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Females of the African sub-saharan larval parasitoid of Drosophila,
Asobara citri, defend patches with hosts by fighting and chasing con-
specific females it encounters. The palearctic, closely related species A.
tabida does not defend patches and allows conspecific females to search
in the same patch. The effect of patch defence by A. citri females
searching simultaneously in a multi-patch environment on their distri-
bution over these patches was investigated, and the distribution was
compared with that of A. tabida. After having released the females at
one spot the females of A. citri reached quickly a regular, ideal free dis-
tribution with a small variance compared to the mean number per
patch, whereas the A. tabida females initially showed a high degree of
clumping, followed by a gradual dispersion, and resulting in a more
Poisson-like distribution over patches (variance-mean ratio closer to 1
than for A. citri). The latter might be caused by exploitation.
Hypotheses about the adaptive significance of patch defence behaviour
in the light of the natural history of both parasitoid species are briefly
discussed.
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When predators are searching a patch for prey, captured prey are removed from
the patch because they are consumed by the predator. In contrast, parasitoids
oviposit in or on a host upon encounter and leave it in the environment, vulner-
able to further attacks by other parasitoids or predators. As only a limited num-
ber of parasitoid eggs can develop into adult parasitoids per host (e.g., one for
solitary parasitoids), one would expect parasitoids to recognize already para-
sitized hosts. The phenomenon of host discrimination has indeed been found to

Different forms of mutual interference result in
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be widespread (e.g., Ardeh et al. 2005, Bakker et al. 1985, Weisser & Houston
1993). When the number of hosts is limiting, parasitoids must compete for them.
Conspecific parasitoids, searching together in a patch, are likely to interact with
each other, either directly by encountering each other or through the encounter
of parasitized hosts (Hemerik et al. 2002). 

A possible consequence of interactions between searching parasitoids is
mutual interference (e.g., Visser et al. 1999). A reduction in the efficiency of par-
asitism caused by interactions between parasitoids (Wajnberg et al. 2004),
known as mutual interference, can occur when a parasitoid encounters con-
specifics and stays longer on a patch than it would have if no encounter had
occurred, and starts superparasitizing (defined as the laying of additional eggs in
hosts that have already been parasitized by a conspecific). This has been found
for Leptopilina heterotoma (Thomson) (Visser et al. 1990, 1992, Visser 1993) and
Asobara tabida (Nees) (van Alphen et al. 1992). Superparasitism can be adaptive,
e.g., when the gain in number of offspring outweighs the costs involved in
searching unparasitized hosts. For the first female that has parasitized a host,
however, subsequent superparasitism by a conspecific incurs a cost. An alterna-
tive strategy would be to protect the already parasitized hosts from superpara-
sitism by defending the patch against intruding competitors (Field et al. 1997).
Such defence behaviour involves the time costs of guarding and patrolling the
patch and fighting and chasing intruders and is therefore another example of
mutual interference (Goubault et al. 2005). Allowing intruders on the patch and
competing by superparasitism or defending the patch against intruding competi-
tors can both be adaptive, depending on the circumstances. For a discussion on
superparasitism and its adaptive significance we refer to van Alphen and Visser
(1990). 

Defense of patches by fighting intruders is only advantageous under a limi-
ted set of conditions. The most relevant are:

(a) Short travel times between patches. When travel times are long, intruders
would be reluctant to lose the contest for the patch. This would prolong fighting
and increase the costs of defense. Yet, when travel time becomes infinitely long,
it does not pay to leave a patch, and defense can also be economic.

(b) Patches should be of a defendable size. Larger patches are harder to
defend. Evidence that this last factor is important comes from a comparative
study on scelionid egg parasitoids (Waage 1982), which shows that patch defen-
se is common and occurs significantly more often on egg masses of less than 50
eggs, whereas it is rare on egg masses of more than 50 eggs.

(c) With increasing frequency of intrusions by conspecifics, occurring at
high parasitoid densities, defence becomes too costly. 

Preventing conspecific superparasitism by defending the patch against intru-
ders maximizes fitness per host. There could, however, be an additional benefit
to the parasitoid: defending the patch means that the sex ratio of the offspring
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produced in the patch is under control of the defending female (Nunney & Luck
1988). This allows her to produce a strongly female-biased sex ratio, whereas
parasitoids that allow intruders to exploit the patch should adjust the sex ratio
to the number of parasitoids exploiting the patch.

In the holarctic parasitoid A. tabida direct physical interactions between par-
asitoids exploiting the same patch were never observed in the field or in the lab-
oratory. On the other hand, preliminary observations of the tropical parasitoid
Asobara citri showed spectacular fights between females that simultaneously
searched in a patch. In these experiments four females were searching for hosts
on a patch, which was placed in a closed Petri dish. The parasitoids were con-
fined to the Petri dish and all four parasitoids kept on trying to invade the sin-
gle patch, because no alternative patches were present. For all of these para-
sitoids the residence time was four times higher than that for individually
searching parasitoids (JJM van Alphen, unpubl.). When offering parasitoids a
number of patches (which was done in the present study), one would expect the
first A. citri female entering a patch to monopolise it and defend it against later
arriving females. Expelled females would then be able to move to a nearby patch
and defend that on their turn. This would quickly result in an ideal free, regu-
lar, distribution of parasitoids over the patches, if the number of parasitoids does
not far outnumber the number of patches. This would minimize the number of
actual fights, and loss of foraging time. For females of A. tabida the distribution
over the patches is expected to vary from aggregated to random, because females
of this species do not fight.

MATERIAL AND METHODS
Asobara citri was collected in Ibadan, Nigeria. Specimens were deposited in the
museum of natural history in Leiden. The parasitoids were reared in the labora-
tory at 25°C, on Drosophila melanogaster Meigen, strain ‘Hamburg’. Emerged par-
asitoids were stored at 14°C. Successive generations were not kept separately.
Drosophila larvae were fed with yeast (65 g/80 ml water), and parasitoids with
honey. For the A. citri rearing, young second instar Drosophila larvae were para-
sitized during 24 hours by 6 groups of parasitoids, each consisting of one male
and three females. After approximately 13 days at 25°C, new adult parasitoids
emerged. A. tabida, strain ‘Leiden’ had been laboratory reared for many genera-
tions as described in van Strien-van Liempt & van Alphen (1981).

Experiments were carried out with early and late second instar larvae of D.
melanogaster, strain ‘WW’ (for rearing methods, see Bakker 1961), as host. One
day prior to an experiment 25 female parasitoids, at most 10 days old, were
trained as follows: in 25 jars (appr. 4 cm diameter, 8.5 cm high) a patch of yeast
(65 g yeast/80 ml water) was made on top of an agar layer, and 16 Drosophila lar-
vae (24 hours old) were placed on each patch. Parasitoids were anaesthetized
with carbon dioxide and 25 females were selected for the experiments. They
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were carefully picked up with a pair of forceps, and each of them was introduced
into a separate jar. The jars were placed in the experimental room. The para-
sitoids were allowed to search and oviposit for 2 hours, and subsequently they
were collected in one jar that contained an agar layer, a harmonica-like folded
strip of paper for shelter and a drop of honey. In the experimental room they
were kept in the light.

The experimental ‘arena’ consisted of a 23 cm diameter plastic disc (approxi-
mately 1 cm thick), with 16 circular holes (diameter 3.8 cm) arranged in a square
(see Fig. 1). The holes were filled with agar up to approximately 1 mm below the
rim. In the centre of each of these agar-bottoms a plastic ring (diameter 2 cm)
was placed, and within these rings 0.4 ml. of a 5 g/20 ml. yeast suspension was
pipetted. After the yeast had dried the rings were carefully removed, and at least
30 minutes before the start of an experiment 32 Drosophila larvae (24 hours old)
were placed on each patch. At least 2.5 hours before the start of an experiment
the trained parasitoids were anaesthetized with CO2 and 20 of them were equal-
ly divided over two glass tubes (diameter approximately 0.85 cm, length 8.5 cm).
At the start of an experiment the parasitoids were released on two opposite sides
of the arena (denoted by ‘+’ in Fig. 1), which was then covered with a lid. The
experiment was recorded on video (JVC). Temperatures were measured at the
start and end of the experiment (range 20-24°C, relative humidity 20-50%).

The movies were analysed by the minute resulting in time series of 90 obser-
vations on all of the 16 patches. The occurrence of fighting behaviour during the
first 90 minutes was also registered. No fights were observed for the species A.
tabida. 
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Figure 1. The experimental set-up.



Data analysis
We studied the distribution of counts of parasitoids over the n = 16 patches. If all
n patches are equally attractive and parasitoids behave independently of each
other, we expect the counts of parasitoids over the patches to have a multinomi-
al distribution with parameter vector (m; 1/n,...,1/n) with m the number of para-
sitoids on the patches. If the number of patches n increases, the distribution of
the count of parasitoids on a patch approaches a Poisson distribution. The multi-
nomial distribution of counts of m parasitoids over n equally attractive patches
has mean count m/n for a patch and variance m(1−(1/n))/n, and thus the vari-
ance/mean ratio will be 1−(1/n), for 16 patches 0.94. 

For each minute the variance and mean of the number of parasitoids per
patch were computed from the observed distribution of parasitoids. First the
time series data were plotted for both species as the time evolution of the vari-
ance/mean ratio of the distribution of parasitoids over patches (Fig. 2a-j). We
decided upon the variance/mean ratio as the variable of interest, because an
aggregated distribution has larger variance than the mean, a Poisson distribution
(or our multinomial distribution) has a variance that is exactly equal to the mean
(or slightly smaller than the mean), and a rather regular distribution has a vari-
ance that is far less than the mean. As we explained above we expect that over
time the number of A. tabida is not regular but converges to a Poisson distribu-
tion (variance/mean ≈ 1). However, the distribution of A. citri is expected to
become much more regular (variance/mean <1) in the course of time. The graphs
of the time series showed that in some replicates the variance/mean ratio
attained an asymptotic value after some time. Therefore, we decided to fit the
following relationship with y = variance/mean and t the time in minutes to the
data using R 2.7.0 (R Development Core Team 2008):

Here a is the limiting value of y if the time goes to infinity (∞), and d is a
measure for the rate of decline of the y. 

The experimental unit in our situation is an arena containing 20 simultane-
ously released parasitoids. As the variance/mean ratio’s y are repeatedly meas-
ured on each experimental unit, we cannot assume independence of observa-
tions. To account for possible correlations between observations from the same
experimental unit, we propose a random coefficients non-linear model as des-
cribed in eqn. (1).

Each experimental unit has its own non-linear model: 

with i the index for species (i = 1: A. citri, i = 2: A. tabida), and j the index for
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replication within species (j = 1,..,5). We assume that parameters aij form a ran-
dom sample from normal distributions, aij~N(μai,σa

2), with a mean that may
depend on species, and similar assumptions for parameters bij, cij, and dij. The
vector (aij, bij, cij, dij) has variance-covariance matrix Σ, with diagonal (σa

2, σb
2, σc

2,
σd

2) and non-specified covariances.
For each of the parameters, e.g., aij, we tested whether the means μa1 and μa2

for the two species were equal, using likelihood ratio tests. If no significant dif-
ference was found, we simplified the model, and assumed equal means, e.g.,
aij~N(μa,σa

2).We used the package NLME to fit equation (2) as a non-linear
mixed effect model to the full data set (Pinheiro & Bates 2000) allowing random
effects for all four parameters a, b, c and d as explained above. 

We analyzed whether distributions of A. tabida and A. citri differed from a
Poisson distribution near the start (t = 5 minutes) and near the end of the obser-
vational period (t = 80 minutes) for the 5 replicates of both species, because we
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also had for each time the full distributions of the parasitoids over the patches,
For the comparison we used the exact variance test for the Poisson distribution
with alternative hypothesis underdispersion (i.e., more regular than Poisson, van
der Hoeven & Hemerik 2002). 

For A. citri fights were also scored each minute; fighting behaviour between

P.W. DE JONG, L. HEMERIK, G. GORT & J.J.M. VAN ALPHEN

23

(a)

(b

(c)

(d)

(e)

) 

)

) 

) 

) 

 
 (h

 (i

 (j

(f) 

( )

h) 

i)

j) 

 

 

Figure 2. The time series for the variance/mean ratio and their best fitting curves; (a)-
(e): five replicates for Asobara citri and (f)-(j): five replicates for A. tabida.
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different pairs of parasitoids were scored as different fights, successive fighting
bouts between the same females within one minute were considered one fight.
A chi-squared test was used to assess whether fighting had a significant effect
on changing the number of A. citri females on one patch.

RESULTS
As a first model we started with the full model with all four parameters differ-
ing between the two parasitoid species. However, the b and c parameters did not
differ significantly between the species. Therefore, the best model for describing
the times series of the variance/mean ratio differs only in the limiting value a in
eqn. (1) and in the speed of change d for the different species. The values and
standard errors are for a1 0.408 (0.081), a2 0.688 (0.084), b 0.417 (0.093), c −7.90
(2.073), d1 0.116 (0.011) and d2 0.082 (0.010).These coefficients lead to the average
models for A. citri and A. tabida as given in: 

Therefore, the limiting value for the variance/mean ratio of A. citri is 0.408,

while the one for A. tabida is 0.688. For A. citri this really suggests a more regu-
lar distribution than Poisson, whereas the substantially higher value for A. tabi-
da does not support such a conclusion (as we also can see from our more detailed
analysis that follows).

From the time series where we have the number of parasitoids in each patch
at one minute intervals we took distributions near the start (T = 5 minutes) and
near the end of the observational period (T = 80 minutes) for the 5 replicates with
both species. The distributions are given in Table 1 together with the results of
the exact variance test for the Poisson distribution with alternative hypothesis
underdispersion (van der Hoeven & Hemerik 2002). If the null hypothesis of
being Poisson distributed is rejected, then the distribution of parasitoids is more
regular than a Poisson distribution, i.e., the variance is less than the mean. From
Table 1 it becomes clear that for A. tabida the distributions near the start and near
the end of the observational period are not significantly differing from a Poisson
distribution: some of them are more aggregated instead at the start of the exper-
iment. However, for A. citri the distribution of parasitoids over patches started
out as Poisson distribution and in four out of five replicates the distribution of
parasitoids over patches was more regular than Poisson after 80 minutes.

To discover whether fighting was associated with a decrease in the number
of parasitoids on a patch in the minute thereafter, transitions in numbers of par-
asitoids from one minute to the next were considered where fighting occurred.

).t(.e).t(..y 907116090741704080 +−++= (3a)

).t(.e).t(..y 907082090741706880 +−++= (3b)[A. tabida]

[A. citri]



Only observations with initially 2 or more females were taken into account.
Table 2 shows the results, pooled for the 5 experiments with A. citri. 
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Table 1. The distribution of parasitoids over n = 16 patches after 5 and 80 minutes of
observation for five replicate experiments with A. citri and five replicate experiments
with A. tabida. The test statistic t = SSE/mean (van der Hoeven & Hemerik 2002). SSE
= Σ(Xi – mean)2, with Xi the number of parasitoids observed at patch i, and i ranging
from 1 to n.

No. patches with # parasitoids
0 1 2 3 4 5 6 S mean SSE t Sign. level

Time = 5 min
A. citri 10 3 2 1 0 0 0 10 0.625 13.75 22.0 n.s.
A. citri 10 4 2 0 0 0 0 8 0.5 8.00 16.0 n.s.
A. citri 9 5 1 1 0 0 0 10 0.625 11.75 18.8 n.s.
A. citri 9 5 2 0 0 0 0 9 0.5625 7.94 14.1 n.s.
A. citri 13 3 0 0 0 0 0 3 0.1875 2.44 13.0 n.s.
A. tabida 11 2 0 1 1 0 1 15 0.9375 48.94 52.2 n.s.
A. tabida 8 5 0 2 1 0 0 15 0.9375 24.94 26.6 n.s.
A. tabida 11 1 1 1 2 0 0 14 0.875 33.75 38.6 n.s.
A. tabida 9 3 2 2 0 0 0 13 0.8125 18.44 22.7 n.s.
A. tabida 10 4 0 0 1 0 1 14 0.875 43.75 50.0 n.s.

Time = 80 min
A. citri 2 12 2 0 0 0 0 16 1 4.00 4.0 <0.025
A. citri 2 11 3 0 0 0 0 17 1.0625 4.94 4.6 <0.025
A. citri 2 11 3 0 0 0 0 17 1.0625 4.94 4.6 <0.025
A. citri 4 10 2 0 0 0 0 14 0.875 5.75 6.6 <0.05
A. citri 8 6 2 0 0 0 0 10 0.625 7.75 12.4 n.s.
A. tabida 3 9 3 1 0 0 0 18 1.125 9.75 8.7 n.s.
A. tabida 8 2 4 2 0 0 0 16 1 20.00 20.0 n.s.
A. tabida 5 5 5 0 1 0 0 19 1.1875 18.44 15.5 n.s.
A. tabida 7 4 5 0 0 0 0 14 0.875 11.75 13.4 n.s.
A. tabida 4 8 4 0 0 0 0 16 1 8.00 8.0 n.s.

Table 2. Relation between fighting behaviour and change in number of parasitoids on a
patch. Fighting was significantly associated with a decrease of the number of para-
sitoids on a patch (χ2 = 130.01, P<<0.001).

Number of parasitoids on a patch
increased did not change decreased

fight(s) 14 157 228
no fight(s) 40 371 105



DISCUSSION
Clear differences were observed between the distributions of A. citri and A. tabi-
da in the course of time (compare Fig. 2a-e with f-j). Whereas A. citri rapidly
reached a regular distribution, A. tabida initially showed a high degree of clump-
ing, and gradually reached a random or slightly regular distribution. The result
for A. citri can be explained by the fighting behaviour of the searching females.
Patches adjacent to the release sites of the parasitoids have a relatively high
chance to be invaded first, which resulted in a non-regular distribution of para-
sitoids at the beginning of each experiment. When A. citri females searching on
the same patch encountered each other, they started fighting, generally resulting
in the departure of one of the contestants (Table 2), which then entered a new
patch. If this patch is unoccupied, she is expected to stay; otherwise there will be
a new fight, and so on. This leads to a regular distribution of parasitoids over the
patches, with most patches containing a single female. In agreement with this
explanation, the 2 experiments in which fighting behaviour started later than in
the other 3 experiments show an according delay in decrease of variance/mean,
and higher values are reached (Fig. 2d-e).

Asobara tabida females generally entered patches faster than A. citri, possibly
because of a lower temperature optimum. Variance/mean could build up rapid-
ly to high values (see Fig. 2f-j), because A. tabida females also entered patches
adjacent to the release sites first, where they did not chase each other away.
Considerable variation between the experiments is likely to be caused by chance.
As many as 6 parasitoids have been found searching on one patch at the same
time. Such a patch will be exploited very rapidly. Eventually females will leave
such a patch (but not simultaneously), and enter other patches (not all of them
the same one), so gradually their distribution becomes less clumped. Due to vari-
ation in residence time between the parasitoids the distribution can even become
slightly regular. Calculating the total number of ‘parasite-minutes’ per patch,
and comparing these data with those of van Alphen and Galis (1983), revealed
that the total patch time for parasitoids searching together is much higher than
expected on the basis of an individually searching parasitoid. This shows that
also A. tabida females were interfering with each other, probably through super-
parasitism as described in van Alphen and Nell (1982) and van Alphen et al.
(1992).

We conclude from these data that both simultaneously searching A. citri and
A. tabida females lose time in mutual interference. In A. citri interference is man-
ifested by direct interactions between adult females, leading to their rapid dis-
persion, whereas A. tabida females start superparasitizing, leaving the fighting to
their progeny (since both Asobara species are solitary parasitoids, larvae elimi-
nate each other until one eventually survives until adulthood). A next step in the
analysis should be a comparison between the resulting egg distributions of both
parasitoid species.
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Asobara citri females, trying to monopolize a patch by chasing away competi-
tors, are losing time which they otherwise could have spent searching. Thus we
expect a trade-off between time lost in the interactions, and gain resulting from
patch monopolization. This poses the question what factors could influence this
trade-off. The evolution of patch defence against conspecific competitors is
favoured by synchronously developing hosts. It is also favoured in situations
where the loser gives up rapidly. This will only be the case when the probabili-
ty of finding another patch is high and when the travel costs to the next patch
are low. Patches should also provide a high encounter rate with suitable hosts
and intrusions should not occur too frequently.

Asobara citri is found in the tropical savannas and forests of sub-saharan
Africa, where it attacks Drosophila species breeding in fermenting fruits. Mast-
fruiting is common in tropical fruit trees as this makes the trees attractive to pri-
mates, large frugivorous birds and fruit bats, which are instrumental in the seed
dispersal. Thus, fermenting fruits are often abundant under the canopy of fruit-
ing trees. An A. citri female chased by a conspecific from a fermenting fruit
under the canapy of a large fruit tree therefore has a high probability of finding
a new patch nearby. The host density in such fruits is often high (Sevenster
1992). Such a situation is conducive for the evolution of patch defence.

In contrast, A. tabida is found in temperate forests, where fruits are very
scarce during the reproductive season of the parasitoid. It finds its Drosophila
hosts in fermenting sap fluxes of trees. These flows can persist for extended
periods of time, and thus provides a renewable substrate. They may have a rel-
atively large surface area, and are generally far apart (Janssen et al. 1988). The
encounter rate with Drosophila larvae in such sap flows has been found to be low
(Janssen 1989). Thus, sap fluxes, are unlikely to be economically defendable
because of their low encounter rate with hosts, their often large size, large inter-
patch distance, and renewal with time. Thus, differences in the spatial distribu-
tion and abundance of host patches seem to explain the difference in strategy
between the two Asobara parasitoids. The results of a modelling approach pro-
viding a more formal and quantitative argument will be published in a separate
paper. 
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