may lead to laser devices with thresholdless
ultralow power consumption in the near
future.

Prospects

The microcavity laser offers another attrac-
tive feature beside thresholdless laser oper-
ation: response speed in excess of 100 giga-
bitts per second (Gbps). One reason for this
is the extremely short photon lifetime of an
appropriately designed microcavity that
comes from the extremely short cavity
length. Another reason is the cavity-en-
hanced spontaneous emission rate. The re-
sponse speed is increased by the square root
of both factors. In a planar microcavity,
although the increase in the spontaneous
emission rate is at most a factor of ~2, the
photon lifetime is reduced to ~1/10 of that
of a conventional diode laser. Already, a
response speed of over 50 Gbps has been
demonstrated with a planar microcavity
laser (34), a speed that cannot be achieved
in lasers of conventional size. A three
dimensionally or two dimensionally con-
fined microcavity could further increase the
response speed through larger increases in
the spontaneous emission rate. Also related
to multidimensional optical confinement is
the “photonic bandgap” concept (17, 35),
which may provide equivalent three-di-
mensional microcavities.

Also worth noting with microcavity op-
tical devices are the photon statistics of the
light output. There is a possibility of gen-
erating number-state light (36) from a mi-
crocavity semiconductor diode laser with a
very low excitation power (15). This and
other exciting possibilities remain to be
more fully explored.

The application of cavity QED concepts
to optical devices has just begun. There is
hope that this effort will lead beyond con-
ventional lasers to even more novel light
sources.
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Biomass and Carbon Budget of
European Forests, 1971 to 1990

Pekka E. Kauppi, Kari Mielikainen, Kullervo Kuusela

In severely polluted areas, such as locally in Montshegorsk in northwestern Russia, all trees
have died. However, measurements from Austria, Finland, France, Germany, Sweden, and
Switzerland show a general increase of forest resources. The fertilization effects of pol-
lutants override the adverse effects at least for the time being. Biomass was built up in the
1970s and 1980s in European forests. If there has been similar development in other
continents, biomass accumulation in nontropical forests can account for a large proportion
of the estimated mismatch between sinks and sources of atmospheric carbon dioxide.

Forests involve a larger variety of econom-
ic, cultural, and social dimensions than
perhaps any other natural resource. Forests
can be used for industrial and energy pro-
duction purposes. In addition, they are part
of the landscape accessible to people. For-
est-dependent fauna and flora represent an
enormous heritage of biodiversity. Forests,
in comparison to, say, oil reserves, are
widely distributed among countries, differ-
ent regions, owners, and owner groups.
Non-owners enjoy environmental benefits
from forests and affect management prac-
tices by means of publicity and the demo-
cratic process. These special characteristics
of forests have stimulated discussion and
debate on the resource. The discussion in
Europe in the 1980s largely focused on one
issue, that of the impact of air pollutants on
forests.

The authors are with the Finnish Forest Research
Institute, Unioninkatu 40 A, SF-00170 Helsinki, Fin-
land.
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Air pollutants affect forest ecosystems in
many ways. Surveys in Finland, for instance,
revealed a decline of epiphytic lichen species
over an area of more than 100,000 km?
during the past 25 years (1). Trees them-
selves can rely on nutrition from deeper soil
layers and are less susceptible than the sen-
sitive lichen species to air pollution damage
but, as seen in severe cases of decline, trees
have their tolerance limits.

Research programs in both North Amer-
ica and Europe have addressed the impacts of
air pollutants on ecosystems (2), and forest
surveys and growth investigations have been
carried out for a long time. Results from all
the different studies form an important basis
for judgments about the past and future
development of forest resources. We analyze
and discuss various research results, realizing
that any statistical presentation is bound to
oversimplify and distort the extreme diversi-
ty of what is called “European forest” (3).
We focus on the growing stock and growth
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Fig. 1 (left). Growing stock based on forest resource surveys (5, 6). The
data for France refer to just 75% of the forest area, and those for Germany
Fig. 2 (center). Relative change

to the area of former West Germany.

of European forests. The objective is to
contribute to the description and under-
standing of the development of forest re-
sources and forest biomass in the 1970s and
1980s. Reference is made to the impacts of
sulfur and nitrogen deposition on forests and
to the contribution of European forests to
the global carbon budget.

Development of Forest Resources

Growing stock. Growing stock, the stem
volume of living trees, is an important
indicator variable of forest resources. We
are interested in the average growing stock
over large forest regions, preferably over the
entire country. The best method of pro-
viding objective information on forest re-
sources is to take ground measurements
from sample plots located randomly or in a
systematic grid (4). The expression “forest
resource survey” is used to refer to assess-
ments that are based on statistically repre-
sentative ground measurements. Additional
information based on other methods such as
remote sensing, measurements from subjec-
tively located plots, or expert judgment, is
useful. However, it cannot replace system-
atic ground measurements in estimating the
true magnitude of forest resources at any
given time.

During the past two decades, reports of
forest resource surveys have been available
from Austria, Finland, France, and Sweden
(5). In addition, assessments can be made
for the former West Germany and for Switz-
erland, although earlier surveys in these
cases were not based on systematic sampling
in the strict sense (6). Growing stock in
these countries has increased (Fig. 1). The
most rapid increase was reported in Germa-
ny, but this might reflect an underestima-
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tion of the baseline resource of 1961.

Countries that do not carry out forest
resource surveys assess growing stock mainly
by combining management plan invento-
ries. They are based on standwise ocular
estimates. The United Nations Economic
Commission for Europe (ECE) has collect-
ed information from all European countries
and has also published national projections
of growing stock up to 2020 (3). All coun-
tries reported an increase of growing stock
between 1950 and 1980. According to
these statistics, growing stock increased in
Europe by 12.3% between 1971 and 1980.
The increase was projected to continue at a
reduced rate (Fig. 2). However, the coun-
tries that have carried out forest resource
surveys since 1980 did not report a slacken-
ing of the trend (Fig. 1). Therefore, we
estimate an unchanged development in the
1980s, yielding a 25% larger growing stock
in 1990 than in 1971.

Forest growth. The increment of stem-
wood volume (forest growth) is another
important indicator of forest resources.
Like growing stock it can be measured
from forest resource surveys. The tech-
nique is slightly more demanding, includ-
ing remeasurement of permanent sample
trees or tree ring analysis of systematically
chosen trees. Growth measurements are
available only from a few forest resource
surveys. The observed trends were similar
in Finland, France, and Sweden, indicat-
ing that forest growth increased by about
30% between the early 1970s and the late
1980s (Fig. 3).

Decline cases. Investigations on severe
forest decline are under way, for example,
in the vicinity of Montshegorsk smelter,
Kola, in northwestern Russia (7). The
smelter is located north of the Arctic Cir-
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of growing stock based on the best available information from different
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Fig. 3 (right). Forest growth in three European countries.

0 1 1 1 1 1 1
1940 1950 1960 1970 1980 1990

cle, yet within a forested landscape about
100 km south of the Arctic timberline.
After establishment of the plant in 1939,
the sulfur emissions increased to annual
amounts of about 110,000 tons in the
1980s. The emissions contain heavy met-
als. The area of forest decline surrounding
this plant is perhaps the largest in Europe
around an individual point source at the
present time. Within a radius of 5 km only
dead trees are available for increment sam-
pling and retrospective growth analyses.

Severe decline like that at Montshe-
gorsk is rare. On the basis of country reports
to the ECE programs, remote sensing, na-
tional surveys, field investigations, and ex-
pert reports, we estimate that an upper
approximation of the area of severely dam-
aged forests would be 2000 km? in the
former Soviet Union, 1000 km? in Poland,
1000 km? in Czechoslovakia, and 1000 km*
in Germany and that in the rest of Europe,
less than 3000 km?. Thus, based on this first
approximation, cases of severe decline in
Europe cover a maximum of 8000 km?, or
less than 0.5% of the forest area, and so do
not have much impact on the forest re-
sources of the continent.

Growth at tree and stand level. Tree
growth has been studied in many European
countries and in many tree species. The
investigations have generally indicated a
slight increase of tree growth during this
century (8). In Germany, present stands
were observed to grow faster than the stands
of earlier rotations on the same plots. Fa-
vorable climate conditions (high tempera-
tures and high precipitation) and the in-
creasing effect of nitrogen deposition have
been mentioned as possible causes of this
increase (9).

In southern Sweden, Hallbicken and
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Tamm observed soil acidification in terms of
declining pH between the 1920s and the
1980s (10). In another study from the same
region, stored soil chemistry samples from 29
stands, taken in the 1940s, were compared
with recent samples from the same sites
(11). Acidification was observed as pH de-
cline and as a decrease in the levels of
sodium, manganese, zinc, calcium, magne-
sium, and potassium. There was a simulta-
neous increase in nitrogen availability.
Compared to the appropriate reference lev-
el, the growth of beech stands increased, yet
the growth of oak stands remained stable.
The interpretation was that fertilization re-
sponses obscured the potential adverse ef-
fects of soil acidification.

The Concept of Forest Decline

The facts about forest resources seemingly
contradict the widely held view that Euro-
pean forests are declining. It is important,
however, to understand the different objec-
tives and dimensions of forest assessments.
It is also important to take a look into the
future, as well as into the past. We first
elaborate on reasons for the increase of
forest resources and then describe pitfalls in
the interpretation of forest health surveys,
which have contributed to pessimistic views
about European forests.

Trends in land use. Afforestation of sur-
plus fields and pastures and the drainage of
peatlands, especially in the Nordic coun-
tries, increased the area of exploitable
closed forests in Europe by 2.5% between
1970 and 1980 (3). Initially, afforested land
is covered by seedlings. Growing stock and
stand growth remain low during the early
phases of a rotation. The increase of grow-
ing stock and forest growth observed in
Europe between 1971 and 1990 is almost
entirely from stands that were already in
place in 1971.

Unexploitable closed forest in Europe
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occupies about 140,000 km? or nearly 7% of
total forest and other wooded land (3). An
area is classified as unexploitable closed
forest as a result of criteria such as physical
inaccessibility; legal restriction of commer-
cial felling because of protection, conserva-
tion, or biological or recreation functions;
and economic criteria (low stand productiv-
ity or excessive costs of harvesting or trans-
port). The buildup of wood in unexploit-
able forests makes only a minor contribu-
tion to the observed trends of increase in
standing stock and growth.

Universal-global tendencies. Clawson re-
ports that growing stock and timber growth
potential in the United States have been
“repeatedly and seriously underestimated”
(12). An increase of forest resources can be
explained by factors such as silvicultural
development, favorable climatic condi-
tions, the fertilization effect of additional
carbon dioxide in the air (13), and the
deposition of plant nutrients, particularly
nitrogen. These factors have the potential
of increasing both growing stock and forest
growth in the manner observed in Europe
in the 1970s and 1980s. They have a
potential of affecting, on a universal or
global level, all areas where deforestation
does not override them.

Forest hedlth surveys. International forest
health surveys are being carried out by the
ECE (14) and by the European Community
(EC) (15). The health status of forests has
been expressed as the percentage of defoli-
ated and dying trees. In most European
countries, more than 15% of trees were
moderately to severely defoliated, defined
as having a crown density at least 25% less
than that of the reference tree (14). It has
proved feasible to classify defoliation and
discoloration in a reproducible manner if
there is appropriate training of the field
teams, statistically sound sampling, and
organized, independent control of the mea-
surement. Trees with defoliated crowns
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grow less than trees with dense foliage (16).
However, problems of interpretation have
emerged. First, it has been difficult to pro-
vide sufficient training, calibration, and
control of the field groups in the large-scale
surveys (17); second, stand dynamics in-
volve self-thinning, which contributes to
the defoliation of tree crowns.

Self-thinning is linked to stand growth
following a simple geometric law: a large
tree occupies more space than a small one
(18). A high rate of increase in the number
of defoliated trees does not always indicate
a declining stand but can be a sign of
intensive growth. Silvicultural thinning has
a direct effect on forest health statistics: the
more thinning, the lower the number of
defoliated and dying trees (19).

The programs of both the ECE and EC
have plans for the near future to measure
and assess growth and soil characteristics.
They should also cohsider measuring grow-
ing stock. For example, the stemwood vol-
ume of nondefoliated trees in a region could
be a useful forest health indicator, being
relatively insensitive to self-thinning dy-
namics and thinning removals.

Pollution Climate and Forest
Responses

Concentrations and fluxes. Pollutant emis-
sions have changed the chemistry of the
atmosphere and affected forests. The CO,
concentration in the air increased by about
9% between 1971 and 1990. Sulfur and ni-
trogen emissions in Europe have been as high
or higher than those in North America (20).
Typical amounts of anthropogenic deposition
in European forests vary from 1 to 4 g of sulfur
per square meter and from 0.5 to 2 g of
nitrogen per square meter annually (Fig. 4).
Negative and positive effects. The different,
overlapping, and partly opposite effects of
pollutants on forests can be analyzed in the
same way as the effects of the variation of

Fig. 4. Total deposition in 1985 of (A) sulfur in grams of sulfur per square meter per year and (B) oxidized and (C) reduced nitrogen in grams of nitrogen

per square meter per year [redrawn from (20)].
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Table 1. Estimating carbon accumulation in the growing stock.

Base-line

Conversion

. Increase Average Conversion to Annual
gsr%vg(\g 1971- increase \;%id?\lt carbon (32) buildup of
1971 (2’9) 1990 1971-1990 (38) [g (C) kg carbon
(ma) (%) (ma Yf_1) (kg m—S) (dw)‘1] (Q)
20 x 10° 25 250 x 108 400 500 50 x 102

natural environmental factors. Cannell (21)
reviews the physiology of wood production
and describes pathways for the effects of
environmental factors on growth. It is a
common perception that air pollutants have
either negligible or adverse effects on such
plant mechanisms. However, pollutants,
like other environmental factors, can have
both negative and positive effects on wood
production, depending on conditions.

There is convincing evidence that the
deposition of sulfur, nitrate, and ammoni-
um has significantly modified plant nutri-
tion and soil chemistry. Moreover, trees
have responded to soil chemistry in terms of
discoloration symptoms (22). In the long
term, these processes can have adverse ef-
fects on forest resources.

It is possible, however, that fertilization
responses, in particular to nitrogen, play a
dominating role in a major part of the
European forest area at the present time. A
comparison can be made with the effect of
applied nitrogen fertilizer. Even in Germa-
ny, where nitrogen deposition has been as
high as 3 to 5 g per square meter per year,
nitrogen fertilizer application has increased
stand growth (23). In Finland it has been
calculated that the nitrogen fertilization
programs (24) contributed 1 to 2 million
cubic meters per year to the growth of
Finnish forests in the 1970s and 1980s (25).
This is roughly 2% .of the total stemwood
growth, which was about 80 million cubic
meters per year in 1985 to 1990.

Growth responds less to deposition ni-
trogen than to fertilizer nitrogen. Deposi-
tion falls onto forest clearings and sparsely
stocked areas, not just onto the most re-
sponsive stands. Deposition in winter can
bypass trees and leach into surface water
with the snow melt. Nevertheless, the or-
der of magnitude of nitrogen deposition
entering forests in Europe is as high as 0.5
to 2.5 million tons annually (20). This is 50
to 250 times the amount applied in the
nitrogen fertilization programs in Finland;
such an amount must have an effect on
forest resources.

Time horizon. An eventual forest re-
sponse can change over time. A chemical
compound can first enhance and later in-
hibit stand growth (26). The environment
of entire forest regions changes slowly, on a
time scale of decades rather than years. It is
unlikely that the trend of increase of forest

resources, so consistent and forceful in Eu-
rope in the 1970s and 1980s, can change in
the future within the time scale of 5 to 10
years. However, the long-term develop-
ment, relevant as the basis for sustainable
forestry, is uncertain.

The Carbon Budget

Mismatch of sources and sinks. Global carbon
budgets have been constructed taking into
account emissions of CO, from deforesta-
tion and fossil fuel combustion, absorption
of CO, into oceans, and the buildup of CO,
into the atmosphere. Budget calculations
have remained incomplete since the esti-
mated annual sinks appeared about 1.2
billion tons of carbon too low (27). It has
been assumed that nontropical forests are in
equilibrium with the atmosphere, thereby
releasing and absorbing equal amounts of
CO, each year. The assumption has been
questioned (28) and the above statistics
suggest that it is not valid for Europe. We
now estimate how these findings narrow the
gap in the global carbon budget.

Forest as carbon sink. Assuming a base-
line growing stock of 20 billion cubic
meters over bark in Europe in 1971 (29),
and an increase of 25% to the year 1990, we
estimate an annual buildup of 250 million
cubic meters of stemwood and bark, or 50
million tons of carbon (Table 1). Addition-
al forest biomass has accumulated in
branches, roots, foliage, and the organic
fraction of forest soils. Assuming a range of
0.4 to 1.1 units of other forest biomass for
one unit of accumulated stemwood (30), we
estimate an annual accumulation of 70 to
105 million tons of carbon in European
forests in the 1970s and 1980s.

In addition, 138 million cubic meters of
sawed wood and wood-based panels were
used in Europe in 1979-1980. The con-
sumption was 55 million cubic meters in
1913, and 65 million annually between 1949
and 1951 (3). New production of sawed
wood and wood-based panels partly replaces
old structures and in this case has little or no
effect on net CO, fluxes. Some of the new
structures decompose rapidly. We estimate
that about 80 million cubic meters per year
was stored in new structures, thereby provid-
ing an annual sink of 15 million tons of
carbon. Paper and board products were lo-
cated in stores and dumps where decompo-
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Table 2. Carbon sinks in European forestry,
1971 to 1990, in relation to the carbon budget.

Carbon flux
Measure (10%ton C
yr™")
Deficit of sinks in the global 1200
carbon budget (27)
CO, emissions in 1985 in 2180
Europe (33)
Buildup in Europe
Stemwood and bark 50
Other forest biomass 20-55
Sawed wood and panels 15

sition is hindered. Statistics are lacking,
however, and we omit this carbon sink.
The fluxes can be compared to the release
of CO, from fossil fuels (Table 2). Our data
indicate that European forests accumulated
85 to 120 million tons of carbon per year in
the 1970s and 1980s; this represents 8 to
10% of the “missing” flux in the global
carbon budget. If global or universal mech-
anisms play a role in Europe, similar biomass
accumulation should have occurred also in
other continents. This hypothesis should be
carefully tested. A large proportion of the
gap in the global carbon budget might be
accounted for by proper estimation of bio-
mass accumulation in nontropical forests.

Conclusions and Policy
Implications

Despite air pollutants, forest resources have
increased in Europe. It is a drawback that
information from repeated surveys is avail-
able from an area covering only about one
third of the European forests. Uncertainty is
greatest regarding the forest resources of the
former Soviet Union. However, forest sur-
vey results are consistent with the best avail-
able information from the remaining area as
compiled in ECE statistics. Additional con-
sistent information is available from investi-
gations of growth from individual stands. In
summary, we estimate that growing stock and
forest growth in Europe increased between
1971 and 1990 by 25 and 30%, respectively.

This information seemingly contradicts
the commonly held view of a forest decline
in Europe. There are no descriptions in the
literature of a negative impact of air pollut-
ants on growing stock or on growth over
large forest areas. A decline of forest re-
sources in Europe is a threat for the future,
not a historical fact.

The current trend of increase of growing
stock can hardly change within the next 5 to
10 years. Severe climatic perturbations could
alter the picture. Thereafter, the favorable
development of forest resources is at risk.
Sulfur and nitrogen deposition has acidified
soil and freshwater, altered the nutrient
supply of forests, affected sensitive plant
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species, and contributed to the discoloration
and defoliation of trees. Attention should be
paid to such early warning signs, bearing in
mind the irretrievable value of forest growth
potential. Past development, nonetheless,
guarantees that during the next 10 to 20
years, wood resources are plentiful and can
be allocated among traditional forest indus-
tries, eventual novel technologies such as
ethanol production (31), and nature protec-
tion and conservation purposes.
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Oceanic Uptake of Fossil Fuel
CO,: Carbon-13 Evidence

P. D. Quay,* B. Tilbrook, C. S. Wong

The §'3C value of the dissolved inorganic carbon in the surface waters of the Pacific Ocean
has decreased by about 0.4 per mil between 1970 and 1990. This decrease has resulted

“from the uptake of atmospheric CO, derived from fossil fuel combustion and deforestation.

The net amounts of CO,, taken up by the oceans and released from the biosphere between
1970 and 1990 have been determined from the changes in three measured values: the
concentration of atmospheric CO,, the 3'3C of atmospheric CO, and the '2C value of
dissolved inorganic carbon in the ocean. The calculated average net oceanic CO, uptake
is 2.1 gigatons of carbon per year. This amount implies that the ocean is the dominant net
sink for anthropogenically produced CO, and that there has been no significant net CO,
released from the biosphere during the last 20 years.

The fate of CO, loaded into the atmo-
sphere by fossil fuel combustion and defor-
estation has been uncertain. Direct mea-
surements of the increase in atmospheric
CO, levels, when compared to the rates of
fossil fuel combustion and cement produc-
tion, indicate that about 57 percent of the
CO, produced from these sources has accu-
mulated in the atmosphere (1). The other
43 percent of the industrially derived CO,
is in either the biosphere or ocean, the two
carbon reservoirs that can exchange signif-
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icant amounts of CO, on the time scale of
the anthropogenic perturbation. Two re-
cent studies of the atmospheric CO, budget
came to opposite conclusions with regard to
whether the ocean or biosphere has been
the predominant CO, sink (1, 2).

Our uncertainty about the fate of an-
thropogenically produced CO, results from
the lack of direct measurements of changes
in the carbon content of the biosphere and
ocean. As a result we have had to rely on
model parameterizations to estimate ocean-
ic and biospheric CO, uptake rates (I1-3).
Because the uncertainty in these parameter-
izations is substantial, the question of
whether the ocean or biosphere is the major
CO, sink has remained unanswered.

In this article, we use measurements of
the decrease in the *C/*2C ratio of the
total dissolved inorganic carbon (DIC) in





