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Abstract Background insect herbivory, in addition to insect outbreaks, can have an
important long term influence on the performance of tree species. Since a projected warmer
climate may favour insect herbivores, we use a dynamic ecosystem model to investigate the
impacts of background herbivory on vegetation growth and productivity, as well as
distribution and associated changes in terrestrial ecosystems of northern Europe. We used
the GUESS ecosystem modelling framework and a simple linear model for including the
leaf area loss of Betula pubescens in relation to mean July temperature. We tested the
sensitivity of the responses of the simulated ecosystems to different, but realistic, degrees of
insect damage. Predicted temperature increases are likely to enhance the potential insect
impacts on vegetation. The impacts are strongest in the eastern areas, where potential insect
damage to B. pubescens can increase by 4–5%. The increase in insect damage to B.
pubescens results in a reduction of total birch leaf area (LAI), total birch biomass and birch
productivity (Net Primary Production). This effect is stronger than the insect damage to leaf
area alone would suggest, due to its second order effect on the competition between tree
species. The model's demonstration that background herbivory may cause changes in
vegetation structure suggests that insect damage, generally neglected by vegetation models,

Climatic Change (2008) 87:91–106
DOI 10.1007/s10584-007-9340-6

DO9340; No of Pages

A. Wolf (*)
Forest Ecology, Universitätstrasse 16, ETH-Zentrum,
CHN, G 77, CH-8092 Zürich, Switzerland
e-mail: annett.wolf@env.ethz.ch

M. V. Kozlov
Section of Ecology, University of Turku,
20014 Turku, Finland

T. V. Callaghan
Abisko Scientific Research Station,
SE-981 07 Abisko, Sweden

T. V. Callaghan
Department of Animal and Plant Sciences,
University of Sheffield, Sheffield S10 2TN, UK



can change predictions of future forest composition. Carbon fluxes and albedo are only
slightly influenced by background insect herbivory, indicating that background insect
damage is of minor importance for estimating the feedback of terrestrial ecosystems to
climate change.

1 Introduction

Insect herbivores play important roles in terrestrial ecosystems, especially forests. Mass
outbreaks of insects and their devastating impact on vegetation are well documented (Hogg
1999; Malmström and Raffa 1999; Neuvonen et al. 2001; Tenow et al. 2001; Logan et al.
2003; Wager and Baker 2003; Wermelinger 2004), and possible effects of climatic change
on forest pests are considered in several phenomenological models (Kittel et al. 2000; Price
et al. 2001; Clein et al. 2002; Logan et al 2003). However, little is known about background
insect damage (sometimes termed endemic herbivory) and its importance for vegetation
(Schowalter et al. 1986). The few available estimates of the amount of foliage routinely
removed by insect herbivores (not accounting for the loss of biomass due to sap feeders)
vary between 2–16% for trees (Bray 1964; Gosz et al. 1972; Whittaker and Woodwell
1968) and less than 1% for dwarf shrubs in the sub-Arctic (Richardson et al. 2002).
Although these figures suggest minor importance, even slight damage of top-canopy plants
allows more light to reach the ground, reducing competition for light and potentially
leading to changes in composition of plant communities (Schowalter et al. 1986; Blatt et al.
2005).

Climate change is expected to have strong impacts, both direct and indirect, on
insect herbivores. Changes in temperature in temperate regions influence the winter
survival of insects, including the principal outbreaking pest of northern birch forests,
the autumnal moth Epirrita autumnata (Virtanen and Neuvonen 1999); at more
northerly latitudes, the thermal budget influences growth and reproduction of insects
(Bale et al. 2002). For the outbreak species, E. autumnata, the frequency of outbreak
might not change in a future warmer climate, but many areas, which are presently
protected by low winter temperatures, will be susceptible to outbreaks (Virtanen et al.
1998). Increasing CO2 and UV-B change the palatability and digestibility of leaves
(Dury et al. 1998; Lavola et al. 1998; Buck and Callaghan 1999; Johns and Hughes
2002; Hamilton et al. 2004; Julkunen-Tiitto et al. 2005; Knepp et al. 2005), whereas
simultaneous increases in both temperature and CO2 are likely to have smaller effects on
herbivory than predicted from studies involving each of these factors alone (Zvereva and
Kozlov 2006). Still, there is no doubt that climate change will modify the population
dynamics of insect herbivores and hence their impact on vegetation. Moreover, many
insects are good dispersers, and there is a growing pool of evidence that recent changes
in climate have resulted in a northward spread of insects in Europe (Parmesan et al.
1999; Conrad et al. 2004); therefore northern forests are likely to suffer from an
additional increased herbivory due to their exposure to new pests arriving from more
southern regions.

The importance of climate change on background herbivory is usually not considered in
studies of climate change impacts on ecosystems. However, in a study of latitudinal
gradients of background insect herbivory, Kozlov (this issue) found a strong correlation of
insect damage with mean July temperature for Betula pubescens in northern Europe.
Kozlov (this issue) estimated that the insect damage to B. pubescens leaves in Scandinavia
will increase by 0.91% for 1° increase in mean July temperature.
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There is agreement that it is important to consider outbreaks of herbivorous insects
when modelling arctic–boreal vegetation dynamics (Kittel et al. 2000; Price et al. 2001;
Clein et al. 2002; Logan et al 2003) but still, only few models are available that
emphasise, for example, the importance of insect outbreaks for carbon fluxes and storage
(Kurz and Apps 1999), tree growth variations (Pothier et al. 2005) and vegetation
distribution in the transition zone between forest and tundra (Starfield and Chapin 1996).
However, we are not aware of any ecosystem model that considers background herbivory,
and this gap in knowledge decreases reliability of the predicted vegetation structure and
productivity.

In this study, we use a dynamic ecosystem model (GUESS) to investigate whether
expected changes in background herbivory have detectable impacts on birch biomass and
productivity, and subsequently influence vegetation structure and several ecosystem
parameters such as carbon fluxes and albedo.

2 Materials and methods

2.1 The ecosystem model

We used the GUESS (General Ecosystem Simulator; Smith et al. 2001), which combines
the mechanistic representation of plant physiological and biogeochemical processes of the
LPJ-DGVM (Lund-Potsdam-Jena dynamic global vegetation model, Sitch et al. 2003) with
detailed representation of vegetation dynamic processes (Smith et al. 2001). The growth of
cohorts of plant functional types (PFTs) is simulated in a number of replicated patches. The
cohorts possess different dynamics, depending on their characteristics (e.g. biomass, age,
height) and the influence of the other vegetation in the gridcell (e.g. light extinction by
vegetation growing above the cohort). Thus the floristic composition of each grid cell was
unique and grid cells were spatially independent of each other. The PFTs are either trees or
herbaceous (non-woody) vegetation and are characterised by a number of parameters
controlling establishment, growth, metabolic rates and the limits of the climate space that
the PFT can occupy. The version of the model and parameterisation used in this study are
described in Wolf et al. (this issue) who modified the model to better represent northern
plant functional types.

2.2 Specifications

We used two different tree PFTs: boreal needle leafed evergreen trees, which represents
Norway spruce (Picea abies (L.) Karst.) and Scots pine (Pinus sylvestris L.) in our study
region; shade intolerant deciduous trees, which represents Betula pendula Roth. and
B. pubescens Ehrh.

The background damage for Scots pine and Norway spruce in our study region is
negligible (Kozlov pers. obs. and P. Niemelä pers. comm.) and it is therefore not considered
in the model runs. For B. pubescens, we used the empirical relationship between the total
loss of leaf area (LossLA) dependent on mean July temperature (TJuly) as found in a field
study of foliar damage along transects in Finland and Karelia: LossLA ¼ b1 þ b2 � TJuly,
(R2=0.42, b1=−11.05 ± 2.16, b2=0.91 ± 0.14, Kozlov this issue). We assumed that these
estimations are valid for the entire modelling region, which is larger than the area actually
surveyed for insect damage. The estimations are only dependent on mean July temperature
and do not consider the amount of B. pubescens in the gridcell.
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To test the sensitivity of the model, we varied the parameters b1 and b2 (Table 1), which
resulted in different strengths of insect impact. The parameters were varied to cover a broad
range of different responses, but not exceeding the observed values of insect damage. As a
control, we used the model simulation without any insect damage, as this is used as a
standard assumption in ecosystem models. In the model simulations, each year, the amount
of leaf of a PFT was reduced by the proportion damaged by the insects.

2.3 Climate and CO2 data

The model is driven by monthly averages of temperature, precipitation, percentage of
sunshine hours, annual atmospheric CO2 concentration and soil type, the latter derived from
the FAO global soil data set (FAO 1991).

For the 1,000 year spin-up and the historical period 1901–1960, we used the Global Climate
Dataset from the Climate Research Unit (CRU), which gridded monthly surface climate
variables for the period 1901–2000 (http://ipcc-ddc.cru.uea.ac.uk/obs/cru_climatologies.html).
The CRU data point closest in distance (in longitude-latitude degrees) to the REMO-grid point
(see below) was used to derive driving data for the spin-up and 1901–1960 periods. For the
period 1961–2099, we used the output data from the regional climate model REMO (Jacob
2001) with a 0.5 degree resolution driven by ECHAM4 data (Roeckner et al. 1996) as a
boundary condition. The Barents Sea was laid in the centre of the regional climate model,
using the grid cell coordinates from the REMO model. The climate prediction for 1961–2099
was based on the SRES–B2-CO2 scenario (IPCC 2001).

Global atmospheric CO2 concentrations derived from ice-core measurements and
atmospheric observations (c.f. Sitch et al. 2003) were used for the 1901–2000 period.
The CO2 concentration for the future projection is based on the SRES–B2-CO2 scenario

Table 1 Potential leaf area loss (LAloss, percent) of birch trees due to insect damage in four time periods

Parameters Potential leaf area loss (%)

b1 b2 1981–2000 2011–2030 2041–2060 2071–2090

Russia Simulation 1 −11.05 1.82 13.2 17.9 19.0 19.7
Simulation 2 −6.73 1.19 9.2 12.2 12.9 13.4
Simulation 3 −5.53 0.91 6.6 8.9 9.5 9.8
Simulation 4 −8.89 1.05 5.1 7.8 8.5 8.8
Simulation 5 −11.05 0.91 1.4 3.5 4.1 4.4
Simulation 6 −13.21 0.77 0.0# 0.1 0.3 0.4
control No damage 0.0# 0.0# 0.0# 0.0#

Scandes Simulation 1 −11.05 1.82 9.4 10.4 12.4 12.7
Simulation 2 −6.73 1.19 6.7 7.3 8.6 8.8
Simulation 3 −5.53 0.91 4.7 5.2 6.2 6.3
Simulation 4 −8.89 1.05 2.9 3.5 4.6 4.8
Simulation 5 −11.05 0.91 0.2 0.4 0.9 1.1
Simulation 6 −13.21 0.77 0.0# 0.0 0.0 0.0
Control No damage 0.0# 0.0# 0.0# 0.0#

The damage is calculated from expected mean July temperature (TJuly) according to the REMO climate
model. LAloss ¼ b1 þ b2 � TJuly where b1 and b2 are presented in the table. In order to test the sensitivity of
the outputs, we varied b1 and b2 in six simulations. For all years and all simulations, Russia has a
significantly higher potential damage than the Scandes (p<0.001): the only exception is marked with# ,
where there is no significant difference.
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(IPCC 2001). For the spin-up period we used a constant CO2 concentration of 296 ppmv
(the concentration in 1901).

2.4 The focal areas

We have chosen two study areas, each currently forested by B. pubescens (Bohn et al.
2004). One area is situated in northern Russia and one in the Scandes mountains of northern
Sweden and Norway (Fig. 1), each about 2.2×105 km2. The two focal areas differ in their
predicted climates: mean July temperatures are expected to increase by 3.5°C (from 13.4 in
1981–2000 to 16.9 by the 2071–2090) in the Russian study area, but only by 1.7°C (from
11.3 in 1981–2000 to 13.0 in 2071–2090) in the Scandes.

2.5 Albedo estimation

As we did not find albedo measurements for the Barents region, we used various methods
to estimate changes in albedo. Model estimations of fractional projected cover were used as
a measure of what fraction of the gridcell was covered by the different PFTs, and the rest of
the gridcell was assumed to be bare ground. Albedo values for vegetation were taken from

Fig. 1 Potential insect damage to Betula pubescens according to estimates from mean July temperatures
(TJuly): leaf area loss (%) (estimates from Kozlov this issue). The average reduction in leaf area is presented
for a 1981–2000, b 2071–2090. The two outlined regions are the focal areas (see text)
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data on boreal forests (Betts and Ball 1997) as follows: average summer albedo for spruce/
poplar mixed forest=0.081, for aspen=0.156 and for grass=0.197; average winter albedo
for spruce/poplar mixed forest=0.108, for aspen=0.150 and for grass=0.75. Average
summer albedo of bare ground was estimated as 0.19 (Oguntunde and van de Giesen 2004)
and average winter albedo as 0.75 (taken from data on snow-covered grass from Betts and
Ball 1997). As an alternative estimate of albedo, we used values from the Biosphere-
Atmosphere-Transfer Scheme (BATS, Version 1e) as follows: wavelengths <0.7 μm for
evergreen needle leaf trees=0.05, deciduous broadleaf trees=0.08, tundra=0.10 and semi-
desert (equivalent to bare ground)=0.17. For wavelengths >0.7 μm the values were 0.23,
0.28, 0.30 and 0.34 respectively. To calculate the total albedo of a gridcell, we weighted
these albedo estimates by the fractional cover of each PFT.

2.6 Statistical analyses

Mean values of leaf area loss, LAI (Leaf Area Index, m2 leaf area per m2 ground) and birch
biomass were calculated for four time periods: 1981–2000, 2011–2030, 2041–2060 and
2071–2090 (Tables 1, 2 and 3) and used for the analyses.

The significance of the correlation between the output variables and the degree of insect
damage was tested using the Spearman rank correlation as the assumption of a normal
distribution was not fulfilled. We used the relative change compared to the control run with
no insect damage and analysed each time slice and each focal area (Russia: 90 gridcells,
Scandes: 88 gridcells; 6 simulations for each focal area) separately. In the figures, we
present the average values for each simulation.

To test for the difference between the two focal areas, we used a General Linear Model
(GLM) of biomass change by insect damage and focal area, in order to account for the
variation already explained by the amount of insect damage.

The change in PFT distribution was calculated as the difference in the proportion of
gridcells that predicted a different dominant PFT in the simulation compared to the control
run for the year 2080. This was correlated with the potential insect damage for each
simulation, whereby we combined the results for both areas and the six simulations (N=12).

We also calculated the change in birch biomass (or NPP) from 1981–2000 to each of the
time slices (2011–2030, 2041–2060, 2071–2090) for the control run and for simulation 1.
We then used the non-parametric, paired Wilcoxon Signed Ranks Test to check whether the
increase in biomass (or NPP) differed between the simulation with and without insect
damage.

3 Results

3.1 Potential impact of insects

In agreement with the field-collected data (Kozlov this issue) and for the recent
climate, our model demonstrated a clear geographical pattern in the potential amount of
foliar damage to B. pubescens (Fig. 1), with a decrease of insect impact towards the
north and higher up in the mountains. The model that uses empirically estimated
parameters (Simulation 5, Table 1) for the future warmer climate predicts similar
geographical gradients, although with higher absolute values of foliar losses (Fig. 1).
The predicted changes are strongest in the eastern areas, where insect damage on B.
pubescens can increase by 4–5%.
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The prediction of background damage differed for the two areas (Fig. 1, Table 1). The
reduction in leaf area increases from 1 to 4% in the next 100 years in northern Russia, when
we used the parameters estimate by Kozlov (this issue) (Simulation 5, Table 1). In the
Scandes, the damage is lower, reaching up to 1% by the end of this century (Table 1). For
the most extreme parameterisation of the dependence of insect damage on mean July

Table 2 Average projected LAI for birch (leaf area index: m2 leaf area per m2 ground) under varying levels
of background herbivory

LAI (m2*m−2)

1981–2000 2011–2030 2041–2060 2071–2090

Russia Simulation 1 0.68 (−31.7)**** 0.79 (−38.4)**** 1.08 (−35.1)**** 0.84 (−36.9)****
Simulation 2 0.74 (−25.8)**** 0.91 (−29.8)**** 1.27 (−24.0)**** 1.00 (−24.7)****
Simulation 3 0.82 (−17.0)**** 1.05 (−18.6)**** 1.46 (−12.5)**** 1.16 (−12.4)****
Simulation 4 0.83 (−16.3)**** 1.03 (−19.9)**** 1.40 (−15.9)**** 1.11 (−16.2)****
Simulation 5 0.91 (−7.9)**** 1.14 (−11.5)**** 1.56 (−6.7)**** 1.25 (−6.1)****
Simulation 6 0.97 (−2.5)ns 1.24 (−3.9)*** 1.67 (0.1)ns 1.36 (2.6)ns

control 0.99 1.29 1.67 1.33
Scandes Simulation 1 0.91 (−24.7)**** 1.08 (−25.6)**** 1.21 (−26.9)**** 0.97 (−29.7)****

Simulation 2 1.00 (−17.5)**** 1.20 (−17.3)**** 1.33 (−19.3)**** 1.07 (−21.8)****
Simulation 3 1.07 (−11.7)**** 1.31 (−9.7)**** 1.48 (−10.2)**** 1.22 (−11.6)****
Simulation 4 1.09 (−10.2)**** 1.31 (−9.8)**** 1.46 (−11.2)**** 1.20 (−12.5)****
Simulation 5 1.19 (−1.8)ns 1.46 (0.3)ns 1.61 (−2.3)* 1.34 (−2.6)**
Simulation 6 1.20 (−1.5)ns 1.46 (0.2)ns 1.63 (−1.1)ns 1.38 (0.5)ns

control 1.22 1.45 1.65 1.37

In parenthesis: change of LAI compared to no insect damage (%). Significant values indicate difference in
LAI compared to control run without insect damage. ns not significant;* p<0.1; ** p<0.05; *** p<0.01 ****

p<0.001

Table 3 Biomass of birch (kg C*m−2) projected for varying degrees of background herbivory

Biomass of birch (kg C*m−2)

1981–2000 2011–2030 2041–2060 2071–2090

Russia Simulation 1 1.7 (−20.4)**** 2.1 (−23.2)**** 3.0 (−22.6)**** 3.3 (−21.2)****
Simulation 2 1.7 (−18.0)**** 2.2 (−18.2)**** 3.3 (−14.2)**** 3.7 (−13.2)****
Simulation 3 1.9 (−10.46)**** 2.3 (−13.0)**** 3.5 (−9.2)**** 3.9 (−7.5)***
Simulation 4 1.8 (−11.3)**** 2.3 (−12.8)**** 3.5 (−9.2)**** 4.0 (−6.3)**
Simulation 5 2.0 (−2.8) ns 2.4 (−9.0)**** 3.6 (−5.0)** 4.1 (−1.5) ns

Simulation 6 2.0 (−2.3)ns 2.6 (−2.7) ns 3.9 (2.2) ns 4.5 (7.1)**
control 2.1 2.7 3.8 4.2

Scandes Simulation 1 2.3 (−14.8)**** 2.9 (−13.8)**** 3.6 (−13.8)**** 3.6 (−17.2)****
Simulation 2 2.4 (−12.1)**** 3.1 (−9.1)**** 3.9 (−8.2)**** 3.9 (−10.8)****
Simulation 3 2.5 (−8.3)**** 3.2 (−5.3)*** 4.0 (−4.0)** 4.2 (−3.9) ns

Simulation 4 2.5 (−7.4)*** 3.2 (−6.9)*** 4.0 (−5.8)*** 4.1 (−5.5)***
Simulation 5 2.6 (−3.9)* 3.4 (−1.6) ns 4.2 (0.4) ns 4.4 (1.2) ns

Simulation 6 2.8 (−2.8) ns 3.5 (−1.6) ns 4.2 (−1.4) ns 4.4 (1.0) ns

control 2.7 3.4 4.2 4.3

In parenthesis: change in biomass compared to no insect damage (%). Significant values indicate difference
in biomass compared to control run without insect damage. ns not significant; * p<0.1; ** p<0.05; *** p<
0.01; **** p<0.001
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temperature (Simulation 1), the potential reduction in leaf area reaches 20% in northern
Russia and 13% in the Scandes (Table 1).

3.2 LAI

As expected, LAI for birch strongly declined with increase in the potential removal of leaf
area (Russia: r=−0.59; p<0.001, Scandes: r=−0.52, p<0.001, in the 1981–2000 period).
However, the modelled reduction in LAI is much greater than the consumption of leaves by
insects (Table 2). If the reduction in leaf area could be explained simply by the amount
removed by insects, the plot of predicted LAI values against potential leaf area consumed
should be found on the 1:1 line. Instead, the reduction in LAI is about 2–3 times greater
than expected in 1981–2000, and similar differences occur at other time periods (Fig. 2).

3.3 Biomass

The modelled change in birch biomass (total biomass, including roots, stems and leaves in
kg C*m−2) significantly correlated with the potential leaf consumption by insects (Fig. 2,
Russia: r=−0.40, p<0.001, Scandes: r=−0.31, p<0.001, in 1981–2000). Similar to LAI

Fig. 2 Reduction in a leaf area
index (LAI), and b biomass of
birch in relation to insect damage
for the period 1981–2000 esti-
mated with the control run (no
insect damage) as reference. Each
point represents the average value
of one simulation (parameters in
Table 1.)
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reduction, losses in birch biomass are around 1.8 greater than the removal of foliage by
insect herbivores. When we accounted for the change in biomass due to insect damage, the
increase in birch biomass in the Scandes was significantly smaller than in Russia for 1981–
2000 (GLM of biomass change by insect damage and focal area, focal area: p=0.013), but
not in other time periods (effect of focal area: p>0.1).

The change in total plant biomass of the ecosystem is also weakly correlated with insect
damage in Russia (r=−0.11, p=0.01, for 1981–2000), but not in the Scandes (r=−0.04, p=
0.34, for 1981–2000). However, the mean reduction in total biomass for Russia is on
average only 2%, hence of minor importance (data not shown).

The biomass of boreal conifers increases when birch biomass decreases (Fig. 3) and
hence compensates for the loss in birch biomass. There is a significant correlation between
the change of biomass in shade-intolerant broad leafed trees and change of biomass in
needle leafed evergreen trees (Russia: r=−0.24 p=0.001, Scandes r=−0.33 p<0.001, for
1981–2000).

Birch biomass in the study region is expected to increase with time, as the climate
becomes warmer (Fig. 4). However, when insect damage is taken into account, the increase in
biomass is significantly lower compared to the control run. This difference is significant for
all time slices for Russia (Wilcoxon Signed Ranks Test: 2011–2030: Z=−4.0, p<0.001,
2041–2060: Z=−4.1, p<0.001, 2071–2090: Z=−3.7, p<0.001). For the Scandes, the effect of
insects become stronger in the warmer future climate and is only significant at the last time
slice (2011–2030: Z=−1.4, p=0.16, 2041–2060: Z=−1.4, p=0.16, 2071–2090: Z=−2.0, p=
0.039).

3.4 PFT distribution

The changes in biomass (reported above) resulted in changes in the distribution of forest
types: 6–16% of the gridcells had a different dominant tree species in 2080 when insect

Fig. 3 Importance of insect removal of biomass on the biomass of the different PFTs. Black symbols:
Scandes, open symbols: Russia. Triangle: IBS (shade-intolerant broad leafed deciduous tree), square: BNE
(boreal needle leafed evergreen trees). The values are for the 1981–2000 period

Climatic Change (2008) 87:91–106 99



damage was included, compared to the run where no insect damage was considered.
Furthermore, the stronger the insect damage, the greater the difference in dominant PFT (r=
0.79, p=0.002). This clearly suggests that PFT distribution can be influenced by
background herbivory.

3.5 NPP

Birch NPP decreased with increasing insect damage (Russia: r=−0.49, p<0.001, Scandes:
r=−0.40, p<0.001, in 1981–2000, Fig. 4). Similar to the reduction of biomass, it is not only the
removal of foliage which explains the loss in NPP, as NPP is reduced 1.6–1.7 times more than
we would expect from the reduction in leaf biomass alone. Also similar to the biomass changes,
effects of leaf consumption by insects increase in the future changing climate (Wilcoxon Signed
Ranks Test, Russia 2011–2030, Z=−5.7, p<0.001, 2041–2050, Z=−5.3, p<0.001, 2071–2090:
Z=−4.8, p<0.001, Scandes: 2011–2030, Z=−1.7, p=0.091, 2041–2050, Z=−5.2, p=0.002,
2071–2090: Z=−3.6, p<0.001). Hence, insect damage is predicted to reduce productivity more
in a warmer future than today.

Fig. 4 Change in birch biomass
and NPP over four time periods.
The biomass is predicted for
maximum insect damage (dotted
lines, Table 1, Simulation 1)
compared to no insect damage
(solid line) for the two study
regions. Grey lines: Russia, black
lines: Scandes
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3.6 Carbon fluxes

At the ecosystem level, the vegetation uptake and soil respiration of carbon are significantly
reduced only when the heaviest insect damage to birch is considered (Simulation 1). As the
insect damage becomes stronger, the change in fluxes also becomes stronger (vegetation uptake,
Russia: r=−0.22, p<0.001, Scandes: r=−0.20, p<0.001; soil respiration, Russia: r=−0.24, p<
0.001, Scandes: r=−0.33, p<0.001). The simulated reduction of leaf area of 5–7% will, on
average, only result in a 1–2% change in vegetation fluxes. This is mainly due to the improved
growth of boreal conifers which take advantage of the reduced birch competition and
compensate for the loss in biomass and productivity.

3.7 Albedo

Independently of the type of albedo estimations we used, the change in albedo is small, less
than 2% on an average. For Russia and the Scandes, there is however, a significant decrease
in albedo of wavelength >0.7 μm with increasing insect damage (Table 4). Furthermore, the
Scandes showed a decrease in winter albedo with increasing insect damage (Table 4), but
none of the other estimations of albedo correlated with the increasing insect damage. The
small and/or not significant responses might result from compensation of losses in birch
leaf area by other plants, mainly conifers. Since differences in albedo between PFTs are
relatively small, total albedo remains nearly the same.

4 Discussion

It is usually assumed that low levels of background herbivory do not affect biomass of trees
(Schowalter et al. 1986, Kaitaniemi et al. 1999). However, our simulations clearly suggest
that background defoliation even at a low level can change the biomass distribution of the
affected plants in the longer term and alter the relative contributions of different plant types
to the total biomass and productivity of an area.

The simulated defoliation, even in the worst insect defoliation scenario (simulation 1)
and the warmest climate, did not exceed 20%. For the other simulations (2–6), the
estimated herbivory does not exceed the recent range (2–16%) of background insect
damage (Bray 1964; Gosz et al. 1972; Whittaker and Woodwell 1968), which is usually
considered of low importance for ecosystem structure and functioning (Schowalter et al.
1986; Kaitaniemi et al. 1999). Nevertheless, the GUESS dynamic vegetation model, which
simulates plant growth in response to their abiotic and biotic environments over the course
of time, shows that the removal of even small amounts of leaves over many years results in

Table 4 Correlation of change in the amount of insect damage with the change in albedo for the different
albedo estimates

Russia Scandes

Change in summer albedo 0.04ns −0.03ns

Change in winter albedo 0.05 ns −0.09**

Change in albedo of wavelength >0.7 μm −0.14*** −0.11**

Change in albedo of wavelength <0.7 μm −0.04ns 0.10 ns

ns not significant;* p<0.1; ** p<0.05; *** p<0.01; **** p<0.001
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an accumulated effect on the performance and competitiveness of B. pubescens. The model
also shows that even low levels of background insect damage can change PFT composition
in the future.

The effects of background leaf herbivory on total birch biomass or LAI are greater than
expected from the loss of leaf biomass alone. In our model runs, the biomass of boreal
needle leaf trees increases when the birch biomass decreases, and hence compensates for
the loss in birch biomass. This replacement is not simply explained by the successional
advantage that spruce has over birch. As we run all simulations with the same climate input
data, any difference between the runs is totally attributed to the amount of insect damage.
So, a small increase in background damage of birch can turn birch-dominated forest into
coniferous forest in a longer time perspective. This is in agreement with studies on
abandoned fields (Blatt et al. 2005) and the review by Schowalter et al. (1986) that
herbivory of susceptible tree species accelerates changes in forest structure and community
development.

Although low levels of background herbivory have the potential to change PFT
distribution and abundance, their effects on feedbacks from northern ecosystems to the
climate system were small. Only projected increases in long wave albedo (>0.7 μm, BATS
1993) and winter albedo in the Scandes, although less than 2%, reached statistical
significance. Similarly, fluxes of carbon were only significantly reduced in the simulation
with high herbivory levels. The GUESS model is a state-of-the-art dynamic vegetation
model that has performed well with modelling Swedish forest growth (Koca et al. 2006)
and vegetation of the Barents Region (Wolf et al. this issue) but there are some uncertainties
in the overall modelling process presented here.

We used only one emission scenario; however, it is one that assumes moderate changes
in CO2 emissions, and therefore the climate model has underestimated rather than
overestimated the resulting climate change. We used results from only one climate model
(REMO) and are aware that there is a range of predictions for future climate change.
However, our conclusion on the importance of background insect damage would not have
changed had we used another climate model, as the REMO model shows the generally
accepted warming trend in arctic and subarctic regions.

Our estimates of the potential impact of insects are only dependent on mean July
temperature and do not consider the amount of B. pubescens in the gridcell. Also,
increasing CO2 and UV-B change the palatability and digestibility of leaves (Fajer et al.
1989; Dury et al. 1998; Lavola et al. 1998; Buck and Callaghan 1999; Johns and Hughes
2002; Hamilton et al. 2004; Julkunen-Tiitto et al. 2005; Knepp et al. 2005) and might
therefore counteract increased herbivory due to increased temperatures (Zvereva and
Kozlov 2006). However, many of these studies are short term and do not consider the
possible adaptation of insects to altered nutritional status of their host plants. Impacts on
herbivory due to changes in plant tissue chemistry resulting from changes in CO2, UV-B
and induced plant defenses are not considered within this modeling study. Furthermore, we
do not account for any adaptation of trees to increase herbivory.

As regards parametrization of our model, the values provided by Kozlov (this issue) on
the basis of the field data of 2004 may underestimate rather than overestimate the foliar
losses: repeated sampling of B. pubescens in ten study sites between Murmansk and Luga
demonstrated, that in 2005 an average loss of leaf area was three times higher than in 2004
(Kozlov this issue). Furthermore, our modelling results are valid not only for B. pubescens,
but for the entire PFT, because foliar damage of another birch species, B. pendula, in 2005
was ca. 70% of the foliar damage observed in B. pubescens, and both species showed
similar a geographical pattern along the Murmansk–Luga gradient.
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Mammalian herbivores, not included in our model, can influence future PFT
composition by selectively browsing on certain species (Smirnov and Sudnitsyna 2003;
Weisberg and Bugmann 2003; Olofsson et al. 2004, Stolter et al. 2005). However, only
2% of total loss of birch leaves at Kevo in northern Finland was attributed to reindeer
browsing, as most leaf loss was due to various leaf consuming insects (Haukioja and
Koponen 1975). Nevertheless, interactions between browsing mammals and insects can
have important effects on plant species distribution in a future warmer climate (Niemelä
et al. 2001).

Periodic outbreaks of insect herbivores in the north of the study region are also not
accounted for by our model. The distribution of E. autumnata populations, that sometimes
cause complete defoliation of birches, is controlled by minimum winter temperatures in the
north (Tenow and Nilsson 1990; Virtanen and Neuvonen 1999). Although this species is
present further south, no outbreaks occur, mainly because of the controls by predation and
parasitism (Ruohomäki et al. 2000; Tanhuanpää et al. 1999, 2003; Klemola et al. 2002).
Assuming a return interval of severe outbreaks of about 60–70 years (Tenow et al. 2005),
and that 100% of the leaves are removed, those severe outbreaks are more dramatic than
low background damage in the short-term, but the latter might have a larger impact in the
long-term. Tree mortality is expected to increase drastically due to repeated insect outbreaks
in a future climate with fewer cold winters (Virtanen et al. 1998) and this could lead to step
changes in forest composition (Chapin et al. 2004) rather than the gradual change resulting
from climate change and increases in background herbivory modeled here. Also,
background insect damage might lead to different predictions of the composition and
restructuring of ecosystems in the transition zone between forest and tundra (Starfield and
Chapin 1996). Other changes in biodiversity resulting from increased background herbivory
are likely to arise, because the projected larger numbers of herbivores will increase food
resources for insectivorous fish, birds and mammals which might lead to an increase in
diversity. The long-term contribution of herbivory to stand productivity and heterogeneity
will also influence habitat availability and therefore biodiversity (Schowalter et al. 1986;
Ayres and Lombardero 2000).

5 Conclusions

To our knowledge, our ecosystem model is the first attempt to consider the impact of
background herbivory on vegetation and its dependence on climatic change. This model
clearly shows that, in a future warmer climate, background insect herbivory may increase
over the Barents Region with wide ranging implications for productivity, forest composition
and distribution, forest management, and biodiversity. Furthermore, consequences of
background herbivory over the long term might well exceed impacts from the more
frequently considered outbreaks of insect herbivores. We conclude that insect damage, both
background and outbreak, should not be ignored in assessing responses of ecosystems to
climate change, and that it should be included in vegetation modelling.
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