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Sciences, Swiss Federal Institute of Technology Zürich (ETHZ), CH-8952
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Abstract

28.7% of Switzerland (41'284 km2) are forested and store 68.1 Mt C.  Current
annual Swiss net CO2 emissions totalled to 42.23 Mt CO2 or 11.51 Mt  C in 1988.
This corresponds to 6‰ of world's emissions, although the Swiss population is
only ca. 1‰ of that of the world.  Despite these small emissions, we analyzed the
following carbon fixation policies for Switzerland as a case study for a highly
industrialized country:  1) Reforestation of uncultivated land, 2) Elevation of
standing crops by a forest management optimizing standing wood volume, 3)
Maximization of harvested wood for either a) fixation in endurable wood products
or b) fossil fuel substitution by firewood.  First each policy is analyzed in isolation
and its relative contribution to reducing annual net CO2 emissions is computed by
using several simple mathematical forest growth models.  The relative reductions
expressed in percents of the gross CO2 emissions from fossil fuel burnings are for
policy 1) ca. 11%, 2) 3.9%, 3a) 0.2%, and 3b) 3.5%.  The non-conflicting policies
(1,2,3b) were combined to project overall reduction in net CO2 emissions until the
year 2150, which averaged ca. 5%.  Around 2050 a consequent implementation
could not only curb, but even reduce annual net CO2 emissions.  However, this
effect must not be misinterpreted, since it depends first on the questionable
assumptions of no growth detrimental pollution or climate change and secondly is
certainly not sustainable.  Particularly the latter might cover up for the increasing
long-term trend, which is still dominated by fossil fuel combustion, and might thus
put the implementation of a consequent CO2 emission curbing policy at risk.
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INTRODUCTION

Out of fear that the economic activities of mankind are leading to an uncontrolled increase in
greenhouse gas concentrations, global climate change has attracted much scientific and public
attention in recent years (SCHNEIDER, 1989; HOUGHTON et al., 1990).  Due to the radiative
properties of these gases, a global rise in temperature is likely to ocurr (SIEGENTHALER &
OESCHGER, 1978).  There is now a general consensus in the scientific community concerning
the reality of accelerated warming of the atmosphere, based essentially on the predictions by
atmospheric General Circulation Models (GCMs), and also on paleo-climatic evidence linking
atmospheric CO2 concentrations and mean temperatures (NEFTEL et al., 1982; SIEGENTHALER,
1988; WANNER & SIEGENTHALER, 1988; SIEGENTHALER et al., 1988; SCHNEIDER, 1989;
HOUGHTON et al., 1990).  Moreover, the necessity to stabilize CO2 emissions, which
contribute about 50% of global warming, arises clearly.  Local actions on a number of levels
and of various kinds are called for in order to curb current global CO2 emissions.

According to the dictum «Think globally, act locally!» we attempted to assess the contribution
and role of a small country like Switzerland in the context of a globally changing carbon cycle.
Hereby we focussed on the potential of locally altered sylvicultural practices, forest manage-
ment and wood consumption strategies.  We attempted to assess quantitatively the reduction in
net CO2 emissions by the fixation of atmospheric CO2 into woody biomass or wood products
in function of a small set of policies.

In Switzerland live about 6.62·106 inhabitants (ANONYMOUS, 1990), which amounts only to
about 1‰ of the world population, however its CO2 emissions amount to roughly 6‰ of the
world's emissions (ANONYMOUS, 1990; HOUGHTON et al., 1990).  Although these emissions
are globally of neglectable importance, we feel that Switzerland is worth studying  as a case
study for a highly developed country.  The methodology to assess the potential effectiveness of
particular policies in increasing carbon fixation by forests and thus reducing CO2 emissions
should be in principle transferable to any other highly industrialized country within the latitudes
of the temperate or boreal zone.

Several studies have dealt with the problem of reducing global CO2 emissions. Most of them
(e.g. DYSON, 1977, MARLAND, 1989, SEDJO, 1989) have calculated the area of forest planta-
tions required to offset annual global CO2 emissions, whereas the work by SCHROEDER &
LADD (1991) has assessed what area would have to be reforested to offset the United States'
CO2 emissions.  However, we are not aware of a study investigating how much of the emis-
sions could realistically be offset within a single country under current economic, sylvicultural
and ecological conditions, and in particular not within a time-horizon of two centuries.
HARMON et al. (1990) have examined the effect of converting old-growth to young forests,
coupled with maximizing forest yield and fixation of the timber e.g. in the form of wooden
buildings and other long-lasting wooden products.  Their findings suggest that unless the
lifespan of lumber and wooden buildings is greatly increased, a net loss of carbon to the
atmosphere is to be expected.  In order to examine similar policies and to assess their
effectiveness under Swiss conditions, we constructed new, simple models which allow to track
the biomass development of a country's forests under different policy regimes.

The following policies were considered in our study:  1) Reforestation on uncultivated, mostly
agriculturally abandoned land; 2) Elevation of the total wood volume in all Swiss forests;
3) Maximization of the harvested wood on behalf of some C-balance reducing measures.  The
third policy can be subdivided into the following two alternatives:  Either it is assumed 3a) that
the carbon in the harvested wood is subsequently temporally fixed in form of endurable wood
products.  The other alternative 3b) is to substitute fossil fuel combustion with firewood.  Note
that under Swiss conditions deforestation is unlikely, since neither forest diebacks are epidemic
nor does the Swiss forest law allow for any clearcutting.



FISCHLIN & BUGMANN  –  Think Globally, Act Locally! Swiss Carbon Fixation Policies

3

The first policy is supported by the fact that at present, mainly due to migration into urban
areas, relatively large agricultural land areas are neglected and no longer cultivated; they are
subject to secondary succession, ultimately leading to a natural reforestation.  Unattended
natural reforestation is rather slow, but this process can be greatly accelerated under average
Swiss conditions, e.g. by planting and other growth furthering measures.  A combination of all
three policies is likely to be most effective for increasing total Swiss carbon fixation.  However,
in order to implement optimal policies, their relative importance and their overall net effect re-
mains to be assessed quantitatively and in particular also for its sustainability.  Our analysis
showed that C-sequestrations via forestry can contribute to curbing net CO2 emissions but that
there is also a danger of misinterpreting the role of forests within industrialized countries in the
context of the anthropogenically enhanced green-house effect and global change.

MATERIAL AND METHODS

In 1988 Swiss CO2 emissions totalled to 42.23 Mt CO2, corresponding to 11.51 Mt carbon.
This is equivalent to an energy amount of 577.01 PJ, i.e. the fraction of fossil fuel combustion
(coal, oil, gas) is 75.3% of the total energy consumption of 765.84 PJ (ANONYMOUS, 1990).

Switzerland covers an area of 41'284 km2.  Depending mainly on the altitude, its forested area
belongs to the temperate and boreal zone and amounts to 11'863 km2 (28.7%).  For the pur-
pose of our study we have subdivided Swiss forests into three major forest classes (Tab. 1, for
more details see also Tab. 3):

Forest type Area
[km2], %

Dominating
phytosociological units

Dominating species Site index
[m]

A - Temperate
mixed deciduous

4230
(35.7%)

sub-alliances Luzulo-Fagion,
Eu-Fagion and

Cephalanthero-Fagion

European beech (Fagus
silvatica L.)

18–20

B - Montane,
mixed soft-
hardwood

3815
(32.2%)

sub-alliances Abieti-Fagion
and Piceo Abietion

Silver fir (Abies alba Mill.),
Norway spruce (Picea abies L.)

16–18

C - Subalpine
softwood

3816
(32.2%)

class Vaccinio-Piceetea Norway spruce (Picea abies L.) 14

Tab. 1: Classification and quantitative attributes of the three types of Swiss forests as used in this
study.  For the phytosociological units see ELLENBERG & KLÖTZLI (1972).  The site index ("Bo-
nität") is the height of 50 years old dominant trees (BADOUX, 1967).  For further data s.a. Tab. 3.

The first type is a temperate, mixed deciduous forest typically found at lower altitudes, the
second is a montane, mixed soft-hardwood forest, and the third a coniferous, in particular
Norway spruce dominated subalpine softwood forest (ELLENBERG & KLÖTZLI, 1972).  All
biomass estimates in the present study are given in metric tons of dry matter.  As a whole,
Swiss forests store approximately 68.1 Mt C (Tab. 1 and 3).

REFORESTATION ON UNCULTIVATED LAND

In Switzerland, for economical reasons plantations of Picea abies L. are still wide-spread.
Hence we assumed that this species would be planted on all uncultivated areas.  Expected
annual biomass increase and total standing crop were calculated from yield tables (BADOUX,
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1967) by using an average site index for each forest type (Tab. 1).  We further assumed that
tree growth would always come to a halt at a stand age of 60 years.

ELEVATING STANDING CROPS

The current standing crop of Swiss forests was calculated using a model by BACHMANN
(1968).  In order to assess the growth for each of the three studied forest types, yield tables for
each of the dominating species were used.  Analyzed were the following sylvicultural measures:
1) increased rotation length, 2) natural regeneration, i.e. two overlapping tree generations, and
3) no thinning beyond stand age of 100 years.

MAXIMIZING YIELD AND FIXATION IN WOOD PRODUCTS

Based on the logistic equation for total above-ground biomass B, forest dynamics are modelled
as follows:

 
dB
dt

 =  G(B)  -  H(B,t) = 
r·(K – B)

K·B  -  H(B,t)
        (1)

where

G(B) Growth depending on currently present Biomass [t dW/a]
H(B,t) Harvest depending on currently present Biomass and time t [t dW/a]
B Tree biomass [t dW]
r The intrinsic growth rate of B [/a]
K Carrying capacity [t dW]

The harvest H(B,t) was modelled algorithmically to reflect the following harvesting practices:
According to conventional forest management, harvesting occurs when biomass reaches 90%
of the ecosystem carrying capacity K.  Trees are then harvested three times within 16 years.
Hereby 30, 50 respectively 70% of total biomass are harvested  (Fig. 1 Left).

The maximum sustainable yield can be harvested at B* satisfying the criteria dG(B)/dB = 0, i.e.
B* = K/2, i.e. harvest should occur on a continuous basis at a standing crop with the biomass
B* equal to half of the carrying capacity.  However, due to infrastructural and economical con-
straints, continuous harvesting of forests is not possible.  Therefore we assumed first that har-
vesting occurs in a semi-quantitative fashion, i.e. whenever the woody biomass B is larger than
some difference ε (Tab. 2) to the half of the carrying capacity K, and second that the harvest
amounts to 2·ε (Fig. 1 Right).

Parameter Unit A - Beech forests B - Fir-spruce forests C - Spruce forests

r year-1 0.04 0.05 0.05

K t dry weight/ha 550 600 170

d year-1 0.025 0.037 0.037

ε t dry weight/ha 40 80 25

Tab. 2: Model parameters used for simulating biomass development for three types of forests in
Switzerland.
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B      0.000    600.000

Fig. 1: Total biomass (t dry weight/ha) under two different harvesting regimes:  Left: Conventio-
nal management where harvesting takes place roughly every 90 years.  Right: Maximum stustai-
nable yield strategy (with a much more frequent harvesting around B* = K/2) within infrastructural
constraints of Switzerland.

Wood biomass harvested from the forest is assumed to be converted with a 40% efficiency to
durable wood products (HARMON et al., 1990).  The model assumes that 95% of hard- and
softwood products will be replaced after 120 and 80 years, respectively.  This leads to an expo-
nential decay model (see decay parameters d, Tab. 2).  Tab. 2 lists all other parameter values
used to model the three forest types.

RESULTS AND DISCUSSION

REFORESTATION OF UNCULTIVATED LAND

At present about 2'600 km2 (6%) of the area of Switzerland falls into the class of land which is
no longer cultivated (ANONYMOUS, 1973).  Assuming an average net production of spruce
plantations of 5 t C/ha during about 60 years, an average net fixation (mean annual increment)
of 1.3·106 t C/a can be reached.  Based on data from the year 1988, this corresponds to ca.
11% of the Swiss anthropogenic annual CO2 emissions (ANONYMOUS, 1990).  Furthermore
total standing crop of these forests would amount to some 16.6 Mt C, which could be harvested
sustainably for firewood.  These calculations overestimate carbon fixation for the first years of
plant growth and towards the end of the sixty year period (SCHROEDER & LADD 1991); yet for
an estimation of an overall balance, which covers several decades, this method appears useful.

Although the assumed planting of spruce trees only and immediately everywhere is simplicistic,
the associated error affects mainly the timing of the estimated balance, not its value.  Therefore
this simplification appears to be justifiable for a rough assessment of the effects of reforestation
measures.  Hence, apart from the costs of large-scale reforestations we may conclude that this
policy may contribute considerably in temporarily reducing CO2 emissions.

ELEVATING STANDING CROPS

The results from calculations by BACHMANN (pers. comm.) using the model by BACHMANN
(1968) are given in Tab. 3.  According to the model, current total standing crop in Swiss
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forests amounts to 152 Mt wood.  This is in good agreement with estimates of the Swiss
Forest Inventory (1988), which lists 183 Mt.  The 20% difference stems from the fact that the
model assumes rather intensive forest management; however, only about half of the annual bio-
mass increase in Swiss forests is currently being harvested (VOLZ, 1990).  If rotation length is
increased by 30 up to 50 years (Tab. 3), model calculations indicate a total standing crop of
187 Mt.  The absolute difference between model estimates (35 Mt) most probably overestima-
tes the effect of this measure.  Assuming that the current standing crop is given by the arithme-
tic mean between model estimate and Swiss Forest Inventory, increased rotation length would
lead to a biomass increase of about 19 Mt.  Since an annual biomass increase of 1 Mt dry
weight corresponds to 0.45 Mt C, this measure would reduce annual Swiss CO2 emissions by
0.8% only.

If natural regeneration and no thinning are added to previous policies, the model yields an
estimate of total standing crop of 240 Mt with a difference of 72 Mt to current conditions.
This increase of total standing crop lasts 50 to 100 years.  Therefore this policy might reduce
annual emissions by up to 3.9% within this limited period.  In general, elevating standing crops
in order to reduce Swiss net CO2 emissions appears to be much less effective than reforestation
measures.

c u r r e n t f u t u r e

region site index area rotation
length

standing
crop

rotation
length

standing
crop

[m] [km2] [years] [t/ha] [years] [t/ha]

A - Jura Beech 18 1365 150 114.5 180 270

Fir 14 585 150 162.5 180 380

A - Lower Beech 18 1141 150 114.5 180 270

main land Spruce  22 228 120 172.0 160 420

Fir 16 913 130 166.5 160 400

B  - Nor-
thern Alps

Spruce 18 1302 130 133.0 180 340

Fir 12 868 160 146.0 180 325

C - Alps Spruce 16 3816 140 118.5 200 310

B  - Sou-
thern Alps

Beech 16 823 160 96.5 180 215

Spruce 18 823 130 133.0 180 340

Tab. 3:  Geographical regions (s.a. Tab. 1) and major tree species distinguished for calculation of
total standing crop in Swiss forests and its elevation via increasing rotation length.  The data for
future conditions consider only increased rotation length, although our analysis included also other
sylvicultural practices (see Text).  Site index ("Bonität") is the height of dominant trees at age 50
(BADOUX, 1967). Units for standing crop are dry weight (data and computations by BACHMANN,
pers. comm.).

MAXIMIZING YIELD AND FIXATION IN WOOD PRODUCTS

The simulations  showed that total carbon fixed in wood and wood products decreases for
spruce forests by 0.9 and spruce/fir forests by 3.4 t C/ha when yield is maximized.  This is
mainly due to the rather low efficiency of converting wood to wood products and the faster
decay rate of wood products made of softwood as compared to hardwood products.  Yield
maximization has positive effects only in deciduous forests, where total cabon storage would
increase by 2.9 t C/ha.  Therefore, assuming that this measure is implemented only in the
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mixed deciduous forest type, which is representative for 35.7% of all Swiss forests, the total
carbon storage could be augmented by 1.2 Mt.  Furthermore, assuming that the implementation
of this measure would last 50 years, a marginal annual reduction of only 0.2% of current Swiss
CO2 emissions could be reached.  Since this measure would be very costly to implement given
its effectiveness, we conclude that this policy is to be dropped in favor of fossil fuel
substitution by firewood.

SUBSTITUTING FOSSIL FUELS BY REPLACEMENT YIELD FIREWOOD

Given that forest management optimizes maximum carbon sequestration only by reforestation
and maximizing standing crops, the resulting forest can still produce harvestable wood.  The
then possible replacement yield could be fully used for firewood as an energy equivalent
substitute for fossil fuel combustion.  Neglecting within our time constraints the long-term
humus dynamics, this policy is unlikely to affect the net carbon balance of our forests, since if
the growth would not be harvested it would be subject to natural decomposition.  At present
Swiss wood volume increases annually by about 4 Mt, of which 50% are actually harvested
(VOLZ, 1990).  If this growth was harvested fully and was partly used to substitute fossil fuel
combustion, e.g. for heating purposes, this could offset 3.5% of the 1988 CO2 emissions.

COMBINING POLICIES AND SCENARIO BASED PROJECTIONS IN THE FUTURE

Assuming a particular scenario for future Swiss CO2 emissions from fossil fuel combustion, it
is possible to project with our model future net CO2 emissions by subtracting from the gross
CO2 emissions the C-sequestrations according to all forestry policies described above.
Excepted from these calculations were the maximum yield and C-fixation in endurable wood
product policy in favor of the elevating standing crop policy.  This is because the first policy
has an objective which keeps the forest storage rather low.  This result is in conflict with the
obective of the second policy of elevating standing crops.

The first «Business as usual» scenario I in accordance with IPCC scenarios for developed
countries (HOUGHTON et al., 1990) assumes an increase in gross CO2 emissions by an annual
rate of 1% (Fig. 2 left).  A second scenario II results if we optimistically assume that by the
year 2150 anthropogenic emissions of CO2 in Switzerland will eventually be stabilized around
50 Mt CO2/year (Fig. 2 right).

CONCLUSIONS

An integrated long-term strategy combining reforestation and a moderate increase of the
standing crop followed by a consequent harvesting of the annual production could reduce
annual Swiss gross carbon dioxide emissions in the average by approximately 5% (Fig. 2).
Such a combined policy has in both scenarios roughly the same potential to curb the annual net
CO2 emissions.

From all the policies analyzed the results suggest that reforestation is the most effective.  This is
mainly due to the fact that forests store an order of magnitude more carbon than agricultural
land and that any forestry policy falls short in modifying this ratio at the same magnitude.
Therefore most forestry policies obviously have a marginal, yet economically relatively easily
achievable effect on carbon sequestration (Fig. 2).  However, it is important to consider that
the carbon sink effect resulting from reforestation is a temporal phenomenon and can't be
sustained.  Therefore the relative contribution of the policies changes considerably with time
and must be carefully evaluated on this background.
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Fig. 2: Two scenarios for total anthropogenic CO2 emissions in Switzerland until the year 2150
showing the effects of a combined policy integrating various measures for emission reduction.
Left: Scenario I – Annual, exponential increase of total anthropogenic CO2 emissions by 1%.
Right: Scenario II – Stabilization of total emissions around 50 Mt CO2 by the year 2150.  A:
Start of the measures 1) reforestation in no longer cultivated land areas, 2) elevated standing crop,
3) substitution of fossil fuel combustion by wood burning.  B: Biomass increase in reforested
areas peaks and maximizes the decrease in the CO2 balance.  C:  In mature forests the biomass
carbon fixation reaches saturation and is out-balanced by total ecosystem respiration; all wood
production is used for fossil fuel substitution.

Fig. 2 (B) shows that around the year 2050 even a decrease of net CO2 emissions could be
obtained.  However we would like to warn from misinterpretations of these projections:

First note that this large carbon sink is due to the reforestation and depends strongly on the
assumption that all planted trees will still be able to grow normally.  Hereby any detrimental
effects of environmental pollution or climate change on tree growth were completely ignored.
However, since at that time climate is likely to start changing (HOUGHTON et al., 1990), this
assumption is presumably wrong and might have strong effects on the distribution and
abundance of tree species (BOLIN et al., 1986; FISCHLIN et al., 1992).  Hence, the advocated
spruce plantations could suffer large-scale diebacks, which would require to modify the
contribution by reforestations drastically (Fig. 2).  Moreover, any substantial forest dieback is
likely to produce relatively tremendous CO2 emissions, when considering that the Swiss forests
currently store about 68.1 Mt C, which is almost an order of magnitude, i.e. 5.9 times, larger
than the current annual net emissions of 11.51 Mt C/a.

Second, even if assumed that the forests will prosper and remain healthy within the next 200
years, the fact that the reforestation contribution to emission reduction is not sustainable, may
tend to cover-up the overall trend.Shortly after the years of actual emission reduction follow
years with a steep increase in net emissions.  Hence, depending on the awareness of the general
public to these effects, the willingness to curb fossil fuel combustion may relax, and decision
makers could have difficulties to persuade people to maintain and support a restrictive fossil
fuel combustion policy as currently envisaged by the Swiss federal government.  Thus, the
combined forestry measures outlined above may first delay an eventual increase of Swiss CO2
emissions, but it should not be taken as a remedy against and excuse for exhaustive fossil fuel
combustion.  Additionally, even if a temporary decrease in emission rates could be achieved,
one should keep in mind that the net carbon balance of Switzerland would still remain positive,
thus continuously contributing to the enhancement of the greenhouse effect.  Our projections
also clearly indicate that the only true Swiss counter-measure to the enhanced greenhouse effect
lies in the reduction of CO2 emissions from fossil fuel burning, which is probably not just the
case for Switzerland alone.
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