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Introduction

Life profoundly influences Earth's climate through its influences
on the cycling and storage of chemical elements and the absorption
and reflection of solar energy (Lovelock 1979;Lovelock and Whit-
field 1982, 1988;Holland, Lazar, and McCaffrey 1986).The manner
in which the biosphere responds to the greenhouse effect-the ac-
cumulation of atmospheric gases trapping heat radiating from Earth's
surface-will either dampen climate change or magnify it. However,
the net effect of the direct and indirect interactions of atmosphere,
land, and water is a complex, poorly understood issue with critical
implications for both the magnitude and rate of climate change.

The concept of feedbackindicatesa specialclassof interaction in
which the factors that produce a result are themselves modified by
that result. This concept is crucial to understanding the potential
impacts of climate change, and much has been written on one or
more aspects of feedbacks to climate change (see the reviews by
Haughton and Woodwell [1989];Lashof [1989];Bazzaz [1990];Gra-
ham, Turner, and Dale [1990];King et al. [1990];Perry and Borchers
[1990];Ausubel [1991]and Neilson and King [in press». Herein, we
bring together and build on past work; we begin by defining and
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Feedbacks Defined

significantly to the productivity and vigor of biological communi-
ties, strengthening the system. But mutualisms also are an "Achilles
heel": stress in one partner can reflect in the other, rapidly weak-
ening the system. Moreover, systems dominated by positive feed-
backs can change very rapidly, a phenomenon that probably un-
derlies the current, rapid degradation of many global ecosystems
(Perry et al. 1989) and may have triggered the periods of rapid
climate change that are known to have occurred (Broecker 1987).
So, positive feedbacks are of greater concern than negative because
of the possible "runaway" behavior they induce in a system.

In climate dynamics, the "signal" impinging on the biosphere is
a change in global temperature. As a simple example, suppose the
amount of the greenhouse gas C02 were to double. The associated
warming of high-latitude wetlands could increase emissions of the
greenhouse gas methane (CH.). Because CH. has 3.7 times the warm-
ing potential of C02 (Lashof and Ahuja 1990), its additional release
would act as a positive feedback to the doubling of C02 and further
amplify the greenhouse effect.

However, global-scale feedbacks comprise many processes whose
interactions are not always well understood. In a more complex
example, again suppose that average global temperature were to
increase from higher concentrations of atmospheric C02' The as-
sociated warming would decrease the extent of the Arctic permafrost
zone, increase the length of the Arctic growing season, and create
conditions more favorable for organic matter to decompose in tun-
dra soil. The greater decomposition would act as a positive feedback,
prompting faster release of C02 and CH., which would amplify the
rate of global warming and increase Arctic temperatures. To com-
plicate matters, this positive feedback would be offset by the neg-
ative feedback resulting from increasing C02 uptake and carbon
storage by tundra vegetation in response to the improved growing
conditions. Because information is lacking about the magnitude of
the two feedbacks, the net outcome is difficult to predict. Moreover,
further complications might arise when the feedbacks involve pro-
cesses that are slow to respond to "signals" or that respond to "sig-
nals" nonlinearly (Lashof 1989).

Although the concept of feedback is vitally important to under-
standing and modeling system behavior, it has definite limits. As
systems become more complex, they become less amenable to anal-
ysis as a simple sum of positive and negative feedbacks. Complex,
interconnected systems, of which Earth is the prime example, be-
have as wholes, not as sums of parts (Ashby 1966)-a critical point
we return to at the close of the paper.

contrasting positive and negative feedbacks, briefly discuss possible
atmospheric feedbacks to climate change, then move to the major
thrust-how terrestrial ecosystems create biological feedbacks to
climate change by acting either as sources or "sinks" (reservoirs) of
the key, and strongly linked, elements carbon and nitrogen. Al-
though oceans contain by far the largest amounts of carbon stored
on Earth, yearly carbon fluxes between land and air are similar in
magnitude to those between oceans and air (Moore and Bolin 1986/
87); therefore, changes in amounts of carbon stored on land could
substantially affect global warming. Nitrogen is of interest for two
reasons. The "greenhouse gas" nitrous oxide (N20) has 180 times
more warming potential per molecule than carbon dioxide (C02)'
Moreover, nitrogen is commonly believed to be the most limiting
element in many land and water ecosystems; hence changes in the
amount of available nitrogen are likely to strongly influence the
ability of ecosystems to take up and store carbon.

The concept of feedback, first applied to biological systems with
the development of cybernetics in the late 1940s (von Bertalanffy
1968), is simply illustrated by Perry and Borchers' (1990) hypothet-
ical example:

Jack drives his car up the hill to fetch some water. As it is a warm
summer day, he switches on the air conditioner to feel cooler. This
increases fuel consumption and C02 emissions, which in turn add
to global warming. Jack turns up the air conditioner still more,
thereby increasing the C02 output, and the cycle begins anew. Jill,
on the other hand, has no air conditioner. As Jack's habits make
Jill's drive up the hill uncomfortable on summer days, she decides
to drive less and walk in the shade. The hotter it gets the less she
drives. Her behavior, in opposition to Jack's, has a moderating
effect on global temperature.

In natural systems, feedbacks are more complex than our example
here and hence more difficult to analyze (Lashof 1989). Negative
feedbacks like Jill's which dampen the magnitude of "the original
signal" (in this case, Jack's using his air conditioner), abound and
tend to stabilize systems. Positive feedbacks like Jack's, which am-
plify the magnitude of "the original signal," are also common, but
have a Jekyll-Hyde character. An example is mutualisms, a common
relationship in Nature in which two or more species interact for the
benefit of both or all. They entail a positive feedback that contributes
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The Atmosphere: Feedbacks to Climate Change protects Earth from excessive ultraviolet radiation. During and be-
tween previous ice ages, atmospheric concentrations of methane
and nitrous oxide increased during periods of warming, suggesting
they were part of a positive feedback to warming (Khalil and Ras-
mussen 1989). However, future feedbacks associated with these two

gases are highly uncertain (Lashof 1989). Natural sources may in-
crease because of warming at high latitudes where amounts of po-
tentially decomposable belowground organic matter are large.
Moreover, large amounts of pre-existing methane may be released
from marine sediments or from frozen high-latitude soils. The sink
for methane may be decreasing, thus increasing its atmospheric
lifetime and concentration.

Greenhouse Gases

Significant greenhouse gases include water vapor, carbon dioxide,
methane, nitrous oxide, ozone (03), and chlorofluorocarbons (CFCs).
Global budgets of carbon dioxide, carbon monoxide (CO), methane,
and nitrous oxide reveal that biological processes account for most
of the movement of these elements among land, air, and water.
Because the biosphere is expected to respond significantly to human-
induced climate change, the concentrations of natural greenhouse
gases might also be influenced, producing the potential for positive
or negative feedbacks to climate change.

After water vapor, carbon dioxide is the dominant greenhouse
gas. Its concentration is determined by many factors collectively
characterized as the global carbon cycle. That cycle includes large
fluxes between air and land, and air and ocean. The atmospheric
C02 concentration in the northern hemisphere oscillates seasonally
by about 7 parts per million (ppm) (Keeling et al. 1989) due to net
uptake by plants (through photosynthesis) in summer and release
(via respiration) in winter. The amplitude of the seasonal cycle has
been increasing since the early 1970s, suggesting increased biolog-
ical activity in the mid- to high latitudes (0' Arrigo, Jacoby, and
Fung 1987).

Atmospheric C02 concentration has varied widely over geological
time but ranged between 200 and 300 ppm over roughly the last
100,000 years (Barnola et al. 1987). Long-term changes in C02 con-
centration appear to be responses to, rather than initiators of, climate
change and generally act as positive feedbacks; that is, climate change
may be initiated by periodic changes in the amount of sunlight
reaching Earth's surface, but biospheric or other factors that change
concentrations of atmospheric C02 and other greenhouse gases am-
plify the original change. The current global concentration of C02
is approximately 350 parts per million (ppm), having risen from 280
ppm in the 1800s (Neftel et al. 1985); further increases in concen-
tration over the next few decades will depend on population growth
and energy policy as well as the response of the biosphere to climate
change.

Two gases with relatively long atmospheric lifetimes are methane
(10 years) and nitrous oxide (120 years). Atmospheric concentrations
of both gases are also currently increasing, most likely because of
human activity, and are predicted to account for approximately 25%
of the increase of global temperature due to the increasing green-
house effect over the next several decades (Ramanathan et al. 1985).
Methane also influences the depletion of stratospheric ozone which

Chemical Reactions in the Atmosphere

The atmospheric concentration of C02 is determined by the bal-
ance between the amounts of C02 released from land and oceans,
and the amount taken up. However, the concentration of other
important greenhouse gasesdepends on chemical reactions that take
place within the atmosphere, and these chemical reactions depend,
in turn, on biologically produced compounds that are not green-
house gases, but that react with greenhouse gases to alter their
chemical state. Consider the greenhouse gas CH4 (methane). In the
jargon of chemistry, CH4 is "reduced," meaning it has an abundance
of electrons. When CH4 reacts with compounds that are deficient in
electrons it is "oxidized," i.e., it gives up electrons, in the process
changing its chemical state to one that is rather quickly removed
from the atmosphere in rain and dust. It follows that the atmospheric
concentration of CH4 depends in part at least on the concentration
of oxidizing compounds, or the "oxidation state" of the atmosphere.
The most important oxidizing compounds in the atmosphere are
the hydroxyl radical (OH) and ozone, particularly the former. The
biosphere affects the atmosphere's oxidation state, thus the concen-
tration of many important greenhouse gases, through the produc-
tion of reduced compounds that react with and consume atmo-
spheric OH and ozone. CH4 is one such compound; others, that are
not greenhouse gases, include CO, a variety of hydrocarbons other
than CH4 (collectively termed NMHCs, or nonmethane hydrocar-
bons), and H2.Changes in the distribution and condition of vege-
tation in response to climate change will create feedbacks via emis-
sions of these trace gases.

The oxidation of carbon monoxide appears to be the dominant
consumer of hydroxyl radicals (-70%, Crutzen and Andreae 1990).
Thus, an increased source of CO would tend to increase the atmo-
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spheric lifetime and hence concentration of methane. There is con-
siderable uncertainty about global CO sources, but CO concentration
appears to be rising at 1 to 2% per year (Levine, Rinsland, and
Tennille 1985; Zander et al. 1989), most likely due to emissions
related to fossil-fuel and biomass burning, as well as increases in
methane emissions from rice cultivation and livestock (Khalil and
Rasmussen 1990).Photochemical models suggest a possible decrease
in hydroxyl radical concentration because of these increases in CO
and methane (Levine, Rinland, and Tennille 1985;Thompson, Hunt-
ley, and Stewart 1990). Biospheric factors that affect the concentra-
tion of OH, and thus may affect biospheric feedbacks to climate
change, include direct ecosystem emission of CO, which remains
poorly quantified (Harriss et al. 1990); methane releases from wet-
lands; and CO originating from plant emissions of NMHCs. The
potential increase in catastrophic fire also should produce a signif-
icant source of CO, CH., and NMHC.

Because emission of methane from wetlands is apparently sen-
sitive to temperature (Harriss et al. 1990), it could be expected to
rise as high-latitude wetlands warm. The extent of wetlands under
future climate scenarios has not been projected, however, and recent
studies indicate a great sensitivity of annual emissions of methane
to site water balance (Bolle, Seller, and Bollin 1986). Atmospheric
methane concentrations seem to have increased during previous
periods of warming (Khalil and Rasmussen 1989), suggesting that
natural methane emissions probably will increase with any future
warming.

NMHCs are among the most reactive natural greenhouse gases,
with atmospheric lifetimes of hours to days. They are emitted by
most types of vegetation, but amounts vary widely depending on
vegetation type and environmental factors such as temperature and
light (Zimmerman et al. 1978). Oxidation of NMHCs and related
CO provides a significant sink for OH radicals in the planetary
boundary layer (Jacob and Wofsy 1988) but also to a great extent
via oxidation of CO (an intermediate in the NMHC oxidation path-
way) in the troposphere. The exponential increase in amounts of
NMHCs emitted by plants with increasing temperature (Tingey,
Evans, and Gumpertz 1981) suggest that the warming associated
with climate change is likely to increase amounts emitted locally.
Changes in the area occupied by forests also will alter the magnitude
of global NMHC emissions (Turner et al. 1991).

The increased emission of chemically reduced gases from both
manufactured and natural sources in response to climate change
suggests that the atmospheric overall oxidation state could be ex-
pected to decrease in the coming decades-that is, the atmospheric

lifetime of many greenhouse gases will increase. Potentially coun-
terbalancing factors include increasing tropospheric ozone, NO, N02f
and water vapor, all of which promote the formation of hydroxyl
radicals (Thompson, Huntley, and Stewart 1990). Crutzen and An-
dreae (1990) have suggested that amounts of ozone might increase
at the industrialized latitudes because of fossil-fuel related to NO,
N02f CO, and hydrocarbons, and in the tropics due to biomass
burning. The relatively long atmospheric lifetime of CO and CH.
means that they are well mixed in the atmosphere, and will tend
to deplete OH globally. More sophisticated models than are cur-
rently available are needed to evaluate future possibilities. However,
all analyses point to a strong role of the biosphere in regulating
global atmospheric chemistry.

Cloud Condensation Nuclei

The biosphere also may influence climate via production of cloud
condensation nuclei (the particles around which clouds form). Nat-
ural sources of cloud condensation nuclei include dimethylsulfide
(OMS) over oceans and plant-derived particulates, and NMHCs over
land. The brightness of clouds has a large effect on the global albedo
(reflecting power), hence the global energy balance; therefore, even
a small increase in amount of cloud cover could counteract the

radiative forcing of a doubling of atmospheric C02 (Dickinson 1986).
Charlson et al. (1987) have hypothesized that OMS production

associated with phytoplankton responds to environmental variables
affected by climate change. Under warming conditions, OMS flux
is projected to increase, thus providing a higher global albedo and
a negative feedback to warming. Recent modeling has suggested
the long-term strength of that feedback may be relatively small
(Foley, Taylor, and Ghan 1991), but there remains great uncertainty
about the short term. It seems likely that human influences on nu-
trient availability may also substantially affect OMS production over
the next few decades.

The role of vegetation NMHCs in cloud albedo is even more
uncertain (Chatfield, in press). However, the aerosol counts in the
Amazon Basin, for example, include a large organic component,
originating in part from NMHCs. As with the case of OMS, a warmer
climate might promote greater biospheric release of NMHCs, thus
more cloud condensation nuclei causing a negative feedback to
warming. At this point, however, the complexity of the relationships
of cloud condensation nuclei, cloud albedo, and amount of cloud
cover makes it difficult to realistically predict whether the biospheric
feedbacks related to cloud condensation nuclei will be positive or
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negative. But these hypotheses are providing a strong impetus to
further research.

carbon reservoir on land, holding 3 to 4 times more than living

vegetation (Post et al. 1982; Dixon and Turner 1991). Forests contain
most of the carbon stored in living vegetation on land and strongly
influence the seasonal fluxes of C02 between land and air. For ex-

ample, the annual rhythms of growth and decay of the boreal forests
(conifer-dominated forests of the far north) account for 30% of the
yearly change in atmospheric C02 measured at Mauna Loa, Hawaii
(D'Arrigo, Jacoby, and Fung 1987). It follows that the fate of forests
will play an important role in determining future climate.

Most researchers assume that carbon stores in undisturbed ter-

restrial ecosystems are in steady state-that is, amounts shunted to
storage reservoirs during any given year are balanced by equivalent
losses to decay of older organic matter. However, this clearly is not
the case in disturbed ecosystems. For example, one of the earlier

pulses of C02 into the atmosphere during modern times came not
from burning fossil fuels, but from the accelerated decomposition
of soil organic matter that accompanied the rapid expansion of ag-
riculture during the latter part of the nineteenth century (Wilson
1978). Destruction of forests is thought to have contributed up to
one-third of the C02 that has accumulated in the atmosphere in this

century (WoodwellI989); however, there is considerable uncertain-
ty about just how much carbon is stored in forests, which in turn
raises questions about how much C02 has been pulsed to the at-
mosphere through deforestation (Post et al. 1990). Data gathered
during the 1980s indicate that both tropical and boreal forests con-
tain significantly less carbon in living vegetation than previously
believed (Brown and Lugo 1984; Botkin and Simpson 1990; Brown,
Gillespie, and Lugo 1989). Botkin and Simpson (1990) suggest that,
worldwide, terrestrial vegetation may contain only one-third to one-
fourth of the amount cited during the 1970s and early '80s.

In general, the global carbon cycle is poorly understood. Of the
5 Gt known to be released by fossil-fuel burning, and the 2 Gt
thought to be released in deforestation, less than one-half has ac-
cumulated in the atmosphere (Houghton and WoodwellI989). So
where does the rest go? Until recently, scientists assumed the "miss-
ing" carbon was absorbed by the oceans; this means the strongest
sink should be in the southern hemisphere, which has a much

higher proportion of ocean to land than the north does. However,
computer modeling (Tans, Fung, and Takahashi 1990) indicates that
global patterns of atmospheric C02 can best be explained by a strong
carbon sink in the northern hemisphere; either the northern oceans
are exceptionally strong sinks, or the sink lies on land-most log-
ically the boreal forests of North America and Eurasia. As we dis-
cussed earlier, the amplitude of the seasonal cycle in atmospheric

The Land: Feedbacks to Climate Change

The accumulation of greenhouse gases and subsequent global
warming have the potential to affect the structure and functioning
of ecosystems on land and-by extension-the interaction of these
ecosystems with air and water, in two general ways: first, through
direct effects of temperature, atmospheric C02' and altered precip-
itation on the physiology of individual organisms and the inter-
actions among individuals; and second, through large-scale reor-
ganizations of ecosystems triggered by species migrations and altered
disturbance regimes. Although the first has received more attention
by scientists, large-scale reorganizations of ecosystems have the
greater potential for producing strong feedbacks to global warming.

Along with their control over water cycling, terrestrial ecosystems
will influence global warming most directly by acting either as a
sink for excessC02 (dampening the greenhouse effect) or-by giv-
ing up some of the C02 currently stored on land-as a source for it
(magnifying the greenhouse effect). The land could act as a sink for
carbon if plant growth on a worldwide basis (global net primary
productivity [NPP]) increased, and particularly if forests, which store
more carbon than other vegetation types, expanded. Even if NPP
increased, however, the land could act as a net source of carbon,
rather than a sink, if decay of organic matter stored in soils offset
increased plant production. Increases in NPP would be transitory
if ecosystems became overly stressed by drought, disturbances such
as wildfires and insect infestations, or inability of plants to migrate
fast enough to keep pace with climate change. We shall return to
these in more detail later.

Carbon is removed from the atmosphere by photosynthesis and
returned to the atmosphere by respiration and fire, both of which
oxidize organic matter (hence the close coupling between the carbon
and oxygen cycles). Photosynthesis by land plants removes roughly
110 gigatons (Gt) of carbon from the atmosphere each year (one Gt
= 109 metric tons, or 1015g); this is about one-seventh of the at-
mosphere's carbon, and 20 times more carbon than is released each
year through fossil-fuel burning (Houghton 1987; King et al. 1990;
Post et al. 1990). Of the amount removed by photosynthesis, about
one-half is respired and returned to the atmosphere; most of the
rest is stored in aboveground and belowground biomass and soil
humus. A small amount (about 0.4 Gt per year) is exported to streams
and oceans (Schlesinger and Melack 1981). Soils are the largest
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C02 has been increasing over the past few decades,which suggests
that forests in the northern hemisphere might be growing more
(Jarvis 1989);however, the magnitude of change is relatively small
and cannot account for the "missing" C02' Schlesinger (1990)argues
that soils are unlikely to be soaking up the extra carbon. The ability
of scientists to do more than speculate about carbon sinks on land
is severely limited by lack of data (Dyson 1990).

With this background, we now turn to the question of whether
global warming will trigger terrestrial ecosystems to be sinks or
sources of excessatmospheric C02' respectively dampening or mag-
nifying the greenhouse effect. This complicated issue involves nu-
merous poorly understood factors (Bazzaz 1990). We concentrate
here on the likely effects on (a) plant physiology and growth; (b)
soil carbon stores; (c) soil nutrient fluxes, as influenced by loss of
soil organic matter; and (d) redistribution and reorganization of
major vegetation types, especially as influenced by disturbance re-
gimes. Of these factors, change in vegetation types and disturbance
seems likely to play the major role, particularly when considered
in interaction with increasing human pressure on land-in its own
right a powerful degrading force likely to be exacerbated by climate
change (e.g., Eamus and Jarvis 1989; Perry et al. 1990; Schlesinger
1990b; Neilson and King, in press).

C02 (e.g., Billings et al. 1984). Studies of single plant species growing
in pots in a growing chamber-which dominate the literature on
this issue-are unlikely to accurately reflect what happens in Nature
(Jarvis 1989; Bazzaz 1990).

Warmer temperatures might have several conflicting effects on
plant productivity. Respiration, hence C02 loss, will increase, as will
evaporative demand, which will tend to deplete soil moisture more
rapidly. On the other hand, longer growing seasons could increase
plant productivity, but once again this depends on other limiting
factors, especially soil water, which is likely to be exhausted and
limit growth even if the frost-free season extended well into au-
tumn. However, if a longer frost-free season were accompanied by
fall rains, plant productivity could significantly increase. In some
ecosystems, plants could benefit from having less soil water.

Greenhouse effects on both the total amount and seasonal distri-

bution of precipitation are the major wild cards in predicting re-
sponse of terrestrial ecosystems (Neilson et al. 1989; Perry and Bor-
chers 1990). The total amount of water vapor will increase with
warmer temperatures because of greater evapotranspiration-the
loss of water from soil both by evaporation and by transpiration of
plants growing there. However, it does not follow that precipitation
also will increase, at least not uniformly across the globe. In fact,
models predict that the interiors of the North American and Eur-
asian continents and certain areas of the tropics will become drier
(Mitchell and Warrilow 1987; Neilson et al. 1989). The most signif-
icant effect of climate change may be changes in the spatial and
temporal variability of climate rather than changes in global aver-
ages.

Plant Physiology and Growth

How climate change might affect plant physiology has been much
discussed in the literature, particularly with regard to higher at-
mospheric C02 (e.g., Jarvis 1989; Adams et al. 1990; Bazzaz 1990;
Eamus and Jarvis 1989; Graham, Turner, and Dale 1990; Perry and
Borchers 1990). To briefly summarize, higher atmospheric C02 fre-
quently produces increased plant growth under controlled condi-
tions, but this effect is often transitory and is not always confirmed
in field studies. From a strictly physiological standpoint (Le., not
accounting for disturbance and migration), the ability of plants to
sequester C02 is limited by the availability of other resources. Con-
trolled studies indicate that at least some trees produce relatively
more roots and form more mycorrhizal fungi in environments with
high, rather than low, levels of C02 (Norby et al. 1987; O'Neill et
al. 1987a, b), which should allow them to gather more nutrients and
water. Moreover, higher atmospheric C02 allows many plant species
(the so-called C3 plants) to use water more efficiently (Bazzaz 1990).
Nevertheless, in unfertilized and unirrigated ecosystems nutrients
and water will probably constrain the ability of plants to signifi-
cantly enhance their growth solely because of higher atmospheric

Soil Carbon Stores

The amounts of carbon stored in soils reflect the balance between

inputs by plants and losses through erosion and microbial decom-
position. Whereas photosynthesis is relatively insensitive to tem-
perature, microbial activity-hence the rate at which organic matter
is decomposed by soil microbes-increases sharply with tempera-
ture. It follows that, other factors remaining equal, warmer tem-
peratures will increase decomposition rates: without a concomitant
increase in the amount of carbon added to soils, carbon will be
moved from soils to the atmosphere, reinforcing the greenhouse
effect. Using a model developed at Rothamstad Agricultural Re-
search Station in England, Jenkinson, Adams, and Wild (1991) es-
timated that the "most likely" scenario for temperature increase
(0.03° C per year) would release 61 Gt of soil carbon to the atmo-
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sphere by the year 2050, assuming no change in soil moisture or
plant growth and excluding wetlands. That is about 19% of the
carbon that will be released by fossil-fuel burning over the same
period, if fuels continue to be burned at current rates.

The Jenkinson et al. (1991) estimate represents a drop of about
5% in global carbon stores in the soil, although local declines may
be considerably larger. Woodwell (1986) estimates that soils in the
boreal zones could lose 10% to 50% of their carbon over the next

few decades because of increased decomposition, but Lashof (1989)
thinks that is an overestimate. Comparison was made of soil carbon
in two old-growth forests on the H. J. Andrews Experimental Forest
(Oregon Cascade Range). One of the forests was at 800 m elevation
and the other was at 1,600 m elevation; the lower-elevation forest

contains about one-half less soil carbon than the latter (D. A. Perry
and T. Bell, unpublished data). The average temperature difference
between these two stands is roughly equivalent to that expected for
the doubled-C02 climate-which suggests that, if the difference in
soil carbon between the two stands is a result of temperature and
not mineralogy or some other factor, the higher elevation forest
will lose one-half of its soil carbon as it comes into equilibrium with
the new climate. How representative these two stands may be of
the rest of the Cascades is unknown. Unfortunately, scientists suffer
from a lack of knowledge about how much carbon is stored in soils
and how stable it is.

Feedbacks to climate change created by carbon loss from wetlands
are of particular concern. Although covering less than 3% of the
land surface, wetlands are estimated to contain nearly 15% of global
soil carbon. Microbes that decompose organic matter in wetland
soils can operate in that oxygen-poor environment through a met-
abolic pathway that produces CH4 rather than C02; CH4 has nearly
4 times more warming potential than C02 (Lashof and Ahuja 1990).
Another class of microbes particularly active in oxygen-poor envi-
ronments converts nitrate into N20, which has 180 times more

warming potential per molecule than C02' Increased activity of
these wetland microbes with warmer temperatures could produce
a strong positive feedback to the greenhouse effect.

In areas that become drier as well as warmer, as is predicted for
the interiors of North America and Eurasia and for parts of the
tropics, soil organic matter content is likely to drop sharply. Where
warmth is not accompanied by drought, and ecosystems are not
unduly stressed, carbon added to the soil because of greater plant
productivity could somewhat compensate for increased decompo-
sition of soil organic matter. However, though the magnitude is
uncertain, it is likely that there will be a net movement of carbon

from soils to the atmosphere, reinforcing the greenhouse effect. How
fast this may happen is uncertain, but it will probably be on the
order of decades rather than centuri~s. The few available studies
indicate that an appreciable fraction of soil organic matter is readily
decomposed. For instance, prairie soils in Missouri lost 80% of their
carbon within 30 years of being plowed (Balesdent et al. 1988).

Soil Nutrient Fluxes

Organic matter profoundly influences the biology, chemistry, and
physics of soils. Litter and soil humus are the primary reservoirs of
nitrogen in ecosystems, and are also important reservoirs of phos-
phorus and sulphur. Much of the physical structure of soils, hence
their porosity to water and air, arises from the ability of organic
compounds to aggregate minerals. A significant proportion of the
soil's electrical surface charge comes from carbon compounds, and
that charge helps keep soluble nutrients such as calcium, potassium,
and magnesium from leaching to streams. Some nutrients, such as
iron, are highly insoluble (hence unavailable to plants) unless they
are combined with an organic molecule. Finally, carbon compounds
are the energy source for the microbes and soil invertebrates that
cycle nutrients. It follows, then, that soil carbon losses will affect
numerous aspects of soil structure and processes, and could signif-
icantly alter nutrient fluxes to water and air.

The following discussion focuses on nitrogen for two reasons.
First, 98%or more of soil nitrogen occurs in organic molecules; hence
it is the nutrient that stands to be most directly affected by soil
carbon loss. Second, nitrogen is considered to be the most limiting
element in temperate and boreal ecosystems (but not in the tropics),
and perhaps in the oceans as well (marine biologists disagree about
whether nitrogen, phosphorus, or iron limits productivity in the
oceans); therefore, altered nitrogen storage and cycling could ini-
tiate significant feedbacks to climate change through effects on pri-
mary productivity. Accelerated decomposition of soil organic matter
due to warmer temperatures will free nitrogen from organic bonds,
converting it to more mobile, inorganic forms. Relatively large
amounts of nitrogen might be released. Jenkinson et al.'s (1991)
estimate of a 61 Gt decline in global soil-carbon stores in a doubled-
C02 climate would free roughly 3 Gt of nitrogen over the next 60

years. To put some perspective on that number, in the unlikely event
that all the freed nitrogen went to rivers and ultimately oceans, the
amounts added annually to oceans would increase 2 to 6 times.

Since most temperate ecosystems are limited by nitrogen, some
nitrogen released from decomposing organic matter will act as a
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fertilizer and enhance plant growth (Billings et a1. 1984; Oberbauer
et a1. 1986). Because woody plants contain much more carbon per
unit of nitrogen (known as the CIN ratio to ecologists) than humus,
conversion of humus nitrogen to plant nitrogen would result in
significantly more carbon being taken up in new growth than was
released in decomposition. For instance, depending on the C/N ratio
of soil organic matter, a net drop of 12 to 30 g of soil carbon would
free roughly 1 g of nitrogen; a nitrogen-limited tree that used that
1 g to support new growth could perhaps sequester 150 g of carbon
as net photosynthates. One Gt of nitrogen transferred from humus
to trees would result in a net transfer of roughly 125 Gt of carbon
from the atmosphere to land-about 25 years' worth of fossil-fuel
burning at the 1980 rate.

Although this inadvertent nitrogen fertilization would appear to
provide a strong negative feedback to global warming, two lines of
argument suggest that this will not be the case. First, comparison
of Pacific Northwest sites with high and low levels of nitrogen
shows that when root and mycorrhiza growth is considered along
with aboveground growth, forests differ little in their total produc-
tivity: those on nitrogen-poor sites invest more growth be-
lowground and less aboveground (Edmonds et a1. 1989). Therefore,
a burst of nitrogen from decomposing organic matter may trigger
a shift from belowground to aboveground growth, where the carbon
and nitrogen are more vulnerable to loss in wildfire. Second, even
if total productivity were increased by greater nitrogen availability,
other factors-nutrients other than nitrogen, water, herbivory (pre-
dation by plant eaters), disturbances, degradation due to land use-
are likely to become limiting before a significant proportion of the
additional nitrogen can be soaked up. Most tropical forests are
thought to be limited by phosphorus rather than nitrogen (although
that may change, because their nitrogen stores are being lost at an
alarming rate through burning by humans (Crutzen and Andrea
1990; Kauffman, Till, and Shea, in press, 1992); hence they are un-
likely to retain much, if any, of the freed nitrogen. German forests
that are being inadvertently fertilized with nitrogen by acid pre-
cipitation have become limited-and even severely stressed-by
shortages of magnesium and potassium (Oren et a1.1988). The ability
of western conifers to respond to nitrogen fertilizer is often re-
stricted by other nutrients (Edmonds et a1.1989; Velasquez-Martinez
1990; Mika and Moore 1991). Thus, whereas some of the nitrogen
freed as a result of soil carbon losses will fuel plant growth, an
unknown but probably significant proportion will either be con-
verted to gas and escape to the atmosphere or be leached to streams.

Conversion by soil microbes of mineral nitrogen to gas could

significantly reinforce global warming, depending on how much
N20 production increases with climate change. Soils are believed
to be the primary source of N20 to the atmosphere, but detailed
knowledge is sketchy (Banin 1986; Bowden 1986). As previously
noted, marshes, bogs, and other wetlands will almost certainly be
major sources of N20; lowland moist tropical forests may be signif-
icant sources as well. Only crude estimates of N20 fluxes to the
atmosphere are possible. The rate of denitrification is known to
increase from 40% to 60% with each 10° C rise in temperature (in
scientific jargon, the QIO of the process is 1.4 to 1.6; Bowden 1986).
Estimates of current rates of N20 emission from soils range from
less than 5 x 1012g per year to over 120 x 1012g per year. Applying
the QIO value, an average temperature rise of 3° C over the next 50
years would increase N20 emissions by between 0.03 x 1012and
0.75 x 1012g per year. Although N20 is a much stronger greenhouse
gas than C02 (Lashof and Ahuja 1990), that amount of yearly increase
in N20 emissions from soils has only 0.03% to 10% of the warming
potential of the C02 released each year from fossil-fuel burning. .

Amounts could be higher than that simple calculation indicates,
however. Some nitrogen freed from organic matter in well-drained
upland soils may be converted to gas, but most of that not taken up
by plants is likely to leach to surface waters, where it might either
have little effect or stimulate productivity, depending on amounts.
Too much nitrogen entering streams and estuaries could cause eu-
trophication and, in fresh waters, diminish water quality.

The amount of nitrogen released to streams during warming is
likely to vary widely from one area to another, depending on total
soil organic matter and its stability, and on the degree to which
plants can sequester the nitrogen converted from organic to mineral
forms. Experience with fertilization in the Pacific Northwest sug-
gests that forests may sequester at most 100 to 200 kg/ha of addi-
tional nitrogen before becoming limited by other factors.2As we
discussed earlier, Pacific Northwest forests (and probably other for-
ests as well, at least conifers) may respond to extra nitrogen by
shifting growth from belowground to aboveground tissues with
little change in total growth, in which case the additional nitrogen
sink afforded by higher decomposition will be relatively small. If
so, the amount of nitrogen entering surface waters globally could
increase several fold, depending on amount and rate of carbon losses.
Locally, amounts could be much higher. High-elevation forests on
the west slopes of the Cascades could release as much as one-third
to one-half of their total soil nitrogen to streams-2,000 to 4,000
kg/ha-as they come into equilibrium with a warmer climate. Over
what period that might occur is unknown.
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Redistribution and Reorganization of
Major Vegetation Types

The degree to which forest area expands or contracts will be an
important determinant of whether terrestrial ecosystems dampen
the greenhouse effect by sequestering atmospheric carbon or rein-
force it by releasing some carbon to the atmosphere. Three issues
are involved: (a) the distribution of vegetation types when they
have come into equilibrium with future climate; (b) the so-called
transient response (Solomon 1986), the period of redistribution and
reorganization that precedes a new equilibrium; and (c) disturbances

(human causedand natural) that, through impacts on soils and bio-
diversity, degrade systems and prevent them from responding to
what may be more favorable climatic conditions. Transient re-
sponsesand disturbance are likely to dominate the landscape, and
consequently the nature of feedbacks to global warming over the
next few centuries (Solomon 1986;Neilson et al. 1989;Perry et al.
1990; Perry and Borchers 1990; Sirios and Payette 1991). However,
most computer models predicting the effect of climate change on
terrestrial carbon stores have assumed that vegetation is in equilib-
rium with the new climate. Such "equilibrium" approaches are prob-
ably unrealistically optimistic; nevertheless they are useful because
their results represent "best case" -that is, the scenario that pro-
duces the strongest negative feedback to global warming.

So what do equilibrium models say about the distribution of veg-
etation on a warmer Earth? A logical place to expect forest area to
expand is in the far north, where warming is predicted to signifi-
cantly exceed the global average. Indeed, some models predict that
the current boundary of boreal forest will extend into what is now
tundra, perhaps by hundreds of kilometers (Neilson et al. 1989;
Smith and Tirpak 1989), something that would significantly mitigate
global warming. In contrast, another model (Emanuel, Shugart, and
Stevenson 1985), which assumes no change in precipitation (hence
reduced soil-water storage), predicts that tundra will be replaced by
cold desert or shrublands. Should available soil water decline, mod-

els predict that current northern forests will shift to less productive,
drought-resistant types, and in some areas perhaps even to grass-
lands (Emanuel, Shugart, and Stevenson 1985; Pastor and Post 1988;
Bonan, Shugart, and Urban 1990).

Equilibrium models also disagree about whether the area in trop-
ical forest will expand or contract; again, the wild card is water. One
model (Prentice and Fung 1990), for instance, predicts that vege-
tation in equilibrium with a doubled-C02 climate would store 38%
more carbon in living biomass and 1% more in soils than currently.
That prediction results primarily from a 75% increase in the area
covered by tropical forest as a result of higher precipitation. In that
scenario, the additional carbon stored by expanded forests would
lower atmospheric C02 by 128 ppm, significantly dampening the
greenhouse effect (the increase in atmospheric C02 between 1850
and 1989 was about 60 ppm; Houghton and WoodweIl1989). The
more conservative model of Emanuel, Shugart, and Stevenson (1985),
predicts less forest and more grasslands and deserts in a doubled-
C02 climate. Using this model, Schlesinger (1990a) estimates that
soils alone would store 45.5 Gt lesscarbon than currently.

Equilibrium models have a number of significant limitations. For

Not all of the nitrogen and other nutrients leached from upslope
ecosystems goes directly to streams. Streamside plant communities
are very effective nutrient absorbers; studies have shown that 65%
to 75% of the dissolved nitrogen in soil solution is removed before
entering surface waters (Lowrance et al. 1984; Peterjohn and Correll
1984). However, the ability of streamside vegetation to pull nutrients
out of solution would be reduced if plants there become stressed

by drought or other factors related to climate change. Moreover, not
all of the nitrogen that reaches streams will flow eventually to
estuaries; far from being simple pipes connecting land to the sea,
streams effectively retain nutrients. As with upslope ecosystems,
primary productivity of streams is frequently limited by nitrogen
and would almost certainly be stimulated to some degree by added
nitrogen, particularly in the Pacific Northwest. In a small (first-
order) stream draining an old-growth watershed on the H. J. An-
drews Experimental Forest in the Oregon Cascades, more than 50%
of dissolved nitrogen entering the stream in either organic or in-
organic forms was removed from water before it left the watershed.
Twenty-five to 100%of the nitrogen experimentally added to a larger
(fifth-order) stream on the H. J. Andrews was removed from stream-
waterwithin 300m (Lamberti and Gregory 1989).Increased nitrogen
concentration in water actually increases the rate at which aquatic
plants and microbes take up nitrogen. Nitrogen uptake would be
enhanced further by warmer water temperatures, which would stim-
ulate biological activity, and by lower summer flows (due to lower
precipitation and earlier snow melt), which would slow the move-
ment of nutrients through stream reaches and thereby increase the
probability of a given nutrient molecule being taken up. The situ-
ation is complex, but the evidence suggests that, in the Pacific North-
west at least, less than half of the nitrogen released from upslope
ecosystems as a result of soil carbon loss would be exported to the
ocean.
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instance, climate change is unlikely to simply produce shifts in
current climatic zones, but rather to create entirely new combina-

tions of temperature and moisture. Where vegetation types occur is
sensitive not only to the amounts of precipitation, but to its sea-
sonality, a factor seldom accounted for in equilibrium models (Neil-
son et al. 1989). Another unknown factor is the temporal and spatial
variability in future climate, which may be more important in de-
termining vegetation patterns than changes in average temperature
and moisture. However, the major problem with equilibrium models
does not lie in their assumptions about future precipitation patterns,
but in the fact that many forests and grasslands are currently se-
verely stressed, and a growing number of ecosystems have been
and are being degraded by land-use practices, chronic insect infes-
tations, and / or pollution (Perry et al. 1989; Schlesinger 1990b; Kauff-
man 1991). Even if changing climate produced more favorable grow-
ing conditions, the ability of degraded systems to respond favorably
is doubtful.

Even for plant communities healthy enough to expand, equilib-
rium models beg the question of just how expansion will occur and
ignore possible impacts from intensified natural disturbances. These
are not trivial issues. Although there have been significant changes
in the distribution of vegetation as Earth moved into and out of ice
ages, so far as is known none of these occurred at anywhere near
the rate that climate is expected to change in response to the green-
house effect. Pollen preserved in bogs shows that, at the end of the
last ice age, tree species in the U.S. upper Midwest migrated north-
ward at an average rate of 20 to 25 km per century-about one-tenth
of the rate that would be required to keep up with predicted tem-
perature change during the coming decades (Davis 1989). Moreover,
many barriers to migration exist today that did not at the end of
the last ice age (farms, cities). This raises significant questions about
the stability of biological communities whose members are increas-
ingly maladapted to the climate (Nielson et al. 1990; Perry et al.
1990). What will happen during the period when species are mi-
grating and biological communities are reorganizing? Will com-
munities existing on a given site phase out slowly while newcomers
phase in, making an orderly transition? Or will existing commu-
nities become stressed to the point of collapse before the arrival of
newcomers that can stabilize the processes and cycles vital to eco-
system health? A gradual, orderly transition might be little noticed
on the scale of decades. A disorderly one, however, could greatly
disrupt the ability of terrestrial ecosystems to sequester carbon and
protect soils, and exacerbate the effects of climate change.

Healthy ecosystems are resilient toward the disturbances and cli-

matic fluctuations to which the individuals of a community are
adapted. This suggeststhat a slow, orderly transition of community
types is possible, despite the rapidity of climate change. The issue
is clouded, however, by the fact that many communities are not
healthy, and by the probability that wildfire, insect infestations, and
windstorms will become more severe as climate changes (Neilson
et al. 1989;Overpeck, Rind, and Goldberg 1990).Wildfires, in partic-
ular, have the potential to pulse large amounts of carbon into the
atmosphere and disrupt the orderly transition from one mature
community type to another. Immature, early successionalcommu-
nities are likely to do well in such a regime, a point we shall return
to. That climate changewill trigger intensified wildfires is supported
by astrong historic link between the incidence of wildfires in North
America and periods of warmer-than-average temperature (Clark
1988). Fire is a natural part of many forest types but, when too
frequent and/or severe, it can exceed the system's natural resilience
mechanisms and lower site productivity. Sirois and Payette (1991)
show that past periods of frequent wildfire in northern Canada have
converted boreal forest to tundra, concluding that models that do
not account for fire and early postfire recovery conditions provide
an unrealistic indication of the effect of changing climate on these
ecosystems.

Moist tropical forests-already burning at unprecedented rates
because of land-use practices (Kaufman et al. 1990; Kauffman and
UhI1990)-are particularly vulnerable to wildfire because the trees
are not adapted to survive or quickly recover from fire (Kauffman
et al. 1992). Intact forests in the moist tropics rarely dry out enough
for fires to burn; however, forests that have been logged or frag-
mented into small blocks burn readily (Uhl, Kauffman, and Cum-
mings 1988). Parts of landscapes that are highly flammable-such
as dry pastures-serve as centers for ignition and spread of fires,
increasing the risk to those parts that are not highly flammable.
This is a problem not only in the tropics, but in the Pacific North-
west, where highly flammable young plantations can propagate fire
into relatively resistant old-growth stands (Perry 1988; Franklin et
al. 1989).

More fires would of course pulse large amounts of C02 to the
atmosphere, and smaller amounts of the strong greenhouse gases
CH4 and N20. Vegetation regrowing after fire would reabsorb at
least some of the C02' though even with rapid regrowth it could
take from several decades to several hundred years to reaccumulate
the amount of carbon stored in old-growth forests (Harmon, Ferrell,
and Franklin 1990). How fast communities recover from wildfire or
other disturbances during a period of changing climate is an open



222 NORTHWESTENVIRONMENTALJOURNAL Vol. 7:2 1991 BIOLOGICALFEEDBACKSTOCLIMATECHANGE 223

question. Plants native to the temperate and boreal zones generally
tolerate wide climatic fluctuations and are well adapted to fire, but
a plant community that is maladapted to its climate seems unlikely
to stage a robust recovery following catastrophic disturbance. On
the one hand, disturbance could create openings that make it easier
to newcomers to establish-if those newcomers have arrived. Oth-
erwise, weedy annual plants, which disperse very effectively, are
likely to become more abundant, and the ability of terrestrial veg-
etation to reabsorb the carbon released in fires and to stabilize soils

will be greatly diminished. In some cases at least, an extended weedy
period produces changes in soil biology and structure that make it
more difficult for trees to establish (Perry et al. 1989,1990). Even if
weeds do not dominate a site, increased fire frequency and severity
could result in nutrients being lost from sites faster than they are
replenished through natural processes, which would in turn sig-
nificantly diminish the ability of mature plant communities to re-
cover and sequester carbon (Kauffman, Till, and Shea 1992).

Should terrestrial ecosystems become chronically stressed through
intensified disturbances or inability to adapt to new climates, the
strong nutrient sinks and physical stabilization of soils provided by
plants and associated microorganisms would become weakened, and
more nutrients would be transported to surface waters through
leaching and erosion. Deforestation in the Himalaya Mountains
provides an extreme, but unfortunately common, example of how
severe disturbance of terrestrial ecosystems can have serious reper-
cussions on rivers and ocean margins. Between 30 and 75 metric
tons of soil are estimated to erode yearly from each hectare of de-
forested land in Nepal (Myers 1986). Erosion of former forest land
in Nepal and India is so severe that a number of river beds in the
Ganges system are rising at a rate of 15 to 30 cm per year; in the
Bay of Bengal, accumulating sediment is producing a gigantic shal-
low covering some 50,000 km2 (Myers 1986). Not all mountain soils
are as unstable as those of the Himalayas, but there is little doubt
that erosion and nutrient leaching will increase if climate change
triggers a more severe disturbance regime in upland forests.

The conclusion that emerges from all this is that predictions of
significant dampening of the greenhouse effect by expanding forests
are most probably wrong. More likely, the current trend of global
forest degradation will accelerate and, as a by-product, significant
amounts of carbon will be released to the atmosphere and both on-
site and downstream impacts of erosion increased. It is difficult to
quantify with any accuracy how disturbance and migration may
influence carbon storage on land; the best that can be done is to
bound the possibilities. Neilson and King (in press) modeled several

scenarios investigating the interplay between C02 released from
wildfire in northern forests and C02 absorbed by expanding tropical
forests. In their most optimistic scenario, C02 released in northern
fires was absorbed by the expanding tropical forests, resulting in
no net pulse of C02 to the atmosphere. In their most pessimistic
scenario, northern forests burned extensively over the next 50 years,
and tropical forests failed to expand, resulting in a net pulse of 166
Gt of carbon from aboveground biomass to the atmosphere-equiv-
alent to about 30 years' worth of fossil-fuel burning and a strong
positive feedback to global warming. Moreover, even that pessi-
mistic scenario did not consider carbon losses from soil and litter.

No one knows how extensively northern forests might burn in
the future, although the historic evidence indicates that wildfires
will increase. The future of tropical forests is clearer: in the absence
of radical changes in land use, these forests are going to continue
contracting rather than start expanding, which means they are going
to be a source of C02 to the atmosphere rather than a sink. But how
much of a source? Consider the year 1987in Amazonia: 35,000fires
burned more than 20 million ha (Kaufman et al. 1990},roughly 40%
of which was in primary forest cleared for pasture, and the remain-
der in cleared secondary forest and previously established pasture
(Setzer et al. 1988). Cattle pastures in Amazonia-most of which
degrade quickly-store only about 3% as much carbon in 1 ha of
aboveground living biomass as mature forest (Kauffman, Till, and
Shea 1992). If Amazonian forests continue to be converted to pasture
at the 1987 rate, by the year 2050 they will store roughly 150 Gt less
carbon in aboveground biomass than in 1990; if soil carbon losses
were accounted for, that figure would increase, though it is unclear
how much. Reduced carbon storage in Amazonia alone would match
about 30 years worth of fossil-fuel burning. And that is only Ama-
zonia: other areas throughout the tropics are being similarly de-
graded. If we add to that the C02 from fires in northern forests,
disruptions on land could pulse even more carbon into the atmo-
sphere over the next several decades than fossil-fuel burning.

But even that bleak scenario does not represent a "worst" case. A
significant proportion of precipitation, at least in the tropics, results
from cycling of water by forests. For instance, about 50% of the
rainfall that sustains the forests of Amazonia results from water

cycled by the forests themselves (Salati 1987). Declines in precipi-
tation following tropical deforestation have been noted since Co-
lumbus recorded this in his journals in the early 1500s. In the 1900s,
precipitation declines have been recorded in deforested areas of
Panama, Malaysia, India, the Philippines, and the Ivory Coast (Wind-
sor, A. S. Rand, and W. M. Rand 1986; Myers 1988). As tropical
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Coda

oceans; the most feasible (albeit very expensive) of these is refor-
esting the large areas of degraded forest lands.

Planting trees and providing tropical countries the incentives to
halt deforestation are important steps, but climate change is unlikely
to be significantly slowed while industrialized countries continue
burning fossil fuels at current rates. Rosenfeld and Botkin (unpub-
lished ms. 1989; for information contact Dan Botkin, Biology and
Environmental Science, V.C. Santa Barbara) calculate that world
forest area would have to be doubled to balance carbon emissions

from fossil fuels-something that is unlikely at best and probably
impossible. Moreover, newly planted trees will take decades to soak
up appreciable amounts of carbon; meanwhile, forests may become
increasingly stressed by changes in climate that are already set in
motion, reducing their ability to sequester carbon. Arguments against
reducing fossil fuel consumption center on the economy, however
considerable energy savings are possible with little or no impact on
lifestyles. Rosenfeld and Botkin conclude that "With the proper
political leadership, we could reduce energy intensity in industrial
countries by 50%, using existing technology, and still maintain the
quality of life. . . ." Ultimately, climate change, as well as other
stresses such as pollution, loss of biodiversity, and degradation of
soils and water, will only be adequately dealt with by striking at
the root problems-overpopulation in the third world, overcon-
sumption in the industrialized world, and the growing gap between
rich and poor.

forests are converted to pastures or degraded through logging and
shifting cultivation, it is entirely possible that, at some critical level
of deforestation, entire regions such as Amazonia will dry out solely
because the internal water cycle is disrupted. The combination of
declining precipitation and increased fire susceptibility because of
land-use practices could result in catastrophic collapse of remaining
forests. Lest this begin to sound like science fiction, consider the
fact that, in 1983, a massive forest fire on the island of Borneo burned

an area of moist tropical forest nearly the size of Taiwan (3.5 million
ha)-an event that is unprecedented in recorded history.3

Earlier we stressed the need to understand complex systems as
wholes rather than as parts. Ashby (1966,p. 54) statesthe situation
thusly in his introductory text on cybernetics:

Whenthere are only two parts joined so that each affectsthe other,
the properties of the feedback give important and useful infor-
mation about the properties of the whole. But when the parts rise
to as few as even four, if every one affects the other three, then
twenty circuits can be traced through them; and knowing the prop-
erties of all twenty circuits does not give complete information
about the system. Such complex systems cannot be treated as an
interlaced set of more or less independent feedback circuits, but
only as a whole.

~ehavior of the global ecosystem-which has far more than four
interconnections-is unlikely to be captured by even very compli-
cated models. This fact has important implications for decision mak-
ing. Whereas much of science and technology is predicated on the
ability to predict and control, a complex, highly integrated system
such as Earth is inherently unpredictable and subject to threshold
changes that are unlikely to yield to quick technological fixes. The
bottom line is that no one knows which way climate change will
take us, and no one will until it is too late to do something about
it. The rational response is not to "wait and see," but to act now.
Necessary steps include both reducing carbon emissions and en-
hancing carbon uptake and storage (Flavin 1990). Carbon emissions
can be lowered by reducing the amounts of fossil fuels that are
burned (the responsibility of the industrialized countries), slowing
deforestation (the responsibility of the Global community), and
adopting minimum tillage agricultural systems. Various approaches
have been suggested for enhancing carbon uptake, all of which
center on increasing the productivity of plants on land and in the

Summary

The major effect of vegetation on carbon fluxes to and from the
atmosphere will be reorganization and redistribution of forests due
to disturbance and migration. Because they store the bulk of ter-
restrial carbon, forests will play a key role. Boreal forests could
extend onto current tundra, but only if precipitation increases enough
to balance increased evapotranspiration. No plants except weeds are
likely to migrate fast enough to keep pace with climate change.
Should frequency and severity of fire increase, as is predicted, north-
ern forests are likely to become a source of C02 to the atmosphere
rather than a sink. Some models predict that tropical forests will
expand, in which case they would be a strong sink for C02; other
models predict they will contract. However, when land-use practices
are taken into account, tropical forests doubtless will contract re-
gardless of what happens with climate. Hence the tropics are much
more likely to be a C02 source rather than a sink. In terms of carbon
fluxes, changes in terrestrial vegetation are more likely to signifi-
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cantly reinforce the greenhouse effect than to dampen it. The ni-
trogen released from accelerated decomposition of soil organic mat-
ter might stimulate forest productivity somewhat, but several lines
of argument suggest that will not provide a significant negative
feedback to warming. Amounts of nitrogen leached to streams could
increase several-fold, increasing stream productivity. Should moun-
tain forests become severely stressed, the resulting erosion would
greatly increase sedimentation of streams, rivers, and estuaries. Be-
cause the global ecosystem is complex, unpredictable, and subject
to threshold changes that could be difficult or impossible to reverse,
a "wait and see" attitude is not an appropriate response to impend-
ing climate change.
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1. N release from organic matter is estimated using a global average soil
C/N ratio of 17.3, calculated from data given in Post et al. (1982) and Post
et al. (1985). Current flux of N from rivers to oceans is from Rosswall (1983).

2. That estimate assumes that only one-half of the fertilizer applied gets
to trees (Edmonds et al. 1989). Fertilization may not accurately indicate how
trees will respond to increased decomposition rate (Ingestad 1982).

3. Wolf (1985) asks how a fire of that magnitude could occur in an area
that gets 5 times more rain than l':JewYork or London. The answer appears
to be an anomalous drought, apparently related to an EI Nino, exacerbated
by extensive modification of the mature rain forest by shifting cultivators.
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This is how it happens, the Dinosaur said. Drought, fire, hurricanes
and floods. Throw in a little radon, and the next thing you know,
you're extinct.-Steve Palay in The Oregonian, Sept. 25, 1988

Introduction

Dense coniferous forests characterize the Pacific Coast of north-

western North America. Such species as Douglas-fir (Pseudotsuga
menziesii), western hemlock (Tsuga heterophylla), western red cedar
(Thuja plicata), and Pacific silver fir (Abies amabilis)are dominant trees.
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