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Summary. Studies on rapidly inducible resistance in trees
against insect herbivores show substantial variation in the
strength of responses. Here we report the results of a study
which examined causes of this variation. We bioassayed
the quality of leaves of two developmental phases (young
vs. mature) of the mountain birch Betula pubescens ssp.
tortuosa by measuring the growth of two instars of Epi-
rrita autumnata larvae. We used only short shoot leaves
from trees of a natural stand, uniform in size and age.
Damage was caused by larvae and artificial tearing of leaf
lamina, varying the scale and time. We separated seasonal
changes in plants from instar-dependent effects of the
animals by testing experimental larvae in two subsequent
growth trials, We found that only larval-made damage
induced responses in leaves that made the leaves signifi-
cantly poorer quality for the test larvae. Artificial damage
induced only weak responses, and artificial canopy-wide
damage even caused slight improvement of leaf quality.
Cumulative leaf damage did not strengthen birch re-
sponses. Leaves that were in the expansion phase re-
sponded to damage while fully-expanded, mature leaves
showed no response. The pattern of responses indicated
that there might be physiological constraints: small-scale
damage induced resistance against the larvae but large-
scale damage did not. Prevalent weather conditions might
have modified these responses. Larvae of two instars and
sexes, of low- and high-density populations responded to
leaf damage similarly. However, prior experience of larvae
with the host plant may have affected subsequent larval
performance. Variation in rapidly inducible responses in
birches was caused by plant characters rather than by test
animals.

Key words: Betula pubescens — Epirrita autumnata — Rap-
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The role of inducible resistance in host plants has received
much attention in plant-herbivore studies in recent years
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(reviews in Karban and Myers 1989; Haukioja 1991). In
theory, inducible resistance should occur only when
needed, so that the costs of producing resistance against
herbivores should be minimized. Inducible resistance can
be divided into two types, rapidly and delayed inducible
resistance (RIR and DIR, respectively), depending on the
response time (hours to days or years) and the effects on
herbivore population dynamics (stabilizing or destabi-
lizing) (see Haukioja 1982). RIR affects the triggering
herbivore generation whereas DIR affects the following
generation(s). Some of the inadequacies in studies on
inducible resistance may be attributable to the insufficient
separation between these two response types. This is true
of experiments in which the same trees have been treated
twice (e.g., Faeth 1986; Hartley 1988).

Most studies on delayed inducible resistance (DIR)
have clearly demonstrated negative impacts on herbivore
performance: reduced growth rate, longer larval period,
reduced pupal mass associated with lowered fecundity,
and lower survival (e.g., Schultz and Baldwin 1982; Valen-
tine et al. 1983; Neuvonen and Haukioja 1984; Haukioja
and Neuvonen 1985; Haukioja et al. 1985; Neuvonen et al.
1987, 1988; Hanhiméki 1989). In these studies rigorous
controls were used and treatments to trees were assessed
randomly by the experimenter (not by the herbivores
themselves). )

In contrast to DIR, the results on RIR have not been as
consistent. It has been shown that RIR can affect the
performance of the herbivore species that trigger the re-
sponse in their host plants (Haukioja and Niemeld 1977,
1979; Haukioja 1980, 1982; Karban and Carey 1984;
Raupp and Denno 1984; Haukioja and Hanhiméki 1985;
Bergelson et al. 1986; Fowler and MacGarvin 1986;
Rossiter et al. 1988) and of species that feed on the plants
subsequently (e.g., Brody and Karban 1989; Hanhimaki
1989; Karban and English-Loeb 1990). Rapid wound-
induced responses in host plants may affect acceptability
or palatability to herbivores (Edwards and Wratten 1983,
1985; Wratten et al. 1984; Edwards et al. 1985), behavior
(Raupp and Sadof 1989), and distribution of species within
the plant (Gibberd et al. 1988).

The retarding effect of RIR on herbivore growth may be
modest (Fowler and Lawton 1985), but the impact on



herbivore performance may be strong enough to interfere
with herbivore population dynamics by forcing the her-
bivores to move more and by exposing them to other
regulative factors (Wratten et al, 1988). Although rapidly
induced chemical changes (nutritional or toxic) have been
detected in response to damage in tomato (Green and
Ryan 1972; Broadway et al. 1986), birch (Niemel4 et al.
1979; Hartley and Lawton 1987, 1991; Hartley and Firn
1989), and red oak (Schultz and Baldwin 1982; Rossiter
et al. 1988), their effects on herbivore performance are
far from clear (Lawton 1986; Hartley and Lawton 1987,
1991). '

Given the large number of herbivorous insects sharing
birch as their host plant (Kennedy and Southwood 1984),
it is unlikely that all the herbivores should be similarly
affected by rapidly inducible reactions. This would sug-
gest universal reaction of plants against leaf predators.
Neuvonen et al. (1988) and Hanhiméki (1989) showed that
most of the insect herbivores tested on the mountain birch
had retarded growth on leaves that had experienced DIR,
but only few species were negatively affected by RIR
(Hanhimdki 1989; S. Hanhiméki unpubl. data). Not only
different species but also different larval instars (Rossiter
et al. 1986, but see Hartley and Lawton 1991), sexes
(Thompson et al. 1990), and populations may exhibit
different sensitivity to changes in leaf quality, and to RIR.

The most striking point in the results on RIR is the
variation in the effect of responses. This variation can be
attributed to plant characters or to herbivores used in the
experiments. Here we present the results of a test of
putative rapidly inducible resistance against the autumnal
moth (Epirrita autumnata (Borkhausen), Geometridae)
for a deciduous tree species, the mountain birch (Betula
pubescens ssp. tortuosa {Ledeb.) Nyman, Betulaceae), We
examined several potential sources that may create vari-
ation in triggering the RIR, i.e. whether timing and degree
of damage, cumulative versus single defoliation, artificial
versus insect-made, and time since damage influence the
efficacy of RIR. We tested only even-aged leaves from
short shoots of birches of an old natural stand. We bioas-
sayed leaf quality using two larval stages and sexes of the
autumnal moth. We tested also whether autumnal moth
larvae from two (low- and high-density) populations and
with different prior experience with leaf quality differ in
their responses.

Sources of variation in RIR

There may be differences among plant species in their
responses to leaf damage (e.g., in deciduous trees) (Ed-
wards et al. 1986), among plant populations with different
outbreak history (Haukioja et al. 1983; Haukioja and
Hanhimaki 1985) and plants growing at different sites
(Haukioja et al. 1983). General growth conditions such as
plant crowding (Karban et al. 1989), growing in green-
house versus field (Marshall 1989) and in pots versus
freely (Baldwin 1988a) have been shown to influence plant
responses to defoliation or to leaf damage. Similarly, plant
age (Fowler 1984; Karban 1987), size and even shape
(Marshall 1989) may affect these responses. There may be
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differences in leaves of different age, ic. in long or short
shoots of birches (Hartley and Lawton 1987).

Differences in damage responses may be due to in-
traseasonal variation in leaves; for instance, late season
damage did not alter the performance of several late
season herbivorous insects (Haukioja and Niemeld 1979;
Neuvonen et al. 1988). Similarly, leaves in the sink-source
transition phase have been shown to be differently vulner-
able to damage (Coleman 1986). Furthermore, Wratten
et al. (1984) and Edwards et al. (1986) reported differences
in the efficacy of RIR reflected by the time since damage.
Rossiter et al. (1988) found that the amount of damage
correlated negatively with herbivore performance. In ad-
dition, Hartley and Lawton (1987) presented data that
suggested differences in chemical responses of birches due
to larval versus artificial leaf damage.

Methods
Study site

All experiments were conducted at the Kevo Subarctic Research
Station in northern Finland (69°45'N, 27°01'E} in 1987. The study
area is covered with low mountain birch forest with a few scattered
pines (Pinus sylvestris L.), and it is on the northern face of the hill
Puksalskaidi. Cold northerly winds may kill the eggs of the autum-
nal moths at this exposed site (Tenow 1975; Tenow and Nilssen
1990) so that E. autumnata outbreaks have not affected the site for at
least 22 years. The densities of other herbivorous insect species have
also been low in the study area. Thus, it was improbable that
extensive natural grazing could have triggered the responses we
recorded.

Induction treatments to trees

Altogether 150 trees were chosen in an open canopy forest in a study
area covering approximately 2 ha. The trees (1.5-2 m in height) were
randomized into five treatments within ten blocks. The treatments
included a range of damage, from no damage to partial localized
and to canopy-wide damage. Treatments are detailed later; here we
simply list the number of trees and their treatments in each block.
No damage: (1) four control trees (abbreviation CON used here);
partially damaged trees: (2) four trees in which leaves of two branches
were damaged manually (MAN); (3) four trees in which leaves of two
branches were damaged by larvae (LLAR); canopy-wide damaged
trees: (4) one tree whose leaves were twice manually damaged
(CUM); and (5) two trees whose leaves were once manually damaged
(TOT). We always treated and tested the trees in blocks 1-5 first,
and trees in blocks 6—-10 the next day. Because we had to remove
leaves from control trees for bioassays, we used new control trees
every time (see Neuvonen and Haukioja 1985, 1991).

We applied damage to trees on two occasions: firstly, when leaves
were in the growth phase (I in Table 1) and secondly, when leaves
were fully matured (12). The first damage was done on June 22-25
and the second on July 1-4. On each occasion half of the trees in
a block were treated. The CUM trees were exceptional in that we
treated the same trees twice (Table 1). The timing of treatments can
also be expressed by the thermal sum to the base of 5° C (dd5) (Table
1), to facilitate comparisons with other studies (e.g., Haukioja et al.
1985; Haukioja and Neuvonen 1985; Ruohomiki et al. 1992). Table
1 summarizes the treatments with damage levels and timing of
damage and growth trials.

Partial localized damage. On LAR trees ten E. autumnata larvae
were allowed to feed for 2 days in bags (two bagged branches per
tree) to produce natural localized damage. On MAN trees we tore
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Table 1. Summary of the damage
treatments, damage levels estimated for the

I1. Damage to young leaves on 22-25 June (93106 dd5)

whole tree, days since damage, and
number of trees tested

Treatments CON LAR MAN CUM? TOT
Damage level (%) 0 <5 <5 15 30
Days since damage:

June 26 trial 4 4 4 4 4

July 5 trial 13 13 13
Number of trees 20 20 20 10 10
I2. Damage to mature leaves on 1-4 July (121-131 dd5)
Treatments CON LAR MAN CUM? TOT
Damage level (%) 0 <5 <5 30 30
Days since damage:

July 5 trial 4 4 4 4 4
Number of trees 20 20 20 10 10

# The same trees treated twice

Treatments: CON =control; localized damage: LAR =larval made damage, MAN =manual
damage; canopy-wide damage: CUM = cumulative and TOT = “total” damage (see Methods
for details). Degree-days (dd5) at the time of treatments

about 50% from a single leaf in every short shoot of two branches to
produce artificial localized damage. In MAN trees the damage was
spread evenly over the experimental branches, whereas in LAR trees
the damage was patchy owing to larval behavior. The mountain
birch has three or four leaves on each short shoot; thus, the LAR and
MAN trees experienced damage to less than 5% of the total leaf
biomass estimated for the whole tree, but on each experimental
branch about 30% of the leaves were damaged.

Mesh bags were used only to keep the RIR-triggering larvae on
the branches for 2 days. Enclosing birch branches in mesh bags for
several weeks has not been found to affect leaf quality for E. autum-
nata larvae (S. Hanhiméki et al. unpubl. data). Therefore, no other
experimental trees received bags.

From partially damaged trees (LAR and MAN) only leaf clusters
of one branch were tested; those of the other branch were used
later in the season in another experiment, which will be dealt with
separately.

Canopy-wide damage. We tore about 50% from a single leaf on
every second short shoot of the cumulatively damaged trees (CUM),
and a similar amount from a single leaf but on every short shoot of
the TOT trees. In both groups the damage was spread over the
whole tree canopy. About 30% of the leaves in TOT trees experi-
enced damage, while 15% of the leaves of the CUM trees experi-
enced damage at the first (I1) and a further 15% at the second
treatment (12).

Larval material in bioassays

Quality of the mountain birches was bioassayed with larvae of two
(penultimate and ultimate) instars of E. autumnata, a univoltine
outbreak species on the mountain birch in northern Fennoscandia
(Tenow 1972; Haukioja et al. 1988a). Larvae hatch at the time of
birch bud burst (late May—early June in Lapland), grow rapidly
through five instars during 4—5 weeks and then drop into the litter
and pupate. Adults fly from mid-August to mid-September. The eggs
overwinter.

We used solitarily reared larvae because they are more sensitive to
small changes in leaf quality than larvae reared in groups (see
Haukioja et al. 1988b). Pre-experiment feeding and other growth
conditions, except temperature (see below), were identical for all the
larvae.

We tested larvae from a low- and a high-density population.
Because populations were not replicated within densities, we do not

draw conclusions about the specific attributes of low- versus high-
density herbivore populations. They were selected solely to reflect
broad-spectrum variation among test animals and their potential
interactions with plant responses.

Low-density population. We had 30 broods of E. autumnata derived
from matings between laboratory-reared unrelated females and wild
caught males from the Kevo area. From every brood we reared 50
larvae in plastic vials (48 ml) from hatching (5 or 6 June) to pupation
or to the end of the growth trial. Altogether 1500 larvae were used.

On June 16 (when larvae were in their second instar) each brood
was split into three groups. These groups were kept at different
temperatures to produce the two instars used in the bioassays (Table
2). The advanced larvae were kept at a warmer temperature than the
others to get them into the fifth instar for the first (26 June) growth
trial. The normal larvae grew in synchrony with birch trees. About
half of the normal larvae were used also in the second (5 July) trial
when they were in the fifth instar. The delayed group of larvae were
kept at a cooler temperature for most of their larval period to have
them in the fourth instar in the second trial. The extent of asyn-
chrony of larvae used here is not abnormal: it is not uncommon to
find larvae in their third, fourth and fifth instar at the same time on
a tree in nature (S. Hanhiméki and J. Senn, pers. obs.).

High-density population. This group of test animals was derived
from matings between individuals collected as larvae in the previous
season in an outbreak area of E. autumnata some 80 km north from
the Kevo experimental area, in Luftjokdalen (Norway). Altogether
we had 210 larvae from 29 broods. We used these larvae only in the
26 June experiment when they were in their fourth instar (Table 2).

Bioassays

After the induction treatments I1 (damage to young leaves) and 12
(damage to mature leaves) we started the bioassays on 26 June and
5 July, respectively, 4 days after leaf damage (Table 1). Birches of
three treatments of I1 (CON, MAN, TOT) were tested also on
5 July, 13 days after damage (Table 1). In the damage treatments the
leaves had either larval feeding marks or one torn leaf per leaf
cluster. In control clusters all the leaves were intact. Experimental
larvae got whole short shoots and could thus choose among the
leaves within a cluster. We measured E. autumnata growth rates over
48 h. We chose a short-term growth trial for leaf quality testing



Table 2. The design for growth manipulation to get the right instars
of Epirrita autumnata test larvae at the right time. Each brood of the
Kevo (low-density) population was divided into three groups and
reared at different temperatures

Growth trial June 26 July 5

Kevo population n Instar n Instar
Advanced 240 5th - -
Normal 240 4th 390 5th
Delayed — - 390 4th

Luftjokdalen population
Normal 210 4th - -

Thirty broods of the Kevo population and 29 broods of the Luftjok-
dalen (high-density} population were used. n=number of larvae.
(-) Not tested

because leaf removal from experimental trees, especially in a long-
term trial, may trigger inducible reactions (Neuvonen and Haukioja
1985, 1991).

We fed three larvae of both 4th and 5th instars with leaves from
each experimental tree. Within one block all three larval replicates
came from different broods but the three broods were the same for
each tree in that block. Among blocks the broods differed. The 4th
and 5th instar larvae on a tree in the low-density population were
siblings. We randomized the order of larval instars and which of the
two E. autumnata populations was first given the experimental short
shoot.

We weighed the larvae individually to the nearest 0.1 mg. The
vials with larvae and leaf clusters were placed in weighing order on
trays (10 x 10 vials/tray) and kept in the laboratory under continu-
ous light and at temperature of 12°C. After 48 h we re-weighed the
larvae. To determine sex, 24% of the larvae of the high-density
population and 12% of the low-density population were randomly
chosen and reared to adults.

Treatment of the data

We calculated the relative growth rate (RGR) for each larva as
(InW,—InW,)/T where W, is the larval fresh weight at the begin-
ning, W, the larval fresh weight at the end of the trial, and 7 the time
between these two measurements. All the values of RGR are ex-
pressed as relative growth in 24 h. Data on molting larvae were
deleted.

Although we stored E. autumnata larvae ready for a trial in
a growth chamber at temperature below 3° C, they ate and gained
weight during this time. Because of this and since there exists
a significant negative correlation between initial larval mass and
relative growth rate (Ayres et al. 1987), we removed the effect of size
within an instar and population by regressing the RGR on the initial
larval mass (across treatments) throughout the analyses.

The data were normally distributed and analyzed with ANOVA
for unequal cell sizes (General Linear Models Procedure, SAS 1985).
Square-root transformed data (to avoid heteroscedasticity of rates;
Sokal and Rohlf 1981, p. 403) gave similar results as untransformed.
Thus, all analyses are based on untransformed data. We used tree-
specific means of larval RGR as replicates to avoid pseudoreplica-
tion (Hurlbert 1984; Neuvonen and Haukioja 1985). Since the treat-
ments were arranged in blocks, we also included the factor block in
the analyses. Blocks differed when tested over the error MS, but in
none of the cases was the interaction block-by-treatment significant,
indicating uniform reaction of the trees among blocks. For clarity,
we have excluded the effect of blocks in the ANOVA tables. We
treated phenology of the trees (=induction time), treatment (=dam-
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age type), instar, and population (we chose the larvae from two
density regimes, not from random populations) as fixed factors.
Thus, the data represent Model  ANOVA with trees as error terms
(Sokal and Rohlf 1981). We used a priori contrasts to test for specific
treatment effects.

Results
Plant characters

Birch phenology. Figure 1 shows the relative growth rates
of the two instars of E. autumnata larvae on young grow-
ing (Fig. 1a) and on mature leaves (Fig. 1b). Tables 3a and
3b give the corresponding results for the ANOVAs. Leaf
age per se affected the growth of larvae since phenology
of the trees was highly significant (F=12.62, P=0.0005,
T'able 4). The difference in response of the leaves of the two
phenological phases to leaf damage was demonstrated by
the two-way ANOVA (F=2.86, P=0.0399, Table 4). We
did not include the CUM trees in this analysis since they
were treated twice, both in I1 and I2. Due to the signifi-
cant phenology-by-treatment interaction we analyzed
the effect of leaf damage separately for the two induction
times.

Young leaves. When treatments were applied to young
growing birch leaves, the effect was significant as mea-
sured by the growth of E. autumnata larvae (Table 3a).
However, control trees did not differ from damaged trees:
contrast between CON and MAN+LAR +CUM +TOT
was non-significant. Hence, the significant treatment effect
depended on differences between damage treatments.

The specific contrast testing differences between artifi-
cial and natural damage, i.c. MAN versus LAR treatment,
was significant (at P<0.05) (Table 3a). On LAR trees
larval growth was poorest {Fig. 1a). Thus, larval-made
damage clearly negatively affected the performance of
subsequent E. autumnata larvae compared with the effect
of artificial damage.

Partial damage, applied only to single branches,
lowered the leaf quality for larvae while on leaf clusters
from canopy-widely damaged trees the larvae grew better.
Contrast between MAN+LAR and CUM+TOT was
significant (Table 3a).

The best growth of larvae was on CUM and TOT trees
(Fig. 1a), but the specific contrast between these treat-
ments was non-significant (Table 3a). Thus, there were no
differences whether damage took place cumulatively or
only once.

Mature leaves. Seven days after the first treatment, dam-
age caused to mature leaves did not affect the growth of
larvae significantly (Table 3b). The trees supporting the
poorest or the best growth of larvae varied according to
larval stage (Fig. 1b). There were no significant contrasts
between treatments (data not shown).

The effect of time since damage. Figure 2 shows the results
for the growth of larvae on leaf clusters from trees that
were tested either 4 or 13 days after damage. A repeated-
measures ANOVA was used for this comparison since the
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Fig. 1A, B. Mean relative growth
rates (RGR) of Epirrita autumnata
larvae A in the 26 June (damage to
young leaves) and B in the 5 July
growth trial (damage to mature
leaves). The upper part shows the
results for 4th instar and the lower
part for 5th instar larvae. Treatments
as in Table 1. RGR values based on
adjusted means. STD =standard
deviation

TOT

CON MAN LAR CUM TOT CON MAN LAR CUM
TREATMENTS TREATMENTS
Table 3a. ANOVA results on the effect of . .
damage to young birch leaves on the Source of variation df SS-111* F-ratio P
relative growth rates of two instars of E.
autumnata larvae in the 26 June Treatment 4 10484.2 4.39 0.0035
experiment Instar 1 57939.7 97.04 0.0001
Treatment x Instar 4 1387.3 0.58 0.6776
Error 60 35825.1
Total 159 247001.1
Contrasts
CON with
MAN+LAR+CUM+TOT 1 245.0 0.41 0.5243
MAN with LAR 1 2491.8 4.17 0.0455
CUM with TOT 1 219.3 0.37 0.5468
MAN+LAR with CUM+TOT 1 68419 11.46 0.0013

* x107%. Type III sum of squares (GLM, SAS 1985)
The model explained 85.5% of the variance. Treatments as in Table 1. RGR values given in

Fig. 1a

same trees were tested twice (Table 5). (Note that LAR
trees were not tested a second time because of lack of
sufficient leaf clusters with larval feeding marks.) We
found a significant main effect of time but no effect of
damage treatment (Table 5). There was no significant
interaction between time and treatment, indicating similar
leaf quality for the larvae regardless of time since damage.

In this analysis larvae in the two time-of-damage
groups were tested on different-aged leaves. Consequently,

a significant main effect of time very probably means that
maturation of leaves provoked this difference in larval
growth (see also Table 4). Therefore, the effect of time after
damage should be analyzed by the growth of larvae in the
5 July growth trial, in which leaf age at the time of testing
was similar: only mature leaves from CON, MAN and
TOT trees were assessed. The results are given in Fig. 3
and Table 6. The factor “Time” in Table 6 means the time
since treatments but also the age of leaves when treated.



Table 3b. ANOVA results on the effect of damage to mature birch
leaves on the relative growth rates of two instars of E. autumnata
larvae in the 5 July experiment

Source of variation df SS-111* F-ratio P
Treatment 4 2009.0 0.85 0.4988
Instar 1 607323.1 1028.71  0.0001
Treatment X Instar 4 1536.6 0.65 0.6286
Error 60 354224

Total 159 814199.1

2 x 1078, Type III sum of squares (GLM, SAS 1985)
The model explained 95.6% of the variance. RGR values given in
Fig. 1b

This effect was non-significant. The same was true for the
main effect of treatment. However, there was a significant
interaction between time and treatment (at P <0.05), in-
dicating that the effect of treatment could depend on time
since damage or on leaf age when damaged or on both
factors.

Animal characters

Epirrita populations. Figure 4 shows the relative growth
rates of the 4th instar larvae of the low- and high-density
populations and of the 5th instar larvae of the low-density
Kevo population. The larvae of the two populations dif-
fered significantly in their relative growth rates (Table 7).
The growth rates of the 4th instar larvae from the high-
density population were constantly higher than those
from the Kevo population (Fig. 4). However, there was no
significant interaction between treatment and herbivore
population (Table 7), indicating similar reaction of the
larvae of the two populations to leaf quality changes.
Finally, larvae from the high-density Luftjokdalen popu-
lation attained slightly lower pupal mass (mean+SD,
70.0+ 6.8 and 76.8 + 8.0 mg for males and females, respec-
tively) than larvae from the Kevo population (males:
71.9+5.9 and females: 78.9 4+ 8.0 mg), although this differ-
ence was not significant (F =1.86, P=0.1895, df=1,18).
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Fig. 2. Mean relative growth rates of E. autumnata larvae on leaf
clusters from the same trees but tested 4 (densely hatched columns)
and 13 days (sparsely hatched) after leaf damage. Growth trials were
conducted on young leaves (dense hatching) and on mature leaves
(sparse hatching). Treatments as in Table 1

Table 4. ANOVA results on the effect of

leaf phenology and leaf damage Source of variation df SS-111? F-ratio P

(=treatment) on the relative growth rates

of 4th and 5th instar E. autumnata larvae Phenology L 7490.0 12.62 0.0005
Treatment 3 4125.1 2.32 0.0792
Instar 1 4837339 814.74 0.0001
Phenology x Treatment 3 5091.9 2.86 0.0399
Phenology x Instar 1 125268.2 210.99 0.0001
Treatment x Instar 3 1313.1 0.74 0.5318
Phenology x Treatment x Instar 3 9329 0.52 0.6668
Error 120 71247.5

Total 279 945296.6

® x 107¢. Type III sum of squares (GLM, SAS 1985)
Treatments CON, MAN, LAR and TOT were used in the analysis. The model explained

92.5% of the variance
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Table 5. Results from repeated-measures

ANOVA on the effect of time since damage Source of variation df SS-III* F-ratio P
(4 and 13 days) and type of damage .
(treatments: CON, MAN, CUM and Between subjects
TOT) on the relative growth rates of two Treatment 3 247.2 1.39 0.2592
instars of E. autumnata larvae Instar 1 32219.5 344.41 0.0001
Treatment x Instar 3 273.2 1.54 0.2193
Error (Between subjects) 40 23679
Within subjects
Time 1 1632.9 27.09 0.0001
Time x Treatment 3 429.3 2.37 0.0845
Time x Instar 1 8358.9 138.66 0.0001
Time x Treatment x Instar 3 220.1 1.22 0.3161
Error (Within subjects) 40 24114

* x 107, Type III sum of squares (GLM, SAS 1985)
The same trees were tested twice, in young and mature leaf phase. RGR values given in Fig. 2
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CON MAN TO0T

TREATMENTS

5TH INSTAR

RELATIVE GROWTH RATE (+ STD)

TOT

CON MAN
TREATMENTS

Fig. 3. Mean relative growth rates of E. autumnata larvae on leaf
clusters from trees damaged either 4 (open columns) or 13 days (dark
columns) before growth trials. The effect of leaf quality was tested
with mature leaves. Treatments as in Table 1

Larval instars. The fourth instar larvae had higher rela-
tive growth rates than the fifth instar larvae throughout
the experiments (Figs. 1-4). The interaction between in-
star and leaf treatment was significant in none of the cases
(Tables 3—7), indicating that the larvae of the two instars
responded similarly to leaf damage.

Leaf phenology interacted significantly with instar
(F=210.99, P<0.0001, df=1,120) (Table 4). The 4th in-
star larvae grew better on the new experimental trees of 12
in the 5 July growth trial, whereas the 5th instar larvae
had slightly reduced growth rates on these trees (Fig. 1).
However, there was no significant three-level interaction
between the trees in the first and second growth trial,
damage type and instar that could have suggested differ-
ences in the sensitivity of larvae.

Males and females. The performance of males and fe-
males on damaged leaves was tested with some of the
experimental larvae only. However, neither in the popula-
tion test (Table 8) nor in the temperature-manipulation
test (Table 9) did sexes differ in their relative growth rates,
nor interact significantly with leaf treatment. Although
there were no differences in relative growth rates between
the sexes, male pupal mass was significantly smaller than
that of females (temperature-manipulation test: F=12.13,
P=0.0007, df=1,129, Table 9; population test: F =425,
P=0.0539, df=1,18).

The effect of temperature manipulation. The significant
phenology-by-instar interaction ( Table 4) indicated differ-
ences between the two instars in responding to leaf matu-
ration. This was caused by delaying the development of
larvae with temperature manipulation. This treatment of
larvae inevitably included also asynchrony with birches.

We studied the effect of temperature manipulation on
larval growth by conducting a further growth trial with
the delayed larvae also in their Sth instar and compared
the normal and delayed larvae with each other. This
comparison was based on a random lot of 133 larvae of 10
broods (out of 30) of the Kevo population. By the time of
this last growth trial, which was conducted on birches
from the site of the experimental trees, the delay was
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Table 6. ANOVA resuits on the effect of

time since damage (4 and 13 days) and type Source of variation df SS-IIT F-ratio P
of damage (treatments: CON, MAN and .
TOT} ox% the relative growth rates of two Time 1 02 0.00 0.95 83
instars of E. autumnata larvae Treatment 2 872 067 0.517
) Instar 1 67898.5 1036.02 0.0001
Time x Treatment 2 529.6 4.04 0.0213
Time x Instar 1 3523 5.38 0.0230
Treatment x Instar 2 348.4 2.66 0.0762
Time x Treatment x Instar 2 1439 1.10 0.3384
Error 80 5243.0
Total 199 94900.6

2 % 1075, Type III sum of squares (GLM, SAS 1985)
Damage was done to young and mature leaves of different trees, and growth trials were
conducted on mature leaves. The model explained 94.5% of the variance. RGR values given in

Fig. 3

Table 7. ANOVA results on the effect of

damage to young birch leaves (treatments: Source of variation a SS-III F-ratio u
CON, MAN, LAR and TOT) on the
g Treatment 3 5257.8 3.55 0.0176
r;‘igf;j;;’gtgOrgflfztﬁf;‘s‘”ae of two Instar 1 232374.1 47096 0.0001
) Population 1 41359 8.38 0.0048
Treatment x Instar 3 132.5 0.09 0.9656
Treatment x Population 3 462.0 0.31 0.8166
Error 88 43419.8
Total 207 584092.3

¢ x 107%, Type III sum of squares (SAS 1985)
Two instars from the Kevo and only one from the Luftjokdalen population were tested. The
model explained 92.6% of the variance. RGR values given in Fig. 4

Relative Growth Rate

RIS

N

LAR TO

MAN
Treatments

Fig. 4. Mean relative growth rates of E. autumnata larvae in the 26
June growth trial. Dark columns: high-density Luftjokdalen popula-
tion, 4th instar; densely hatched: low-density Kevo population, 4th
instar, and sparsely hatched: low-density Kevo population, 5th in-
star, Treatments as in Table 1

5 days compared to normally reared Sth instar larvae. The
results are given in Table 9. The 5th instar larvae grew
about 21% slower when delayed 5 days. In contrast, the
4th instar larvae of the 5 July trial grew about 6% better

when delayed 9 days (compared with the 4th instar larvae
of the 26 June experiment). The significant interaction
between instar and temperature manipulation clearly
demonstrates this (Table 9b). Furthermore, the negative
effects of delaying development in the 5th instar persisted
until the pupal stage (Table 9a).

Conditioning by prior diet. To overcome the possible ef-
fects of conditioning due to prior experience with food, we
reallocated the normal larvae used in the 26 June growth
experiment (152 larvae out of 390) randomly to the experi-
mental trees in the 5 July trial. These larvae were from
each of the 30 Kevo broods. The food type of the first (26
June) growth trial should have had only a minor effect on
the growth of the larvae in the second (5 July) trial, since
they were removed from the experimental leaves and
given fresh new leaves from a common birch between
the two trials. We tested a posteriori, with a two-way
ANOVA, whether the food in the first growth trial affec-
ted the outcome of the second by analyzing the relative
growth rates of the 5th instar larvae in relation to their
prior experience (Table 10).

The RGR values were slightly higher for larvae that
were feeding on a similar type of diet in both trials (Table
10a), but the difference was only marginally significant
(Table 10b). However, leaf treatment and prior experience
of larvae showed significant interaction, suggesting differ-
ences in larval growth due to prior experience with leaf
quality { Table 10b). Because of this significant interaction,
we analyzed the data set separately for both groups of
larvac. The results revealed (contrasts not shown) that



326

Table 8. ANOVA results on the effect of

damage to young birch leaves on the Source of variation df SS-1112 F-ratio P
relative growth rates of the 4th instar male .
and female larvae of two E. autumnata Population L 520729 5246 0.0001
populations Treatment 3 11823.7 397 00247
Sex 1 1838.7 1.85 0.1903
Population x Treatment 3 42389 1.42 0.2687
Population x Sex 1 579.7 0.58 0.4547
Treatment x Sex 3 3277.0 1.10 0.3746
Error 18 17867.9
Total 72 233903.4

? x 1075, Type III sum of squares (SAS 1985)
Treatments as in Table 7. The model explained 92.4% of the variance

Table 9a. Mean relative growth rates

(mg-mg~'-d~*) and pupal masses (mg) of Normal Delayed*

E. autumnata females and males when

reared normally or delayed Mean SD n dds Mean SD n dd5
Females
4th instar 0.618 0043 31 110 0.656  0.040 40 140
5th instar 0412 0052 31 140 0.326 0.045 40 166
Pupal mass® 76.3 16.0 31 70.2 6.4 40
Males
4th instar 0.626 0033 20 0.670  0.046 42
Sth instar 0.395 0045 20 0311  0.054 42
Pupal mass® 71.6 5.7 20 62.8 6.8 42

2 Delay was nine for the 4th and five days for the Sth instar larvae

® ANOVA-results: Normal vs. delayed growth F=18.52, P=0.0001, df=1,129; Sex F=12.13,
P=0.0007; Interaction F=0.57, P=04512

Thermal sum (dd5) for the start of growth trial is given. The same individuals (from 10 broods)
were measured both in the 4th and Sth instar

Table 9b. Results from repeated-measures

ANOVA on the effect of temperature Source of variation df SS-111* F-ratio p
manipulation (=normal vs. delayed . .
growth) on the relative growth rates of Manipulation 1 29294.6 30.20 0.0001
E. autumnata larvae of different sex and Sex . 1 389.4 040 0.5275
instar Error (Between subjects) 129 1251351
Instar { 4841885.0 1498.53 0.0000
Instar x Sex 1 112074 347 0.0648
Instar x Manipulation 1 2413427 74.69 0.0001
Error (Within subjects) 129 4168104

Other interactions not significant

2 x 1075, Type III sum of squares (SAS 1985)

experienced larvae (feeding on the same diet in both trials)
grew slowest on LAR trees and best on canopy-wide-
damaged trees. The non-experienced larvae (feeding on
different diets in both trials) were indifferent to leaf
treatments.

Discussion

QOur results show that there is a clear difference in re-
sponse of birches to artificial and larval-made damage,
and to damage to young versus mature leaves. The
amount of damage, or its spatial distribution, seemed to

be important: damage restricted to single branches re-
tarded the growth of larvae, while canopy-wide damage
did not (Table 3) or even had a weak positive effect (Figs. 1
and 2). These results suggest that the responses to damage
need not be systemic, i.e. more damage meaning higher
resistance, as was found in the red oak by Rossiter et al.
(1988). In fact, they may not be defensive at all (see
Haukioja et al. 1990). Several studies report weak, nega-
tive, no, or even positive effects on herbivores (for review
see Karban and Myers 1989; Haukioja 1991). Similarly,
repeated, cumulative damage to trees did not induce
higher resistance than either branch-restricted or canopy-
wide damage done once.



Table 10a. Mean relative growth rates (mg-mg~!-d~!), standard
deviation (SD) and number (n) of 5th instar E. autumnata larvae in
the 5 July trial in relation to food in the 26 June trial

Same Different
Food in Mean SD n Mean SD n
July §
No damage:
CON 0.492 0.028 17 0496 0.027 34
Localized
damage:
MAN 0.509 0.020 13 0493 0.021 27
LAR 0.476 0.014 4 0495 0.031 18
Canopy-wide
damage:
CUM 0.553 - 1 0.489 0.027 11
TOT 0.500 0.025 2 0483 0.028 25
Grand mean  0.499 0.026 37 0492 0.027 115

Same=similar diet, Different =dissimilar diet in both trials. Means
are adjusted for initial larval mass

Table 10b. ANOVA results on the effect of conditioning via experi-
ence with food (same vs. different food in two subsequent growth
trials) on the relative growth rates of Sth instar E. autumnata larvae

Source of variation af SS-H1? F-ratio P
Conditioning 1 25345 375 0.0549
Treatment 4 4963.0 1.83 0.1255
Interaction 4 7253.8 2.68 0.0341
Error 142 96058.3

Total 151 107411.5

2 x 1075, Type III sum of squares (SAS 1985)
The model explained 10.6% of the variance

Plant characters

In birch both growing young and mature leaves are pre-
sent at the same time on long and short shoots, respec-
tively. Long shoot leaves are produced continuously,
whereas short shoots have a brief leaf flush period. This
growth pattern of birches may bring extra variation into
studies on inducible responses. Therefore, we used short
shoot leaves and varied only the timing of damage.
During development, each leaf is initially a metabolic
sink before gradually becoming a metabolic source (Cole-
man 1986). Coleman and Jones (1991) have claimed that
leaves in the pre-transition or at the transition phase are
most susceptible to various kinds of stresses, such as
fungal attack or air pollution agents like ozone. Similarly,
several herbivore species prefer leaves of this phase (Cole-
man 1986, for review). It is worth noting that the larval
period of E. autumnata covers this transition phase of
mountain birch leaves since the usual pupation date is
around 260-280 dd5, while leaf biomass accumulation is
terminated at 300-327 dd5 (Ayres and Maclean 1987).
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Also, the abrupt decline in growth rates of larvae coincides
with the completion of leaf maturation (170-228 dd5 in
Ayres and MacLean 1987, 166 dd5 in the present study,
Table 9). However, not many studies have attempted to
report the effects of damage to leaves of sink-source
transition which may reflect the difficulties in carrying out
well-controlled experiments (but see Coleman 1986).

Other studies have shown, too, that young growing
leaves respond to damage but mature leaves do not
(Edwards and Wratten 1987; Hartley and Lawton 1991).
The results of Haukioja and Niemeld (1979) suggested the
same, although their experimental design did not allow
discrimination between the effects of timing of damage
and possible differences in experimental insect species.
Neuvonen et al. (1988) found no retardation in growth of
Dineura virididorsata (Retzius) larvae, a late season sawfly
species, when leaves were damaged in mid-July (at
350 dd5). Several other sawfly species of the mountain
birch were reported to show retarded growth because of
inducible responses in young leaves (Hanhimiki 1989),

Since leaf ontogeny seems to affect the strength of
reactions to damage (Coleman 1986) and since these reac-
tions may modify the performance of other herbivorous
insects sharing the same host plant (West 1985; Faeth
1986; Silkstone 1987, Neuvonen et al. 1988; Brody and
Karban 1989; Hanhimiki 1989; Karban and English-
Loeb 1990), experiments on RIR at the beginning of the
growth season are critical for understanding the ecologi-
cal consequences of inducible responses.

In the present study, damage to single branches induced
stronger responses of resistance than canopy-wide dam-
age. Large-scale damage had no effect or caused a slight
amelioration of leaf quality (RGRs of larvae were highest
on canopy-wide damaged trees) (Fig. 1a). This was an
unexpected result.

In general, small amounts of damage have been con-
sidered to be unimportant for trees (but see Crawley 1985)
and for herbivores (Fowler and Lawton 1985). Fowler and
Lawton (1985, Fig. 1) gave evocative evidence on this
scale-of-damage effect in their field test. Birches that had
experienced 25% artificially caused leaf-loss (every other
leaf torn in half) were subjected to more subsequent
damage by natural herbivory than saplings whose every
tenth leaf was damaged (5% leaf-loss estimated for whole
saplings). Hence, large-scale damage could have caused
amelioration of leaf quality while small-scale damage
caused a slight decline.

Large-scale damage may mean a high herbivore den-
sity, and need for effective inducible resistance. At this
stage, however, rapid inducible resistance may be ineffec-
tive, and trees can show resistance only in the following
year(s), i.e. delayed resistance. In addition, elevation of
resistance may be physiologically constrained (see also
Marquis 1991), especially, if the season is cold: the thermal
sum at Kevo in 1987 was one of the five coldest according
to the 28-year statistics of the Kevo Meteorological Sta-
tion (Monthly Report from the Finnish Meteorological
Institute). Interestingly, Fowler and Lawton (1985) men-
tioned that the (early) season was exceptionally cold and
wet during their treatment application. Damage concen-
trated on only a few branches, or when only a small
amount of leaf biomass has been removed, may be physi-
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ologically and “economically” manageable for birches in
such situations. Furthermore, it is possibie that there are
differences among the hierarchical units of plants (shoots,
branches, ramets etc.) and in their interaction with ex-
ternal factors in responding to leaf damage (Marshall
1989; Tuomi and Vuorisalo 1989; Haukioja et al. 1990,
Sprugel et al. 1991). _

Theoretically, a relaxation of induced resistance should
be expected. Unfortunately, the effect of earlier larval
damage (the treatment showing the strongest impact)
could not be tested a second time because branches lacked
leaf clusters with larval feeding marks. When trees, artifi-
cially damaged at the young leaf phase, were tested a sec-
ond time, we found no significant treatment effect nor
interaction with time (Table 5). However, when trees
damaged at the young or mature leaf phase were analyzed,
we found a significant interaction with treatment and time
{Table 6). This latter result emphasizes leaf age at time of
damage, since leaves were tested at a similar age. How-
ever, there were no clear trends, either retarding or en-
hancing effects on larval growth, and the time-by-treat-
ment interaction could have been confounded by the
differences between the two larval instars (Table 6).
Hence, it is difficult to judge confidently whether the
response to damage to young leaves relaxes rapidly or
within 13 days.

Evidence on rapid relaxation of inducible responses
has been found in other experiments, e.g. with tobacco
{Baldwin 1988b) and with birches, but the relaxation time
varies according to what has been measured (Wratten
et al. 1984; Bergelson et al. 1986; Edwards et al. 1986;
Hartley and Lawton 1987; Hartley and Firn 1989). Two
mid-season sawfly species of the mountain birch insect
guild showed retarded growth on excised leaves from trees
that had had E. autumnata larvac growing in bags on
branches (and causing RIR) (Hanhiméiki 1989). Leaves
were tested 47 days after E. autumnata larvae had ceased
feeding. Other late-season herbivore species were not sig-
nificantly affected by RIR when tested later than 7 days
(Hanhimaéki 1989), which makes relaxation of RIR prob-
able.

Triggering agent

Recently, Baldwin (1990) reviewed plant-herbivore studies
in which larval-made and artificial damage had been used,
and concluded that larval damage was the most effective
to cause inducible responses in plants (but see Welter
1991). Hartley and Lawton (1987) reported significant
preferences of various insect herbivores for undamaged
control birch leaves when damage was caused by leaf
miners. Furthermore, Hartley and Firn (1989} demon-
strated larger and longer-lasting increase in phenolic
levels in insect-grazed Betula pendula Roth leaves com-
pared to artificially damaged ones. Hartley and Lawton
(1991) suggested that larval saliva may contain fungal
spores of hyphae which, when interacting with plant cell
wall fragments, may cause this phenomenon. Whatever
the reasons for the differing effects of artificial and natural
leaf damage are, the main point is that this difference
should not be ignored in plant-herbivore studies.

Test animals

In general, the quality of test animals has been ignored in
plant-herbivore studies. Very often larvae have been col-
lected from the field (parasitized or unparasitized larvae),
or mass-reared laboratory individuals have been used
(Spodoptera spp.), although both these cases may give
wrong information on the sensitivity of test animals (Orr
and Boethel 1985; Haukioja et al. 1988b). The different
sensitivity of larvae may have some obvious implications
for studies in which bioassays are used to detect (small)
leaf quality differences (see Wolfson 1988). For instance, if
leaf quality changes are rapid and/or relax rapidly, the
effects of induced responses may not be detected with late
instar larvae. On the other hand, if leaf quality changes are
slow (regardless of the length of relaxation time), the
effects may not be detected with early instar larvae.

Instars. Larval age, although supposed to be important
(Neuvonen and Haukioja 1984), has received little atten-
tion in studies on plant-herbivore interactions and espe-
cially in relation to leaf damage (but see Rossiter et al.
1986). In the present study we found that the two instars of
the autumnal moth responded similarly to leaf damage
(Tables 2—-7) but differently to temperature manipulation
(or leaf maturation, Table 9). We used larvae of the last
two instars, and this does not mean that all other instars
are similarly affected. In fact, in field cages, where pred-
ation and parasitism have been eliminated, most mortality
of E. autumnata larvae takes place during the first two
instars, suggesting pronounced effects of leaf quality on
young larvae (Neuvonen and Haukioja 1984; E. Haukioja
et al., unpubl. data). Consequently, our results are conser-
vative in detecting differences between instars.

Delaying larval growth had a stronger retarding effect
on the 5th than on the 4th instar larvae (Table 9). The two
instars might have been differently sensitive to changes in
leaf quality. Therefore, it was important to test them
simultaneously throughout the experiment. The 4th instar
larvae were 9 days delayed when tested on mature leaves,
but still they had a 5.1% higher growth rate than the
normally growing 4th instar larvae on young leaves
(Fig. 1). This shows that keeping the larvae at low temper-
ature had not hindered their ability to grow rapidly when
conditions improved. The growth of these delayed larvae,
however, was significantly retarded in the 5th instar, and
at the end they attained lower pupal masses than the
normally growing larvae (Table 9a).

Broods. In plant-herbivore studies, in which seasonal ef-
fects have been investigated with the same herbivore spe-
cies, different broods have often been used at different
times (e.g. Strauss 1990). In such cases it is impossible to
know whether the observed differences are caused by
seasonal changes in plants (leaf maturation, flowering etc.)
or by test animals. Since we always had the same broods
(of the low-density Kevo population) in both young and
mature leal experiments, we could avoid this source of
error. Nevertheless, brood-specific differences in growth
rates of E. autumnata larvae are generally modest or
non-existent (Ayres et al. 1987), though within a brood can
be clear differences among larvae according to their



hatching schedule (S. Hanhimiki and E. Haukioja, un-
publ. data).

Populations. The population from which E. autumnata
larvae were derived had a significant effect on the growth
of larvae (Tables 7 and 8). Larvae from the high-density
population had higher relative growth rates than larvae
from the low-density population. Interestingly, popula-
tion of the test larvae did not interact with the effects of
leaf damage (Tables 7 and 8). This suggests that leaf
responses influence all autumnal moth larvae indepen-
dently of the population. The same result has repeatedly
been found in other experiments with E. autumnata
(Haukioja and Hanhimdki 1985; Haukioja et al. 1990;
Ruohomdki and Haukioja 1992). Similarly, males and
females of the autumnal moth differed in their pupal mass,
but the relative growth rates of sexes did not, nor interact
with leaf damage (Tables 8 and 9).

Conditioning of larvae. Conditioning of herbivore larvae
via different food qualities has received little attention
from entomologists (but see Jermy et al. 1968; Hansen
1976). We found a significant interaction between prior
experience with food type and the subsequent growth of
larvae (Table 10b). In the 5 July trial, in which damage to
mature leaves was tested and no difference found (Table
3b), the same response of leaves could be observed, but
only when prior experience of the test larvae was taken
into account. Larvae which were fed with similar larval-
damaged leaves in both trials had the slowest growth,
whereas those fed twice with canopy-wide-damaged leaves
had significantly better growth than either with control or
small-scale-damaged leaves. However, replication was low
and only 10.6% of the variance could be explained by the
model (Table 10b). Judging the importance of this result
on the whole experiment (9.5% of the larvae of the 5 July
trial were on similar diets in both trials), we feel that
conditioning of larvae had only a minor, if any, effect on
the outcome of the second induction experiment.

Conclusions

Our results indicate that the ontogenetic phase of the
leaves may shape the response to damage and that the
triggering agent is important. The pattern of responses
suggests that there may be physiological constraints:
small-scale damage induced resistance against the autum-
nal moth, but large-scale damage did not. It is possible
that high herbivore density (indicated by canopy-wide
damage) may cause the trees’ resistance system to suc-
cumb, as in bark beetle attacks on conifers (Raffa and
Berryman 1983). As a consequence, plant quality for her-
bivores may even improve.

Responses of birches to leaf damage were not straight-
forward: both resistance and improvement of leaf quality
could be elicited. We should, thus, speak of rapidly in-
ducible responses (Karban and Myers 1989) rather than of
resistance (or even defense), this latter already implying
our predictions about the outcome and nature of events
(Owen 1990).
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Population, instar or sex of the test animals did not
interact with leaf damage. However, there were indica-
tions that prior experience of larvae with experimental
leaves may modify their responses in further bioassays.
This aspect deserves more attention in future plant-herbi-
vore studies. Our results showed that variation found in
studies on rapidly inducible responses in the mountain
birch depends on plant characteristics rather than on
experimental animals.
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