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Preface

The relationship between acid rain and forest damage has been a topic of very
diverse opinions and debates. The new type of forest damage or '"neuartige
Waldschaden” (in German language) which was observed in the beginning of the
1980s triggered a fierce scientific debate about its causes. Various hypotheses
were developed, some were tested. Both in Europe and North America research in
forest growth processes increased. Until now no unified theory does exist. Two
opposite conclusions could be drawn from this statement. One is, that basic
research efforts should continue and more research funds should be directed
towards basic understanding of tree physiology and a tree’'s reaction to environ-
mental stresses. Furthermore, models are not particularly useful at this stage.
The other conclusion is that basic research and modeling should develop in paral-
lel. Models can be based on what we already know and research agenda could be
modified based on modeling results. In the next iteration models could then be
adapted to new scientific results.

It is this hand-in-hand approach which has been adapted in [IASA's Acid Rain
Project. The RAINS model developed in this project combines energy scenarios,
emission calculation, long-range transport of pollutants, and deposition with
effects on forest soils, lakes, groundwater and forests. This paper presents a sim-
ple dynamic model for the sensitivity and risk of forest under long-term exposure
to airborne sulfur.

The authors are among the first to develop a regional model of forest effects

and are to be congratulated for their important work. I hope that the paper will
stimulate discussion on modeling effects of air pollution on forests.

Leen Hordijk
Leader
Acid Rain Project



Abstract

A simple dynamic model for the sensitivity and risk in forests under long-term
exposure to airborne sulfur is presented. The model is an interpretation of results
from long-term forest damage and sulfur dioxide measurements in Czechoslovakia,
and it focuses on damage caused by direct, foliar impacts. The input to the model
is the annual average SO, concentration, and the accumulation of impact over time
is incorporated. In a regional application of the model, sensitivity is defined as a
function of the effective temperature sum. Sensitivity and risk maps of Europe in
relation to direct impacts of sulfur are presented.
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List of Symbols

Symbol Meaning

ETS effective temperature sum

HF Hydrogen flouride

Q dose

& threshold dose

S annual average sulfur dioxide concentration
Sqy long-term average sulfur dioxide concentration
S, threshold annual average sulfur dioxide concentration
17 maximum normal lifetime

Ty maximum lifetime under sulfur exposure

Tp rotation time

z strain

ZTay average age

z threshold strain
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DIRECT EFFECTS OF SULFUR ON FORESTS

IN EUROPE — A REGIONAL MODEL OF RISK

Annikki Makelda, Jan Materna and Wolfgang Schopp

1. INTRODUCTION

There is ample evidence that airborne SO, can cause alterations in the struc-
ture and function of tree foliage (Grill, 1873; Keller, 1978; Jager and Klein, 1980;
Materna, 1978; Cape, 1983; Soikkeli, 1981; Huttunen and Laine, 1983), but contro-
versy still remains as to whether or not the prevailing SO, levels in Europe can
give rise to foliar injuries that affect the growth and mortality of forests. While
the analysis of the physiological pathways from foliage injury to whole tree damage
is still faced with a number of unresolved questions (e.g. Luxmoore, 1980; Waring,
1986), the conclusion has been drawn from empirical dose-response studies that
the present sulfur levels are not likely to cause growth reductions or enhanced
mortality (Roberts ef al., 1983). On the other hand, in Czechoslovakian sulfur-
imposed defoliation has been claimed responsible for observed damage to spruce
stands under annual average SO, concentrations as low as 20—-30 ug m -3 (Mater-

na, 1985).

The dose-response studies in the laboratory seem to have failed in analyzing
two aspects that would be crucial in a regional assessment of the future risk to
forests; first, the possibility of slowly accumulating strain, and second, the in-

teraction of pollutants with natural stress factors. Although field studies could

potentially overcome these problems, they have other drawbacks, the most impor-
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tant obviously being that it is often difficult to separate the role of the numerous
potential causal agents. In the Ore Mountains, the fact that the damage could not
be attributed to soil acidification, for instance, possibly also speaks of a lack of

measurements.

Inspite of their circumstantial characters, the results in the Ore Mountains
appear so interesting that they should receive some further attention in the con-
text of regional assessment of future risk due to foliar impacts of sulfur. First,
some features of the study make it more easily generalizable than many other simi-
lar field studies (Knabe, 1970; Lux, 1978; Wentzel, 1979; Freedman and Hutchinson,
1980; Bucher, 1984; Molski et al., 1983). These features include both the variabili-
ty of the natural environment and the pollutant concentrations, the dominance of
sulfur in the pollutant profile, and the length of the monitoring period. Secondly,
and more alarmingly, the results seem to suggest that damage due to foliar impacts

of sulfur should be anticipated in other areas of Europe also.

The present study aims at displaying some regional, long-term implications of
the findings in the Ore Mountains in connection with future scenarios of sulfur pol-
lution. The scenarios are obtained from the Regional Acidification INformation
and Simulation (RAINS) model developed at the International Institute for Applied
Systems Analysis (Alcamo et al., 1985, 1987; Kauppi et al., 1986). The model calcu-
lates the transboundary fluxes, deposition and airborne sulfur dioxide concentra-
tion as a function of energy consumption and sulfur abatement strategies in 27 FEu-

ropean countries, and can hence be used for comparing different energy policies.

In this report, we review the main results from the Ore Mountains and present
a simple dynamic model consistent with the empirical findings. We use the model to
derive a regional indicator of risk to forests, and apply this indicator to Europe in
the RAINS framework. We also consider the possibilities of improving the model by

more systematic treatment of the data, and discuss the limitations of the approach.



2. STUDIES IN CZECHOSLOVAKIA

2.1. Observations

The measurements of pollutant concentrations and forest damage in Czechoslo-
vakia began in 1966 in some locations. A systematic monitoring network was set up
in 18970-1972, comprising 25-30 stations of the Hydrometeorological Institute and
30 stations newly built for the purpose of forestry measurements. The majority of
the stations represent stands of Norway spruce (Picea abies), yet some of them

are applicable to Scots pine and common beech also.

The pollutant measurements in the stations include SO, measurements by the
West-Gaecke method at 24 hours air sampling, and monitoring of other substances
such as HF (hydrogen flouride) and NO, at longer intervals. The emissions of the

neighbouring industrial area have been recorded also (Materna, 1981a).

Observations of forest damage concern the percentage of heavily damaged in-
dividuals, the degree of damage being judged on the basis of thinning of the foliage
(Materna, 1983). Measurements have been taken on foliar concentrations of sulfur
and other elements which have been analyzed against the ambient pollutant concen-
trations (Materna, 1981a; Materna et al., 1982), and the soil properties and site
quality have been studied (Materna, 1981b; Lett]l, 1984). There is also a record of
the temperature development of the winters, and the relationship of forest damage
and frost occurrence together with sulfur impacts has been discussed (Materna,

1974; 1979).

Although the study area is relatively small, it manifests considerable varia-
tion in both pollutant concentrations and site properties. A great deal of the vari-
ation in growing conditions is generated by the fact that the sites are located in a
' wide altitude range between 200m and 1260 m. Secondly, the stations are distribut-
ed over a range of different site conditions. The long-term averages of the SO,

concentrations fall between 10 and 90 ug SO, m "3, the areas located far from in-
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dustrial and residential areas having concentrations around 20 ug SO, m 3. There
was also considerable year-to-year variation in the annual average sulfur concen-
tration even if the emissions of the neighboring industries remained the same, ob-

viously due to meteorological conditions.

2.2. Conclusions
Pollutant input

The annual average sulfur dioxide concentration was concluded to be a suffi-
cient description of the pollutant environment. First, sulfur was found to be the
only relevant pollutant species — no long-lasting concentrations of HF or NO, could
be detected in any of the measurement stations. Secondly, the annual average con-
centration showed a highly significant correlation with the percentile of high con-
centrations, e.g. 97.5 (see Figure 1, taken from Materna, 1981a). Hence the annual
average gave a good indication of the variation of the concentrations as well.
Thirdly, as an indicator of the sulfur-imposed strain in the trees, the foliar con-
centration of sulfur was monitored, and it was found that although this concentra-
tion was explained best by the average concentration of the vegetative period, the
explanation was not considerably reduced with the whole-year average (Materna,
1981a).

Damage

The analysis of the relationship between damage and sulfur concentration was
guided by the dose-response approach, and the objective was to explain the time
from the beginning of exposure to occurrence of damage in terms of sulfur dioxide
concentration and environmental factors. QOccurrence of damage was defined as
the beginning of disintegration of the stand, i.e. the time when a certain percen-
tage of the trees was heavily damaged. No significant correlations were found

between the ambient SO, and the required time of exposure if the whole study area
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Figure 1. Relationship between the annual average SO, concentration and the 97.5
percentile in the measurement stations.

was considered at a time. However, if the study area was classified according to
environmental factors, altitfude appeared to explain the differences in the
response best (Kucera, 1979; Materna, 1983). The differences in response due to
other factors became apparent in extreme cases only, such as elevated groundwa-
ter level or extremely low nutrient content. Since the nutrient and water relations
of the soils at different altitudes are variable, whereas many characteristics of
the climate correlate with elevation, the results were interpreted as evidence for
the direct impact pathway in interaction with climatic factors.

The main result that the annual average sulfur dioxide concentration, expo-

sure time and altitude together explain the greatest part of the occurrence of

forest damage in Czechoslovakia, is summarized in Table 1 (Materna, 1885).
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Table 1. The time in years between the beginning of air pollution influence and
the disintegration of Norway spruce stands.

SO, Elevation above sea level in m

in ug m =3 —-600 -900 -1050 1050 +
-20

20-30 30-40 20
30-50 50-60 20-30 20

50-70 40-50 20 10

70-90 30-40 10-15

90 + 20-30 =10

3. MODEL FOR DAMAGE DEVELOPMENT

3.1. General Framework

By direct impacts of pollutants on trees we understand any potentially inju-
rous alterations in the structure or function of the foliage which are caused by a
direct contamination through the air. We assume that such alterations can gradu-
ally cause increased strain in the whole tree (cf. Levitt, 1972). Hence, if we

denote foliar strain by z, we can say

22 < r@s ) )

where s denotes pollutant and «+ denotes the other environmental factors interact-
ing with strain development. For instance, if we assume that strain increases as
nutrients are leached from the foliage by acidity, « can be a measure of the oc-
currence of fog which enhances the leaching of nutrients in the presence of am-

bient sulfur.

When we consider forest damage caused by the direct impacts of pollutants, we
are interested in how tree mortality is enhanced by foliar changes. We shall as-
sume that for any environment w there is a critical level z,(w) of strain which

leads to the death of a tree. Hence the tree dies if



-t[f(:z:,s,u)dt 2zo(u). )

[

Genetic and microclimatic variation within a stand causes differences in the
rates of strain development and the threshold strains of individual trees. If the
stand is sufficiently homogeneous as regards, e.g. age structure, this variation can
reasonably be described by introducing stochastic variation in the threshold
strain z;,. In such a case, the mortality of the stand can conveniently be described
with a logistic function. Denote the fraction of dead trees in the stand by N. As a

function of average strain z,, N becomes

_ 1
N = 1 +exp(—2(x—=x(y)/ B) (3)

where B depends on the variance of z, in the population (see Figure 2).
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#x) = [1+exp (=2(x — a}/p)}

Figure 2. The logistic model for the progress of damage in a stand, measured as
the number of heavily damaged individuals.

Our aim in the following sections is to identify a model which is consistent both

with this general framework, and with the empirical findings in Czechoslovakia.



3.2. Driving Variables

In the empirical observations the accumulation of strain was explained best by
the annual average SO, concentration and altitude. Among the reasons that the
annual average gave a good explanation was probably the fact that the percentile
of the higher concentrations showed a significant correlation with the average,
hence the impacts of peak concentrations were not properly separable from the
mean. Whether or not this is true of other areas is not clear; however, until
better information is available we shall use the annual average SO, concentration

as input to the model.

The sensitivity parameter, altitude, is not a causal factor in damage and can-
not hence be generalized for larger areas. The good explanatory power is attri-
butable to the fact that many climatic variables that are known to affect foliar in-
jury and tolerance, correlate locally with altitude. Among these are occurrence
of fog, amount of precipitation, windspeed, intensity of solar radiation, and most of
all, temperature (e.g. Taylor, 1876). We have chosen to describe the effect of al-
titude with the effective temperature sum (ETS), which is probably the most ag-

gregate index available for the purpose.

ETS is defined as the annual sum of daily temperatures that exceed a thres-

hold value, conventionally 5 °C, less the threshold:

ETS = f} 6; (T, = Typ) (4)
i=1
where
6, =1 ifTy; > T,
6, =0 ifT; =T,
= number of days in the year

It is therefore an integrated measure of the length and warmth of the growing sea-
son. Owing to the approximately linear lapse rate of temperature along an eleva-

tion gradient, ETS is almost linear in altitude (Figure 3). It is therefore as capable
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of explaining the observed damage pattern as the altitude itself.
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ETS against elevation in the Ore Mountains

Figure 3. Relationship betwen ETS and altitude in the Ore Mountains. The method
used for calculating the ETS is explained in Chapter 5.

There is also some ecological support for the choice of ETS as a resistance
variable. ETS has been found to describe the regional variation in potential pro-
ductivity reasonably well in those parts of Europe where the aridity of climate is
not an outstanding growth-reducing factor (Sarvas, 1872; Kauppi and Posch, 1985).
Productivity in turn has often been related to the surplus of carbohydrates avail-
able, e.g. for eliminating stress effects (Waring and Schlesinger, 1985). ETS can
hence be considered to describe well the part of variation in response which is due
to tolerance of strain, i.e. the environmental variables w in z, (Eq. 2). It also re-
flects at least some aspects of the environmental impact on the rate of accumula-

tion of strain (Eq. 1). It has been argued that foliar injuries occur faster if the
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winter is longer because the frost and winter time drought stresses act synergisti-
cally with air pollutants (Materna, 1979; Huttunen et al., 1981; Friedland et al.,
1984; Laine ef al., 1984; Feiler, 1985). Clearly, long winter and low ETS correlate;

however, the correlation may vary from maritime to continental areas.

3.3. Model Structure

As the data set is not large enough for comparisons between many alternative
model structures, we adopt the simplest possible assumption; that the rate of
development of strain, z, is directly proportional to the sulfur dioxide concentra-
tion, S, less a threshold value, S,. The threshold depends on the nutritional status
of the plant. Since we focus on direct rather than indirect effects, we assume that
S, is a spatial (and temporal) constant. Secondly, the rate of strain development
may depend on the resistance factor ETS. Let us denote this dependence by

r(ETS). Hence

dz _ {r(ETS)(S ~-5,) ifS >S5,

at |0 ifS =S, ®)

Further, we say that standard injury occurs when 50% of the trees in the stand are

damaged, i.e. when

z =z ((ETS) (6)
where z, is the threshold strain triggering injury.

Note that the model does not include reduction of strain. Although it is known
that recovery may occur (Drummond and Wood, 1967), it was not possible to identi-
fy such a term from the measurements because the trend in pollutant concentra-
tions was primarily ascending. On the other hand, the empirical conclusions indi-

cate very long delay times.
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3.4. Parameters
Identifiability of the model

The results of the Ore Mountains study can be used for estimating the parame-
ter values for the model as regards Norway spruce (Picea abies). The data avail-
able are of the type shown in Table 1, i.e. observations concern the time from be-
ginning of exposure to standard damage, the corresponding long-term average sul-

fur dioxide concentration, and altitude (or ETS) class.

If the temporal average of S is S, and for all times ¢ the actual concentra-

tion exceeds the threshold, S(f) > S, then

t

(S =Sp)dT = (Sgy =St (7)
0

and hence at the time of damage occurrence, tf, the following holds [Egs. (5) and
(6)]

z ,(ETS)

(Sqv —So)tf = m (8)

If we have data concerning S

av+ ty and ETS, this equation does not allow us to

separate the functions z, and 7. Therefore, let us denote

z,(ETS)

Qy(ETS) = 7'_(}3?57

€))
Given S and data points (Sa.u'tf,ETS), we can now select the function @y(-) to fit
the left-hand side of (8). However, to be able to utilize this relationship in the

model, we have to modify Egs. (5) and (B6), respectively. l.et us define @(¢) as fol-

lows

- —z{)
Q(t) = 7 (ETS) (10)

Substituting this into (6) implies that damage occurs when

Q) = @, (ETS) (11)
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This reduces the model to the following form

(S -5, ifS>S,

dQ _
9t |0 if 5 <5, (12)
with damage occurring if
Q = Qy(ETS) 13)

Eqgs. (12) and (13) constitute the conventional dose-response model (0’Gara, 1922),
with the modifications that it is in differential instead of static form, and that the
threshold dose, @, has been parameterized in terms of ETS. This model can be

uniquely identified from the type of available data that we have.
Estimalion of paramelers

The information in Table 1 is the only source of data that has been available
for parameter estimation to date. Instead of a collection of points in the

(S,

av,tf,ETS) space the table provides cubes where such points are most likely to

be located, but we have no information on the actual occurrence of points within
each cube. So as to estimate model paramzet.er's on the basis of this information, we
drew points from the cubes at random from a uniform distribution and fitted the

model to these fake data points.

Table 2. Cubes in the (S, ,tf, ETS) space used in parameter estimation.

ETS

S 850-950 950-1150 1150-1500 1500-1950
20-30 19-21 30-40
30-50 20-30 20-30 50-60
50-70 10-20 15-20 15-20
70-90 10-15 30-40

90-110 5-10 20-30

The ranges of the variables that were used in the estimation are shown in
Table 2. The altitude classes were converted to ETS classes using the method of
Henttonen and Makeld (1987), already referred to in Figure 3. The higher and

lower bounds correspond to those of the monitoring area, viz. 200m and 1240 m.
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Note that even if no range for tf is given in Table 1, we have considered a range of

values rather than a single point.

An equal number of points, N=816, was drawn from all ETS classes. If several

S,

2y classes occurred in the same ETS class, ¢, an equal number of points, m;, were

drawn from all. The number of points was chosen large enough such that the origi-
nal information was conserved and the points filled the cubes approximately uni-
formly. In comparison with the theoretical distribution, the maximum error in the
mean within a cube was 0.9%. The maximum error in the 257, 50% and 757 percen-

tiles as well as in the maximum and minimum values was ~27Z.

The task for parameter estimation is to find (1) a threshold value S; and (2) a

polynomial @4(ETS) such that the model

Y (Sy) = Q¢ETS) (14)
where
Y(So) = (Sgp —So)ts (15)

provides the best fit to the data.

First, we selected the order of the polynomial Qy(ETS) by fitting a first,
second and third order polynomial to ¥ (0) and comparing the residuals visually
against ETS. The conventional least squares method was used. Since the trend
shown by a straight line was removed by introducing a quadratic term, but a third
order term no longer improved the result, the quadratic curve was selected.
Second, the threshold S, and the corresponding coefficients of the polynomial
were chosen by comparing the correlation coefficients of the best fit curves for a

number of S, values.

The results are summarized in Tables 3 and 4.
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Table 3. R?in the best fit quadratic model for a range of threshold values S,

S, 0 3 4 5 6 7 9 11

(o]

LRZ 0.769 0.771 0.772 0.772 0.772 0.772 | 0.770 0.768

Table 4. Best fit coefficients for S, = 5.
Variable Coefficient t Ratio
1 367.0723 2.91921
ETS -0.8950009 —4.54854
ETS, 0.001113854 15.27340

4. ASSESSMENT OF RISK

When applying the derived model for assessment of risk, we have to take into
account the time span of the future projections and the spatial scale of the desired
output, and attempt to simplify the regionai-temporal output to be informative in a
large-scale system also. The following two sections aim at such simplifications, and
Subsection 4.3 summarizes the application of the model for deriving regional indi-

cators of future risk of damage.

4.1. Temporal Limits of Strain Development

The theoretical maximum time of accumulation of strain is the lifetime of the
tree. If the critical dose is not achieved in this time, damage will not occur. The
average growth rates of stands vary according to the climate. Consequently, the
generally applied rotation times vary. This variation roughly follows the effective

temperature sum which is an indicator of the average growth rate.

We have used information from an international questionnaire to estimate the
relationship between the rotation time, Tp, and ETS. Rotation times were provided

by region and altitude in a number of countries. The corresponding ETS values
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were calculated at the center points of the region and the altitude class using the

method of Henttonen and Makela (1987). An exponential function,

TR=(X€

k ETS

was fitted to the points with the least squares method (see Figure 4).

Average rotation time

150

100

ROTATION TIMES IN EUROPE (based on questionnaire)

N=22
R2=0.814

T=1844¢-326 1074 - ETS  (peg fit)

700 1000 1500 2000 2500 ETS

(16)

Figure 4. Rotation times of spruce forests as a function of ETS. The data points
represent Sweden, Norway, Finland, Austria and Hungary.

If we require that the threshold dose is not reached during the rotation time

of the stand, then, by Egs. (12) and (13), the concentration development has to ful-

fill the following

t

J max{o,(S(m) -Sp)idT=4q
t —Tg

If S{7) is constant, then

Q
S <5, +—=

Tp

a7

(18)
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Since both @, and Ty are functions of ETS, we can express the "threshold con-

centration”, Sy, of no damage during the rotation time as a function of ETS:

Sp=5, + %e ~+ETS(q  + q,ETS + a,ETS?) (19)
This relationship is depicted in Figure 5, and it roughly coincides with the intuitive
conclusions made earlier (Materna, 1985). The same can be done for the maximum

general lifetime, resulting in slightly lower threshold concentrations.

100
&
e 75+
o>
e
-
[ 7]
E 50+
-]
&
=
[~
=
£ 25+
01— T T T
0 1000 1500 2000 2500

Effective Temperature Sum

Figure 5. Calculated threshold concentrations of sulfur as a function of ETS.

4.2. Risk Levels of Forest Areas

Consider a forest area with a distribution of stands of various ages at a mo-
ment £. We say that there is no risk of damage at that moment if the accumulated
dose for the eldest stand in the area has not reached the critical dose. If it has,
the degree of risk can be measured as the areal fraction of stands that are old

enough to have received the critical dose. We shall evaluate this measure by com-
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paring the exposed situation with the normal desirable situation at a steady state,
omitting the actual dynamics of mortality and regeneration.
Let Ty(f) denote the minimum age of stands that have reached the critical

dose by the year t. Ty(1) has to satisfy the condition

t
th max {0, (S(T) —=Sp){dT =@, (20)
ey

Further, denole the normal maximum lifetime of stands by T;. If the desired densi-

ty distribution of forest into age classes is f(z), the areal fraction of damaged

stands is

[ r(z)dz (21)
We define this fraction as the degree of damage.

Figure 6 shows a frequent age distribution of forests (example from Austria).

In this case, f(xz) can be estimated with a linear function

1 1 z
@ 3z

Fiz) =2 ) (22)

3 z(l‘U av

% Land
Area per N
Age Class

TN

0.5 N

20 40 60 80 100 120 140 “x, AGE

Austria
Sum of al! owner classes
Average age 51.03

Figure 6. The age distribution of forest area in Ausiria (Osterreichische Forstin-
ventur 1971-1980).
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where z,, is the average age. The maximum age in the function is 3z.,. The
corresponding degree of damage as a function of Ty is shown in Figure 7, calculat-
ed by Eq. 18. It is also compared with a linear estimate of degree of damage which

obtains the value 0 at 2z a reasonable estimate for the rotation time.

av?’

Degree of Damage

Figure 7. Calculated degree of damage in a forest area where the age distribution
is as in Figure 6 (solid line) and uniform between 0 and 2z, (broken line), as a
function of the maximum lifetime Ty under the prevailing pollutant conditions.

4.3. Summary of the Model

Figure B summarizes the model derived above. The inputs are ETS and the
time development of the annual average sulfur dioxide concentration, and the out-
put is risk of damage, K. As intermediate variables, we determine the maximum
tolerable dose, @, and the rotation time, Tg, on the basis of ETS

Qo = ay+ a,ETS + a,ETS? (23)

T = aekFTS (24)
Then we calculate the time that is sufficient to reach the maximum dose under the
prevailing conditions and the given ambient sulfur history, Ty. By definition, it

has to fulfill the following
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t

fT max {0, (S(T) =SpidT = Q. (25)
t-Ty

ETS

—— R(t)

/

S(t)

Figure 8. Illustration of model input, output and internal variables. Explanation
of symbols in the text.

The risk level is calculated using the assumption that the unpolluted age distribu-
tion is linear, as in Figure 7, and taking the rotation time as double the average

age. It follows that the maximum age in the distribution is 3/2 Tp. Hence, using Eq.

(22)
278
11 2 z
R= [ 21 a-2Z%)4 (26)
Tfu 3 Ty 3 T

Table 5 summarizes the model parameters for Norway spruce.

Table 5. Parameter values.
Symbol Value Unit
So 5 ug m 3
a, 367 HEe m 3a
a, -0.895 pug m 3 (°ca)?
a, 1.111073 gm 3 (Cca)?
« 144.4 a
k -3.26 10 7% oc~1-1
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5. RISK LEVELS IN EUROPE

In this chapter we display the model output in Europe, as it results from dif-
ferent sulfur emission scenarios for the period 1960-2040. We use the RAINS
model for projecting the ambient sulfur levels, and a three-dimensional, geo-

graphic data base for ETS and forest area.

3.1. Input
Sulfur diozide

The sulfur dioxide scenarios are obtained from the energy and emission sub-
modules of the RAINS model (Alcamo ef al., 1985; 1987). The model uses annual
energy consumption data which have been split up by energy sectors and computes
the corresponding sulfur emissions by sector and country. Official energy data in
the period 1960-1985 are used, and future scenarios provided by individual coun-
tries and international organisations project the energy use up until 2040. We ini-
tialize the model with a "historical sulfur emission scenario” by setting the SO,
concentrations between 1900 and 1960 proportional to estimates of European scale

SO, emissions by Miiller (1984) and Semb (1978).

For calculating sulfur transport and deposition, Europe is divided into a geo-
graphical grid with elements of the size 150 x 150km*®. The country-based emis-
sion information is distributed over the grid elements according to a 1980 emission
inventory. This assumes that the geographical location of emittors does not
change over time. A source-receptor matrix is used for transforming the annual
emissions to annual deposition and SO, concentration per grid element. The matrix
is based on the EMEP transport model (Eliassen and Saltbones, 1983) which uses
detailed meteorological data for calculating individual trajectories of sulfur parti-
cles. This model describes sulfur transport in a 1km high mixing layer, not

accounting for surface roughness.
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Three energy scenarios are used in the model runs: (1) the official energy path-
way, as published by the International Energy Agency and the Economic Commission
for Europe, (2) 30% reductions in sulfur emissions from the 1980 level, and (3) major
sulfur controls, involving a concerted SO, emission reduction program (for details,
see Alcamo et al., 1987). Figure 9 shows more isolines of the annual average SO, con-

centration (in units ug S m “3in Europe.

SO, CONCENTRATION - Annual Average

10 ug S m=3

— 1980

— 2000
30% reduction
all Europe

....... 2000
Major sulfur
controls

S 3
4
EMISSIONS FROM* E UR D P E

1)

S R Y

| © 11psn

Figure 9. Isolines of annual average SO, concentrations in Europe (in units ug S
-3
m ).
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Effective temperature sum

For estimating the ETS, we use the 150 x 150 km? EMEP grid, subdivided into
altitude classes. The resolution of the vertical axis varies with respect to the
maximum altitude, comprising 300m in Central Europe and 100-200m in Northern
Europe. ETS values are calculated at the centre point of each grid element and

altitudinal range.

The ETS values for each location are calculated from corresponding estimates
of monthly average temperatures. A spline of daily temperatures is fitted to the
monthly mean values, accounting for the standard deviation of temperature such
that the mean values are conserved. The ETS is calculated in a standard way using
the resulting daily values (Ojansuu and Henttonen, 1983). The monthly mean tem-
peratures are obtained from standard weather station data using an interpolation
method; 1088 weather stations are included, with dense networks in Austria, Bri-
tain and Scandinavia, and a sparser network for the rest of Europe (Miuller, 1980).
The data are mostly average values from 1930-1960, but some of them represent
the period 1950-1985. The interpolation is based on fitting a linear function that
depends upon the spatial coordinates (latitude, longitude and altitude) and the dis-
tance from the sea, to all data, and correcting the result with information from the

nearby stations. The method is described in detail in Henttonen and Makela (1987).

In Figure 10, the ETS values in Europe are depicted for the area that has
been included in the computerized data base to date. The value in each grid ele-

ment is the mean over altitude classes, weighted linearly with the area of forest.
Forest area

In the calculations, only forest area is considered. The distribution of
forested area in Europe is stored in the data base with the resolution of 1° latitude
and 0.5° longitude. The distribution of forested area was obtained from two map

series, both including the altitudinal variation and forest cover (1404 World,



-23 -

ETS FOR
FOREST AREA
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1200- 2000
;5i 2008-3000

3220>

Figure 10. Effective Temperature Sum (ETS) in Furope. The value in each grid
element is the mean over altitude classes, weighted with the forest area.

1:500,000, topographic map series, and TPC 1:500,000, aeronautical map series).

Figure 11 shows the geographic distribution of forest coverage in Europe in

the part of the data base that has been computerized to date.

5.2. Output: Risk Levels

We display the degree of risk as defined in Subsection 4.2, classified into

three categories:
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Figure 11. Forest coverage in Europe.

i

2 IR

(1) highrisk Ty <
. L1
(2) medium risk Y Tp=<Ty=<Tg

(3) lowrisk Tp =Ty S-Z—- Tg

where Ty is the maximum lifetime of trees under the prevailing pollutant condi-

tions, and Ty is the rotation time.
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Figure 12 shows model prediction of the distribution of high risk areas in
Europe in the year 2000 under different energy pathways. As the sulfur history is
the same until 1980 for all scenarios, and the reductions do not become really
effective until after the year 1990, there are only minor differences between
scenarios. In accordance with the assumptions, the model picks out those high alti-
tude areas where the SO, concentration is permanently high. The model implies
relatively high risk for the Alps, probably mainly because of the altitude factor.
The Black Forest in the Federal Republic of Germany, where heavy damage has

been reported, does not seem to be susceptible to foliar effects of sulfur.

FOREST UNDER H+ + RISK ALT: B-210M

SCENARID: OFFICIAL ENERGY PATHUWAY

2002

% FOREST ARER
UNDER RISK:

Doca f{rddﬁrﬁnﬂi [+~ I 41

/NS TS TG 1S 56 25 36 35 4D
EMISESIONS FROMY E U RO P E

Figure 12. Areas of high risk (Ty = 1/2 Tg) for the year 2000. (a) official energy
pathway; (b) 30%Z reductions; (c) major sulfur controls.
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FOREST UNDER H+ + RISK ALT: B-2100M
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Figure 12. continued
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FOREST UNDER H+ + RISK ALT: B-2108@M

SCENAR]D: MAJOR SULFUR CONTROLS

2000
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1 [\L.A L i L I - ]
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Figure 12. continued
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Figure 13 repeats the comparison of scenarios for the year 2040. The differences
between the scenarios now become apparent. The official energy pathway implies an
increase in the high risk areas, and the 307 reduction scenario more or less conserves
the situation of 2000, with the only exception that the risk area around the Harz Moun-
tains has disappeared in the 2040 situation. The major sulfur controls scenario pro-

duces a significant reduction in the area of high risk.

FOREST UNDER H+ + RISK ALT: B-2120M

SCENARID: OFFICIAL ENERGY PATHWAY

70} 2040

65¢ % FOREST AREA
UNDER RISK:
8o} <
1- 33
55t
33- 66
SPF B>

45

JAON /(Fdijhndii L L S - 4 11

BDNES TS0 15 26 25 53¢ 35 48
EMISSIONS FROM E U RO P E

Figure 13. Areas of high risk (Ty = 1/2 Tp) for the year 2040. (a) official energy
pathway; (b) 30%Z reductions; (c¢) major sulfur controls.
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FOREST UNDER H+ + RISK ALT: B-21002M

SCENARIO: 327 REDUCTION ALL EUROPE
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Figure 13. continued

For reference, Figure 14 shows areas of high risk in 1960 and 1980 as model
‘predictions’. Figure 15 depicts high and medium risk in the year 2000 both in all
altitudes and altitudes below 1050 m, to illustrate that the risk area in the Alps is
in the high altitude classes only. The comparison of Figure 15 with Figure 12 shows
that the high and medium risk areas occur in the same locations, the difference

between them being only the intensity of predicted risk.
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FOREST UNDER H+ + RISK RLT: PA-2100M
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Figure 18. continued

6. DISCUSSION

The present model is built upon two basic assumptions that (1) foliar injury
can cause an accumulation of strain which is not discharged, and (2) the effective
temperature sum aggregates the climatic variables that are relevant for (a) the
avoidance of accumulation of strain, and (b) the tolerance of the accumulated
strain. As already noted, the first assumption relates to the observation that

there is a considerable delay between beginning of exposure and occurrence of
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FOREST UNDER H+ + RISK ALT: B-2102M
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Figure 14. "Risk history’ as predicted by the model. (a) high risk areas in 1960;
(b) high risk areas in 1980,

damage on one hand, and the failure of soil acidification to explain the pattern of
damage on the other hand. However, the mechanisms of a delayed response to
injury have not yet been physiologically explained.

The fact that the model fails to account for the possible impacts of climatic
factors not correlated with ETS, is particularly important as regards wind speed
and occurrence of mist. The former has been claimed to increase pollutant uptake

by the canopy, and the latter has an impact on the rate of cuticular erosion caused
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Figure 14. continued

by sulfur (Materna, 1986). Both effects thus increase the rate of foliar strain
development. As regards the reaction of the whole tree to the foliar changes, we
have deliberately chosen to exclude factors such as site class and stand age from
the model, because (1) the empirical observations do not provide enough material
for deriving proper relationships, (2) we are basically interested indirect impacts,
and (3) in the regional application the site quality and age classes have high reso-

lution and are likely to average out over the grid elements.
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Figure 15. Distribution of high and medium risk (T = Tf) in the year 2000. (a) all
altitude classes; (b) altitudes below 1050 m.

Although these questions cannot be properly settled without studying the
actual mechanisms of damage development, a better interaction between model
building and the analysis of data could probably also help in solving some of them.
In the present study, the authentic measurements were not available for model
identification. Instead, we drew from conclusions obtained independently, and fed
these conclusions into the general model structure of Chapter 3 in a more or less

ad hoc way. This drawback can hopefully be overcome in the future, and the model
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Figure 15. continued

can be tested against the actual observations.

The regional application of the model includes some technical assumptions
that emphasize the indicator character of the results. First, all the empirical
results concern Norway spruce only, yet the application covers total forest area.
This was not considered fatal because (1) we were interested in a relative measure
of risk, and (2) Norway spruce is by far the most common commercial species in

Europe, comprising 257 of growing stock. This is particularly true of the areas
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which the present model regards as the most sensitive: In the Nordic countries and
Central Europe the fraction of spruce is neariy 607 (The Forest Resources of the
ECE Region, 1985). Second, the fact that the actual age structure of forests is not
included may present some bias in the results in areas where the age distributions
are skewed. Figure 7 suggests, however, that the results are not very sensitive to
this assumption, especially if we interpret them as a relative indicator rather than

an absolute value.

In summary, we have displayed some regional, long-term implications of con-
clusions based on an individual field study. No matter how comprehensive the fieid
study, the evidence remains circumstantial and the conclusions must be regarded
as empirical generalizations. We trust that the numerous ongoing studies on forest
dieback will help us test and improve the model in relation to the ecophysiological

pathways of damage.

ACKNOWLEDGMENTS

The authors wish to acknowledge H. Hettonen for providing models for the ETS
computations, and M. Yamada for transferring the altitudinal information on forest

area from topograhic maps to the computerized grid.

REFERENCES

Alcamo, J., Hordijk, L., Kamari, J., Kauppi, K., Posch M. and Runca, E. (1985).
Integrated analysis of acidification in Europe. J. Env. Manag., 21, 47-61.
Alcamo, J., Amann, M., Hettelingh, I.-P., Holmberg, M., Hordijk, L., Kamari, J.,
Kauppi, L., Kauppi, P., Kornai, G. and Makela, A. (1987). Acidification in
Europe: a simulation model for evaluating control strategies. Ambio (forth-
coming).

Bucher, J.B. (1984). Bemerkungen zum Waldsterben und Umweltschutz in der
Schweiz. Forstw. Cbl., 103, 16-27.

Cape, J.N. (1983). Contact angles of water droplets on needles of Scots pine (Pinus
sylvestiris) growing in polluted atmospheres. New Phytol., 83, 293—-299.

Drummond, D.B. and Wood, F.A. (1967). Recovery of eastern white pine following
reduction in ambient levels of air pollution. Phytopathology, 87, 810 (Abstr.)



-136 -

Eliassen, A. and Saltbones, J. (1983). Modelling of long-range transport of sulfur
over Europe: a two-year model run and some model experiments. Aimos.
Envir., 17, 1457-1473.

Feiler, S. (1985). Einfliisse von Schwefeldioxid auf die Membranpermeabilitatat und
Folgen fir die Frostempfindlichkeit der Fichte (Picea abies (L.) Karst.).
Flora, 177, 217-226.

Freedman, B. and Hutchinson, T.C. (1980). Long-term effects of smelter pollution at
Sudbury, Ontario on forest community composition. Can. J. Bol., 58,
2123-2140.

Friedland, A.J., Gregory, R.A., Karenlampi, L. and Johnson, A.H. (1984). Winter

damage to foliage as a factor in red spruce decline. Can. J. For. Res., 14,
963-965.

Grill, D. (1973). Rasterelektronenmikroskopische Untersuchungen an SO,-
belasteten Fichtennadeln. Phytopathologische Zeitschrift, 78, 75-80.

Henttonen, H. and Mékeld, A. (1987). Estimation of local values of monthly mean
temperature, effective temperature sum and precipitation sum from FEuro-
pean weather station data. I/ASA Working Paper (forthcoming).

Huttunen, S., Havas, P. and Laine, K. (1981). Effects of air pollutants on the
wintertime water economy of the Scots pine, Pinus silvesiris. Holarctic
Ecology, 4, 94-101.

Huttunen, S. and Laine, K. (1983). Effects of airborne pollutants on the surface
wax structure of pinus sylvestris needles. Ann. Bot. Fennici, 20, 79-86.

Jager, H.-J. and Klein, H. (1980). Biochemical and physiological effects of SO, on
plants. Angewandte Botanik, 54, 337-348.

Kauppi, P. Kaméri, J., Posch, M., Kauppi, L. and Matzner, E. (1986). Acidificaton of
forest soils: model development and application for analyzing impacts of
acidic depositon in Europe. Ecol. Mod., 33, 231-254,

Kauppi, P. and Posch, M. (1985). Sensitivity of boreal forests to possible climatic
warming. Climatic Change, 7, 45-54.

Keller, Th. (1978). Einfluss neidriger SO, Konzentrationen auf die CO, aufnahme
von Fichte und Tanne. Photosynthetica, 12, 316-322.

Knabe, W. (1970). Kiefernwaldverbreitung und Schwefeldioxid-Immissionen in
Ruhrgebiet. Staub-Reinhalt. Luft, 30 (1), 32-35.

Kucera, J. (1979). Degree of Air Pollution injury of Norway Spruce Stands, Tech.
Report VULHM (in Czech.).

Laine, K., Karhu, M. and Huttunen, S. (1984). Some aspects of winter injuries
caused by air pollutants. Oulanka Reports, 5, 17-20.

Lettl, A. (1984). The effect of atmospheric SO, pollution on the microflora of
forest soils. Folia Microbiol., 29, 455—475.

Levitt, J. (1972). Responses of Plants to Environmental Stresses. Vol.I-II.
Academic Press.

Lux, H. (1976). Ergebnisse der Rauchschadengrossraum-diagnose 1973 in der
Niederlausitz. Wiss. Zischr. d. TU Dresden, 25, 663—-668.



-37-

Luxmoore, R.J. (1980). Modeling pollutant uptake and effects on the soil-plant-
litter system. In Miller (ed.), Proceedings of the Symposium of Effects of Air
Pollutants on Mediterranean and Temperale Ecosystems, June 22-27, 1980,
Riverside, California, U.S.A. Gen. Tech. Rep. PSW-43, Pacific Southwest
Forest and Range Exp. Snt. Forest Serv., U.S. Dept. Agric., Berkeley, Califor-
nia, pp. 174-180.

Materna, J. (1974). Einfluss der SO, lmissionen auf die Fichtenpflanzen in Winter-

monaten. IX Int. Arbeitstagung IUFRO S2.09 Luftverunreinigung und die
Forstwirtschaft. Mar. Lazne, CSSR.

Materna, J. (1979). Frostschaden an Fichtenbestdnden in Abhangigkeit von Immis-
sionseinwirkung. In Bericht der X Fachtagung der IUFRO-Fachgruppe S2.09
Lufiverunreinigungen, Ljubljana 1978. Mitteilungen des Instituts fir
Forst- und Holzwirtschaft, Ljubljana Jugoslawien, 341-352.

Materna, J. (1981a). Concentration of sulfur dioxide in the air and sulfur content
in Norway spruce needles (Picea abies KARST.) Communicationes Instituti
Forestalis Cechosloveniae, 12, 137-146.

Materna, J. (1981b). Aufnahme von Schwefeldioxid durch die Oberflache der
Humuschicht und ihre Okologische Bedeutung. Mitteilungen der Forstlichen
Bundesversuchsanstalt Wien, 137, 211-219.

Materna, J. (1983). Beziehungen zwischen der SO, Konzentration und der Reaktion
der Fichtenbestande. Aquilo Ser. Bot., 19, 147-156.

Materna, J. (1985). Results of the research into air pollutant impact on forests in
Czechoslovakia. In Symposium on the Effects of Air Pollution on Forest and
Water Ecosystems, Helsinki, April 23-—24, 1985 - presented papers. Spon-
sored by The Foundation for Research of Natural Resources in Finland, Hel-
sinki, Finland.

Materna, J. (1986). Air quality: direct effects of SO, and NO,. In T. Schneider
(ed.), Acidification and its Policy Implications. Elsevier Science Publish-
ers B.V., Amsterdam, pp 161-170.

Materna, J., Kohout, R. and Ryskova, L. (1982). The relation between the SO, con-
centration in the atmosphere and the reaction of forest trees. Prace VULHM,
61, 23-25.

Moller, D. (1984). Estimation of the global man-made sulphur emission. Aimos.
Env., 18, 19-27.

Molski, B., Bytnerowicz, A. and Dmuchowski, W. (1983). Mapping air pollution of
forests and agricultural areas in Poland by sulfur accumulation in pine (P. sil-
vestris L..) needles. Aquilo Ser. Bot., 19, 326—-331.

Miller, M.J. (1982). Selected Climatic Data for a Global Set of Standard Stations
Sor Vegetation Science. Dr. W. Junk Publishers, The Hague/Boston/L.ondon, 306
pp.

0’'Gara, P.J. 1922. Sulphur dioxide and fume problems and their solutions. nd.
Eng. Chem., 14, 744 (Abstr.).

Ojansuu, R. and Henttonen, H. (1983). Estimation of local values of monthly mean
temperature, effective temperature sum and precipitation sum from the meas-
urements made by the Finnish Meteorological Office. (In Finnish with English
summary). Silva Fennica, 17 (2), 143-160.

Osterreichische forstinventur 1971-1980 (1985). Zehnjahresergebnis. Mit-
teilungen der Forstlichen Bundesversuchsanstalt Wien. 154 Heft.



- 38 -

Roberts, T.M., Darral, N.M. and Lane, P. (1983). Effects of gaseous air pollutants
on agriculture and forestry in the UK. Adv. Applied Biology, 9, 142.

Sarvas, R. (1972). Investigations on the annual cycle of development of forest
trees. Active period. Commun. Inst. For. Fenn., 76, 3.

Semb, A. (1978). Sulphur emissions in Europe. Atmos. Env., 12, 455—-460.

Soikkeli, S. (1981). The types of ultrastructural injuries in conifer needles of
northern industrial environments. Silva Fennica, 18, 389-404.

Taylor, J.A. (1976). Upland climates. In T.J. Chandler and S. Gregory (eds.), The
Climate of the British Isles, Longman Group Ltd. London and New York, pp.
264-287.

The Forest Resources of the ECE region (Europe, the USSR, North America)
(1985). United Nations Economic Commission for Europe. Food and Agricul-
ture Organization. Geneva.

Waring, R.H. (1986). Characteristics of trees predisposed to die. In T. Schneider
(ed.), Acidification and iis Policy Implications. Elsevier Science Publish-
ers B.V., Amsterdam, pp. 117-123.

Waring, R.H. and Schlesinger, W.H. (1985). Forest Ecosysiems. Concepls and
Management. Academic Press, Inc., 340 pp.

Wentzel, K.F. (1979). Die Schwefel-Immissionsbelastung der Koniferenwalder des
Raumes Franktfurt/Main. Forstarchiv, 90, 112-121.



