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Abstract Intraspeci®c host discrimination is widespread
in solitary parasitoids whose adult females forage for and
evaluate host suitability, whereas interspeci®c discrimi-
nation is less common. In some parasitoid species, mostly
Diptera and Coleoptera, the larva performs the last step
of host searching. It has been suggested that host dis-
crimination will rarely occur in such host-seeking larvae
because their low mobility results in a low host encounter
rate. We determined the extent to which the larvae of
Aleochara bilineata Gyllenhal (Coleoptera: Staphylin-
idae), a solitary parasitoid of aggregated Diptera pupae:
(1) discriminated between unparasitized hosts and hosts
parasitized by conspeci®cs; (2) used semiochemical cues
to discriminate; (3) were in¯uenced by life expectancy,
presence of conspeci®cs and host availability in their host
acceptance decision; and the extent to which (4) A. bili-
neata and A. bipustulata L., a species exploiting the same
hosts and occurring sympatrically, showed interspeci®c
host discrimination. A. bilineata larvae were able to dis-
criminate between unparasitized hosts and hosts para-
sitized by conspeci®cs in a choice experiment. Such
behavior has never previously been described for a
coleopteran parasitoid or for a parasitoid species whose
larvae perform host searching. Host discrimination in
this species was not based on the presence of visual

or tactile cues (e.g., entrance holes) but rather on
chemical cues. The life expectancy of A. bilineata larvae
was signi®cantly shorter in the presence than in absence
of hosts, and older larvae had lower parasitism success
than young larvae in a 24-h experiment. However, the
host acceptance decision of A. bilineata larvae was not
in¯uenced by larval age or the presence of conspeci®cs
when the ratio of hosts per larva was greater than or
equal to 1. When hosts were scarce, the degree of
superparasitism increased signi®cantly with the number
of foraging conspeci®cs and the age of the larvae.
Both species of Aleochara showed intra- and inter-
speci®c host discrimination in a choice experiment.
In contrast to A. bipustulata, A. bilineata larvae more
frequently parasitized hosts parasitized by A. bipustulata
than those parasitized by conspeci®cs. We suggest
that host discrimination will be frequent in solitary
parasitoids with host-seeking larvae when hosts are
aggregated.

Key words Aleochara spp. á Olfactory marker á Host
discrimination á Superparasitism á Multiparasitism

Introduction

In contrast to predators, insect parasitoids do not re-
move attacked individuals from the habitat and there-
fore these individuals may be encountered again. Since
parasitized hosts often have a much lower ®tness value
than unparasitized hosts (van Baaren et al. 1995), it is
adaptive for female parasitoids to distinguish between
these host categories. The ability of female parasitoids to
distinguish parasitized from unparasitized hosts is called
host discrimination (Roitberg and Mangel 1988). Host
discrimination has a strong selective advantage because
females can avoid wasting eggs and time when rejecting
a parasitized host is faster than ovipositing (Bakker et
al. 1985). Intraspeci®c host discrimination (the ability to
recognize hosts parasitized by conspeci®cs) is common
in hymenopteran parasitoids (van Lenteren 1981; van
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Alphen and Visser 1990) and rare in dipteran parasitoids
(van Lenteren 1981; Feener and Brown 1997), having
been recorded in only two tachinid species (LoÂ pez et al.
1995). It has never been studied in coleopteran parasi-
toids. On the other hand, interspeci®c host discrimina-
tion (the ability to recognize hosts parasitized by
another parasitoid species) has been demonstrated only
in few parasitoid species, mostly Hymenoptera (Vinson
and Ables 1980; van Baaren et al. 1994). Intra- and
interspeci®c host discrimination have been studied only
in species where the adult female parasitoid actively
searches for the host and evaluates its condition. How-
ever, in some species of hymenopteran parasitoids
(restricted to the two chalcidoid families Perilampidae,
Eucharitidae and the ichneumonid subfamily Eucero-
tinae) (Godfray 1994), and in most dipteran and cole-
opteran parasitoid species (Eggleton and Belshaw
1992), the ®rst-instar larva searches for the host. Host-
seeking larvae could evolve the ability to discriminate
between unparasitized and parasitized hosts, but it has
been assumed that this behavior may not be as advan-
tageous as in species where females search for hosts
(Feener and Brown 1997), because of the low frequency
of host encounter by host-seeking larvae that results
from their limited dispersal ability. However, for para-
sitoid species whose hosts are aggregated, host-seeking
larvae may have a host encounter rate high enough
to make host discrimination worthwhile. In addition,
the ®tness gain from host discrimination would be high
in host-seeking larvae, because an individual larva
has only one opportunity of entering a host whereas
female parasitoids may spread their progeny over sev-
eral hosts.

Although most adult female parasitoids discriminate
between hosts, superparasitism (multiple attacks of a
host by the same parasitoid species) frequently occurs in
nature (van Lenteren 1981). Female parasitoids face
both physiological (egg load, life expectancy, movement
capacity, experience, ability to learn) (van Alphen and
Visser 1990 and references therein) and environmental
constraints (presence or absence of competitors, distri-
bution and density of hosts, level of host patch exploi-
tation) (Bakker et al. 1985; Hubbard et al. 1987; Visser
et al. 1990), and superparasitism may be the optimal
behavior to maximize ®tness gain under certain combi-
nations of these factors. Even if host-seeking larvae can
discriminate between unparasitized hosts and hosts pa-
rasitized by conspeci®cs, we may expect that constraints
such as movement capacity, life expectancy and envi-
ronmental factors will also a�ect superparasitism deci-
sions by these larvae.

Aleochara bilineata (Gyll.) (Coleoptera: Staphylin-
idae) is a generalist predator as an adult (Read 1962)
and immature stages develop inside puparia of some
species of Diptera (Anthomyiidae: Delia radicum L.,
D. platura Meig., D. antiqua Meig., D. ¯oralis Fall.,
D. planipalpus Stein, Pegomyia hyoscyami Curtis,
P. cepetorum Maede; Muscidae: Musca domestica L.;
Calliphoridae: Calliphora erythrocephala Meig.)

(Klimaszewski 1984). In areas where crucifer crops are
grown, the cabbage maggot, D. radicum, is one of the
major hosts of A. bilineata (Wishart et al. 1957). The
immature stages of D. radicum are often aggregated
(Mukerji and Harcourt 1970), and several dozen larvae
can be found in the root of a single cabbage plant re-
sulting in aggregation of pupae around the roots.
A. bilineata females oviposit on the soil near infested
cabbage plants (Fuldner 1960). Newly emerged larvae
seek cabbage maggot pupae in soil and chew small holes
into puparia through which they enter to feed on pupae.
A. bilineata is a solitary parasitoid and although several
®rst-instar larvae may enter a cabbage maggot pupa-
rium, only one will complete development, the super-
numerary larvae being eliminated through physical
combat (L. Royer, personal observations). The ®rst
larva to enter a puparium probably has an advantage
over subsequent larvae, because it has the opportunity
to feed on the pupa before initiating a ®ght (L. Royer,
personal observations; Fuldner 1960). A. bipustulata L.
occurs sympatrically with A. bilineata in nature, ex-
ploiting the same host species. In this system, we may
expect intra- and interspeci®c host discrimination to be
advantageous for host-seeking larvae of A. bilineata.

In this paper, we present evidence of intraspeci®c host
discrimination by the host-seeking larvae of A. bilineata
and evidence suggesting that host discrimination is
based on chemical cues. We also examine the e�ect of
larval age and the ratio of host per larva on intraspeci®c
host discrimination of A. bilineata. Finally, we deter-
mine the extent to which A. bilineata and A. bipustulata
can distinguish between hosts parasitized by conspeci®cs
and by the other species.

Materials and methods

Intraspeci®c host discrimination

Insect rearing

Colonies of D. radicum and A. bilineata were established using
®eld-collected cabbage maggot puparia from Ste-Clotilde, QueÂ bec,
Canada, and maintained at 20 � 0.5°C, 70 � 5% relative hu-
midity (R.H.) under a 18 h light:6 h dark photoperiod. Both col-
onies were restocked twice each year. Cabbage maggot adults were
provided with a source of water, a 10% honey solution, and a
mixture of 50:50 soya ¯our and brewer's yeast, as well as half a
rutabaga (Brassica napus var. napobrassica (L.) Reichb.) lying on
2 cm of moist sand, as an oviposition site. The oviposition sites
were replaced twice each week, and cabbage maggots developed in
rutabagas until pupation. All cabbage maggot puparia used in the
following experiments were medium-sized (about 5 mm long and
2 mm wide), and at the beginning of the phanerocephalic stage (this
stage is visually equivalent to what is ordinarily called a pupa in
other insect orders, and follows the head evagination) (Fraenkel
and Bhaskaran 1973).

Males and females of A. bilineata were reared in 35-ml cups
(Solo Cup Co., model P100, Chicago, USA) containing a thin layer
of moist sand (as the oviposition site) and provided with cabbage
maggot third-instar larvae as a food source. Every 3±4 days, eggs
were extracted from the sand by ¯otation and were placed indi-
vidually in polyethylene capsules (Beem capsules, size 3, Ted Pella
Inc., USA). Capsules were grouped in closed 35-ml cups on damp
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Whatman no. 1 ®lter papers (R.H. ³ 90%) until eclosion, which
was monitored daily to obtain ®rst-instar larvae of a known age.
When older ®rst-instar larvae were needed, they were kept as pre-
viously described in closed cups for the required period of time. All
experiments were done under the same conditions of temperature
and photoperiod as the rearing.

In all parasitism experiments, cabbage maggot puparia were
placed in a 35 ml cup over 1 ml of sand moistened with 0.3 ml of
distilled water and then covered with loose moist sand (2 ml of
sand + 0.3 ml of distilled water). In experiments where a single
cabbage maggot puparium was required, it was placed at the center
of the cup; puparia were placed c. 1 cm apart at the cup center
when two puparia were needed; otherwise, puparia were placed
c. 2 mm from the cup wall at an equal distance from each other and
oriented in the axis of the cup radius. A. bilineata larvae were
individually placed on a 25-mm2 piece of damp ®lter paper de-
posited on the sand surface at the cup center. Larvae that did not
immediately crawl into the sand were replaced, to avoid any bias in
parasitism success due to manipulation injury. Cups were capped
and kept under experimental conditions for the required period of
time. At the end of the exposure period, cabbage maggot puparia
were extracted from the sand and the presence of A. bilineata larvae
was checked by rendering the puparium transparent by using a
transillumination unit for bright®eld/dark®eld.

Discrimination capability

Intraspeci®c host discrimination by A. bilineata larvae was evalu-
ated in a choice experiment by introducing one newly emerged
larva (£24 h) in a cup where one unparasitized cabbage maggot
puparium and one puparium parasitized less than 24 h earlier by a
conspeci®c were buried in the sand. Because host discrimination
could occur before or during penetration of the puparium by the
larva, which may take up to 36 h (Colhoun 1953; Fuldner 1960),
groups of puparia were exposed during a period of 24 and 72 h.
Thirty larvae were tested in each time treatment.

To determine whether the presence of entrance holes was used
by A. bilineata larvae to discriminate between unparasitized and
parasitized hosts, one newly emerged larva was o�ered one intact
puparium and one puparium arti®cially pierced with a pin at the
abdominal-central extremity on the dorsal surface, where natural
entrance holes usually occurred (Fuldner 1960; Royer et al. 1998).
To check whether A. bilineata larvae used semiochemicals origi-
nating from conspeci®cs during host discrimination, one newly
emerged larva was given a choice between one intact cabbage
maggot puparium and one puparium pierced by a conspeci®c that
was removed before it entered the puparium. Each of these ex-
periments was performed 30 times, and puparia were examined
after 24 h.

E�ect of the parasitoid's age on host discrimination

The life expectancy of A. bilineata larvae was estimated by daily
observations of larvae kept individually in polyethylene capsules
(R.H. ³ 90%) with (n = 134) and without (n = 124) cabbage
maggot puparia until all larvae died. Under these conditions, where
the puparium is not buried in sand, A. bilineata larvae do not enter
host puparia. Mortality was noted daily.

We also determined the parasitism success of A. bilineata larvae
of di�erent ages. One unparasitized cabbage maggot puparium was
buried in sand and a single larva, aged from 0 (£24 h) to 4 days,
was placed on the sand surface. The parasitism success of each
individual was evaluated after 24 h. Ten larvae of each age class
were grouped to calculate a percentage parasitism, and the group
was considered as a replicate. Ten replicates were done.

A choice experiment was used to evaluate the e�ect of A. bili-
neata larval age on host discrimination. One unparasitized and one
parasitized cabbage maggot puparium were o�ered to individual
larvae of age 0 (£24 h), 2 or 4 days for either 24 or 72 h. Thirty
individuals were tested for each age and time treatment.

The e�ect of A. bilineata larval age on superparasitism when
hosts were scarce (host/larva ratio = 0.1) was investigated by
placing ten larvae, either 0 (£24 h) or 2 days old, on the surface of
the sand where a single unparasitized cabbage maggot puparium
was buried. Puparia were examined after 72 h to determine the
number of larvae that had penetrated each puparium. This exper-
iment was replicated ten times.

E�ect of the host/larva ratio on host discrimination

The e�ect of competitors on host discrimination was investigated
by placing ten newly emerged A. bilineata larvae on the surface of
the sand in a 35-ml cup containing 20 cabbage maggot puparia
(host/larva ratio = 2). After 72 h, the puparia were examined and
the number of larvae that had penetrated each cabbage maggot
puparium was counted. Results of ®ve tests were pooled.

To further explore the e�ect of competitors on parasitism suc-
cess and discrimination decisions of A. bilineata larvae, ten newly
emerged larvae were given access to ten cabbage maggot puparia
(host/larva ratio = 1) for 1, 8, 24, 48 or 72 h. Parasitism and
superparasitism levels were evaluated. Each time treatment was
repeated ten times, except for the 1-h treatment which had six
replicates.

Host/larva ratios lower than 1 were obtained by either de-
creasing host availability or increasing the number of competing
larvae. The e�ect of host availability was studied by placing ten
newly emerged A. bilineata larvae on the surface of the sand where
one, two, four, six, eight, or ten cabbage maggot puparia were
buried. The e�ect of parasitoid density when hosts were scarce was
determined by placing 10, 20, 30 or 40 newly emerged A. bilineata
larvae on the surface of sand that contained a single cabbage
maggot puparium. Each of these experiments was replicated ten
times, and puparia were examined after 72 h to determine the
number of larvae that penetrated each puparium.

Interspeci®c discrimination

The following experiments were done in another laboratory using
feral insects and slightly di�erent rearing methods.

Insect rearing

Colonies of cabbage maggot, A. bilineata and A. bipustulata were
established using ®eld-collected cabbage maggot puparia from La
Rimbaudais, Brittany (France), and maintained at 20 � 1°C under
a 16 h light:8 h dark photoperiod. Cabbage maggot rearing was
similar to the procedure described in the previous section. A. bili-
neata and A. bipustulata adults were kept in an apparatus similar to
that described by Hertveldt et al. (1984) and provided with minced
beef as a food source. Eggs were incubated on damp fabric pieces in
petri dishes (80±90% R.H.), and larvae were reared on cabbage
maggot puparia. All experiments were done at 20 � 1°C.

For these experiments, the parasitism procedure described
above was used, except that the cabbage maggot puparia were
placed over 2 ml of sand moistened with 1.0 ml of distilled water
and then covered with loose moist sand (2 ml of sand + 0.3 ml of
distilled water). Moreover, cups were kept in complete darkness.

Discrimination capability

The intra- and interspeci®c discrimination capability of both
A. bilineata and A. bipustulata larvae was evaluated in a choice
experiment. One newly emerged larva (£8 h) of either A. bilineata or
A. bipustulata was placed in a cup where two cabbage maggot
puparia had been buried. After a period of 96 h, the parasitism
success was checked, and both puparia were buried again in the
sand. A second larva of either A. bilineata or A. bipustulata was
placed on the sand surface and exposed for 96 h. Sixty-four repli-
cates were performed for each possible combination of both species.
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The avoidance of superparasitism and multiparasitism (multiple
attacks of a host by di�erent parasitoid species) by both A. bili-
neata and A. bipustulata larvae was also evaluated. One larva was
given access to a single cabbage maggot puparium (96 h) and
subsequently a second larva was given access to the parasitized host
for an equally long period. This was done for all four combinations
of the two Aleochara species for the ®rst and second larva. Thirty
larvae were tested for each combination.

Statistical analysis

In choice experiments, the proportions of larvae entering the two
o�ered hosts were compared to a theoretical ratio of 50:50 using a
chi-square test. The e�ect of treatments on a larva's choice was
determined by the analysis of contingency tables ®tted by log-linear
models (Sokal and Rohlf 1981). Normally distributed data were
analyzed using linear and curvilinear regressions, t-tests, and AN-
OVA followed by a Fisher's PLSD test, whereas Kruskal-Wallis
tests followed by STP tests for multiple comparisons of means were
used to analyze non-parametric data (Sokal and Rohlf 1981). When
several larvae were placed in a cup, the distribution of the number
of larvae per puparium in each treatment was compared to a
Poisson distribution with the same mean, as an estimate of k, using
a likelihood goodness of ®t (LGF) test. The actual statistical test
used for each data set is indicated in the Results section.

Results

Intraspeci®c host discrimination

A. bilineata larvae were able to discriminate between
parasitized and unparasitized hosts. When o�ered an
unparasitized and a recently (£24 h) parasitized cab-
bage maggot puparium, most larvae entered unpara-
sitized puparia (24 h: v2 = 16.20, P < 0.005; 72 h:
v2 = 10.71, P < 0.005), and their host choice was
similar in the two time treatments (contingency table:
G = 1.05, P > 0.05) (Fig. 1A). Moreover, out of the
ten larvae that did not enter a puparium in the 24-h
treatment, three were found piercing the cuticle of
unparasitized puparia at the end of the allocated peri-
od. No such attempt was observed in the 72-h treat-
ment.

When A. bilineata larvae were o�ered an intact and a
punctured unparasitized cabbage maggot puparium for
a 24-h period, signi®cantly more larvae selected arti®-
cially pierced puparia (v2 = 3.52, 0.05 < P < 0.10)
and puparia pierced by a conspeci®c (v2 = 4.17,
P < 0.05) than intact puparia (Fig. 1B). Moreover,
most larvae penetrated the pierced puparium by using
the arti®cial (87.5%) (v2 = 9.00, P < 0.005) and the
natural (80.0%) (v2 = 7.20, P < 0.01) entrance holes
that were already present.

E�ect of the parasitoid's age on host discrimination

The life expectancy of A. bilineata larvae was signi®-
cantly shorter in the presence of cabbage maggot pup-
aria (5.2 � 0.1 days) than in the absence of hosts
(6.1 � 0.2 days) (t = 4.63, P < 0.0001) (Fig. 2A).

Fig. 1 Percentage of Aleochara bilineata larvae that entered A
unparasitized and parasitized cabbage maggot puparia during a
period of 24 h (n = 30) and 72 h (n = 30), B intact cabbage maggot
puparia and puparia pierced arti®cially (n = 30) or by a conspeci®c
(n = 30). An asterisk indicates that distributions of larvae di�ered
from random at P = 0.05 (chi-square test); error bars correspond to
the 95% con®dence limits for percentage

Fig. 2 A Survival of A. bilineata larvae in the absence (open circles)
{y = 1.02/[1+exp()5.44+0.99x)], r2 = 0.99, n = 124} and in the
presence of cabbage maggot puparia (®lled circles) {y = 1.04/
[1+exp()5.23+1.18x)], r2 = 0.99, n = 134}. B Age-speci®c parasit-
ism incidence (%) of cabbage maggot puparia by A. bilineata larvae
(n = 500); means (�SE) followed by di�erent letters are signi®cantly
di�erent at P = 0.05 (ANOVA followed by a Fisher's PLSD test)
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When larvae of di�erent ages were con®ned individually
with a single cabbage maggot puparium for 24 h, the
level of parasitism remained constant at about 80% for
2 days and gradually decreased to 51% for larvae of age
4 days at the beginning of the experiment (F = 5.03,
P < 0.05) (Fig. 2B).

A. bilineata larvae of age 0, 2 and 4 days o�ered both
unparasitized and parasitized puparia signi®cantly pre-
ferred the unparasitized puparium in all age treatments
during both the 24 h (0 days old: v2 = 26.00,
P < 0.005; 2 days old: v2 = 16.67, P < 0.005; 4 days
old: v2 = 11.00, P < 0.005) (Fig. 3A) and 72 h (0 days
old: v2 = 27.00 P < 0.005; 2 days old: v2 = 14.29,
P < 0.005; 4 days old: v2 = 9.78, P < 0.005) choice
tests (Fig. 3B). The choice of the larvae was independent
of both time and age treatments (contingency table:
G = 11.30, P > 0.05) (Fig. 3B). The parasitism success
of A. bilineata larvae was not independent of the time
and age treatments (contingency table: G = 33.36,
P < 0.0001). The 4-day-old larvae (37%) successfully
entered a puparium less frequently than 0-day-old (87%)
and 2-day-old (80%) larvae during the 24-h treatment,
and less frequently than all larvae (0 days old: 90%,
2 days old: 93.3%, 4 days old: 77%) of the 72-h treat-
ments (partition of contingency table: G = 32.65,
P < 0.0001).

When ten A. bilineata larvae were competing for a
single puparium, the number of A. bilineata larvae per
puparium increased signi®cantly from 2.1�0.3 to
3.1 � 0.2 for larvae of age 0 and 2 days, respectively
(t = 2.39, P < 0.05).

E�ect of the host/larva ratio on host discrimination

During a 72-h period, the distribution of the number
of larvae per puparium di�ered signi®cantly from a
Poisson distribution with the same mean (LGF test:
v2 = 8.11, P<0.025; and variance/mean ratio = 0.68)
when the ratio of hosts to larva equaled 2 (Fig. 4A),
indicating that larvae did not enter puparia at random
but discriminated between unparasitized and parasitized
hosts. With a ratio of 1 host per larva, after 1 h,
10.0 � 4.5% of the A. bilineata larvae were found on a
puparium but none of these larvae had penetrated the
cabbage maggot puparium (Fig. 4B), which was not
even pierced. Parasitism increased signi®cantly with time
(F = 36.34, P < 0.0001), reaching a maximum value of
81% after 48 h (Fig. 4B). Low levels of superparasitism
were noted in the 48- and 72-h treatments (Kruskal-
Wallis test: H = 8.78, P > 0.05) (Fig. 4B), but the
distributions of the larvae in the puparia were signi®-
cantly di�erent from Poisson distributions (LGF test:
8 h: v2 = 4.33, df = 1, P < 0.05; 24 h: v2 = 22.44,

Fig. 3 E�ect of age of A. bilineata larva on discrimination between
unparasitized and parasitized cabbage maggot puparia during a
period of A 24 (n = 90) and B 72 h (n = 90). An asterisk indicates
that distributions of larvae di�ered from random at P = 0.05 (chi-
square test); error bars correspond to the 95% con®dence limits for
percentage

Fig. 4 A Comparison between observed distribution of A. bilineata
larva in hosts and Poisson distribution (n = 50). B E�ect of
competitors on the incidence (%) of parasitism (circle) and
superparasitism (square) (n = 460). Means (�SE) followed by
di�erent letters are signi®cantly di�erent at P = 0.05 [ANOVA
followed by a Fisher's PLSD test (parasitism) and Kruskal-Wallis test
followed by a STP test (superparasitism)]
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df = 2, P < 0.005; 48 h: v2 = 86.68, df = 3, P <
0.005; 72 h: v2 = 83.27, df = 3, P < 0.005; all vari-
ance/mean ratios <1) at each time interval.

The number of available hosts in¯uenced host ac-
ceptance by A. bilineata larvae. As the ratio of hosts per
larva decreased, the levels of parasitism (Kruskal-Wallis
test: H = 21.19, P < 0.001) and superparasitism
(Kruskal-Wallis test: H = 34.15, P < 0.0001) increased
signi®cantly (Fig. 5A). At low ratios of host/larva (0.1
and 0.2), no signi®cant di�erence was found between a
Poisson distribution with the same mean and the
experimental outcome (LGF both P > 0.05), whereas
at high ratios of host/larva (>0.4) the experimental
distributions deviated signi®cantly from Poisson distri-
butions (LGF all P < 0.005; all variance/mean ra-
tios<1). The number of larvae per puparium was
signi®cantly higher in treatments with a ratio of hosts

per larva of 0.1 and 0.2 than in those with higher
hosts/larva ratios (Kruskal-Wallis test: H = 32.89,
P < 0.0001) (Fig. 5B).

When the number of available hosts was limited, the
number of newly emerged larvae that penetrated a cab-
bage maggot puparium during a 72 h period increased
linearly as the ratio of hosts per larva decreased
(y = 5.36 ) 24.56x; r2 = 0.13; Pslope < 0.05) (Fig. 5C).

Interspeci®c discrimination

Larvae of both A. bilineata and A. bipustulata prefer-
entially penetrated the unparasitized puparia when they
were given access to an unparasitized puparium and a
puparium parasitized (£96 h) by a conspeci®c (A. bili-
neata: v2 = 23.17, P < 0.005; A. bipustulata: v2 =
21.33, P < 0.005) (Fig. 6A) or by a larva of the
other species (A. bilineata: v2 = 18.75, P < 0.005;
A. bipustulata: v2 = 14.29, P < 0.005) (Fig. 6B).
Moreover, there was no di�erence in the choice distri-
bution between the two species in intraspeci®c (LGF
test: v2 = 0.12, P > 0.05) (Fig. 6A) and interspeci®c
(v2 = 0.12, P > 0.05) (Fig. 6B) situations, as well as
between intra- and interspeci®c choice (LGF test:
A. bilineata, v2 = 0.37, P > 0.05; A. bipustulata, v2 =
0.18, P > 0.05) for each species (Fig. 6A,B).

A. bilineata larva having access to a single parasitized
puparium penetrated more frequently the puparia pa-
rasitized by an A. bipustulata larva than by a conspeci®c
(LGF test: v2 = 16.88, P < 0.005); whereas A. bipus-
tulata larvae penetrated both types of parasitized pup-
aria in the same proportions (LGF test: v2 = 2.54,
P > 0.05) (Fig. 6C). Therefore, A. bilineata larvae
multiparasitized more frequently than A. bipustulata
larvae when there was interspeci®c competition (LGF
test: v2 = 6.67, P < 0.025), although no di�erence in
superparasitism was observed between the two Aleo-
chara species when there was only intraspeci®c compe-
tition (LGF test: v2 = 1.88, P > 0.05).

Discussion

In contrast to adult female parasitoids, A. bilineata and
A. bipustulata larvae, seeking subterranean hosts, accept
a host only once during their lifetime. The ``decision'' to
accept a particular host thus determines the future ®t-
ness of the larva, because in such solitary parasitoids,
only one larva can develop in each cabbage maggot
puparium. Entrance into an already parasitized host
results in a ®ght to the death. Our results clearly dem-
onstrate that A. bilineata and A. bipustulata larvae dis-
criminate between unparasitized and parasitized hosts in
laboratory experiments.

A. bilineata larvae preferred both arti®cially and
naturally punctured puparia that did not contain a larva
compared to intact puparia in a choice experiment.
Wright and MuÈ ller (1989) suggested that Aleochara sp.

Fig. 5 E�ect of the ratio of hosts to larva A on the incidence (%) of
parasitism (circle) and superparasitism (square) (n = 600), and B on
the number of larvae per parasitized puparium (n = 600). Means
(�SE) followed by di�erent letters are signi®cantly di�erent at
P = 0.05 (Kruskal-Wallis test followed by a STP test). C E�ect of the
ratio of hosts per larva on the number of larvae per puparium when a
single host was available (n = 1000)
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larvae probably use chemical cues to ®nd hosts. The
presence of holes may increase the emanation of
semiochemicals or CO2 from cabbage maggot puparia,
which could explain the observed preference. Moreover,
the majority of the larvae entered the pierced puparia by
the available entrance holes. As A. bilineata larvae ex-
plore the puparium surface before piercing the cuticle
(Fuldner 1960), they may use visual and/or tactile cues
to ®nd the entrance hole. The use of a preexisting hole
may save the time and energy required to penetrate

puparia where no larva is present, as the process of
gnawing the puparium cuticle lasts several hours (Col-
houn 1953; Fuldner 1960). The ®rst A. bilineata larva to
enter a puparium usually gnaws its entrance hole at the
abdominal-central extremity of the puparium's dorsal
surface (Fuldner 1960; Royer et al. 1998) and stays in
the vicinity of its hole, feeding on the cabbage maggot
pupa (Fuldner 1960). The few A. bilineata larvae that
superparasitized when o�ered unparasitized and para-
sitized hosts always pierced the puparium on the ventral
surface. Such behavior would be adaptive as it would
enable the superparasitizing larva to feed, and therefore
replenish energy resources, before confronting the ®rst
occupier. Colhoun (1953) and Fuldner (1960) also
pointed out that the frequency of entrance holes on the
ventral surface tended to increase when puparia were
parasitized by several larvae. The fact that A. bilineata
larvae entered by the available hole therefore indicates
that these larvae determined that these puparia did not
contain conspeci®cs, and that visual and/or tactile cues
are secondary in the recognition of parasitized hosts.

The detection of a conspeci®c inside the puparium
may be based on olfactory cues, as A. bilineata larvae
possess well-developed antennae that bear several tri-
choid and basiconic sensillae (L. Royer, unpublished
work). However, salivary gland secretions of A. bilineata
larvae were not the semiochemical source, since larvae
preferred unparasitized puparia pierced by conspeci®cs
to intact puparia. These results also rule out the possi-
bility that A. bilineata larvae deposit a marking sub-
stance on the puparium surface during their exploration.
Inside puparia, A. bilineata larvae feed on the cabbage
maggot pupa by piercing the cuticle to absorb haemo-
lymph (Fuldner 1960) which usually does not exude
outside the puparium. The odour of the haemolymph
(van Lenteren 1981) is one possible semiochemical
source in this system, although injuries heal rapidly
(Fuldner 1960). Feeding activity may also change the
physiological condition of cabbage maggot pupae,
changes that may be detected by parasitoids (van
Lenteren 1981). Moreover, A. bilineata larvae close the
entrance hole with excrement (Fuldner 1960). Daily
observations of 16 larvae indicated that they began to ®ll
the entrance hole soon after penetration and required
72±96 h to complete the plug under our experimental
conditions (L. Royer, unpublished work). Although no
entrance hole plug was completed during choice tests
between unparasitized hosts and hosts parasitized by
conspeci®cs, most were begun. This entrance hole plug
may function as an external marker. Therefore, host
discrimination in A. bilineata larvae may be based on the
detection of semiochemicals originating from the
A. bilineata larva itself and its activity. However, further
studies are needed to determine the exact sources of
these semiochemicals.

The life expectancy of A. bilineata was shorter in the
presence than in the absence of hosts. A. bilineata larvae
live on their energy reserves until they penetrate cabbage
maggot puparia (Fuldner 1960). The observed decrease

Fig. 6 Percentage of A. bilineata and A. bipustulata larvae that
entered unparasitized cabbage maggot puparia and puparia parasiti-
zed by either A a conspeci®c (n = 64) or B a larva of the other species
(n = 64) in a choice experiment. An asterisk indicates that
distributions of larvae di�ered from random at P = 0.05 (chi-square
test). C Percentage of A. bilineata and A. bipustulata larvae that
entered cabbage maggot puparia already parasitized by a larva of
either their own species (n = 30) or the other species (n = 30) in a
no-choice experiment. An asterisk indicates that percentages of
superparasitism and multiparasitism for the given species di�ered at
P = 0.05 (chi-square test); error bars correspond to the 95%
con®dence limits for percentage
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in survival of A. bilineata larvae in the presence of a host
may be due to an increase in the larva's searching ac-
tivity, leading to a more rapid depletion of energy
reserves. In hymenopteran parasitoid females, host-as-
sociated odor can elicit intensive searching activity
(Noldus et al. 1991; Frenoy et al. 1992; Hemerik et al.
1993), although the e�ect on longevity was not reported.

The daily parasitism success decreased as A. bilineata
larvae became older, 4-day-old individuals parasitizing
only 51% of the available puparia. The survival curve in
the presence of hosts indicated that only 27.6% of the
larvae died from the 4th to the 5th days after eclosion.
Although the mortality may be higher in soil than in
polyethylene capsules, we believe that the low parasitism
success of 4-day-old individuals was not only explained
by the mortality of A. bilineata larvae. Fuldner (1960)
observed that A. bilineata larvae decrease locomotion
activity 36 h after eclosion. As the volume of soil (3 cm3)
to explore was large compared to the parasitoid size
(body length: 1 mm; L. Royer, personal observations),
slow-moving larvae may not ®nd the puparium during
the allocated 24 h period. By its possible e�ect on the
larval responsiveness to host semiochemicals, the se-
nescence of olfactory receptors may also play an indirect
role in the diminution of locomotion activity. The par-
asitism success of old larvae was also low during the
24-h choice experiment, whereas it was comparable to
those of younger larvae when the treatment lasted 72 h.
Therefore, the diminution in the parasitism success of
older larvae may result from the combined e�ect of
mortality and decreased locomotion in old larvae.

Models based on data obtained in hymenopteran
parasitoids predict that parasitoids with short life ex-
pectancy should superparasitize more frequently than
those with long life expectancy (Roitberg et al. 1992).
Our results were in agreement with these models only
when hosts were scarce (host/larva ratio = 0.1). When
hosts were abundant (host/larva ratio = 2), the age of
A. bilineata larvae did not signi®cantly a�ect host dis-
crimination, suggesting that old larvae continue to
search for unparasitized puparia despite a low life ex-
pectancy. However, when hosts were limited (host/larva
ratio = 0.1), a signi®cant increase in superparasitism
was noted as the larvae of A. bilineata aged (0 days old,
2.1 larvae/host; 2 days old, 3.1 larvae/host).

The presence of conspeci®cs did not a�ect superpar-
asitism in A. bilineata larvae when the ratio of host per
larva was greater than or equal to one. However, the
parasitism success of newly emerged larvae in the ex-
periments where several larvae were searching simulta-
neously was rather low compared with results in other
experiments. Behavioral interactions between searching
parasitoids were shown to reduce the searching e�ciency
of Venturia canescens (Grav.) females (Ridout 1981;
Hughes et al. 1994), a phenomenon referred to as mutual
interference (Free et al. 1977). The encounter of two
foraging A. bilineata larvae usually results in the death
of one larva (Fuldner 1960), but the high parasitism
levels after 48 and 72 h suggested a low mortality and

therefore probably a low level of mutual interference.
However, the number of unparasitized hosts in the patch
gradually decreased as A. bilineata larvae found and
entered unparasitized hosts, and this decreasing pro-
portion of unparasitized hosts would increase searching
time. The gradual increase in patch exploitation, called
pseudo-interference (Free et al. 1977), may explain why
only 49% of the puparia were parasitized in the 24-h
treatment, where several larvae simultaneously searched
on a patch containing previously unparasitized puparia,
while similar experiments with only one pupa and one
larva resulted in almost 80% of parasitism after 24 h.
Therefore, as long as host availability was relatively high
the presence of competitors did not a�ect the degree of
superparasitism avoidance in A. bilineata larvae, as it
does in Hymenoptera females (Visser et al. 1990, 1992;
Michaud and Mackauer 1995; Visser 1995), although
the larva's searching e�ciency may decrease as the patch
exploitation increases.

Superparasitism signi®cantly increased as the ratio of
host per larva decreased, suggesting that the availability
of hosts plays an important role in the decision to su-
perparasitize. When the availability of hosts continued
to decrease, the larvae more readily accepted parasitized
hosts. A. bilineata larvae are short-lived and the proba-
bility of ®nding another host patch is probably so low
that patch leaving is not an alternative, as it is for hy-
menopteran parasitoids (Nelson and Roitberg 1995).
Even at low host density, A. bilineata larvae continued
to discriminate, and most larvae died before entering a
parasitized puparium. For example, only 12% of the
larvae entered a puparium in the treatment of 0.025
hosts per larva lasting 72 h, a period of time that cor-
responds to a large part of the larva's total searching
time. But the observed increase in superparasitism as the
larvae of A. bilineata aged when hosts were scarce (host/
larva ratio = 0.1) suggests that the short life expectancy
may lower the threshold at which larvae start to super-
parasitize.

Both Aleochara species studied avoided multipara-
sitism when given the choice between unparasitized and
parasitized hosts, thus showing interspeci®c host dis-
crimination, a behavior rarely observed (Bakker et al.
1985). This also suggests that the semiochemical used
to discriminate between parasitized and unparasitized
hosts may not be species-speci®c. In contrast to
A. bipustulata, A. bilineata larvae entered puparia pa-
rasitized by A. bipustulata larvae more frequently than
puparia parasitized by conspeci®cs when a single pa-
rasitized puparium was available for a 96-h period.
Interspeci®c host discrimination has been found mostly
in systems where one of the species had a marked
competitive advantage (McBrien and Mackauer 1991;
Scholz and HoÈ ller 1992). Our results do not show
whether the observed high multiparasitism indicated a
competitive advantage of A. bilineata. This possibility
should be explored in choice experiments. Van Baaren
et al. (1994) found that Anaphes victus Huber preferred
to oviposit in hosts parasitized by their own species
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rather than by A. listronoti Huber in choice experi-
ments, re¯ecting the slight competitive advantage of
A. listronoti. Multiparasitism with another D. radicum
parasitoid, Trybliographa rapae (Westw.) (Hymenop-
tera: Eucolidae), is also avoided by Aleochara bilineata
larvae, but only when their probability of winning the
competition is low (Reader and Jones 1990). We be-
lieve that the di�erent rearing methods for A. bilineata
adults had no e�ect on the conclusions of the study,
since results on intraspeci®c discrimination in multi-
parasitism experiments were comparable to those
obtained earlier.

Feener and Brown (1997) suggested that host dis-
crimination could be less advantageous for host-seeking
larvae than female parasitoids, because host encounter
rates for such larvae are probably low. Our results in-
dicate that A. bilineata and A. bipustulata larvae can
discriminate, an adaptive behavior when host encounter
rate is high because of the contagious distribution of the
host, as in D. radicum in crucifer ®elds (Mukerji and
Harcourt 1970). Our results also suggest that host-
seeking A. bilineata larvae used semiochemicals that may
increase the probability of encountering hosts. This is
the ®rst demonstration of intraspeci®c host discrimina-
tion behavior in a host-seeking parasitoid larva, but we
expect this behavior to be widespread when suitable
conditions are met.

Host-seeking parasitoid larvae face di�erent ecologi-
cal constraints from ovipositing parasitoid females, but
in some respects they are functionally similar. In both
cases, selection acts to maximize genetic representation
in future generations. For a host-seeking larva, the ®rst
step in achieving genetic representation is its survival
until adulthood by selecting a single suitable host in the
available searching time. While host discrimination is
adaptive to maximize the lifetime ®tness of an individ-
ual, a switch to superparasitism is also adaptive when
unparasitized hosts are scarce and the second larva has a
reasonable chance of winning the contest. We have also
demonstrated an increase in superparasitism as host
availability decreases. Superparasitism may be a larva's
best option when the probability of winning the com-
petition is higher than the probability of ®nding an un-
parasitized host before dying.

Acknowledgements We thank L. Hemerik, B. Lalonde, J. Rosen-
heim, R. van Driesche and J.C. van Lenteren for constructive
comments on an earlier version of the manuscript, as well as
S. CleÂ ment-Major and D. Thibodeau for technical assistance in
certain aspects of the work. This study was supported by a grant
from ``Le Conseil reÂ gional de Bretagne'' to E.B. and from ``Entente
Auxiliaire Canada-QueÂ bec pour un environnement durable en ag-
riculture'' to G.B. This is contribution no. 335/98.10.02R of the
Horticultural Research and Development Centre of Agriculture
and Agri-food Canada at St-Jean-sur-Richelieu.

References

Alphen JJM van, Visser ME (1990) Superparasitism as an adaptive
strategy for insect parasitoids. Annu Rev Entomol 35:59±79

Baaren J van, Boivin G, NeÂ non JP (1994) Intra- and interspeci®c
host discrimination in two closely related egg parasitoids.
Oecologia 100:325±330

Baaren J van, Boivin G, NeÂ non JP (1995) Intraspeci®c hyperpar-
asitism in a primary hymenopteran parasitoid. Behav Ecol
Sociobiol 36:237±242

Bakker K, Alphen JJM van, Batenburg FHD van, Hoeven N van
der, Nell HW, Strien-van Liempt FH van, Turlings TJC (1985)
The function of host discrimination and superparasitization in
parasitoids. Oecologia 67:572±576

Colhoun EH (1953) Notes on the stages and the biology of Bar-
yodma ontarionis Casey (Coleoptera: Staphylinidae), a parasite
of the cabbage maggot, Hylemya brassicae BoucheÂ (Diptera:
Anthomyiidae). Can Entomol 85:1±8

Eggleton P, Belshaw R (1992) Insect parasitoids: an evolutionary
overview. Philos Trans R Soc Lond B 337:1±20

Feener DH, Brown BV (1997) Diptera as parasitoids. Annu Rev
Entomol 42:73±97

Fraenkel G, Bhaskaran G (1973) Pupariation and pupation in
cyclorrhaphous ¯ies (Diptera): terminology and interpretation.
Ann Entomol Soc Am 66:418±422

Free CA, Beddington JR, Lawton JH (1977) On the inadequacy of
simple models of mutual interference for parasitism and pre-
dation. J Anim Ecol 46:543±554

Frenoy C, Durier C, Hawlitzky N (1992) E�ect of kairomones
from egg and female adult stages of Ostrinia nubilalis (HuÈ bner)
(Lepidoptera, Pyralidae) on Trichogramma brassicae Bezdenko
(Hymenoptera, Trichogrammatidae) female kinesis. J Chem
Ecol 18:761±773

Fuldner D (1960) Beitrage zur morphologie und biologie von
Aleochara bilineata Gyll. und A. bipustulata L. (Coleoptera:
Staphylinidae). Z Morphol Oekol Tiere 49:312±386

Godfray HCJ (1994) Insect parasitoids: behavioral and evolution-
ary ecology. Princeton University Press, Princeton

Hemerik L, Driessen G, Haccou P (1993) E�ects of intra-patch
experiences on patch time, search time and searching e�ciency
of parasitoid Leptopilina clavipes. J Anim Ecol 62:33±44

Hertveld L, Keymeulen M van, Gillard A (1984) Simple technique
for handling adults and collecting eggs of Musca domestica
(Diptera: Muscidae) and Aleochara bilineata (Coleoptera:
Staphylinidae). J Econ Entomol 77:267±270

Hubbard SF, Marris G, Reynolds A, Rowe GW (1987) Adaptive
patterns in the avoidance of superparasitism by solitary para-
sitic wasps. J Anim Ecol 56:387±401

Hughes JP, Harvey IF, Hubbard SF (1994) Host-searching be-
havior of Venturia canescens (Grav.) (Hymenoptera: Ichneu-
monidae): Interference ± the e�ect of mature egg load and prior
behavior. J Insect Behav 7:433±454

Klimaszewski J (1984) A revision of the genus Aleochara Graven-
horst of America north of Mexico (Coleoptera: Staphylinidae,
Aleocharinae). Mem Entomol Soc Can 129:211

Lenteren JC van (1981) Host discrimination by parasitoids. In:
Nordlund DA, Jones RL, Lewis WJ (eds) Semiochemicals: their
role in pest control. Wiley, New York, pp 153±179

LoÂ pez R, Ferro DN, Driesche RG van (1995) Two tachinid species
discriminate between parasitized and non-parasitized hosts.
Entomol Exp Appl 74:37±45

McBrien H, Mackauer M (1991) Decision to superparasitize based
on larval survival: competition between aphid parasitoids
Aphidius ervi andAphidius smithi. Entomol ExpAppl 59:145±150

Michaud JP, Mackauer M (1995) Oviposition behavior of Mon-
octonus paulensis (Hymenoptera: Aphidiidae): factors in¯uenc-
ing reproductive allocation to hosts and host patches. Ann
Entomol Soc Am 88:220±226

Mukerji MK, Harcourt DG (1970) Spatial pattern of the immature
stages of Hylemya brassicae on cabbage. Can Entomol
102:1216±1222

Nelson JM, Roitberg BD (1995) Flexible time allocation by the
leafminer parasitoid,Opius dimidiatus. Ecol Entomol 20:245±252

Noldus LPJJ, Lenteren JC van, Lewis WJ (1991) How Tricho-
gramma parasitoids use sex pheromones as kairomones: orien-
tation behaviour in a wind tunnel. Physiol Entomol 16:313±327

67



Read DC (1962) Notes on the life history of Aleochara bilineata
(Gyll.) (Coleoptera: Staphylinidae), and on its potential value
as a control agent for the cabbage maggot, Hylemya brassicae
(BoucheÂ ) (Diptera: Anthomyiidae). Can Entomol 94:417±424

Reader PM, Jones TH (1990) Interactions between an eucoilid
(Hymenoptera) and a staphylinid (Coleoptera) parasitoid of the
cabbage root ¯y. Entomophaga 35:241±246

Ridout LM (1981) Mutual interference: behavioural consequences
of encounters between adults of the parasitoid wasp Venturia
canescens (Hymenoptera: Ichneumonidae). Anim Behav
29:897±903

Roitberg BD, Mangel M (1988) On the evolutionary ecology of
marking pheromones. Evol Ecol 2:289±315

Roitberg BD, Mangel M, Lalonde RG, Roitberg CA, Alphen JJM
van, Vet L (1992) Seasonal dynamic shifts in patch exploitation
by parasitic wasps. Behav Ecol 3:156±165

Royer L, Le Lannic J, NeÂ non JP, Boivin G (1998) Response of
Aleochara bilineata (Coleoptera: Staphylinidae) ®rst instar to
the puparium morphology of its dipteran host. Entomol Exp
Appl 87:217±220

Scholz D, HoÈ ller C (1992) Competition for hosts between two
hyperparasitoids of aphids, Dendrocerus laticeps and Den-
drocerus carpenteri (Hymenoptera: Megaspilidae): the bene®t of
interspeci®c host discrimination. J Insect Behav 5:289±300

Sokal RR, Rohlf FJ (1981) Biometry: the principles and practice
of statistics in biological research. Freeman, San Francisco

Vinson SB, Ables JR (1980) Interspeci®c competition among
endoparasitoids of tobacco budworm larvae (Lep.: Noctuidae).
Entomophaga 25:357±362

Visser ME (1995) The e�ect of competition on oviposition deci-
sions of Leptopilina heterotoma (Hymenoptera: Eucolidae).
Anim Behav 49 1677±1687

Visser ME, Alphen JJM van, Nell HW (1990) Adaptive super-
parasitism and patch time allocation in solitary parasitoids:
the in¯uence of the number of parasitoids depleting a patch.
Behaviour 114:21±36

Visser ME, Alphen JJM van, Hemerik L (1992) Adaptive super-
parasitism and patch time allocation in solitary parasitoids: an
ESS model. J Anim Ecol 61:93±101

Wishart G, Colhoun EH, Monteith AE (1957) Parasites of Hyle-
mya spp. (Diptera: Anthomyiidae) that attack cruciferous crops
in Europe. Can Entomol 89:510±517

Wright EJ, MuÈ ller P (1989) Laboratory studies of host ®nding,
acceptance and suitability of the dung-breeding ¯y, Haematobia
thirouxi potans (Dipt.: Muscidae), by Aleochara sp. (Col.:
Staphylinidae). Entomophaga 34:61±71

68


