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A B S T R A C T

Agricultural intensification threatens biodiversity and ecosystem functioning. Promoting ecosystem services,
such as biological pest control, could help to reduce pesticide inputs while simultaneously sustaining a high
productivity. The highly intensive rice production in Southeast Asia, where more than 20% of the world's rice
yield is produced, is challenged by devastating losses each year due to rice hoppers. This poses a great threat to
the more than 3.5 billion people depending on rice as staple food. Egg parasitoids are among the most important
natural enemies of rice hoppers and might be promoted with effective habitat management. However, empirical
studies that focus on the management of parasitoid populations to enhance biological pest control in rice
agroecosystems are largely lacking. We therefore analysed the effects of the availability of diverse habitats on
hopper parasitoid performance, parasitism rates and pest control services, hypothesising that egg parasitoid
abundance and pest control is positively influenced by diverse non-crop areas, which provide food resources as
well as retreat areas for the fallow season.

We experimentally tested the efficiency and abundance of egg parasitoids of Nilaparvata lugens and Nephotettix
spp. in three study sites representing different levels of floral resources over the course of two rice growing
seasons. We used mixed effect models to test whether habitat diversity positively influenced parasitoid abun-
dance and subsequently reduces hatching rates of the hopper nymphs.

Nephotettix spp. eggs were parasitized by Gonatocerus spp. and Paracentrobia spp. by 92.5%; Nilaparvata lugens
eggs were parasitized by Oligosita spp. and Anagrus spp by 93%. In contrast to our hypothesis, we could de-
monstrate that additional floral resources do not significantly enhance parasitoid abundance and pest control in
rice agroecosystems. Up to six times more parasitoids hatched from the bait plants exposed in the monoculture
compared to the non-crop areas (p < 0.05). All parasitoid genera except Anagrus spp. were found in rice fields
in triple or quadruple numbers compared to the non-crop habitats (p < 0.05). This was true also during the
fallow period (p < 0.05), where only ratoon rice was available to sustain hopper populations.

In contrast to our hypotheses and findings from temperate productions systems, we found higher parasitoid
abundance during all crop stages and increased hatching rates in the monocultures than in the non-crop habitats.
The structural and temporal heterogeneity of rice crops and ratoon rice within the production area seemed to be
sufficient to sustain high densities of parasitoid populations. We conclude that ecological intensification schemes
should implement asynchronous planting cycles in rice systems to maintain or enhance parasitoids populations
and their biocontrol services. In combination with reduced pesticide inputs, these measures might help to avoid
yield losses due to rice hoppers in the future.
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1. Introduction

Land-use change and agricultural intensification are considered as
major threats to biodiversity and ecosystem functioning (Cardinale
et al., 2012; Sala et al., 2000). The loss of non-crop habitats, habitat
fragmentation and detrimental effects of pesticides on non-target or-
ganisms (Crowder and Harwood, 2014; Tscharntke et al., 2007) can
cause declines of arthropod natural enemies leading to a reduction in
biological pest control (Bianchi et al., 2006; Thies et al., 2011) which
then might result in even higher inputs of pesticides.

Increasingly, scientists are promoting the benefits of ecological in-
tensification in agriculture, which is targeting the improvement of
ecosystem functions to sustain or improve yields (Foley et al., 2011;
Garibaldi et al., 2017; Garnett et al., 2013; Godfray, 2015; Gurr et al.,
2016; Kovács-Hostyánszki et al., 2017). Biological pest control re-
presents one of these ecosystem functions. Natural enemies benefit from
more complex landscapes surrounding agricultural fields or the avail-
ability of non-crop habitats. These can offer supplemental food re-
sources (e.g. pollen and nectar) and retreat areas for natural enemies,
enhancing their biocontrol services (Roschewitz et al., 2005; Thies
et al., 2003). Parasitism rates, for example, have been shown to be
higher in complex landscapes where non-crop habitats are available
(Gardiner et al., 2009). To date, the majority of studies addressing the
effect of land-use intensity and the availability of non-crop habitats on
parasitoids have been conducted in the United States and European
countries. However, little research has been conducted in one of the
most important food production system of the world: the rice produc-
tion system of Asia (Gurr et al., 2016).

Since the Green Revolution of the 1960s, most of the traditional rice
production systems have changed into intensively managed landscapes
(Khush, 1997). Settle et al. (1996) stated that although natural enemies
can abundantly be found in young rice fields, biological control is often
disrupted by the application of insecticides and unfavourable landscape
design. Despite the recommendations of Settle et al. (1996) the use of
pesticides and fertilizers is still increasing (FAO, 2017). To promote and
sustain high levels of biological control, more sustainable management
options need to be developed, ideally based on participatory ap-
proaches that also involve the rice farmers and other stakeholders
(Westphal et al., 2015). Homopterans are among the most devastating
rice pests in Southeast Asia (Lin et al., 2011). The brown planthopper
(BPH; Nilaparvata lugens Stål), and the green leafhoppers (GLH; in-
cluding two species of Nephottetix spp.), are among the economically
most important species. These pests can cause severe damage to rice
plants by xylem sap feeding, resulting in wilting of the rice crops which
subsequently die, a symptom described as ‘hopper burn’ (Heong et al.,
2015; Heong and Hardy, 2009; Normile, 2013). In addition, both pests
transmit destructive viruses, such as the rice tungro and the grassy and
ragged stunt (Cabauatan et al., 2009). These hoppers are especially
devastating as they can quickly re-colonize freshly transplanted rice
fields, being able to migrate over long distances in their macropterous
stages (Watanabe et al., 2009).

The introduction of rice varieties resistant to BPH and GLH has not
been successful so far, as they rapidly adapt to specific traits in resistant
cultivars (Catindig et al., 2009; Seo et al., 2009). The lack of sustainable
control options requests a better understanding of the role of natural
enemies in controlling hopper populations.

Among several generalists preying on the rice hoppers, egg para-
sitoids play an important role (Gurr et al., 2011). They can disperse
over great distances (Antolin and Strong, 1987) and detect their hosts
efficiently following plant volatiles and the chemical footprint of the
host (Lou et al., 2005; Vet et al., 1990; Xiao et al., 2012). Therefore
have the potential to recolonize rice fields as quickly as the hoppers.
While the adults feed on pollen and nectar or the honeydew of their sap-
feeding hosts, their larvae develop in the hopper eggs and disrupt the
hoppers' life cycles at the earliest possible stage. Drechsler and Settele
(2001) showed that parasitoids can play a major role in controlling

hoppers pests in rice agroecosystems, as, for instance, egg parasitism
rates can range between 32% and 42% in Philippine rice fields (Cook
and Perfect, 1989; Kenmore et al., 1984). Moreover, other studies found
egg parasitism rates between 20% and 63% in Southeast-Asian rice
fields (Fowler et al., 1991; Nishida et al., 1976; Watanabe et al., 1992),
indicating high levels of biological control through egg parasitoids
throughout Southeast Asia.

Flower-rich non-crop areas have been suggested as ecological en-
gineering measures in rice production systems to enhance levels of
biological control, as known from temperate regions. However, re-
search so far has only focused on a single parasitoid genus, Anagrus spp.
Whether this practice helps to promote the whole parasitoid community
associated with egg parasitism and hopper control is still unknown.

With regard to promoting more sustainable rice production in
Southeast Asia we analysed the effects of the availability of resource-
rich non-crop habitats on the performance of rice hopper parasitoids,
parasitism rates and their pest control services. The following hy-
potheses were tested:

1. Egg parasitoid abundance is higher in non-crop and diverse habitats
compared to monocultures, because of the availability of floral re-
sources and retreat areas.

2. Parasitoids are abundant in the paddy fields during the rice growing
season and migrate to retreat areas during the fallow period.

3. The hatching rate of parasitoids in diverse and non-crop habitats is
higher compared to the monocultures.

We chose three study sites representing different levels of habitat
complexity (i.e. availability of food and retreat areas) which were lo-
cated in eight paddy rice production landscapes on the main island of
the Philippines (Luzon). The selected paddy rice production landscapes
were representative for smallholder paddy rice production areas
throughout Southeast Asia. Egg parasitoid communities of BPH and
GLH were sampled with standardized bait plants during rice growing
and fallow seasons in two years.

2. Materials and methods

2.1. Study region and experimental design

The study was conducted in the rice-dominated agricultural land-
scape of the Laguna province, Philippines. The Laguna province is lo-
cated in the south of Luzon and covers 1.760 km2 of land. 34.5% of this
area is managed for agriculture with rice being the principal crop. All
rice grown in Laguna is rainfed or irrigated lowland rice. Across the
study area two rice crops are grown per year, one during the dry season
from December to April and the other one during the wet season from
June to October. During the dry season all rice fields are regularly ir-
rigated. Depending on the location of the field and the water avail-
ability, planting time between different farmers varies up to 6 weeks.

Post-harvest crop residues generally remain on the fields during the
fallow season and are incorporated into the soil when preparing the
paddies for the next rice crop. Fields are not irrigated during the fallow
and a high variety of herbs emerge between the ratoon rice plants. Few
farmers use the fallow season to plant crops like mustard and onions.
Bunds between the fields are generally not managed but are trimmed
and repaired after every rice cropping season.

Eight study landscapes were selected throughout the Laguna pro-
vince. Each study landscape comprised a set of three study sites (tri-
plets) differing in resource availability and representing characteristic
land-use types within Asian rice agriculture systems (Fig. A1 in
Appendix in Supplementary material). All the paddy rice fields included
in our study, regarding agrochemical inputs and fertilizer administra-
tion, were managed by the farmers according to the common practices
in this area. The least intensively managed study sites were represented
by diverse agroforests with various main crops, for instance coconut
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trees, bananas and different fruit trees and vegetables. As they were
extensively managed and often only entered during the harvesting
season, they also contained a high diversity of herbs, grasses and shrubs
which were partially cleared once or twice a year. These areas har-
boured a diverse array of nectar resources for the parasitoids as well as
grasses for the hoppers and were considered as potential non-crop ha-
bitats for parasitoid wasps. We exposed bait plants randomly and well
detectable within grassy areas in these agroforests (hereafter referred to
as agroforest) with a minimum distance of 5 m and a maximum dis-
tance of 15 m to the border of the adjacent study rice fields (see
Material and Methods 2.2. Standard sampling with bait plants).

Rice fields with a common border to their respective agroforests
sites represented intensively managed habitats which were closely
connected to the diverse agroforests and thus spill over processes be-
tween both habitats could easily take place (Rand et al., 2006;
Woodcock et al., 2016) due to the great mobility of parasitoids (Antolin
and Strong, 1987). These sites will hereafter be referred to as ‘rice fields
embedded in structurally diverse surroundings (diverse)’. The bait
plants were exposed with at least 1 m distance to the borders of the
bunds of the rice fields to avoid edge effects.

Thirdly study sites of the triplets was represented by a rice field,
which was completely surrounded by other rice fields representing the
typical rice monoculture and intensively managed habitat in the rice
production systems of the Philippines. These structurally poor sites
were located at a distance of at least 300 m to the diverse sites. They
will be referred to as the ‘rice fields embedded in rice monocultures
(mono)’. Again the bait plants were exposed with at least 1 m distance
to the borders of the bunds of the rice fields.

2.2. Standardised sampling with bait plants

Sampling took place in the fallow period of the dry season in 2012
and in the rice growing and fallow period of the dry season in 2013
using the bait plant method. Watanabe et al. (1992) have shown that
this method reflects the actual state of parasitism in these habitats. We
therefore argue that this standardized method is suitable to test our
hypotheses.

Rice plants (variety Taichung Native (1) (TN (1)) were grown in
small terracotta pots, with a volume of 0.23 l, in a greenhouse for six
weeks without any chemical treatments. Thereafter, plants were
trimmed to three tillers per pot. The remaining plants were covered
with a small plastic cage with a diameter of 6 cm and a height of 50 cm.
Greenhouse cultures of BPH (Nilaparvata lugens) and GLH (Nephotettix
spp.) were reared on rice plants of the same variety using the standard
method as described by Heinrichs et al. (1985). Four gravid females
(20–25 days old) of either BPH or GLH were released into each cage.
After 48 h the hoppers were removed. Eight plants per treatment were
held back and dissected to calculate the average amount of eggs laid per
run. The remaining plants were transferred to the rice fields and
agroforests by car while still covered. Three plants infested with BPH
eggs and three plants infested with GLH eggs were randomly placed
within the rice fields and on grassy areas in the agroforests and there-
after cages were removed. Parasitoids are able to locate hopper infested
plants easily as they are attracted to volatiles released from the plants
and insects (Lou et al., 2005; Vet et al., 1990; Xiao et al., 2012). In total,
three runs were executed in 2012 and four in 2013. Every four weeks
we randomly placed the six plants within each rice field and agroforest
and exposed them to the parasitoids for 72 h. We collected the plants in
the same order they were placed in the fields to standardise the 72 h
exposition time. When removed from the fields, the plants were im-
mediately covered by a cage again to ensure that the plants would not
be attacked by other herbivorous insects and that all hatching insects
would be confined to their plant. Hopper nymphs typically hatch be-
tween 5 and 8 days after the egg laying. They were manually collected
from the plants 10 days after the last day of infestation. Thereafter
plants were placed back into their cages and the cages were additionally

covered by a black cloth sleeve preventing any light to seep through.
The parasitoid adults typically hatch 13–17 days after female oviposi-
tion. Due to positive phototaxis, parasitoids aggregated in little glass
vials which were firmly connected inversely on top of the sleeve cages
and which were not covered by cloth. Parasitoid specimens were col-
lected daily in the early afternoon and killed immediately by freezing.
The hatched parasitoids were identified to genera level with the help of
a taxonomist, noting whether they hatched from BPH or GLH plants and
on which day after the exposure.

All plants were dissected afterwards to count the remaining para-
sitized and non-parasitized eggs. At this stage parasitoids still left in the
eggs were developed far enough to distinguish the different genera. The
data used for analyses include the parasitized and non-parasitized eggs
found when dissecting the plants.

2.3. Data analysis

We analysed the data according to growth stages because the rice
fields were not planted synchronously. The different growth stages were
grouped into five ‘rice stages' according to the plant age (see Table A1
and Fig. A2 in Appendix in Supplementary material). The 5th stage
represents the rice fields in the 2–3 weeks period when the paddies are
prepared for the next season and no vegetation can be found on the
fields. We calculated an average of eggs laid per plant per hopper
species (see Table A2 in Appendix in Supplementary material) for the
analysis.

All analyses were performed in R 3.2.2 statistical software (R
Development Core Team, 2013). We fitted our data to mixed effects
models to account for the spatial and temporal component of our
sampling design (Zuur et al., 2009).

The response of parasitism to the three different study sites (agro-
forest, diverse and mono; see Material and Methods for details) during
the different developmental stages of the rice crop was analysed using
generalised linear mixed models (GLMMs) with a negative binomial
error structure using the R package “glmmADMB” (Fournier et al.,
2012). We used a negative binomial error structure due to over-
dispersion, tested using the R package “RVAideMemoire” (Hervé,
2016). The response variables were (i) number of all hatched para-
sitoids, (ii) number of hatched parasitoids at genera level and (iii)
number of hatched hopper nymphs. The fixed effects were the study site
and the developmental stage of the rice plants. The study landscape,
run, site and single plants were included as random effects to account
for the nested experimental design and the temporal pattern of the data.
Further, Tukey post-hoc tests were used for pairwise comparisons be-
tween study sites in each rice field stage, using the R package “mult-
comp” (Hothorn et al., 2008).

Moreover, we analysed the effect of study site on the ratio of hat-
ched parasitoids and hopper nymphs using linear mixed effect models
(LMMs) implemented with the R package “lme4” (Bates et al., 2015).
Variables were log-transformed when necessary to meet homogeneity
of variance and normality assumptions. The response variables were (i)
proportion of hatched parasitoids and (ii) proportion of hatched hopper
nymphs. The study landscape, run, site and single plants were again
included as random effects and further Tukey post-hoc tests were used
for pairwise comparisons between the study sites in each rice field
stage.

3. Results

Within the three days of exposure the three GLH females laid an
average of 108.67 ± 5.24 (SE) eggs per plant with a minimum of
77.45 ± 3.81 (SE) and a maximum of 132.33 ± 12.98 (SE) eggs per
plant. The three BPH females laid an average of 225.48 ± 8.51 (SE)
eggs per plant with a minimum of 162.75 ± 11.33 (SE) and a max-
imum of 229.33 ± 8.13 (SE) eggs per plant within the three days of
exposure. Of all the parasitoids that hatched from GLH eggs,
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Fig. 1. Effects of study site on egg parasitism.
Effects of rice stages on egg parasitism: Number of parasitized eggs per host species (GLH or BPH; mean ± SE) in a fallow season 2012 and during one rice growing season in 2013. Black
columns show abundance in agroforests, grey columns show abundance in rice fields embedded in diverse surroundings (diverse) and empty columns show abundance in rice fields
embedded in rice monocultures (mono), Significant differences between * P < 0.05, ** P < 0.001, *** P < 0.001.

Fig. 2. Effects of study site on parasitoid genera.
Parasitism rates (mean ± SE) of the four parasitoid genera
within the different study sites. Black columns: agroforests;
grey columns: rice fields embedded in diverse surroundings
(diverse); empty columns: rice fields embedded in rice
monocultures (mono), * P < 0.05, ** P < 0.001, ***
P < 0.001.
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Paracentrobia spp. (Chalcidoidea: Trichogrammatidae) and Gonatocerus
spp. (Chalcidoidea: Mymaridae) were the most dominant genera. Of all
the parasitoids that hatched from the BPH eggs, most parasitoids be-
longed to the genera Anagrus spp. (Chalcidoidea: Mymaridae) and
Oligosita spp. (Chalcidoidea: Trichogrammatidae).

3.1. Effects of study site on egg parasitism

The study site had overall a significant influence on the total
numbers of parasitized eggs (GLMMs, GLH: χ2 = 64.73, p < 0.001;
BPH: χ2 = 36.96, p < 0.001). Generally, parasitoids of both hosts,
GLH and BPH, were found in significantly smaller numbers in the
agroforests than in the rice fields during rice cultivation (stage 1, 2, 3;
Tukey post-hoc test: p < 0.05; Fig. 1, see Table A3a in Appendix in
Supplementary material) and the fallow season (stage 4; Tukey post-hoc
test: P < 0.05; Fig. 1, see Table A3a in Appendix in Supplementary
material).

We did not find a significant interaction between the study site and
the growth stages of the rice plants for GLH egg parasitism (GLMM,
χ2 = 12.18, p = 0.06). 170%–580% more parasitoid specimens hat-
ched from the plants exposed in both rice field sites compared to the
agroforest (Tukey post-hoc test: p < 0.05; Fig. 1, see Table A3a in
Appendix in Supplementary material).

A significant interaction between study site and the developmental
stages of the rice crop was observed for BPH egg parasitism (GLMM,
χ2 = 25.02, p < 0.001). During stage 1, at the beginning of the rice
growing season, no significant differences between the numbers of
parasitized eggs could be found between the different study sites for
BPH (Tukey post-hoc test: p > 0.05; Fig. 1, see Table A3a in Appendix
in Supplementary material). However, we found an increasing trend of
parasitoids being more abundant in the rice fields compared to the
agroforest for the later stages (Tukey post-hoc test: p < 0.05 for 2nd
and 4th stage; see Table A3a in Appendix in Supplementary material).

In detail, we found significantly higher levels of egg parasitism in
both mono and diverse rice fields compare to the agroforest for three of
the four genera. Gonatocerus (GLH) numbers were 323–330% higher in
the rice fields compared to the agroforest, Paracentrobia (GLH) and
Oligosita (BPH) numbers were 383–473% higher in the rice fields
compared to the agroforest. (Tukey post-hoc test: p < 0.05; Fig. 2, see
Table A3b in Appendix in Supplementary material).

In contrast, the genus Anagrus (BPH) exhibited similar levels of egg

parasitism in all three study sites (Tukey post-hoc test: p > 0.05;
Fig. 2, see Table A3b in Appendix in Supplementary material).

3.2. Effect of rice stages on overall parasitism

Generally, the relative abundance of all four parasitoid genera
changed over the course of the rice growing season (rice stages 1–4),
following different patterns (Fig. 3), though only for Gonatocerus spp.
and Paracentrobia spp. the relationship was found to be statistical sig-
nificant (GLMMs; Gonatocerus spp.: χ2 = 22.18, p < 0.001; Para-
centrobia spp.: χ2 = 28.29, p < 0.001).

For the GLH eggs, we found ten times more Gonatocerus spp. com-
pared to Paracentrobia spp. during the 1st rice stage (Tukey post-hoc
test: p < 0.05; Fig. 3a, see Table A4 in Appendix in Supplementary
material). During the 2nd and 3rd rice stage the abundance of Gona-
tocerus spp. was still higher, though not statistically significant (Tukey
post-hoc test: p > 0.05; Fig. 3a, see Table A4 in Appendix in Supple-
mentary material). In the fallow season this ratio was inversed. Only
3.2% of the parasitoids found were Gonatocerus spp. (Tukey post-hoc
test: p < 0.05; Fig. 3a, see Table A4 in Appendix in Supplementary
material). The abundance of Anagrusspp. and Oligosita spp. was not
modelled due to small sample sizes (Table 1).

For BPH eggs, Oligosita spp. and Anagrus spp. were equally present
during rice stage 1–3 (Fig. 3b, see Table A4 in Appendix in Supple-
mentary material) with 90% of all parasitoids found on BPH plants

Fig. 3. Effect of rice stages on over all parasitism.
(a) Percent parasitism of Paracentrobia spp. and
Gonatocerus spp. and Anagrus spp. and (b) Oligosita
spp. during one rice growing season. In (c) and (d)
the overall respective parasitism rates are shown.

Table 1
Proportion of the four egg parasitoid genera in relation to total parasitoid emergence,
separated by host species (green leafhoppers (GLH) and brown planthopper (BPH)) and
rice stages.

rice stage

1 2 3 4

GLH Anagrus spp. 4.6% 14.6% 13.8% 0.3%
Oligosita spp. 6.7% 7.6% 2.6% 4.9%
Paracentrobia spp. 6.4% 11.4% 16.8% 70.3%
Gonatocerus spp. 80.7% 64.3% 61.1% 24.3%

BPH Anagrus spp. 40.4% 48.8% 40.1% 14.6%
Oligosita spp. 54.0% 44.3% 46.7% 78.6%
Paracentrobia spp. 0.0% 0.3% 0.2% 5.5%
Gonatocerus spp. 2.6% 5.5% 12.2% 0.2%
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being Oligosita spp. (Tukey post-hoc test: p < 0.05; Fig. 3b, see Table
A4 in Appendix in Supplementary material). The effects of rice stages
on the abundance of Gonatocerus spp. and Paracentrobiaspp. could not
be analysed due to the small samplesizes (Table 1).

The overall parasitism rates of BPH were generally lower compared
to GLH infested plants (LMM, χ2 = 20.63, p < 0.001). The parasitism
rates for either hopper species did not differ between the rice field
stages, although there was a tendency of lower parasitism during the
first rice stage (Tukey post-hoc test: p > 0.05; Fig. 3c and d; see Table
A4 in Appendix in Supplementary material).

3.3. Influence of study site on hatching rates

On the plants exposed in the agroforests the hatching rates of
hopper nymphs were 360%–510% higher than the hatching rates of the
parasitoids (Tukey post-hoc test: p < 0.05; Fig. 4a and b; see Table A5
in Appendix in Supplementary material). This pattern was not observed
in the rice fields, with similar hatching rates of both hopper nymphs
and parasitoids (Tukey post-hoc test: p > 0.05; Fig. 4a and b; see Table
A5 in Appendix in Supplementary material).

4. Discussion

Surprisingly and in contrast to our first hypothesis, the availability
of non-crop habitats providing additional nectar resources and retreat
areas did not increase the abundance of hopper egg parasitoids in rice
production landscapes. Contrasting to several recent studies (Baggen
et al., 1999; Balzan and Wäckers, 2013; Lu et al., 2014), we found that
egg parasitoids of rice hoppers were able to maintain high population
densities in rice monocultures. The high levels of egg parasitism in both
rice types indicate that the temporal and spatial variation of rice crops
and ratoon rice is more important to sustain vital parasitoids popula-
tions than the availability of nectar-rich floral resources in non-crop
habitats, such as agroforests.

Temperate agricultural systems, on which we based our hypotheses,
are characterised by seasonal crop cycles with winter breaks, whereas
seasonal changes in tropical productions systems are less fluctuant and
vegetation can grow all year-round. Plant- and leafhoppers and their
parasitoids in temperate systems have to overwinter and parasitoids
often have to switch to alternative prey for a certain amount of time

(Chantarasa-ard et al., 1984; Moya-Raygoza and Becerra-Chiron, 2014).
In tropical rice agroecosystems however, rice hoppers can complete
their entire lifecycle year-round (Dyck et al., 1979; Kiritani, 1979) and
thus provide a continuous food source for all stages of the parasitoid's
life cycle, inside the rice fields, throughout the entire year. Parasitoids
do not have to disperse or search for alternative hosts and are therefore
likely to be specialised on their rice hopper hosts.

This specialisation on the rice hoppers inside the rice fields could be
enhanced by the parasitoids' feeding habits. The rice hoppers are sap-
feeding insects and therefore produce honeydew. This can have bene-
ficial effects on life history traits of parasitoids (Lenaerts et al., 2016;
Tena et al., 2016; Wäckers et al., 2008). Irvin et al. (2007) showed that
honeydew, when saturated with sufficient glucose and fructose can
considerably increase the life span of the egg parasitoid Gonatocerus
spp. Our findings therefore indicate that egg parasitoids could make use
of the continuous availability of honeydew produced by their hosts,
rather than using floral food resources outside the rice fields. This
makes rice monocultures as attractive for them as more diverse land-
scapes. Although, Lee et al. (2004) showed that the life span of para-
sitoids is increased when exploiting pollen and nectar instead of hon-
eydew, it has recently been shown that this does not necessarily have to
be true for parasitoids of honeydew producing insects (Lenaerts et al.,
2016). As their hosts can only be found in low numbers outside the rice
fields, the adjacent habitats are less attractive for the parasitoids, even
if they provide high quality food resources.

Looking at the four parasitoid genera separately we found that three
of the four parasitoids genera found to parasitize eggs of the hopper
species investigated were present in higher numbers in both the rice
field types ‘mono' and ‘diverse' compared to the agroforests. The only
genus which did not exhibit a clear habitat preference was Anagrus spp.,
which was found in equal numbers in all habitats. We assume that
species of the genus Anagrus spp. are less specialised than the other
three parasitoid genera and may switch between alternative hopper
species found in the nectar rich agroforests (Zheng et al., 2017, 2003).
Most studies investigating effects of non-crop habitats in rice agroeco-
systems have been conducted solely on Anagrus spp. indicating positive
responses to additional resources (Li and He, 1991; Yu, 2001; Zhu et al.,
2013).

In contrast to the findings regarding Anagrus spp. response to flower
resources, we found variable responses to flower-rich non-crop habitats

Fig. 4. Influence of study site on hatching rates.
Hatching rates (mean ± SE) of hoppers and parasitoids in (a) GLH infested plants and (b) BPH infested plants in different study sites during one rice growing season. The dashed line
shows the percentage of hopper nymphs hatched the bold line the percentage of parasitoids hatched from the original amount of eggs per plant.
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when including multiple parasitoid genera. Hence, future studies on the
restoration of biological pest control in rice should take multiple
parasitoid genera into account to develop efficient management
schemes. Besides the clear preference of the parasitoids for the rice
fields during the growing season, we found that, in contrast to our
second hypothesis, the parasitoids were prevalent in the rice fields also
during the fallow season. We assume that the ratoon rice in the fallow
paddies provided sufficient food plants to sustain small hopper popu-
lations (Chakravarthy, 1987). Hence, the dry paddy fields remained an
attractive habitat for the parasitoids, but simultaneously did not pro-
mote high hopper populations in the post fallow crop (Schoenly et al.,
2010). Myrmarids and Trichogrammatids are quite mobile (Antolin and
Strong, 1987; Hendricks, 1967) and can disperse quickly from ratoon
rice fields to freshly transplanted fields. Here they have the possibility
to respond to the quickly increasing hopper populations (Heong et al.,
1992) and reduce the hopper pest populations already at the start of the
season. In contrast to temperate agroecosystems, non-crop habitats
seem to play a minor role as foraging or retreat habitats for the egg
parasitoids after harvest due to their high specialisation. We further
investigated the role of the four parasitoid genera in controlling the
hoppers in the rice fields and the agroforest, over the course of the rice
growing season. For the parasitoids of the green leafhopper (GLH),
Gonatocerus spp. was dominating in rice stages 1–3, when only rice was
growing in the paddies. In the fallow season however Paracentrobia spp.
increased in numbers whereas numbers of Gonatocerus spp. declined.
Their combined parasitism rate was slightly lower in rice stage 1 and
remained at around 20% for rice stages 2–4, although the composition
of the parasitoids changed dramatically in the 4th rice stage. Fowler
et al. (1991) observed, that while GLH egg batches were attacked by
one or the other parasitoid genera only, BPH egg batches were attacked
by both Anagrus spp. and Oligosita spp. and concluded, that Para-
centrobia spp. and Gonatocerus spp. might be competing for these re-
sources. GLH comprises two species (Nephotettix virescens (Distant),
Nephotettix nigropictus (Stål)), which can only be determined to species
level by the genitalia of the males, which was beyond the scope of this
study possibilities in this study. A more refined analysis of the host
selection pattern by the two parasitoid species might have revealed that
the increase of Paracentrobia spp. during the fallow season was due to a
switch towards a species of GLH better adapted to the ratoon rice fields.
Oligosita spp. and Anagrus spp. parasitized BPH eggs in almost equal
amounts during rice stages 1–3. In the fallow season, however, numbers
of eggs parasitized by Anagrus spp. declined while those of Oligosita spp.
increased. The overall parasitism levels were highest during the 2nd
rice stage when the sum of eggs parasitized on the bait plants by both
parasitoid genera was also the highest. BPH, in contrast to GLH, en-
compasses only one species, Nilaparvata lugens. The changes in the
abundance of the two parasitoid species can therefore not be accounted
for by a potential change of the hopper species. Instead, as functional
responses differ in egg parasitoid species (Fowler et al., 1991) Oligosita
spp. seems to be better adapted to cope with decreasing host densities
compared to Anagrus spp. when hopper numbers decline during the
fallow season. The temporal changes in hopper parasitation rates by the
four genera show that for a successful hopper control, more than one
parasitoid genus is needed. We also found significantly more nymphs
hatching from the plants exposed in the agroforests compared to the
plants exposed in the two rice field types. Knowing that the parasitoid
population in the agroforests was much smaller than in the rice fields,
this implies that the presence of egg parasitoids can significantly reduce
the hatching success of hopper nymphs. This is in line with findings
from Lam (2002) and Watanabe et al. (1992) who found that egg
parasitism in rice fields can range from 20% up to 95% indicating their
immense biological pest control potential.

Additionally, we could show that this potential is not dependent on
diversified landscapes. While the rice fields showed great differences to
the agroforest, no differences could be found between the rice fields.
That means the parasitoids didn't even profit in the diverse rice field

from the availability of floral resources in the close proximity. We also
documented the predators we found on the rice plants after the ex-
posure in the rice fields, but could not find differences between the two
rice field types and the agroforest, and their numbers were generally
very low.

Although rice parasitoids don't seem to be dependent on diverse
non-crop habitats, it is known that they are highly susceptible to pes-
ticides and would benefit from a less intense management (Bottrell and
Schoenly, 2012; Gurr et al., 2016; Heong et al., 2007; Jonsson et al.,
2012; Wang et al., 2008). As the fields we worked in were regularly
treated with agrochemicals it is to be expected that the parasitism rate
could have been much higher in their absence.

5. Conclusion

Our results show for the first time that the hopper parasitoid com-
munities in rice fields are independent of the availability of non-crop
habitats providing additional nectar resources and retreat areas. These
parasitoid species seem to be very well adapted to the spatial and
temporal heterogeneity in the traditional paddy rice production areas of
Southeast Asia. Hence, high population densities can be sustained by
slightly altering planting and harvesting times of the many smallholder
farmers as well as providing ratoon rice during the dry fallow periods.
In contrast to temperate host-parasitoid systems, we need to be aware
that rice hopper parasitoids have evolved in a rice monoculture system
that offers sufficient resources within the spatially and temporally
heterogeneous environment that is created by traditional smallholder
farms. Hence, to reduce pesticide inputs and to conserve high levels of
biological pest control, management schemes need to be developed that
are based on the smallholder farmers who maintain the heterogeneity
within the system.

Additionally, the rice crop should be monitored carefully and the
prophylactic use of pesticides should be avoided. However, insect pests
are not the only challenge that rice farmers have to deal with. As plant
pathogens also play an important and prevailing role in rice fields,
recommendations for sustainable production systems need to be
adapted to specific scenarios and local conditions. A combination of
sustainable measures targeting both the main pest and disease complex
would help to increase the quality of life and health of many rice
farmers in Southeast Asia and beyond.
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