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Plant responses to mammalian herbivores can be manifold. Browsing by large mam-
mals such as moose may change plant growth and morphology, which, in turn, will 
change the food quality and availability for e.g. invertebrate herbivores sharing the 
same forage plant. Furthermore, the intensity and timing of herbivory may affect 
plant responses and future herbivore attack. In a field experiment, we tested whether 
simulated summer browsing and natural winter browsing by moose affects growth 
and morphology of birch Betula pendula, and whether possible changes had effects 
on abundance and defoliation by herbivorous invertebrates. The simulated summer 
browsing treatment was applied in two intensities (50% and 100% defoliation of long 
shoots) during two different periods of the growth season (mid-June and mid-July). 
Simulated summer browsing delayed the timing of budburst, reduced height and diam-
eter growth and resulted in reduced defoliation by invertebrate herbivores indicating 
an induced defence. Winter browsing by moose reduced diameter growth, leaf biomass 
of short shoots but increased height growth, the abundance of aphids and defoliation 
by insect herbivores. The effects of herbivory on the timing of budburst, leaf biomass 
of long and short shoots and the abundance of aphids were more pronounced when the 
birches were both browsed in winter and artificially stripped. The timing of the artifi-
cial leaf stripping treatment was important for nearly all tested variables. Concluding, 
summer and winter browsing by moose can have opposing or additive effects on plant 
morphology and growth. Therefore, also indirect effects of mammalian herbivory 
on invertebrate communities feeding on the same plant may differ, depending on the 
browsing intensity, the season of browsing and even the timing of browsing within the 
same season.
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Introduction

The quantitative and qualitative responses of 
plants to summer and winter browsing by moose 
may extend well beyond the season of impact 
(Danell et al. 1994). Leaf-stripping by moose in 
summer has apparently different effects on tree 
growth than browsing of shoots in winter. Defo-
liation during the growing season may directly 
affect the photosynthetic activity while the 
responses to winter browsing are delayed until 
the next growing season. In birch (Betula spp.) 
winter browsing by moose may decrease the 
number of shoots for the next winter, but these 
are generally longer (Bergström & Danell 1987). 
Summer browsing has less effect on shoot num-
bers but may decrease shoots size (Bergström 
& Danell 1995). Summer browsing by reindeer 
has also been shown to reduce shoot size and 
increase die-back of shoots in two arctic willow 
species, Salix phylicifolia and Salix glauca (den 
Herder et al. 2004, 2008). This illustrates the 
importance of timing of the herbivore attack on 
tree responses and shows that summer and winter 
browsing can result in different growth and mor-
phological responses in trees. Furthermore, there 
are reports that the response of birches to herbiv-
ore attack during different periods of the same 
season can also differ (Danell et al. 2003, Guillet 
& Bergström 2006). Trees may, for instance, 
respond differently after early-season browsing 
as compared with late-season browsing.

The ecological importance of interactions 
between different guilds of herbivores has 
remained relatively little studied, but is an inter-
esting field for future research. For instance, 
both summer and winter browsing by moose 
may affect the quality of food for other herbiv-
ores feeding on the same forage plant, e.g. insect 
and other invertebrate herbivores. Moose harvest 
leaves and shoots as efficient as possible, utiliz-
ing large plant modules (Danell et al. 1985). 
After winter browsing, newly emerging shoots in 
the following growing season may be more vig-
orous and the leaves larger than those removed, 
making the plants more attractive to subsequent 
herbivore attack (Danell & Huss-Danell 1985, 
Price 1991). Furthermore, large modules may 
be more attractive for ovipositioning female 
insect herbivores and larvae may survive better 

(Roininen et al. 1988, Price 1991). Again, the 
effects after summer browsing can be quite the 
opposite. One study on arctic willow found that 
leaf beetles and galling sawflies were less abun-
dant on shrubs that were browsed by reindeer in 
summer (den Herder et al. 2004).

Herbivory on leaves may also affect the 
timing of budburst in the next growing season 
(Tuomi et al. 1989, Quiring & McKinnon 1999). 
The spring emergence of many leaf-feeding 
insects is closely synchronized with budburst 
of their host trees. This synchronization is criti-
cal for these insects because forage availability 
decreases rapidly after budburst. As a result, 
trees where budburst occurs earlier or later may 
often be less defoliated by herbivorous insects 
(see e.g. Tuomi et al. 1989, Quiring & McKin-
non 1999, and references therein).

Silver birch (Betula pendula) is an important 
food plant for moose both during summer and 
winter. In summer, mainly leaves are stripped 
off from terminal parts of branches while in 
winter shoot tips or sometimes whole shoots 
are browsed (Cederlund et al. 1980). The aims 
of this study were to examine the effects of 
natural winter browsing and simulated summer 
browsing during two phases of the growing 
period on phenology, growth and leaf biomass 
of silver birch one year after the browsing event 
took place. Furthermore, we studied whether 
browsing-induced phenological and morphologi-
cal changes in trees have consequences on abun-
dance of herbivorous invertebrates and inverte-
brate defoliation.

Material and methods

Study area and birch material

The study was carried out in 1986–1987 at the 
tree nursery of the Institute of Forest Improve-
ment in Sävar, 20 km northeast of Umeå in north-
ern Sweden (63°54´N, 20°33´E). Here, seeds of 
a local provenance of silver birch were collected 
in 1980 and were sown in a greenhouse in 1981. 
In spring 1983 the birches were planted in a field 
at a distance of 1 m from each other. The experi-
ment started in 1986 when the trees were on aver-
age 1.9 m high (see Bergström & Danell 1995).
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Experimental design

Altogether, we used 146 birches in this study. The 
experimental birches were divided into 8 groups: 
two control groups and six combinations of dif-
ferent winter browsing and simulated summer 
browsing treatments at two different intensities 
and two different treatment dates (Table 1). Each 
group consisted of 14–30 birches.

Natural winter browsing

In winter 1985/1986, before the start of the 
experiment, moose entered the experimental field 
and browsed some birches. This situation was 
used for the experiment. In the following spring, 
we counted the number of moose bites per tree. 
After the counting we decided that a minimum of 
30 bites was needed to include a tree in the group 
of birches under “high browsing intensity”. After 
this selection procedure, 57 heavily browsed 
and 89 unbrowsed birches were included in the 
experiment. Of the selected browsed trees, the 
number of moose bites per tree was on average 
about 50 and ranged from 30–110. To protect 
the birches from further natural browsing, the 
experimental field was fenced in 1986.

Simulated summer browsing

Moose leaf stripping was simulated on two occa-
sions during summer 1986. The June treatment 
was applied during the growing season while 
the July treatment was applied at the end of the 
period of shoot elongation. During both occa-

sions the leaf stripping treatment was applied in 
two intensities. The first treatment was applied 
during 16–17 June and the second treatment 
was applied during 21–24 July on those trees 
which had been left untreated before (see also 
Bergström and Danell (1995) for a more detailed 
description of the leaf stripping treatment). 
However, the group of birches which was also 
exposed to natural winter browsing by moose 
is not included in their paper. In the tree group 
with 50% stripping intensity, the leaves of every 
second annual long-shoot were stripped. In the 
100% herbivory group, every long shoot was 
stripped. All treatment started from the lower 
part of the birches and thereby we guaranteed 
a random treatment of leading shoots in the 
50% treatment group. Leaves of short shoots 
are usually not taken by moose and were there-
fore left on the trees. All leaf material collected 
during the treatment was dried (40 °C) to con-
stant weight and weighed. The mass of leaves 
stripped in June and July showed that the simu-
lated defoliation at the 100% treatment removed 
twice as much as the 50% treatment (Bergström 
& Danell 1995).

Phenological observations, height growth 
and diameter growth

To estimate annual growth, tree height (meas-
ured to nearest 0.01 m from ground level to the 
upper living part of the top shoot from 1985) and 
stem diameter (mean of two perpendicular diam-
eters measured in mm 0.2 m above ground) were 
measured in early June 1986. Height recordings 
were repeated in September 1986. Stem diameter 

Table 1. Number of experimental birches allotted to each group of different treatment combinations.

Natural winter browsing intensity Artificial leaf-stripping Treatment intensity Number of trees (n)
 treatment period (% leaves stripped)

No winter browsing  0 30
 June 50 15
  100 15
 July 50 15
  100 14
High winter browsing  0 28
 June 100 15
 July 100 14
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measurements were repeated in September 1986 
and September 1987. Phenological observations 
were made on the tree level on 8 occasions in 
May 1987 when we estimated the proportion of 
opened buds in five classes (0%, 25%, 50%, 75% 
and 100%).

Leaf biomass

The experiment was terminated on 20–24 July 
1987 when leaves from long shoots and short 
shoots were collected from all control and treat-
ment trees. Branches were cut and the leaves 
were removed from each shoot. Leaves from the 
long shoots and short shoots were kept apart, 
dried and weighed.

Abundance of herbivorous invertebrates 
and leaf damage

During 20–24 July 1987, birch branches chosen 
at random were quickly pushed into a large net, 
cut off, stored in a plastic sack and investigated 
in the laboratory. Here we counted the number of 
aphids (Homoptera: Aphididae), weevils (Cole-
optera: Curculionidae) and leaf-mining moths 
(Lepidoptera). Insect abundance was calculated 
as the numbers of individuals per gram of dry 
birch-leaf mass. Gall mites (Acari: Eriophyidae) 
were also collected from the sampled branches, 
but for this group of invertebrates only the 
weight was measured. Leaves infected by gall 
mites were collected and mites were scraped off 
the leaves to collect them. Hereafter their weight 
was measured. Due to their very small size and 
large numbers, we did not count individuals but 
used gall-mite weight per gram of dry birch-leaf 
mass as an indicator of abundance. Leaves of 
branches used for expressing insect abundance 
were dried and weighed as above.

Leaf damage by insect herbivores was sur-
veyed during 20–24 July 1987. We checked 
every tree and scored the damage as the average 
damage per leaf on 100 leaves per tree where: 1 
= no damage, 2 < 10%, 3 = 11%–50% and 4 ≥ 
50% of the leaf area eaten. However, after scor-
ing insect damage it appeared that most leaves 
belonged to damage class 1 or 2, and therefore 

we pooled the damage classes 2–4 and analysed 
insect damage only as the proportion of leaves 
damaged by insects.

Statistical analysis

Height growth and leaf biomass data have been 
taken from Bergström and Danell (1995) and re-
analysed with new objectives: Their experiment 
only focussed on artificial leaf stripping and did 
not include a natural winter browsing treatment.

Treatment effects were tested with (multi-
variate) analysis of variance (GLM procedure 
in SPSS (2003)) where treatment time (June or 
July), leaf stripping (0%, 50% or 100%) and 
winter browsing (no browsing, high browsing 
intensity) were used as fixed factors (Table 1). 
There were two control groups where 0% of the 
leaves were stripped, thus, there is a control for 
the birches with no winter browsing and a control 
for the birches subjected to high winter browsing 
intensity. To test which treatment combination 
was different from the control group without 
winter browsing, we used a one-factor model 
with 8 classification levels (two control groups 
and six treatment combinations). If the MANOVA 
or ANOVA revealed an overall significant differ-
ence, we used a Tukey B multiple comparison 
test for testing possible differences between the 
eight groups of different treatment combinations. 
We used MANOVA to test variables for which 
we had a complete data set (biomass data and 
invertebrate abundance). Since MANOVA can 
only test complete data sets, we used ANOVA 
to test variables which had missing data in a few 
cases (height and diameter growth, leaf burst 
and leaf damage). The number of aphids and the 
weight of gall mites per gram of birch-shoot mass 
were ln(x + 1)-transformed to improve normality 
and homogeneity of variances.

Results

Phenological observations, height 
growth and diameter growth

Natural winter browsing and simulated summer 
browsing markedly affected phenology and 
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growth of the experimental birches (Fig. 1). The 
date of bud burst one year after the treatment 
was significantly delayed with increasing arti-
ficial leaf-stripping intensity (ANOVA: F1,138 = 
4.39, P = 0.038) and bud burst occurred later in 
birches where 100% of the leaves of long shoots 
had been removed compared with untreated trees 
(Fig. 1a). The timing of leaf removal also had an 

effect on the date of bud burst which occurred 
later on those birches which were treated in July 
(ANOVA: F1,138 = 17.06, P < 0.001). Further-
more, there was a significant interaction between 
the timing of the leaf stripping treatment and nat-
ural winter browsing (ANOVA: F1,138 = 6.63, P 
= 0.011). The date of bud burst was significantly 
delayed in birches which were both browsed in 
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Fig. 1. Effects of moose winter-browsing (WB) and artificial leaf-stripping on (a) the timing of leaf burst (date of 50% 
bud burst), (b) height growth, and c) diameter growth of birch one year after the leaf-stripping treatment. There are 
two control groups: one unbrowsed control (no artificial leaf-stripping, no winter browsing) and a winter-browsed 
(WB) control (no artificial leaf-stripping, winter browsing). Artificial leaf-stripping was applied on two occasions 
(June and July) in two different intensities (50% and 100% of the number of long shoots stripped). Height growth 
was measured over the period May–September 1986. Diameter growth was measured over the period June 1986–
September 1987. Error bars denote one standard error. Different letters (a, b, c, d) above the error bars indicate 
significant differences between treatment groups (Tukey B multiple comparison test: P < 0.05). Height growth data 
for birches without winter browsing are redrawn from Bergström and Danell (1995).
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winter and where the leaves were stripped in 
July (Tukey B: P < 0.05) (Fig. 1a).

Height growth of birch during the treatment 
season was affected by natural winter browsing 
(ANOVA: F1,138 = 5.40, P = 0.022) and leaf-
stripping intensity (ANOVA: F1,138 = 40.21, P < 
0.001) (Fig. 1b). The 100% leaf-stripping treat-
ments reduced height growth by ~50% of both 
unbrowsed and winterbrowsed birches (Tukey 
B: P < 0.05) (Fig. 1b), regardless of whether 
leaves were artificially stripped in June or July. 
The 50% leaf-stripping treatment had no signifi-
cant effect on height growth.

During the first growing season, the various 
treatments did not show any significant effect on 
stem diameter (June–September 1986), although 
similar trends were found as for height growth 
(data from Bergström & Danell 1995). However, 
after the second growing season (June 1986–
September 1987), diameter growth of birch was 
significantly reduced by natural winter brows-
ing (ANOVA: F1,138 = 10.62, P = 0.001) (Fig. 
1c). Furthermore, artificial leaf-stripping also 
affected diameter growth (ANOVA: F1,138 = 6.70, 
P = 0.011) and this effect was the greatest when 
100% of the leaves of long shoots were removed 
(Tukey B: P < 0.05).

Leaf biomass

Simulated summer browsing markedly decreased 
leaf biomass one year after the trees had been 
treated (Fig. 2) and these effects were most pro-
nounced when the trees were both subjected to 
simulated and natural browsing. Also the timing 
of the artificial leaf-stripping treatment was 
important. The reduction of leaf mass on long 
shoots was significant on trees which were both 
browsed in winter and where 100% of leaves of 
the long shoots were artificially removed in July 
(Tukey B: P < 0.05) (Fig. 2a).

Winter browsing reduced leaf biomass of 
short shoots (MANOVA: F1,137 = 9.60, P = 
0.002) (Fig. 2b) and the leaf-stripping treatment 
reduced biomass of the short shoots most when 
leaves were stripped in July (MANOVA: F1,137 = 
4.11, P = 0.044). Trees which were both browsed 
in winter and artificially stripped produced low 
leaf mass on short shoots (Tukey B: P < 0.05) 

(Fig.2b) and the greatest reduction in biomass 
was measured in the July leaf-stripping treat-
ment group.

The timing of the leaf-stripping treatment 
was also important for the total leaf biomass as 
leaf mass was most reduced in the July treat-
ment group (MANOVA: F1,137 = 5.71, P = 0.018) 
(Fig. 2c). The reduction of total leaf biomass 
after winter browsing approached significance 
(MANOVA: F1,137 = 3.75, P = 0.055). Birches 
which were both browsed in winter and artifi-
cially stripped produced the lowest total mass 
of leaves (Tukey B: P < 0.05) (Fig. 2c) and this 
reduction in mass was especially pronounced in 
the July treatment group.

Abundance of herbivorous invertebrates 
and leaf damage

The abundance of aphids living on birch was 
higher on trees which were stripped in July 
suggesting that the timing of the leaf-stripping 
(MANOVA: F1,109 = 4.06, P = 0.046) affects 
aphids. Furthermore, aphid abundance was 
higher on birches which were browsed in winter 
(MANOVA: F1,109 = 5.41, P = 0.022) (Fig. 3a). 
The highest aphid abundance was observed on 
trees which were both browsed in winter and 
artificially stripped (Tukey B: P < 0.05). The 
abundance of Curculionidae, Lepidoptera and 
Eriophyidae was not significantly affected by 
any of the natural or simulated browsing treat-
ments (Fig. 3b–d).

Defoliation by insect herbivores was higher 
on birches which were browsed in winter 
(ANOVA: F1,137 = 10.51, P = 0.001). Further-
more, there was a significant interaction between 
leaf-stripping intensity and the timing of leaf-
stripping (ANOVA: F1,137 = 6.23, P = 0.014). 
Unbrowsed birches, where 100% of the leaves 
were removed in June, were less defoliated by 
insect herbivores as compared with other treat-
ment groups (Tukey B: P < 0.05) (Fig. 3e).

Discussion

Natural winter browsing and simulated summer 
browsing on birch resulted in changes in the 
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date of budburst, tree growth, leaf biomass, 
abundance of aphids living on birch and insect 
damage to the leaves. The changes on both leaf 
and shoot biomass were already evident during 
the season of experimental leaf stripping (Berg-
ström & Danell 1995) and the present study 
shows that tree responses to browsing last even 
one year later.

Phenological observations, height 
growth and diameter growth

Budburst was significantly delayed by almost 
four days in birches which were both browsed 
in winter and which were 100% stripped in 
July. The 50% leaf-stripping treatment did not 
seem to delay budburst and there was also no 
difference in the date of budburst between the 
June and July treatment. This contradicts the 
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Fig. 2. Effects of moose winter-browsing (WB) and artificial leaf-stripping on (a) biomass of long shoots, (b) short 
shoots, and (c) total biomass of annual shoots of birch one year after the leaf-stripping treatment. There are two 
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results of Tuomi et al. (1989) who suggested that 
especially early-season defoliation may cause 
delayed budbreak. Tuomi et al. (1989) discussed 
two explanations for defoliation-induced delays 
in budburst. Delayed budburst may be an adap-
tive, induced defensive response of the tree to 
reduce future herbivory by early-season defo-
liators by escaping in time, or: a physiological 
consequence through reduced resources result-
ing from previous defoliations (resource deple-
tion hypothesis). Tuomi et al. (1989) suggested 
that since the final leaf size was reduced by leaf 
stripping in their experiment, late budburst must 
be a result of a reduction in the resource pool 
available for bud and leaf development. As birch 
buds develop a year before leafburst, previous 
defoliation may affect buds during their develop-
ment. On early defoliated branches, developing 
buds are deprived of photoassimilates that would 
otherwise have been translocated to them from 
the leaves. One reason why we did not find any 
effect of early-season defoliation on budburst 
could be that in our trees a refoliation took place 
after the June leaf-stripping treatment (Berg-
ström & Danell 1995). Thus, even buds on early 
defoliated trees still received some photoassimi-
lates for bud development. However, our results 
present convincing evidence which supports the 
resource depletion hypothesis as suggested by 
Tuomi et al. (1989), since budburst was delayed 
most in those trees which were both artificially 
stripped and browsed in winter by moose.

Height growth during the season of impact 
was significantly lower on heavily defoliated 
trees as was already observed in a study simulat-
ing summer browsing by Bergström and Danell 
(1995). Our study shows that the same reduction 
of height growth occurs on trees which have 
been both previously artificially defoliated and 
browsed in winter. Trees which were not artifi-
cially defoliated but only naturally browsed in 
winter actually showed increased height growth 
compared to the unbrowsed control (Fig. 1b). 
Apparently simulated summer browsing and 
natural winter browsing has different effects on 
height growth of trees. Reduced height growth 
after simulated summer browsing could partly be 
a result of tips of leading shoots being removed 
during stripping and partly of a generally slower 
height growth of the leading top shoots (Berg-

ström & Danell 1995). After winter brows-
ing, larger and heavier long shoots have been 
recorded in previous studies (Danell et al. 1985, 
Bergström & Danell 1987, Persson et al. 2006). 
Combined summer and winter browsing seems 
to have similar effects on shoot size as summer 
browsing alone as is shown by the results of this 
study. The stem diameter growth from spring 
1986 to autumn 1987 was also reduced by defo-
liation in a similar pattern as height growth. The 
same pattern was earlier observed from spring 
to autumn 1986 on the same trees by Bergström 
and Danell (1995) although the difference they 
observed was not significant. Apparently, defo-
liation still has a pronounced effect on diameter 
growth one year after impact.

One shortcoming in this study was that 
moose was able to browse the trees before they 
were fenced. Thus, the winter-browsed trees 
are not completely chosen randomly but moose 
may have chosen plants selectively. This may 
have somehow confounded the results from the 
winter-browsing treatment. In other words, some 
of the changes caused by winter-browsing may 
reflect that moose prefer to feed on that type of 
tree. To test if moose selected trees on the basis 
of their growth rate, we compared the stem diam-
eter data for all treatment groups from early June 
1986, which were taken before the onset of the 
growing season. Between most groups there was 
no difference. However, there was a small differ-
ence in stem diameter between the unbrowsed 
control (19.9 mm ± S.D 5.0 mm) and the winter-
browsed trees with 100% leave stripping in June 
(25.7 mm ± S.D. 4.3 mm) (ANOVA: F7,138 = 
2.90, P = 0.007). Nevertheless, after the next 
growing season, height, diameter growth and 
leaf biomass were much reduced by summer and 
winter-browsing, even though moose may have 
selected trees with a higher growth rate. If we 
would have chosen our winter-browsed birches 
completely random, which is of course recom-
mendable, the negative effects of winter brows-
ing could have been even more dramatic.

Leaf biomass

Biomass of long-shoot leaves, short-shoot leaves 
and total leaf biomass was significantly lower on 
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trees which were both artificially defoliated and 
browsed by moose. Earlier studies on the same 
trees by Bergström and Danell (1995) which 
included only artificially defoliated trees, showed 
that defoliation did not affect leaf biomass of 
long shoots but leaf biomass of short shoots was 
significantly reduced by the 100% leaf-stripping 
treatment (see also Fig. 2b). Although mean 
shoot mass of individual long shoots was already 
reduced in the study by Bergström and Danell 
(1995), yet there was no effect noticed on total 
(long-)shoot mass. However, they observed a 
change in the percentage of branched shoots. 
Comparison of the study by Bergström and 
Danell (1995) and the present study shows that 
combined summer and winter browsing may 
result in a more pronounced reduction of leaf 
mass on both long and short shoots.

From our data is seems that the trees give 
priority to leaf production on long shoots in 
order to repair the damage after defoliation or 
winter browsing. Leaf biomass on short shoots 
was reduced to a greater extend as compared 
with leaf biomass on long shoots. In the year pre-
ceding this study, Bergström and Danell (1995) 
noticed that 81% of the shoots on the trees 
stripped 100% in July had dried to some degree, 
leading to increased “twig die-back”. Damage to 
tips of long shoots may cause more basal buds to 
develop into long shoots, instead of short shoots, 
as has been shown by Danell et al. (1985). After 
summer browsing, these shoots may generally be 
shorter as compared with unbrowsed controls. 
After winter browsing, the number of shoots 
may be less, but the shoots can be longer.

The timing of the artificial leaf-stripping 
treatment also had an effect on leaf production of 
both long and short shoots. Late-season defolia-
tion led to a greater reduction in leaf mass com-
pared to early-season defoliation. Similar results 
were observed in studies on Salix viminalis, a 
fast-growing willow which is often grown in 
northern Europe for the production of bioenergy 
(Guillet & Bergström 2006).

In our birches, we observed an exact com-
pensation (sensu Belsky 1986) in leaf mass on 
long and short shoots after simulated summer 
browsing or natural winter browsing. However, 
the trees undercompensated when simulated 
summer browsing and natural winter browsing 

were combined. Apart from overcompensation at 
the level of the whole above-ground biomass at 
low browsing intensities, Guillet and Bergström 
(2006), similarly, did not observe evidence for 
overcompensation after simulated summer and 
winter browsing in willow cloned for bioenergy, 
one of the fastest-growing deciduous trees in 
northern Europe. Generally, they observed exact 
compensation after winter browsing and under-
compensation after simulated summer browsing. 
Willow may produce longer (but fewer) shoots 
after browsing (Roininen et al. 1997) but the 
total biomass is rarely higher in browsed plants 
as compared with unbrowsed plants (but see 
Paige & Whitham 1987).

Abundance of herbivorous invertebrates 
and leaf damage

We observed increased abundance of aphids on 
birches which were both artificially stripped and 
browsed by moose in winter. The highest abun-
dance was found on browsed trees which were 
stripped late in the growing season. Budburst 
occurred later in this group of birches and these 
trees also showed the lowest height and diameter 
growth and had the lowest leaf biomass on short 
and long shoots. In other words, their general 
“vigour” was reduced. Our results seem to con-
tradict the “plant vigour hypothesis” which sug-
gests that herbivores prefer to attack vigorously 
growing plants or plant modules (Price 1991). In 
our study artificial leaf-stripping combined with 
winter browsing clearly resulted in reduced plant 
vigour and Bergström and Danell (1995) already 
noticed a reduction in shoot diameter and mass. 
In our study, aphids seem to prefer “stressed 
plants” as predicted by the “plant stress hypothe-
sis” (White 1969, 1976, 1984, Mattson & Haack 
1987a, 1987b). This hypothesis proposes that 
physiologically stressed plants become more sus-
ceptible to herbivores because of reduced protein 
synthesis and increased amino acids in their tis-
sues, resulting in more nutritious food. Rhoades 
(1979) suggested that stressed plants are less 
able to produce defensive chemicals what makes 
them, together with a possible improved nutri-
tional value, more attractive to herbivores.

Damage by leaf-feeding insects was signifi-
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cantly lower on unbrowsed birches which were 
100% defoliated in June. This indicates that early-
season defoliation triggered an induced defence 
in our experimental birches while late-season 
defoliation did not. Earlier studies on mountain 
birch also reported an induced defence after 
early-season defoliation (Haukioja & Niemelä 
1979). However, the induced response of leaves 
of mountain birch ceased before the middle of 
August, i.e. at the time when leaves had com-
pleted their growth. This may explain why we 
did not find a late-season induced response in 
our experimental birches; at the time of the late-
season defoliation treatment (late July), growth 
had completed. In the mountain birches studied 
by Haukioja and Niemelä (1979), growth of 
leaves (and possibly induced defence) continued 
until later in the season since the growth season 
starts so much later in their study area which is 
about 600 km further north. An obvious explana-
tion for the cessation of induced defence after 
late season defoliation is that leaves are not so 
much worth protecting since they will fall in 
any case in September. An alternative explana-
tion may be that late season defoliators are more 
adapted against increased chemical defences.

A remarkable contrast with the unbrowsed 
birches was that in winter browsed birches 
which were also 100% defoliated, no evidence 
for induced defence was noted. This again con-
forms to the “plant stress hypothesis” which 
states that stressed plants are less able to produce 
defensive chemicals (Rhoades 1979). Probably 
combined summer and winter browsing reduced 
plant vigour so much that the plants’ nutrients 
reserves were depleted and thereby their ability 
to mobilize nutrients for their defence.

Earlier studies examining the interactions 
between herbivorous mammals and insects have 
shown that plant responses induced by moose 
(Danell & Huss-Danell 1985, Roininen et al. 
1997), hare (Roininen et al. 1994) and beaver 
(Martinsen et al. 1998) can increase the abun-
dance of insect herbivores and resulted in more 
leaf damage. Studies revealing negative indirect 
effects of mammalian herbivory on insects are 
rare. One study on Viburnum dilatum showed 
that browsing by sika deer increased leaf hard-
ness which resulted in lower leaf damage by 
insect herbivores (Shimazaki & Miyashita 2002). 

Another study on arctic willow S. phylicifolia 
showed reduced abundance of leaf beetles and 
gall-inducing sawflies after summer browsing 
by reindeer (den Herder et al. 2004). In this 
study, reindeer browsing resulted in fewer and 
shorter shoots which reduced forage availability 
for leaf beetles and the number of shoots suit-
able for ovipositioning for galling sawflies. The 
studies which reported positive effects of mam-
malian herbivory on insect herbivores have in 
common that they are all dealing with winter 
browsing or browsing of shoots/stems by mam-
mals, which is similar to pruning by humans. 
Contrary, those studies reporting negative inter-
actions examined browsing of leaves in summer. 
In a meta-analysis, reviewing the effect of her-
bivory in 68 studies conducted on 52 woody 
plants species and 19 insect herbivore species, 
Nykänen and Koricheva (2004) also noted that 
the effects of changes in plants on herbivore 
performance clearly depended on the type and 
timing of damage. In general, both natural and 
simulated defoliation reduced herbivore per-
formance (induced resistance), while simulated 
mammal browsing in general increased pupal 
weight, insect growth and their survival. Appar-
ently summer and winter browsing not only has 
opposing effect on the morphological and growth 
responses of plants, but also indirect effects on 
insect communities feeding on the same plant 
may differ.
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