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Abstract Larvae of the leaf beetle Chrysomela lapponica
obtain salicyl glucosides (SGs) from the host plant to
produce a defensive secretion with salicylaldehyde. In
northern Russia, larvae and pupae experience high
parasitism by the phorid fly Megaselia opacicornis and
tachinid fly Cleonice nitidiuscula. We compared the
suitability of the SG-rich Salix borealis and SG-poor S.
caprea and S. phylicifolia to Ch. lapponica and tested
whether enemy pressure on Ch. lapponica varies among
host species that differ in SG content. In the laboratory,
survival of Ch. lapponica larvae was higher on S. borealis
than on S. caprea and S. phylicifolia, while adult body
mass was higher on S. borealis and S. caprea than on S.
phylicifolia. In the field, parasitism by both M. opacicor-
nis and Cl. nitidiuscula was greater on beetles from S.
borealis than from the SG-poor S. caprea or S. phylici-
folia. In a laboratory choice test, the pupal parasitoid M.
opacicornis laid similar numbers of eggs on beetles reared
on SG-rich and SG-poor willows, suggesting that the host
plant-derived defence is not effective against this para-
sitoid. In a field enemy-exclusion experiment, beetle
survival was greatly enhanced by the exclusion of
enemies, but survival rates did not differ between S.
borealis and S. caprea, although larvae developed faster
on S. borealis. On the other hand, parasitism and
predation were observed more often on S. borealis than
on S. caprea. Thus, beetle larvae perform better but also
suffer higher predation and parasitism on S. borealis than
on SG-poor willows. Ch. lapponica does not appear to
obtain enemy-free space by feeding on SG-rich willow
species.

Keywords Three trophic-level interactions · Larval
defensive secretion · Salicyl glucosides · Enemy-free
space

Introduction

Herbivorous insects face two substantial challenges:
feeding on a resource that is often nutritionally poor or
even toxic, and being exposed to a wide array of natural
enemies. Ecologists have proposed that these challenges
can be linked if herbivore success on a host plant depends
on its risk of predation or parasitism on that host (Price et
al. 1980; Jeffries and Lawton 1984; Berdegue et al. 1996;
Dicke and van Poecke 2002). Numerous recent studies
have revealed that plants attacked by herbivores produce
substances that attract natural enemies (Turlings et al.
1990; Vet and Dicke 1992; Par� et al. 1999). However,
fewer studies have determined whether host plant species
affect the risk of predation or parasitism for herbivores
(Ohsaki and Sato 1990; Rank et al. 1998; Gratton and
Welter 1999; Ballabeni et al. 2001). This is unfortunate,
because natural enemies can impose a significant selec-
tive force affecting host plant suitability (Feder 1995;
Yamaga and Ohgushi 1999), and may ultimately play an
important role in the evolution of host plant choice (Price
et al. 1980; Bernays and Graham 1988; Thompson 1988b;
Stamp 2001).

The interaction between willows, leaf beetles (Chry-
somela spp. and Phratora vitellinae L.), and their natural
enemies presents an excellent system to determine how
natural enemies affect host plant suitability to herbivores.
Larvae of these beetles convert phenolic glucosides from
their host plants into a larval defensive secretion that
consists mostly of salicylaldehyde (Pasteels et al. 1983a;
Hilker and Schulz 1994; K�pf et al. 1998). Beetles
feeding on hosts poor in salicyl glucosides (SGs) produce
little defensive secretion and it does not contain salicyl-
aldehyde (Rowell-Rahier and Pasteels 1982; Smiley et al.
1985; Gross and Hilker 1995; Rank et al. 1998). The
salicylaldehyde secretion protects beetle larvae from
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some generalist predators (Wallace and Blum 1969;
Pasteels et al. 1983b; Palokangas and Neuvonen 1992;
Lundvall et al. 1998), and attracts some specialist
predators (Rank 1994; Rank et al. 1996; K�pf et al.
1997; Gross 2001), but effects of the secretion on
parasitoids have never been studied.

It is possible that search behaviour of parasitoids is
affected by the host plant-derived secretion produced by
beetle larvae. On the other hand, parasitoid performance,
and survival may also be affected by the quality of the
herbivore’s host plant (Campbell and Duffy 1979;
Blumberg 1991; Turlings and Benrey 1998; Kruse and
Raffa 1999). Healthier and larger herbivores that develop
on high-quality host plants may provide parasitoids with
better nutrition (Bourchier 1991; Jervis and Copland
1996; Benrey et al. 1998), or may have better physiolog-
ical resistance to parasitoids, expressed as enhanced
ability to encapsulate the parasitoid before it causes
substantial damage to host tissue (Salt 1963; Van den
Bosch 1964; Blumberg 1997). The relationship between
host plant quality and parasitoid attack must be examined
empirically to determine which of these two outcomes
apply to a particular plant-herbivore-parasitoid interac-
tion.

In Finnish Lapland and adjacent north-west Russia,
populations of the leaf beetle Chrysomela lapponica L.
are particularly dense where Salix borealis (Fries.) Nasar.
is abundant (Zvereva et al. 1995a, 1995b, 1997; Gross
2001). This willow species contains high amounts (up to
15% of dry weight) of the SGs (Julkunen-Tiitto 1989b;
Kolehmainen et al. 1995) that are used by Ch. lapponica
larvae as precursors of salicylaldehyde (Gross and Hilker
1995). Although Ch. lapponica prefers S. borealis to other
local willows (Zvereva et al. 1995a), some beetle larvae
are found on SG-poor willow species. This naturally
broad herbivore diet made it possible to quantify host-
plant effects on parasitism by two principal parasitoids,
the scuttle fly Megaselia opacicornis Schmitz and
tachinid fly Cleonice nitidiuscula (Zett.) on Ch. lappon-
ica, which together cause up to 80% mortality in Russian
populations of Ch. lapponica (Zvereva and Kozlov 2000).
Close relatives of these parasitoids are known to cause
high levels of mortality on chrysomelids in other regions
(Kanervo 1946; Devantoy 1948; Cox 1994; Baur and
Rank 1996; Rank et al. 1996), but no previous studies
have investigated the relationship between host plant
chemistry, beetle survival and parasitoid success.

The aim of the present study is to test the hypothesis
that leaf beetle larvae feeding on the SG-rich S. borealis
obtain “enemy-free space” (EFS) via reduced parasitism
on this host plant due to more efficient chemical defence.
We will also evaluate the alternative hypothesis that
parasitoids should favour beetles on the host on which
herbivores perform most effectively. We asked four
questions:

1. First, how does larval survival and body size of Ch.
lapponicavary in the absence of natural enemies

among three host plant species that differ substantially
in SG chemistry?

2. Second, does the herbivore’s host plant species affect
parasitism by M. opacicornisor Cl. nitidiuscula?

3. Third, does parasitoid performance relate to herbivore
performance on a given host plant?

4. Finally, does survival of Ch. lapponicadiffer between
the SG-rich host, Salix borealisand an alternative SG-
poor host, Salix caprea,in the presence and absence of
natural enemies? This question will be addressed by
comparing larval field survival on both willow hosts in
a enemy-exclusion experiment and by quantifying
natural predation and parasitism rates.

Materials and methods

Natural history and study system

When disturbed, larvae of Ch. lapponica release droplets of
defensive secretion from nine pairs of eversible glands on the dorsal
side of the thorax and abdomen. A major component of this
secretion consists of salicylaldehyde derived from host plant SGs;
when Ch. lapponica feeds on a SG-poor host plant, the defensive
secretion is autogenous and it does not contain salicylaldehyde
(Hilker and Schulz 1994; Gross and Hilker 1995; Schulz et al.
1997). When larvae complete development, they cease feeding and
attach themselves to leaves by the tip of the abdomen. Defensive
glands remain active during this immobile stage, called prepupa.
Pupation occurs on the upper side of host plant leaves at the
beginning of August. In the Kola Peninsula Ch. lapponica feeds on
seven willow species, but S. borealis is preferred over the others
(Zvereva et al. 1995a).

Megaselia opacicornis is a small (2–3 mm) parasitoid of
chrysomelid pupae abundant in north-west Russia (Disney et al.
2001), where it causes up to 35% mortality of Ch. lapponica
(Zvereva et al. 1995b; Zvereva and Kozlov 2000). This parasitoid
was previously referred to as M. rubricornis (Zvereva et al. 1995b,
1997). The tachnid Cleonice nitidiuscula (body length 5 mm)
causes up to 66% mortality of Ch. lapponica (Zvereva et al. 1995b,
1997; Richter and Zvereva 1996).

Study site and plants

This study was conducted in 1994, 2000 and 2001 in the
Monchegorsk region on the Kola Peninsula (NW Russia) in sites
situated along the Murmansk–St. Petersburg road. Three willows
abundant in the Kola Peninsula were chosen: the SG-rich S.
borealis and two SG-poor species, Salix caprea L. and Salix
phylicifolia L. (Tahvanainen et al. 1985b; Julkunen-Tiitto 1989a,
1989a).

We used pairs or triplets of medium-sized plants (1–1.5 m high)
as blocks, which allowed us to statistically separate host species
differences from random spatial variation in survival and parasitism
rate (Rank 1994). Within each block, maximum distance between
plants was 5 m, and blocks were separated by at least 500 m. In
1994, we selected 15 S. borealis/S. caprea and eight S. borealis/S.
phylicifolia pairs. In 2000, we chose four triplets of S. borealis/S.
caprea/S. phylicifolia. In 2001, we selected 12 S. borealis/S. caprea
and eight S. borealis/S. phylicifolia pairs. We used a subset of
plants chosen in a given year for experiments described below.
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Assessment of plant quality to Ch. lapponica

To assess host plant quality to Ch. lapponica, we collected beetle
eggs in the field in June 2001 and reared larvae on each host in the
laboratory. We placed seven newly hatched larvae onto a fresh
willow leaf in a vial and reared them at room temperature under
natural light. Leaves were changed every second day. We
quantified larval survival to pupation.

We compared body mass of adults that emerged from field-
collected pupae in 1994. We collected five pupae per plant and
weighed each adult beetle to the nearest 0.1 mg immediately after
eclosion from the pupa. Plant averages were calculated for body
mass before statistical analysis.

In June 2001 we added Ch. lapponica egg clutches to each
experimental plant. Before adding clutches, we removed naturally
occurring eggs and larvae and continued to remove new ones every
5 days throughout the summer. At the time of mass pupation in late
July, we collected all prepupae, brought them to the laboratory, and
counted the number of survivors. When three or fewer larvae
survived to pupation, the plant pair was deleted from analysis. The
Ch. lapponica prepupae collected in this experiment were also used
to assess parasitism by M. opacicornis and Cl. nitidiuscula.

Assessment of parasitism by the scuttle fly M. opacicornis

To assess levels of parasitism by M. opacicornis, we examined
beetles that developed naturally on their host plants (summer 2000)
or had been experimentally placed on plants (summer 2001). At
mass pupation we collected beetle pupae and used a dissecting
microscope to count the number of M. opacicornis eggs laid on
each pupa or on the leaf within 5 mm of the pupa (103 pupae in
2000 and 958 in 2001). We kept pupae at room temperature until
parasitoids pupated, dissected beetle pupae to determine cause of
death and calculated the proportion of pupae parasitized by M.
opacicornis. Beetle pupae that had been consumed by sucking
arthropod predators, parasitized by Cl. nitidiuscula or died for
unknown reasons were excluded from analysis.

To study host preference of M. opacicornis in the laboratory, we
reared beetles from first instar to just before pupation on three
willow species (five plants per species), and obtained adult M.
opacicornis by aspirator at the field site. We placed two beetle
prepupae reared on S. borealis and two reared on a SG-poor willow
into one of two 1-l jars containing 20–50 M. opacicornis
individuals. When we observed multiple M. opacicornis eggs on
at least one beetle prepupa (usually after 2–10 h), we counted
number of parasitoid eggs per pupa. Five preference trials were
conducted for each S. borealis (BOR) vs. S. caprea (CAP) and S.
borealis (BOR) vs. S. phylicifolia (PHY) comparison.

Assessment of parasitism by the tachinid Cl. nitidiuscula

To quantify the proportion of Ch. lapponica pupae that were
parasitized by Cl. nitidiuscula, we collected 1,287 pupae in 1994
and 958 pupae in 2001 using the same willows as those used for
studies of M. opacicornis parasitism. We kept pupae in the
laboratory until parasitoid emergence and pupation and determined
parasitism rate for each plant. We weighed each Cl. nitidiuscula
pupa and calculated mean parasitoid body mass per host plant in
1994. When no beetles were parasitized on a plant, the plant pair
was omitted from analysis.

To determine the relationship between plant nutritive quality,
parasitoid attack and parasitoid body mass, we collected Ch.
lapponica pupae from S. borealis individuals in ten study sites (five
plants per site) in 1994. Pupae were kept in the laboratory until
adult beetles emerged or parasitoids pupated. For each plant, we
determined the proportion of pupae that were parasitized, weighed
all Cl. nitidiuscula pupae, and weighed five beetles that had
emerged from unparasitized pupae.

Field enemy-exclusion experiment

During summer 2000, we compared number of survivors on a
control branch exposed to natural enemies to survival on a branch
enclosed in a mesh bag. We chose five study sites located, on
average, 5 km apart, and selected five S. borealis plants and five S.
caprea plants growing within 20 m of each other within each site.
On 3 July 2000, we removed naturally occurring beetle eggs and
larvae from host plants and added 15 newly hatched Ch. lapponica
larvae to two branches on each plant: one branch control (exposed)
and one branch enclosed to a mesh bag. After 21 days, we collected
surviving individuals, determined life stage, and kept them in the
laboratory until any parasitoids emerged. To determine average life
stage per branch, we multiplied the number of individuals in each
stage by a value (1=larva or prepupa, 2=pupa, 3=eclosed adult),
summed these values, and divided the sum by the total. We also
calculated proportion survival (day 0 to day 21). We quantified
mortality from parasitoids by dividing number of parasitized
beetles by initial larval number.

Statistical analysis

We analysed Ch. lapponica survival, body mass, abundance, and
parasitism by both parasitoids by mixed model ANOVA, with SG
rank (BOR=SG-rich, CAP and PHY=SG-poor) and species pair
(BOR vs. CAP, BOR vs. PHY) as fixed effects. Plant pair within
species pair was considered a nested random effect. The SG rank
factor tested for differences between the SG-rich S. borealis and the
two SG-poor species. The species pair factor tested for differences
among species pairs and the interaction tested whether the
difference between SG-rich and SG-poor host depended on species
pair. Finally, the plant pair factor determined whether significant
spatial variation existed, as described in Rank (1994).

Laboratory choice tests with M. opacicornis were analysed
using mixed-model ANOVA, with each choice trial as a random
nested factor in each species pair. We calculated plant averages for
number of scuttle fly pupae per beetle pupa before statistical
analysis. Preliminary analysis using trial duration as a covariate
revealed that it had no effect on significance values, so we left trial
duration out of the final model.

To analyse average beetle life stage in the enemy-exclusion
experiment, we used three-way factorial ANOVA with host species,
exclosure treatment, and site as grouping factors and all interac-
tions. One site was removed from this analysis because there were
no survivors on S. caprea, which would have resulted in a missing
cell in the ANOVA. To analyse proportion survival, we calculated
site averages and conducted ANOVA, with host species, exclosure
treatment and site as grouping factors and all possible two-way
interactions. (Fractional dfs are reported in the denominator of
some F-tests because JMP employs the Satterthwaite approxima-
tion when cell sample sizes are not completely balanced in the
ANOVA). Parasitism included many zeroes because no parasitoids
were found in some branches. To avoid violating ANOVA
assumptions in the analysis of parasitism, we determined whether
parasitism had occurred on a given plant and then analysed
parasitism and predation by contingency table analysis. We
excluded 17 plants from analysis because the mesh bag was
damaged, predators had accidentally entered a bag, or non-
experimental larvae of similar size had wandered onto the branch.

Results

Assessment of plant quality to Ch. lapponica

In the laboratory, larval survival on the SG-rich S.
borealis was significantly greater than on the SG-poor S.
caprea or S. phylicifolia (Table 1, Fig. 1A). Similarly, end
of season number of survived individuals (of larvae that
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had been experimentally placed on willows) was signif-
icantly greater on S. borealis than on S. caprea or S.
phylicifolia (Fig. 1C, Table 1), suggesting strongly that
survival was greatest on S. borealis.

Mean body mass of newly emerged beetles reared
from field-collected pupae was greater on S. borealis and
S. caprea than on S. phylicifolia (Fig. 1B). The difference
between SG-rich and SG-poor hosts varied among species
pairs (Table 1).

Assessment of parasitism by M. opacicornis

Megaselia opacicornis usually attacked beetle pupae at
higher rates on S. borealis than on S. caprea (Fig. 2A, C).
In 2001, parasitism rates were significantly higher on S.

Fig. 1A–C Performance of Chrysomela lapponica on three willow
species: Salix borealis (BOR), S. caprea (CAP), and S. phylicifolia
(PHY). Larval survival (pupation rate) in the laboratory (2001) (A);
mass of newly emerged beetles from field collected pupae (1994)
(B); number of prepupae that remained from three experimentally
added egg batches per plant (2001) (C). Data shown are least-
squares means of plant species pairs (€SE). Numbers of replicates
for the 1994 and 2001 experiments are described in the Study sites
and plants section

T
ab

le
1

A
N

O
V

A
s

of
fi

el
d

an
d

ab
or

at
or

y
da

ta
co

ll
ec

te
d

on
pa

ir
s

of
w

il
lo

w
s

be
lo

ng
in

g
to

Sa
li

x
bo

re
al

is
,

S.
ca

pr
ea

,
an

d
S.

ph
yl

ic
if

ol
ia

.
SG

S
al

ic
yl

gl
uc

os
id

es

S
ou

rc
eo

fv
ar

ia
ti

on
H

os
t

qu
al

it
y

to
C

hr
ys

om
el

a
la

pp
on

ic
a

P
ar

as
it

is
m

by
M

eg
as

el
ia

op
ac

ic
or

ni
s

P
ar

as
it

is
m

by
C

le
on

ic
e

ni
ti

di
us

cu
la

L
ar

va
l

su
rv

iv
al

in
th

e
la

bo
ra

to
ry

A
du

lt
bo

dy
m

as
s

F
ie

ld
ab

un
da

nc
e

P
ro

po
rt

io
n

of
be

et
le

pu
pa

e
pa

ra
si

ti
ze

d
by

sc
ut

tl
e

fl
y

S
cu

tt
le

fl
y

eg
gs

pe
r

be
et

le
pu

pa
P

ro
po

rt
io

n
be

et
le

pu
pa

e
pa

ra
si

ti
ze

d
in

fi
el

d

P
ar

as
it

oi
d

pu
pa

l
m

as
s

df
S

S
F

df
S

S
F

df
S

S
F

df
S

S
F

df
S

S
F

df
S

S
F

df
S

S
F

S
G

ra
nk

(R
)

1
0.

73
7

15
.4

**
1

5.
88

3
1.

4
1

0.
39

4
8.

2**
1

0.
14

5
9.

9**
1

0.
10

1
0.

2
1

0.
04

9
4.

5*
1

9.
63

0
4.

5a

S
pe

ci
es

pa
ir

(S
)

1
0.

01
0

0.
1

1
18

.4
55

3.
3

1
0.

00
4

0.
1

1
0.

01
3

0.
5

1
0.

00
2

0.
0

1
0.

01
2

0.
8

1
0.

32
9

0.
3

R
�

S
1

0.
00

0
0.

0
1

30
.4

27
7.

1*
1

0.
01

4
0.

3
1

0.
30

9
21

.0
**

*
1

0.
09

6
0.

2
1

0.
01

5
1.

4
1

7.
13

0
3.

3
P

ai
r

(S
pe

ci
es

pa
ir

)
14

1.
90

6
2.

8
15

83
.3

84
1.

3
23

1.
48

1
1.

3
18

0.
47

0
1.

8
18

11
.4

44
1.

6
23

0.
37

2
1.

5
15

18
.5

21
0.

6
E

rr
or

14
0.

67
1

15
63

.8
52

23
1.

10
3

18
0.

26
5

17
6.

84
2

23
0.

25
2

10
21

.5
34

* P
<

0.
05

,
**

P
<

0.
01

,
**

* P
<

0.
00

1
a

P
<

0.
06

2

261



borealis than on other willows (Table 1). Parasitoid egg
number per host tended to be lower on SG-poor willows
(Fig. 2B, D), but no significant difference among host
species was observed in 2000 (F2,5=0.80, P=0.49).

In the laboratory choice test, M. opacicornis females
laid a similar number of eggs on host prepupae reared on
high- and low-SG willow species (SG-rank effect,
F1,8=1.2, P=0.31). There was no difference among species
pairs (F1,8=1.4, P=0.29) or among trials (F8,8=1.6,
P=0.27) in M. opacicornis egg number.

Assessment of parasitism by the tachinid Cl. nitidiuscula

Parasitism by Cl. nitidiuscula was significantly higher on
S. borealis than on SG-poor willows (Fig. 3A, Table 1).
Cl. nitidiuscula pupal mass tended to be higher on S.
borealis than SG-poor hosts, especially on S. phylicifolia
(Fig. 3B), but this was only marginally significant
(Table 1).

Plant specific body mass of adult beetles hatched from
unparasitized pupae on S. borealis was related to the Cl.
nitidiuscula parasitism rate (y=0.51x+1.86, r=0.54, n=47,
P=0.001) and Cl. nitidiuscula pupal mass (y=2.13x�24.6,
r=0.33, n=50, P=0.037). There was no significant
relationship between parasitism rate and Cl. nitidiuscula
body mass (y=0.91x+9.02, r=0.13, n=47, P=0.39).

Fig. 3 Chrysomela lapponica parasitism by Cleonice nitidiuscula
on different willow species (A) and mass of tachinid pupae (B) on
hosts collected from three willow species. Data shown are least-
squares means of plant species pairs (€SE). Numbers of replicates
are described in the Study sites and plants section. For abbrevi-
ations, see Fig. 1

Fig. 2 Parasitism by Megaselia opacicornis (proportion of hosts
with parasitoid eggs) and number of eggs per parasitized host on
different willow species in field experiments of 2000 (A, B) and
2001 (C, D). Data reported are least-squares means (€SE) of each
plant species (A, B) or plant species pair (C, D). Numbers of
replicates are described in the Study sites and plants section. For
abbreviations, see Fig. 1

Fig. 4 Effects of willow species on average larval life stage (A)
and survival (B) of Chrysomela lapponica exposed to or excluded
from enemies in nature. Data shown are least squares means (€SE).
For abbreviations, see Fig. 1
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Field enemy-exclusion experiment

Chrysomela lapponica larvae developed more rapidly on
S. borealis than on S. caprea (F1,3.4=7.5, P=0.06). This
difference was more pronounced when enemies were
excluded (host species by treatment interaction,
F1,3.8=9.8, P=0.037; Table 2, Fig. 4A). By the last day
of the experiment, most individuals had pupated or
emerged from pupae on both hosts (Table 2). Beetle
survival was similar on both hosts in the presence of
predators, although it tended to be lower on S. borealis
than on S. caprea when enemies were excluded (Table 3,
Fig. 4B). Finally, on open branches, parasitism occurred
significantly more often on Ch. lapponica feeding on S.
borealis (12 of 23 plants) than on S. caprea (three of 20
plants, Fisher’s exact test, P=0.023). On average, 12% of
beetles that had died from natural enemy attack on S.
borealis were parasitized, compared to 1% for beetles on
S. caprea. Predation on beetle pupae also tended to be
observed more often on S. borealis (ten of 23 plants) than
on S. caprea (four of 20 plants, Fisher’s exact test,
P=0.060).

Discussion

Larval survival of Ch. lapponica was greater (in the
laboratory) and development was faster (in the field) on
SG-rich S. borealis than on SG-poor willow species. This
result is consistent with studies of the SG-using leaf beetle
Phratora vitellinae (Denno et al. 1990; Rank et al. 1998)
and some Chrysomela species (Burkot and Benjamin
1979; Horton 1989; Topp et al. 1989; Rank 1994). Like
other SG-using leaf beetles (Rowell-Rahier and Pasteels
1982; Denno et al. 1990; Rank 1992; Kolehmainen et al.
1995; Rank et al. 1998), Ch. lapponica prefers the SG-
rich willow (S. borealis) against SG-poor willows (S.
caprea and S. phylicifolia) in the field and laboratory
(Zvereva et al. 1995b). Nevertheless, Ch. lapponica often
use SG-poor hosts in nature and larval performance is
sometimes just as high on SG-poor hosts as on SG-rich
ones (Zvereva et al. 1995b). This lack of correspondence
between host plant preference and larval performance has
been found in a large number of plant herbivore
interactions (Thompson 1988a), and the “enemy free
space” (EFS) hypothesis was proposed, in part, to provide
a general explanation for this phenomenon (Bernays
1988). A number of researchers have suggested that the
EFS hypothesis explains preference/performance relation-
ships in SG-using leaf beetles (Rowell-Rahier and
Pasteels 1982; Smiley et al. 1985; Denno et al. 1990).

Predators respond in very different ways to the
salicylaldehyde secretion found in larvae of SG-using
leaf beetles. While some generalist predators, including
birds, ants, and ladybird beetles, are repelled by the
secretion (Wallace and Blum 1969; Pasteels et al. 1983b;
Denno et al. 1990; Palokangas and Neuvonen 1992;
Lundvall et al. 1998), generalist bugs that prey on SG-
using leaf beetles in nature do not appear to be repelled by
it (Rank et al. 1998; Gross 2001). Several species of
predators specialize on SG-using leaf beetles or related
beetles that produce autogenous (rather than host plant-

Table 2 No. of beetles placed onto host plants in enemy-exclusion experiment and no. of survivors in each stage when individuals were
collected 21 days later

S. borealis S. caprea

Enemy-exclusion
treatment

Exposed to enemies
(control)

Enemy-exclusion
treatment

Exposed to enemies
(control)

No. of plants 19 23 18 20
Initial no. of beetle larvae 286 345 270 300
Final no. of beetles 177 35 120 26

No. in each stage

Larvae 21 9 39 6
Prepupae 8 5 15 2
Pupae 87 19 54 18
Emerged adults 61 2 12 0

Cause of beetle mortality

Larval mortality from predation
and plant qualitya

108 255 150 267

Parasitism 0 41 0 3
Pupal predation 0 14 0 4

a No mortality from predation in enemy-exclusion treatment

Table 3 ANOVA of beetle survival in the enemy-exclusion
experiment

Source of variation df SS F P

Host plant species (H) 1 0.0752 3.5 0.14
Site (S) 4 0.0406 3.3 0.94
Enemy-exclusion treatment (T) 1 1.1297 100.3 0.0006
H�S 4 0.0872 0.7 0.62
H�T 1 0.0744 2.5 0.19
S�T 4 0.0450 0.4 0.82
Error 4 0.1201
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derived) larval secretions (Rank and Smiley 1994; Rank
et al. 1996; Sears et al. 2001). Some specialist predators
use the beetle secretion as an olfactory attractant and
feeding stimulant (K�pf et al. 1997; Gross 2001).

Attack rates of both parasitoids were not reduced on
Ch. lapponica feeding on the SG-rich host plant, indicat-
ing that salicylaldehyde secretion does not repel either
parasitoid species. Results of the laboratory choice test
indicated that the amount and composition of the
defensive secretion does not affect the attractiveness of
the host for M. opacicornis. However, M. opacicornis
field parasitism and egg number per host were greatest on
beetle pupae on the SG-rich S. borealis, indicating that
these parasitoids tend to aggregate on this willow species.
Earlier studies have demonstrated positive spatial density-
dependence in this host-parasitoid system (Zvereva and
Kozlov 2000). The high beetle density on S. borealis may
explain the high M. opacicornis parasitism rates on
beetles feeding on this host plant. Parasitism by the
tachinid fly Cl. nitidiuscula, which was also highest on S.
borealis, was not density dependent (Zvereva and Kozlov
2000), suggesting that factors other than host density
govern prey choice in this fly.

Our results indicate that the quality of the host plant to
the herbivore affects larval performance of the parasitoid
Cl. nitidiuscula. This was evident from the positive
relationship between body mass of beetles reared on
individual plants of S. borealis and pupal mass of Cl.
nitidiuscula individuals collected from beetles reared on
the same plants. We also found that host plant species
differences in beetle body mass correspond to differences
in Cl. nitidiuscula pupal mass. Numerous examples have
demonstrated a positive correlation between the quality of
insect hosts to parasitoids, host selection by parasitoids,
and parasitoid fitness (Charnov and Skinner 1984;
Sequeira and Mackauer 1992; Petitt and Wietlisbach
1995; Wen et al. 1995). Our results agree with studies,
which found that parasitoid performance was related to
herbivore performance on different host plant species
(Bourchier 1991; English-Loeb et al. 1993; Godfray 1994;
Benrey et al. 1998). Our data indicate that parasitism is
most successful on host plants that provide Ch. lapponica
with maximum nutritional quality, but not reduced on
host plants that maximize the amount of salicylaldehyde
defensive secretion.

The enemy-exclusion experiment allowed us to deter-
mine whether beetles obtain EFS under natural conditions
from natural predators and parasitoids, according to the
three criteria proposed Berdegue et al. (1996). As noted
by Stamp (2001), few studies have met all three criteria.
First, we demonstrate that natural enemies affect leaf
beetle fitness, because survival of beetles exposed to
enemies was much lower than survival of beetles when
enemies were excluded. The second criterion for demon-
strating EFS is that prey fitness in the “alternative” habitat
or host (the EFS habitat), in the presence of enemies, is
greater than fitness in the original (unprotected) habitat in
the presence of enemies. In our study, mortality of Ch.
lapponica due to parasitoids was higher on the SG-rich

host than on SG-poor willows (Figs. 2, 3; Table 2), and
survival of Ch. lapponica exposed to enemies was similar
on SG-rich and SG-poor willows (Fig. 4B). Because
survival was not greater on the SG-rich host in the
presence of enemies, our data are not consistent with the
second criterion. The third criterion is that prey fitness in
the EFS habitat should be lower in the absence of enemies
than fitness in the unprotected habitat. This criterion is
based on the idea that demonstrating EFS requires that
enemy protection incurs a cost, which is outweighed by
the benefit of EFS. In our case, larval performance and
survival tended to be greater on S. borealis than on S.
caprea, suggesting that no such cost for host specializa-
tion exists for beetles living on S. borealis. Therefore we
conclude that this plant-herbivore-enemy interaction does
not fit the EFS hypothesis.

Our enemy-exclusion experiment takes into account
larval and pupal mortality from all natural enemies, but
not egg mortality. On average within a generation, three-
quarters of beetle mortality occurs during the larval and
pupal stage (Zvereva and Kozlov 2000), suggesting that
the experiments reported here have targeted the most
important life cycle stages in order to understand effects
of enemies on host plant suitability. Earlier studies
showed that egg parasitism in our populations of Ch.
lapponica was extremely low, and the principal egg
predator was the hoverfly Parasyrphus nigritarsis, which
caused up to 55.3% egg mortality (Zvereva and Kozlov
2000). The biology of this hoverfly is very similar to that
of Nearctic P. melanderi (Rank et al. 1996; K�pf et al.
1997; Gross 2001), which laid more eggs on leaf beetle
batches oviposited on SG-rich willows than on SG-poor
willows (Rank and Smiley 1994). Therefore it is likely
that in our system egg mortality from natural enemies,
similarly to mortality from parasitoids, is higher on SG-
rich S. borealis than on other hosts.

Our results with Ch. lapponica differ from those
obtained by Denno et al. (1990), who found support for
EFS in a study of the SG-using leaf beetle Phratora
vitellinae in Sweden. Denno et al. (1990) showed that P.
vitellinae obtained EFS from the ladybird beetle predator
Adalia bipunctata when feeding on a SG-rich willow, S.
fragilis. A similarity between our study and Denno et al.’s
(1990) work is that larval survival was greater in the
laboratory (in the absence of enemies) on the SG-rich host
than on the SG-poor ones. A difference between the
studies is that our experiments were conducted in the field
on native host plants, with beetles exposed to naturally
occurring enemies, while Denno et al.’s (1990) study was
conducted in the laboratory, using non-native host plants
and a predator that is not known to feed on SG-using leaf
beetles in nature (Kanervo 1939, 1946; Zvereva and
Kozlov 2000). Our results are consistent with other
studies that indicate that SG-using leaf beetles do not
obtain EFS on naturally occurring hosts under field
conditions (Rank 1994; Rank et al. 1996, 1998).

The EFS hypothesis suggests that insect herbivores
may escape generalist enemies by narrowing their host
plant range (Bernays 1988; Stamp 2001). However,
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specialist parasitoids may provide a selective pressure for
a broader host plant range for host insects (Lawton 1986;
Gratton and Welter 1999). In line with these studies, our
results indicated that the host plant-derived chemical
defence did not provide Ch. lapponica with EFS from
parasitoids, and therefore appears not to be a selective
force leading to specialization of Ch. lapponica on SG-
rich willows. On the other hand, Ch. lapponica may
obtain EFS from parasitoids on SG-poor willow species,
as indicated by lower parasitism rates on them. Thus, a
selection pressure imposed by parasitoids may favour an
expansion of the breadth of diet of Ch. lapponica to
include SG-poor willow species. Similarly, Gross (2001)
suggested that escape from specialist predators has a
significant impact on a host plant shift from willow to
birch in some populations of Ch. lapponica. The low
performance of Ch. lapponica Cl. nitidiuscula on SG-
poor willows (in our study) and birch (Gross 2001) in the
absence of enemies demonstrates the costs of such host
range expansion.

Some studies of plant-herbivore-enemy interactions
reveal little evidence for EFS (Keese 1997; Williams et
al. 2001), while others provide evidence for it (Feder
1995; Yamaga and Ohgushi 1999; Gruenhagen and
Perring 2001; Stamp 2001; Oppenheim and Gould
2002). We suspect that evolutionary history of the
predator-prey (or parasitoid-prey) relationship strongly
affects the role of natural enemies in determining
suitability of the host plant to the herbivore. In the case
of SG-using leaf beetles, phylogenetic studies indicate
that use of SGs for defensive secretions in leaf beetles is
not associated with a narrow diet (K�pf et al. 1998;
Termonia et al. 2001). The results presented here are
therefore consistent with phylogenetic and ecological
evidence indicating that natural enemies are not respon-
sible for host specialization in SG-using leaf beetles
(Rank et al. 1996; K�pf et al. 1997).
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