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Abstract Host—parasitoid dynamics are intrinsically
unstable unless the risk of parasitism is sufficiently
heterogeneous among hosts. Spatial aggregation of
parasitoids can contribute to this heterogeneity,
stabilising host—parasitoid population dynamics and
thereby reducing pest outbreaks. We examined the
spatial distribution of mango gall fly (Procontarinia
matteiana, Kiefer and Cecconi), a non-native pest of
South African mango orchards, which is controlled by
a single parasitoid (Chrysonotomyia pulcherrima,
Kerrich). We assessed whether spatial aggregation of
parasitoids is associated with proximity to natural
vegetation and/or to host density-dependent and host
density-independent factors at three spatial scales. We
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found evidence for higher parasitism rates near natural
vegetation at the field scale, and inverse host-density
dependent and density-independent parasitoid aggre-
gation at both the leaf scale and field scale. Therefore,
we conclude that natural vegetation plays a role in
promoting stabilising aggregation of parasitoids, pos-
sibly through provision of non-host resources (nectar,
pollen), in this system.

Keywords Conservation biological control -
Integrated pest management - Parasitoid aggregation -
Natural enemies - Pest control

Introduction

In agricultural landscapes, natural vegetation has been
associated with improved pest control (Thies and
Tscharntke 1999; Thies et al. 2011). In understanding
the mechanisms behind this control, much of the focus
has been on the role of natural vegetation in encour-
aging greater abundance and diversity of natural
enemies (Bianchi et al. 2006). A less explored idea
is the role of natural vegetation in promoting aggre-
gation of parasitoids (but see Thomson and Hoffmann
2013) and stabilising host—parasitoid population
dynamics by providing a host “refuge” deeper within
the crop (Holt and Hassell 1993). Specialist para-
sitoids have been shown to exert important long-term
suppression of their host species, so the role of
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parasitoids in biocontrol is particularly important
(Snyder and Ives 2001, 2003). However, the dynamics
of simple host—parasitoid interactions are inherently
unstable and prone to diverging oscillations, resulting
in extinction of one or both species, and cycles of high
host abundance (Hassell 2000). A stable pest popula-
tion maintained at a low level by a specialist parasitoid
may therefore be more desirable for successful
biocontrol. Integrated pest management programs that
tolerate a level of pest infestation below the economic
threshold could help maintain environmental quality
and reduce unnecessary management activities and
costs (Cameron et al. 2001; ElI-Wakeil 2010).

Theoretically, host populations will be stabilised if
the distribution of searching parasitoids is sufficiently
heterogeneous (Hassell et al. 1991). This has been
defined through the “CV? > 1 rule”, where the
squared coefficient of the variation (CV? of the
distribution of searching parasitoids is >1 (Hassell
et al. 1990). Any variation in parasitism of hosts
between patches reduces searching efficiency as
parasitoid density increases, and two important
sources of this variation are host density-dependent
(HDD) parasitoid aggregation, and host density-inde-
pendent (HDI) parasitoid aggregation (Hassell et al.
1991; Pacala and Hassell 1991). If heterogeneity is the
key to stability, one would expect that in a homoge-
nous agricultural setting simple host—parasitoid inter-
actions would be particularly prone to diverging
oscillations. Therefore, heterogeneity of risk to hosts
due to aggregation of parasitoids is vital for the
persistence of a stable host—parasitoid interaction
(Taylor 1993).

The mango gall fly (Procontarinia matteiana,
Kiefer and Cecconi; Diptera: Cecidomyiidae) is a
recognised pest of mangos (Mangifera indica) across
the world, from South Africa, where its impact has
been recorded by commercial mango farmers (Louw
and Labuschagne 2011), to Pakistan and India where
recordings are widespread (Jhala et al. 1987; Mah-
mood Ur Rehman et al. 2013). Adult females lay their
eggs on the underside of young leaves, and the
emerging larvae burrow into the leaf tissue where they
begin to feed (Augustyn et al. 2013). Heavy infesta-
tions can result in deformed leaves that drop prema-
turely, and even cause die-back of new growth (Grové
et al. 2002). Differential susceptibility exists between
different cultivars of mango owing to varying degrees
of antibiosis that they exhibit (Githure et al. 1998). In
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the commercial mango-growing region of South
Africa, P. matteiana is controlled by one specialised,
non-native parasitoid: Chrysonotomyia pulcherrima
(Kerrich), which was identified by studying the
seasonal occurrence of the gall fly and its natural
enemies (Grové et al. 2003, 2004). C. pulcherrima is
an ectoparasitoid that was not intentionally released
and is not reared in insectaries in South Africa. To our
knowledge its provenance is also not known, but it
may have arrived with its host in larval form.
Generally very little is known about the parasitoids
associated with gall-inducing insects (Raman et al.
2009), but C. pulcherrima has a phenology that is
well-synchronised with that of the gall fly, which is its
only host. This synchronicity was determined through
rearing the host and its parasitoid over a three year
period (Mahmood Ur Rehman et al. 2013).

The interaction between P. matteiana and C.
pulcherrima is an example of a simple host—parasitoid
system, so is expected to be unstable and prone to
diverging oscillations, resulting in the extinction of
one or both species (Hassell 2000). Yet in this
instance, the host—parasitoid interaction appears to
be stable, with both species being described in South
African mango orchards for over 25 years by the
South African Mango Growers Association (Botha
and Kotzé 1987). Botha and Kotzé (1987) first
investigated the galls when it was thought that P.
matteiana may be a vector for bacterial black spot. It is
conceivable that some form of parasitoid aggregation
is providing the stability needed for the stable persis-
tence of these two species. South Africa’s commercial
mango-growing region is characterised by orchards
surrounded by large areas of natural “bushveld”
vegetation (Granite Lowveld; Mucina and Rutherford
2006), and it may be that natural vegetation provides
one source of parasitoid aggregation. While not a
source of C. pulcherrima, the natural vegetation may
provide other benefits such as shade, shelter, and food
sources in the form of pollen and nectar (Bianchi et al.
2006). Supplementing diet with sugar resources has
been shown to confer improved fitness for parasitoids,
resulting in increases to longevity and potential
fecundity (Tylianakis et al. 2004; Protasov et al.
2007). In fact, previous studies in South African
mango farms of P. matteiana and its parasitoid C.
pulcherrima suggest that rates of parasitism were
higher closer to the natural vegetation than in the
middle of mango orchards (Henri et al. 2015). A
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beneficial effect of proximate natural vegetation for
parasitoids could conceivably result in aggregation at
the interface between agricultural and natural habitats,
providing a “refuge” for hosts deeper in the crop.
This, along with HDD aggregation, HDI aggregation,
or both, could provide the heterogeneity of risk
required to regulate this host—parasitoid interaction.

Here we report on a field study that aimed to test the
hypothesis that even for single, non-native host-
specialist parasitoid interactions, natural vegetation
provides an ecosystem service by supporting para-
sitoids and thus allowing their aggregation, using
mango orchards in South Africa as a case study. We
characterized the spatial distribution of gall flies and of
parasitism rates within mango orchards to test for the
relative importance of host density, distance to natural
vegetation, and other density-independent factors in
constituting heterogeneity of risk to hosts. Uncovering
patterns in parasitoid aggregation allowed us to
evaluate the importance of proximate natural vegeta-
tion to stabilising this interaction, and also highlighted
areas of potential further study into parasitoid foraging
behaviour.

Methods
Study site

All work was carried out in the commercial mango
farming region in the Limpopo province of South
Africa. Surveys were performed on two separate
mango farms in the region: Bavaria Estates
(24°24'24.94"S  30°53'34.96"E), and Mohlatsi
(24°30/30.27"S 30°49'34.13"E). Work was carried
out between 1 March 2014 and 31 May 2014,
coinciding with the summer lifecycle of the gall fly
that lasts approximately four months from February
onwards (Grové et al. 2003). Surveys were carried out
in areas of the farms bordering natural vegetation.
Granite Lowveld is part of the southern African
savannah biome, characterised by tall Acacia nilotica
and Sclerocarya birrea trees and various Combretum
and Grewia spp. shrubs. Individual mango orchards are
bordered by Casuarina spp. for protection from wind,
and generally there was a gap of ~20 m between the
edge of the mango orchard and the natural vegetation.

Two cultivars were chosen for this study because of
their reported differential susceptibility to infestation

by gall flies: Tommy Atkins, which is a susceptible,
true-gall forming cultivar; and Kent, which is a less
susceptible, often pseudo-gall forming cultivar
(Githure et al. 1998). A total of nine separate fields
were used for the surveys, six on Bavaria Estates and
three on Mohlatsi. All fields on Mohlatsi were Tommy
Atkins, while on Bavaria Estates three fields were
Tommy Atkins and three were Kent.

Gall density

In order to characterise spatially where gall flies are
active we assessed the density of galls on individual
leaves. Leaves were collected from trees in 20 x 3 m
transects at 0, 10, 50, 100 and 200 m from natural
vegetation from the nine mango fields. Two trees were
randomly selected at each distance, and from each
tree, two leaves were picked from high (>180 cm
high) and two from low in the tree (<180 cm high).
This followed protocol from previous work looking at
gall fly abundance and rates of parasitism (Henri et al.
2015). Leaves were placed in the freezer for at least
24 h, in order to kill any gall flies or parasitoids, after
which time the number of galls on each leaf was
counted. For each tree the total number of galls for
high leaves and low leaves was calculated. The size of
leaves was not recorded due to the stage in leaf
development that ovipositing occurs. Gall flies
oviposit on flush leaves at the spike stage, so eventual
leaf size is of little relevance (Augustyn et al. 2013).

Data exploration revealed that gall density data
were zero inflated, and as gall flies oviposit during the
spike stage of leaf development, leaves may have zero
galls on them for one of two reasons: (i) gall flies were
present but did not lay eggs on the leaf, and (ii) the
timing of the leaf flush did not coincide with an
emergence of gall flies so no gall flies were present to
lay eggs. We were unable to distinguish between these
two types of zeros, and so used a zero inflated mixture
model with a single zero-inflation parameter (Zuur
et al. 2009). Therefore, to assess how gall density
varied throughout fields, zero inflated generalized
linear mixed models (ZIGLMM) (negative binomial
error structure with a logit link for the binomial
component and a log link for the count component)
were used with distance (centred by subtracting the
mean), cultivar and position in the tree (two modal-
ities: high and low) included as fixed effects. Farm,
field and tree were nested random effects. Models
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containing all of the fixed effects were compared using
Akaike’s information criterion (AIC) with a second
order correction for small sample sizes (AICc) to find
the model that best describes the data (Burnham and
Anderson 2002). The model with the smallest AICc is
considered the best model, and models that differ by
AICc <2 are considered to fit equally well. We also
calculated Akaike weights, which give the probability
that a model is the best of a set of candidate models
(Wagenmakers and Farrell 2004). Statistical analysis
was carried out in software package R, version 3.0.3
using packages glmmADMB, stats4, bbmle and Mass
(Venables and Ripley 2002; Fournier et al. 2012;
Bolker and R Core Team 2014).

Parasitism

To assess the rate of parasitism, leaves were collected in
the same manner as for assessing gall density, though
this was done twice in two fields from each farm to
increase the sample size. The first collection was carried
out between 31 March 2014 and 12 May 2014, and the
repeat collections were between 12 May 2014 and 20
May 2014, which overlap with the generation of
parasitoids that emerges between February and March.
Of the leaves picked that had some mature galls, two
were selected at random from each tree. Mature galls
were judged to be those which had begun to turn brown
due to the plant tissue becoming necrotic and drying out,
which is considered a sign that the gall fly or parasitoid is
preparing to emerge (Louw and Labuschagne 2011).
Five mature galls were randomly selected from each leaf
and dissected under a light microscope. The contents of
each gall was classified as P. matteiana (larvae, pupae or
adult), C. pulcherrima (larvae, pupae or adult), or
unidentified (empty, immature, vacated or dead). If the
contents of all galls were unidentified then another leaf
was selected and five more galls were dissected.
Identification of contents was carried out using pictures
from Augustyn et al. (2013), Louw and Labuschagne
(2011) and ecoport (Githure 2014). Proportion para-
sitism was calculated per leaf. The total number of galls
per leaf was also recorded to test for HDD and HDI
aggregation of parasitoids.

The null hypothesis states that risk of parasitism of
galls will be constant across patches and that the
variance in parasitism will be no more than expected
from a binomial distribution (van Veen et al. 2002). To
assess any deviation from the null model, a
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generalized linear mixed effects model (GLMM)
(binomial error structure with logit link function) for
proportion parasitism was created with the log of gall
density as a fixed effect, farm and field as nested
random effects, and sampling event included as a
crossed random effect. Log of gall density was used as
this improved model convergence. To test for HDI
aggregation, the dispersion factor [the ratio of residual
deviance to residual degrees of freedom (df)] can be
used to test for a departure from the null hypothesis
and is tested for significance using % on the residual
deviance at the residual degrees of freedom (van Veen
et al. 2002; Hougardy and Mills 2009).

To test for HDD aggregation, the same model was
used, but with the addition of a standardized random
effect with a normal distribution to account for
overdispersion (Browne and Subramanian 2005).
Likelihood ratio tests were performed to test the
significance of gall density on rate of parasitism and
the marginal and conditional R? were calculated to
assess the amount of variance explained by the fixed
and random effects (Nakagawa and Schielzeth 2013).

In order to investigate HDD and HDI parasitoid
aggregation at spatial scales greater than the leaf,
parasitism data were first pooled for each distance
within each field (the field scale) and then pooled for
each field (the landscape scale). Tests for HDD and
HDI aggregation were carried out using the method
described above.

To develop an understanding of how parasitism
varied throughout fields, generalized linear mixed
effects models (GLMM) (binomial error structure and
logit link function) were created that again included
farm and field as nested random effects, sampling
event (first or second) as a crossed random effect, and
a standardized random effect with a normal distribu-
tion was used to account for overdispersion when
required (Browne and Subramanian 2005). For anal-
ysis of pattern at the leaf scale, models were built
containing all combinations of the fixed effects, log of
gall density, cultivar, height in tree, and the log of
distance from natural vegetation [log(1 + distance)].
Log of gall density and distance were used to improve
model convergence. At the field scale, models were
built containing log of gall density, log of distance
from natural vegetation and cultivar. Finally, for the
landscape scale, models were built containing log of
gall density and cultivar. Where relevant, at each
scale, we also ran models that included the interaction



Density dependence and environmental factors affect population

179

between distance from natural vegetation and gall
density. For each spatial scale, models were compared
using AICc (Burnham and Anderson 2002). Akaike
weights were also calculated, along with the 95%
confidence set of models (Wagenmakers and Farrell
2004). Likelihood ratio tests were then carried out to
test the significance of fixed effects. Finally the
marginal and conditional R* were calculated for the
best fitting models to assess the amount of variance
explained by the fixed and random effects (Nakagawa
and Schielzeth 2013). Statistical analyses were per-
formed using the software package R, version 3.0.3,
and the packages ImerTest (Kuznetsova et al. 2014),
bbmle (Bolker and R Core Team 2014) and boot
(Canty and Ripley 2014).

Results
Gall density

A total of 356 leaves were measured for gall density
and the number of galls per leaf ranged from 0 to 1034.
Model selection based on AICc found that the best
fitting model contained the fixed effects of cultivar and
height, with gall density higher in the Tommy Atkins
cultivar than in the Kent cultivar, and higher for leaves
higher up in the tree (AICc = 1756.5, Akaike
weight = 0.46). For leaves high in the tree the best
model predicts a gall density (£SE) of 3.36 (£0.72) per
leaf for the Kent cultivar and 4.66 (4+0.64) for the
Tommy Atkins cultivar. For both cultivars, gall density
for leaves lower in the tree is predicted to be 0.63
(£0.26) lower. The second best fitting model
(AAICc = 1.9, Akaike weight = 0.18) contained only
the effect of height, and the third best fitting model
(AAICc = 2.1, Akaike weight = 0.16) contained the
effects of height, cultivar and distance from natural
vegetation. All models predicted higher gall densities
in Tommy Atkins than Kent cultivars, and higher gall
densities high in the tree than low in the tree.

Parasitism

We dissected 1266 galls, finding gall flies in 18.5% of
galls, and parasitoids in 9.2%. The remainder (72.4%)
were either empty, had been vacated, or the contents
were unidentifiable. The proportion of galls containing

neither a gall fly or parasitoid was not affected by the
cultivar (X% = 0.012, P = 0.918), and all pests found
within intact galls were identified as P. matteiana, and
all parasitoids were identified as C. pulcherrima.

We found evidence for HDI aggregation at the scale
of the leaf (residual deviance = 194.63, residual df =
105, dispersion factor = 1.85, P < 0.0001) and at the
scale of the field (residual deviance = 99.09, residual
df = 52, dispersion factor = 1.91, P = 0.0001), but
not at the landscape scale (residual deviance = 11.52,
residual df = 8, dispersion factor = 1.42, P = 0.17).
We also found significant inverse HDD aggregation at
the leaf scale (X% = 5.418, P = 0.020) and field scale
(7} = 8.009, P = 0.005), but not at the landscape
scale (3 = 1.253, P = 0.263).

At the scale of the leaf, model selection based on
AICc found a range of candidate models that could
explain the data. There were 11 models in the 95%
confidence set, suggesting significant model uncer-
tainty. Parameter estimates suggest that proportion
parasitism decreases with increasing distance from
natural vegetation and greater gall density, and is also
less in Tommy Atkins fields and lower down in trees
(<180 cm). Due to this model uncertainty, likelihood
ratio tests were carried out, which revealed that only gall
density had a significant, negative effect on proportion
parasitism (33 = 5.418, P = 0.020, Fig. 1). When the
effect of gall density was removed from the model, the
effects of height in tree and cultivar remained
insignificant (P = 0.565 and P = 0.184 respectively).
The marginal R?, the amount of variation explained by
the fixed effect only was low (0.04), suggesting that
there are other important sources of variation that we
have not accounted for.

At the field scale, the models that best fit the data
contained the effects of gall density and distance from
natural vegetation, with equal support for a model
containing the interaction term as for one with just
main effects (AICc = 169.3 and 169.6 respectively).
Again, parameter estimates suggest that proportion
parasitism decreases with increasing gall density and
distance from natural vegetation (Fig. 2). While the
third best model had a AAICc of only 1.6 and includes
only the effect of gall density, at this spatial scale there
is stronger support for an effect of distance from natural
vegetation. Likelihood ratio tests reveal that both gall
density and distance from natural vegetation explain a
significant amount of variation in proportion
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Fig. 1 The relationship between proportion parasitism and
number of galls per leaf. Proportion parasitism was calculated at
the level of the individual leaf. The line of best fit describes a
generalized linear mixed effects model with a binomial error
structure that includes the main effect of log of gall density. The
marginal R? is the amount of variance explained by the fixed
effects

parasitism (x% = 10.02, P = 0.002, Fig.2a, and
73 = 3.884, P = 0.049, Fig. 2a respectively). How-
ever, the interaction term was not significant
(;{% = 2.991, P = 0.083, Fig. 2b). The model includ-
ing only main effects had a marginal R? of 0.108, and
the model with the interaction term had a marginal R?
of 0.150, suggesting that gall density and natural
vegetation explain a greater proportion of the variance
at this larger spatial scale.

At the landscape scale, the model that best fit the
data was the null model, and models containing fixed
effects of gall density or cultivar had AAICc of 4.3 and
4 4 respectively. Similarly, likelihood ratio tests found
that gall density and cultivar did not explain a
significant amount of the variation in proportion
parasitism (P = 0.263 and P = 0.272 respectively).
It is, however, important to note the direction of the
effect of gall density on parasitism rate, which in
agreement with the other spatial scales was negative
(effect size = —0.255, SE = 0.230).

Discussion

Stable pest populations are preferable to those char-
acterised by cycles of outbreak, particularly if damage
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Fig. 2 The relationship between proportion parasitism and gall
density at different distances from natural vegetation. Parasitism
data were pooled for each distance within each field. a Shows
predictions of a generalized linear mixed effects model with a
binomial error structure that includes the main effects of log of
gall density and log (1 + distance from natural vegetation), and
b shows predictions from a model with the same main effects,
but including the interaction term between gall density and
distance from natural vegetation

caused by that pest is at an acceptable level, below the
economic threshold (Cameron et al. 2001; El-Wakeil
2010). By assessing the effect of host density on
parasitism rate, we found evidence of both HDD and
HDI aggregation of parasitoids at the scale of the leaf
and at the scale of the field. At both scales we found
inverse HDD aggregation, meaning areas of greater
host density have a lower proportion of parasitism.
Areas of high host density therefore offer a
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probabilistic refuge for gall flies, which may help
maintain a stable host population (Taylor 1993). We
also found HDI aggregation; where aggregation of a
parasitoid happens independently of host densities,
and together with HDD aggregation contributes to
population stability (Hassell et al. 1991).

The role of natural vegetation in causing aggrega-
tion of parasitoids was the main HDI factor investi-
gated in this study. At the scale of the field, our results
provide good evidence that proportion parasitism
decreases with distance from natural vegetation, as
in a previous study (Henri et al. 2015), suggesting that
natural vegetation may play a role in causing aggre-
gation of searching parasitoids. For specialist para-
sitoids, natural vegetation cannot act as a source of
alternative hosts but it can support parasitoids by
providing food in the form of pollen and nectar
(Tylianakis et al. 2004; Bianchi et al. 2006; Protasov
et al. 2007). There is also some evidence for an
interaction between gall density and distance from
natural vegetation. The interpretation of this interac-
tion is that where host densities are low close to natural
vegetation a very high proportion are parasitized, but
parasitism rate drops off quickly as host density
increases. Where host densities are low further away
from natural vegetation, a lower proportion of hosts
are parasitized, but the rate of parasitism decreases at a
reduced rate as host densities increase.

At the scale of the leaf there was some evidence that
proportion parasitism decreases with distance from
natural vegetation, although other models that fit the
data equally well suggest no effect of distance. One
possible explanation for the weaker effect of distance
from natural vegetation at this smaller spatial scale is
that large variation in host densities between leaves
may result in host-density effects masking the effect
proximity to natural vegetation has on parasitism rate.

At the landscape scale, where data were pooled for
each field, we found no evidence for HDI aggregation.
Pooling the data at this scale removes the effect of
distance from natural vegetation, as data is pooled
across all distances. The fact that no HDI aggregation
was found at this scale lends weight to the argument
that natural vegetation bordering mango fields plays a
role in causing aggregation of parasitoids.

Mango orchards contain weeds that flower prolif-
ically given the water and nutrient availability in
mango fields, and these weeds may also provide a
source of pollen and nectar to searching parasitoids.

Investigating HDI aggregation of parasitoids in fields
that are weed free could reveal an even stronger effect
of natural vegetation in causing this stabilising aggre-
gation, unless C. pulcherrima is not limited by
foraging distance at this spatial scale.

The natural vegetation bordering the mango fields
used in this study is highly heterogeneous, with a
diversity of species belonging to the Fabaceae,
Malvaceae, Combretaceae, and Anacardiaceae
amongst the woody species and numerous herbaceous
flowering species. This diversity creates patchiness in
forage resources for parasitoids, which may play an
important role at the landscape scale and mask the
effect of aggregation due to host densities. However,
at the landscape scale we also found no evidence of
HDI aggregation, suggesting that parasitoids are
distributed evenly at this spatial scale.

Another explanation for the presence of HDI aggre-
gation may be that parasitoids do not find all infested
leaves while foraging. While specialist parasitoids are
more effective at searching for hosts than generalists
(Wang and Keller 2002), plant structural complexity
plays an important role in determining host-finding
(Andow and Prokrym 1990). Mango trees have high
structural complexity due to their large size and surface
area, and this could lead to variation among infested
leaves in the probability of discovery by a parasitoid.

Here we have shown evidence of inverse HDD
aggregation at the scale of the leaf and at the scale of
the field. At the scale of the leaf, this may suggest that
at high host densities, parasitoids become egg-limited
and parasitism rate slows. This is an example of a type
2 functional response (Ives 1992). Such inverse HDD
at small spatial scales has been observed before, where
a constant number of parasitoids searching randomly
will result in inverse density dependence (Heads and
Lawton 1983). While little is known about ovipositing
behaviour of C. pulcherrima, they are very small
parasitoids and as a consequence may carry a limited
number of eggs (O’Neill and Skinner 1990). Inverse
HDD aggregation has also been observed as a strategy
to avoid self-superparasitism in species that have little
ability to discriminate between parasitized and un-
parasitized hosts. Parasitoids leave patches before they
are fully exploited, to reduce the risk of allocating
additional eggs and time to hosts that have already
been parasitized (Rosenheim and Mangel 1994). For a
small parasitoid that is potentially egg-limited, avoid-
ing this extra cost is of particular importance.
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At the scale of the field we see the same pattern of
reduced parasitism at high host densities, consistent
with the suggestion that parasitoids may be egg-
limited. At this spatial scale, there is a much clearer
effect of distance from natural vegetation, with
absolute parasitism rate decreasing further into the
crop. This suggests there is a reduction in the number
of searching parasitoids further into the crop.

We found greater gall density higher in the trees.
This is likely due to a preference of gall flies for warm,
sunny conditions (Grové et al. 2002). There was no
evidence for a height preference in the parasitoids in
addition to any HDD effects. We found weak evidence
that proportion parasitism is lower in Tommy Atkins
orchards than in Kent orchards, but this is likely driven
by (inverse) HDD effects as Tommy Atkins orchards
showed significantly higher gall density than Kent
orchards. This suggests that differences in proportion
parasitism between cultivars is a result of different gall
densities, and not a preference of the parasitoid for
certain cultivars.

During this study we found that a large proportion
of galls contained no gall fly or parasitoid. This may
suggest gall fly mortality possibly due to plant
defences, though we found no difference in proportion
of empty galls between cultivars, which might be
expected as Tommy Atkins is more susceptible to
infestation than the more resistant Kent cultivar.
Another explanation may be predators with piercing
mouth parts (though we have never observed such
predation in this system), or pathogens.

Very little is known about the foraging behaviour of
C. pulcherrima. Ives (1995) argued for the need to
couple research on foraging behaviour and population
dynamics but this is still rarely done. Parasitoid
behaviour will influence foraging distances, and
foraging distances determine the appropriate spatial
scale to study (Hassell et al. 1990). A better under-
standing of the behaviour of the parasitoid may lead to
better understanding of the mechanisms that lead to
HDD and HDI aggregation at a range of spatial scales
(Schooler et al. 1996). An important further consid-
eration for HDI aggregation in particular is the
consequences for pest control services. While HDI
aggregation always provides stability, it also results in
lower parasitism rates and higher equilibrium host
densities (Ives 1992). Ives (1992) notes the trade-off
between stability and the successful control of the host
population. Knowledge of the underlying mechanisms
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improves our ability to manipulate the environment to
promote the most desirable outcomes.

We were only able to study one generation of host
and parasitoid, and it should be noted that there are two
distinct lifecycles per year (Botha and Kotzé 1987).
Further study of multiple generations could assess
temporal changes to the heterogeneity of risk, reveal-
ing how HDD and HDI aggregation contribute to
population dynamics for different generations.

Here we have presented a simple host—parasitoid
interaction involving one non-native host and a single,
specialist, non-native parasitoid (Grové et al. 2004).
Grové et al. (2004) report that C. pulcherrima is the
only known parasitoid of P. matteiana in South Africa.
Formal theory suggests this simple type of system
should be unstable with divergent oscillations, leading
to pest outbreaks of increasing severity and local
extinctions of one or both species (Hassell 2000).
Heterogeneity of risk to hosts—through inverse HDD
and HDI parasitoid aggregation—is potentially regu-
lating the system and allowing both species to persist
without damaging oscillations. Management practices
that seek to maintain the stability of the host—
parasitoid interaction may well be preferable to those
that seek to eradicate the pest entirely. For example, a
reduction of within-field weed control may facilitate
the action of this parasitoid species and help ensure
long-term control of gall flies without the need for
extensive pesticide use. A greater understanding of the
degree of infestation a plant can support before yield is
affected is vital in informing such management
practices, and if host densities increase beyond this,
alternative measures of control may have to be
considered.
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