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Abstract

The effects of long-term simulated acid rain on tritrophic
interactions between mountain birch, a leaf beetle {Phra-
tora polaris) and its predators were studied. Leaf beetle
larvae were fed on foliage treated during 6-7 years with
sinntated acid rain of pH 3 (both H,SO, and HNO,) or
with spring water of pH 6 (irrigated controls). There
were significant differences between treatments in the
susceptibility of P. polaris to predators. Generally, beetles
reared on acid treated birches were more susceptible to
predators than those reared on irrigated control trees.
This effect was present over several stages in the life
cyele of the heetle and for several types of predators:
ants preying on larvae, carabids attacking pupae and
birds feeding on adult beetles. However, host plant treat-
moent did not have consistent effects on the growth of
larvae. This suggests that the defensive ability of leaf
beetles is more sensitive to pollution induced variation in
host foliage than larval growth.

INTRODUCTION

Air pollution may affect quality of the host plant fo-
liage for herbivorous insects or change the susceptibil-
ity of herbivores to their natural enemies (Riemer &
Whittaker, 1989). The importance of these mechanisms
varies from case to case depending, for example, on
feeding guild, host plant species, defence systems and
predators of herbivores. Some studies have suggested
that herbivores benefit from feeding on plants moder-
ately stressed by air pollution (e.g. Neuvonen & Lindgren,
1987; Houlden ef al, 1990; Koricheva & Haukioja,
1992) or by other abiotic factors (e.g. McCullough &
Wagner, 1987; Coleman & Jones, 1988). Stressed plants
are considered to be more susceptible to herbivory
because of increased nutritional value and/or reduced
defences (White, 1974, 1984; Rhoades, 1979; Waring
& Pitman, 1985; Mattson & Haack, 1987; Larsson,
1989}

The quality of mountain birch (Betula pubescens ssp.
tormosa (Ledeb.) Nyman) foliage for some insect
species was enhanced by short term (1-3 years) simu-
lated acid rain treatments but other insect species did
not show any significant response (Neuvonen er al,
19904). The net effects of acid rain cannot be predicted
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by examining only the growth and fecundity of herbi-
vores, because concomitant changes in their mortality
may enhance or mitigate the growth responses. The
effects of acid rain on the natural enemies of herbivores
have been little studied. The efficacy of the nucleopoly-
hedrosis virus disease of the European pine sawfly
(Neodiprion sertifer (Geoffr.)) was reduced on pine
foliage treated with simulated acid rain (Neuvonen et al,
1990b; Saikkonen & WNeuvonen, 1993). Field studies
have demonstrated changes in the number of some
predator species in polluted areas (e.g. Galecka, 1980;
Stary & Kublznakova, 1987), but we are not aware of
experiments testing how simulated acid rain effects the
susceptibility of herbivores to predation.

In this paper, we studied the influence of simulated
acid rain on ftritrophic interactions between mountain
birch (Betula pubescens ssp. tortuosa), Phratora polaris
{Schneid.) (Col. Chrysomelidae) and its predators. P.
polaris is a common herbivore on mountain birch in
northern Fennoscandia (Tenow, 1963; Nuorteva, 1966;
Koponen, 1973). Chrysomelid beetles are convenient
for studies on the effects of air pollution on tritrophic
interactions, because of their well developed chemical
defences (e.g. Pasteels er al., 1988; Palokangas & Neu-
vonen, 1992; Palokangas er al., 1995). We pose the fol-
lowing question: does simulated acid rain treatment of
host-plant foliage affect the growth of leaf-beetle larvae
and/or the susceptibility of larvae, pupae or adults to
predation? Effects on beetle susceptibility were tested
by exposing larvae to crab spiders (Xpsticus obscurus
(Collett) and X. audax (Schrank)) and ants (Formica
aquilonia {Yarrow)), pupae to ground beetles (Preros-
tichus adstrictus {(Pk.)) and adults to willow warblers
{Phylloscopus trochilus (L.)).

MATERIALS AND METHODS

The experiments were carried out during the summers
of 1991-1992 at the Kevo Subarctic Research Institute
{69° 45' N, 27° 01" E) in northernmost Finland. Larvae
and adults of P. polaris were fed leaves from mountain
birches treated with simulated acid rain or irrigated
with water since 1985. The study area consisted of 80
experimental plots grouped into 20 blocks of four plots.
Plots within each block were randomly allocated to four
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treatments, two of which were used in the present study:
(IC) irrigated controls, with additional 60 mm/month
simulated rain (sprinkled over the canopyanda 5 X 5 m
area of ground) of pH 6; and (A3) treatment with simu-
lated acid rain of pH 3 (both sulphuric and nitric acids;
S:N mass ratio 1-9: 1). The acidity of simulated acid rain
was adjusted by adding both sulphuric and nitric acids
to the control water. The amount of sulphur added by
the simulated acid rain treatment was 2-0-2-5 g m? per
season, while the ambient sulphur deposition at Kevo is
0-35 g m? year! (Laurila er al, 1991). The plots were
further grouped into four sub-areas, of which only sub-
areas I and IV were used in this study. Detailed descrip-
tions of the experimental design and treatments at the
study site are given by Neuvonen e7 al. (1990a,5) and
Neuvonen and Suomela (1990).

Growth of larvae on acid- and control-freated foliage

In 1991 and 1992 P. pelaris larvae were reared on de-
tached control- and acid-treated mountain birch leaves.
The larvae were reared from second instar onwards in
groups of three in plastic vials (diameter 3-2 cm, height
6 cm). Freshly collected leaves were given to larvae
every second day. Vials were kept outdoors in natural
light and temperature, Since it was necessary to use lar-
vae for other experiments, the number of replicate vials
varied from 3-5 per tree. The mean weight of larvae
after 10 days (1991) or 12 days (1992) was used as the
response variable.

Spider and ant predation of third instar larvae

Larvae were exposed to spiders on Petri dishes which
had two similar untreated mountain birch leaves for lar-
vae to feed on and wet paper on the bottom to keep the
leaves fresh. A pair of larvae reared on acid- and con-
trol-treated foliage was set on the leaves. We painted a
small spot with a brush on the back of each larva, using
acrylic colours (Teranishi Chemical Industry Co., Ltd.).
The side of larvae (left/right} and the colour of the dis-
tinguishing spot (yellow/orange) painted was random-
ized. A crab spider (Xysticus obscurus or X. audax) was
released in the Petri dish. Surviving larvae were counted
after 24 h. Each experimental tree (10 in both treat-
ments) was represented by three replicate trials.

Ant (Formica aquilonia) predation experiments were
conducted in summer 1991 and 1992. After the larvae
had been reared for one week on acid- or control-
treated foliage, small twigs (10 cm) with leaves were
taken from experimental birches and third instar larvae
{9 per twig) were placed on them. Larvae were set on
twigs from the same tree on which they had been
reared. Pairs of twigs with the cut ends in plastic vials
filled with water were placed into the ground close
to each other near an ant mound. During two day
exposure, we observed predation every third hour
and counted the number of larvae that disappeared. In
several cases, the removal of larvae by ants was
observed, but not all disappearances were witnessed.
We surmised predation to be the only cause of
disappearance.

Papal predation by carabids

The experiment on pupal predation by ground beetles
{ Pterostichus adstrictus) was done in transparent plastic
tubes (diameter 20 cm, height 50 cm) in the laboratory.
Carabids used in the experiment were collected in pit-
fall-traps from mountain birch woodland. The 20 trials
were arranged in a randomized block design. A 1-5cm
layer of litter was placed on the bottom of each tube.
The bottom was divided into quarters with small blue
sticks. One pupa was placed on the surface of the litter
on cither side of each stick, making a total of eight
pupaec. Alternate pupae had eaten acid- and control-
treated leaves, respectively, during larval stages. One
carabid was placed into each plastic tube. There were
1-4 replicates of each pair of trees (IC and A3). The
proportion of surviving pupae after 8 h was used as the
response variable.

Avian predation on adult beetles

Adult leaf beetles were exposed to willow warblers
{Phyllascopus trochilus), one of the most common
insect feeding birds in Europe. In Finland, 70% of its
food consists of adult insects, mostly different species
of beetles, dipterans and sawflies (Haartman von ef al.,
1963). Birds were attracted with recorded willow war-
bler song, then trapped with nets. They were taken to
an aviary and fed meal worms in Petri dishes to accus-
tom them to eating in captivity and to allow them to
recover from possible stress of capture. Willow war-
blers were allowed to feed for I h. Petri dishes and
uneaten meal worms were then removed and birds were
starved for 1 h before the choice trials. The aviary was
a 2-5 X 2-5 X 2:0 m wooden house with artificial lights
(60 W). Inside the house there were four small (1.0 X
1-2 X 1-0 m) chambers, one for cach warbler, so four
trials could be run simultancously. In the door of each
room there was a 5 X 10 em one-way window for ob-
servation. Choice trials lasted up to 150 min, depending
on how fast the choice was made. Adult birds made
their choice quickly, but juveniles were slower to
decide. Adult leaf beetles were offered to warblers on cold
petri dishes, so that beetles moved slowly and could
not escape during the experiment. During the trials
birds were observed every 15 min. After the tests, the
birds were aged (Svensson, 1976) and released.

A total of 68 beetles from acid- and control-treated
leaves (i.e. 34 per treatment) were offered to 19 juvenile
and 5 adult willow warblers. Leaf beetles were marked
with paint pens (Snowman, Permanent marker} to
facilitate the identification of their feeding treatment.
A golden, silver or white dot was painted on the elytra
of beetles. The colours were changed for each replicate
to avoid possible colour induced biases.

Statistics

All experiments were arranged as a randomized block
design and tested by analysis of variance for random-
ized blocks (Zar, 1984). Tree-specific means were used
to avoid pseudoreplication (Hurlbert, 1984). The num-
ber of experimental trees was 10 in both treatments (IC
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Table 1., (A) Weight (mg) of P. polaris larvae reared on moun-
tain birch leaves treated with simulated acid rain (A3) or con-
trol Ieaves (IC) in two separate sub-areas in 1991 and 1592. (B)
ANOVA testing the significance of differences between treaf-
ments (control vs simulated acid rain), between trees from fweo
separate sub-areas, and the sub-area—treatment interaction

Table 3. (A) The survival of leaf beetle larvae on acid treated
{A3) and contrel (IC) leaves in ant predation experiments. (B)
ANOVA testing the significance of differences between treat-
ments {contrel vs simulated acid rain), between trees from twe
separate sab-areas, and the sub-area—freatment interaction

Sub-area Treatment Survival 1991 (25) Survival 1992 (%4)

Sub-area Treatment Larval weight Larval weight
(1991) {1992) N Mean SE N Mean SE
N Mean SE N Mean SE A
1 IC 4 35 9 3 67 19
A I A3 4 38 13 3 22 11
I 1C 5 409 0368 5 379 0819 v ic 5 28 9 5 53 17
1 Al 3 528 0733 4 397 1051 v A3 5 40 17 4 25 16
v IC 5 480 0661 5 301 03531
v A3l 5 462 0987 4 557 0732 Source Experiment 1991  Experiment 1992
Source DF F p DF F p DF F P DF F P
B B
Sub-area 1 06086 0976 1 028 0605 Sub-area i 0602 0891 I 012 0745
Treatment I 045 0315 1 306 0101 Pair (sub-area) 7 08 0579 6 435 0064
Sub-area-Treatment 1 083 0378 1 233 0148 Treatment 1 029 0608 1 10-89 0022
Error 14 MSE=244 15 MSE =287 Sub-area-Treatment 1 013 0728 1 085 0398
Error 7 MSE =009 5 MSE=004

N = pumber of trees; SE = standard error; DF = degrees of
freedom; MSE = mean square error. Multiplying F-values by
respeetive MSE gives miean squares for each source of variation.

and A3) but in some trials there were not enough bee-
tles to test every experimental tree, which reduced the
power of the tests. The analyses were performed with
SAS statistical software, procedure GLM and type 111
sums of squares were used (SAS, 1985).

RESULTS

Growth performance of P. poelaris Iarvae
In the 1991 experiment, the body mass of larvae reared
on acid-treated foliage was higher than that of larvae

Table 2. {(A) The survival of leaf heetle larvae on acid treated
{A3) and contrel (IC) leaves in the spider predation experiment.
{B) ANOVA testing the significance of differences hefween
treatments (control vs simulated acid rain), between trees from
two separate sub-areas, and the sub-area-treatment interaction

Sub-area Treatment Survival (%)

N Mean SE
A
I IC 5 57 12
I A3 4 50 10
v IC 5 67 12
v A3 5 47 6
Source DF F P
B
Sub-area I 0-10 0-755
Treatment i 161 (-223
Sub-area-Treatment 1 040 0-535
Error 15 MSE = 518-60

Definitions as in Table 1.

The term ‘pair {(sub-area)’ refers to the positioning of experi-
mental twigs in pairs in the ant predation assay. Definitions
as in Table £,

on control foliage in sub-area I, but there was almost
no difference in sub-area IV (Table 1). However, in
1992, acid-reared larvae were heavier than control lar-
vae in sub-area IV, but there were only slight differ-
ences in sub-area 1. The variation among trees within
treatments was high in both years and, consequently,
the differences due to treatment were not significant
{Table 1).

Susceptibility of P. polaris to predation

There were no significant differences between larvae
reared on acid- or control-treated birch foliage in their
susceptibility to predation by crab spiders {Table 2).

The results of the ant predation experiments varied
between years. In 1991 there were no significant differ-
ences between treatments, but in 1992 the survival of
larvae reared on acid-treated foliage was significantly
smaller than that of control larvae {Table 3). The diff-
erence was similar on trees from both sub-areas: ants
on average had 83% higher predation of acid- than
control-reared larvae by the end of the experiment (pre-
dation on IC-treatment scaled to 100%; Table 3).

After 8 h, carabids had consumed 79% more Phra-
tora pupae from acid-treated trees than control pupae
{predation on IC-treatment scaled to 100%) (Table 4).
This difference was significant and consistent in both
sub-areas.

There was a significant difference due to host plant
treatment (Fy;; = 657, p = 0-0264) in the survival of
adult leaf beetles from bird predation. Willow warblers
ate, on average, about 60% more leaf beetles reared on
acid-treated host trees than those from control trees

(Fig. 1).
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Table 4. (A)The survival of P. polaris pupae reared on moun-

tain birch leaves treated with simulated acid rain {A3) or con-

trol leaves (IC) from carabid predation. (B) ANOVA testing

the significance of differences between freatments (contrel vs

simulated acid rain), between trees from two separate sub-areas,
and the sub-area-treatment interaction

Sub-area Treatment Survival (%)

N Mean SE
A
I IC 5 67 9
I A3 5 47 7
v IC 4 83 9
v A3 4 62 14
Source DF F p
B
Sub-area i 616 0042
Pair (sub-area) 7 398 0-045
Treatment 1 10-30 6-015
Sub-area-Treatment 1 0-02 0-906
Error 7 MSE =002

The term ‘pair {sub-area)’ refers to pairing of experimental
trees in the predation assay. Definitions as in Table 1.
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Fig. 1. Survival {mean % SE) of adult P. polaris leaf beetles
reared on acid- and control-treated leaves subjected to willow
warbler predation.

DISCUSSION

Insect species with different feeding habits may respond to
changes in leaf quality differently (Larsson, 1989). The
performance of sawfiies (Arge fuscinervis (Lindqvist), Din-
eura virididorsata (Retzius)) and geometrid moths (Erannis
dejoliaria (Clerk), Epirrita auturnnata (Bkh.)) chewing on
mountain birch foliage did not show consistent differences
between acid~- and control-treated mountain birches
during a three-year experiment (Neuvonen et al.,
1990h). When clear responses are not found in short-
term experiments, the question remains as to whether an

experiment of longer duration might have revealed some
effects. In the present study, we found no consistent effects
of acid rain on larval growth of P. polaris, even though
the trees had been treated for over six years with simu-
lated acid rain and there were significant treatment effects
on soil chemistry (Neuvonen & Fritze, unpublished). If
there was any difference, there was a trend for simulated
acid rain to enhance growth of P. polaris larvae.

In addition to direct host-plant effects, the net per-
formance of herbivorous insects depends on the num-
ber and efficacy of natural enemies and on how
changes in host foliage modify these interactions. There
were significant differences in the susceptibility of acid-
and control-reared P. polaris to several predators. Gen-
erally, herbivores reared on acid-treated foliage were
more susceptible to predators than those fed on control
foliage. This effect was present over several stages in
the life cycle of the beetle and for several types of
predators: ants, carabids, and birds. There was, how-
ever, variation in the results of predation trials: crab
spiders and ants in one of the two trials preyed equally
on larvae from different treatments. Further studies are
necessary to reveal whether this is due to differences
between the type of predator or to variation in experi-
mental conditions. Neuvonen and Lindgren (1987), for
example, found that the reproduction of the aphid Eu-
ceraphis betulee {Koch) was significantly enhanced
when ambient precipitation during the trial was below
the long-term average but not when the precipitation
was higher than average.

The results suggest that variation in food-plant qual-
ity may cause variation in the efficacy of defence in leal
beetles. It is not exactly known what kind of defensive
compounds P. polaris contains. Probably the adults
produce isoxazolinone derivatives and nitropropanolic
acid, and the larvae produce monoterpenes, as other
Plyatora species do (Pasteels et af., 1988 and personal
communication). The mechanism increasing the suscep-
tibility to predation on acid-treated foliage is unclear.
An explanation may be that beetles on acid foliage pro-
duce Iess defensive secretion. This could occur even if
their growth is not reduced, suggesting that the defen-
sive ability is more sensitive than larval growth to pol-
lution-induced variation in host foliage.

Is it possible to generalize the results of this study to
all tritrophic interactions? Obviously not. The growth
performance of the European pine sawfly (Neodiprion
sertifer) was not directly affected by the simulated acid-
rain treatment of its host tree (Neuvonen et al., 19905)
but its susceptibility to a viral disease was decreased
{(Neuvonen ef al, 1990h, Saikkonen & Neuvonen,
1993). In the present study, the effects in relation to the
third trophic level were opposite: the susceptibility of
birch feeding P. polaris to predators was increased by
simulated acid rain. Also, experiments with raised CO,
levels have shown very inconsistent changes in interac-
tions between plants, herbivores and their predators
{Lincoln ef al., 1986).

The results of this and other recent studies (Neuvo-
nen et al., 19905; Saikkonen & Neuvonen, 1993) show
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that, in evaluating the effects of acid rain on the perfor-
mance and population dynamics of herbivorous insects,
one should not concentrate only on insect growth.
More manipulative experiments are needed to clarify
the effects of pollutants on the susceptibility of herbi-
vores to natural enemies. These studies should include
different types of plants and herbivore-natural enemy
complexes and they should be complemented by inte-
grating results from field and modelling studies (cf. Bell
et al., 1993) so that generalized patterns (if any) can be
identified in these complex interactions.
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