(A. largoensis and E. alatus) collected on coconut leaflets. Each rearing unit consist-
ed of a black PVC disc (13 cm diameter, 1 mm thick) laid onto a disc of foam mat
placed in a plastic tray. The margin of the PVC disc was covered with a band of
hydrophilic cotton, and both the foam mat and the cotton band were kept wet by daily
addition of distilled water into the tray. In each unit, the predators were provided with
surplus amounts of either mixed stages of coconut mites or coconut pollen + adult
females and eggs of Tetranychus urticae Koch (Acari: Tetranychidae) as food.
Coconut mites were provided on pieces of perianth (approximately 1 cm2) containing
around 300 individuals of all developmental stages whereas specimens of T. urticae
were provided on pieces of leaf from a colony maintained on Jack bean under green-
house conditions. Coconut pollen was obtained from flowers monthly collected in the
field and conserved in a sealed container at about 10 °C. The food was replenished
every 3 days. The colonies were maintained in the laboratory at 27.5 ± 0.5 °C, 70 ±
10% RH and 12:12 LD photoperiod. One month after the establishment of predator
colonies, adult predatory mites (50 of each A. largoensis and E. alatus) were collec-
ted and frozen immediately in dry microtubes at -20 °C for molecular analysis.

Molecular detection of predation of coconut mites by Amblyseius
largoensis and Euseius alatus
Molecular protocol
DNA was extracted from whole individuals. Except for the coconut mite, DNA was
extracted using a Chelex protocol (Walsh et al. 1991). Single individuals were mac-
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erated in a sterile tube containing 100 μl of 5% chelex solution. Tubes were then
vortexed, after which 2.5 μl of proteinase K (20 mg/ml) was supplied and centrifuged
briefly. Tubes were subsequently incubated at 56 °C for 1 h, and then heated at 95
°C for 8 min. Tubes were briefly centrifuged and stored at -20 °C until later use. For
the coconut mite, we first added 500 μl of TES buffer and ground the tissues with
sterile pestles until they were homogenized. We then added 4 μl of lysozyme from
chicken egg white (100 mg/ml) (Sigma Aldrich) to enhance the lysis of the cell walls
of gram-positive bacteria. Samples were incubated at 37 °C for 30 min. Next, we
added 2.5 μl of proteinase K (20 mg/ml) to the samples and incubated them for 56
°C overnight. The rest of the extraction procedure was conducted according to a
standard CTAB/Chloroform protocol as described in Unbehend et al. (2013). To iden-
tify A. guerreronis in the predatory mites, we designed primers to amplify a 444 base
pairs long fragment from the internal transcribed spacer (ITS) region of this mite by
using the web application Primer3 (http://primer3.ut.ee/). An A. guerreronis ITS
sequence (Genbank accession number DQ060619) was used as a template to obtain
forward: (AgM_F; 5'-ATGGTCCTTCAATGGCTACG-3') and reverse (AgL_R: 5'-CATG-
CAAGACGAAACTCGAA-3') primers. Both primers were blasted against the NCBI
database (http://blast.ncbi.nlm.nih.gov/Blast.cgi) to check if they could potentially
amplify other species that may co-occur with A. guerreronis. PCR reactions were
done in a final volume of 25 μl, with 11.4 μl of sterile water, 2.5 μl of 10X Super Taq
Buffer (HT Bio Technology, Cambridge, UK), 5 μl of dNTP mix (1mM), 1.25 μl of
bovine serum albumin (10mg/ml), 1.25 μl of MgCl2 (25 mM), 0.2 μl of each primer
solution at 10 μM, 0.2 μl of Super Taq polymerase (5U/μl) (HT Bio Technology) and 3
μl of DNA extraction product (between 25 and 35 ng/μl). The PCR reaction program
started with an initial denaturation step of 4 min at 94 °C, followed by 35 cycles of
40 sec denaturation at 94 °C, 1 min primer annealing at 56 °C, and 1 min of elonga-
tion at 72 °C, with a final extension step of 10 min at 72 °C. Fragment visualization
was done by running 5 μl of the PCR product at 100 V for 40–50 min on a 1%
agarose gel stained with ethidium bromide. Product size was determined by using a
1kb GeneRuler DNA ladder (Thermo Scientific, The Netherlands).

Experimental setup
The first experiment tested whether predatory mites (A. largoensis and E. alatus) feed
on coconut mite under field conditions. For this, predatory mites (A. largoensis and
E. alatus) that were collected from the field, reared on coconut mites or on coconut
pollen + eggs of T. urticae as well as their likely prey collected from the field (mites
and small insects found on leaflets) were subjected to DNA extraction (single individ-
uals, except for the coconut mite, for which at least 100 specimens were used), PCR
reactions and fragment visualization, as described above. A positive (coconut mites)
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and a negative (ddH2O without any DNA) control were included for each PCR ampli-
fication. Three replicates were done, each time fifteen specimens of each species
were tested. In order to make sure that only the ITS gene from coconut mite was
amplified, we sequenced the PCR products. For this purpose we mixed 1μl of PCR
product with 1μl of forward primer (AgM_F) and 5μl ddH2O. Sanger sequencing was
done by an external service provider (Macrogen Europe, http://macrogen.eu/). The
sequencing products were checked and processed with the software Bioedit (version
5.0.6) and blasted against the NCBI database (http://blast.ncbi.nlm.nih.gov/
Blast.cgi). Percentage of sequence similarity with the ITS region of A. guerreronis
(accession Number DQ060624.1) was recorded.

Lastly, a trial was done to determine whether coconut mite DNA fragments could
be detected in predatory mites after 6, 12, 24, 48 or 72 h of starvation. Only A. lar-
goensis was used for this experiment. Predatory mites were transferred from the
stock colony (mites reared on coconut mites) and placed on Petri dishes (9 cm in
diameter). These had a disc of black PVC (5 cm in diameter) placed on water-satu-
rated cotton to prevent the mites from escaping and were kept at 27.5 ± 0.5 °C, 70
± 10% RH and 12:12 LD photoperiod. From these plates, mites were sampled at 6,
12, 24, 48 and 72 h after collection, placed in dry microtubes and frozen at -20 °C
for molecular analysis. At each time point, twenty predatory mites were tested. Single
female mites were subjected to DNA extraction and PCR reactions and fragment
visualization was done on agarose gel, as described above.

Results
Occurrence of phytoseiid predators
Phytoseiids were found on both coconut fruits and leaflets (TABLE 2.1). The most
abundant phytoseiid species was N. baraki, which was only found on coconuts
(99.1% of the specimens collected on coconuts), followed by E. alatus only present
on leaflets (65.4% of the specimens collected on leaflets). Amblyseius largoensis was
the third most numerous predator, mainly present on leaflets and, to a much lesser
extent, on coconuts.

Molecular detection of predation of coconut mite by Amblyseius
largoensis and Euseius alatus
The ITS primers were used to screen for the presence of coconut mite DNA in extrac-
tion of A. largoensis and E. alatus that were collected from the field, reared on coconut
mites, reared on coconut pollen + eggs of T. urticae. As expected, predatory mites
reared on coconut mites tested positive for coconut mite DNA (detected in 88.9% of
the extractions of A. largoensis and 71% of E. alatus), whereas predatory mites reared
on coconut pollen + eggs of T. urticae tested negative for coconut mite DNA (in 100%
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of the extractions for both A. largoensis and E. alatus). Predatory mites from the field
tested positive for coconut mite DNA in 26.7% of DNA extraction of A. largoensis and
in 8.9% of E. alatus. PCR products were sequenced and compared with reported
sequences in GenBank using BLAST program. The BLAST search in Genbank data
bases showed that all ITS sequences matched ITS sequences of coconut mite, with
identity score ranging between 88-97% (accession Number DQ06062). The ITS
primers did not elicit amplification of DNA from any other species screened, i.e.,
species commonly found on leaflets (in the microhabitat where A. largoensis and E.
alatus occur) (FIGURE 2.1). This result confirms the specificity of the primers for the
coconut mite, and thus their reliability for their use in field-based food web studies.

To assess how fast the coconut mite DNA fragment is degraded, A. largoensis
specimens were subjected to different periods of starvation (6, 12, 24, 48 and 72 h)
before they were sampled and processed. The detection on the coconut mite DNA
decreased sharply from 0h (88.9%) to 6h after feeding (6.7%) and dropped to 0% by
12 h after feeding. This demonstrated that a ~444 bp fragment of coconut mite ITS
DNA remained intact for a short time in the digestive tract of A. largoensis.
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TABLE 2.1 Mean (± SE) number and species composition of predatory mites found per coconut or leaflet in
Itamaracá, Pernambuco State, Brazil.
Species of phytoseiids Coconuts Species Leaflets Species

composition composition
(%) (%)

Amblyseius largoensis) (Muma 0.03 ± 0.01 0.3 0.74 ± 0.09 34.6
Euseius alatus De Leon - 1.39 ± 0.40 65.4
Neoseiulus baraki (Athias-Henriot) 9.27 ± 0.37 99.1 -
Neoseiulus recifensis Gondim Jr. & Moraes 0.06 ± 0.01 0.6 -
Total 9.36 2.13

FIGURE 2.1 DNA amplification of the ITS fragments from predatory mites reared on coconut mite (Al1: Amblyseius
largoensis and Ea1: Euseius alatus), collected from the field (Al2: A. largoensis and Ea2: E. alatus), reared on
coconut pollen + eggs of Tetranychus urticae (Al3: A. largoensis and Ea3: E. alatus) and from coconut mites (Ag,
positive control), whiteflies (Wf), scale insects (Si), aphids (Ap), eriophyid mites collected on leaflets (Em), T. urticae
(Tu) and coconut pollen (P). Negative control (Nc: without any DNA).
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Discussion
The predominance of N. baraki closely associated with coconut mites under the peri-
anths of the coconut was expected, based on the studies conducted in northeast
and northern Brazil by Lawson-Balagbo et al. (2008a), Reis et al. (2008), Galvão et al.
(2011) and Lima et al. (2012). Evidently, its size allows it to move into the space
between the perianths and the fruit surface. Because the exclusive occurrence of
Neoseiulus species on coconut in association with A. guerreronis and their demon-
strated ability to feed and reproduce on a diet of coconut mite alone (Lawson-
Balagbo et al. 2007; Negloh et al. 2008; Domingos et al. 2010), these species are
generally considered the most important predators of coconut mites. The common
occurrence of A. largoensis and E. alatus on coconut leaves had also been deter-
mined in the study of Lawson-Balagbo et al. (2008a). These species are larger than
the Neoseiulus species found under the perianths, which would limit the access to
the protected area under the perianth, and raising the question if these mites (A. lar-
goensis and E. alatus) would contribute to the control of the coconut mite.

Based on molecular analyses, we confirmed that the predatory mites A. largoen-
sis and E. alatus were preying on the coconut mite in the field. The level of occur-
rence of predators with detectable A. guerreronis prey was low (26.7% of A. largoen-
sis and 8.9% of E. alatus tested positive for coconut mite DNA). Low detected pro-
portions were expected, particularly because these predatory mites rarely gain
access to the microhabitat occupied by the coconut mite. As shown by several stud-
ies (Lawson-Balagbo et al. 2008; Reis et al. 2008; da Silva et al. 2010; Negloh et al.
2011) including this one, these phytoseiids are mostly found on leaves or on the
exposed fruit surface and rarely under the perianth of coconuts.

Our study shows that the predatory mites A. largoensis and E. alatus may help in
the control of the coconut mite, as was already suggested by some authors (Galvão
et al. 2007; Melo et al. 2009a,b). Since they cannot access the area under the peri-
anths these two predators likely prey on the coconut mite when it disperses. When
leaving the perianth, coconut mites have to find new fruits, and they can do this by
ambulatory means or by drifting on air currents. Ambulatory movement of the
coconut mite may well bring them to other coconut fruits within the same bunch and
perhaps also to other bunches on the same coconut palm, presumably via the
spikelets that may serve as a bridge from older bunches (infested fruits) to younger
ones (non-infested fruits) (Griffith 1984; Moore and Alexander 1987; Sumangala and
Haq 2005; Galvão et al. 2012; Melo et al. 2012; Melo et al. 2014a). Aerial dispersal is
considered the main long distance dispersal strategy of coconut mites (Moore and
Alexander 1987; Sumangala and Haq 2005; Galvão et al. 2012; Melo et al. 2014b).
However, when specialists disperse by wind, the probability of landing on a suitable
host is very low, not only because wind direction is independent of the position of the
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mites’ hosts, but also because air-borne mites cannot stop dispersing in order to
arrive on specific hosts. They will land randomly and after landing they have to
search their host by ambulatory means (Sabelis and Bruin 1996; Melo et al. 2014c).
Thus, the coconut mite predation by A. largoensis and E. alatus may occur: (1) on the
exposed fruit surface, immediately after the coconut mite leaves its refuge (meris-
tematic tissue covered by floral perianths); (2) on spikelets during the ambulatory dis-
persal from older bunches (infested fruits) to younger ones (non-infested fruits); (3)
on the surface of a new plant (i.e., leaves, spikelets, rachis and bunches) after the
aerial dispersal; and (4) rarely under the perianths of coconuts.

We also demonstrated that the coconut mite DNA remained detectable in the
predatory mites for a short period (no more than 6 h after feeding). However, detec-
tion times are within the range of what similar studies on invertebrates have found,
but it must be noted that these numbers are highly variable, with detection half-lives
ranging from several minutes [e.g., detection of Leptinotarsa decemlineata DNA
(Coleoptera: Chrysomelidae) in Coleomegilla maculata (Coleoptera: Coccinellidae)]
(Weber and Lundgren 2009) to almost 88.5 h [e.g., detection of Allolobophora
chlorotica DNA (Annelida: Lumbricidae) in Pterostichus melanarius (Coleoptera:
Carabidae)] (Harper et al. 2005). Molecular gut-content analysis based on PCR can
be refined by taking into account factors that affect detection such as alternative
diets (Rivera-Rivera et al. 2012), environmental and sampling temperature (Juen and
Traugott 2005; von Berg et al. 2008), amplified segment size (Symondson 2002;
Agustí et al. 2003; Juen and Traugott 2005; King et al. 2008), and whether the genes
are multiply copied or not (Sheppard and Harwood 2005). Also, due to the simplici-
ty of this study, secondary predation, cannibalism, quantity of prey ingested, detec-
tion thresholds, or variable marker sizes were not taken into account, leaving the
impact of these factors to be investigated.

According to habitat and food spectrum, the predatory mites A. largoensis and E.
alatus have been classified as generalists (McMurtry and Rodrigues 1987; McMurtry
and Croft 1997; Luh and Croft 2001; Croft et al. 2004, McMurtry et al. 2013).
Generalist phytoseiids can feed on mites of different families: eriophyids, tarsone-
mids, tetranychids and tydeids, and on insect species, such as thrips or whiteflies
(Gerson and Weintraub 2012). As a special feature, generalist phytoseiids can also
feed on plant exudates (James 1989; Kreiter et al. 2002; Nomikou et al. 2003;
Gnanvossou et al. 2005), nectar (van Rijn and Tanigoshi 1999), and pollen (Broufas
and Koveos 2000; Abdallah et al. 2001; Nomikou et al. 2001; Vantornhout et al.
2005). However, generalist species may differ in their prey preferences and in their
ability to utilize the prey as food source, resulting in their species-specific suitability
to control particular target pests (Schausberger and Walzer 2001). Furthermore,
because A. largoensis and E. alatus are phytoseiid mites commonly found on
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coconut plants in several countries, conservation techniques could be provided in
and around coconut plantations so that A. largoensis and E. alatus are available to
feed on A. guerreronis before the mites reach the perianth of coconut fruits of unin-
fested plants.

Our study provides evidence that the predatory mites A. largoensis and E. alatus
prey on the coconut mite in the field. The two mites could thus be relevant as bio-
logical control agents of the coconut mite, especially during the dispersion process
of the pest. Thus, to conserve and increase the populations of these predators in
coconut regions, where they naturally occur, could benefit coconut growers.
However, further studies are needed to assess the capacity of A. largoensis and E.
alatus to control populations of the coconut mite.
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Inoculative releases of predatory mites
suppress coconut mites on individual
nuts in the field

Fernando R da Silva, Gilberto J de Moraes, Arne Janssen, Izabela Lesna, Yukie Sato &
Maurice W Sabelis

The coconut mite Aceria guerreronis is the main pest of coconut fruits. Despite
efforts to control it, no satisfactory method has been developed so far. Biological
control seems to be the only alternative method that can result in sustainable con-
trol of the coconut mite, eliminating the need for costly repeated pesticide applica-
tions. Multiple surveys in coconut fields in Latin America have revealed that the
predatory mite Neoseiulus paspalivorus is one of the main natural enemies of the
coconut mite. This phytoseiid has been found in close association with the pest
under the perianth. It is a small mite with a flat body and is one of the few preda-
tors capable of moving under the perianth of young coconut fruits at a relatively
early stage of infestation by the coconut mite. The aim of this study was to inves-
tigate the effect of inoculative releases of N. paspalivorus on the dynamics of the
coconut mite on individual coconuts in the field. We compared the dynamics of the
coconut mites without predators and when exposed to two predator densities, one
comparable to what is observed in the field and the other twice as high. The latter
treatment served to test whether releasing extra predators would improve control
of the coconut mites. Releases of predators resulted in their establishment and sig-
nificant reductions of prey densities, initially only under the outer layer of the peri-
anth, but later also under the inner layer. Thus, we show that N. paspalivorus has
potential to control coconut mites in the field. Further studies are required to deter-
mine optimum release rates and frequency of releases, and the effect of alternative
food on predator efficiency.

Unpublished manuscript

Several arthropod pests infest coconut fruits around the world (Sholdt 1966;
Jeppson et al. 1975; Alencar et al. 2000; Conceição et al. 2004). The economical-

ly most important of these is the coconut mite Aceria guerreronis Keifer (Mariau 1977;
Moore and Howard 1996). This eriophyid mite is a major pest, causing up to an esti-
mated 60% losses in coconut yield (Howard et al. 1990; Mariau 1977; Julia and Mariau
1979; Ramaraju et al. 2002; Fernando et al. 2002).They are found under the perianth
of young coconuts, which serves as a refuge from biotic and abiotic factors such as
predation, rain and pesticides. There, they feed on the meristematic tissue of the fruit,
usually causing severe damage and even fruit abortion (Doreste 1968; Mariau 1977;
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Moore and Howard 1996; Aratchige et al. 2007; Lawson-Balagbo et al. 2008a; Galvão
et al. 2008; da Silva et al. 2010; Negloh et al. 2010, 2011). The coconut mite most like-
ly originated from tropical areas in America (Navia et al. 2005) and it has invaded Africa
through Central America (Mariau 1969, 1977). Subsequently, it was reported from Sri
Lanka and India (Fernando et al. 2002; Nair 2002). To prevent its spread to South and
East Asia and Oceania, where more than 84% of the world coconut production takes
place (FAO 2010, 2015), effective control measures are needed.

Different methods to control the coconut mite have been tested around the world
(Moore 2000). In most areas, chemical control has proven ineffective, exactly
because of the mite’s hidden lifestyle under the perianth (Gondim et al. 2009).
Breeding programs to produce more resistant coconut varieties have been slow
because of the long generation time of the trees (Mariau 1977; Moore and Alexander
1989; Seguni 2002). The use of the entomopathogen Hirsutella thompsonii (Fischer)
as biopesticide has been hampered mainly by difficulties in production and applica-
tion (Hall et al. 1980; Cabrera 2002; Ramarethinam et al. 2003). Thus, what is need-
ed, are biological control methods with natural enemies or pathogens that can be
permanently established in a crop after release, thereby decreasing the need for
costly repeated interventions and providing sustainable control of coconut mites.

For decades, efforts have been made to find an efficient biocontrol agent of Aceria
guerreronis (Hall et al. 1980; Moore 2000; Moore et al. 1989; de Moraes and Zacarias
2002; Fernando et al. 2002; Lawson-Balagbo et al. 2008a; da Silva et al. 2010;
Negloh et al. 2011). One of the challenges for predators of A. guerreronis is their abil-
ity to access the prey’s habitat under the coconut perianth, which has a very narrow
entrance (CHAPTER 4). Surveys in coconut fields in South America have revealed that
the predatory mite Neoseiulus paspalivorus (De Leon) is one of the main natural ene-
mies of the coconut mite (Reis et al. 2008; Lawson-Balagbo et al. 2008a; da Silva et
al. 2010). This phytoseiid mite has been found in close association with the pest
under the perianth on young coconuts (Lawson-Balagbo et al. 2007b, 2008a; da
Silva et al. 2010). Neoseiulus paspalivorus is a small phytoseiid mite with an extreme-
ly flat body and is one of the few predators capable of moving under the perianth of
young coconut fruits at a relatively early stage of infestation (CHAPTERS 4 and 5).

Despite indications that N. paspalivorus has potential as a biological control agent
of the coconut mite (Lawson-Balagbo et al. 2007a; Negloh et al. 2010), the role of
this predator in the population dynamic of A. guerreronis in coconut fields is poorly
understood. Here, we evaluated the potential of N. paspalivorus for controlling the
coconut mite under field conditions. The aim of this study was to investigate the
effect of inoculative releases of N. paspalivorus on the population dynamics of A.
guerreronis on individual coconuts in the field. We released the predators in two den-
sities, one was comparable to observed densities in the field, and the other was
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twice as high. Thus, we tested whether releasing extra predators would improve con-
trol of the coconut mite.

Materials and methods
Prey and predators
The coconut mite Aceria guerreronis was collected from infested coconut fruits in
Monseñor Iturriza, Falcon State, Venezuela, shortly before the onset of the experi-
ment. Neoseiulus paspalivorus was collected from coconuts infested by A. guerrero-
nis in the same region in January 2010. The predators were reared on arenas with all
stages of A. guerreronis as food source, which were offered on fragments of perianth
of infested coconut fruits every 2 weeks. Arenas consisted of black plastic sheets
(A4-size) on top of a foam pad (4 cm high) in a water-containing plastic tray (van Rijn
and Tanigoshi 1999). The predator colony was maintained in the laboratory at 26 °C,
70% RH and 12:12 h L:D photoperiod.

Biocontrol experiments
The experiment took place in a coconut field in Falcón state, Northern Venezuela. Four
groups of five dwarf coconut palms of 2-2.5 m high, not previously treated with pes-
ticides, were selected. The reason for choosing a dwarf cultivar was to facilitate mite
releases and monitoring. Each tree received all three treatments (see below), with two
1-month-old, uninfested coconut fruits per treatment per tree. Extra fruits were
removed from the bunch. In order to remove undesirable organisms, all fruits used in
the experiment were washed with pressurized distilled water, with the aid of a poly-
ethylene wash bottle. Thereafter, each fruit was individually enclosed in a mite-proof
mesh to prevent new infestations. Thus, each coconut was an independent replicate.
Twenty-five individuals of A. guerreronis were transferred from the colony to the vicin-
ity of the distal margin of the perianth of each fruit. Two weeks later, either 0 (control),
5 or 10 adult female predatory mites were released on the fruits. A total of 120 fruits
were used in the experiment. A fruit of each treatment was collected from a tree of
each group every other week to assess the number of coconut mites and predatory
mites under the perianth. The same trees were sampled on two subsequent occa-
sions, thus collecting all fruits of a particular tree in two consecutive samplings. The
experiment lasted 20 weeks. Fruits were collected from the trees, stored in paper
bags, and transported to the laboratory inside coolers (15 °C) to prevent mite disper-
sal. Subsequently, fruits were inspected under a stereomicroscope after sequentially
removing the perianth. Mites were only found on the coconuts, not elsewhere in the
bags. The mites were categorized into phytophagous mites and predatory mites and
according to their position on the coconut (inner or outer layer of the perianth), and
preserved in 70% ethanol in separate 2 ml Eppendorf® tubes. To count the phy-
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tophagous mites, the content of an Eppendorf tube was first poured into a Petri dish
(5 cm diameter) and the number of mobile stages was estimated by counting groups
of 10 (hence overall numbers were multiples of 10). A sample of 100 phytophagous
mites was taken from each fruit, mounted in Hoyer’s medium and identified to
species. Absolute counts were made of the predatory mites, as they were always
found in much lower numbers than phytophagous mites. They were all mounted in
Hoyer’s medium, counted and identified to the species level.

Statistical analysis
The square-root transformed numbers of coconut mites and predatory mites per
coconut were analysed with a generalized linear model (GLM) with a Gaussian error
distribution. Time and treatment as well as their interaction were used as fixed fac-
tors. 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 and comparing models with the
anova function of R (Crawley 2013). Residuals were analysed to check the suitabili-
ty of the models (Crawley 2013). We used a GLM with a quasi-binomial error distri-
bution to evaluate the proportion of mites found beneath the perianths for each eval-
uation time using location (inner or outer perianth layer) as a factor. All analyses were
performed using the R software (R Development Core Team, 2014).

Results
The releases of the predators resulted in establishment of predator populations on all
coconuts (FIGURE 3.1A), and resulted in significant reductions of the numbers of prey
(FIGURE 3.2A; GLM: F2,117 = 198.3, P < 0.001). Significantly lower numbers of coconut
mites were found on fruits where predators were released than in the control (FIGURE

3.2). The release of higher numbers of predators resulted in better control of coconut
mites than releases of lower numbers of predators (FIGURE 3.2). Moreover, there was
a significant effect of time (F1,116 = 171.0, P < 0.001) and a significant interaction
between treatment and time (F2,114 = 3.16, P = 0.046). This interaction was caused
by differences in densities through time: the number of coconut mites in the two
predator treatments declined after 2 weeks, whereas in the absence of predators,
densities remained high (FIGURE 3.2A).

In the treatments with predators, similar numbers of coconut mites were observed
during the first 4 weeks, but different numbers later on, with the highest densities of
coconut mites when low numbers of predators were released (FIGURE 3.2A). The num-
bers of prey eventually also decreased in the control due to overexploitation of the
fruits by the coconut mites. The predator densities did not differ significantly between
the high and low predator treatments (FIGURE 3.1A; GLM: F1,77 = 0.01, P = 0.92).
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FIGURE 3.1 Temporal dynamics of the predator Neoseiulus paspalivorus (mean number per coconut, i.e., mean of
four coconuts). Shown are mean numbers of N. paspalivorus found beneath both perianths (top), beneath the
outer (center) and the inner (bottom) perianths of the coconut. Treatments are releases of five females per coconut
(dotted lines) and 10 females per coconut (dashed lines). Results are presented for each of the four replicates sep-
arately.
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FIGURE 3.2 Temporal dynamics of Aceria guerreronis (mean number per coconut, i.e., mean of four coconuts per
evaluation date). Shown are mean numbers of A. guerreronis found beneath both perianths (top), beneath the
outer (centre) and the inner (bottom) perianths of the coconut. Treatments are control without predators drawn
line) and releases of 5 (dotted lines) or 10 females (dashed lines) of the predator Neoseiulus paspalivorus per
coconut. Results are presented for each of the four replicates separately. Different letter behind the legend indi-
cate significant differences among treatments.
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We separately evaluated the predator-prey interactions beneath the outer layer
and the more concealed inner layer of the perianth. The numbers of predators under
the outer and the inner layer did not differ significantly between the two predator
treatments (FIGURE 3.1B: F1,77 = 0.021, P = 0.88; FIGURE 3.1C: F1,77 = 0, P = 1.0). The
numbers of prey under the outer layer differed significantly among treatments (FIGURE

3.2B; F2,117 = 469.0, P < 0.001), with time (F1,116 = 225.4, P < 0.001), and there was
a significant effect of the interaction between treatment and time on the numbers of
prey under the outer layer (F2,114 = 42.2, P < 0.001). The number of prey under the
outer layer did not differ between the two predator treatments (FIGURE 3.2B), both of
which differed from the treatment without predators (Control). Under the inner layer,
the numbers of prey also differed significantly among treatments (FIGURE 3.2C; F2,117

= 157.8, P < 0.001), with time (F1,116 = 138. 7, P < 0.001) and there was also a sig-
nificant effect of the interaction between treatment and time on the number of
coconut mites under the inner layer (F2,114 = 5.06, P = 0.0078). The numbers of prey
under the inner layer were significantly higher in the treatment with five predators
than in the treatment with 10 predators after 6-14 weeks (FIGURE 3.2C). Coconut
mites were no longer found under the inner layer after 18 weeks.

A comparison of the numbers of predators under the outer and inner layer showed
that in the treatment with five predators, there was a significant difference in the
dynamics of the predators under the two layers (FIGURE 3.1B,C; F1,78 = 6.67, P =
0.012). A significant effect of time on the numbers of predators (F1,77 = 15.7, P <
0.001) and a significant effect of the interaction between perianth layers and time
(F1,76 = 4.07, P = 0.047). This interaction was caused by the predator numbers
increasing and decreasing earlier under the outer layer than under the inner layer of
the perianth. After the release of 10 predators (FIGURE 3.1B,C), there was no signifi-
cant interaction between layers and time (F1,76 = 1.61, P = 0.21), but the numbers of
predators were higher under the inner layer than under the outer layer (F1,78 = 5.32,
P = 0.024), and there was a significant effect of time (F1,77 = 36.6, P < 0.001). The
difference in colonization of the two layers of the perianth was probably caused by
the inner layer initially being more tightly appressed to the fruit surface, thus hamper-
ing access of the predators (CHAPTER 4). Eventually, predator populations under the
inner layer reached higher numbers (maximum 38 and 32 for predator density 10 and
five, respectively; FIGURE 3.1C) than under the outer layer (maximum 19 and 13 for
predator densities 10 and five, respectively; FIGURE 3.1B).

The numbers of prey were higher under the inner layers than under the outer peri-
anths for all three treatments (FIGURE 3.2B,C; Control: F1,78 = 209.6; five predators:
F1,78 = 164.7; 10 predators: F1,78 = 70.2, all P < 0.001). In the two treatments with
predators, the numbers of prey under the outer layers decreased immediately after
release of the predators, whereas numbers under the inner layers initially increased,
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and extermination of the prey occurred later under the inner layers than under the
outer layer (interaction of perianth layer type with time, 5 predators: F1,76 = 83.3; 10
predators: F1,76 = 73.5, both P < 0.001). In the control treatment, the maximum num-
bers of coconut mites found beneath the outer layer was c. 700, whereas it was c.
5000 under the inner layer. These values exceeded the maximum number of mites
observed in the predator treatments, where the densities of the coconut mites never
exceeded 100 under the outer layer and c. 2000 under the inner layers (FIGURE 3.2).

The distribution of prey and predators over the spaces under the two perianth lay-
ers types, expressed as the proportion of the total population under the outer layer
(FIGURE 3.3) differed significantly (GLM: F1,77 = 27.1, P < 0.001); the proportion of
predators was highest under the outer layer and the proportion of prey was highest
under the inner layer, especially during the first 12 weeks (FIGURE 3.3), whereas pred-
ators were more abundant under the outer perianths during the first 4 weeks, after
which they moved under the inner layers.

Discussion
The results show that the predatory mite N. paspalivorus has the potential to control
coconut mites on a dwarf cultivar of coconut trees in the field. Its release resulted in
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FIGURE 3.3 Spatial distribution of the prey Aceria guerreronis (white bars) and the predator Neoseiulus paspalivorus
(grey bars) on the coconut. Bars represent mean proportion of the mites (+ SE) per coconut beneath the outer
perianths of the experiment.
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significant reduction of the pest populations (FIGURE 3.1). We mimicked the early
arrival of predators by releasing and restraining them on the coconuts shortly after
these were infested by the eriophyids. We released predatory mites in two densities,
the lowest density was comparable to the maximum density naturally found on
coconuts (da Silva et al. 2010; CHAPTER 4), and the other density was twice as high.
As expected, the release resulted in reduction of the densities of the coconut mite
(FIGURE 3.1), especially when higher densities of predators were released. Earlier
observations in the area where the experiment was carried out showed that only 40%
of fruits infested with the coconut mites also harboured N. paspalivorus (da Silva et
al. 2010; CHAPTER 4). This suggests that the difference in effectiveness of N. pas-
palivorus in our experiment and under field conditions is, at least partially, caused by
the absence or late arrival of predators on coconut-mite infested fruits. Although it
may be more difficult to release and monitor predatory mites on tall cultivars of
coconut trees, we expect that similar results may be obtained on those trees.

From the beginning, coconut mites were found under both layers of the perianth
(FIGURE 3.2). Following their prey but with some delay, most predatory mites were also
found under the inner layers (FIGURE 3.3). Apparently, predators could first only forage
beneath the outer layer (FIGURE 3.1), resulting in earlier control of coconut mites on
this part of the fruit (FIGURE 3.2). This suggests that the coconut mites can temporar-
ily find refuge under these perianth layers, until the distance between these layers and
the nuts becomes large enough for predators to enter. The predominance of coconut
mites under the inner layer of the perianth (FIGURE 3.2), also in the control, suggests
that this is their preferred feeding site. Besides finding a refuge from predators, the
coconut mites probably also find food of superior quality under these layers. Once the
predators could enter the area under the inner layers, some coconut mites may have
tried to escape by moving to the area under the outer layer. This dynamic game of
hide and seek (Sih 1998) may explain the increase of the proportion of coconut mites
under the outer layer towards the end of the experiment (FIGURE 3.3).

Although the coconut mites were eventually exterminated, there is still room for
improvement of their control. At the time of predator release, coconuts already har-
boured c. 200-300 coconut mites. Hence, perhaps an earlier release of predators
would have resulted in even better control. Also, the initial predator-prey ratios could
be increased. This could be achieved by releasing additional predatory mites, by pro-
viding them with alternative food, or by a combination of both. Releases of N. pas-
palivorus in areas where it does not occur naturally, or where its densities are too low,
could be accompanied with the provision of alternative prey or food to boost their
populations. This alternative food could be provided through planting vegetation
associated with the coconut trees, for example, grasses that harbour other eriophyid
or tarsonemid mites or produce edible pollen.
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Furthermore, control would be improved if predators would have earlier access to
the area under the inner layer. Whereas increasing the numbers of predators is
achievable, widening the openings to the areas under the perianth is more compli-
cated. However, there is a cultivar (Dwarf Green) with larger openings between the
perianth and the nut, which may allow the predators earlier access to the prey refuge
(Aratchige et al. 2007). Perhaps control of the coconut mite with the small predator
investigated here will be more successful on this cultivar than on others.

The small, elongated body of N. paspalivorus seems to be a key feature for its
potential success as a biocontrol agent. It is among the smallest phytoseiids known,
therefore being capable of moving earlier into the area beneath the perianth of the
young coconuts than other phytoseiid species (CHAPTER 4). Furthermore, it typically
seeks to occupy small enclosed spaces, such as between bulb scales, inside tufts
of plant hairs and trichomes, in shafts of grasses, and under perianths of coconuts
(CHAPTERS 4, 5 and 6), making this predatory mite a strong candidate to control pests
in those environments.

To the best of our knowledge, this is the second report of the release of predato-
ry mites to control coconut mites. Fernando et al. (2010) released 10,000
individuals/tree of the closely related, but slightly larger phytoseiid N. baraki. This
resulted in somewhat higher numbers of predators per fruit than in our experiment.
A crucial difference between the experiment of Fernando et al. (2010) and that report-
ed here, is that we restrained the predators on the coconuts, whereas they did not,
so that N. baraki may have moved from the coconuts in their experiment. Also, their
numbers of coconut mites at the time of release of the predators was much higher
than in our experiments, again suggesting that it is important that predators arrive
timely at infested coconuts.

Although N. paspalivorus is commonly found on infested coconuts under natural
conditions in Latin America (Lawson-Balagbo et al. 2007b, 2008a, Reis et al. 2008; da
Silva et al. 2010), its dynamics and potential as biocontrol agent of the coconut mite
in the field were unknown. Most studies on the population dynamics of the coconut
mite and its natural enemies concern sampling of several plants in a large area, with
the aim of obtaining an overview of the fluctuations of the pest and predator popula-
tions as a function of season or fruit age. These studies clearly show that the preda-
tors naturally present in the field do not adequately control the coconut mites, and it
has been suggested that this is caused by the coconut mites finding refuge under the
perianths of young coconuts (Lawson-Balagbo et al. 2007b, 2008a; Reis et al. 2008;
Negloh et al. 2010, 2011). Elsewhere, we show that the tiny openings between the
perianths and the fruit surface are indeed instrumental for the accessibility of the prey
to the predator. Another reason for the insufficient control may be the absence of
predators on trees or on bunches of coconuts at the time of pest invasion. In fact,
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knowledge about the dynamics of predators and prey within bunches of coconuts and
within trees is limited. It is known that coconut mites can disperse by walking from
coconut to coconut and from bunch to bunch, and probably disperse from tree to tree
on air currents (Moore and Alexander 1987; Galvão et al. 2012; Melo et al. 2014) and
possibly through phoresy (Galvão et al. 2012). Predators are sufficiently more mobile
to disperse within a tree, but they also depend on wind for dispersal from tree to tree
(Galvão et al. 2012). Coconut trees continuously produce new fruits, and young
coconuts that offer temporary refuges to the coconut mites are always available.
Thus, it is possible that predators and prey persist on individual trees (Rosenzweig
and MacArthur 1963; Murdoch and Oaten 1975). If this is true, we can see two rea-
sons for lack of sufficient natural control. First, perhaps the coconut mites cause too
much damage to the individual fruit in the period where they find a refuge. Second,
predators may not have arrived on some trees, giving the prey a head start, leading to
severe damage on some trees, but not on others. The patterns of damage observed
in the field point in the direction of the first mechanism (F.R. da Silva, pers. obs.).

Given the high population growth rate of the predators (Lawson-Balagbo et al.
2007a) and the continuous presence of prey, it is surprising that the density of pred-
ators encountered in the field is not higher. Here, we conjecture on causes for this.
Obviously, the system occurring on coconut trees is not a simple one predator – one
prey system, but includes other species of prey and predators (Lawson-Balagbo et
al. 2007b, 2008a; da Silva et al. 2010; Negloh et al. 2011). Being one of the smallest
phytoseiids, N. paspalivorus may suffer from intraguild predation by larger predatory
mites (Lawson-Balagbo et al. 2008b; Lima et al. 2012; Negloh et al. 2012). Clearly,
being small also has its advantages, such as being able to gain protection under the
perianths (CHAPTER 4). The advantages and disadvantages of the predators being
small deserve further attention. Furthermore, other prey species present under the
perianth, such as Steneotarsonemus furcatus De Leon, may interfere with both the
densities and the quality of A. guerreronis as food for N. paspalivorus (Lima et al. in
prep.). A critical analysis of the interactions of this predator with other prey and nat-
ural enemies present on coconuts is clearly needed.

Based on our study, we suggest that this generalist predator should be consid-
ered for coconut mite control, especially because no other suitable control method
exists so far. Further studies are required to determine the optimum release rate,
release methodology, frequency of release and use of alternative food to utilize N.
paspalivorus in an efficient pest control program.
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Size of predatory mites and refuge
entrance determine success of 
biological control of the coconut mite

Fernando R da Silva, Gilberto J de Moraes, Izabela Lesna, Yukie Sato, Carlos
Vasquez, Rachid Hanna, Maurice W Sabelis & Arne Janssen

Predators face the challenge of accessing prey that live in sheltered habitats. The
coconut mite Aceria guerreronis Keifer (Acari: Eriophyidae) lives hidden beneath
the perianth, which is appressed to the coconut surface, where they feed on the
meristematic tissue. Its natural enemy, the predatory mite Neoseiulus paspalivorus
De Leon (Acari: Phytoseiidae), is larger than this pest and is believed to gain access
to the refuge only after its opening has increased with coconut age. In the field,
experimentally enlarging the perianth-rim-fruit distance beyond the size of the
predators resulted in earlier predator occurrence beneath the perianth and lower
numbers of coconut mites. On unmanipulated coconuts, the predators gained
access to the prey weeks later than on manipulated ones, resulting in higher pest
densities of coconut mites. Successful biological control thus critically hinges on
the size of the predator relative to the opening of the prey refuge.

Submitted to BioControl

Herbivores are selected to minimize the risk of being killed by predators and
evolve traits necessary to colonize their host plants. In turn, plants defend them-

selves against herbivores by enlisting natural enemies as bodyguards (Price et al.
1980; Dicke and Sabelis 1988; Sabelis et al. 1999, 2008; Bruinsma and Dicke 2008),
for example by providing plant structures as shelter for predators (Janzen 1966;
Beattie 1985; O'Dowd and Willson 1989; O'Dowd 1994; Risch and Rickson 1981;
Sabelis et al. 1999; Wäckers et al. 2005). However, some herbivores can also bene-
fit from plant structures to hide from predators (Magalhães et al. 2007). For example,
herbivores are known to live in between the scales of flower bulbs (Lesna et al. 2004,
2014), inside dense forests of leaf trichomes (van Houten et al. 2013; Glas et al. 2012,
2014), and in shafts of grasses (Oldfield 1996; Lindquist and Olfield 1996; Sabelis
and Bruin 1996), which reduces the risk of predation.

Colonies of the coconut mite Aceria guerreronis Keifer (Acari: Eriophyidae) have
been found almost exclusively on the surface of coconut fruits beneath the inner
layer of the perianth (Howard and Abreu-Rodriguez 1991; Moore and Howard 1996;
Navia and Flechtmann 2002; Navia et al. 2005; Lawson-Balagbo et al. 2008a; Negloh
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et al. 2011). In young coconut fruits (< 2 months), the perianth is so tightly appressed
that coconut mites have no access to the meristematic zone (Howard and Abreu-
Rodriguez 1991). In the course of fruit development, the distance between the peri-
anth rim and the fruit surface increases to the point where coconut mites can access
the space beneath the perianth (Howard and Abreu-Rodriguez 1991; Aratchige et al.
2007; Negloh et al. 2010; Lima et al. 2012). This secluded microhabitat provides
good conditions for development and reproduction of the mites, which feed on the
meristematic tissue of the fruit. Furthermore, coconut mites are protected from
adverse abiotic factors (i.e., rain, wind, sun radiation, temperature and humidity vari-
ation), and, as long as the perianth is tightly appressed to the fruit surface, they are
also protected from their predators (Howard and Abreu-Rodriguez 1991; Sabelis and
Bruin 1996; Fernando et al. 2003; Siriwardena et al. 2005; Aratchige et al. 2007;
Lawson-Balagbo et al. 2007b).

Predatory mites of the family Phytoseiidae are among the most important natural
enemies of eriophyid mites (Lindquist et al. 1996; McMurtry and Croft 1997), but they
are usually larger than this prey and therefore have less opportunity to access the
area under the perianth. Thus, coconut mites at protected from predation as long as
predatory mites cannot enter. However, as the distance between perianth rim and
fruit increases in the course of fruit development and in response to feeding by the
coconut mite (Howard and Abreu-Rodriguez 1991; Aratchige et al. 2007; Lawson-
Balagbo et al. 2007b), the predatory mites will eventually have access to the prey
colony under the perianth.

Here, we tested the hypothesis that the distance between the rim of the perianth
and the fruit (referred to as the refuge entrance below) is critical to biological control
of coconut mites by predatory mites in a small-scale field experiment. As candidate
biological control agent, we selected the phytoseiid mite Neoseiulus paspalivorus De
Leon, because it was the dominant predator on coconut fruits in the geographic area
where the experiments were carried out (Falcon State, Venezuela) (da Silva et al.
2010). We experimentally manipulated the opening of the refuge entrance and
assessed the consequences of this manipulation for the population dynamics of
coconut mites and predators. For further insight into the consequences of our exper-
imental manipulations in the field, we also carried out laboratory measurements of
the size of living female predators at different phases of their reproductive cycle,
comparing them with the refuge entrances after manipulation.

Materials and methods
Manipulation of the refuge entrance
The experiments were carried out from September 2010 to March 2011 on coconut
palms of the ‘Criollo Malayo’ variety in a plantation at Urquia Farm, Municipality of
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Monseñor Iturriza, Falcón State, Venezuela. Coconut palms of 2 to 2.5 m high were
selected, each receiving a single treatment that was applied to 12 1-month-old unin-
fested coconut fruits (2-3 cm of vertical calyx growth). In case there were fewer than
12 healthy fruits, an adjacent palm tree was used to complete the number of fruits.
One fruit of each treatment was collected every other week to assess the number of
coconut mites and predatory mites under the perianth. Thus, the experiment lasted
for 24 weeks, but some treatments were terminated earlier because of premature fruit
drop. All treatments were replicated 4×, so there were at least four trees per treatment.

The treatments involved manipulation of the refuge entrance through insertion of
small rectangular (3 × 1 cm) PVC blades in between the perianth and the fruit surface.
The PVC blades used were 40, 60, 80 or 120 μm thick. In the control, the refuge open-
ing was not manipulated. In total, 240 fruits were used in the experiment. The trees
used in this experiment already harboured coconut mites and predators, we therefore
used these naturally occurring populations. For practical reasons, it was impossible to
carry out an extra treatment, excluding predators from branches of coconuts.

Sampled fruits were stored each in paper bag and transported to the laboratory in
coolers (at about 15 °C) to prevent mite dispersal. Fruits were inspected under a
stereomicroscope after sequentially removing the perianth layers. The mites were
first separated into phytophagous and predatory mites and then transferred to sep-
arate 2 ml Eppendorf tubes filled with 70% ethanol. Other mites (i.e., astigmatids)
were collected separately, but excluded from further analysis. To estimate the num-
ber of phytophagous mites, the content of each Eppendorf tube was poured into a
Petri dish (5 cm diameter), and juveniles and adults were counted as groups of 10
mites (hence overall numbers were multiples of 10). A sample of 100 phytophagous
mites was taken from each Petri dish for mounting in Hoyer’s medium for later iden-
tification to species level. All juvenile and adult predatory mites were counted,
because they were always found in much lower numbers than phytophagous mites.
They were all mounted in Hoyer’s medium, and identified to species level.

We compared the overall proportion of coconuts with prey and predators among
treatments with a generalized linear model (GLM) with a binomial error distribution.
The time series of the square root transformed numbers of coconut mites and preda-
tory mites per coconut were analysed with a linear mixed effects model (LME from
the nlme package of R; Pinheiro et al. 2014) with treatment (different refuge
entrances), time and their interaction as fixed factors and replicate as random factor.
We removed non-significant interactions and factors from the full models using the
anova function of R. Factor levels were compared through a post hoc analysis by
grouping factor levels (Crawley 2007). All analyses were performed using R software
(R Development Core Team 2013) and residuals were analysed to check for the suit-
ability of the models and distributions used (Crawley 2007). Because the refuge
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entrance naturally increases with fruit age, we analysed the time to first occurrence
of predators under the perianth with a time-to-event analysis using a Cox proportion-
al hazards model (package survival of R; Therneau 2014).

Assessment of predatory mite size
To compare size of the refuge entrance to mite size, we measured the maximum
height of the opisthosoma of female predators. This was done by taking lateral pic-
tures of mites walking on a tiny piece of PVC plate (1 mm wide, 5 mm long and 0.5
mm thick) floating on the water surface in a small groove of a plastic stick (FIGURE

4.1). Before releasing the mites on the PVC plate, they were kept at 10 °C for approx-
imately 1 h to reduce their activity to facilitate photographing them. We used a Nikon
D7000 digital camera mounted on a tilted Zeiss Universal microscope equipped with
a Luminar attachment (comparable to a rigid bellows) and a Zeiss Luminar 40 mm f
4.5 at maximum extension for reproducibility. To calibrate measurements, pictures
were first taken of a micrometer calibration slide with a scale (M) of 0.1 mm and this
picture was then used as an overlay for the lateral view pictures of the mites.
Subsequently, the image of the mite plus calibration overlay was loaded into MAT-
LAB version 7.10.0 (R2010a) for measurement of the grid size (n1 pixels) and the dis-
tance between the dorsal and ventral extremes of the mite soma (n2 pixels). The
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FIGURE 4.1 Experimental design used to take photographs of mites. It consists of a tiny piece of PVC plate, float-
ing in water contained in a groove of a plastic stick. The stick was attached to the edge of a mounting slide. The
water level was maintained at the rim of the stick by regularly providing water from a syringe. This design allows
photographing the mites placed on the floating PVC plate from a lateral viewpoint. A high resolution digital cam-
era was used, mounted on a tilted Zeiss Universal microscope equipped with a Luminar attachment (compara-
ble to a rigid bellows) and a Zeiss Luminar 40 mm f 4.5 at maximum extension for reproducibility.
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soma height (T) was calculated by multiplying the actual grid size in μm by the ratio
of n2 to n1 (T = M n2/n1). This procedure was carried out for 20 virgin (and thus non-
reproducing) females and 20 reproducing females. The virgin females included 10
that had just undergone the last moult and 10 females starved for 2 days after their
last moult. The reproducing females included 10 that had constant access to food
and 10 females starved for 2 days since the onset of oviposition. We limited the
measurements to adult females because this is the main dispersing stage of many
predatory mite species (Johnson and Croft 1976; Charles and White 1988; Sabelis
and Afman 1994).

Data on the soma height were analysed with a GLM with reproductive and feed-
ing status as factors and with a gamma error distribution. Contrasts among repro-
ductive and feeding statuses were assessed with the glht function of the multcomp
package of R (Hothorn et al. 2008).

RESULTS
The coconut mite was found under the perianth of fruits in all treatments and was
overall present on 123 fruits (62.4% of the total). The proportions of colonized fruits
ranged from c. 0.7 in the control to c. 0.5 for fruits of which the refuge entrance was
increased to 120 μm, but this difference was not significant (FIGURE 4.2; GLM: Chi2 =
5.84, d.f. = 4, P = 0.21), showing that the experimental manipulation of the refuge
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FIGURE 4.2 Overall proportion of coconuts (mean + SE) colonized by coconut mites (Aceria guerreronis; black bars)
or predatory mites (Neoseiulus paspalivorus; grey bars) as a function of refuge entrance (i.e., the distance
between the rim of the perianth and the fruit surface control, 40, 60, 80 and 120 µm). Shown are averages of 12
coconuts per replicate, 4 replicates per treatment.

Fernando-chap4_Gerben-chap3.qxd  02/06/2016  15:47  Page 55



entrance did not result in differences in infestation of the coconuts by the pest. The
average number of coconut mites found under the perianth of a single fruit was
1438.8 (SE 158.6).

The interaction of treatment with time significantly affected the numbers of
coconut mites (FIGURE 4.3; LME: Chi2 = 13.4, d.f. = 4, P = 0.0093). This was due to
numbers of coconut mites in the treatment with the refuge entrance of 40 μm remain-
ing high during the last 8 weeks of the experiment, whereas numbers of mites in the
other treatments decreased during this period (FIGURE 4.3). Furthermore, the average
numbers of coconut mites through time were significantly lower in the two treatments
with the largest refuge entrance (FIGURE 4.3; inset, LME: Chi2 = 5.77, d.f. = 1, P =
0.016).

The proportions of fruits with predators under the perianth differed among treat-
ments, but this was not significant (FIGURE 4.2; GLM: Chi2 = 8.26, d.f. = 4, P = 0.082).
The number of predators under the perianths ranged from 0 to 4. The effect of manip-
ulating the refuge entrance on the number of predators was significant (FIGURE 4.4;
LME: Chi2 = 12.9, d.f. = 4, P = 0.012), the effect of time was highly significant (LME:
Chi2 = 21.5, d.f. = 1, P < 0.0001). Predators were found earlier under the perianth
when the refuge entrance was larger (FIGURE 4.4). To further test this, we performed a
time-to-event analysis, which showed that this trend was significant (FIGURE 4.5; Cox
proportional hazards model, Likelihood ratio test: Chi2 = 20.0, d.f. = 4, P < 0.0005).
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FIGURE 4.3 Average numbers of coconut mites (Aceria guerreronis) per coconut with different manipulated refuge
entrances (control, 40, 60 80, and 120 µm) at different times from 2 to 24 weeks. The inset shows overall aver-
age numbers of coconut mites through time per treatment; error bars represent SE; different letters in the bars of
the inset indicate significant differences (P < 0.05).
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Predators were found significantly earlier under the perianth of coconuts with the two
largest refuge entrances. The treatment involving an intermediate size of the refuge
entrance (60 μm) showed relatively more variation in time than the other treatments.
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FIGURE 4.5 Effect of manipulation of the refuge entrances (control, 40, 60, 80 and 120 µm) on the time (week) until
the occurrence of the predator (Neoseiulus paspalivorus) in the refuge. Boxes span the 25-75 percentiles,
whiskers indicate the range of the data without outliers, the central lines in the boxes represent the median val-
ues. Different letters above the boxes indicate significant differences (P < 0.05).

FIGURE 4.4 Average numbers of predatory mites (Neoseiulus paspalivorus) per coconut with different manipulated
refuge entrances (control, 40, 60 80, and 120 µm). See legend to FIGURE 4.3 for further explanation.
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The maximum height of the opisthosoma of adult N. papalivorus females is the
most decisive measure for the ability to move beneath the perianth. This height
depends critically on the physiological state of the female predators (FIGURE 4.6;
GLM: F3,156 = 104.8, P < 0.0001), with reproductive females being the largest and
non-reproductive starved females being the smallest.

Discussion
We show that sufficiently enlarging the perianth-rim-fruit distance (refuge entrance)
resulted in the predators gaining earlier access to the area under the perianth, result-
ing in a decrease of densities of coconut mites. This provides experimental eviden-
ce that the size of the opening to the mite’s refuge may hamper the action of its
potential predators, as was hypothesized in earlier work (Aratchige et al. 2007;
Lawson-Balagbo et al. 2007b; Lima et al. 2012).

In the control treatment, the natural increase of the refuge entrance allowed pre-
dators to reach the coconut mite colonies only c. 6 weeks after the colonization by
the pest (cf. FIGURES 4.3 and 4.4). By the time predatory mites were able to enter the
area under the perianth, the coconut mites had already reached an average number
of 2925 (SE 1660.0) mites per coconut, sufficiently high densities to cause severe
damage (Galvão et al. 2008).

The manipulation of the refuge entrances had no significant effect on the time of
first occurrence of the coconut mite (FIGURE 4.3), showing that the manipulation did not
affect the timing and probability of infestation of the coconuts. The height of the worm-
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FIGURE 4.6 Effect of physiological condition on opistosoma height (µm) of Neoseilus paspalivorus. Shown are sizes
of virgin non-reproducing (NR) females shortly after their last moult, virgin females starved for 2 days since their
last moult (NRS), reproducing females (R) with full time access to food and reproducing females starved for 2 days
(RS). Boxes span the 25-75 percentiles, whiskers indicate the range of the data without outliers, the central lines
in the boxes represent the median values and dots represent outliers; N=40 mites per physiological condition.
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like body of coconut mites (35 μm, Lima et al. 2012) seems to be sufficiently small for
it to be able to squeeze through the refuge entrance of an uninfested young coconut
(c. 2 months old), measured as c. 15-45 μm (Aratchige et al. 2007; Lima et al. 2012).

In contrast, the manipulation of the refuge entrance affected the occurrence of the
predatory mite under the perianth. This can be explained by their larger size,
although females of N. paspalivorus are flatter than any other known phytoseiid
found on coconut plants (FIGURE 4.6; F.R. da Silva, pers. obs.). Their soma height is
at least 60 μm (FIGURE 4.6), which makes them considerably larger than the refuge
entrance of young coconuts. The results also show an effect of the physiological
condition of the predatory mites: a female’s soma can double in height due to feed-
ing and egg development. This means that only starved females and smaller stages
such as juveniles and males can enter the prey’s refuge. Once inside, they find them-
selves in a much larger space (so-called chambers, Aratchige et al. 2007; Lawson-
Balagbo et al. 2007b), where adult females can increase in size when feeding and
producing eggs. Increasing the opening to at least 60 μm made the refuges earlier
accessible to the predators (FIGURE 4.5). Thus, the difference in size between preda-
tors and prey seems to be crucial for the success of biological control of this pest.

Counterintuitively, predatory mites were found on a smaller proportion of coconuts
with an opening 120 μm than on coconuts with openings of 60 and 80 μm (FIGURE

4.2). Probably, earlier accessibility of the refuges with the largest entrances (FIGURE

4.5) resulted in a shorter interaction period between predators and prey (FIGURE 4.3).
Therefore, predators probably had to disperse earlier from these coconuts in search
for food, resulting in fewer coconuts occupied by predators towards the end of the
experiment.

It is clear that increasing the space between the perianth rim and the fruit surface
improved control of the coconut mite by N. paspalivorus. However, it is unclear how
our findings can be put to practice: we can hardly expect coconut growers to intro-
duce small blades of PVC on every coconut. Perhaps selective breeding for varieties
with slightly larger refuge entrances would offer a long-term solution. We conclude
that successful biological control of coconut mites critically hinges on the ability of
predatory mites to enter the area under the perianth.

Even in the treatments with the largest openings, hence easier access for the pre-
dators, the densities of coconut mites were still sufficiently high to cause severe
coconut damage or even abortion (Galvão et al. 2008). Obviously, control needs to
be further improved, and different approaches could be adopted in attempting to
achieve this goal. Although predators were present early in the experiment (FIGURE

4.4, treatments with large refuge entrances), their numbers were low. A first way to
increase the number of predators would be to supply them with alternative food
when fruits are still young and the predators have no access to the area under the
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perianth. The resulting standing army of predators could then prevent establishment
of the coconut mites.

Alternative food could conceivably be supplied in different ways, for example, by
intercropping with plants that produce pollen or nectar or that harbour alternative
prey, such as eriophyids, tarsonemids or other mite species. Pollen could also be
added to young coconut bunches. Addition of alternative food to crops is a techni-
que increasingly used in glasshouse production systems (van Rijn et al. 1999; Sabelis
and van Rijn 2006; Leman and Messelink 2015; Janssen and Sabelis 2015). A
second option could involve actions to facilitate the movement of predators among
bunches within a tree and among trees. This could be done by connecting bunches
of coconuts and coconut trees, for example with nets or sticks, reminiscent of a
practice already used millenia ago by Chinese farmers in citrus orchards (Leston
1973), by intercropping with climbing plants, or perhaps by reducing the planting
distance among coconut trees so that their leaves will touch.

Other predatory mite species also occur in coconut fields and are more voracious
predators of coconut mites than N. paspalivorus (Lawson-Balagbo et al. 2007a,
2008b; da Silva et al. 2010; Domingos et al. 2010), but they occur only on older,
heavily-damaged fruits (F.R. da Silva, pers. obs.). Probably, these predators cannot
pass under the tightly appressed inner perianth of younger damaged fruits.
Neoseiulus paspalivorus was by far the dominant predator species found in the
experimental area and it was almost exclusively encountered under the perianths.
Hence, selecting suitable predators for biological control should not only be based
on predation rates and population growth rates, but should also consider important
prey characteristics, such as its use of plant-provided refuges. In cases of biological
control of sheltered pests, small predators may be the best candidates.
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Ecological advantage of being small:
reaching prey inside their refuge

Fernando R da Silva, Yukie Sato, Izabela Lesna, Arne Janssen, Gilberto J de Moraes &
Maurice W Sabelis

The coevolution of predators and prey has resulted in prey strategies to reduce
predation risk, such as escaping, defending, or hiding in refuges. Predators that
hunt for prey hiding in refuges should thus first localize their prey, and subsequent-
ly be able to enter the refuge. To our best knowledge, there is no study of both
these aspects of predator foraging behaviour. We studied this, using tiny herbivo-
rous eriophyid mites that hide inside tight plant structures and two species of phy-
toseiid predators that differed in size, but were both larger that the prey. The pred-
ators had not coevolved with the prey, but are considered as candidates for bio-
logical control of eriophyids. Using a new type of olfactometer, we showed that
both predators were attracted by odours from herbivore-infested plants. Subse-
quently, the predators were tested for their capacity to move through narrow
openings, which would enable them to enter prey refuges. Both predators were
attracted to prey-infested plant material. In contrast to the smaller predator, the
larger of the two predators was only able to pass through the largest openings
tested. Whereas both predators would be similarly efficient in localizing the prey,
we conclude that the ability to enter through narrow openings provides an advan-
tage to the smaller predator when hunting for eriophyids living in secluded micro-
habitats. Although it has been suggested that larger predators can more easily
subdue prey, here we show that being small is advantageous when prey hide
inside refuges.

Unpublished manuscript

The vast majority of animals live as prey, predator, or both, and arms races occur
between all hunted and hunters. In order to survive, each species evolves in

response to the others and this is reflected in a constantly changing selective envi-
ronment. This has resulted in various mechanisms (e.g., morphological adaptations,
toxicity, mimicry) and behavioural strategies (e.g., hiding, escaping, defending) to
function as prey defence against predators (Davies et al. 2012). In turn, predators
have to cope with those anti-predator traits in order to assure survival. If the prey live
hidden in refuges, it is essential that predators are able to find the refuges and then
reach the prey. Whereas prey finding has received ample attention, access to prey
inside refuges has not.
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Predators use visual, chemical and mechanical cues to localize prey. The use of
infochemicals produced by the prey and its direct environment is especially well doc-
umented for arthropod predators. Infochemical-mediated tritrophic interactions
among plants, herbivores and their natural enemies have been studied extensively
(Turlings et al. 1990; Drukker et al. 1995; Shimoda et al. 1997; Dicke and Vet 1999;
Sabelis et al. 1999; Kessler and Baldwin 2001; Sabelis and van de Baan 1983; Dicke
and Sabelis 1988; Dicke et al. 1990). However, not all predators attracted by info-
chemicals are able to enter prey refuges. Examples are predators that are attracted
to plants with spider mites, yet have difficulties to reach this prey because of the
dense spider mite webs that cover the colonies (Venzon et al. 2001; Sabelis and
Bakker 1992; Venzon et al. 1999; Sarmento et al. 2011). Likewise, predatory mites
were shown to be attracted to plant parts infested by eriophyid mites (Aratchige et
al. 2007; Melo et al. 2011). This attraction, however, does not guarantee that they
reach the much smaller prey living inside self-induced galls or erinea, or in natural
tight plant structures (Lindquist et al. 1996; Childers et al. 1996; Van Leeuwen et al.
2010; Lesna et al. 2014; da Silva et al. in prep.).

Although eriophyids, the smallest mites known, are found on a wide range of
plants, many species are host-plant specific (Oldfield 1996; Lindquist and Oldfield
1996; Sabelis and Bruin 1996; Michalska et al. 2010) and cause significant crop loss-
es (Lindquist et al. 1996). They are easily preyed upon by many predatory mites when
exposed (Moraes and Lima 1983; Brodeur et al. 1997; Park et al. 2010), but can avoid
predation by living inside refuges (Lindquist et al. 1996). They are currently the most
important pests of coconuts and tulip bulbs (Keifer 1965; Doreste 1968; Mariau 1969,
1977; Moore and Howard 1996; Lesna et al. 2005; Lawson-Balagbo et al. 2008a;
Lesna et al. 2014), where they reside under the perianth of the coconut and between
bulb scales, respectively (Keifer 1965; Doreste 1968; Moore and Alexander 1987;
Lesna et al. 2005, 2014; Aratchige et al. 2007; Lawson-Balagbo et al. 2007b). Hence,
for biological control, candidate natural enemies are needed not only with a capaci-
ty to localize these pests, but also small enough to enter their refuge (Lesna et al.
2014; da Silva et al. in prep.).

The dry bulb mite Aceria tulipae (Keifer) finds protection against most of its pred-
ators between the scales of tulip bulbs, as long as the inner scales are tightly
appressed to one another. A previous study showed effective suppression of popu-
lations of A. tulipae on the outer scales of stored tulip bulbs by the generalist phyto-
seiid Neoseiulus cucumeris (Oudemans) (Lesna et al. 2005), a predator commonly
used for biological control in greenhouses (Gerson et al. 2003). It was able to control
the mites between the inner scales only after the bulbs were exposed to ethylene, a
plant hormone that causes microscopic increases in the distance between the bulb
scales (Lesna et al. 2005, in prep.; Sabelis et al. 2007, 2008, 2012).
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Another eriophyid that takes advantage of its host’s morphology to escape preda-
tion is the tomato russet mite Aculops lycopersici (Tryon). It is so tiny that it can walk
and feed on epidermal cells without touching the glands at the tips of the trichomes,
which form a dense ‘forest’ covering tomato leaves and stems. Although predatory
mites of the family Phytoseiidae are known to feed on tomato russet mites (de
Moraes and Lima 1983; Brodeur et al. 1997; Park et al. 2010), they are much larger
and cannot move in between the trichomes. When walking over the trichomes, they
are exposed to the glands that produce sticky and toxic substances (Trottin-Caudal
et al. 2003; van Houten et al. 2013; Chatzivasileiadis and Sabelis 1997). This may
explain the failure of this pest’s biological control so far (Trottin-Caudal et al. 2003;
Fischer et al. 2005; van Haren et al. 1987).

A third example of an eriophyid that uses plant structures as refuge is the coconut
mite Aceria guerreronis (Keifer). This mite hides under the perianths of young
coconut fruits, where it feeds on the meristematic tissue, causing severe malforma-
tion and even fruit abortion (Doreste 1968; Mariau 1977; Moore and Howard 1996;
da Silva et al. 2010; Aratchige et al. 2007; Lawson-Balagbo et al. 2008b; Negloh et
al. 2011). During surveys for natural enemies associated with the coconut mite in
coconut palm, a particularly small phytoseiid predator, Neoseiulus paspalivorus De
Leon, was frequently found (Lawson-Balagbo et al. 2008a; Reis et al. 2008; da Silva
et al. 2010). This predator is able to move between the perianth of coconut fruits and
access the refuge of the coconut mite under the perianth, but only a few weeks after
the coconut mite gains access to that microhabitat (da Silva et al. submitted).
Surprisingly, N. paspalivorus was also able to feed and reproduce on two prey
species with which it was never associated, i.e., tomato russet mites and dry bulb
mites (Lesna et al. 2014). It was even capable of significantly reducing the densities
of dry bulb mites on stored tulip bulbs, not only on the outer scales but also on the
inner ones (Lesna et al. 2014).

Given that phytoseiid mites are eyeless, they rely on infochemicals to find patches
with their prey (Sabelis and Dicke 1985; Sabelis and van de Baan 1983; Janssen et al.
1990). Subsequently, they should be able to access the refuges of their prey (Lesna et
al. 2014). Whereas N. cucumeris is known to respond to infochemicals associated
with various herbivorous prey (Aratchige et al. 2004; Tatemoto and Shimoda 2008;
Zhong et al. 2011), nothing is known of such responses of the relatively little-studied
N. paspalivorus. To the best of our knowledge, the ability of natural enemies to cope
with refuges has not been studied, although some authors suggest that refuges have
a negative effect on the performance of N. cucumeris (Trottin-Caudal et al. 2003;
Lesna et al. 2005) and N. paspalivorus (Lawson-Balagbo et al. 2007b, 2008b; Negloh
et al. 2010). Here, we assessed whether N. paspalivorus and N. cucumeris are capa-
ble of finding their prey using volatile cues. We also assessed the minimum opening
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that these predators were able to pass when going towards the source of these
volatile cues, thus mimicking the entering of predators into the prey refuge.

Materials and methods
Plant material and mites
Tulip bulbs (Tulipa L. cv Leen van der Mark) and tomato plants (Solanum lycoper-
sicum L. cv Castlemart) were used for the experiments. The bulbs were harvested in
New Zealand in January 2012 and then shipped to The Netherlands, where they were
stored in open trays in ventilated climate boxes in the dark (25 °C, 60% relative
humidity, RH). Clean tomato plants were grown from seeds in a greenhouse (25 °C
for 16 h in the day, 18 °C for 8 h in the night, 50-60% RH).

Aculops lycopersici, originally collected from naturally infested tomato plants in a
greenhouse in the Westland (The Netherlands) in 2008, was obtained from Koppert
Biological Systems (Berkel en Rodenrijs, The Netherlands). It was reared on tomato
plants (3-5 weeks old) in insect cages (BugDorm-44590DH, Bug Dorm Store,
MegaView Science, Taichung, Taiwan) in a climate room (25 °C, 65% RH). Aceria tuli-
pae was collected from stored, infested tulip bulbs (cv Leen van der Mark) in Lisse
(The Netherlands) in September 2011, and was reared since on organic garlic bulbs
(Allium sativum L.) in insect cages (as above) in the laboratory (23 °C, 65% RH).

The predatory mite N. paspalivorus was collected from coconut mite-infested nuts
(3-4 weeks old) harvested near Recife, coastal north-eastern Brazil, in 2011. After
shipment to the University of Amsterdam, it was reared on arenas consisting of a
black plastic sheet (A4) on top of a foam pad (4 cm high) in a water-containing plas-
tic tray (van Rijn and Tanigoshi 1999). To provide a water source for the mite colony,
the edges of the arena were covered with wet tissue paper that touched the water
barrier in the tray. Subsequent laboratory tests showed that the population growth of
this predator was also high on other species of eriophyids, such as the dry bulb mite
and the tomato russet mite, subsequently used for rearing the predators. These find-
ings led us to test its ability to control A. tulipae in stored tulip bulbs. Fresh, detached
tomato leaves with trichomes removed and infested with tomato russet mites in a cli-
mate room (25 °C, 65% RH) were added every second day. The predatory mite N.
cucumeris and its prey Tyrophagus putrecentiae (Schrank) were provided by Koppert
Biological Systems. These predators were kept at 18 °C in the bottles in which they
were provided. Although the size of adult female predatory mites varies considerably
with physiological state (satiation and reproduction; Sabelis 1985, 1996), N. cuc-
umeris is approximately twice the size of N. paspalivorus (minimum height of adults
females 120 and 60 μm, respectively; FIGURE 5.1). In addition, N. paspalivorus has an
atypical shape; they are much flatter and have shorter legs and setae than other phy-
toseiids.
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Experimental procedure
Plant material (i.e., bulbs and tomato plants) was brought to a climate room (25 °C,
16:8 h light: dark, light intensity 300 μmol m-2 s-1, 60% RH) and infested with erio-
phyids 1 week before each olfactometer assay. In order to have similar amounts of
eriophyids during the olfactometer experiments, each tulip bulb and tomato plant
was infested with c. 5000-6000 mites. Tulip bulbs were infested by placing eriophyid-
infested garlic cloves among them in a tray, whereas the tomato plants were infest-
ed by placing eriophyid-infested tomato leaves on top of their leaves. Thereafter, the
plant materials were kept in separate climate rooms.

Cohorts of N. paspalivorus were started by collecting female deutonymphs from
the culture and raised to adulthood on a separate arena with a russet-mite-infested
tomato leaf. Cohorts of N. cucumeris were started similarly, collecting female deu-
tonymphs and incubating them on plastic arenas as above, with Typha pollen as
food. One-day-old adult female predators of both species were collected, starved for
8-10 h in closed Eppendorf® tubes and then used for olfactometer experiments.

Response to odours from uninfested and infested plant material
We used a two-choice olfactometer to assess the response of female predatory
mites of both species to volatiles emanating from uninfested and infested plant
material. The olfactometer consisted of a rectangular acrylic box (3 × 6 × 2 cm), serv-
ing as a release unit, with 4 holes in one side of the box, near the bottom. Pipette tips
(WVW, 0.5 ml), which were cut to a length of c. 1 cm to increase the diameter of the
opening, were glued to these holes to serve as connections for plastic tubes (0.5 cm
diameter), which were connected to two odour source containers (30 × 30 × 30 cm),
two tubes per container (FIGURE 5.2A). To establish a longitudinal airflow (0.35 l/min),
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FIGURE 5.1 Lateral view of a 1-day-starved adult female of Neoseiulus paspalivorus (left) and N. cucumeris (right).
Scale: 1 mm.
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a vacuum pump was connected to an opening (0.5 cm diameter) at the opposite side
of the odour entrances (0.5 cm diameter) of the choice unit, also near the bottom.
This resulted in an air flow from the four holes connected to the odour sources over
the bottom of the release unit to the air exit.

Groups of 20 predators were collected from the Eppendorf tubes on small plastic
arenas (1 × 1 cm) floating on water in a small Petri dish. Prior to each assay, the entire
set-up was flushed with air going through the odour sources for about 30 min.
Subsequently, the arena with predators was placed on the bottom of the release unit,
close to the air exit (FIGURE 5.2A). The mites were exposed to the offered odours and
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FIGURE 5.2 (A) The two-choice olfactometer consisting of a rectangular acrylic box with an air outlet at one side,
and four inlets at the other side. Pipette tips were glued to the inlets, and flexible plastic tubes were connected
to these tips on one side, and to containers with the odour sources on the other side. To establish a constant air-
flow, a vacuum pump was connected to the air outlet through a flow meter (Brooks® Sho-Rate™). The connect-
ing tubes were provided with a mite trap (B) to prevent them from returning to the release unit. See Materials and
methods for further details.
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could freely move inside the release unit and into the tubes connected to the odour
sources. These tubes were provided with a trap, which was easy to enter but difficult
to escape (FIGURE 5.2B) to prevent the mites from moving back to the release unit. An
incision of 0.5 cm long was made in the point of a pipette tip, dividing it into two.
Subsequently, the two parts were folded to create a fork. The tip was inserted into a
piece of plastic tube (15 cm long) and the fork was adjusted to touch the inner walls
at two points of the tube, creating a bridge. The trap was closed by covering the
other end of the tube with a mite-proof mesh so that the mites could not walk further
upwind to the odour source. Arriving inside the trap through the pipette tip, the mites
would inevitably end up on the bridge and, in order to move upwind to the odour
source, they needed to step off the bridge onto the inner tube wall. Once walking
around inside the tube, it was difficult for them to find back the bridge, which was
touching the tube at two points only. After 0.5 h, the traps were replaced with new
ones, and the mites inside the traps were counted. These traps were collected after
another 0.5 h, so in total the mites were given 1 h to make a choice. Predators that
did not leave the release unit were recorded as having made no choice. Each exper-
iment was replicated 5×, each with a new set of odour sources and groups of pred-
ators to avoid pseudoreplication. The position of the odour sources were switched
between replicates to avoid effects of asymmetries in the set-up.

Odours were offered in the following order: (i) clean plant material (five tulip bulbs
or one tomato plant with five leaves) vs. artificially wounded plant material; (ii) erio-
phyid-infested plant material vs. clean plant material; (iii) eriophyid-infested plant
material vs. artificially wounded plant material. Plant material was artificially wound-
ed by puncturing it with a fine needle, 10× per leaf or per bulb. To avoid contamina-
tion of the set-up with volatiles, we used a different box and connecting tubes for
each different odour source. Differences in numbers of mites choosing for the two
odour sources were tested with a log-linear model for contingency tables
(Generalized Linear Model (GLM) with Poisson error distribution, Crawley 2007). The
number of mites was used as response variable and replicate and odour source were
used as explanatory variables. Non-significant interactions and factors were
removed until a minimal adequate model was reached (Crawley 2013). All statistical
analyses were performed with R (R Development Core Team 2014).

Ability to pass through a narrow opening
A similar set of experiments as above was used to assess the ability of the two
predatory mite species to pass through narrow openings towards a prey source.
Pipette tips were connected between the cut pipette tips glued to the release box
and the plastic tubes connected to the odour sources. Hence, to reach the odour
source, the mites had to pass through these narrow openings. The diameter of these
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openings was further reduced to c. 500, 300, 200 and 75 μm by inserting glass cap-
illaries with different diameters inside this pipette tip. Obviously, the wind speed in
these narrow openings would be much higher than in the large tubes and might, in
theory, be too high for the mites to be able to move upwind. However, we took care
that the wind speed inside the small openings was never higher than 0.35 m/s, which
is lower than the wind speed used in Y-tube olfactometers (0.4-0.5 m/s), in which
predatory mites can freely walk upwind (Sabelis and van de Baan 1983). Tomato
plants infested with A. lycopersici were used as an odour source to stimulate the
mites to try to cross this narrow opening. The mites that passed through the open-
ing were collected from the traps, which were replaced after 0.5, 1, 2, 4, 8 and 24 h.
Predators that were still in the choice unit after 24 h were recorded as not having
passed. Final numbers of mites that passed through the openings were compared
among treatments with a GLM with a Poisson error distribution followed by analysis
of contrasts among treatments by stepwise model simplification through aggregation
of factor levels (Crawley 2013). Subsequently, we compared the time series of num-
bers of mites (square-root transformed) that passed using a linear mixed effects
model with mite species, opening sizes and time as fixed factors and replicate as a
random factor to correct for repeated measures. Contrasts among openings were
determined as above. Because no mites of either species passed through the small-
est opening (75 μm), data of this treatment were excluded from this last analysis.

Results
Response to odours from uninfested and infested plant parts
When offered odours of tulip bulbs, N. paspalivorus did not show a significant prefer-
ence for artificially damaged bulbs over clean bulbs (FIGURE 5.3A; GLM: Chi2 = 0.21,
d.f. = 1, P = 0.64). In contrast, the predators significantly preferred the odours of infest-
ed bulbs to clean bulbs (FIGURE 5.3A; GLM: Chi2 = 12.9, d.f. = 1, P < 0.001) and to arti-
ficially damaged bulbs (GLM: Chi2 = 6.3, d.f. = 1, P = 0.012). When offered odours of
tomato plants, N. paspalivorus did not show a significant preference for odours of arti-
ficially damaged plants over clean plants (FIGURE 5.3B; GLM: Chi2 = 0.29, d.f. = 1, P =
0.59). In contrast, the predators significantly preferred the odours of infested tomato
plants over clean plants (FIGURE 5.3B; GLM: Chi2 = 19.3, d.f. = 1, P < 0.001) and over
artificially damaged plants (GLM: Chi2 = 15.8, d.f. = 1, P < 0.001).

Similar results were obtained with N. cucumeris. When offered odours of tulip
bulbs, females did not show a significant preference for artificially damaged bulbs
over clean bulbs (FIGURE 5.4A; GLM: Chi2 = 2.01, d.f. = 1, P =0.16). The predators,
however, showed a significant preference for odours of infested bulbs over clean
bulbs (FIGURE 5.4A; GLM: Chi2 = 13.0, d.f. = 1, P < 0.001) and over artificially dam-
aged bulbs (GLM: Chi2 = 7.3, d.f. = 1, P < 0.01). When offered odours of tomato
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plants, N. cucumeris did not show a significant preference for odours of artificially
damaged plants over clean plants (FIGURE 5.4B; GLM: Chi2 = 0.47, d.f. = 1, P = 0.49).
Again, there was a significant preference for odours of infested plants over clean
plants (FIGURE 5.4B; GLM: Chi2 = 5.24, d.f. = 1, P < 0.05) and artificially damaged
plants (GLM: Chi2 = 5.80, d.f. = 1, P = 0.016).

Ability to pass through a narrow opening
The numbers of predators that passed through the openings after 24 h differed sig-
nificantly between mite species (GLM: Chi2 = 46.7, d.f. = 1, P < 0.0001) and among
opening diameters (GLM: Chi2 = 730.0, d.f. = 3, P < 0.0001) (FIGURE 5.5). The final
numbers of predators that passed through the openings increased with opening size
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FIGURE 5.3 Response of Neoseiulus paspalivorus in an olfactometer to odours from clean, artificially wounded or
infested plant parts. Odours came from (A) 5 tulip bulbs, (B) one potted tomato plant. Infested tulip bulbs har-
boured Aceria tulipae and infested tomato plants Aculops lycopersici. Shown are results of five independent repli-
cates, each with a different group of predators and new sets of odour sources. The bars extending to the left or
right show the percentages of mites choosing the odours from the source indicated at the respective side. The
number of predators out of 100 that did not choose any odour within 1 h are given (nc), and were not included
in the statistical analysis.
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(FIGURE 5.5). All predators of both species passed through an opening of 500 μm,
whereas none passed through an opening of 75 μm. None of the N. cucumeris
passed through an opening of 200 μm, and the numbers of N. paspalivorus passing
through this opening and that of 300 μm was significantly higher than those of N.
cucumeris. The final numbers of N. paspalivorus passing through openings of 300
and 500 μm did not differ significantly, whereas the numbers of N. cucumeris that
passed differed for these two openings (FIGURE 5.5). The cumulative numbers of
mites that passed through time showed the same pattern as those after 24 h, except
that the numbers of N. paspalivorus passing through an opening of 300 μm differed
significantly from that passing through 500 μm (FIGURE 5.5).
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FIGURE 5.4 Response of Neoseiulus cucumeris in an olfactometer to odours from clean, artificially wound and
infested plant parts. Odours came from (A) 5 tulip bulbs, (B) one potted tomato plant. Infested tulip bulbs har-
boured Aceria tulipae and infested tomato plants Aculops lycopersici. Shown are results of five independent repli-
cates, each with a different group of predators and new sets of odour sources. The bars extending to the left or
right show the percentages of mites choosing the odours from the source indicated at the respective side. The
number of predators out of 100 that did not choose any odour within 1 h are given (nc), and were not included
in the statistical analysis.
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Discussion
Whereas it is well-known that predators locate prey by using chemical cues emitted
by plants (Dicke and Sabelis 1988; Dicke et al., 1990; Turlings et al. 1990), there are
only few studies that address the next step in prey finding, i.e., reaching the prey on
the plant, especially when they live in refuges. Many herbivorous arthropods produce
such refuges directly, for example the web of spider mites and immature lepidopter-
an species. Other arthropods such as wasps and mites induce the plants to produce
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FIGURE 5.5 The ability of predatory mites to pass through openings of different diameters (75, 200, 300 and 500
µm) towards an odour source. Shown are the average cumulative numbers of Neoseiulus paspalivorus (A) and N.
cucumeris (B) that passed as a function of time. Different lowercase letters above the curves indicate significant
differences among openings within species for the entire time series, uppercase letters above the curves show
differences between species per opening (linear mixed effects model, P < 0.05). Letters next to the data of 24 h
indicate the same differences for the proportions after 24 h (generalized linear model, P < 0.05).
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outgrowths known as galls, erinea and other types of malformation (Fukui 2001; Bailey
et al. 2009; Gerson 1985; Lindquist et al. 1996), and use these structures to hide in.
Yet other herbivores benefit from living in secluded regions of the plants that are not
easily accessible by predators, for example the space under perianths of coconuts,
between the scales of plant bulbs, or between shafts of grasses (Moore 1986; Moore
and Alexander 1987; Howard and Abreu-Rodriguez 1991; Lawson-Balagbo et al.
2007b; Lesna et al. 2005; Frost and Ridland 1996). Hence, after finding the host plant,
predators need to be able to reach the prey inside these refuges. In this paper, we
addressed both steps of the searching behaviour of predatory mites.

Both predatory mite species investigated here were attracted by odours of tomato
plants with russet mites and of tulip bulbs with dry bulb mites. Hence, they are capa-
ble of finding host plant parts with prey. However, leaves and stems of many tomato
varieties are covered with sticky trichomes at densities sufficiently high to prevent or
hamper predators from reaching them. Likewise, dry bulb mites live between bulb
scales, where they are inaccessible to larger predators. Accessing these prey inside
their refuges is not only a matter of predators being small enough to enter, but also
whether predators are willing to move through such small openings. For two predato-
ry mite species differing in size, we experimentally assessed the minimum size of the
opening through which they were able and willing to pass in search of prey.

There is large variation in the density of trichomes on tomato leaves, but the dis-
tance between trichomes can be as small as 100 μm (estimated from Glas et al.
2012). The idiosoma width of N. paspalivorus is c. 160 μm, suggesting that they can-
not walk freely between the trichomes. Here, we show that a small proportion of
these predators can pass through round openings as low as 200 μm, corresponding
to the distance from the base of the majority of the trichome types to the glandular
tip (Luckwill 1943; Channarayappa et al. 1992; Glas et al. 2012). These results sug-
gest that adult female N. paspalivorus will be hampered by trichomes when walking
on tomato plants. Indeed, we observed that N. paspalivorus is not able to cope with
trichomes on tomato plantlets; glandular tips of trichomes had to be removed to
enable rearing N. paspalivorus on tomato russet mites on tomato leaves (F.R. da Silva
and I.K.A. Lesna, pers. obs). Being larger than N. paspalivorus, N. cucumeris was
only capable of passing through larger openings, hence, it would even have more dif-
ficulties with trichomes.

The distance between bulb scales increases from 100 μm to over 200 μm due to
the infestation by dry bulb mites. This suggests that N. paspalivorus would be small
enough to reach this prey, but N. cucumeris certainly not. There is indeed evidence
that N. paspalivorus can control dry bulb mites on tulip bulbs (Lesna et al. 2014). In
contrast, N. cucumeris is not, unless the bulbs are exposed to ethylene, which
increases the space between the bulb scales even further (Lesna et al. 2005). This
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shows that the new set-up used here can be used to study the capacity of predators
to enter prey refuges. To the best of our knowledge, this is the first time that this type
of set-up was used.

We also used a new type of olfactometer to test attraction of predatory mites
towards plant parts infested with potential prey. Besides obvious advantages, such
as the possibility to test groups of predators, there are some drawbacks of this set-
up. Inside the release unit, there will be variation in wind speed and wind direction;
especially in the corners wind speed will be very low and wind direction will be vari-
able. Therefore, mites near the corners will receive no cues regarding the position of
the odour sources. This may explain the relatively high proportion (c. 21%) of mites
that failed to make a choice during the experimental period. Nevertheless, we found
clear attraction to infested plant parts, as previously reported for other experimental
set-ups (Sabelis and van de Baan 1983; Teerling et al. 1993; Aratchige et al. 2004;
Himanen et al. 2005; Tatemoto and Shimoda 2008; Zhong et al. 2011).

For many predators, the size range of prey on which they can feed is limited by
the predator’s ability to capture and handle them, which is often correlated with pred-
ator body size. It has been suggested that body size of organisms increases over
evolutionary time (Cope’s rule; Blanckenhorn 2000; van Valkenburgh et al. 2004;
MacNulty et al. 2009; Heim et al. 2015); however, this is not supported for all groups
of organisms (Jablonski 1997). Although selective advantages of being large have
been suggested, such as being better able to defend, to capture prey, or having high-
er mating success, no clear mechanism leading to such increases has been identi-
fied (Jablonski 1997; MacNulty et al. 2009). Here we show that small predators can
have advantage over larger ones, when prey live in secluded and restricted spaces.
A further advantage is that small predators may also benefit from living in the refuges,
thus reducing interspecific competition for food and avoiding their own (larger) pred-
ators (I.K.A. Lesna and F.R. da Silva, pers. obs.).
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Neoseiulus paspalivorus, a predator
from coconut, as a candidate for 
controlling dry bulb mites infesting
stored tulip bulbs

Izabela Lesna, Fernando R da Silva, Yukie Sato, Maurice W Sabelis & Suzanne TE
Lommen

The dry bulb mite, Aceria tulipae, is the most important pest of stored tulip bulbs in
The Netherlands. This tiny eriophyoid mite hides in the narrow space between
scales in the interior of the bulb. To achieve biological control of this hidden pest,
candidate predators small enough to move in between the bulb scales are required.
Earlier experiments have shown this potential for the phytoseiid mite Neoseiulus
cucumeris but only after the bulbs were exposed to ethylene, a plant hormone that
causes a slight increase in the distance between tulip bulb scales, just sufficient to
allow this predator to reach the interior part of the bulb. Applying ethylene, howev-
er, is not an option in practice because it causes malformation of tulip flowers. In
fact, to prevent this cosmetic damage, bulb growers ventilate rooms where tulip
bulbs are stored, thereby removing ethylene produced by the bulbs (e.g., in
response to mite or fungus infestation). Recently, studies on the role of predatory
mites in controlling another eriophyoid mite on coconuts led to the discovery of an
exceptionally small phytoseiid mite, Neoseiulus paspalivorus. This predator is able
to move under the perianth of coconuts where coconut mites feed on meristemat-
ic tissue of the fruit. This discovery prompted us to test N. paspalivorus for its abil-
ity to control A. tulipae on tulip bulbs under storage conditions (ventilated rooms
with bulbs in open boxes; 23 °C; storage period June-October). Using destructive
sampling, we monitored predator and prey populations in two series of replicated
experiments, one at a high initial level of dry bulb mite infestation, late in the storage
period, and another at a low initial dry bulb mite infestation, halfway the storage peri-
od. The first and the second series involved treatment with N. paspalivorus and a
control experiment, but the second series had an additional treatment in which the
predator N. cucumeris was released. Taking the two series of experiments togeth-
er we found that N. paspalivorus controlled the populations of dry bulb mites both
on the outer scale of the bulbs as well as in the interior part of the bulbs, whereas
N. cucumeris significantly reduced the population of dry bulb mites on the outer
scale, but not in the interior part of the bulb. Moreover, N. paspalivorus was found
predominantly inside the bulb, whereas N. cucumeris was only found on the outer
scale, thereby confirming our hypothesis that the small size of N. paspalivorus facil-
itates access to the interior of the bulbs. We argue that N. paspalivorus is a prom-
ising candidate for the biological control of dry bulb mites on tulip bulbs under stor-
age conditions in The Netherlands.
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Introduction
Eriophyoid mites are among the smallest arthropods on Earth (Lindquist et al. 1996).
Their worm-like body has a cross-section diameter of c. 50 μm, much smaller than
that of phytoseiid mites, their most significant predators (Sabelis 1996). The minute
size of eriophyoid mites is the key to their ecological success, enabling them to reach
places small enough to be free of predators (Sabelis 1996; Sabelis and Bruin 1996).
Moreover, it allows them to develop a plant-parasitic lifestyle that is quite different
from other herbivorous arthropods (Lindquist et al. 1996). Many eriophyoids live in
plant galls they induce, but the one of interest in this article have a vagrant lifestyle,
frequently changing feeding sites that vary in food quality and in the degree of pro-
tection against predators. In agricultural crops, such mites may reach pest status
when natural enemies are absent. Chemical control is often ineffective because most
eriophyoid mites feed under protective structures of the plant. Hence, biological con-
trol with natural enemies, such as predatory mites or acaropathogens, may be the
only solution (Sabelis et al. 2007, 2008).

In this article, we consider the eriophyid Aceria tulipae Keifer on tulip bulbs. This
so-called dry bulb mite is the most important pest in the tulip bulb industry in the
Netherlands. After harvest, tulip bulbs are stored for several months in rooms at
temperatures (≥ 23 °C) that promote population growth of the dry bulb mites. In this
period, they receive pesticide treatments that reduce the pest and remove virtually
all predators associated with bulbs in the field. Thus, if pesticides are not applied
well enough, favourable temperatures and absence of predators cause the dry bulb
mites to reach pest status whereby leaves, flowers, shoots and roots are malformed
or do not even emerge from the bulb (Conijn et al. 1996; van Aartrijk 2000; Aratchige
et al, 2004; Lesna et al. 2005). Due to this cosmetic damage and the presumed role
of dry bulb mites as a vector of Tulip Virus X (Asjes and Blom-Barnhoorn 1998; de
Kock et al. 2011; Lommen et al. 2012a) this pest is treated as a quarantine organ-
ism in several important export-countries. Hence, a zero pest tolerance is the gen-
eral norm.

Chemical control is currently widely applied by tulip growers, as well as physical
treatments by organic farmers. Nevertheless, the dry bulb mite causes severe eco-
nomic losses each year. A key problem in effectively controlling dry bulb mites is that
its minute size enables a hidden life in the tulip bulb. Like onions, a tulip bulb con-
sists of multiple layers of concentric scales of increasing diameter, surrounding the
center where the stem, leaves and flower develop. The dry bulb mite is so tiny (c.
0.06 mm cross-section diameter) that it can access the interior of the bulb by mov-
ing between its scales (Lesna et al. 2005). Biological control may be the only solution
(Sabelis et al. 2007, 2008), provided that the control agents can access the interior
of the bulbs as well.
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Phytoseiid mites are the most significant predators of eriophyoid mites (Sabelis
1996), and several species are known to feed and reproduce on dry bulb mites in the
laboratory (Lesna et al. 2005). In contrast to dry bulb mites, predatory mites are too
big to move between the scales of the bulb initially (Lesna et al. 2005). However,
feeding by dry bulb mites gradually induces the bulbs to modify their internal struc-
ture. The resulting changes in distance between bulb scales (from 0.1 to 0.2 mm) are
microscopic, yet allow the phytoseiid predator Neoseiulus cucumeris (Oudemans)
(with a somal width of 0.2 mm and a somal height of 0.12 mm) to enter the interior
bulb space (via the so-called ‘nose’ of the bulb). The consequence of this plant
‘behaviour’ is dramatic: predators eliminate most eriophyid mites from the inside of
the bulb, whereas the bulb would otherwise be eaten from within. The crucial
changes in bulb morphology enabling predator access are controlled by ethylene, a
plant hormone released (among others) upon herbivore attack (Lesna et al. 2005).
This plant hormone simultaneously induces the release of plant volatiles that attract
predatory mites (Aratchige et al. 2004; Aratchige 2007). Changes in bulb attractive-
ness and accessibility were demonstrated by combining chemical analysis
(Aratchige 2007), olfactometry (Aratchige et al. 2004) and experiments on
predator–prey dynamics in which the effect of ethylene was either promoted or
blocked by 1-methyl-cyclopropene, a chemical occupying ethylene receptor sites
(Lesna et al. in prep.). In climate cabinets ventilated to remove ethylene, short, 2-
weekly exposure of bulbs to ethylene had major effects on the ability of the predato-
ry mite N. cucumeris to control A. tulipae in the interior of the bulb when compared
to identical exposure to ethylene blockers or ambient air. Exposure to ethylene and
its blockers had no direct effect on dry bulb mites and predatory mites and at the
concentrations offered during ethylene exposure had similar effects on the morphol-
ogy of healthy bulbs as exposure to (ethylene and other odours from) infested tulip
bulbs. Taken together, these results explain why earlier experiments yielded success-
ful biological control of dry bulb mites by N. cucumeris on tulip bulbs in closed card-
board boxes with consequently higher ethylene concentrations, but were not suc-
cessful in open trays in ventilated climate rooms (Lesna et al. 2005; Sabelis et al.
2007, 2008, 2012).

However, ethylene exposure of tulip bulbs is not an option for the flower bulb
industry. In fact, in practice ethylene is continuously diluted and led away from the
storage rooms by ventilation, because of its adverse effects on flower development
(de Munk 1973; Kamerbeek and de Munk 1976; Gude and Dijkema 2005) and
increased risks of bud necrosis (Lommen et al. 2012b). Hence, there is a need to find
predators that do not only feed on the dry bulb mite, but are also small enough to
enter the inside of the bulb under storage conditions in practice. Such a small phy-
toseiid predator has recently been found on coconuts: Neoseiulus paspalivorus (De
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Leon) (Lawson-Balagbo et al. 2008; Negloh et al. 2011). The female soma of N. pas-
palivorus has a cross-section diameter that is only about half of that of N. cucumeris
(CHAPTERS 4 and 5). The predator lives mainly under the perianth of the coconut and
feeds on another eriophyid, the coconut mite Aceria guerreronis Keifer (Lawson-
Balagbo et al. 2008). Because the climatic conditions in coconut growing areas and
the microhabitat under the coconut perianth are not too different from those in tulip
bulbs under storage conditions, we decided to do biocontrol tests with this predator
in ventilated rooms at 23 °C. These experiments were done with the aim to test (1)
whether the predator is able to control dry bulb mites on and in tulip bulbs, and (2)
whether its small size facilitates access to the interior of tulip bulbs more than the
size of N. cucumeris. Two series of experiments were carried out, one with initially
high levels of infestation by dry bulb mites and another with initially low levels.
Whereas the first series may easily lead to such high pest densities that not only pre-
dation, but also intraspecific food competition drive pest mortality, the second series
decreases the role of intraspecific competition and therefore puts the focus more on
the role of predation. Moreover, high densities of dry bulb mites may also lead to
(undesirable) higher ethylene levels despite ventilation. However, note that in the sec-
ond series the role of ethylene in making the bulb more accessible was minimized
because, apart from removal by ventilation, the herbivore-induced ethylene produc-
tion was low as a consequence of the low density of dry bulb mites.

Materials and methods
Mite origin and rearing
The predatory mite N. paspalivorus was collected in 2011 near Recife, Brazil, from
coconuts infested by A. guerreronis. After shipment to the University of Amsterdam,
it was reared on the eriophyid Aculops lycopersici (Massee) on tomato leaves in a cli-
mate room (25-27 °C, 65% RH). This eriophyid was the best available alternative prey
to rearing on A. guerreronis on cocunuts, which was not feasible in Amsterdam.

The predatory mite N. cucumeris was reared on fungivorous acarid mites and
directly provided by Koppert Biological Systems (Berkel en Rodenrijs, The
Netherlands) in numbers sufficient for our experiments in 2012.

In September 2011, dry bulb mites (A. tulipae) were collected from recently har-
vested and infested tulip bulbs (cv Leen van der Mark) in Lisse, and subsequently
reared on organic, unsprayed, garlic bulbs in the laboratory (25 °C, 65% RH) at the
University of Amsterdam.

Plant material
We used two cultivars of tulip bulbs, known to be susceptible to dry bulb mites. For
the first experiment, we used untreated, mite-free bulbs cv Leen van der Mark, har-
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vested in New Zealand in the second half of January 2012 and then shipped to The
Netherlands. They were stored in open trays of 500 bulbs in ventilated climate boxes
(17-23 °C, 70% RH) at the research station in Lisse.

For the second experiment we used untreated, mite-free bulbs cv Yokohama, har-
vested in July 2012 in The Netherlands, and stored in open trays of 500 bulbs in a
ventilated climate-room (20 °C, RH not regulated) in Lisse.

Biocontrol experiments
In 2012, two different biological control experiments were carried out, the details of
which are summarized in TABLE 6.1. Infestation of tulip bulbs was established in sep-
arate climate boxes (23 °C; 70% RH). After transfer of the tulip bulbs, we systemat-
ically distributed c. 50 garlic cloves heavily infested with dry bulb mites among c. 500
(initially mite-free) bulbs. The garlic cloves were regularly redistributed between the
bulbs, and new cloves were added until the desired infection rate was obtained to
start the experiments.

Experiments were carried out in a storage room at a constant 23 °C, as commonly
done in practice during tulip bulb storage. The ventilation rate in the storage room was
2-3× lower than in practice, but the density of tulip bulbs in the room (and hence the
emission of ethylene) was also much lower than in practice, making strong ventilation
less necessary. Each replicate experiment was carried out in a plastic bucket filled with
bulbs infested with dry bulb mites. To prevent mite migration between replicates in the
experiments, buckets were provided with double-sided sticky tape just below the rim.
In addition, each bucket was placed in a tray filled with water and detergent decreas-
ing water tension. The trays were placed next to each other at a distance of at least 5
cm, whereas the buckets in these trays were at a distance of 0.5 m.

The buckets were randomly assigned to treatments (treatments with different
predator species and control treatments without predators). Maximally 24 h before
application of the treatments, predatory mites were collected from their laboratory
cultures using a pipette connected to an aspirator. Per pipette, about 50 adult
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TABLE 6.1 Set-up of the biological control experiments with Neoseiulus paspalivorus and N. cucumeris
Experiment Tulip bulbs Timing Setup

Origin Cv Harvest Start Duration #bulbs/ Initial #replicates/ Released 

(weeks) replicate #Aceria/ treatment* #predators/

bulb C Nc Np bulb

1. High infestation, NZ LvdM Late  Early  3 34 1590 3 ‐ 3 5.9
late in storage Jan June
2. Low infestation, NL Yok Early  Mid 5  80 16 4 4 4 2.5
halfway storage July Sept
*C=control, Nc=Neoseiulus cucumeris, Np=Neoseiulus paspalivorus
NZ, New Zealand; NL, The Netherlands; LvdM, Leen van der Mark; Yok, Yokohama
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females were collected. Pipettes were then closed with Parafilm on the narrow open-
ing, and with fine mesh gauze (for ventilation) at the other end. The fine mesh gauze
was fixed into the pipette with a small piece of plastic tube. Just before release, the
pipettes were held vertically with the gauze-covered opening down and they were
gently tapped to make the predators fall down on the gauze. Then, the pipette was
disassembled and its parts (gauze, pipette, piece of tube) were immediately deposit-
ed on the infested tulip bulbs in a bucket.

Starting from the date of the predator releases, each week four bulbs were col-
lected per bucket (replicate unit) and they were inspected under a binocular micro-
scope for the number of dry bulb mites (only mobile stages) and predatory mites (all
stages, including eggs) on the outer scale (directly under the dry bulb skin) and sep-
arately in the interior of the bulbs. For the latter, the bulb was first cut in half and then
the scales were sequentially removed and inspected under the microscope. Because
predatory mites are much more agile than dry bulb mites, we were not able to sep-
arate predator densities at the outer scale and in the interior of the bulb. Hence, we
only determined total predator density per bulb. All data from each of the four bulbs
(dry bulb mite density per bulb inside, outside or overall; overall predator density per
bulb) were summed and divided by the number of bulbs to obtain a mean number of
mites per bulb in the sample. Only these mean numbers per bulb per sample were
included in the data set that was subjected to statistical analysis.

Experiment 1: high infestation, late in the storage period
The first experiment was carried out with tulip bulbs cv Leen van der Mark from New
Zealand. They were harvested in January 2012, transported to Lisse (The
Netherlands) and kept in storage for 5 months (thus, late in the storage period) before
use in the experiment. On June 4, 2012 the experiment started and then the level of
dry bulb mite infestation of the bulbs was high (on average 1590 dry bulb mites per
bulb). To test whether predatory mites can suppress such high numbers of dry bulb
mites, we released either no predators (control treatment) or only N. paspalivorus
(treatment). For each of these two treatments three replicates were performed involv-
ing three buckets, with 34 bulbs each. Just after release, the predator density was on
average 5.9 per bulb. The experiment lasted 3 weeks since predator release.

Experiment 2: low infestation halfway the storage period
The second experiment was carried out with tulip bulbs cv Yokohama from The
Netherlands. They were harvested in early July 2012 and kept in storage for 3 months
(thus, halfway the storage period) before use in the experiment. On September 17,
2012 the experiment started and then the level of dry bulb mite infestation of the
bulbs was low (on average 16 dry bulb mites per bulb).
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To test whether predatory mites can keep low numbers of dry bulb mites down, we
released no predators (control treatment), only N. paspalivorus or only N. cucumeris
(treatments). For each of these three treatments four replicates were performed involv-
ing four buckets, with 80 bulbs each. Just after release, the predator density was on
average 2.5 per bulb. The experiment lasted 5 weeks since predator release.

Statistical analysis
To analyze the longitudinal data series of dry bulb mite densities (actually means per
bulb from four bulbs, as explained above), we used a multivariate generalized linear
mixed model (glmm) with Markov chain Monte Carlo (MCMC) estimation
(MCMCglmm; Hadfield 2010), which is available in the statistical package R version
2.14.2 (R Core Team 2011). Densities of dry bulb mites in the interior and on the exte-
rior part of the bulbs were analysed separately for either of the two experiments. We
used the log-transformed mean number of dry bulb mites per bulb per replicate as
the response variable. To compare the changes in dry bulb mite density over weeks
between treatments, models were constructed with treatments (control, N. pas-
palivorus and, for experiment 2, additionally N. cucumeris) and time (weeks after
introduction of dry bulb mites) as well as their interactions as the fixed factors, and
with replicate within each week as a random factor. In the first series of experiments,
log-transformed dry bulb mite density and weeks showed a quadratic relation in the
control treatment. Therefore, we added the squared weeks and its interaction with
treatment as extra fixed effects for this analysis. We used a Gaussian error distribu-
tion for the model and an inverse gamma prior (V = 1, nu = 0.002) in the G-matrix
(random effects) and the R-matrix (error structure). We applied default settings for
other options in MCMCglmm (starting value, etc.). We ran each analysis for 150,000
iterations with a burn-in of 50,000 iterations and a thinning interval of 10. This gen-
erated 10,000 samples from each chain. We then first checked whether autocorrela-
tions between successive stored iterations are < 0.1, and checked the model by plot-
ting the distribution of the coefficients and the residual variances of the sampled pos-
terior. Terms were considered statistically significant when 95% confidence intervals
did not overlap and P-MCMC < 0.05.

To analyze the longitudinal data on the predator densities in the second experiment,
we applied again an MCMCglmm. We used the log-transformed values of the mean
number of predators + 1, per bulb per replicate. To compare the changes in the pred-
ator densities over weeks between N. paspalivorus and N. cucumeris, a model was
constructed with predator species (N. paspalivorus, N. cucumeris) and time (weeks
after predator introduction) as well as their interactions as fixed factors, and with repli-
cate within each week as a random factor. We then analysed these data in the same
way using the same parameters as applied in the analysis of dry bulb mite densities.
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Results
General impact of predators
There was a significant difference in the change of total densities of dry bulb mites
over time between the treatment with N. paspalivorus and the control in either of the
two experiments (TABLES 6.2 and 6.3; FIGURES 6.1 and 6.2). This predator was able to
reduce pest densities both inside and on the outer scale of the bulbs. The second
experiment, including treatments with N. cucumeris, showed that N. cucumeris also
suppressed the density of dry bulb mites on the outer scale (TABLE 6.3B; FIGURE 6.2).
However, N. cucumeris did not significantly suppress the density of dry bulb mites
inside bulbs (TABLE 6.3A; FIGURE 6.2).

Experiment 1: high infestation late in the storage period
In the first experiment, initial total densities of dry bulb mites averaged 1590 per bulb.
After 3 weeks, the average had decreased to 170 in control treatments and to 37 in
treatments with N. paspalivorus (FIGURE 6.1A). Regardless of treatment, most dry bulb
mites were found on the outer scale of the bulbs (FIGURE 6.1B vs. C). However, the
development of the dry bulb mite populations differed dramatically between the
treatments with N. paspalivorus and the control (FIGURE 6.1A; TABLE 6.2). Whereas the
number of dry bulb mites first increased in the control treatments, they did not in the
predator treatments. Specifically, the control treatments showed an increase of the
total density of dry bulb mites during the first week (1 replicate) or the first 2 weeks
(2 replicates), followed by a strong decrease (FIGURE 6.1A). In contrast, the treatment
with the predatory mite N. paspalivorus led to a substantial decrease of the density
of dry bulb mites in the first week (1 replicate) or in the first 2 weeks (2 replicates),
but not in the last week(s) (FIGURE 6.1A). This pattern of decrease in dry bulb mite
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TABLE 6.2 Results of MCMCglmm for the Aceria tulipae densities (A) inside bulbs and (B) outside bulbs in experi-
ment 1 (initially high infestation, late in the storage period, predator Neoseiulus paspalivorus).

Explanatory variable Posterior mean (CIa) P-MCMCb

(A) (Intercept) 5.72 (2.52 to 9.18) 0.002
Treatment (N. paspalivorus) 3.20 (-1.49 to 7.85) 0.15
Week 1.09 (-1.85 to 4.13) 0.46
I(Week^2) -0.38 (-0.97 to 0.20) 0.20
Treatment (N. paspalivorus)*Week -3.53 (-7.76 to 0.73) 0.092
Treatment (N. paspalivorus)*I(Week^2) 0.63 (-0.19 to 1.48) 0.12

(B) (Intercept) 1.43 (-2.06 to 4.89) 0.40
Treatment (N. paspalivorus) 4.24 (-0.62 to 9.07) 0.080
Week 7.20 (3.96 to 10.42) <0.001
I(Week^2) -1.80 (-2.47 to -1.22) <0.001
Treatment (N. paspalivorus)*Week -5.33 (-9.96 to -0.94) 0.025
Treatment (N. paspalivorus)*I(Week^2) 1.10 (0.24 to 2.00) 0.018

aCI = 95% confidence interval.
bThe probability P that the parameter value is more than 0 or less than 0 calculated in MCMCglmm. 
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FIGURE 6.1 Temporal dynamics of Aceria tulipae (mean number per bulb, i.e., mean of 4 bulbs): on and in the bulb
(total numbers) (A), then separately for the outer scale (B) and in the interior of the bulb (C), in the control treat-
ment (drawn line) and in the treatment with the predatory mite Neoseiulus paspalivorus (dashed line). In panel (D)
the dynamics of the predatory mites (mean total per bulb, i.e., mean of 4 bulbs) is shown (dashed line). Results
are presented for each of the three replicates separately.
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density was manifested equally on the outer scale and in the interior of the bulb
(FIGURE 6.1BC). The differences in change of dry bulb mite densities over time were
significant for the outer scale of the bulb (TABLE 6.2B), but not in the interior of the
bulb (TABLE 6.2B).

Experiment 2: low infestation halfway the storage period
In the second experiment, the effects of predator treatments were visible up to the
last week of the experiment. The total density of dry bulb mites was initially 16 per
bulb on average (7 on the outer scale, 9 inside the bulb). Whereas the control exper-
iments showed exponential growth of the total population of dry bulb mites, treat-
ments with the predatory mite N. paspalivorus led to virtually no increase of dry bulb
mite densities, and N. cucumeris showed an intermediate level (FIGURE 6.2A). The
effect of N. paspalivorus was highly significant, both on the outer bulb scale (P < 0.001,
Treatment (N. paspalivorus)*Day in TABLE 6.3B; FIGURE 6.2B) and in the interior of the
bulbs (P < 0.001, Treatment (N. paspalivorus)*Day in TABLE 6.3A; FIGURE 6.2C). In con-
trast, treatment with the predatory mite N. cucumeris had a significant impact on dry
bulb mite density on the outer bulb scale (P < 0.001, Treatment (N. cucumeris)*Day
in TABLE 6.3B; FIGURE 6.2B), but not in the interior of the bulb. Treatment with N. cuc-
umeris could not curb exponential increase of dry bulb mites inside the bulb. It gave
rise to a lower but non-significantly different growth rate than in the control experi-
ments (P = 0.54, Treatment (N. cucumeris)*Day in TABLE 6.3A; FIGURE 6.2C). As a
result, not only the numbers of dry bulb mites differed between treatments at the end
of the experiment, but also their spatial distribution over the outer and inner bulb
(FIGURE 6.3). In control treatments, 87% of dry bulb mites were found inside the bulb.
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TABLE 6.3 Results of MCMCglmm for the Aceria tulipae densities (A) inside bulbs and (B) outside bulbs in experi-
ment 2 (initially low infestation, halfway the storage period, predators Neoseiulus cucumeris or Neoseiulus pas-
palivorus).

Explanatory variable Posterior mean (CIa) P-MCMCb

(A) (Intercept) 1.37 (0.70 to 2.05) <0.001
Treatment (N. cucumeris) 0.16 (-0.81 to 1.11) 0.73
Treatment (N. paspalivorus) 0.11 (-0.87 to 1.04) 0.82
Week 0.75 (0.57 to 0.95) <0.001
Treatment (N. cucumeris)*Week -0.08 (-0.34 to 0.19) 0.54
Treatment (N. paspalivorus)*Week -0.66 (-0.93 to -0.39) <0.001

(B) (Intercept) 1.29 (0.57 to 2.00) <0.001
Treatment (N. cucumeris) -0.31 (-1.31 to 0.69) 0.53
Treatment (N. paspalivorus) -0.06 (-1.08 to 0.95) 0.92
Day 1.06 (0.87 to 1.25) <0.001
Treatment (N. cucumeris)*Day -0.53 (-0.79 to -0.27) <0.001
Treatment (N. paspalivorus)*Day -0.77 (-1.04 to -0.51) <0.001

aCI = 95% confidence interval.
bThe probability P that the parameter value is more than 0 or less than 0 calculated in MCMCglmm. 
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FIGURE 6.2 Temporal dynamics of Aceria tulipae (mean number per bulb, i.e., mean of 4 bulbs): on and in the bulb
(total numbers) (A), then separately for the outer scale (B) and in the interior of the bulb (C), in the control treat-
ment (drawn line), in the treatment with the predatory mite Neoseiulus paspalivorus (dashed line) and in the treat-
ment with the predatory mite, Neoseiulus cucumeris (dotted line). In panel (D) the dynamics of the predatory mites
(mean total per bulb, i.e., mean of 4 bulbs) is shown (N. paspalivorus, dashed line; N. cucumeris, dotted line).
Results are presented for each of the four replicates separately.
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The predator N. cucumeris could not prevent the total dry bulb mite population from
growing, but reduced the total numbers of dry bulb mites compared to the control,
and 82% of these remaining dry bulb mites was found inside the bulb. In contrast,
N. paspalivorus reduced total numbers of dry bulb mites dramatically when com-
pared to the control, and reversed the pattern of spatial distribution: only 26% of the
remaining mites was found inside the bulbs at the end of the experiment (FIGURE 6.3).

Predator populations
Release of N. paspalivorus led to substantial population growth of this predator in
each of the two experiments (FIGURES 6.1D and 6.2D; peaking on average at 48 and
28 predators, respectively), but release of N. cucumeris (only carried out in the sec-
ond experiment), led to a rather marginal increase in population size (FIGURE 6.2D;
peaking on average at 3 predators). This difference in population growth of the two
predators over time was highly significant (P < 0.01, Treatment (N. paspalivorus)*
Week in TABLE 6.4). During sampling, we observed N. paspalivorus on the outer scale,
as well as in the interior of the bulbs in the first experiment but mainly in the interior
of the bulbs in the second experiment. However, N. cucumeris was never found
inside the bulbs.
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FIGURE 6.3 Spatial distribution of Aceria tulipae on the bulbs. Bars represent mean numbers of A. tulipae per bulb
for each treatment on the outer scale of the bulbs (black) and inside the bulbs (grey), at the end (after 5 weeks)
of experiment 2 with initial low levels of infestation (16 A. tulipae/bulb). Numbers above bars indicate the fraction
of A. tulipae found inside the bulbs.
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Discussion
We conclude that the predatory mite N. paspalivorus can control dry bulb mites on
tulip bulbs in open buckets in ventilated rooms, representing conditions close (but
not equal) to those of tulip bulb storage in practice (FIGURES 6.1A and 6.2A). This
predator was much more effective in controlling this pest than N. cucumeris (FIGURES

6.2A and 6.3A). Moreover, it should be stressed that ventilation removes most of the
ethylene so that under the conditions of our experiments there were no negative
effects of flower malformation to be expected.

Predator-to-prey size and interior bulb structure as a key to biocontrol
success
We argue that the success of N. paspalivorus is explained by its small size. We
observed that this predator managed to move into the interior part of the bulb, prob-
ably due to its small size and elongated body shape, and possibly also by behaviour-
al adaptations (CHAPTERS 4 and 5; FR da Silva, pers. obs.). In contrast, the larger N.
cucumeris was never found in the interior part of the tulip bulbs, which is likely to
explain its failure to control dry bulb mites inside the bulbs (FIGURE 6.2C).

However, accessibility of the bulb interior is not only determined by predator size,
but also by environmental conditions altering the bulb structure. During storage in
practice temperatures decrease gradually (from 23 to 17 °C) and bulbs desiccate
very slowly, whereas in our storage experiments the bulbs were kept at 23 °C and
had already been stored at 20 °C for more than 4 months, likely resulting in faster
desiccation and better access. Ethylene levels might also have differed in our exper-
iments from those in storage rooms in practice, and consequently affected accessi-
bility, but it is hard to say in what way they differed. On the one hand, they could have
been higher in our experiments, and consequently facilitated access, because our
ventilation rates were 2-3× lower than in practice, and initial dry bulb mite densities
were high in the first experiment (Lesna et al. 2005). On the other hand, the number
and density of bulbs in our experiments was low compared to what is usual in prac-
tice, and the density of dry bulb mites was very low in the second experiment. How
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TABLE 6.4 Results of MCMCglmm for the total predator densities in the in experiment 2 (initially low infestation,
halfway the storage period, predator Neoseiulus paspalivorus).
Explanatory variable Posterior mean (CIa) P-MCMCb

(Intercept) 0.60 (0.09 to 1.19) 0.031
Treatment (N. paspalivorus) -0.18 (-0.98 to 0.55) 0.65
Week 0.0001 (-0.15 to 0.15) 0.99
Treatment (N. paspalivorus)*Week 0.41 (0.19 to 0.63) 0.001
aCI = 95% confidence interval.
bThe probability P that the parameter value is more than 0 or less than 0 calculated in MCMCglmm. 
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all these factors together determine accessibility of the bulbs in our experiments
compared to that in practice is difficult to evaluate. Thus, whether N. paspalivorus will
be equally effective in practice as in our experiments still requires scrutiny by means
of further biocontrol tests.

Predation and intra-specific competition as pest mortality factors
Pest mortality is not only due to predation, but possibly also to intraspecific compe-
tition for food and a decreasing quality of bulbs as a food source. Especially, the con-
trol treatment of experiment 1 shows evidence for the latter. This is because the ini-
tial density of dry bulb mites was orders of magnitude higher than in experiment 2:
on average 1590 per bulb in experiment 1 vs 16 per bulb in experiment 2 (FIGURES

6.1A and 6.2A). Moreover, in the control treatment of experiment 1 the density of dry
bulb mites increased during the first 1 or 2 weeks, but decreased during the last 1 or
2 weeks. This pattern is clearly in contrast with the dynamics in the control of exper-
iment 2, where the dry bulb mites showed exponential growth over the full 5 weeks
of the experiment (FIGURE 6.2A). Thus, intraspecific competition is more likely to play
a role in experiment 1 than in experiment 2.

However, even though density-dependent mortality due to intraspecific competi-
tion and bulb quality may play an important role in experiment 1, there is strong evi-
dence that predation acts in concert, also in this experiment. In the first week after
predator release the predator-treated replicates showed equal or decreasing total
numbers of dry bulb mites, whereas the control treatments showed a threefold
increase in pest numbers in the same period. In the next 2 weeks mortality factors
other than predation are likely to be more important and they may well reflect
intraspecific competition for food, as a result of increasing pest numbers and
decreasing bulb quality. This pattern is commonly observed in practice towards the
end of the storage period.

Experiment 2 clearly indicates that N. paspalivorus has potential to control dry
bulb mites relatively early in the bulb storage period, when densities of dry bulb mites
are still low. We argue that the continued population decline of dry bulb mites in the
predator treatments can be attributed largely to predation and not to intra-specific
competition for food, because the control treatments show exponential increase of
dry bulb mites throughout the experiment (FIGURE 6.2A).

Why no spontaneous emergence of predatory mites in storage rooms?
Since N. paspalivorus originates from coconuts in Brazil and is used in our experi-
ments in The Netherlands to control eriophyid mites on tulip bulbs, a completely dif-
ferent plant, it surely represents a novel predator-prey association. This prompts the
question whether there are no suitable predatory mites in The Netherlands that spon-
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taneously emerge under storage conditions and control dry bulb mites. The climatic
conditions under storage conditions are not only ideal for the dry bulb mites, but also
for predatory mites. This lack of predators in practice is largely due to fumigation of
bulbs with pirimiphos-methyl (Actellic-50®) during bulb storage. This pesticide is
lethal for most predatory mites, as well as for dry bulb mites. Just after harvest from
the field, the scales of the tulip bulbs are so tightly fitting together that only dry bulb
mites, but not predatory mites, might have a chance to hide inside the bulb.
Fumigation will kill most mites on the exterior part of the bulb, but less so in the bulb
interior. Thus, dry bulb mites have a relatively higher chance of escaping from the
effect of fumigation and, if so, they enter enemy-free space, once they arrive with the
bulbs in the storage room.

Thus, to detect potential predators for dry bulb mite control in The Netherlands,
predators have to be collected from the field or from stored bulbs not receiving a pre-
treatment with pesticides. This has been done in bulb stocks stored in the laborato-
ry in Amsterdam and at the Flower bulb Research Centre in Lisse (currently known as
PPO) (Lesna et al. 2005). The predatory mite species recorded were Cheyletus erudi-
tus (Schrank), Lasioseius fimetorum Karg, Blattisocius spp., N. cucumeris and N.
barkeri Hughes (note that in addition Lasioseius bispinosus Evans was found on
infested tulip bulbs in Niigata, Japan; I. Lesna, pers. obs., 1992). Each of these pred-
ator species had the ability to increase their population size when fed exclusively with
dry bulb mites, but N. cucumeris showed the highest capacity of population growth
and managed to get access to interior of the bulb, albeit only in bulbs stored in closed
cardboard boxes (a method rarely used in practice), where ethylene levels are higher
and induce modifications in interior bulb structure that promote predator access
(Lesna et al. 2005). Since none of the other predators found in The Netherlands, so
far, showed an ability to reach the bulb’s inside under storage conditions in practice,
the only solution was to find predators that feed on eriophyid mites and are small
enough to cope with the narrow space inside a bulb. This is why the impetus for the
work presented in this article came from the discovery of N. paspalivorus, a very small
predatory mite feeding on eriophyid mites under the perianth of coconut fruits.
Moreover, climatic conditions in bulb storage are not too different from those in
coconut-growing areas of the world and dry bulb mites live in microhabitats that are
structurally similar to those under the perianth of coconuts. For all these reasons we
opted for this exotic predator instead of predators endemic in The Netherlands.

Perspectives for Neoseiulus paspalivorus in practice
To make biocontrol using this predator from coconuts available for application in
practice there are still several hurdles to overcome, as summarized during a work-
shop in Lisse attended by representatives from all interested parties (Lommen et al.
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2012c). The first is to test the use of biological control with N. paspalivorus at a larg-
er scale and under practical conditions of bulb storage (e.g., more ventilation,
decreasing temperatures over the course of the storage period). The second is to
remove the predatory mites from the bulbs before export to countries with severe
quarantine regulation. Last but not least there is a need to develop a method of mass
rearing of N. paspalivorus on other prey or other foods, to bypass the expensive
method of rearing them on eriophyid mites on host plants. Once these hurdles are
taken, application in practice will be attractive to organic farmers and, if in the future
the use of pesticides to treat bulbs becomes more restricted, it will be a major alter-
native for traditional farmers as well.

Our experiments with N. paspalivorus represent a clear-cut example of success-
ful application of a predatory mite to control a different species of eriophyoid mite in
microhabitats that are similar in structure but otherwise part of a completely different
mircro- and macro-habitat. Hence, we consider this result as one that confirms the
‘new’ association hypothesis of Hokkanen & Pimentel (1989).
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General discussion

Predators are major players in the ecology and evolution of biological systems.
Whereas early ecological research concentrated on predator-prey interactions,

much attention has been given to tritrophic and multitrophic interactions since the
seminal paper of Price and colleagues (1980). It is now known that plants have indi-
rect effects on herbivores by influencing the third trophic level (i.e., predators and
parasitoids) in what can be a mutualistic relationship (Dicke and Sabelis 1988;
Turlings et al. 1990; Dicke et al. 1998; Sabelis et al. 1999a). For example, plants can
enlist predators and parasitoids by providing supplementary food such as pollen and
nectar (Ramakers 1990; van Rijn and Sabelis 1990, 1993; van Rijn and Tanigoshi
1999; Sabelis et al. 2011), or shelter in structures such as domatia or hollow thorns
(Janzen 1966; Walter and O’Dowd 1992a,b). Plants can also betray herbivores by
producing infochemical volatiles that attract natural enemies (Sabelis and van de
Baan 1983; Sabelis and Dicke 1985; Dicke and Sabelis 1988; Sabelis and van der
Weel 1990; Dicke et al. 1990, 1993; Turlings et al. 1990, 1995; Dicke 1994; Drukker
et al. 1995; Sabelis et al. 1999b,c, 2007).

During the last few decades, a lot of attention has been given to how plants betray
the presence of herbivores to predators. This is a key feature of infochemical-medi-
ated interactions among plants, herbivores and predators (Sabelis and van de Baan
1983; Dicke and Sabelis 1988; Dicke et al. 1990; Turlings et al. 1991; Drukker et al.
1995; Sabelis et al. 1999b,d, 2002, 2005a,b; Dickens 1999; Dicke and Vet 1999;
Kessler and Baldwin 2001). Although it has been well documented that plant defence
can be induced by herbivores (Walling 2000; Sabelis et al. 2002, 2007), the role of
herbivores has been somewhat neglected. In fact, all trophic levels evolve and func-
tion in response to selection imposed by the other levels, which continually affects
the fitness of all players (Price et al. 1980).

Like plants, herbivores have evolved defence strategies against threats. There is
strong selection on herbivores to remain undetected, and examples of plant
defences suppressed by herbivores have recently been reported (Walling 2000;
Musser et al. 2002a,b; Sabelis et al. 2002; Bede et al. 2006; Walling 2008; Lawrence
et al. 2008; Sarmento et al. 2011a,b; Kant et al. 2015). However, herbivores also have
other ways to reduce the risk of predation, for example, they can avoid areas
patrolled by predators or hide inside refuges (Stein and Magnuson 1976; Stein 1979;
Morse 1980; Sih 1984, 1987a,b; Lima and Dill 1990; Janssen et al. 1998; Magalhães
et al. 2007). Some herbivorous arthropods are known to create their own refuges, for
example web-producing spider mites, silk-producing and leaf-folding caterpillars,
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and wasps and mites inducing galls or other types of malformation (Gerson 1985;
Lindquist et al. 1996; Lindquist and Oldfield 1996; Fukui 2001; Bailey et al. 2009;
Lemos et al. 2015). Other herbivores use existing plant structures to hide from pred-
ators (Magalhães et al. 2007); they reside between the scales of flower bulbs (Lesna
et al. 2014), among leaf trichomes (van Houten et al. 2012; Glas et al. 2014), in shafts
of grasses (Oldfield 1996; Lindquist et al. 1996; Sabelis and Bruin 1996), inside
leaves (Katô 1985; Connor and Taverner 1997) and stems (Maqbool et al. 1998; Kfir
et al. 2002), or beneath the bark of trees (Aukema and Raffa 2004). Moreover, refuges
can harbour several different species of herbivores and predators (Lawson-Balagbo
et al. 2007b, 2008b; Negloh et al. 2011), and affect the interactions among them
(Pallini et al. 1998; Lemos et al. 2015).

There has been ample attention for the role of prey refuges in population dynam-
ics of predators and prey, but only a few studies have manipulated refuges and
analysed patterns of their use to explain their effect on species persistence (Murdoch
et al. 1996; Andersson et al. 2010). The study of hiding behaviour of prey and its con-
sequences on predator-prey dynamics is considered a major issue in theoretical
ecology (Holling 1959; Hassel and May 1973; Smith 1974; Hassell 1978). Empirical
studies have suggested that prey refuges are essential in explaining prey persistence
(Gause et al. 1936; Connell 1970; Sih et al. 1988; Murdoch et al. 1996). These stud-
ies also helped to understand the behaviour of prey and their adaptation to the envi-
ronment (Jeffries and Lawton 1984; Sih 1987a). However, there are only few quanti-
tative data to support the conclusions that refuges are, in fact, important. There has
been a number of theoretical studies on the effects of refuges on plant-herbivore-
predator interactions, however their assumptions are usually based on mathematical
convenience rather than on biological evidence, for example when models assume
that a constant number or proportion of prey are present in the refuge (McNair 1986;
Sih 1987b). Studies on the role of refuges can be valuable to fill the lack of knowl-
edge on predator foraging efficiency, adaptation of prey behaviour as well as the
effect of refuge use on prey persistence. Thenceforth, we can possibly assess the
effects of refuges on predator foraging behaviour and population dynamics of the
herbivorous prey (Murdoch and Oaten 1975; Murdoch et al. 1996; Murdoch 2005;
Hassell 1978; Taylor 1984).

Examples of prey that use plant structures as refuge from predators are plant-par-
asitic mites of the family Eriophyidae. These tiny, worm-like mites (diameter c. 50 μm)
are among the smallest arthropods (Keifer 1965; Lindquist et al. 1996; Sabelis and
Bruin 1996; Lima et al. 2012). The particular morphology of the eriophyids plays an
important role in their ecology, allowing them to exploit microhabitats that predators
are unable to reach (Moore and Howard 1996; Sabelis and Bruin 1996). The coconut
mite Aceria guerreronis Keifer is an eriophyid that has found refuge from predators
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by living under the perianth of young coconut fruits, where they feed on the meris-
tematic tissue. This plant structure provides internal chambers, but its rim is tightly
appressed to the fruit surface, forming a very narrow entrance and potentially provid-
ing protection to the coconut mite. Previous studies have reported the occurrence of
various species of predatory mites that inhabit coconut trees (Lawson-Balagbo et al.
2008a; Galvão et al. 2011; Negloh et al. 2011), but they have hardly been observed
under the perianths of young coconuts where coconut mites reside (Lawson-
Balagbo et al. 2007a, 2008b; da Silva et al. 2010; Negloh et al. 2010). For example,
two predatory mites, Amblyseius largoensis (Muma) and Euseius alatus De Leon
(both Acari: Phytoseiidae), are commonly found on leaves and fruits of coconut trees
in Latin America, but not under the perianths (Lawson-Balagboo et al. 2008a; da
Silva et al. 2010). In CHAPTER 2, I address the diet of these species, showing that both
do feed on coconut mites under natural conditions. However, these predators were
mainly found on leaves, and hardly ever under the perianths of young coconuts, indi-
cating that this space serves as a refuge. The detection of the coconut mite in the
predators’ diet was probably due to feeding on prey that had left the refuge.

Two other species of small and flat-bodied predatory mites, Neoseiulus baraki
(Athias-Henriot) and the slightly smaller N. paspalivorus De Leon, were found to
coexist under perianths of coconuts in the field (CHAPTER 2; Lawson-Balagbo et al.
2008a; da Silva et al. 2010). Moreover, the coconut mite has show to be a suitable
prey for N. paspalivorus. This led me to focus particularly on this species in the rest
of my thesis, where I investigated whether it can efficiently suppress prey popula-
tions in coconut fields.

In CHAPTER 3, I show that inoculative releases of N. paspalivorus resulted in reduc-
tion of coconut mite densities in the field. This effect could initially be seen under the
outer layer of the perianths, which are less tightly appressed, but later also under the
inner layer, with smaller refuge entrances (Lawson-Balagbo et al. 2007b). However,
considerable densities of the coconut mites still persisted, especially under the inner
perianth layer, confirming that the coconut mites find refuge under this structure. This
confirms a number of field studies showing that herbivore infestations on young
coconut fruits do not seem to be controlled sufficiently by any predators (Fernando
et al. 2002, 2003, 2010; Galvão et al. 2008; Lawson-Balagbo et al. 2008a; Negloh et
al. 2011; Navia et al. 2012). These results suggest that the size of the entrance of the
area under the perianth is paramount in its role as refuge.

To test this, I manipulated the refuge entrances by increasing the distance
between the rim of the perianth and the surface of young coconuts (CHAPTER 4), thus
aiming to alter the level of protection provided by the perianth. This manipulation
indeed provided the predators with access to the area beneath the perianth, which
promoted better control of coconut mites. One of the most striking observations was
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that densities of the coconut mite decreased as soon as the entrance was large
enough for the predators to pass. This is the first confirmation that the refuge
entrance hampered the foraging predators. From the perspective of the predator, it
is thus advantageous to be small. This is somewhat in contradiction with the idea
that the size of organisms increases over evolutionary time because large animals are
better able to defend, to gain territory, to capture prey, or have a higher mating suc-
cess (Cope’s rule; Blanckenhorn 2000; van Valkenburgh et al. 2004; MacNulty et al.
2009; Heim et al. 2015). However, this idea is not supported for all groups of organ-
isms and no clear mechanism leading to such increases has been identified
(Jablonski 1997). Here, I show a selective advantage for the opposite, i.e., for pred-
ators being small.

It thus seems that a combination of small size and behaviour is important for pred-
ators that forage for prey that live in concealed microhabitats, such as the coconut
mite under the perianth of coconuts, but also dry bulb mites that hide between the
scales of tulip bulbs, or tomato russet mites that reside on the surface of tomato
leaves, well below the glands of the trichomes (Lima et al. 2012; Lesna et al. 2014;
van Houten et al. 2012). In CHAPTER 5, I further investigated this by comparing the for-
aging behaviour of the small predatory mite N. paspalivorus to the larger predatory
mite N. cucumeris (Oudemans), using a different herbivore-plant system. This other
predator is commonly used for biological control in protected crops and its size is
similar to the predators studied in CHAPTER 2 (A. largoensis and E. alatus).

Because phytoseiid mites are eyeless, a first requirement for effective foraging is
the ability to locate their prey using non-visual cues, such as infochemicals (Sabelis
and van de Baan 1983; Sabelis and Dicke 1985; Janssen et al. 1990). Furthermore,
they should be able to access the refuges of their prey (Lima et al. 2012; Lesna et al.
2014; CHAPTER 4). Whereas N. cucumeris is known to respond to infochemicals asso-
ciated with various herbivorous prey (Aratchige et al. 2004; Tatemoto and Shimoda
2008; Zhong et al. 2011), nothing was known of such responses by N. paspalivorus.
Although previous studies suggested that prey refuges could negatively affect the
performance of N. cucumeris (Trottin-Caudal et al. 2003; Lesna et al. 2005) and N.
paspalivorus (Lawson-Balagbo et al. 2007b, 2008a; Negloh et al. 2010; Lima et al.
2012; CHAPTER 3), to the best of my knowledge, this is the first time that the ability of
natural enemies to enter prey refuges was evaluated. Using a new type of olfactome-
ter, I showed that both predatory mites preferred volatiles emanating from infested
plant material rather than from artificially damaged or clean material. Remarkably, N.
paspalivorus was attracted by chemical cues from both russet mite-infested tomato
plants and tulip bulbs attacked by dry bulb mites, plant-herbivore systems with
which the predator did not coevolve. Although the predators had previous experi-
ence with the russet mite-tomato system (they were kept on detached tomato leaves

104

CHAPTER 7 | GENERAL DISCUSSION

Fernando-chap7_Gerben-chap3.qxd  02/06/2016  15:50  Page 104



with russet mites), they did not have previous experience with the system with dry
bulb mites and tulip bulbs. Hence, N. paspalivorus was attracted to a novel host plant
and prey, locating a new potential food source by using chemical cues. These two
new prey are also eriophyid mites; perhaps plants attacked by these tiny herbivores
emit common chemical cues. This needs to be further investigated.

There are many examples of predators that locate prey by using chemical cues
emitted by plants (Sabelis and van de Baan 1983; Sabelis and Dicke 1985; Janssen
et al. 1990). However, there are only few studies that address the next step in find-
ing prey, which is to locate the prey on the plant. This is especially essential when
prey try to avoid predation by hiding inside refuges. I used a new set-up to test the
ability of predators to pass through small openings towards a source of volatile cues
emanating from infested plant material. To the best of my knowledge, this is the first
time that such experiments were carried out, successfully showing the ability of the
two species of predators to pass through small openings. The results confirm that
their ability crucially depends on their body size, which varies considerably in adult
female predatory mites with satiation and reproduction status (Sabelis 1985).
Neoseiulus paspalivorus was found to be much smaller and flatter than other phyto-
seiid mites. This small size may be disadvantageous when interacting with larger
members of the guild of predatory mites through competition and intraguild preda-
tion (Holt and Polis 1997).

As shown in CHAPTER 2 and elsewhere (Reis et al. 2008; Lawson-Balagbo et al.
2008a; Negloh et al. 2011), other, larger predatory mites found in the coconut system
also prey on coconut mites. Moreover, it has been observed that these larger preda-
tory mites also feed on N. paspalivorus and other, related small predators (i.e., of the
Paspalivorus group, McMurtry et al. 2014) in the coconut system (Lawson-Balagbo
et al. 2008b; Negloh et al. 2012), and even in the tulip bulb system (F.R. da Silva,
pers. obs.). Obviously, smaller predatory mites may avoid competition with larger
ones by entering the prey refuge, and by doing so, may also escape intraguild pre-
dation. However, the size of the refuge entrances increases over time, enabling larg-
er predators to enter. Hence, timing seems to be essential for small mites like N. pas-
palivorus: they can only enter the refuge some time after it is colonized by the prey,
and suffer from competition and intraguild predation once the larger predators gain
access to the refuge. Intraguild predation may lead to extermination of species (Holt
and Polis 1997; Montserrat et al. 2008), but given that the populations of the small-
er predators can increase sufficiently before larger species arrive, and given that they
can also attack juveniles of the larger species, they could even monopolize the refuge
(Montserrat et al. 2012).

My results may help to understand the predominance of predators from the
Paspalivorus species group among larger guild members on coconut fruits in Latin
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America (CHAPTERS 2, 3 and 4; Reis et al. 2008; Lawson-Balagbo et al. 2008a; da Silva
et al. 2010), which may be an example that in nature, skills can beat power and tim-
ing can beat speed. The behaviour and morphological characteristics (especially size
and body shape) of the Paspalivorus species seem to increase the ability of these
predatory mites to hunt in concealed spaces and have made them suitable natural
enemies of the hiding eriophyid mites.

Coconut mites face similar problems as the smaller predatory mites: they can
seek refuge in young coconut fruits only when the entrance is sufficiently small. The
consequent temporary escape from predation is long enough for the coconut mites
to build up a population (CHAPTER 3), but they need to disperse to new young
coconuts to avoid being exterminated. Larger predators will not be important agents
of control of the populations under the perianth, but they may be important during
the dispersion process of the coconut mite (as indicated in CHAPTER 2), while the
smaller predators are important in controlling the prey in the refuge.

As outlined above, not only coconut mites, but many other herbivores reside in
plant structures that protect them against predators. Hence, there is a general need
for predators that are capable of entering prey refuges for biological control of such
pests. My findings on the ability of the N. paspalivorus to cope with small prey hid-
ing in plant structures not only suggest that this predator may be one of the most
suitable natural enemies of the coconut mite, but also indicate that it may have
potential against other hiding eriophyid mites. Hence, I tested this small predator for
control of the dry bulb mite Aceria tulipae (Keiffer), which hides between the scales
of tulip bulbs and is protected there from predation by most predatory mites. In CHAP-
TER 6, I show that N. paspalivorus has potential to reduce densities of the dry bulb
mite on tulip bulbs under storage conditions. This is an example of a novel associa-
tion (Hokkanen and Pimentel 1989), where an exotic natural enemy seems capable
of controlling a pest. I suggest that other predator species with similar characteris-
tics to N. paspalivorus (i.e., N. baraki Athias-Henriot and N. neobaraki Zannou, de
Moraes & Oliveira) may also be effective in controlling eriophyids that hide in refuges.

To conclude, the implications of my results go far beyond the systems studied
here. They can contribute to the understanding of the effects of refuges of prey on
predator-prey interactions, as well as the interactions between predators that cannot
enter prey refuges and predators that can enter and may use them for their own pro-
tection. My results show that the interaction between prey that reside inside refuges
and their predators strongly depend on the ability of predators to localize prey and
to enter their refuges. During the last few decades, studies on interactions between
plants, herbivorous arthropods and their natural enemies have focused on chemical
factors rather than on physical plant characteristics. However, there is evidence that
plant morphological structures can be used as refuge from predators by the herbi-
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vores and play a key role in their population dynamics. However, most refuges will be
temporary. For example, coconut mites and dry bulb mites will eventually overexploit
the food available in the refuges and are then forced to leave. Moreover, the distance
between the perianth and the coconut surface and that between bulb scales increas-
es over time to such an extent that predators can enter, giving the prey the option to
leave or being killed. If prey leave the refuge simultaneously, they may temporarily
satiate the local predator populations, resulting in massive escape from predation,
reminiscent of the predator satiation hypothesis in plants (Janzen 1971). This may
cause large fluctuations in the dynamics of predators and prey.

Now that I have shown the importance of refuges, such as the area under the peri-
anth of coconuts and the space between the scales of tulip bulbs, for predator-prey
dynamics, I can speculate on the improvement of biological control programs of herbi-
vores with hidden life-styles. First, because plants, herbivores and predators have co-
evolved in nature, biocontrol research should not only consider currently cultivated host
plants that may have lost defence characteristics, but also original hosts to assess the
effects of refuges. Second, natural enemies for the control of refuge-using pests should
be selected for their capacity to detect and reach the pest, and to build up populations
when feeding on it. Third, by using the refuges, the pest can temporarily escape from
predation, until the predators can enter the refuge or until the pest disperses. Predators
can be arrested and their populations boosted by supplying alternative food, resulting
in increased predation of dispersing pests. In this way, the numbers of pest reaching
new refuges will be reduced. Fourth, methods could be developed to facilitate the dis-
persion of natural enemies within and among plants. Fifth, other predators, not coe-
volved with the pest and its host plant, but proven to be capable of reaching pests
inside their refuge should be considered as well (see CHAPTER 6). My final points apply
to studies of natural enemies in general: their behaviour should be investigated in detail
in the laboratory (i.e., CHAPTER 5) to foresee possible difficulties when introducing pop-
ulations to the field. Furthermore, their prey range and the capacity to reproduce on
alternative food should be assessed. This information is essential for the development
of feasible rearing methods and for the use of alternative food in the field.
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Summary

Small is superior – Plant-provided prey refuges, predator-prey dynamics
and biological control

The arms race among predators and prey remains one of most appealing matters
to the scientific community. It has been shown that the strong selection on prey

exerted by predators led to a continuous development of defence mechanisms (e.g.,
morphological adaptations, toxicity, mimicry) and behavioural strategies (e.g., hiding,
escaping, defending, counterattacking, producing toxins). Herbivorous prey are
known to suppress plant defences, thus evading detection by predators, or simply to
avoid areas patrolled by predators or hide inside refuges where their risk of preda-
tion is reduced. These prey refuges can directly affect predation risk and they con-
sequently also affect the population dynamics of prey and predators. However, the
effects of prey refuges, as well as the interactions between populations in a refuge
and in open habitats in experimental systems and in nature remain poorly under-
stood. It is therefore important to study the effects of refuges and their effects on
population dynamics, not only from a theoretical perspective, but also to assess the
effects of refuges used by herbivores in the practice of biological control of pests.

Examples of prey that use plant structures as refuge from predators are plant-par-
asitic mites of the family Eriophyidae. These tiny, worm-like mites (diameter c. 50 μm)
are among the smallest arthropods on earth. The particular morphology of the erio-
phyids plays an important role in their ecology, allowing them to exploit microhabi-
tats that most predators are unable to reach. The coconut mite Aceria guerreronis,
one of the major tropical pests of the world, is an eriophyid that has found refuge
from predators by living under the perianth of young coconut fruits. Previous studies
have reported the occurrence of various species of predators that inhabit coconut
trees, but they have hardly been observed under the perianths of young coconuts,
where coconut mites reside.

In this thesis, I present results of five interrelated and complementary studies,
sharing the main goal of understanding the tritrophic interactions of eriophyid mites
that hide inside plant structures and natural enemies. Although interesting enough by
itself, this new knowledge also serves to develop biological control methods for
these important pests. I start by presenting results of a survey of coconut systems
and address the diet of Amblyseius largoensis and Euseius alatus, larger members of
predatory mite guild (CHAPTER 2) found on coconut trees in Latin America. Subse -
quently, I focus on the behavioural and morphological characteristics of Neoseiulus
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paspalivorus, a small member of the predator guild occurring on coconut trees, both
in its natural environment (CHAPTERS 3 and 4), as well as on a complete novel preda-
tor-prey-plant association (CHAPTERS 5 and 6) under laboratory and field conditions.

Based on molecular analysis, I confirmed that both A. largoensis and E. alatus do
feed on coconut mites under natural conditions. Species-specific ITS primers
designed for A. guerreronis were shown to have a high degree of specificity for A.
guerreronis DNA and did not produce any PCR product from DNA templates of the
other insects and mites associated with the coconut system. These predators were
mainly found on leaves, and hardly ever under the perianths of young coconuts, sug-
gesting that this space serves as a refuge for the coconut mite. Therefore, the detec-
tion of the coconut mite in the diet of the predators was probably due to feeding on
prey that had left the refuge (CHAPTER 2).

The study on the effect of inoculative releases of N. paspalivorus on the popula-
tion dynamics of the coconut mite on individual coconuts in the field revealed how
complex is the barrier formed by the prey refuge, with which this predator has to
deal. I compared the dynamics of the pest without predators with those with preda-
tors, released in two densities, one comparable to observed densities in the field, and
the other density twice as high. In this way, I tested whether releasing extra preda-
tors would improve control of the coconut mites. Predators were able to establish,
which led to significant reductions of prey densities, initially only under the outer peri-
anths, but later also under the inner perianths. The results show that N. paspalivorus
has potential to control coconut mites in the field, but its success is perhaps limited
by the coconut mites finding refuge under the inner perianths of young coconuts. The
role of the perianth in protecting, at least temporally, the coconut mite from its pred-
ators still needed to be clarified (CHAPTER 3).

Hence, I experimentally increased the refuge entrance, i.e., the distance between
the rim of the perianth and the fruit of young coconuts in the field, to investigate
whether this promoted access of predatory mites to the area beneath the perianth,
thereby improving biological control of coconut mites in this area. Enlarging of the
perianth-rim-fruit distance beyond the size of the predators resulted in earlier preda-
tor occurrence beneath the perianth and lower numbers of coconut mites. On unma-
nipulated coconuts, the predators gained access to the prey weeks later than on
manipulated ones, resulting in higher pest densities of coconut mites. Successful
biological control thus critically hinges on the size of the predator relative to the
opening of the prey refuge (CHAPTER 4).

To gain insight in the behavioural and morphological characteristics of the preda-
tors that hunt for prey hiding in refuges, I tested two species of phytoseiid mites that
differ in size, the relatively unknown small N. paspalivorus and the commercially
available, larger N. cucumeris, for their response to eriophyid prey-associated
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volatiles. Subsequently, I evaluated their capacity to move into narrow spaces, which
would enable them to enter prey refuges. Using a new type of olfactometer, I showed
that both predators were attracted by odours from herbivore-infested plants. In con-
trast to the smaller predator, the larger of the two predators was only able to pass
through the largest openings tested. Whereas both predators would be similarly effi-
cient in localizing the prey, I conclude that the ability to enter through narrow open-
ings provides an advantage to the smaller predator when hunting for eriophyids liv-
ing in secluded microhabitats. Although it has been suggested that larger predators
can more easily subdue prey, here I show that being small is advantageous when
prey hide inside refuges (CHAPTER 5).

Finally, I tested whether N. paspalivorus, the predator from cocnuts can control the
dry bulb mite A. tulipae on tulip bulbs under conditions prevailing in bulb storage
rooms. Additionally, I compared its performance to the commercially available pred-
ator N. cucumeris. I carried out two series of biocontrol experiments, one with high
initial levels of dry bulb mite infestation and one with a low initial infestation. The
results show that N. paspalivorus controlled the populations of dry bulb mites both
on the outer scale of the bulbs as well as in the interior part of the bulbs, whereas N.
cucumeris significantly reduced the population of dry bulb mites on the outer scale,
but not in the interior part of the bulb. Moreover, N. paspalivorus was found predom-
inantly inside the bulb, whereas N. cucumeris was only found on the outer scale,
thereby confirming my hypothesis that the small size of N. paspalivorus facilitates
access to the interior of the bulbs. I argue that N. paspalivorus is a promising candi-
date for the biological control of dry bulb mite on tulip bulbs under storage condi-
tions (CHAPTER 6).

Overall, my results can contribute to the understanding of the effects of refuges of
prey on predator-prey interactions, as well as the interactions between predators that
cannot enter prey refuges and predators that can enter and may use them for their
own protection. The results show that interaction between prey that reside inside
refuges and their predators does not only depend on the ability of predators to local-
ize prey but also on their capacity to enter their refuges.
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Samenvatting

Klein is beter – Plantstructuren als vrijhaven voor prooien, predator-
prooidynamica en biologische bestrijding

De wedloop tussen predators en prooien is een veelbestudeerd onderwerp in de
ecologie. Het is aangetoond dat de sterke selectiedruk van predators op prooien

resulteert in een doorlopende ontwikkeling van nieuwe verdedigingsmechanismen
(zoals morfologische aanpassingen, toxiciteit, mimicry), en aangepast gedrag (zoals
zich verstoppen, verdedingen, tegenaanvallen). Het is bekend dat herbivoren gebie-
den waar predators voorkomen vermijden, de indirecte verdediging van planten kun-
nen onderdrukken om zo detektie door predators te voorkomen, en gebruik maken
van structuren (zogenaamde refugia) waar het predatierisico kleiner is. Dit lagere pre-
datierisico in refugia heeft direct invloed op de populatiedynamica van prooien en pre-
dators, maar de effecten van zulke prooi-refugia op de interacties tussen populaties
van predators en prooien onder natuurlijke omstandigheden zijn echter nog onderbe-
licht. Het is daarom van belang om deze effecten te bestuderen, niet alleen vanuit een
theoretisch perspectief, maar ook in het kader van biologische bestrijding van plagen.

Voorbeelden van herbivoren die plantenstructuren gebruiken als refugia zijn mijten
van de familie der Eriophyidae. Deze kleine, wormvormige mijten (diameter ca. 50
μm) behoren tot de kleinste geleedpotigen op aarde. De typische morfologie van de
eriophiden speelt een bijzondere rol in hun ecologie; het stelt hen in staat om struc-
turen te gebruiken waar predators niet tot kunnen doordringen. De kokosnootmijt
Aceria guerrereonis, een van de belangrijkste tropische plagen wereldwijd, is zo’n
eriophide die refugia bewoont, in dit geval gevormd door de ruimte onder de periant
van jonge kokosnoten. Eerdere studies vermelden het voorkomen van verschillende
soorten predators op kokosnootbomen, maar niet of nauwlijks onder de perianten.

In dit proefschrift presenteer ik resultaten van vijf studies die als voornaamste doel
hadden om het inzicht te vergroten in de tritrofe interacties tussen eriophide mijten,
de plantenstructuren waarin ze zich verstoppen en de natuurlijke vijanden van de mij-
ten. Hoewel dit op zichzelf al interessant genoeg is, kan deze nieuwe kennis ook
gebruikt worden voor het ontwikkelen van biologische bestrijdingsmethoden voor
deze belangrijke plagen. Ik begin met het presenten van resultaten van een inventa-
risatie van het kokosnoot-ecosysteem en behandel het dieet van natuurlijke popula-
ties van twee predatorsoorten, de relatief grote roofmijten Amblyseius largoensis en
Euseius alatus, die gevonden werden op kokospalmen in Latijns Amerika (HOOFDSTUK

2). Vervolgens behandel ik de interactie tussen morfologische kenmerken en het
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gedrag van Neoseiulus paspalivorus, een kleine, relatief onbekende roofmijtsoort die
voorkomt op kokospalmen, zowel in haar natuurlijke omgeving (HOOFDSTUKKEN 3 en
4) als in een nieuwe omgeving, bestaande uit tulpenbollen met tulpengalmijten in het
laboratorium (HOOFDSTUKKEN 5 en 6).

Een moleculaire analyse liet zien dat zowel A. largoensis als E. alatus zich voeden
met kokosnootmijten in het veld. Speciaal ontwikkelde ITS primers waren in hoge
mate specifiek voor A. guerreronis vergeleken met andere insecten en mijten geas-
socieerd met kokospalmen. De twee predatorsoorten werden voornamelijk op blade-
ren van de kokospalmen aangetroffen, en nauwelijks onder de periant van jonge
kokosnoten, hetgeen bevestigt dat deze ruimte dient als refugium voor de kokos-
nootmijt. Het aantreffen van de mijt in het dieet van deze predators moet dan ook
worden toegeschreven aan het aanvallen van prooien die het refugium hadden ver-
laten (HOOFDSTUK 2).

De resultaten van een experiment waarin N. paspalivorus werd losgelaten op indi-
viduele kokosnoten in het veld toont aan dat het refugium een complexe barriere
vormt voor de roofmijten. Ik vergeleek de populatiedynamica van de plaag zonder
predators met die met twee verschillende dichtheden van predators; één vergelijk-
baar met waargenomen dichtheden in het veld en de andere twee keer zo hoog
(HOOFDSTUK 3). Zo kon ik testen of het loslaten van extra predators de bestrijding van
de kokosnootmijten zou kunnen verbeteren. De predators vestigden zich op de
kokosnoten en dit resulteerde in significant lagere dichtheden van de plaag, aanvan-
kelijk alleen onder de buitenste perianten, maar later ook onder de binnenste perian-
ten, vooral bij hoge predatordichtheden. Dit toont aan dat N. paspalivorus in staat is
om kokosnootmijten in het veld te bestrijden, maar succesvolle bestrijding wordt nog
gelimiteerd door het refugium van de kokosnootmijten onder de binnenste perianten.
Echter, het preciese effect van dit refugium moest nog verder worden opgehelderd.

Daarom werd een veldexperiment gedaan waarbij ik de toegang tot het refugium
(de afstand tussen de rand van de periant en de vrucht van de jonge kokosnoten)
manipuleerde, om zo te zien of dit de toegang van roofmijten tot het refugium ver-
grootte en zodoende de biologische bestrijding van de kokosnootmijt verbeterde.
Predators werden inderdaad eerder onder de periant gevonden wanneer de opening
werd verhoogd tot boven de hoogte van de roofmijten, en dit resulteerde in lagere
dichtheden van de kokosnootmijt in het refugium. De predators werden pas weken
later onder de periant van niet behandelde kokosnoten gevonden en dit resulteerde
in hogere dichtheden van de kokosnootmijt. Succesvolle biologische bestrijding
hangt dus af van de grootte van de predator relatief ten opzichte van de opening van
het prooi-refugium (HOOFDSTUK 4).

Om meer inzicht te krijgen in de interactie tussen gedrag en morfologische eigen-
schappen van predators die op zoek zijn naar prooien verstopt in refugia, bestudeer-
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de ik twee roofmijtsoorten; de relatief onbekende, kleine soort N. paspalivorus en de
commercieel verkrijgbare, grotere soort N. cucumeris. Eerst testte ik de aantrekking
van deze twee roofmijten door geuren geassocieerd met prooien op hun waardplant.
Vervolgens evalueerde ik hun capaciteit om nauwe ruimten te betreden tijdens het
volgen van prooigeuren, hetgeen hen in staat zou stellen om prooi-refugia binnen te
dringen. Gebruikmakend van een nieuw type olfactometer, laat ik zien dat beide pre-
datorsoorten worden aangetrokken tot de geuren van planten met eriophide mijten.
In tegenstelling tot de kleinere predator, was de grotere predator alleen in staat door
grotere openingen te kruipen op zoek naar prooien. Hieruit concludeer ik dat kleine-
re predators in het voordeel zijn tijdens het zoeken van prooien die in refugia leven.
Hoewel wel wordt gesuggereerd dat grotere predators makkelijker prooien kunnen
overweldigen, is dit een voorbeeld waarbij het beter is voor een predator om klein te
zijn (HOOFDSTUK 5).

Als laatste heb ik getest of N. paspalivorus, de predator van kokospalmen, in staat
is de tulpengalmijt A. tulipae te bestrijden onder de omstandigheden die voorkomen
in de opslag van tulpenbollen. Bovendien werd de bestrijding vergeleken met die met
de commercieel verkrijgbare predator N. cucumeris. Er werde twee series bestrij-
dingsexperimenten uitgevoerd: één met hoge aanvangsdichtheden van de tulpengal-
mijt, de andere met lage dichtheden. Neoseiulus paspalivorus bleek beter in staat om
de dichtheden van de tulpengalmijt te reduceren, zowel op de buitenste bolrok als
tussen de binnenste bolrokken, terwijl N. cucumeris alleen op de buitenste bolrokken
werd aangetroffen. Dit bevestigt de hypothese dat N. pasalivorus door haar geringe
grootte in staat is binnen te dringen in het prooi-refugium tussen de binnenste bol-
rokken. Ik beargumenteer dat N. paspalivorus een veelbelovende kandidaat is voor
de biologische bestrijding van de tulpengalmijt tijdens de opslag van tulpenbollen
(HOOFDSTUK 6).

In het algemeen kunnen mij resultaten bijdragen tot begrip van de effecten van
prooi-refugia op predator-prooi interacties, maar ook op interacties tussen predators
die niet in staat zijn om prooi-refugia binnen te dringen en kleinere predators die dat
wel kunnen en de refugia zodoende kunnen gebruiken voor hun eigen bescherming.
De resultaten laten zien dat de interactie tussen predators en hun prooien in refugia
niet alleen afhangt van het vermogen van predators om de prooien te localiseren,
maar ook van hun capaciteit om de prooi-refugia binnen te dringen.
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