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INTRODUCTION

Combustion of fossil fuels and changes in land use have caused a substantial increase in
atmospheric CO, over the past century, yet the actual atmospheric change is only about half of
total fossil fuel emissions alone. This difference is accounted for by carbon (C) uptake into
terrestrial and oceanic systems (Table 9.1). CO, dissolves into surface waters of the ocean, and
can then be stored for centuries via transport into deep waters. Terrestrial ecosystems act as a sink
for CO, when their net ecosystem productivity (NEP) is positive, in other words when net
primary productivity (NPP) exceeds heterotrophic respiration. Recent estimates suggest that
significant C sinks are operating in both land and ocean systems (Tans et al. 1990; Keeling et al.
1993; Siegenthaler and Sarmiento 1993), but considerable uncertainty exists about the relative
sizes of these sinks, about the mechanisms behind terrestrial storage, and about the potential
for the terrestrial biosphere to continue moderating the accumulation of CO, in the atmosphere.

Resolution of these uncertainties is critical to projections of future CO, concentrations and
climate. Storage of C in the oceans is likely to be more stable and persistent than storage on land
(IPCC 1990). In turn, alternative mechanisms for terrestrial sinks have very different implications
for the biosphere’s long-term response to change. For example, C fixed into leaves and easily
decomposable litter will return to the atmosphere in a matter of months, whereas C in wood and
recalcitrant soil organic matter (SOM) can remain on land for centuries, therefore equal increases
in gross C uptake into wood versus leaves will result in very different changes in net C uptake.

This chapter draws upon the individual papers of Working Group 1 (WG1), and summarises
some of the group discussions. We discuss ways in which forested biomes may respond to
and influence anthropogenic perturbations to the global C cycle, with a focus on “natural”
processes in the C cycle and on the response of those processes to “indirect” anthropogenic
perturbations. By indirect, we mean human-induced changes such as elevated atmospheric
CO,, climate change, and high rates of N deposition. The “direct” effects of land use changes
are discussed in Part II of this volume.

There is roughly 1.5 times more C in the vegetation and soils of the world’s forests than is in
the atmosphere~ca. 1000 Pg C versus ca. 700 Pg C (Schlesinger 1991; Dixon et al. 1994)—
and annual exchanges of CO, between forest ecosystems and the atmosphere are several times
larger than yearly fossil fuel emissions. Thus, a relatively small imbalance in the global fluxes
of C to and from forests could have significant effects on atmospheric CO, levels, and where
that imbalance is due to changes in wood or SOM, the effects may last for decades to
centuries. We discuss several factors which could cause variability in global forest NEP, including:
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Table 9.1. Average annual budget of CO, perturbations for 1980~1989 (Pg C yr'!). Reprinted
from Schimel et al. (IPCC 1995) with author’s permission. 1

MEAN ANNUAL RESERVOIR CHANGE

RESERVOIR ®Pg Cyrh
Emissions from fossil fuel combustion and cement production -5.5+0.5
Storage in atmosphere 32402
Oceanic uptake 2.0+0.8
Emissions from changes in tropical land use -1.6 £1.0
Uptake by Northern Hemisphere forest regrowth 0.5 +0.5
Additional net terrestrial sinks 14 1.5

fire, insect and other pest outbreaks, climate, atmospheric CO, levels, and the deposition of N
from the atmosphere. We also devote separate sections to the role of carbon-rich peatlands,
and to the potential changes in C storage caused by the movement of forest biomes in
response to a changing environment.

Natural versus anthropogenic effects on global C balance

A host of modelling studies exist in the literature in which quantitative ranges are given for
terrestrial C gain or loss in response to a given anthropogenic perturbation (Jenkinson et al.
1991; Townsend et al. 1992; Melillo et al. 1993; Schimel et al. 1994). One uncertainty in all
of these estimates, though, is that they assume the C cycle is in steady state prior to the
perturbation being investigated. In contrast to the modelled estimates, recent field data on
changes in C stocks (Kauppi et al. 1992; Sedjo 1992; Dixon et al. 1994) represent the
combined effects of human perturbation and natural “background” variability. If background
fluctuations in regional to global exchanges of C are non-trivial, then they must be quantified
to allow comparisons of modelled and data-based estimates of human perturbations to the C
cycle (Fung, Chapter 2).

The key question is: how large and frequent are these background departures from steady
state? Fluctuations in the global environment and in terrestrial C pools have occurred
throughout the history of the planet (Webb and Bartlein 1992); northern peatlands, for
example, have been accumulating C since the end of the last ice age (Schlesinger 1991).
Recent attention to global change phenomena is due to concern that human activities may
alter the earth at a rate and/or magnitude that is unmatched over, at the very least, human
history. For atmospheric CO,, that appears to be the case (Figure 9.1). Ice core records show
that CO; has varied by more than 80 ppm over the last 160 000 years (Barnola et al. 1987),
rising and falling several times, but the recent rate of increase and current concentration
appear greater than at any other point in the record. This change in CO; is predicted to change
climate, but the evidence for a human-induced shift in climate is much less clear than that for
CO,. A long-term reconstruction of climate for the same period as the ice core records of CO,
does not show as clear a departure in recent decades from background variability (Figure 9.1).

The atmospheric COz record also shows that land and/or ocean systems have taken up and
stored roughly half of anthropogenic emissions (Fung 1993). However, there is considerable
uncertainty over how the total sink is partitioned among land and ocean, in part because of
potential variations in natural sources and sinks (Fung 1995). A variety of inherently variable
environmental factors can alter the balance between NPP and respiration, including fire, pest
outbreaks, and climate (both short- and long-term). Soils, for example, have been accumulating C
since the last deglaciation at a rate of about 0.04 Pg yr' (Schlesinger 1991).
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Figure 9.1. Atmospheric CO; concentrations and mean global temperatures over the last
160 000 years. CO, concentrations are determined by analyses of air bubbles trapped in the
Vostok ice core (Antarctica) and from direct measurements at the Mauna Loa Observatory,
and temperatures are deduced from 80 values in the core. Redrawn from Barnola et al.
(1987).

Fung (Chapter 2) gives a quantitative summary of the current global C budget from the
perspective of the atmosphere. She clearly illustrates how background variability in atmosphere—
biosphere C exchange could confuse our understanding of how much anthropogenic CO, may
be stored on land. The “missing” terrestrial sink is commonly thought of as simply an
increased flux of C into land ecosystems “induced” by human activity, but Fung points out
that the complete equation for the missing sink must include not only this induced flux, but
also any imbalance in the background state (see Equation 11, Chapter 2).

Fire

The net effect of fire on the C balance of a forested region is the balance between short term
losses of C during and just after burning and gains of C during forest regrowth. In any one
year, this is a difference in the dynamics of two very different areas: relatively small C gain
for much of the region minus large losses from a small fraction of the area. If integrated over
hundreds of years, the net exchange may be a slight sink due to the formation of highly
recalcitrant charcoal, but at shorter time scales, a region must vary between net uptake and
loss of C. Variability in total C uptake should be small, since it is the product of small gains
over a large area, therefore short-term departures from a regional NEP equal to zero will be
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over a large area, therefore short-term departures from a regional NEP equal to zero will be
driven by variations in fire frequency. In particular, a series of intense fire years could cause
the region to be a relatively large short-term source of C to the atmosphere, followed by a
longer period in which it is a C sink. See Chapter 14 (Kurz and Apps) for a Canadian
example.

The area burned in boreal and temperate regions can fluctuate dramatically on an annual
basis. In some regions fire suppression policies are likely to have changed the frequency and
variability of fire, but year-to-year variability for the entire region is primarily due to short
term weather (Stocks et al., Chapter 8). Based on 1980s data, the area burned in northern
temperate and boreal latitudes varied between about 3—-12 Mha (Stocks and Simard 1993).
Assuming a combustion loss of 1.5 kg C m™ (which is somewhat conservative), this translates
into a range in C efflux of 0.14 Pg. This is a rough estimate at best of the potential variability
in NEP that is due to fire, and the added contribution of tropical regions is unknown, but it
suggests that “natural” variability in global fire frequency could at most cause a short term
(several years) source of no more than a few tenths of a Pg. Periods of net uptake should last
longer than those of net release, but account for a smaller per year departure from steady state.

More detail on forest fires and the global C cycle is provided by Stocks et al. in Chapter 8.
They point out that any attempt to estimate the effects of a naturally varying fire regime are
confounded recently by fire management. This effect is much larger in southern boreal and
temperate zones, where industrial forestry dominates. The longer past is also confounded by land
use change, especially in the U.S. and southern Canada. In general, they state that we can assume
much more burned in the past in the temperate zone, and that for the boreal region, the area burned
seems to be primarily driven by shifts in climate (see also Working Group 2 summary).

Stocks et al. also suggest that in the future, economic constraints will likely translate into
larger burned areas in the boreal, and that a climate change toward warmer and drier
conditions would mean increases in boreal fires. Fire management agencies with decreasing
budgets would protect only high-value regions, allowing more fire over a larger area. Climate
change may also shorten fire return intervals, altering the forest age-class structure and
therefore C storage. Finally, they point out that fire may accelerate biome migration.

Pest outbreaks

Periodic outbreaks of forest pests such as jack pine budworms (Choristoneura pinus) or
spruce budworms (C. fumiferana) also cause the release of forest C to the atmosphere. In the
circumpolar boreal zone, the average area per year affected by pest outbreaks is roughly
equivalent to the area burned (Kurz et al. 1995). Like fire, the effects on NEP come from
balancing C lost during infestation against C gained during regrowth. Although a severe
outbreak may cause the release of as much C as a fire, the average loss per area is much lower,
and any release of C will occur much more slowly than during combustion. As a result, short-
term variability in C balance due to insect outbreaks should be less than that for fire. Based
on Canadian data for C losses (Volney 1988), we derived a rough estimate of variability in
NEP of the circumpolar boreal zone of 0.01-0.03 Pg yr'.

A couple of major unknowns, however, limit our ability to estimate the full effects of pest
outbreaks. One, the quantitative estimates of area affected and C lost for boreal and temperate
zones are for insects only; the regional effects of chronic diseases such as root rot are poorly
understood. Two, very little is known about pest outbreaks in tropical forests. Therefore,
values for C fluctuations based on the northern insect data alone may underestimate the global
variability induced by all forest pests. Finally, although natural variability in pest outbreaks
may not appear significant to large scale C balance, human activities may cause pronounced



101

increases in pest outbreaks, and as Kurz and Apps (Chapter 14) point out, it is “easier to kill
than grow”. In other words, an increase in the frequency of disturbance is likely to cause a
decrease in the capacity for C storage.

Volney (Chapter 7) outlines the interactions between forest pests and C balance in Chapter
7. He proposes that the impacts of pests on forests will increase dramatically if changes in climate
result in lower soil moisture regimes. This speculation is based on observations of conditions
in areas increasingly affected by pests. Historically, the most intense pest outbreaks were
restricted to the southern portions of the boreal forest, but Volney points out that a changing
climate could allow intense outbreaks to spread to all productive forests in the biome. In
addition, he suggests that the introduction of exotic pest species into forested areas will
certainly increase the frequency and intensity of outbreaks, and that C losses from these
introductions could be large unless managed by effective biological control programs.

Climate

1t is quoted widely that the 1980s were the warmest years on record, while the 1950s, 1960s
and 1970s were relatively cool; the range in mean global temperature across this period is
more than 0.5 °C (Folland et al. 1990). At the same time, global precipitation was somewhat
above average in the 1950s and the 1970s, while the 1980s were relatively dry (Eischeid et al.
1991). How do these relatively short-term variations in climate affect terrestrial NEP? Using
simple relationships between climate, soil respiration and NPP, Dai and Fung (1993) estimate
that climate variability over the last 60 years may have caused the biosphere to alternate
between net uptake and release of C, with a total range of more than 1 Pg and an annual
variability of 0.3 Pg yr'!, They suggest that the effects of climate alone may account for about
half of the unexplained residual in the C budget between 1950 and 1984.

Simple relationships between climate, NPP and decomposition tend to show that warming
will cause a net loss of C, while cooling will cause net C uptake (Woodwell 1990; Townsend
et al. 1992; Dai and Fung 1993). The effects of climate on NEP, however, may be more
complex than these relationships suggest. Increasing decomposition rates not only cause greater
respiratory C losses, they also cause an increase in N mineralization, and N limitation of plant
growth is widespread in forest ecosystems (Vitousek and Howarth 1991). Because of a
dynamic equilibrium between vegetation and soil processes, about 80-90% of forest N is in
SOM and litter, and only 10-20% is in vegetation. Rastetter et al. (1992) suggest that this
equilibrium distribution will shift as the rate of N cycling changes. If the rate of turnover is
increased, the dynamic equilibrium will shift so that a higher percentage of the N will be in
vegetation. Thus, a shift toward more optimal temperature and moisture for soil processes
will result in a redistribution of N from soils to vegetation. Because the C:N ratio of forest
vegetation is about an order of magnitude higher than that of soils (100~200 vs. 10-20), any
redistribution of N from soils to vegetation will result in a net increase in total ecosystem C.
That is, any loss of C resulting from SOM decomposition should be more than made up by
the stimulation of vegetation growth at a much higher C:N ratio.

This mechanism for increasing total ecosystem C will work as long as NPP is limited by N
or some other nutrient that is supplied largely through the decomposition of SOM (e.g., P). In
forests where NPP is limited by light or water, an increase in nutrient availability resulting
from an increase in SOM decomposition will not stimulate production and therefore will not
stimulate C storage. Under such conditions, nutrients released from the SOM will likely be lost
from the ecosystem altogether. Thus, C released by the increased decomposition will not be
made up by production in the vegetation and there should be a net loss of C from the
ecosystem as a whole,



102

The Dai and Fung analysis did not account for these potential nutrient effects on NEP. In~
fact, if most terrestrial systems are primarily nutrient limited (rather than by moisture or
light), then the warming period during the eighties might be expected to increase terrestrial
net C uptake, rather than shift the biosphere towards the net source suggested by Dai and
Fung. If, however, this nutrient effect dominates the terrestrial response, then climate
variability should have caused the net C flux in recent decades to oppose, rather than track,
temporal estimates of the missing sink.

The effects of a warmer climate on both C and nutrient cycles, and the overall effect on
forest C balance, are discussed by Townsend and Rastetter (Chapter 3). For a given biome,
whether warming leads to C gain or loss should depend on the response of vegetation growth
rates to increasing rates of nutrient mineralization balanced against the increases in
respiration. Townsend and Rastetter suggest that net uptake of atmospheric C should prevail,
at least in the short term, although Fung (1995) points out that a positive feedback, in which
warming leads to C loss from the biosphere, is more consistent with the recent C budget. The
interactive effects of changes in moisture add to the uncertainty, as does the likelihood that a
warmer climate will initiate biome redistribution.

Summary of background variability in carbon balance

There is still much uncertainty over how the net C flux of an undisturbed biosphere might vary
both in magnitude and in time. Of the factors discussed above, variations in climate appear to
produce the greatest potential range in NEP, but the net effects of climate are still unclear, as are
the total potential influences of fire, pest outbreaks and other disturbances in forested regions.

Estimates of global variability derived from scaling up regional data are subject to large
errors; it may be that the range decreases significantly with greater area considered. None of
the numbers given in the preceding sections are robust; instead they are meant to show the
potential importance of natural variability in terrestrial ecosystems—especially in forests—to
estimates of recent anthropogenic influences on C balance. It does appear that total
background fluctuations in the biosphere may be of the same order of magnitude as the
missing C sink, therefore the typical baseline assumption of zero net C exchange prior to
human disturbance may introduce significant errors into the current C budget (see also WG2
summary, Chapter 17). On the other hand, it seems unlikely that natural variability in the
global C cycle could have been predominantly responsible for the apparent steady increase in
terrestrial C storage over the last two centuries.

Atmeospheric CO,

In contrast to the climate record, it is clear that atmospheric CO, concentrations are much
higher today than they were in the centuries preceding the industrial revolution (Figure 9.1).
In addition, decadal variability in CO, was a tiny fraction of the change brought on by human
activities (Keeling et al. 1989). Therefore, any recent changes in terrestrial C storage due to
changes in CO, may be safely attributed to human influence. These changes, however, are
extremely difficult to estimate, as the effects of CO, have been shown to vary substantially
with plant species, resource availability, and time (Mooney et al. 1991; Bazzaz and Fajer
1992; Comins and McMurtrie 1993). Based on the immediate response and several model
computations, Kellomaki and Karjalainen (Chapter 5) suggest that boreal forest growth
should be enhanced under the combination of elevated temperature and CO,. The duration of
this response, however, is not certain. They describe field experiments which indicate that the
photosynthetic response of coniferous species subjected to long-term doubled CO, is much smaller
than the initial change. Similarly, they suggest that long term temperature elevation will reduce C
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uptake. Finally, any enhancement of growth will speed successional processes, thereby causing
an earlier reduction in a forest’s capacity to sequester C than under pristine conditions. In the long
run, Kellomaki and Karjalainen propose that the C uptake by boreal forest ecosystems subjected to
higher temperatures and CO, concentrations will probably not be higher than current levels.

Nitrogen deposition

Like atmospheric CO,, recent effects of anthropogenic activity on the N cycle are much
larger than background variability; human activity has caused the global rate of N, fixation to
more than double in just three decades (Vitousek 1994; Figure 9.2). Such disturbance of the N
cycle has led to much higher rates of N deposition on to land and ocean. Galloway et al.
(1994) estimate that deposition has increased by more than an order of magnitude in parts of the
temperate zone, and since most temperate ecosystems appear to be N limited, it has been
suggested that this increase may stimulate C uptake and storage (Peterson and Melillo 1985;
Schindler and Bayley 1993; Hudson et al. 1994; Townsend et al. 1985). However, the
magnitude and duration of such a sink are not well known.

In Chapter 3, Townsend and Rastetter suggest that forests are likely to dominate the global
response to N deposition due to their capacity to produce woody tissue with both high C:N
ratios and long turnover times. They also point out that a global estimate of the effects of N
deposition must take into account a number of factors which vary strongly in time and space.

" Natural" N fixation
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Figure 9.2. Natural and anthropogenic N fixation over the twentieth century. The natural line

Is biological fixation in natural terrestrial systems plus fixation by lightning; the
anthropogenic line is the sum of fixation for fertilisers, fossil fuel combustion and leguminous
.crops. Reprinted from Vitousek (1994) with permission of the author.
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Uptake in any given year will be equal to the net primary production stimulated by the'
current year’s deposition minus the respiration from excess C fixed in previous years. In other
words, C storage in the present depends upon N inputs in the past. In addition, deposition is
not evenly distributed across the terrestrial landscape; it varies by more than an order of
magnitude among world biomes (Penner et al. 1991), and different ecosystem types will vary
greatly in their response to that N. For example, N which falls on cultivated areas will not
contribute significantly to any terrestrial sink.

Townsend and Rastetter identify three major variables as critical in determining the global
effects of N deposition on C storage. The first is the distribution of N-limited forest
ecosystems relative to the distribution of N deposition. The second is the fraction of N inputs
which are allocated to the production of woody tissue. Finally, both current and future C
storage will depend on the fraction of N inputs which are retained in the ecosystem. Aber et
al. (1989) suggest that as elevated N inputs continue, the extent of N limitation will decline
and therefore that N retention will decline. In the extreme case, N inputs may become so high
that they are damaging, causing ecosystem decline and C loss. Forest dieback in some areas
of Europe and the north-eastern United States has been attributed to long-term exposure to
high N and sulphur inputs (Schulze 1989). Townsend and Rastetter propose that even if these
inputs do not prove harmful, the global extent of N limitation must be declining, and
therefore the long-term persistence of any N-derived sink is inherently limited.

Peatlands

Peatlands are a large reservoir of C, and we address them here for several reasons. Firstly,
many of the world’s peatlands also have a significant amount of tree biomass. Secondly, the
rate of C accumulation in peatlands may be important in establishing the natural variability of
terrestrial NEP. Finally, changes in climate may cause large scale conversion of open and
sparsely wooded peatlands to more dense forest.

The present average accumulation of C in northern peatlands is estimated at 29 g C m? yr'!
(Zoltai and Martikainen, Chapter 4). This value leads to an annual C sink of about 0.1 Pg yr’!
in all northern peatlands (330 Mha). Total C in this region has been estimated to be between
192-455 Pg, and NPP averages about 300 g m? yr!, thus roughly 8% of annual NPP is
accumulated as peat. The ~0.1 Pg yr! rate of accumulation appears to be relatively stable, at
least in recent centuries. Peatlands are therefore unlikely to have caused any significant inter-
decadal variability in the terrestrial C budget, but their steady C uptake should be accounted for
when establishing a background against which recent perturbations are to be measured. The
additional influence of the large area of tropical peatlands is not well known.

Zoltai and Martikainen (Chapter 4) outline how the effects of peatlands on the C cycle and
climate depend not only on CO, exchange, but also on the production and emission of
methane. For example, a drying of peatlands may increase CO, efflux, but it may also
decrease CH,; production, and since on a per molecule basis CH, has a greater impact on
radiative balance than does CO,, the net effect could be a negative feedback to warming
(Billings et al. 1984; Oechel et al. 1993). On the other hand, they point out that a warmer
climate will both increase microbial activity and allow greater emissions in fall and spring by
shortening the number of months in which surface water is frozen. Finally, they propose that
the practice of converting peatlands to forested areas via draining will result in a net loss of C,
due to an increase in decomposition rates as conditions switch from anaerobic to aerobic that
exceeds any C gain from the accretion of woody biomass.
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Biome migration

Present day ecosystem types, or biomes, are not fixed in space, nor have they been at any
time in the past (Prentice and Fung 1990; Friedlingstein et al. 1995). Changes in both the
composition of the biomes and in their distribution over the globe have been driven by
changes in climate. In the past, changes in climate have been relatively slow, so that the
movement of biomes has usually occurred on the time scale of centuries. Future changes,
however, are predicted to occur at an unprecedented rate, which may well lead to rapid
changes in the present boundaries of biomes, and even to complete breakdown of some
biomes and a consequential reduction in their ability to store C.

Possible equilibrium changes in the distribution of biomes and C storage under an altered
climate have been examined both on a global scale (Prentice and Sykes 1994) and on a
regional scale (Sykes and Prentice, Chapter 6) using the equilibrium model of potential
vegetation, BIOME 1 (Prentice et al. 1992). The model uses a small number of plant
functional types, a dominance hierarchy and five environmental parameters to project the
distribution of biomes. Prentice and Sykes (1994) used the model to project changes in biome
distribution and C storage under doubled CO, scenarios from two general circulation models
GFDL (Manabe and Wetherald 1987) and OSU (Schlesinger and Zhao 1989). Generally, their
projections show a poleward shift of the taiga, cool conifer, cool mixed, temperate deciduous
and warm temperate evergreen/warm mixed forest belts in northern high- and mid-latitudes,
an eastward shift of forests in Western Eurasia, and a poleward shift of warm (C, dominated)
grass and shrublands. They also a project a slight increase in tropical rain and seasonal
forests. However, there are regional variations to this general pattern.

On a global scale, the net change in C is not clear as there are both regional gains and
losses, and large differences depending on the climate scenario used (Prentice and Sykes
1994, Friedlingstein et al. 1995). In the Prentice and Sykes study, the OSU scenario estimated
that terrestrial C storage would increase by 90 to 100 Pg C, while the GFDL scenario
produced an increase of only 50 Pg C down to no change at all. Prentice and Sykes (1994)
also suggested that the terrestrial biosphere may respond in a non-linear fashion to rapid
changes in climate, and that beyond a certain point the shifts in biomes may turn the
biosphere from a sink into a source of C if taiga and tundra regions are reduced sufficiently.
All current estimates of C storage under a new biome distribution are equilibrium
simulations, and the transient responses may be much different, but a dynamic vegetation
model is yet to be developed which could answer these questions on a global scale. Sykes and
Prentice discuss the effects of biome shifting in Chapter 6, and describe some regional attempts at
estimating transient changes in C storage through the use of a dynamic simulation model.

SUMMARY

In summary, the members of WG1 discussed several factors which influence the C balance of
the terrestrial biosphere. These discussions focused on the role of forest ecosystems, as we
felt that forest dynamics may dominate the terrestrial response to many current and future
changes in the environment. The potential effects of fire, forest pests, climate, atmospheric
CO,, N deposition, and biome redistribution were all addressed, and each is presented in
some detail by individual members of WGI in the following chapters. Finally, we identified
five major unknowns that arose during the group discussions:

* How much of recent net C uptake into terrestrial systems might be due to natural variability?
* How important are tropical regions in all of the factors discussed?
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e What is the long-term persistence of any current C sinks stimulated by elevated N
deposition and atmospheric CO,?

¢ What is the most likely net effect of a warmer climate on terrestrial C pools?

¢ What are the transient responses of biome areas and C pools to climate and atmospheric
change?
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