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Abstract

Observations were made on the developmental responses of the North
American braconid species, Eubazus crassigaster, a parasitoid of the white pine
weevil, Pissoles strobi, and three European congeneric species, £. semirugosus, E.
robustus, and Eubazus sp. Several populations of Eubazus spp. were compared in their
phenology in the laboratory and under natural conditions. When reared in the
laboratory on non-diapausing Pissodes castaneus, mountain populations of £.
semirugosus and £. robustus entered into an obligatory diapause in the host larva,
whereas all the other populations tested developed continuously. Diapausing larvae
continued their development only after having experienced at least three months
at 2°C. Non-diapausing populations of Eubazus spp. significantly differed in the
duration of pre-imaginal development, with £. semirugosus being the fastest
developing species and £. robustus the slowest. Outdoor rearings of Eubazus spp.
on P. castaneus showed that £. crassigaster, Eubazus sp. and the lowland biotype of
£. semirugosus emerged in the year of oviposition if this occurred early enough to
allow parasitoid development. In contrast, a majority of £. robustus individuals
overwintered in the host larvae, regardless of the oviposition date. The diapausing,
mountain biotype of £. semirugosus is considered as the most promising candidate
for control of P. strobi in Canada, because it is likely to be better adapted to the
life cycle of the target host than the other Eubazus spp., including the native £.
crassigaster.

Introduction

Correspondence: M. Kenis, IIBC European Station, 1 Chemin des Grillons, The white pine weevil, Pissodes strobi (Peck) ( — P.
2800 Delemont, Switzerland. sitchensis Hopkins, P. engelmanni Hopkins) (Coleoptera:
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Curculionidae), is an important native forest pest in North
America (Furniss & Carolin, 1977; Drooz, 1985). Larvae feed
in the inner bark of pine (Pinus spp.) and spruce (Picea spp.)
(Pinaceae) leaders. The killed leader is replaced by laterals,
which causes distorted growth and reduces timber quality
(Silver, 1968; Alfaro, 1982; McMullen el al, 1987; Lavallee
& Benoit, 1989). In British Columbia, damage on Sitka
spruce (Picea silchensis) is so severe that new plantations of
this highly valuable species have been suspended (Hall,
1994).

Current control methods are not effective, with the
possible exception of clipping infested leaders (Lavallee &
Morissette, 1989). Among the native natural enemies, only
the predator Lonchaea corticis Taylor (Diptera: Lonchaeidae)
has a noticeable effect on Pissodes strobi populations, whereas
parasitoids are of minor importance (e.g. Silver, 1968;
VanderSar, 1978; Alfaro el al, 1985). Therefore, the Cana-
dian Forest Service and the International Institute of Biologi-
cal Control (IIBC) decided to initiate a biological control
programme using parasitoids from congeneric European
hosts. In a previous paper, Kenis & Mills (1994) surveyed
the parasitoid complex of five European Pissodes spp. and
considered braconids of the genus Eubazus as the dominant
parasitoids of all these Pissodes spp. and the most promising
agents for the control of P. strobi in Canada. The taxonomy
of this genus is still unclear. It was first thought that a single
Eubazus species parasitized all European Pissodes spp. (e.g.
Roques, 1975; Alauzet, 1987; Mills & Fischer, 1986) but
ecological, morphological and physiological observations
(Kenis & Mills, unpublished data) suggest that three distinct
species exist, with separate microhabitat affinities (Kenis &
Mills, 1994): E. semirugosus (Nees) (=£. alricornis (Ratze-
burg)) is a parasitoid of P. castaneus De Geer (=P. notatus
(Fabricius)), P. pini (Linnaeus) and P. piniphilus (Herbst) in
pine trunks, £. robuslus (Ratzeburg) attacks P. validirostris
(Sahlberg) in pine cones and an undescribed species para-
sitizes P. piceae (Illiger) in fir (Abies spp.) (Pinaceae) trunks.
Eubazus semirugosus is also reported by Lovaszy (1941) as
a parasitoid of P. harcyniae (Herbst), but, because of the
confusion in Eubazus taxonomy, this record needs confir-
mation. In North America, Eubazus (=Allodorus) crassigaster
(Provancher) is a parasitoid of P. strobi, P. dubius Randall, P.
fasciatus LeConte, and P. terminalis Hopping (Deyrup, 1975;
Marsh, 1979; Alfaro el al, 1985). Its impact on P. strobi
populations is low and its distribution on this host is
restricted to western coastal areas of North America (Silver,
1968; Alfaro et al, 1985).

All Eubazus spp. are egg-prepupal endoparasitoids, as
defined by Mills (1994). Females oviposit in Pissodes spp.
eggs. Eggs hatch soon after oviposition but the first instar
larva delays its development until the host has reached the
prepupal stage; then it grows quickly and emerges to
complete its development externally (Haeselbarth, 1962;
Annila, 1975; Roques, 1975; Alauzet, 1987).

In a biological control programme involving the intro-
duction of an exotic natural enemy, it is essential to ensure
synchronization between the phenology of the agent and
that of the target host (e.g. Hoy, 1985; Cock, 1986; Stiling,
1993). This requirement becomes critical when the target
host is a native species and the agent an exotic natural
enemy collected from a related host, as the old and new
hosts do not necessarily have the same phenology. Thus
populations from the three European and one North Amer-
ican Eubazus spp. were compared in their phenology to

allow selection of a European parasitoid population better
adapted to P. strobi than the native E. crassigaster, which
predominantly emerges in late summer whereas P. strobi
oviposits in spring (Hulme, 1994). Preliminary observations,
restricted to E. semirugosus, have already shown important
intra-specific variation in the diapause requirement of this
species (Kenis, 1994). Here we present the final results of our
observations on the comparative developmental biology of
different populations of the three European Eubazus spp. and
the North American £. crassigaster.

Material and methods

Collection and rearing of hosts and parasitoids

Pissodes spp. and Eubazus spp. were obtained by collec-
tion of mature host larvae as described by Kenis & Mills
(1994) and Hulme (1994). Eubazus semirugosus was obtained
from field collected pine logs containing P. castaneus, P. pini
and P. piniphilus; E. robustus was reared from P. validirostris
in pine cones and Eubazus sp. from fir logs containing
P. piceae. Eubazus crassigaster was reared from Sitka spruce
leaders attacked by P. strobi in Canada and shipped in the
adult stage to Switzerland. Some pine cones were shipped
from Europe to Canada and the adult £. robustus obtained
in quarantine. Collection sites and dates are described in
table 1. All Eubazus spp. adults used in our experiments had
emerged directly from field collected material after having
overwintered as larvae.

Eubazus spp. adults were reared in gauze covered
wooden cages 50X30X30 cm, at 21±2°C, L:D 16:8 and
70+ 10% relative humidity. They were fed with honey, and
water was provided on moistened cellulose paper. Pissodes
castaneus, P. pini and P. piniphilus were reared continuously
in gauze covered wooden cages (100x50x50 cm) in the
laboratory at 23±0.5°C, L:D 16:8 and 70±10% relative
humidity. Fresh Scots pine (Pinus sylvestris) branches, partly
immersed in water, were given as a food source for the adult
weevils and renewed every fourth day. Freshly cut Scots
pine logs (4-10 cm diameter, 20-40 cm length) were sealed
at the end with paraffin and offered to mature weevils for
oviposition. At 23°C, P. castaneus and P. pini have a
pre-oviposition period of about three weeks, whereas
P. piniphilus starts to oviposit after seven weeks (M. Kenis,
unpublished data).

Development at constant temperature

Populations of Eubazus spp. from various hosts and sites
were compared in their pre-imaginal development by rear-
ing them in the laboratory on either P. castaneus or P. strobi
under standard conditions. For rearings on P. castaneus, Scots
pine logs were first offered to P. castaneus adults for
oviposition for 4 days before being exposed for 2 days to
2- to 10-day-old Eubazus spp. females. Rearings on P. strobi
were similar except the oviposition substrate was cut Sitka
spruce leaders with the ends immersed in water. Then, the
logs or leaders were kept in cages at 23±0.5°C, L:D 16:8
and 70 + 10% r.h. Emergence of both hosts and parasitoids
was monitored daily to determine development time from
oviposition to adult emergence. Four months after para-
sitoid oviposition, the logs or leaders were de-barked and
the remaining host larvae were dissected to determine the
percentage of Eubazus spp. remaining in diapause as larvae
within their host.
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Four non-diapausing populations of Eubazus spp. from
P. castaneus, P. piceae, P. ualidirostris and P. strobi were reared
for a second generation on P. castaneus to observe whether
differences in the development times are maintained after
laboratory rearing on a standard host.

Six Eubazus spp. populations from P. castaneus, P. pini, P.
piceae and P. validirostris were reared on P. pini and one from
P. castaneus on P. piniphilus and the development times
observed on these hosts were compared to those observed
on P. castaneus.

In almost all experiments, sexes differed in their devel-
opment time. Therefore, comparisons of development times
between Eubazus spp. populations were made for each sex
separately. When sample sizes were small, only males were
used, as these usually emerged in higher numbers.

Percentages of Eubazus spp. in diapause were compared
pairwise using the two-tail Fisher exact test. A two-tail t-test
was used to compare differences in the duration of develop-
ment between sexes. As variances in development times
were not homogeneous between populations, even after
logarithmic transformation, populations were compared in
their development time using the Kruskal-Wallis test. Pair-
wise two-tail Mann-Whitney tests were used as a guide to
which populations differ in development times.

Diapause in E. semirugosus at higher altitudes

A diapausing population of E. semirugosus from P. pini
collected at high altitude (1900 m) at Zernez, in the Swiss
Alps, was studied in more detail to determine, firstly,
whether storage at low temperature breaks diapause, and
secondly, whether the diapause is genetically fixed and
maintained after rearing for one generation in the labora-
tory. This E. semirugosus population was reared on P.
castaneus as described above and parasitoid emergence was
monitored daily. Two months after parasitoid oviposition,
when emergence of all the non-diapausing individuals was
completed, the logs were put in cold storage at 2 + 1°C for
1, 2, 3 and 4 months. Following cold storage, the logs were
incubated at 23 + 0.5°C to monitor parasitoid emergence.
One month after incubation, the logs were de-barked and
the host larvae remaining in diapause were dissected for
parasitism. Eubazus semirugosus adults that emerged either
before or after cold storage were reared for a second
generation at 23°C on P. castaneus to determine the rate of
diapausing parasitoids in this second generation.

Development under natural conditions

Populations of Eubazus spp. from P. castaneus, P. pini, P.
validirostris, P. piceae and P. strobi were reared outdoors at
the IIBC station in Delemont, Switzerland, from 1990 to
1993, on P. castaneus to compare their pre-imaginal develop-
ment under natural conditions. After having been exposed
for four days to P. castaneus, individual logs were presented
for 2 days to a particular Eubazus sp. population for
oviposition in the laboratory. Pine logs were placed singly
in outdoor cages under a plastic tunnel, protected from rain
and direct sun, but exposed to natural temperature con-
ditions. When possible, ovipositions were repeated at 1 or
2 week intervals from May to July inclusive. Host and
parasitoid emergence was monitored daily. Logs were
de-barked in October and the remaining host larvae dis-
sected for parasitism. To determine whether parasitoids

overwintering in the logs were in diapause or simply
quiescent, some logs with overwintering parasitized host
larvae were not de-barked but incubated at 23°C for
parasitoid emergence. Two months after incubation, the logs
were examined to count insects in diapause.

Results

Eubazus spp. development at constant temperature

Table 2 shows, for all Eubazus spp. populations reared
in the laboratory on P. castaneus, the percentage of parasitoid
larvae found in diapause in host larvae four months after
oviposition. All three European Eubazus spp., when collected
in the lowlands (900 m or lower), developed without
diapause, as did the North American £. crassigaster from
P. strobi. In contrast, most of the Eubazus spp. populations
reared from P. pini, P. castaneus and P. validirostris collected
at higher altitudes (1250 m or higher) did not complete their
development on the rearing host. The majority of the
parasitoids were found as second instar larvae in living
Pissodes spp. larvae four months after oviposition when all
the unparasitized hosts had already emerged. In the two
sympatric populations collected at Albinen (1250 m), 90% of
the progeny of Eubazus sp. from P. piceae emerged in the
laboratory while the offspring of E. semirugosus from P. pini
remained in diapause.

Most populations showed a consistent male biased sex
ratio. As sex ratios in field populations varied little from 1:1
(M. Kenis, unpublished data), the bias toward males in
laboratory rearing was probably related to rearing con-
straints such as lack of mating or overcrowding, though
other factors such as high temperatures and overmating
could not be excluded (Waage et al., 1985). Sexes differed
significantly in the duration of development (table 2), with
males usually emerging before females.

Significant differences were found between non-diapaus-
ing populations in the duration of development from
oviposition to adult emergence at 23°C on P. castaneus
(Kruskal-Wallis test: males: H = 332.85, d.f. = l6, P < 0.001;
females: H = 219.39, d.f. = 15, P < 0.001). Eubazus semirugo-
sus populations from the three pine trunk Pissodes spp. had
a development time which was significantly shorter than
that of all other Eubazus spp. The few individuals from the
higher altitude, diapausing populations of E. semirugosus that
emerged without diapause showed similar development
times to those individuals from the low altitude, non-
diapausing populations.

Eubazus robustus from P. validirostris in pine cones tended
to have a longer development time than the other parasitoid
species, but the population collected at St-Crepin developed
faster than the other two populations of the same species.
The difference between the development times of the two
sympatric populations of £. semirugosus and E. robustus from
Fontainebleau was highly significant (Mann-Whitney test
for males: z = 8.22, P < 0.001), although the development of
the E. semirugosus population from Fontainebleau was signifi-
cantly slower than those of all other £. semirugosus popu-
lations. Intraspecific variation was also found in Eubazus sp.
from P. piceae whose population collected at Albinen devel-
oped significantly slower than those from the two other
sites.

Eubazus robustus and £. crassigaster were also reared
successfully on P. strobi (table 3) in spruce leaders. No
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Table 3. Development times of males and females of Eubazus robustus from Fontainebleau
and £. crassigaster from Fair Harbour reared on Pissodes strobi at 23 °C. Differences between
sexes tested by 2-tail t-test. Equal letters in columns indicate homogeneous groups at 0.05
significance level, 2-tail Mann-Whitney test.

Development time in days ± SE (n)
Males Females P

E. robustus
E. crassigaster

40.38 ±0.48 (164)a
34.71+0.29 (148)b

42.86 ±1.27 (22)a
37.38 + 0.41 (69)b

0.073
< 0.001

diapause was observed for either of these two species on
this host. As on P. castaneus, E. crassigaster developed faster
than E. robustus, and males emerged before females.

The duration of development of males of the second
generation of each parasitoid species reared in the labora-
tory is shown in table 4. The differences between Eubazus
species were maintained in the second generation, with E.
semirugosus having the fastest development and £. robustus
the slowest. For all populations, the second generation
developed more slowly than the first. The difference be-
tween the two generations was slightly significant for £.
robustus (Mann-Whitney test: z=2.17, P = 0.031) and £.
semirugosus (z = 1.98, P = 0.049).

Males of the six Eubazus spp. populations reared on P.
pini developed as fast on this host as on P. castaneus (table
5), although the pre-imaginal development of the two
weevil species under laboratory conditions was significantly
different: 78.26 days (SE = 0.85, n=104) for P. pini and 65.32
(SE = 0.29, n = 595) for P. castaneus (t-test: f = 16,58, d.f. = 697,
P < 0.001). In contrast, the development time of the E.
semirugosus population reared on P. piniphilus was longer
than on the two other hosts. Pissodes piniphilus had a
pre-imaginal development of 88.63 days (SE = 1.73, n = 27),
which is significantly longer than that of P. pini (t-test:
f = 5.45, d.f. = 129, P < 0.001).

Diapause in E. semirugosus at higher altitudes

Most of the diapausing £. semirugosus emerged within
3 weeks following cold storage for 3 and 4 months at 2°C
(fig. 1). In contrast, the majority of those which were kept
only 2 months and all those kept 1 month in cold storage
remained in diapause.

A fixed diapause was maintained after one generation of
laboratory rearing in this high altitude population of £.

semirugosus. Ninety-four per cent (n = 64) of the offspring of
the diapausing parents, which had needed a cold treatment
to emerge during the first generation, were also in diapause
in the second generation. The few £. semirugosus which
emerged without diapause in the first generation, when
reared for a second generation produced three individuals
that emerged while eight remained in diapause.

Development under natural conditions

Figures 2 and 3 show, for different Eubazus spp.
populations, the emergence rate of each population reared
during May, June and July under natural conditions on P.
castaneus. It is unfortunate that not all the populations could
be tested in the same year, which would have allowed a
better comparison between populations. However, the de-
velopment of the host can be taken as a reference as this
was rather similar each year. When oviposition of P.
castaneus occurred before mid-July (late-June in 1993), most
of the weevils emerged in the same year while, when eggs
were laid later, the larvae had insufficient time to complete
their development and consequently, P. castaneus overwin-
tered in the larval stage in the logs. Eubazus semirugosus from
P. castaneus, Eubazus sp. from P. piceae and £. crassigaster from
P. strobi showed a similar phenology. Early oviposition gave
rise to adult emergence in the same year, but when eggs
were laid in late-July, the parasitoid larvae could not
complete their development in their host before winter and
overwintered in host larvae. Eubazus semirugosus was able to
complete its development even when the host could not.
When the overwintering hosts parasitized by E. crassigaster,
Eubazus sp., and the lowland population of £. semirugosus
were incubated in the laboratory in autumn, all the para-
sitoids emerged.

The development pattern of £. robustus under natural
conditions was different from that of other parasitoid species

Table 4. Development time of males of first and second generations of Eubazus species from
non-diapausing populations reared on Pissodes castaneus at 23°C. Equal letters in column indicate
homogeneous group at 0.05 significance level, 2-tail Mann-Whitney test.

Host of origin (collection site) Development time in days ± SE (n)

E. semirugosus

E. robustus

Eubazus sp.

E. crassigaster

P. castaneus (Beaumotte)
1st gen.
2nd gen.

P. validirostris (St-Crepin)
1st gen.
2nd gen.

P. piceae (Val-d'Ajol)
1st gen.
2nd gen.

P. strobi (Fair Harbour)
1st gen.
2nd gen.

35.81 ±0.37 (97)a
37.59±1.11 (34)b

48.00 + 1.92 (14)c
53.86 ±1.44 (14)d

46.90 ±0.83 (50)c
47.17 ±1.25 (24)c

44.23 ±1.01 (26)c
47.40 ±1.01 (10)c
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Table 5. Development time of males of European Eubazus species from non-diapausing populations reared at 23°C on Pissodes castaneus,
P. pini and P. piniphilus. Equal letters in column indicate homogeneous groups at 0.05 significance level, 2-tail Mann-Whitney test.

Development time in days ± SE (n)

£. semirugosus

£. robustus

Eubazus sp.

Host of origin (collection site)

P. castaneus (Beaumotte)

P. pini (Delemont)

P. validirostris (Fontainebleau)

P. validirostris (St-Crepin)

P. piceae (Ribeauville)

P. piceae (Val-d'Ajol)

Rearing host

P. castaneus
P. pini
P. piniphilus
P. castaneus
P. pini
P. castaneus
P. pini
P. castaneus
P. pini
P. castaneus
P. pini
P. castaneus
P. pini

35.81+0.37
37.06 ±0.72
45.85 ±0.79
35.38 ±0.91
36.07 ±1.01
56.13 ±1.22
58.67 ±4.35
48.00 ±1.92
52.81 ±2.16
48.30+1.33
52.57 + 2.76
46.90 ±0.83
49.67 ±1.50

(97)a
(32)a
(13)b
(2I)a
(27)a
(91)d
(24)c,d
(14)b,c
(21)c,d
(20)b,c
(7)c,d
(50)b
(12)b,c,d

(fig. 3). All the £. robustus populations tested had an
important proportion of individuals that stayed in the logs
for overwintering in the larval stage, even when the
unparasitized hosts emerged. In contrast to the other
Eubazus species, the proportion of overwintering individuals
was not related to the date of oviposition. This proportion
was higher in populations from higher altitude sites (e.g.
St-Crepin and Leuk) than from the lower altitude site
(Fontainebleau). Forty five per cent (n=31) of the parasitoids
did not emerge when they were incubated in autumn but
stayed in their host in a true diapause, whereas all (n=83)
unparasitized hosts emerged on incubation in autumn.

The high altitude ecotype of E. semirugosus from P. pini,
collected at Zernez, was also reared on P. castaneus under
natural conditions. As observed in the laboratory, all
remained in diapause within their hosts, regardless of the
oviposition date. In addition, none of them emerged when
parasitized hosts within logs were incubated in autumn, the
diapause being confirmed by subsequent de-barking.

Discussion

Variations in developmental responses

Parasitoids often show important variation between
strains. Ruberson el al. (1989) and Hopper el al. (1993) list
examples of intraspecific variation in traits which are likely
to affect the establishment of a parasitoid in a biological
control programme. Among these, variability in develop-
mental responses (including development rate, diapause,
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Fig. 1. Percentages of diapausing Eubazus semirugosus emerging
(solid bars) or remaining in diapause (hatched bars) after 1, 2, 3 and
4 months at 2°C. Numbers in the bars represent the sample size.
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Fig. 2. Percentage of summer emergence of Pissodes castaneus (lines)
and Eubazus semirugosus, Eubazus sp. and £. crassigaster (bars) reared
outdoors on P. castaneus in relation to oviposition dates. Eubazus
semirugosus was reared from P. castaneus collected at Beaumotte,
Eubazus sp. emerged from P. piceae, Val-d'Ajol and £. crassigaster
from P. strobi, Fair Harbour. Numbers below the bars represent the
total number of parasitoids reared. For P. castaneus, each point

represents the mean of at least ten individuals.
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four populations of E. robusius (bars) reared outdoors on P. castaneus
in relation to oviposition dates. Numbers below the bars represent
the total number of parasitoids reared. For P. castaneus, each point

represents the mean of at least ten individuals.

survival in response to temperature, etc.) has been the most
commonly reported difference. However, many of these
variations may be due to the occurrence of undetected
sibling species (e.g. Hafez & Doutt, 1954; Haardt & Holler,
1992).

Although the Eubazus spp. populations reared from
European Pissodes spp. weevils have been separated into
three sister species, their taxonomic status remains to be

clarified and a revision of the Palaerctic Eubazus spp. by C.
van Achterberg and M. Kenis is in preparation. Neverthe-
less, observations on development times under standard
conditions clearly support this separation. Eubazus semirugo -
sus from the three pine trunk Pissodes spp. have the shortest
pre-imaginal development time, Eubazus sp. from P. piceae
and the Nearctic E. crassigaster develop more slowly and
£. robustus shows the longest development time. Statistical
differences in development time between two sympatric
populations of E. semirugosus and £. robustus in France
strongly suggest that these are different species. The
difference in development time between £. semirugosus and
other parasitoid species is maintained when they are reared
for a second generation in the laboratory.

Important differences were found within Eubazus species
in terms of diapause requirements. Populations of £.
semirugosus and £. robustus collected at high altitude have an
obligatory diapause, or 'parapause' sensu Thiele (1973).
Young parasitoid larvae block the development of their host
in the late larval stage but continue their development only
after having experienced at least three months at 2°C In
these mountain populations, a small percentage of individ-
uals develop without diapause but, as diapausing offspring
were obtained from non-diapausing individuals, the exist-
ence of two sibling species, one diapausing and one not, can
be ruled out. The re-appearance of diapause in a second
generation in captivity also suggests that the diapause is
most probably genetically fixed. Crosses are in progress
between diapausing and non-diapausing populations of £.
semirugosus to assess the genetic basis of these phenotypic
variations.

Differences between Eubazus spp. populations were also
found when they were reared at regular intervals in spring
on P. castaneus under natural conditions. Eubazus crassigaster,
Eubazus sp. from P. piceae and the lowland biotype of £.
semirugosus emerge in the year of oviposition if this occurs
early enough to allow completion of host development
before winter. In contrast, in all £. robustus populations
tested, the majority of the parasitoids arrest the develop-
ment of the host to emerge in the following spring, no
matter whether oviposition occurs in May, June or July. This
development on P. castaneus is very similar to that on its
natural host (Annila, 1975; Roques, 1975). Pissodes validiros-
tris oviposits in pine cones in May and June and emerges
in late summer but only a small proportion of the £. robustus
emerge at the same time as the weevils, the bulk of the
parasitoids overwinter in host larvae to emerge the follow-
ing spring. The extent of £. robustus overwintering in cones
was about 75% in central France (Roques, 1975) and in
southern Finland (Annila, 1975) and 71% in the Swiss Alps
(M. Kenis, unpublished data). These percentages are similar
to those observed in our experiments on P. castaneus. Many
of the £. robustus larvae overwintering in P. castaneus were
in true diapause, as they did not emerge when incubated in
the laboratory in October. Similarly, when cones containing
parasitized P. validirosiris were incubated in mid-August
before summer emergence, only about 30% of the £. robustus
emerged in the three following months (M. Kenis, unpub-
lished data).

The ability of diapausing populations of £. semirugosus
and £. robustus to block the development of non-diapausing
hosts strongly suggests active manipulation of the host
endocrine system. Such a phenomenon is common among
endoparasitoids (Lawrence, 1986; Lawrence & Lanzrein,
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1993), particularly in other egg-prepupal parasitoids of the
families Braconidae, sub-family Cheloninae Qones, 1985),
and Encyrtidae (Strand et al, 1990). There are other
examples of endoparasitoids which, like Eubazus spp. delay
host development to ensure synchronization with their host
(e.g. Thorpe, 1933; Carl, 1976). However, to our knowledge,
Eubazus spp. provide the only example of a host-parasitoid
interaction that is characterized by diapause when, in the
absence of parasitism, the host completes its development
without diapause.

Evolutionary issues of host-parasitoid synchronization

Developmental responses of Eubazus spp. and biotypes
have probably evolved to allow synchronization with the
phenology of their respective hosts. Two biotypes of £.
semimgosus exist, one found at high altitudes and another in
the lowlands, because, in these different environments,
Pissodes spp. have different phenologies. At high altitudes,
P. pini only oviposits during the warmest months of the
year, from June to August (M. Kenis, unpublished data). If
associated populations of £. semimgosus were to emerge
before the winter they would not find any Pissodes spp. eggs
to attack. Thus, high altitude populations of £. semimgosus
larvae overwinter in their host until the following spring
when the Pissodes spp. adults oviposit and, in order to ensure
larval overwintering, the E. semimgosus populations have
developed an obligatory diapause. In these cold areas, P. pini
cannot complete its development in the same year and has
to spend at least one winter as a larva. Consequently,
mountain populations of P. pini also tend to have an
obligatory diapause when reared in the laboratory (Kenis,
1994). In the lowlands, the development of P. pini, P.
castaneus and P. piniphilus is faster, the oviposition period
lasts much longer and generations overlap, so that every
developmental stage can be found at any time of the year,
with the exception of pupae in winter (Kudela, 1974;
Alauzet, 1977). Hence, lowland populations of E. semirugosus
have no diapause and adults continue to emerge until
climatic conditions do not allow adult activity. The lowland
biotype of £. semirugosus has a shorter development time
than other non-diapausing Eubazus spp., perhaps to avoid
competition with ectoparasitoids of mature Pissodes spp.
larvae which are much more abundant in lowland popu-
lations of pine Pissodes spp. than in mountain populations or
in other Pissodes spp. (Kenis & Mills, 1994).

Eubazus robustus also postpones its emergence to the
following spring to coincide with the oviposition period of
P. validirostris (Annila, 1975; Roques, 1975). However, in this
case, about a quarter of the population emerges in late
summer when no host eggs are available. Although it is hard
to believe that the summer generation dies without breed-
ing, in which case £. robustus would probably quickly evolve
to emerge entirely after overwintering, there is some
uncertainty where alternative hosts are concerned. Annila
(1975) and Roques (1975), who made extensive studies on
P. validirostris and their parasitoids, suppose that summer
emerging Eubazus spp. would attack other Pissodes spp. or
even Scolytidae, such as Tomicus piniperda (Linnaeus) or Ips
sexdentatus (Boerner). During our surveys of the parasitoid
complexes of European Pissodes spp., we reared about a
dozen individuals of £. robustus from P. castaneus. This low
number, compared to the thousands of £. robustus and £.
semirugosus reared from their main hosts (Kenis & Mills,

1994; M. Kenis, unpublished data), suggests that, for £.
robustus, P. castaneus is only an accidental host. Scolytids are
sometimes recorded as hosts for Eubazus spp. (see Mills,
1983, for review) but these records have to be regarded as
dubious. Pissodes spp. eggs are laid in feeding holes in the
bark or in cone scales and it is very unlikely that Eubazus
spp. are able to locate scolytid eggs in galleries under the
bark. Other possible alternative hosts for £. robustus are
other weevils, e.g. species of the genus Magdalis which have
a similar biology to that of Pissodes.

Pissodes piceae and its Eubazus sp. oviposit in fir trunks
from May to July inclusive (Haeselbarth, 1962). Haeselbarth
observed that very few Eubazus spp. develop from egg to
adult in the same summer while our observations showed
that, when the Eubazus sp. is reared in a similar climatic
region on P. castaneus, eggs laid in May and June give rise
to adult emergence in the same year. The difference is
probably related to the development rates of these two
hosts. Pissodes piceae, having a much slower development
than P. castaneus, does not allow Eubazus sp. to complete its
development before winter. Furthermore, one would expect
less intraspecific variation in developmental responses in this
Eubazus species than in £. semirugosus and £. robustus
because, in Europe, the climatic range of fir is much more
restricted than that of pine and, consequently, the life cycle
of P. piceae shows much less variation than those of the four
pine Pissodes species.

The North American £. crassigaster is badly synchro-
nized with the life cycle of P. strobi. Pissodes strobi has a
similar phenology to P. validirostris (McMullen et al., 1987).
Females oviposit in May and June exclusively. Adults of the
new generation emerge from July to September and over-
winter in the duff to oviposit in the following spring. Unlike
£. robustus on P. validrostris, E. crassigaster is unable to block
host development and, consequently, emerges before win-
ter. The only regions where £. crassigaster is found on P.
strobi are those where the summer is cold enough to slow
the development of P. strobi to allow a small part of its
population to overwinter as larva, in which case some £.
crassigaster overwinter together with their host (Hulme,
1994). The question why £. crassigaster has not evolved to
improve synchronization with P. strobi remains open. One
possible explanation is that P. strobi is only an accidental
host. Other host records for £. crassigaster include P.
terminalis (Alfaro et al., 1985), P. fasciatus and P. dubius
(Deyrup, 1975, 1978; Marsh, 1979). Pissodes terminalis and
P. fasciatus overwinter partly as larvae (Stark & Wood, 1964;
Deyrup, 1978) and are theoretically more susceptible to
parasitism by £. crassigaster. Indeed, Deyrup (1975) mentions
£. crassigaster as very abundant on P. fasciatus.

Implications for biological control

To ensure the establishment of a Eubazus species on P.
strobi, it is of crucial importance to select the species, biotype
or strain which will be the best adapted to the phenology
of the target host. From our observations on comparative
development of European and American Eubazus spp., it
appears that the diapausing biotypes of £. semirugosus and
£. robustus are better adapted to the life cycle of P. strobi than
are any other Eubazus spp., including the native £. crassi-
gaster, because they are more likely to block the develop-
ment of their host to overwinter in the host larva and
emerge in spring during the oviposition period of P. strobi.
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Non-diapausing Eubazus spp. would most probably emerge
during the summer, as £. crassigaster usually does, and would
then be lost or would have to find an alternative host.

Eubazus robustus can attack and develop successfully on
P. strobi in the laboratory and there is little doubt that high
altitude £. semirugosus will also do so. Whether these two
species will cause P. strobi larvae to enter diapause remains
to be verified. As this diapause is obligatory in the mountain
biotypes of E. semirugosus, it seems likely that it would occur
also on the novel North American host. Eubazus robustus
from high altitude sites apparently also has an obligatory
diapause, but more populations should be tested before
drawing firm conclusions. On the other hand, lowland
populations of £. robustus cause partial host diapause only
when reared outdoors. The factors inducing this diapause
are not known and it is not clear whether this interaction
would be repeated in North America on P. strobi. Another
disadvantage of E. robustus, compared to £. semirugosus, is
its specific microhabitat (pine cones) while E. semirugosus can
be found in all parts of the trunk, including the leader.
Therefore, we consider the mountain biotype of £. semirugo-
sus as the best candidate for introduction against P. strobi.

Some problems, however, may still arise, which could
impede parasitoid establishment. These problems are differ-
ent in western and eastern North America. In western North
America, P. strobi attacks spruces (McMullen et al, 1987),
and it is not certain yet whether E. semirugosus or £. robustus,
both pine-associated species in Europe, will naturally locate
and attack P. strobi in spruce leaders. However, learning of
host-finding cues is a well known phenomenon in insect
parasitoids (e.g. Turlings et al., 1993). Hence, rearing the
selected Eubazus species on P. strobi in the laboratory or in
field cages prior to field releases would probably augment
the chance of establishment. In eastern North America, both
pines and spruces are attacked by P. strobi (Lavallee &
Benoit, 1989) and £. semirugosus would most certainly locate
infested pine leaders easily. In this region, however, para-
sitized larvae might have difficulties in surviving cold winter
temperatures. Hulme et al. (1986) have shown that P. strobi
larvae in leaders hardly survive temperatures of — 20°C that
are frequent in eastern North America. Nevertheless, these
observations were made with the western North American
biotype of P. strobi which was earlier thought to be a
different species from the eastern North American biotype
(Smith & Sugden, 1969) and it is possible that the eastern
biotype is more cold tolerant than the western. Furthermore,
parasitism strongly influences host metabolism and physi-
ology (Vinson & Iwantsch, 1980; Beckage, 1993), which
could also induce greater cold tolerance.
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