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Biological Control of Diamondback Moth. The Roles of Predators,
Parasitoids and Insecticides

Abstract

The diamondback moth Plutella xylostella L. (Lepidoptera: Plutellidae) is a serious pest of
economically important crucifer crops such as cabbage. The moth has developed resistance to
all tested insecticides and further studies on the potential role of factors affecting P. xylostella
survival, including natural enemies, are urgently needed. One aim of this thesis was to
identify the species that are natural enemies of P. xylostella and to evaluate their role in the
natural biological control of this pest insect. Another aim was to gain knowledge that could
be used to develop biological pest control methods with the potential for high efficacy
against P. xylostella, thus avoiding the side effects of traditional chemical control while
maintaining production and profits. This study was carried out in Esteli, Nicaragua during
five cropping seasons, from 2006 to 2008. The results indicate that there is a broad spectrum
of predators present in habitats within and around cabbage fields, and that these have the
capacity to feed on P. xylostella eggs and larvae under laboratory conditions. The predators
with the highest consumption rates were insect larvae (Syrphidae) and spiders in the families
Linyphiidae and Salticidae. The most abundant predators, which also had the highest
consumption rate and consequently the highest potential for suppressing P. xylostella
populations, were spiders (Lycosidae) and rove beetles (Staphylinidae), although sheet
weaving spiders, jumping spiders, assassin bugs (Reduviidae) and damsel bugs (Nabidae) may
also be important. It is concluded that these generalist predators should be considered for
further study in the field as candidate species with a role in the management of the pest P.
xylostella. An exclusion experiment in the field showed that flying and ground dwelling
natural enemies of P. xylostella interact negatively with each other. In another study, leaf
damage was found to be higher in insecticide treated fields than in untreated fields as a
combined consequence of insecticide resistance in the pest and lower predation from natural
enemies which are reduced in number by the insecticide applications. In the last study, the
main focus was to identify whether a combination of bio-control agents, i.e. parasitoids and a
biological insecticide (Bf), interact additively, negatively or positively, in affecting the
mortality of P. xylostella. It is concluded that a combination of control measures, including
the promotion of predators and parasitoids, is probably needed to achieve sustainable
biological control of the diamondback moth. To succeed with such approaches we must,
however, learn more about the particular roles of different predators.
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1 Introduction

1.1 The importance of Crucifer crops

Crucifers such as common cabbage (Brassica oleracea var. Capitata L.) are
important vegetables grown throughout the world. The cabbage is an
economically important vegetable in the countries of the Caribbean (Alam,
1992), in Eastern and Southern Africa (Jankowski ef al., 2007), Asia
(Talekar, 1996; Amend and Basedow, 1997), and Central America
(Andrews, et al., 1992). In many countries, production of cabbage is greatly
limited by insect pests, especially the diamondback moth [DBM]. In
Nicaragua, cabbage is grown mostly by small-scale farmers in rural areas.
The farmers often use high input intensive horticultural practices because
the sale of these vegetables is an important source of cash income (Varela,
1991). In Central America, cabbage is produced all year-round. In some
areas of the world, it is produced only during rainy seasons and fields are left
fallow during the dry season, but in other areas, cabbage is continuously
cropped using irrigation during the dry seasons (Andrews et al., 1992).

1.2 Background

The diamondback moth (Plutella xylostella L.) is a major pest insect in more
than 100 countries across the globe; it affects cruciferous plants, especially
Brassica oleracea crops such as cabbage, cauliflower, broccoli, Brussels sprout
and turnip (Talekar ef al., 1992; Alam, 1992; Morallo-Rejesus and Sayaboc,
1992). It is a globally important pest, causing serious yield losses to crucifers
(Arora et al., 2000; Talekar and Shelton, 1993). In India the estimated
annual crop losses due to this pest amount to 16 million USD (Mohan and
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Gujar 2003) the loss has been estimated to be 40-70 million USD for
cabbage and broccoli in Texas (Shelton 2004). Insecticide application is the
primary method of control of DBM (Andrews et al., 1992; Beck and
Cameron 1992; Talekar and Shelton, 1993). This insect has, however,
developed resistance to virtually all commercial insecticides and the pest
problem is particularly severe in many tropical and subtropical countries
because of the indiscriminate use of pesticides (Cheng, 1988; Miyata et al.,
1986; Sun et al, 1986; Sun, 1992), resulting in DBM resistance to
insecticides throughout Central America (Andrews et al., 1992; Ovalle and
Cave, 1989; Perez et al., 2000).

Agriculture in the Central American region is characterized by the
excessive use of agrochemicals with the trend being towards an increase in
their use. Currently, an average of 1 to 1.5 kg of agrochemicals per person
per year is used in the region. In El Salvador, over the last ten years,
imports of agrochemicals have doubled. In Nicaragua in 2009, 63.8 million
dollars worth of agrochemicals was imported (MAGFOR, 2009) and,
according to Organizacion Panamericana de la Salud (OPS) statistics, there
are 67,800 cases of poisoning of humans every year. Insecticides cost the
country 7.9 million USD for medical care related to poisoning each year
and 1.8 million USD in environmental damage. These are considerable
costs for developing countries’ economies (CIEA, 20006).

Problems with insecticides were discovered not long after their large
scale use was introduced to agriculture, after the Second World War
(Metcalf, 1980). This sparked research activity that demonstrated how the
indiscriminate use of insecticides, a common practice to control DBM (the
main pest insect on cabbage in Nicaragua), is to apply insecticides,
sometimes as frequently as twice per week (F. Miranda personal
communication with farmers, 2007). This could lead to human health
problems (Kamel and Hoppin, 2004; McCauley ef al., 2006), increased
pressure on overall biodiversity (Tilman et al., 2001), development of
resistance in pests (Georgiou and Mellon, 1983), and problems with
secondary pests (Metcalf, 1980). Secondary pests occur when insecticides
eliminate non-target parasitic and predatory natural enemies so that
previously low populations of herbivorous insects are released from natural
control and break out as crop pests. In some cases, the emergence of
secondary pests in combination with the development of insecticide
resistance in the primary pest, has led to the collapse of entire cropping
systems, such as that of cotton in Central America (Metcalf, 1980).

In Central America, populations of DBM in Honduras have developed
resistance to the synthetic insecticides commonly used to control this insect
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on crucifers (Ovalle and Cave, 1989). In addition, the species has developed
resistance to the “biological” insecticide Bacillus thuringiensis, Berliner
(Tabashnik, 1994). Despite the development of resistance to insecticides,
vegetable growers worldwide continue to apply pesticides in the vain hope
of controlling DBM in the field (Talekar and Shelton, 1993). Farmers in
Tisey, Esteli, Nicaragua, have reported high densities of DBM in fields
frequently sprayed with cypermethrin and deltamethrin (F. Miranda
personal communication with farmers 2007) and high levels of resistance to
these compounds are now known to occur in Nicaraguan populations of
DBM (Perez et al., 2000).

Alternative control measures that are simple and inexpensive to
implement have not been properly developed with the consequence that
farmers continue to use chemical pesticides, thereby exacerbating problems
of resistance, environmental pollution, degradation of important ecosystem
services, such as control by natural enemies, and creating significant hazards
to human health (Corriols et al., 2009).

The general biology of DBM is well known as, to some extent, are its
population dynamics. However, much variation in abundance has been
identified and the mechanisms involved in the species’ population dynamics
are poorly understood. In Central America very little is known about the
mortality factors affecting DBM and the extent to which natural enemies
affect population dynamics (Andrews et al., 1992). Such knowledge is
essential when trying to develop biological control methods for insect pests.

In summary, the problems associated with insecticide use are that:
insecticide application results in high toxicity of field crops; the insecticides
have a wide action spectrum, strong residuality, high economic costs, pose
human health hazards and have negative effects on the populations of
natural enemies, as well as DBM having developed resistance to them.

The overall goal of the studies presented here was to acquire information
that might serve as the basis for identifying biological control agents for use
in cabbage cultivation in Nicaragua, where the investigation took place, and
in neighboring countries. The need for this kind of information is,
currently, very great since none of the crucifers cultivated in Central
America can be exported readily to the United States and Europe due to
the high level of insecticide contamination and visible damage to the
product (Nicholls and Altieri, 1997). This tends to exclude large numbers of
small farmers from these important markets because small farmers depend
heavily on chemical pest control.
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1.3 The role of parasitoids in biological control

Parasitoids are insects that lay their eggs inside or on the outside of the eggs
or bodies of other insects. The parasitoid eggs hatch and the emerging
larvae begin to consume the “host” insect from the inside, eventually killing
the host and emerging as free-living adults. Parasitoids have been a favorite
subject for biological control programs because they tend to be highly
specific to one or a few species of host, and therefore can be used to target
specific pests. Numerous studies have suggested that parasitoids play an
essential role in the natural control of DBM (Harcourt, 1960; Pimental,
1961; Talekar and Shelton, 1993).

Many parasitoid species have been recorded on the DBM. Forty-eight
species were catalogued by Thompson (1946), while Goodwin (1979) stated
that there are more than 90. Among these, six species attack diamondback
moth eggs, 38 attack larvae and 13 attack pupae (Lim, 1982). However, not
all parasitoids are effective natural enemies. Lim (1992) reported that the
potential to function as biological control agents varied between species,
often depending not only on their direct relationships with their host(s) but
also on interrelationships between each other (interspecific interactions) and
the environment. Evaluation of the impact of natural enemies on P.
xylostella 1s fundamental to the design of pest management programs (Verket
and Wright, 1997; Furlong et al., 2004).

Diadegma insulare (Cresson) (Hymenoptera: Ichneumonidae) is one of
most important parasitoids of the DBM in North America (Biever ef al.,
1994; Mitchell et al., 1997; Godin and Boivin, 1998) and is most abundant
in the United States (Mukenfuss et al., 1992; Shelton et al., 2002). D.
insulare is the principal regulator of P. xylostella (Mustata, 1992, Azidah et al.,
2000). Compared with other parasitoids, it is an efficient host searcher (Xu
et al., 2001; Wang and Keller, 2002).

Diadegma insulare has been reared successfully in greenhouse conditions
with a parasitism rate of 95% and a population comprising 45—63% females
(Xu et al., 2001). The strategy of biological control is to reestablish top-
down control by reintroducing the natural enemies of the pest into its new
range. This has been the conceptual underpinning of classical biological
control for over 100 years and it continues to be applied today (Van
Driesche and Bellows, 1996). Biological control agents that greatly reduce
their target species while remaining host-specific will reduce their own
population through density-dependent resource depletion (Pearson and
Callaway, 2005).
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1.4 The role of generalist predators in biological control

Predatory insects and spiders kill and consume their prey and tend to be
generalists: they have a fairly broad diet of arthropod prey that they can feed
on. Mortality caused by invertebrate predators and parasitoids is an
important factor in the regulation and dynamics of pest populations but the
role of predators has often been underestimated (Symondson et al., 2002).
Spiders and many generalist insect predators consume large numbers of
prey, and cause no or only minor damage to plants. Such predators can
reach high enough densities to be important agents in pest control, although
at very high densities their numbers may be reduced by territorial behavior
and cannibalism (Lee and Kim, 2001). Spiders in particular have long been
considered important predators, able to help regulate the population
densities of insect pests, especially in agricultural ecosystems (Pickett et al.,
1946, Dondale, 1956, Dufty, 1962, Kajak, et al., 1968; Dondale, 1972,
Tanaka, 1989). Lee and Kim (2001), for example, reported a large number
of spiders, i.e. 175 genera, in 99 families, many of them with high
population densities, in Korean rice fields.

Multiple predator species can interact and their combined effect on
lower trophic levels may result in complex non-additive effects on prey
populations and community structure (Griswold and Lounibos, 2006).
Sometimes the interactions between predator species are synergistic and the
impact of several species together will then be greater than the sum of the
impacts of individual species (Simberloff and Holle, 1999). Some results
indicate that the importance of ground-foraging predators in agroecosystems
may need to be reevaluated and that positive interactions between predators
must be considered in models predicting the impact of multiple predator
complexes (Losey and Denno, 1998). The eftect of predators needs to be
considered when analyzing their effective use in the control of DBM (Polis
et al., 1989; Krupa, 1996).

To date, the majority of studies of natural enemies, in general, and of
those attacking DBM, in particular, mainly relate to parasitoids. Predation
and other sources of mortality have historically been very much ignored and
are poorly understood (Lim, 1992; Talekar and Shelton, 1993; Furlong et
al., 2004; Ma et al., 2005ab). If predators are discussed at all, they are often
merely listed in terms of the species found in traps in crucifer fields (Lim,
1992) and only a few papers report experiments where predators have
actually been shown to predate DBM. For example, Alam (1992) reported
that the most common groups of insect predators found in cabbage field
were coccinellids, chrysopids, syrphids and staphylinids. However, some
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recent publications have added important knowledge about the role of
predators (Straub and Snyder, 2006; Furlong er al., 2008; Furlong and
Zalucki 2010). Thus, there seems to be potential for the development of
more sustainable biological control methods by learning more about
generalist predators.

1.5 Bacillus thuringiensis in the management of DBM

Bacillus - thuringiensis (Bf) is a bacterium that occurs naturally in soils
worldwide. Its insect control potential was recognized in the early 1900s.
The first commercial product using it was made in 1938 (Facknath, 1999).
Bt has been extensively studied throughout the world and is now widely
accepted as a pest control agent. Bt is the best known and most widely used
pathogen acting against insects and it produces a toxin that attacks the larvae
of many Lepidoptera (Brunner and Stevens, 1986). Bt has been shown, in
some circumstances, to exert good control of DBM in association with
indigenous parasitoids and introduced biocontrol agents. Bt has been found
to be considerably more effective at controlling P. xylostella than the
chemical insecticides cypermetrin, permetrin, methomyl and thiocard
(Leibee and Savage, 1992).

In Nicaragua, two main formulations of microbiological Bt have been
used for the control of P. xylostella. Dipel is a commercial formulation of
the HD-1 Bacillus thuringienses Berliner var. Kurstaki, containing 3.2 %
active ingredient. Javeling W.G is a commercial formulation of the NRD-
12 strain of Bacillus thuriengiensis var. Kurstaki, containing 6.5% active
ingredient. In Nicaragua, Bt applications have been shown to reduce
populations of DBM without affecting natural enemies (Miranda, 1992).
The absence of negative eftects of Bt spraying on the survival of parasitoids
has also been demonstrated in other studies (Andrews ef al., 1992; Brunner
and Stevens, 1986)
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2 Aims of the thesis

The first aim of the work underlying this thesis was to identify the species
of natural enemies that attack P. xylostella and to evaluate their role in the
natural biological control of this pest insect. The second aim was to gain
knowledge that could be used to develop biological pest control methods
that are highly effective against P. xylostella and thus avoid the side effects of
traditional chemical control, while maintaining productivity and profits.

Hopefully the results presented in this thesis can provide the basis for
straightforward rational alternative methods for farmers who currently use
insecticides to control P.xylostella. Such alternatives should be particularly
useful for farmers in developing countries, allowing them to reduce their
use of pest control chemicals.

The specific objectives were:

To identity and quantify the abundance of the species of natural enemies
that attack P. xylostella and which occur in and around cabbage fields in
Nicaragua.

To assess the efficiency with which predators feed on the eggs and larvae of
P. xylostella in the laboratory and to evaluate their role in the natural

biological control of this insect.

To determine whether the identified predators preferentially prey upon a
particular size of P. xylostella larvae (small vs. large).
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To determine the relative importance of and interaction between flying and
ground dwelling arthropod predators and parasitoids for mortality of P.
xylostella and thereby to identify combined eftects of the two guilds.

To determine the effect of insecticides on the density of P. xylostella and its
natural enemies in cabbage fields in Nicaragua.

To quantify the effect on cabbage yields and quality of natural enemies as
biocontrol agents compared with traditional insecticides.

To determine the separate and combined effect of parasitoid release and Bt
spraying on P. xylostella.
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3 Study sites

The field experiments were performed in the Tisey-Estanzuela Forest
Reserve in Nicaragua (N 12°59208" W86°21'973"), in the Esteli area at an
altitude of 1348 -1483 m.a.s.l. (Fig. 1). Farms in this area are usually family

owned and the main crops grown are potatoes, cabbage, maize and beans.
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Figure 1. Map showing the location of the research area. The white Square

in the green silhouette of Nicaragua (inset) indicates the map area.
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The field studies mainly took place during two periods: from June to
September, corresponding to the cropping period known as ‘Primera’; and
from September to December, corresponding to the cropping period
known as ‘Postrera’. Both occur during the rainy season. Some studies were
conducted in the cropping period ‘Apante’ during the dry season. Table 1
summarizes the cropping systems used by small-scale farmers in the different
growing seasons. All experiments were conducted in three years; 2006,
2007 and 2008.

Table 1. The cropping system used by farmers on small holdings in different
growing periods in Nicaragua.

Primera rainy season ~ Postrera rainy season ~ Apante dry season

May - August August - December December - April
Maize - Bean Bean - Potato Chamomile - Cabbage
Cabbage - Potato - Cabbage - Potato Potato - Cabbage -
Cucurbit Tomato
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4 DBM densities and identification of
natural enemies and their efficiency

41 The diamondback moth in the field

The diamondback moth is one of the main pests of crucifer crops
throughout the world; it can cause up to 90% crop loss (Talekar and
Shelton, 1993). An import step when evaluating the efficiency of difterent
control methods is to estimate DBM densities in the field.

4.1.1 Measuring densities of DBM and natural enemies in all field experiments

Densities per plant of natural enemies, and eggs, larvae, pupae and adults of
DBM, were assessed by means of weekly visual counts. Five samples, each
including ten cabbage plants, were inspected in each field. Different
sampling points were selected each week. We recorded the most abundant
natural enemies of the DBM on the plants. Sampling was conducted over a
period of eight weeks in 2006 but, based on the results from that year,
sampling was reduced to six weeks during 2007 and 2008.

The densities of all potential predators, i.e. insects and spiders
(Staphylinidae, Syrphidae, Nabidae, Reduviidae, Polybia sp.and Lycosidae,
Salticidae, Linyphiidae and Opiliones), were estimated by two methods.
First, using pit fall traps in the cabbage fields, and, second, using a D-Vac
(Dietrick Vacuum insect net). The latter is known to be a highly efficient
technique for sampling adult Nabidae (damsel bugs), Araneae (spiders) and
Staphylinidae (rove beetles) (Elliott et al., 2006). Each week during the
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sampling period six random samples comprising 20-second applications of
the vacuum sampler head to a cabbage plant were taken in each field to
provide a total sampled area of 2.25 m?.

4.1.1.1 Density of potential predators (Paper )

The most abundant arachnid groups in this study in descending order were
the Lycosidae followed by the Salticidae, Tetragnathidae, Thomisidae and
Opiliones (harvestmen); the least abundant groups were the Gnaphosidae
and Linyphiidae (sheet web spiders). Among the insects, the Staphylinidae,
particularly adults, were the most abundant followed by Nabidae adults and
nymphs; the least abundant were syrphid (hoverfly) larvae and adult wasps,
Polybia spp. The importance of the large predatory Polybia spp. wasps as
biological control agents seem to be acknowledged by local farmers since
they never destroy their nests (F. Miranda personal communication).
However, the feeding strategy of the wasps made it difficult to include them
in the surveys. Diadegma insulare (Cresson) was the most common parasitoid
of DBM found.

4.1.2 Larval parasitism rates in all field experiments

When naturally occurring P. xylostella larvae had reached the 3 or 4" instar,
30 or more larvae were collected, along with any pupae located on the
cabbage plants, using the recruitment method described by Van Driesche
and Bellow (1988). Larvae and pupae were placed individually into small
plastic cups with slices of fresh cabbage leaves as food. The growth stage of
each larva collected was recorded. Reared larvae and pupae were assessed
every 2" to 3" day and a fresh slice of leaf added if necessary. Finally larvae
(P. xylostella) were assessed and categorized as parasitized or not parasitized
by Diadegma insulare or Cotesia plutellae. Estimates of the rate of parasitism
were between 32 and 49% on farms that used insecticides and between 52
and 63% on farms that did not use insecticides.

4.1.3 Estimating crop damage in all field experiments

During Primera 2006 we selected six farms, each with a cabbage field that
was not treated with insecticides, and five farms, each with a cabbage field
that was treated with insecticides. We repeated the survey in Postrera 2006
in five fields that were not treated with insecticides, and four treated fields,
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all on separate farms. We repeated the survey in Primera 2007 in five fields
that were not treated with insecticide and five treated fields, all on separate
farms.

Ten randomly chosen cabbage heads were collected from each
experimental field. To determine the level of damage, 10 wrapper (outer)
leaves were inspected from each head. The rating system was developed
from that used by Chalfant and Brett (1965). The estimated mean leaf
damage per head was based on percent leaf damage per leaf in six classes;
0%, 1%, 5%, 10%, 25 % and < 50%. The data pertaining to mean percent
damage per head were arcsine transformed for the analysis of variance.
Threshold leaf damage in the market is from 0 to 10 %, and > 40 % leaf
damage is unmarketable. Leaf damage was high in the fields treated with
insecticides  (32%) and comparatively low in fields not treated with
insecticides (12%).

4.2 Killing capacity of predators

4.2.1 Methods

To determine killing capacity, individual specimens of the most common
predator groups were tested one day after they were collected in the field in
order to standardize their hunger level. For small predators we used 4.5 cm
diameter transparent plastic cups with a volume of 30 ml and with a plastic
lid; for larger predators such as Lycosidae (wolf spiders), Salticidae (jumping
spiders) and Reduviidae (assassin bugs), we used 8 cm diameter cups with a
volume of 250 ml. Eggs, 2™ (II) or 3 (III) instar larvae were provided as
food in separate experiments. Feeding on eggs and larvae was tested with
different sets of individual predators. In a different study, the same
individual predators were offered larvae of each instar, but in random order.

Predators were provided with 20 % - 50 % more prey than they might
be expected to consume in a period of 24 hours. The number of prey killed
and eaten by each predator was counted after 24 hours and then every
subsequent day for up to 13 days or until the predator died or escaped
(mean= 4.38 days, SE= 0.104; median 5 days). Frass and dead larvae were
removed with a soft brush when new larvae were introduced. Eggs were
provided still attached to the piece of leat on which they had been laid. If a
predator consumed all prey larvae supplied, the number of consumed larvae
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was excluded from calculations of maximum predation. Replicates in which
predators died during the test were not excluded from the analysis, but only
the number of prey consumed during the first day and first 5 days were used
in the calculations.

4.2.2 Results of assessing predator killing capacity (Paper )

The data collected during the study of predator killing capacity and feeding
rates showed that several of the spiders and insects collected in and around
cabbage fields have the capacity to feed on P. xylostella larvae in the
laboratory. However, only insects and none of the spiders fed upon P.
xylostella eggs under laboratory conditions. The role of the investigated
predators in biological control depends on both their abundance and
feeding rate. Among the spiders, lycosids were the most abundant, whilst
staphylinids were the most abundant insects. Staphylinid larvae exhibited
the highest feeding rate on eggs. For small (instar II) larvae, the highest
feeding rate among spiders was found on linyphiids, lycosids and salticids
(Figure 2). Of the insects, Staphylinids, syrphids and nabids had the highest
feeding rate on small larvae (Figure 3). Among the spiders, lycosids and
salticids exhibited the highest feeding rate on larger (instar III) larvae.
Among the insects, reduviids, nabids and staphylinids were the most
effective consumers of large larvae (Figure 3). Based on the combined
information of abundance and feeding rate, wolf spiders (Lycosidae) and
rove beetles (Staphylinidae) seemed to have the greatest potential to regulate
P. xylostella. However, all of these results are only circumstantial evidence
that predators play a role in the biological control of P. xylostella.

Ground dwelling predators, such as lycosid spiders, have previously been
shown to play an important role in affecting the mortality rates of immature
stages of DBM (Muckenfuss ef al., 1992). Laboratory studies have shown
that the lycosid Pardosa milvina (Hentz) may consume about one larva per
day of P. xylostella (Muckenfuss et al., 1992). Our finding that the second
most abundant insect predator found in the present study, the Nabidae
(Nabis spp.), had a relatively high killing rate and might therefore be an
effective natural enemy corroborates the work of Ma et al., (2005b) who
found that 67% of Nabis spp. found in broccoli fields had eaten P. xylostella.

Other predators of importance were the linyphiid spiders and syrphid
larvae. One type of linyphiid, although rarely seen on the plants, had a high
consumption rate. Syrphids have previously been identified as potential
predators of P. xylostella (Szwejda, 2004; Wu and Miyata, 2005). Lim (1992)
observed syrphids readily preying on P. xylostella in cabbage fields, and

24



Charleston et al. (2006) found syrphids on cabbage plants in South Africa.
Other insects with a high consumption rate but not frequently found in the
field were the reduviid bugs.
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Figure 2. Killing capacity (mean no. larvae consumed /day * SE; N>5) of
different individual spider families when feeding on 2" (dark grey bar) and
3" (light grey bar) instar Plutella xylostella larvae under laboratory conditions.
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Figure 3. Killing capacity (mean no. larvae consumed /day = SE; N>5) of
different individual insects families when feeding on 2™ (dark grey bar) and
3" (light grey bar) instar Plutella xylostella larvae under laboratory conditions.
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4.3 Separating the effects of flying and ground dwelling natural
enemies

4.3.1 Methods

Four treatments (see photographs below) were used in this field experiment:
1. Control (C), i.e. cabbage plant without any protection; 2. Excluding
ground dwelling (-GD) predators; 3. Excluding flying (F) natural enemies
and 4. Excluding all (-GDF) natural enemies, using a combination of the
two exclosure methods. To exclude ground dwelling (-GD) predators we
used a tray filled with water in which the potted plant was placed. To
exclude flying predators, i.e. mainly parasitoids and Polybia spp. (vespid
wasps) we used a small net cage (mesh size (50 cell/cm), supported by a
steel wire 0.6 m x 0.6 m. The net covered the plant but allowed rain to
enter. Ground-dwelling predators could enter by walking underneath the
netting via a 2 cm gap from the ground that was left for this purpose.

One cabbage plant representing each of the four treatments was placed in
four blocks at each farm on each occasion. Each block of cabbage plants was
placed close to one edge of the field and placed between the three first
parallel rows of planted cabbages in the field crop.

2. Excluding ground dwelling
(-GD) natural enemies
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B

3. Excluding flying (-FL) 4. Excluding all (-GDF) natural
4. Natural enemies natural enemies

Each plant (of each treatment) was infested with 10 3 instar larvae of P.
xylostella before installing the exclosures. The larvae placed on each plant
were obtained from a laboratory mass rearing. The diamondback moth
culture was maintained in the laboratory using cabbage leaves (Brassica
oleracea) as the food source.

The experimental plants were inspected after 24, 48 and 72 hours to
count the remaining of P. xylostella larvae. All larvae remaining after 72
hours were collected and reared to pupation to determine the rate of
parasitism. The same procedure was repeated twice with new plants and
larvae, starting two and four weeks after the original test.

4.3.2 Survival of P. xylostella in cage experiments (Paper II)

The disappearance of P. xylostella 3* instar larvae after 48 hours differed
significantly among treatments and was highest (58 %) in the (-GD)
treatment, in which ground dwelling natural enemies were excluded; the
second highest value (55 %) was recorded in the control (C), which allowed
all natural enemies to access the larvae. The FL treatment excluded flying
natural enemies and resulted in a reduction of larvae by 42 %. In the (-
GDF) treatment, which excluded all natural enemies, the rate of
disappearance was 8 % (Fig 4). The same relative difference among
treatments was found after 24 hours and 72 hours (p<0.0001) (Fig 4).
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Figure 4. The disappearance of Plutella xylostella 3" instar larvae (mean *
SE) at three recording times (hours after transplantation into the field)
recorded in an exclusion experiment in cabbage fields. The disappearance of
P. xylostella larvae on cabbage increased significantly (p=0.0342) over time
and was significantly different between treatments (p<0.0001) on all three

occasions (Fig. 5).

The difference among treatments was similar during all three time
replicates, but was most pronounced for the second replicate, 50 days after
plants were transplanted to the field. The smallest difference was found after
30 days while the difference among treatments was intermediate after 75
days. This variation in relative difference among treatments over time was
confirmed by a significant (treatment X -GD) interaction, indicating that
disappearance caused by flying predators varied more over time than
mortality caused by ground dwelling predators (Fig. 5).
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SE) at three times (days after transplantation) recorded in an exclosure
experiment in cabbage fields. Means after 48 hours are presented.
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5 Management of diamondback moth in
cabbage fields

To assess the efficacy of insecticides in the control of DBM on cabbage and
also to obtain an indication of the impacts on and benefits of natural
enemies, we examined the effects of insecticide treatments on DBM, its
predators and parasitoids over time. When it was conceived, the main idea
of integrated pest management was that natural control alternatives should
be implemented as the main control strategy with chemicals only as a
backup option designed to interfere as little as possible with non-chemical
options (Kogan, 1998).

The manipulation of beneficial organisms remains a very important tool
in integrated pest management programs for insect pests worldwide (Orr,
2009). Here we asked: How will spraying with insecticides affect DBM, its
natural enemies and crop damage? Will Bt spraying reduce the density of
P. xylostella and hence damage to cabbage? Will release of parasitoids
(Diadegma insulare) significantly increase the larval parasitism rates of P.
xylostella compared to the background (natural) rate of parasitism in cabbage
crops?

5.1 Insecticide effects on pests and natural enemies

5.1.1 Experimental design
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During Primera (May-September) 2006 we selected six farms, each with a
cabbage field that was not treated with insecticides, and five farms, each
with a cabbage field that was treated with insecticides (Fig. 6). We repeated
the experiment in Postrera (September to December) 2006 in five fields that
were not treated with insecticides, and four treated fields, all on separate

farms
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Figure 6. Locations of the fields on semi-organic (red circles, 1-6) and
conventional (blue circles, 7- 11) farms used in the studies.
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Farmers using insecticides in the study sprayed the experimental fields
several times, as is common practice, often based on recommendations from
insecticide producers and insecticide vendors. The farmers decided
themselves how many times they sprayed and what substance to use to
control the DBM. The farmers who did not use insecticides had ceased
their use in 2005, except for one farm (Tisey) that had not used insecticide
treatment since 2000. All the farms applied the herbicides Gramoxone® or
Paraquat (3 1/ha) once in each growing season before transplantation.

The size of each experimental field was approximately 25 m X 60 m
(0.15 ha). Head cabbage of a single variety Brassica oleracea var. capitata
(Izalco) was sown in trays with small holes in a netted rearing area for
farmers not using insecticides and in a seedbed for farmers using insecticides.
This difference in rearing regime did not affect the seedlings or the plants in
the field. All the experiments were established using seedlings, transplanted
by hand into rows spaced 0.6 m apart and with 0.5 m between plants. All
fields received inorganic fertilizer equivalent to 182 kg/ha (formula N P K,
12-30-10) eight days after transplantation, and an additional 95 kg/ha of
nitrogen fertilizer (N, 45) was applied 30 days after transplantation.

5.2 Observed density of DBM and natural enemies in fields with
and without insecticides (Paper Ill)

The density of DBM larvae and pupae on cabbage plants was higher on
farms that used insecticides than on farms that did not (Fig. 7 and Fig. 8).
The density of both larvae and pupae increased over time as shown by a
significant effect of week. No significant interactions between farm type and
week were found. DBM larvae per plant, which is the measure that
probably best reflects the actual pest density in a field, surpassed an
economic threshold of 0.3-0.5 individuals per plant (Kirby and Slosser,
1984, Diaz et al., 1999) in the 2006 Primera season in both the insecticide
treated (Mean=1.6 DBM larvae/plant, SE=0.32, N=54) and untreated
(Mean=0.82, SE=0.14, N=54) fields. In the 2006 Postrera season, the
average attack level was lower and closer to the damage thresholds both in
treated (Mean=0.72, SE=0.13, N=45), and untreated fields (Mean=0.48,
SE=0.04, N=45). In the 2007 Primera season, the average attack level was
lower and closer to the damage thresholds in both the treated (Mean=0.72,
SE=0.13, N=30), and untreated fields (Mean=0.65, SE=0.13, N=30). In
only one of 48 cases did we find significantly lower DBM densities in
treated fields (Fig. 7, Fig. 8) than in untreated ones.
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The density of DBM larvae generally increased from below the
economic threshold early in cabbage crop growth to above the economic
threshold as the crop developed in both Primera and Postrera seasons. The
data suggest that all sites would have required additional measures to control
DBM populations to ensure marketable produce.

The observed higher DBM densities in the fields treated with
insecticides are probably partly due to the fact that the moth has developed
resistance to insecticides (Ovalle and Cave, 1989; Branco and Gatehouse,
1997; Andrews et al., 1992; Carballo et al., 1989; Cordero and Cave, 1989;
Cheng et al., 1992; Kibata, 1996; Verkerk and Wright, 1997; Shelton ef al.,
2000; Vastrad et al., 2004; Mazlan and Mumford 2005; Zhao et al., 2006;
Dadang et al., 2009); indeed, high levels of resistance to these compounds
are now known to occur in Nicaraguan populations of DBM (Perez ef al.,
2000).

There are additional problems with insecticide use. Lim et al. (1992), for
example, showed that insecticides (carbaryl+malathion) are toxic to
parasitoids but not to DBM. Another problem is exemplified by several
studies conducted throughout Central America, confirming the widespread
risks to farm workers of pesticide exposure (McConnell ef al., 1992; Galt,
2008). Numerous cases of human poisoning have been reported in Central
America, especially from parathion. It is likely that many more cases remain
unreported among farm workers in cotton and banana plantations (Metcalf,
1980). Recent studies show that acute pesticide poisoning is a public health
concern in Nicaragua (Leonard, 1986; Campanhola et al., 1995; Corriols et
al., 2009). The most common negative side-effect of pesticide application is
probably reduced abundance of beneficial organisms (Orr, 2009). Kfir
(2001) reported that a higher infestation level of DBM in the sprayed
cabbage plots was because of partial elimination of parasitoids by the
pesticide. A study by Nemoto (1993) showed increased fecundity of DBM
adults that emerged from larvae and pupae exposed to sub-lethal
concentrations of methomyl.
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Figure 7. Mean number of Plutella xylostella larvae per cabbage plant in fields
treated with insecticides and in untreated fields in Nicaragua. Data from
Primera (June, July and August) in two years (2006 and 2007) and Postrera
(October, November and December) in one year (2006) are presented.
Error bars represent standard errors. N= 5-6 fields.
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5.2.1 Density of Diadegma insulare (Paper IIl)

The density of pupae of the specialist natural enemy D. insulare was
significantly higher on farms that did not use insecticides than on farms
which did (Fig. 9; Table 2). The same trend was found for D. insulare
adults. The density of both pupae and adults of this parasitoid increased over
the growing season. However, the increase was faster on farms not using
insecticides than on farms where they were used, as indicated by significant
farm type X week interactions.

The rate of parasitism by D. insulare among collected P. xylostella was
higher on farms that did not use insecticides than on farms that did (Fig. 10;
Table 2). These results indicate that the farmers using insecticides to control
DBM are affecting the performance of the parasitoid D. insulare in the
cabbage fields of Nicaragua. Similar results were found for anther parasitoid
attacking DBM, Diadegma semiclausum, in the unsprayed control plot when
compared to the conventional insecticide spray plots (Wang ef al., 2004).
The rate of parasitism by D. insulare was found to vary between 62 and 82%
of DBM larvae examined. Parasitized larvae feed less and cause less damage
to cabbages (Okine et al., 1996; Monnerat et al., 2002). It has been shown
that application of the insecticides enfenvalerate, methomyl and acephate
results in 100% mortality to D. insulare (Cordero ef al., 2007; Hill and Foster
2000; Xu et al., 2001). Ayalew and Ogol (2006) found that a higher DBM
density was associated with heavy pesticide usage and a low level of
parasitism.

A host specialist parasitoid is thought to have greater efficiency in
locating their host or to possess a greater ability to overcome host defenses
than a generalist species (Wang and Keller, 2002). In Canada D. insulare has
been found to be the principal parasitoid of DBM, accounting for 30 to
45% of the parasitism (Braun et al., 2004). In the absence of synthetic
insecticides, these parasitoids suppress the pest populations effectively in
different parts of the world including Indonesia and Malaysia (Talekar and
Shelton, 1993) and Japan (Noda ef al., 2000). Many countries have
developed and implemented a bio-control based IPM approach that has
proved successful (Poelking, 1992; Lohr ef al,, 2007). However, larval
endoparasitoids belonging to the genera Diadegma and Cotesia are the main
and most eftective species in the management of DBM (Fitton and Walter,
1992) and Diadromus collaris, a pupal parasitoid, has also been shown to
contribute significantly to DBM control (Kirk et al., 2004).
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Table 2. The effect of insecticide treatment on the mean density of the parasitoid Diadegma insulare and

on other (spiders and predatory wasps) natural enemies of Putella xylostella in cabbage fields in two

cropping seasons; Primera (June, July and August) in 2006 and 2007 and Postrera (October, November

and December) in 2006.

Season

Dependent Treatment Mean SE N

Variable

Primera 2006

Diadegma Insecticide 0.14 0.038 54

insulare No insecticide 0.26 0.056 54

pupae

Rate of Insecticide 32 2.8 20

parasitism No insecticide 57 3.2 24

Spiders Insecticide 0.04 0.0097 54
No insecticide 0.072 0.010 54

Polybia sp. Insecticide 0.004 0.0017 54
No insecticide 0.017 0.0058 54

Postrera 2006

Diadegma Insecticide 0.083 0.017 45

insulare No insecticide 0.14 0.025 45

pupae

Rate of Insecticide 49 2.9 24

parasitism No insecticide 63 3.0 20

Spiders Insecticide 0.044 0.0074 45
No insecticide 0.085 0.018 45

Polybia sp. Insecticide 0.012 0.0028 45
No insecticide 0.017 0.0033 45

Primera 2007

Diadegima Insecticide 0.10 0.033 30

insulare No insecticide 0.12 0.033 30

pupae

Rate of Insecticide 46 3.88 15

parasitism No insecticide 52 5.24 15

Spiders Insecticide 0.068 0.013 30
No insecticide 0.16 0.030 30

Polybia sp. Insecticide 0.0033 0.0014 30
No insecticide 0.017 0.0015 30

39



Prumera 2006

= 60 -
Go 1
Z 50 .
= e
= 40
Z 30 ==TInsecticides
E 20 —&8—No insecticides

10

0
4 7 9 12
Week after transplanting

80 -

70 4
F 60
~ W S -
= 50 Postrera 2006
2
= 40
Z 30 - ~O=Insecticides
QF:. 20 ~—&—No insecticides

10

0

4 7 9 12
Week after transplanting
80 -
70

Primera 2007

Parasitation (%)
W b= A
S S & &
L 1 L L 1

=O=Insecticides
20 —8—No insecticides
10
0

4 8 12

‘Week after transplanting

Figure 10. Level of parasitism by Diadegma insulare on Plutella xylostella in
cabbage fields treated with insecticides and in untreated fields. Data from
Primera (June, July and August) in two years (2006 and 2007) and Postrera
(October, November and December) in one year (2006) are presented.
Error bars represent standards errors. N= 5-6 fields.
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5.2.2 Density of spiders and Polybia sp. (Paper IIl)

The density of generalist natural enemies — spiders (Fig. 11; Table 2) and
predatory wasps, Polybia sp. (Fig. 12; Table 2) — was higher on farms that
did not use insecticides than on farms that did. For spiders there was an
increase in density over the season and the increase was greater on farms not
using insecticides than on farms using insecticides, as indicated by significant
farm type X week interactions. No such effects were found for Polybia sp.
All natural enemy groups were less abundant in the insecticide treated
compared to the untreated fields, although not always significantly.

Generalist predators, as part of complex communities of natural enemies,
can make significant contributions to the biological control of pests
(Obrycki and Kring, 1998; Sunderland ef al. 1997; Symondson et al., 2002)
when they reach high enough densities. However, at very high densities
their numbers may be reduced by territorial behavior and cannibalism
(Pickett et al., 1946, Dondale , 1956, Dufty, 1962, Kajak ef al., 1968;
Dondale, 1972; Tanaka, 1989; Lee and Kim, 2001).
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Figure 11. Mean number of predatory spiders per cabbage plant in fields
treated with insecticides and in untreated fields in Nicaragua. Data from
Primera (June, July and August) in two years (2006 and 2007) and Postrera
(October, November and December) in one year (2006) are presented.
Error bars represent standard errors. N= 5-6 fields.
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Figure 12. Mean number of predatory wasp (Polybia sp.) adults, per cabbage
plant in fields treated with insecticides and in untreated fields in Nicaragua.
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and Postrera (October, November and December) in one year (2006) are
presented. Error bars represent standard errors. N = 5- 6 fields.
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5.2.3 Leaf damage to cabbage crops by P. xylostella (Paper Ill)

Insect damage to cabbage, including holes chewed in leaves and heads, and
deposits of excrement and body parts make cabbage unmarketable. In our
studies, leaf damage was significantly higher in fields treated with
insecticides than in fields not treated with insecticides over three growth
seasons. There was a significant difference between treatments in all the
growing seasons, Primera 2006 (F=5.4, df=1,9, P= 0.045), Postrera 2006
(F= 7.7, dt=1,7, P= 0.028) and Primera 2007 (F=27, dt=1,8, P= 0.0001)
(Fig. 13).

The eftect of insecticide use had a dual negative effect on insects in the
cabbage fields studied. Density of and damage from P. xylostella was higher
on farms using insecticides than on farms not using insecticides at the same
time as the density of natural enemies and rates of parasitism were
comparatively higher on the non-insecticide farms.

35 4

15 OlInsecticides

Leaf damage (%)

10 B No msecticides

Primera 2006 Postrera 2006 Primera 2007

Growing season

Figure 13. Average percentage leaf damage by Plutella xylostella on cabbage
heads in fields with no insecticides (grey bars) and in fields treated with
insecticides according to common practice in Nicaragua (white bars). Data
from Primera (June, July and August) in two years (2006 and 2007) and
Postrera (October, November and December) in one year (2006) are
presented. Error bars represent standard errors. N= 5-6 fields.
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Left: Photo of damage caused by Plutella xylostella to cabbage heads from a
field treated with insecticides. Right: Photo of damage caused by Plutella
xylostella to cabbage heads from an untreated field.

5.3 Combined and separate effects of parasitoid release and Bt
spraying on DBM control (Paper IV)

5.3.1 Rearing of P. xylostella

Diamondback moths were reared en masse on cabbage leaves (Brassica
oleracea) in the laboratory, in order to obtain a range of different immature
life stages to feed to parasitoids (D. insulare) during tests of their potential for
the control of P. xylostella in the field.

Cabbage plants used as food for the diamondback moth were obtained
by sowing cabbage seeds in plastic trays and transplanting the seedlings into
individual plastic pots. The plants were maintained in a nursery until they
had 12-14 leaves. Most moth larvae pupated after 17 to 21 days at 22 to 25
°C with 12 h photoperiods and a relative humidity (RH) of 60 — 80 %. The
conditions for the mass rearing were similar to those described by Hou
(19806).
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Cabbage seedlings in the greenhouse. Seedlings transplanted to pots.

5.3.2 Rearing of D. insulare

Rearing of the larval parasitoid D. insulare was carried out on a farm in
Tisey using larvae of DBM reared on cabbage plants as hosts. One hundred
and fifty adult parasitoids were introduced into one screened cage (50 cm X
50 cm X 50 cm) for oviposition over a period of 48 hours. The cage
contained a cabbage plant with 250 host larvae in their 2" instar. The
parasitoid rearing was conducted in a room kept at 25 °C and with 56 to 85
% relative humidity (RH). Adults of D. insulare were fed with honey water
(10%). The tood source was changed once every second day. After being
exposed to parasitoids for 48 h, host larvae were reared until pupation after
18 to 21 days. After three days the parasitized cocoons that remained in the
early pupal stage were collected and put in 5 cl plastic cups. Later, the moth
and parasitoid pupae become distinctly different. The moth pupae is tapered
and changes from being pale to dark as it matures, while D. insulare pupae
are initially pale and then turn dark brown with a characteristic white band
around the middle. The conditions in the mass rearing (Fig. 14) were
similar to those described by Talekar and Lin (1998).
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Figure 14. Process of mass rearing of the parasitoid Diadegma insulare
in the laboratory

5.3.3 Release of parasitoids

Parasitoids were released on three occasions into each experimental field.
The first release was performed by introducing 125 cocoons of D. insulare
per field 30 days after transplanting the cabbage plants into the field. The
second release was 45 days after transplanting the cabbages and involved
releasing 250 parasitoids (cocoons and emerging adults) per field. For the
third release, 60 days after transplanting, 125 parasitoids were released in
each field. Equal numbers of parasitoid cocoons were placed in five release
chambers that were evenly distributed across the field. The release of
parasitoids was performed when 10 % of the adult parasitoids had emerged
from the cocoons.

Parasitoids were kept in 200 ml plastic containers covered with
aluminum foil to prevent light penetration. A small window was created to
allow flying parasitoids to exit. Each chamber was mounted on a 0.5 m long
wooden stake. All stakes were covered with adhesive tape for 2 cm above

47



the ground in order to exclude predatory insects. A single top leat of
Maguey (Agave americana) was fixed on top of the containers to protect
parasitoids from rain and sun.

Chamber used for releasing parasitoids mounted on a 50 cm stake covered
with a piece of Maguey leaf.

The questions asked were: Will release of parasitoids reduce the density of
DBM and hence damage to the cabbage plants? Is the combined eftect
parasitoid release and Bt spraying in order to control P. xylostella densities
and reduce leaf damage in cabbage crops additive, synergistic or
antagonistic?

5.4 Observed density of P. xylostella in fields where parasitoids
were released (Paper IV)

The density of P. xylostella larvae on cabbage plants was significantly
different between treatments in Postrera 2007 but did not show any
difterence in Primera 2008 (Fig. 15, Table 3). However, the density of
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larvae increased over the course of both seasons as indicated by the
significant effect of week and the significant interaction between week and
treatments. The density of DBM larvae generally increased from below the
economic threshold early in the growth of the cabbage crop to above the
economic threshold as crop growth progressed; this occurred during all
three years in which we collected data. Our data suggest that all sites would
have required additional strategies to control the DBM populations.

The density of D. insulare pupae in the cabbage fields differed
significantly among treatments in 2007 but not in 2008 (Fig. 15, Table 3).
Significant week X treatment effects in both years indicate that the relative
difference between treatments varied over time. In both seasons, D. insulare
density increased significantly over time; the density of D. insulare increased
with increasing P. xylostella density (Table 3).

The interaction between parasitoid release and Bt treatment was
significant (F=5.03; df= 1,156, P<0.026) in 2007 but not in 2008. The two
treatments seemed to have an adverse effect on each other (Fig. 16).
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Figure 15. Mean number of Plutella xylostella (DBM) larvae and pupae and
Diadegma insulare, a parasitoid attacking P. xylostella, larvae per plant in the
cabbage fields exposed to four different bio-control treatments i.e. control,
Bt spraying and / or parasitoid release in Nicaragua. Data from Postrera
(October, November and December) 2007, and Primera (June, July and
August) 2008 are presented. Error bars represent standard errors. N=4 fields
per treatment and year.
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Figure 16. Level of parasitism by Diadegma insulare on Plutella xylostella in
cabbage fields exposed to different bio-control treatments; i.e. control, Bt
spraying and /or parasitoid release Results from two cropping seasons,
Postrera (October, November and December) 2007, and Primera (June,
July and August) 2008, are presented. Error bars represent standards errors.
N= 4 fields per treatment and year.
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5.4.1 The rate of parasitism by D. insulare in cabbage fields (Paper IV)

Diadegma insulare 1s considered one of the key biological control agents in an
integrated pest program to combat Lepidoptera in crucifer crops in
Guatemala (Biever ef al., 1994). The high rates of parasitism reported herein
(Fig. 16) indicate that this parasitoid may also be important in Nicaragua.

There was, on average, 55 % parasitism by D. insulare in the cabbage
fields where the species was released in Postrera 2007 and the level was
between 50 and 65 %. Compared with control treatments the parasitism
occurred lower on average (44%), ranging between 38 and 50 %. A similar
result was obtained for the Bt + parasitoid treatment with an average
parasitism of 54%, ranging between 50 and 58 %. The Bt treatment was
comparable to the parasitoid release treatment, with an average of 52% and
a range of 56-58 %. No significant interaction between time and treatment
was found (Fig. 16, Table 3).

There was, on average, 59 % parasitism by D. insulare in the cabbage
fields where the species was released in Primera 2008 and the level was
between 56 and 64 %. Compared with control treatments the parasitism
occurred lower on average (50%), ranging between 39 and 58 %. A similar
result was obtained for the Bt +parasitoids treatment with an average of 64
%, ranging between 64 and 67 %. The Bt treatment was comparable to
parasitoid release treatment, with an average of 58% and a range of 56-59
%. No significant interaction between time and treatment was found
(Fig.16, Table 3).

Khan et al. 2005 reported that D. insulare was the major parasitoid of
DBM, and parasitism levels ranging from 0 to 58.5% were found in a study
of collard cropping in South Carolina. Parasitism of Plutella xylostella 3 and
4™ instars was evaluated in a cabbage field in Geneva, NY in 1999, over the
entire season; average parasitism was 33.4% for the 3" instar larvae and
53.6% for 4" instar larvae and the main parasitoid was D. insulare (Xu et al.,
2001). The occurrence of the DBM and its parasitoids has also been studied
in Ethiopia: overall parasitism ranged from 3.6% to 79.5% but there were
large difterences between areas (Ayalew and Ogol, 2006)

Egg parasitoids have been found to be highly compatible with B,
because the egg is not a target for the microbe. Successful examples include
Trichogramma platneri against Boarmia selenaria (Lep., Geometridae) in
avocado (Wysoki, 1989) and the release of Trichogramma in a Bt based IPM
program for tomato (Trumble and Alvarado- Rodriguez, 1993). Bt spraying
has been shown, in several studies, to have no effect on several beneficial
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insects (Hassan and Smith, 1995; Kring and Smith 1995; Muckenfuss and
Shepard, 1994).

Due to el Nifio climatic events the weather was unusually dry in 2006
with a total precipitation of 208 mm in Primera and 238 mm in Postrera.
Dry weather usually enhances DBM attacks as generation time decreases
with the warm weather and the insects are not disturbed by rainfall. But
during October Postrera 2007, the precipitation was unusually high, in total
1035 mm. (Fig. 17).

It 1s possible that climatic conditions influenced the possibilities to detect
relationships between density of D. insulare and P. xylostella population
growth rate (Fig. 2). This variation in detectability of density dependence
among seasons highlights the importance to replicate studies over time.
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Figure 17. Mean monthly precipitation (mm rainfall) in the Tisey,
Nicaragua in two growing seasons, Primera (June to end August) and
Postrera (October, to December in three years (2006, 2007 and 2008).
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Table 3. The eftects of bio-control (i.e. control, Bt spraying and/or parasitoid release) treatments on
DBM larval density, D. insulare pupal density and rate of parasitism in cabbage fields in two cropping

seasons: Postrera 2007 and Primera 2008. Result of GLM ANOVA.

Dependent  Eftect df F p
variable
Postrera 2007
DBM Treatment 33 3.81 0.0135
larvae Week 3,5 10.70 <0.0001
Week*Treatment 5,15 1.02 0.4327
Diadegma Treatment 3,3 8.45 0.0001
pupae Week 3,5 37.09 <0.0001
Week*Treatment 5,15 1.86 0.0254
Parasitism Treatment 33 2.26 0.0922
rate Time collection 33 3.09 0.0346
Time*treatment 39 0.97 0.4736
Primera 2008
DBM Treatment 3,3 1.47 0.2305
larvae Week 5,5 18.35 <0.0001
Week*Treatment 3,15 1.77 0.0376
Diadegma Treatment 3,3 0.32 0.8112
pupae Week 35 70.47 <0.0001
Week*Treatment 5,15 1.71 0.0465
Parasitism Treatment 3,3 1.32 0.2797
rate Time collection 33 0.27 0.8484
Time*Treatment 3,9 0.16 0.996
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6 Limitations of the study

There are some limitations associated with the methods used in this
research. First, the quantitative estimates of killing capacity are from a
laboratory study, rather than real predation in natural conditions. In the
study of killing capacity, time, space and availability of larvae were obstacles
to designing a better experiment.

Secondly, in the release experiment, the number of parasitoids released may
have been too low to affect the density of DBM in the field. Neighboring
farms spraying insecticide to control DBM may have affected the treatment.
In addition, D. insulare undertakes active migration and may have moved to
neighboring fields with other treatments. If this is true there is a need to
conduct release experiments on a larger scale, e.g. at the landscape level.
Furthermore, DBM may have developed resistance to Bf in Nicaragua.

A confounding factor is that DBM has fully overlapping generations, and
mortalities due to parasitoids and other factors may change over time. This
can be accounted for by comparing different pest densities, cropping
practices or sites to determine the factors which promote or limit biological
control, as was done partly in the research described herein
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7 Conclusions

This study has shown that a broad spectrum of predators collected in and
around cabbage fields in Nicaragua have the capacity to feed on P. xylostella
eggs and larvae under laboratory conditions.

The predator group with the highest potential for regulating P. xylostella,
due to its high consumption rate and high abundance, was lycosid spiders,
but linyphiid spiders, staphylinid beetles, salticid spiders and nabid bugs may
also be important.

Our results show that flying and ground dwelling natural enemies of P.
xylostella interact negatively. Further studies on the potential role of factors
affecting P. xylostella survival, including natural enemies, are urgently
needed. A combination of control measures, including the promotion of
predators and parasitoids, is probably needed to achieve a real sustainable
control.

Positive effects on natural enemies of not using insecticides against DBM
were found both for generalist predators (spiders and predatory wasps) and
for parasitoids. The results suggest that increased leaf damage in insecticide
treated fields is a combined consequence of insecticide resistance in the pest
and lower predation from natural enemies that are suppressed by the
insecticide applications.

The need to learn more about predators is reinforced by the fact that P.

xylostella has developed resistance to almost all known insecticides and that
there is little evidence that parasitoids alone can solve the problem.
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Despite this fact, integrated pest management is not implemented in the
cabbage fields of Nicaragua, nor is it in many other developing countries.

A major focus in future studies should be identifying combinations of
natural enemies that interact additively or positively, resulting in increased
mortality of P. xylostella.
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8 Future perspectives

The experience of using chemical controls is that strong suppression of pests
tends to decline because the pest evolves. Chemical control also has
negative impacts on natural enemies and causes health problems in humans.
Therefore, future research should focus on answering questions such as:

- How can farmers achieve local conservation of natural enemies that
attack P. xylostella?

- To what extent are changed management practices, especially those
affecting densities of natural enemies, responsible for changes in pest
abundance?

- What is the role of field margins in promoting natural enemies of P.
xylostella?

The results and new insights presented in this thesis will, hopefully, serve as
a basis for biological control systems that ultimately prove to be effective
management methods for pests like P. xylostella in the cabbage fields of
Nicaragua and elsewhere.
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