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ABSTRACT

Forest biomes are major reserves for terrestrial carbon,
and major components of global primary productivity.
The carbon balance of forests is determined by a number
of component processes of carbon acquisition and carbon
loss, and a small shift in the magnitude of these processes
would have a large impact on the global carbon cycle. In
this paper, we discuss the climatic influences on the carbon
dynamics of boreal, temperate and tropical forests by pre-
senting a new synthesis of micrometeorological, ecophysio-
logical and forestry data, concentrating on three
case-study sites. Historical changes in the carbon balance
of each biome are also reviewed, and the evidence for a
carbon sink in each forest biome and its likely behaviour
under future global change are discussed. We conclude
that there have been significant advances in determining
the carbon balance of forests, but there are still critical
uncertainties remaining, particularly in the behaviour of
soil carbon stocks.

Key-words biosphere — atmosphere interactions; carbon di-
oxide; eddy covariance; forests; global carbon cycle; global
change.

INTRODUCTION

The increasing concentration of carbon dioxide in the atmo-

sphere since the industrial revolution is among the most sig-

nificant of human influences on the global environment. The

source of this carbon dioxide has been convincingly ascribed
to the use of fossil fuels, cement manufacture and deforesta

tion, but considerable mystery remains because only a frac
tion of the estimated emissions of C@mains in the
atmosphere.

Between 1980 & 1989, it is estimated (Schimel 1995) that
5.5 + 0-5 Gt C year were released through fossil fuel com-
bustion and cement production, and 1-6 + 1.0 Gt C year
through tropical deforestation, resulting in total anthro-
pogenic emissions of 7-1 + 1.1 Gt C y&alOf this total,
only 3:3 + 0-2 Gt C yeat (46%) remained in the atmo-
sphere, and a combination of modelling and measurement:
of carbon isotopes and atmospherig ratios suggest that
2-0 + 0-8 Gt C year were transferred into the oceans. This
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leaves 1-8 + 1.6 Gt C yedrthat are ascribed to a terrestrial
‘missing sink’, a term that encompasses land-use change
processes such as forest regrowth resulting from abandon-
ment of agricultural land in mid-latitudes, as well as eco-
physiological processes such as enhanced forest growth
attributable to CQfertilization, nitrogen deposition and
response to climatic anomalies. It should be emphasized that
the above figures for the global carbon cycle, although fre-
quently quoted, are the mean for the 1980s, and global emis-
sions have already moved significantly above this level.
Recent (1996) global emissions resulting from the use of
fossil fuels and cement production are estimated to be
6-5 Gt C year" (World Energy CouncilNature390,p. 215)

and increasing at a rate of about 0-1 Gtyear

There is evidently considerable uncertainty about the
magnitude of the terrestrial missing sink, and even larger
uncertainty about its location. With a few significant excep-
tions, such as tropical grasslands (Scurlock & Hall 1998),
the sink is thought to be largely in the world’s forests, which
are large reservoirs of both biomass and soil carbon
(Table 1), and, on a total biome basis, the largest contributors
to global primary productivity.

The net carbon budget of a forest is a fine balance between
processes of carbon acquisition (photosynthesis, tree
growth, forest ageing, carbon accumulation in soils), and
processes of carbon release (respiration of living biomass,
tree mortality, microbial decomposition of litter, oxidation
of soil carbon, degradation and disturbance). These pro-
cesses operate on a variety of time scales from diurnal to
seasonal, interannual, interdecadal and beyond, and are

influenced by a number of climatic and environmental

variables, such as temperature, moisture availability and

frequency of disturbance. Moreover, there are large differ-
ences between different forest types such as the humid
tropical forests of Amazonia and the cold boreal forests of
Siberia, so the major forest biomes need to be treated sepa-
rately. In this article we first review the historical natural and
anthropogenic processes that have affected the areal extent
and total carbon balance of forest biomes. We then examine
the evidence for a present-day carbon sink in the major
biomes from forestry, micrometeorological and atmospheric
studies. Utilizing three sites for which detailed data are
available, we also present a comparison of carbon cycling in
the tropical, temperate and boreal forest biomes (using a
combination of micrometeorological, ecophysiological and
forest mensuration measurements), and a discussion of the
differing response of each forest type to environmental
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Table 1. The estimated current area extent

C Density: C Density: C Pool: C Pool: 4nq carbon stocks of the major forest biomes
Area vegetation soils vegetation SOilS (from Dixonet al. 1994)
Forest biome (Mha) (thd) (tha? (Gt) (GY)
Boreal 1372 64 343 88 471
Temperate 1038 57 96 59 100
Tropical 1755 121 123 212 216
Total 4165 Mean 86 Mean 189 359 787

variables. Finally, we discuss the future behaviour of this low latitudes encourages rapid decomposition of soil organic
sink under possible climatic change. matter and rapid recycling of nutrients into vegetation growth.
This contrast between these biomes may result in very differ-

THE HISTORICAL AND CURRENT STATE OF ent responses to global climate change.

FORESTS

The most extensive forest biomes are the boreal, temperaté:alrbon sequestration since the last glacial

: . . maximum

and tropical forests. The boreal forest (or taiga) occupies a
circumpolar belt in high northern latitudes, between circum- The climate in all regions of the earth was very different at
polar tundra and temperate forests and grasslands (Larsethe last glacial maximum (LGM; 18 000 years before pre-
1980). Itis characterized by a limited number of conifer gen- sent), and all forest biomes have undergone major changes
era, particularly spruceP(ceg, pine Pinu9, larch (arix) in distribution in recent prehistory. Low temperatures were
and fir (Abieg, and a few deciduous genera such as birch associated with the presence of permanent ice sheets over
(Betulg and poplar Populug. Temperate forests histori- much of northern North America and Eurasia, and air bub-
cally occupied many of the adjacent zones at lower latitudesbles in ice cores reveal atmospheric &0ncentrations of
(between 25and 50 in both hemispheres), and range from approximately 20Qumol mol™* (Barnolaet al. 1987). The
deciduous forests in areas with moist, warm summers andland area lost to permanent ice sheets was largely balanced
frosty winters (Rohrig & Ulrich 1991), to broadleaf ever- by the exposure of new land on continental shelves as a
green forests in moist regions with mild, nearly frost-free result of lower sea levels. The climate was also more arid
winters (Ovington 1983) and sclerophyllous forests in drier than today because of lower evaporation rates and atmo-
regions. Until this century, this was the forest biome which spheric water vapour concentrations, and the lowegy CO
had been most affected by human activity. Principal generaconcentrations than at present may have reduced plant
include pines Rinug, oaks Quercu3, beechesRagug, water-use efficiency and provided a competitive advantage
maples Acer) and eucalyptsHucalyptu$. Tropical forests for C,-dominated grasslands overs-@ominated forests
occupy a broad band across the Earth’s warm, moist equato{Cerlinget al. 1997). As a result, drier,,&lominated vege-
rial regions (Lieth & Werger 1989). They are dominated by tation types such as savannas, grasslands, and deserts were
evergreen or semi-deciduous broadleaf species, and rangenore extensive, and forest biomes smaller in area than
between montane forests, flooded forests and mangrovestoday. Paleogeographical evidence (Adaetsal 1990;
with the most common type being dry grouter@ firme Crowley 1995) suggests that boreal and temperate forests
lowland rain forest. These are characterized by tall staturewere squeezed between the advancing ice sheets and steppe-
(usually exceeding 30 m), a tightly closed canopy, and very tundra from the north, and the expanding semi-desert and
high diversity (200-300 tree species per hectare). dry steppe to the south. In the tropics the palynological evi-

The total carbon pool in forest ecosystems was recentlydence has generally implied a significant retreat of tropical
estimated to be about 1150 Gt (Dixenal. 1994), of which rain forest into small pockets at the expense of expanding
49% is in the boreal forests, 14% in temperate forests and 37%savanna, although some recent evidence (Colinetat
in tropical forests. A further 1000 Gt are estimated to reside in 1996) has cast doubt on the extent of this retreat. In
non-forest ecosystems, such as savannas, grasslands, tundiadonesia this effect was compensated for by the exposure of
peatlands and wetlands (Adastsl 1990). According to the  large areas of continental shelf.
figures of Dixonet al. 69% of the carbon is stored as soil The change in carbon storage since the LGM is a matter of
organic matter, and 31% as living biomass. However, there iscontroversy. Using paleogeographical surveys and carbon
a marked contrast between high latitude and tropical forests:density estimates for each biome, Adanal. (1990) calcu-
in the boreal zone, 84% of the carbon is in soil organic matter,lated that the total carbon in the terrestrial biosphere has
and only 16% in the active living biomass, whereas in the increased from 970 Gt at the LGM to 2040 Gt at the present
tropics the carbon is partitioned more or less equally betweentime, an increase of 1350 Gt. Most of this increase has come
vegetation and soil. The primary cause for this difference is from the expansion of forests, particularly of boreal and tem-
temperature, which at high latitudes limits the growing sea- perate forests into areas of former ice-sheets, tundra and
son, and restricts decomposition and nutrient recycling, but atsemi-desert, although the stocks of carbon in the extensive
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present-day wetlands and peatlands are also a significantvith the spread of pasture and cropland since 7000 BP
component (280 Gt). More recent estimates argue that the(Williams 1990; Chang 1986) and only a small fraction of the
constriction of forest area at the LGM was not so severe, andoriginal forest area survived into the industrial era. Clearance
suggest a smaller increase in terrestrial carbon storage obf tropical forests was much less, with notable localized
500 + 200 Gt (Prenticeet al 1994), 610 + 110 Gt  exceptions in densely populated areas such as the central
(Friedlingsteinet al. 1995) or 900 + 150 Gt (Crowley 1995). Mayan lowlands (Whitmoret al. 1990). Williams (1990)

An alternative insight into carbon storage changes sinceestimated that, world-wide, between 12 and 28% of the
the LGM comes from the observation that glacial oceanic cleared land in 1978 had been cleared before 1750. However,
sediments were isotopically lighter than today. Broecker & it is probably only since the surge of human population and
Peng (1993) estimate a shiftdf’C of 0-35%o; if this shift is economic activity following the industrial revolution that the
due to a transfer of carbon from the oced@iq ~ 0%) to rate of clearance has exerted a significant influence on the
the terrestrial biospheredfC ~-25%) it implies an global carbon cycle. The major types of land-use change that
increase of terrestrial carbon storage of 500 + 230 Gt (Bird, affect carbon storage are degradation and fragmentation of
Lloyd & Farquhar 1994). This value is consistent with the forests, clearance of forests for pastures and arable crops
lower estimates of carbon uptake, but there are still a number(both permanent and shifting cultivation), logging with sub-
of uncertainties in both methodologies, including possible sequent forest regeneration or replanting, and abandonment
sinks for marine carbon on continental shelves, and possibleof agriculture and replacement by regrowth or planting of
changes in the density of carbon storage in each terrestriasecondary forest (i.e. deforestation, afforestation and refor-
biome (Crowley 1995). estation). Many of these processes (shifting cultivation, log-

Whatever the exact figures, it is likely that all forest ging, clearing for pasture and abandonment) involve
biomes have sequestered significant amounts of carbondynamics between forest destruction and subsequent recov-
since the LGM, and have acted as an indirect negative feed-ery, although the net effect has been a loss of carbon from
back on the rise in C{roncentration since deglaciation. If  forests (Table 2). A comprehensive review of these processes
this sequestered carbon were resident in the atmospherds provided by Houghton (1995, 1996a).
atmospheric C@concentrations would be 130-646nol
mol™ higher than at present (1 Gt C ~ 0-4ihol mol™
CQ,), although in practice the oceans would have buffered
much of this fluctuation in the long term. Much of this Over the period 1850-1990, Houghton (1996a) calculated
sequestration probably occurred rapidly at the time of the global area of land under cultivation to have increased
deglaciation (Crowley 1995), but it is possible that the forest from 289 Mha to 2517 Mha (1 ha =4&? = 1072 km?).
biomes have still not equilibrated after this sudden transi- However, the larger part of this has come from former
tion. A recent analysis of an Antarctic ice core (Indermihle temperate grasslands (1633 Mha), with forest clearance con-
et al. 1999) found that atmospheric G@oncentrations tributing only 27% (603 Mha). Most forest clearance in this
declined from a post-glacial maximum of 268 p.p.m., recent period has been in the tropics (508 Mha; 84%), and
reached a minimum of 260 p.p.m. in the early Holocene temperate forests (91 Mha; 15%) with boreal forest clear-
(8200 years B.P.), and subsequently increased linearly toance having a minor role (4 Mha; 0-6%). Rates of net
285 p.p.m. at the start of this millenium. Together &HiC temperate forest clearance were fairly constant at about
data, this implies that carbon storage in terrestrial biomes1 Mha year® between 1850 and 1970, and have subse-
reached a maximum in the warm, moist, early Holocene, andquently declined to about zero. In the tropics, clearance rates
has subsequently declined by 195 Gt C, probably due to ahovered between 1 and 3 Mha yéabetween 1850 and
gradual cooling and aridification of Holocene climate. 1930, but have since accelerated rapidly to about
12 Mha yearin 1990, so that tropical forest clearance con-
stitutes almost all net forest clearance in the current decade.

Expansion of agriculture since 1850

Historical anthropogenic change

Since the discovery of fire management, all human societies
have relied on modifications of forest landscapes with conse-
guent changes in the carbon storage densities of forestdn contrast to forest clearance, most logging over the past
(Perlin 1989). In particular, most of the European and century has been in the temperate and boreal zones. Rates of
Chinese temperate forests have been progressively clearetbgging of boreal forests have steadily increased from about

Logging since 1850

Table 2. The change in area of forest in the

_ Area 1850 Area 1980 Area change Net C releaseboreal, temperate and tropical regions since
Biome (Mha) (Mha) (%) (GtC) 1850 (from Houghton 1995)
Boreal 1172 1167 0-5 4
Temperate 1583 1492 6 27
Tropical 2675 2167 19 52
Total Forest 5430 4827 11 83
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1 Mha year"in 1850 to 3-5 Mha yeatin 1980, and intem-  Current anthropogenic change

B e b Yl 1 el OVer the period 1980-90, Hall & Uniig (1991) estimated the
forests was below 0-5 Mha y&ain 1850, was still less than net effect of Chfi}nges in land use to be a release of
2 Mha year' in 1950, but has since accelerated to 1-1+0-5 Gt Cyear, whereas Hought(iga(lg%a)_ calculated
8 Mha year" in 1980, overtaking temperate forest logging a net release of 1.6 * 05 _Gt C ye rThe dlfferenC(_a
between these two estimates is primarily the result of differ-

only in the mid-1970s. Overall, 1069 Mha of forest were i ’ bout th bi t ol d tropical
logged between 1850 and 1990, an area that was 77% Iarge?n assumptions about the mean biomass of cleared tropica

than the area of forest converted to agriculture. Once logged orest. The current net release is almost entirely the result of

however, forests are frequently left to recover and sequestellannc?bus;e ?Tarng?sr:nvti:e trlcrflci,nmrt]h tch;nge:ﬂlntte?:ﬁer:ttte
carbon; hence the overall impact of logging on,E®is- a oreal forests having aimost no net efiect. Most ot the ne

: - release results from clearance of tropical forests for croplands
sions is less than that of land clearance. (55%) or cattle pasture (20%), with the expansion of logging
and shifting cultivation each contributing about 12%.
Forest degradation and fragmentation Houghton’s estimates for individual regions are 0-6 + 0-3,
0-7+0-3 and 0-3+0-2 Gt C yehfor Latin America, tropical

Fragmentation of remaining areas of forest is a commonA . d tropical Afri fively. N fh lcul
side-effect of logging and clearance (Skole & Tucker 1993). \sia and tropical Atrica, respectively. INone ot these calcuia-
tions include the effects of degradation and fragmentation of

In areas of forest that are close to cleared areas, there is fre o ) ) .
qguently low level use of forest wood, and even in protected _superﬂma!ly Intact primary f orest, or t_ake into account the
areas there appears to be a loss of biomass subsequent fgpact of illegal and unmonitored logging.
fragmentation, perhaps driven by changes in microclimate
(Lauranceet al. 19_97, 1998). These processes are ha_rd toTHE CARBON CYCLE OF INTACT FORESTS
assess and quantify, and so are rarely included in estimates
of carbon release by forest clearance. As summarized above, forest clearance and degradation con-
The amount of carbon released through forest conversiontinue to be a major source of atmospheric,A@ss clear,
can be estimated by use of a land-use model which combinefiowever, is the extent to which intact or low disturbance
historical data of clearance and abandonment with subseforests are currently sinks for carbon dioxide. In recent years
quent response curves of carbon stocks in live vegetation,considerable progress has been made in understanding the
soils, slash and wood products. Using such an approachprocesses which determine forest carbon balance, through a
Houghton (1996a) estimated that, between 1850 and 1980, a&ombination of physiological, micrometeorological and
net 83 Gt C were released by forest clearance and loggingmensurational studies. In this section we discuss the carbon
and a further 14 Gt C by clearance of desert scrub and tem-dynamics of various intact forest biomes, and the interaction
perate grasslands. The annual net release increased frorhetween climate and the carbon cycle. All forest biomes
0-3 Gt C year'in 1850 to 1-6 Gt C yeatin 1980-90. contain a significant amount of spatial heterogeneity, but at
According to Houghton's estimates, the expansion of the same time have fundamental properties (related to
croplands has been responsible for the largest net carbortlimate and plant phenotype) that are characteristic of that
release (63 Gt C), followed by logging and regrowth of biome. Rather than attempt to describe each biome in all its
forests (23 Gt C) and conversion of forests to pasture complexity, we shall here illustrate and contrast the proper-
(10 Gt C). These are net values, and thus take into accounties of different biomes by concentrating on three intensively
regrowth after logging and abandonment of agriculture. studied sites: a Canadian boreal forest (Jagtvial. 1997;

Table 3. Location and properties of the three forest sites

Boreal Temperate Tropical
Coordinates 5%9'N, 1057'W 35°57'N, 84°17'W 2°35'S, 50°06' W
Nearest town Prince Albert, Canada Oak Ridge, USA Manaus, Brazil
Forest type Evergreen coniferous Winter deciduous broadleaved Evergreen broadleaf terra firme
Main species Picea marianaBlack spruce Quercus alba, Quercus pinus, >200 species/hectare

Carya ovataDak-hickory mix

Canopy closure Inter crown spaces Closed Closed
Max. leaf area index 3:3 4.9 5-6
Average canopy height (m) 9 26 30
Age (years) 115 55 Old growth
Basal area (fha™) 315 20-1 29
Above ground dry biomass (Mgt 50-60 155-170 330-370
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Rayment 1998; Massheder 1998; Rayment & Jarvis 1999a),plays an important role in the natural dynamics of the boreal
a North American deciduous temperate forest (Baldocchi & forest landscape (Payette 1992). The forest floor had a hum-
Harley 1995; Harley & Baldocchi 1995; Greco & Baldocchi mock-hollow microtopography dominated by peat moss
1996; Baldocchi 1997) and an Amazonian tropical rain (Sphagnunspp.), with some mixed feather mosses in drier
forest (Higuchiet al. 1997; Malhiet al. 1998; Graceet al. areas. The living moss overlay a 2—10 cm thick layer of dead
1999; Malhiet al. unpublished data). Some details of these moss, which in turn overlay dense acidic peat. Away from
sites are given in Table 3. These three forests have stronglynummocks the soil was generally anaerobic and waterlogged.
contrasting climatological and biophysical properties There was no permafrost at this site. As is the case for many
(described in the next section) and represent the three majoboreal forests (Schulzet al. 1999), nutrient availability is
categories of forest types. Measurements of net ecosystemestricted by slow decomposition rates in the cold, water-
exchange (NEE) using eddy covariance techniques havelogged soils. The black spruce-peat moss community
been made at the tropical and temperate sites since 1995 an@nuskeg) is the dominant community of the North American
were made at the boreal forest site in 1994 and throughoutboreal region, and is particularly well-adapted to cold, nutri-
1996. During these periods, additional intensive measure-ent-poor, waterlogged soils (Larsen 1980).
ments have been made of the main component processes, At the other extreme, the forest in central Amazonia expe-
particularly canopy photosynthesis, soil C€¥flux, and tree riences year-round warm temperatures, and comparatively
and litter dynamics. small ranges of diurnal and seasonal temperature and day
length. Annual precipitation is high, but shows significant
interannual variability and, despite popular impression, dis-
tinct seasonality. The dry season usually lasts from mid-June
Climate at these three sites differs markedly, particularly to late October (Shuttleworth 1988), and is associated with
with respect to the degree of seasonality and length of grow-the northward migration of the Inter-Tropical Convergence
ing season. The main features of the prevailing climates areZone (McGregor & Nieuwolt 1998). The old clay oxisols
given in Table 4. Extreme seasonality occurs at the borealpredominant in the region have high porosity (between 56
forest site with wide seasonal and daily ranges in tempera-and 64%), but much of the porosity is concentrated in large
ture, radiation input and day length. These variations arepores, which drain rapidly, or very fine pores containing
much less evident at the temperate forest site and minimal atvater that is inaccessible to plants (Correa 1984). Hence the
the tropical forest site. available water capacity is low, and the forest can experience
The boreal forest site exhibits extreme seasonality in day significant water stress in the dry season (Metlal 1998;
length and air temperature. Winter conditions are severe, and/illiams et al. 1998). The soils are heavily leached and
soils remain frozen until late spring. The frost-free season nutrient-poor (Sanchez 1989), and there is very rapid and
lasts between 50 and 100 d, the growing season about 100 tight nutrient cycling between the living vegetation, litter
and the photosynthetic season about 170 d. Annual precipita-and soil pools. The dense forest consists of evergreen or
tion is low, but in spite of this the site is not in general short of semi-deciduous broadleaf species with very high diversity
water, because of low evaporation rates and impeded(200-300 species per hectare). Thus, it may be argued that
drainage (Jarvist al. 1997). The site is situated in the south- the bulk ecophysiological properties of tropical forest are
ern, mixed forest zone of the Canadian boreal forest, in a flatmuch more representative of the mean plant phenotype
landscape composed of a patchwork of pure and mixedappropriate to given physical conditions, rather than the
stands of black and white spruce, jack pine, aspen, fen ancadaptations of a particular species. Analysis of soil phy-
post-glacial lakes. The study site was dominate@006) by toliths and macroscopic charcoal from a similar nearby site
evergreen black sprucd’itea mariang, which can take showed no evidence of fire or anthropogenic disturbance in
advantage of mild days in spring and autumn when broadleafthe past 500 years (Piperno & Becker 1996).
species would not be in full leaf. About 10% of the stand is  The climate of the temperate region spans a wide range of
composed of deciduous tamarathrix laricina), with occa- intermediate conditions that influence productivity, includ-
sional jack pine Rinus banksianga and balsam poplar ing both low winter temperatures and low summer water
(Populus balsamifepa The stand was fairly uniform in age availability. At the site in Tennessee the climate is mild and
(= 115 years), probably because it developed after fire, whichannual precipitation is high. Rainfall is fairly evenly dis-

Characteristics of each site

Table 4. Climate at the three forest sites

Boreal Temperate Tropical
Average summer temperature (°C) 17 23 27 (dry season)
Average winter temperature (°C) -20 5 24 (wet season)
Precipitation (mm) 400 1400 2200
‘Growing’ season (d) 100 180 365
CO, influx period mid-April — early October mid-April — mid-November All year
Dry period - mid-June — late August mid-June — late October
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tributed through the year, but water stress is a frequent The total stocks of carbon at the boreal and tropical sites
occurrence in July and August (Greco & Baldocchi 1996). are remarkably similar in amount (Table 5), but the balance
The growing season is 150-200 d and summer day length isamongst the components is very different. Similar to the
moderately long. The canopy is typically in full leaf by day global pattern (Table 1), there is much more C in the soil at
140 (Baldocchi 1997). The stand is dominated by deciduousthe boreal site than at the tropical forest site, but only a quar-
broadleaf species, particularly oaBuercus alba, Quercus ter as much in the vegetation above ground. The temperate
prinus) and hickory Carya ovatd, with occasional maple  forest site contains only modest amounts of both below-
(Acer rubrun), tulip poplar Liriodendron tulipiferg and ground and above-ground carbon, which probably reflects
loblolly pine Pinus taeda The soil is an infertile cherty  the young age of the stand. In addition, the temperate forest
silt-loam. A feature distinguishing this site from the boreal inventory was taken in 1983, when the stand was only 42
and tropical sites is that it is essentially an ‘old field succes- years old, 14 years prior to the flux studies described in the
sion’ resulting from abandonment of agricultural land when next section. Approximately 60% of total carbon is stored on
the area around the Oak Ridge National Laboratory wasor below ground at the tropical and temperate sites, whereas
fenced off in 1941. The stand is still in a phase of active 90% of carbon is below ground at the boreal site, predomi-
growth on previously non-forested land, and in that sense itsnantly in the form of organic detritus.
dynamics are not strictly comparable with the mature boreal
and tropical forest stands. However, it is representative of
many temperate forests in North America and Europe, that
are regrowing following abandonment of agricultural lands The carbon balance of a forest ecosystem as a whole is the
(Moffat 1998). resultant of the dynamics of the component processes that
The total stocks of carbon at each site are given in Table 5.comprise the system. The NEE, or carbon balance, between
For the tropical site the values are taken from a number ofa forest and the atmosphere can be measured using microm-
studies in the 1990s that were summarized by Higeichl eteorological techniques such as eddy covariance (see sec-
(1997); the temperate site values come from a 1983 inven-tion entitled Eddy covariance below). The NEE can be
tory described by Edwardd al. (1989); and the boreal site  considered in terms of its two principal components, acting
values from above-ground and below-ground studies in opposite directions: the influx of GGn canopy photo-
described by Goweet al. (1997) and Steelet al. (1997), synthesis, and the combined effluxes of ,C&sulting from
respectively. Where inventory values were given in dry autotrophic and heterotrophic respiration. These compo-
biomass, carbon was assumed to constitute 48% of drynents can be quantified using two different strategies: a ‘bot-
biomass (from Carvalhet al. 1998). At the tropical site no  tom-up’ strategy of integrating small-scale measurements of
soil carbon inventory was undertaken, and we use the mearphotosynthesis, litterfall, etc. (Rayment & Jarvis 1999c),
tropical forest value of 162 t C haestimated by Posit al. and a ‘top-down’ approach of decomposing the NEE into
(1982). The value for foliage biomass at the boreal site bulk photosynthetic and respiratory fluxes (as in Baldocchi
includes shrub and moss biomass, estimated at 1-1T'C ha 1997; Malhiet al. 1998). These bulk fluxes, and their rela-
The below-ground woody detritus pool includes both branch tion to environmental variables, act as a constraint with
and leaf litter, but also tree stumps and fallen trunks. which to verify the completeness or accuracy of the scaling

Stand dynamics

Table 5. Estimated stocks of C (Mg i at

Tropical Temperate ik the three forest sites. See text for data

Above ground sourees

(1) tree foliage 4.6 1-6 6-2

(2) tree branches 58 15-1 6-7

(3) tree stems 117 57-1 36-3

(4) Total above ground 217 79 49.2
Below ground

(5) leaf and wood detritus 41-4 11.7 6-2

(6) fine roots 38 N/K 2-8

(7) coarse roots 26 19-1 8-0

(8) root detritus N/K 8-7 1.2

(9) soil organic matter 162 55.7 390-4

(10) Total below ground 230 62 409

Ecosystem total 447 169 458
(Below-ground/Ecosystem total) 60% 56% 89%
Biomass carbon (4) + (6) +(7) 243-6 93-0 60-0
(Biomass/Ecosystem Total) 55% 55% 13%

N/K, not known.
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Table 6. Annual C fluxes (g i year™) at

Tropical Temperate  Boreal the three forest sites

Component fluxes:
Above ground vegetation:
(1) Gross photosynthesis of tree folia@g)( 3040 1725 963
(2) Respiration of tree foliage 4310 191 2168
(3) Respiration of tree wood 390 196 8P
(4) Leaf and wood detritus 760 360" 51°
(5) Net biomass increment 1%0 150" 110°
(6) Transport to roots (1) — (2) — (3) — (4) — (5) 1370 828 499
Below ground vegetation:
(7) Respiration of roots 680 395 143
(8) Net root biomass increment 60 39 3¢
(9) Root detritus production 630 395 326
(10) Total ground respiration 1650 753 592
(11) Heterotrophic Respiration (10) — (2) — (3) 970 359 449
(12) Autotrophic Respiration (15) — (11) 1480 782 446
Soil:
(13) Change in SOM (4) + (9) — (11) +360 +396 —72
(14) Total C influx (1) 3040 1725 963
(15) Total C efflux (14) — (16) 2450 1140 895
(16) Net ecosystem exchange (NEE) 590 585 68
AN, (D) -2 -@3) - (M) 1560 944 517
or (4) +(5) +(8) +(9)
(18)N/G, (17)/(1) 51% 55% 54%
Mean carbon residence times (years):
(19) Biomass 16 10 12
(20) Soil and litter 15 10 106
(21) Total ecosystem 29 18 89

1from Malhiet al. 1998, Malhiet al. unpublished dat&from Meir et al. 1996, for another
site in Rondonia®from Higuchiet al. (1997):*from Edwardst al. 1989;° from Gower
etal 1997;°from Steeleet al. 1997; from Rayment 1998 from Lavigne & Ryan 1997

up of measurements made at smaller scales. Continuougiccounting for net root biomass increment (8) leaves a com-
long-term measurements enable the main components of thdined estimate of root respiration (7) and combined detritus
carbon balance to be integrated on an annual basis, and thproduction (9). The input of detritus from roots (9) and from
interannual variation in the carbon budget to be investigated.above-ground (4) comprises the flux of carbon from
The dynamics of these fluxes can be better understood byautotrophs to soil organic carbon (SOC). If the SOC is nei-
breaking them down into their subcomponents and making ather increasing nor decreasing in amount on interannual
carbon balance above and below ground. Table 6 showstimescales, this influx would equal the efflux of het-
values for the major components of the carbon cycle at eacherotrophically respired COfrom the soil (11). Since the
site. Above ground, if total canopy photosynth&jsdeter- soil CGO, efflux can be independently measured (or obtained
mined from eddy covariance or chamber measurements [itemby difference between the net ecosystem flux and the net
(1) in Table 6], above-ground autotrophic respiration of influx of CO, in canopy photosynthesis plus the above-
foliage (2) and wood (3), and above-ground net primary pro- ground autotrophic respiration), it is therefore possible to
duction,N, scare known, the amount of carbon translocated determine whether the SOC may be increasing or decreasing
below groundvia the stems (6) can be fairly accurately in amount (13), something very difficult to determine by
calculated by differenceé\, g includes both leaf and wood  stock taking. This approach is dependent only on quantifica-
production; if not directly measured, it can be estimated astion of the changes in root biomass (8), and not on accurate
approximately equal to the sum of detritus production (leaf partitioning of below-ground carbon fluxes between
litter and tree mortality; (4)) and the net increment in above- autotrophic (12) and heterotrophic (11) respiration. If the
ground biomass (5). Below ground, this translocated carbonchanges in root biomass have not been accurately estimated,
(6) is allocated among the less well-known processes of netthe approach can still provide estimates of changes in total
root biomass increment (8), root respiration (7), and detritus below-ground carbon (i.e. roots plus SOC).
production (9), the last including processes such as fine root Simplified annual carbon balance diagrams (see Table 6)
turnover, rhizodecomposition (sloughing of the root cap), are shown in Fig. 1. The approach we have taken in Table 6
root exudation, and carbon transfer to mycorrhizae, all of is to use the eddy covariance-measured NEE (16) as a con-
which are only measurable with low degrees of accuracy. straint that modifies the calculated rates of soil respiration
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and change in SOG; (1), was calculated for the boreal site
from branch bag measurements (Rayment & Jarvis 1999c),
for the temperate site by application of the CANOAK photo-
synthesis model to the data (similar to Baldocchi & Harley
1995), and for the tropical site by subtraction of estimated
daytime respiration (Malhét al. 1998). Moss photosynthe-
sis may also account for a significant fractionGyfat the
boreal forest (Williams & Flanagan 1998), but was not
included here. The total system respiration (15) was then
calculated by subtracting the NEE frdgg. Above-ground,

leaf (2) and wood (3) respiration were estimated or modelled
from chamber measurements (Meir 1996; Baldocchi &
Harley 1995; Rayment 1998; Lavigne & Ryan 1997), and
detritus production measured from litter traps and studies of
tree mortality rates (Higuchet al 1997, Edwardst al.
1989; Goweret al. 1997). Below-ground, the only detailed
measurements of root growth and turnover were provided
for the boreal site by Steed¢ al. (1997). For the other sites,
we assumed that the net root biomass increment (8) was pro-
portional to the above-ground biomass increment, and to the
ratio of root biomass to above-ground biomass. The next
step was to allocate the remaining below-ground carbon flux
between root respiration (7) and detritus production (9). For
the tropical site this was guessed to be approximately
equally divided between these two components after esti-
mates for large root production and mortality were excluded
(see Gracet al. 1999), and for the temperate site the flux
was guessed to be exactly equally divided between the two
components. For the boreal site root respiration rates were
estimated by Steekt al. (1997), and we allocated the resid-
ual carbon flux to root detritus production (9). The change of
carbon in soil organic matter was then constrained as the dif-
ference between the detritus input terms ((4) + (9)) and the
heterotrophic respiration (11) estimated above. In addition,
the net primary productiomM, (17), can then be calculated
as the sum of above-ground and below-ground biomass
increases and detritus production.

The main difference between the three C budgets is that
G, and hencé\, and the general magnitude of the carbon
cycle, show a decreasing trend from the tropical site via the
temperate site to the boreal site. Consequently, there is a
much larger translocation of C to below the ground at the
tropical site, and much higher rates of root and heterotrophic
respiration. The calculation suggests large rates of increase in
soil carbon at the tropical and temperate sites, and a small

Figure 1. Estimated annual total carbon flows for each study site.
All units are g C m?year™. The data sources are described in
Table 6. (a) Tropical rain forest near Manaus, Amazonas, Brazil;
(b) temperate deciduous oak-hickory forest, Tennessee, USA,; (c)
boreal evergreen black spruce forest, Saskatchewan, C&pada.
gross primary productioR;, total respirationiR,, autotrophic
respirationR,, heterotrophic respiratioR, leaf respirationR,,,
above-ground wood respiratidR;, root respirationD g, above-
ground detritus (litterfall and mortalityRg g, below-ground

detritus (root mortality, fine root turnover and exudatidn);
below-ground carbon translocatiafys, above ground net

biomass carbon incremeuts, below-ground net biomass carbon
incrementAsom, Net increment in soil organic carbon.
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loss of soil carbon at the boreal site. However, this analysisWhilst the light response curve of an individual leaf can be
uses data from a number of sources and some degree dodipproximated by a non-rectangular hyperbola (Prioul &
guesswork, particularly for below-ground carbon dynamics Chartier 1977), most forest canopies exhibit a quasi-linear
at the tropical and temperate sites. It should therefore berelationship between photosynthesis and PPFD at low and
regarded as illustrative of general principles rather than a pre-medium PPFD (< 1000mol m2s™), when photon availabil-
cise quantification. The values for the temperate site shouldity is the limiting variable, but a diminished response at higher
be treated with particular caution: as this is a regrowth forestPPFD, when carboxylation rate becomes limiting (Ruimy
and the inventory data were collected 14 years prior to theet al. 1995). The degree of linearity of the whole-canopy light
flux measurements, it is likely that the above-ground carbon response curve is a function of leaf area, photosynthetic
allocation is underestimated, and hence the residual incrementapacity and the vertical distribution profile of nitrogen
in below-ground carbon is overestimated. within the canopy. Leaf area influences canopy carbon
The mean residence times for carbon for each componentuptake by increasing absorption of PPFD, by increasing the
of the ecosystem can be estimated by dividing the total car-population of photosynthetic reaction centres and by shad-
bon stocks (Table 5) by the rates of carbon input. For theing the soil, thereby reducing its heating and respiration.
biomass this rate of input is equaNg(17), and for soil car-  Calculations generated by a coupled canopy photosynthe-
bon the input is the rate of detritus production ((4) + (9)). sis/micrometeorology model (Baldocakt al. unpublished
Mean carbon residence times for living biomass, an averagedata) show that the canopy photosynthesis—light response
of short leaf, twig and root residence times and large trunk curve of vegetation with high photosynthetic capadity,(
residence times, are in the range 10-20 years for all threeequals 10Qqumol m™2 s™) is hyperbolic when a canopy is
forests and longest for the high biomass tropical forest. Thesparse (Leaf Area Index, LAl = 1), but is linear when the
soil carbon residence time for the tropical site is similar, but canopy is closed (LAl = 5). The linearity is reduced if leaf
the residence time for the boreal soil is on the order of a cen-nitrogen concentrations are higher in the light-rich upper
tury. In terms of carbon that is actively turning over, this canopy than in the understory (Selletsl. 1992).
boreal soil residence time may be an overestimate, as a sub- Availability of light is strongly affected by cloudiness and
stantial proportion of the deep soil carbon may be totally low sun-angle conditions, but the effect of this on canopy
inactive, neither receiving carbon through detritus production photosynthesis is partially counteracted by the increased
nor losing carbon through microbial decomposition. Once proportion of diffuse solar radiation, which is more effective
again, the residence times for the temperate site are likely toat penetrating deeper layers of the forest canopy and illumi-
be underestimated, as the biomass and soil carbon stocks ameating usually shaded leaves (Wang & Jarvis 1990).
likely to be substantially less than those for an equivalent old- At mid- and high latitudes, the availability of light con-
growth forest. The apparent difference between the calcu-trols potential photosynthesis by determining the maximum
lated total ecosystem residence time (21) and the sum of thdength of the growing season in spring and autumn. Away
soil (20) and biomass (19) residence times is due to the disfrom the tropics, variation in day length and noon solar
crepancy betweeN, and the rates of detritus production. zenith angle are the predominant constraints that define
As argued above, the measurements of NEE on an annuapotential photosynthesis of a forest. Cloudiness can affect
basis should provide a major constraint that closes the forestight availability on daily or weekly timescales, but in mid-
carbon balance. However, there are likely to be significant latitude climates there is rarely a strong seasonal cycle in
differences between estimates of annual NEE derived fromcloudiness (Peixoto & Oort 1996). In the tropics, variations
eddy flux measurements and estimates derived from integra4in day length and noon solar zenith angle have only small
tion of the measurements of component processes. This ieffects on light availability, whereas variations in cloudiness
because there are uncertainties with both measuremenhave a relatively larger influence on both diurnal and sea-
methodologies: first, measurements of each of the compo-sonal timescales. Most tropical regions do exhibit a distinct
nent processes have large error terms associated with therseasonality in cloudiness and rainfall, associated with the
(Rayment 1998), and second there are still some uncertainnorth—south movement of the Inter-Tropical Convergence
ties attached to the post-collection analysis procedures of thezone (McGregor & Nieuwolt 1998). For example, in central
eddy covariance data (discussed in 4-1). Amazonia there are only five rain days/month in September,
but 25 rain days/month in March, and the monthly mean
solar radiation varies between 20 MJ day the dry season
and 14 MJ day* in the wet season (Malki al. 1998).
Many of the properties and much of the temporal variation  On the other hand, the dry season in many tropical regions
of carbon dynamics at each site can be related to three preis associated with biomass burning, and clear-sky solar radi-
dominant climatic variables: light availability, temperature ation can locally be severely reduced. During the El Nifio-
and soil moisture availability. associated fires of late 1997 (Brown 1998), the sun was not
visible for over a month in the ‘clear sky’ dry season in cen-
tral Borneo (M. Clearwater, personal communication), and
was much reduced in Amazonia. In the boreal forest, fires
Incident light (or photosynthetic photon flux density, PPFD) is occur naturally in most summers as a result of lightning
the most immediate environmental control on photosynthesis.strikes, and forests burn with an average return time at any

Influence of climate on carbon dynamics

Light
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one site of between 100 and 150 years (Payette 1992). High-1981). As air temperature rises and the snow cover begins
level smoke travels long distances in the deep convectiveto thaw, melt water at close to 0°C percolates down
boundary layers that develop over the boreal forests and alsdahrough the soil, replacing the ice and enabling water
intermittently reduces photosynthesis substantially. uptake. In high and mid-latitudes, soil moisture reserves
are largely replenished by autumn and winter precipitation
(Waring & Running 1978), so lack of soil moisture has lit-
tle impact on spring growth, but may restrict photosynthe-
At the extremely low temperatures that occur in winter in the sis and growth in the late summer. During the growing
boreal region, chloroplast organization breaks down and season soil moisture availability is a function of precipita-
Photosystem 2 becomes inactivated (Strand & Oquist 1985;tion, runoff and evapotranspiration rates, and the moisture
Oquist & Strand 1986) and may take eight or more weeks retention properties of theoil. Soil moisture therefore
during the spring to recover fully (Strand & Lundmark 1995, shows more small-scale spatial variability within a forest
Bergh & Linder 1999). Through the growing season, leaf ecosystem than PPFD or temperature. Lack of soil moisture
temperature also has an effect on maximum rates of photo{primarily reduces carbon uptake by inducing stomatal clo-

Temperature

synthesis by affecting Rubisco specificity for £&nd Q sure, but may also affect carbon (and nutrient) release by
(Long & Drake 1991), and in particular by enhancing pho- restricting microbial decomposition. In the tropics, soil-mois-
torespiration at high temperatures (Long 1991; Lleydl. ture stress may become significant in the dry season, because

1995) with the result that photosynthesis in trees (almost all of high evapotranspiration rates and the low available water
C; plants) has a well-defined, broad optimal temperature capacity in many old, highly eroded tropical clay soils
(Neilson, Ludlow & Jarvis 1972). An indirect, but probably (Hodnettet al 1995). Together with PPFD, the availability of
more important, influence of temperature is that high leaf soil moisture is probably the most significant environmental
temperatures also result in large atmospheric water vapouwariable in the tropics.
saturation deficits and evaporation rates, so that carbon
uptake is limited by stomatal closure (Sandford & Jarvis
1986). However, the major influence of temperature on net
carbon balance is through its effects on rates of both The seasonal dynamics of each of the forest sites in are illus-
autotrophic and heterotrophic respiration. Arrhenius-type trated in Fig. 2. The tropical data shown were collected in
models (Lloyd & Taylor 1994) provide an appropriate 1995/1996, the temperate data in 1997, and boreal data in
description of this relationship, although in practice a sim- 1996. Figure 2(a) illustrates the annual cycle of daytime
pler exponential relationship, with a global me@yg, tem- uptake of carbon (daytime photosynthesis plus respiration
perature coefficient of approximately 2-4, will usually
suffice (Raich & Schlesinger 1992). Thus the respiration rate @) e
more than doubles for a 10° C rise in temperature. e Tropical
In middle and high latitudes, an additional effect of tem- —
perature on photosynthesis is its potential to inflict frost
damage on buds and leaves. As the annual cycle of air tem- % .
perature lags some weeks behind that of insolation, the main « .5
effect is to constrict the length of the photosynthetic season
in the spring, when frosts can curtail daytime photosynthesis
below expectation (Beadkt al. 1985). Photo-inhibition of
photosynthesis occurs when temperature is low (<5 °C) and

Seasonal cycles of carbon uptake and loss
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temperature is generally minimal; for the central Amazonian 4
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Frozen soil prevents water uptake by roots so that leaf tur-gigyre 2. Annual cycle of (a) daytime uptake, and (b) night-
gor and stomatal opening are dependent on the limited sup+time release of carbon at the boreal (short dashed line), temperate
ply of stored water within the trees (Whitehead & Jarvis (solid line with diamonds) and tropical (solid line) sites.
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loss) and Fig. 2(b) shows the night-time release of carbon atforest, the ‘growing season’ is determined by the emergence
each site. It should be emphasized that the three data setsf leaves in the spring and the subsequent development of the
have not been analysed in an identical manner, primarily foliar canopy. In 1997, leaf growth started at the beginning of
because of uncertainties in the best method of interpretingApril (day 90) and rapidly reached a ceiling value around day
night-time eddy covariance measurements. These uncertain140 (Greco & Baldocchi 1996). During winter there is a small
ties are discussed later in the section entitled Eddy covari-but significant loss of carbon, but, as the canopy develops,
ance, but for completeness we describe the correctionphotosynthesis surges rapidly, peaking in mid-June at about
procedures applied to each data set here. In the boreal site, 82 g C m?d* (approximately 1.5 times the rate of the tropi-
correction factor for night-time respiration is included on cal rain forest), after which the rates remain fairly constant
low wind-speed nights, as described by Jaevial (1997). until mid-September, before declining as the days shorten.
Measurements were not made throughout the entire winter,The leaves begin to senesce after approximately 180 d.
and the low winter efflux has been estimated by linear inter-  In the boreal evergreen, black spruce forest, the length
polation between measurements made at the start and end aif the active season is strongly influenced by the length of
winter, when temperatures were —15 °C to —30 °C. At the the frost-free period. The growing season begins and ends
temperate site, the night-time flux has been adjusted bywith abrupt temperature transitions. As the thaw begins in
using an advection correction of the type proposed by Leethe spring and snow starts to melt, the temperature rises
(1998). At the tropical site, no night-time correction has rapidly towards zero and as it passes through about
been applied, but large gaps in the data have been interpo-1-5 °C (in mid-April in 1996), C®exchange switches
lated using a semi-empirical light, temperature and water from carbon loss to carbon gain (Massheder 1998). When
vapour pressure deficit (VPD) response model (Metlal. the thaw occurs late, substantial amounts of solar radiation
1998). In addition, the tropical data set actually runs from are effectively wasted and the annual carbon gain is corre-
September 1995 to August 1996, but here has been presentespondingly small. Carbon uptake rises to a peak of
as a continuous annual cycle from January to December for3 g C ni? d™*in late June, and then fluctuates at around
the purposes of comparison. 2 g C m?d " until mid-September. Both uptake and loss
rates are much smaller at all times in the boreal black
Daytime uptake spruce forest.
The tropical forest site showed the least seasonality in both
daytime uptake (mean value 5-2 g Ci %) and night-time
release (mean value 3-5 g Cad™), although there was sig-  For these forests, soil respiration rates are primarily deter-
nificant seasonality in canopy photosynthetic capacity: Malhi mined by temperature, and to a lesser extent by soil water
et al (1998) showed that peak photosynthetic rates declinecontent and the quantity and quality of the soil organic mat-
markedly in the dry season, and a modelling analysis byter. In tropical forests, more than 70% of respiratory, CO
Williams et al. (1998) concluded that this was most likely originates from autotrophic and heterotrophic processes
because of shortage of soil moisture causing large reductionsvithin the soil biomass (Meiret al. 1996). At the
in soil hydraulic conductivity. However, this reduction in Amazonian site, soil temperature is the main cause of diur-
capacity is partially compensated for by increased sunshine-nal variability of soil respiration, both through its mean
hours in the dry season. Overall, water availability slightly diurnal cycle (23-0-24-5 °C at 5 cm depth; Maghial.
outweighs cloudiness as a controlling variable, and the tropi-1998) and sudden drops in temperature (typically 2 °C)
cal daytime uptake rates shown in Fig. 2 are higher in the wetassociated with rainfall. Seasonally, soil temperature is
season (mean 6 g Chd™?) than in the dry season (mean higher in the dry season (daily mean 26 °C) than in the wet
4 g C m?d™). On the other hand, the balance between theseseason (24 °C), but soil moisture is much reduced. There
two variables may be different in other tropical regions, such was little evidence of measurable seasonality in respiration
as western Amazonia, where the dry season is less protates in the eddy covariance data shown here, but the late
nounced and overcast days more frequent. On any individualdry season was not directly studied. Soil chamber measure-
day, carbon uptake at the tropical site can vary betweenments by Sotta (1998) at the same site in 1997 suggest that
1gCm?d ™ on very overcast daysto 9g Chadtonsunny  respiration rates decline as the soil dries down. Litter fall
days in the wet season. In the dry season most days are sunmates are highest in the dry season, but much of the litter
and the day-to-day variation is much reduced. Cold periodsaccumulates until the start of the rainy season
of low temperature and PPFD, associated with fronts of cold (November/December), when a flush of decomposition
air originating in high southern latitudes (Marengo, Nobre & would be expected. Thus, as with photosynthesis, a balance
Culf 1997), suppress both net €éfflux at night and net  of opposing factors (litter pool size and soil temperature on
influx during the daytime (Gracat al. 1996). one side, soil moisture on the other) acts to lessen the sea-
Seasonality in both carbon uptake and release is much moreonal variability in tropical soil respiration.
evident in boreal and temperate forests (Fig. 2). The predomi- Night-time carbon efflux rates in the temperate oak-
nant latitudinal constraint on daily carbon uptake is day hickory and boreal spruce forest sites follow the seasonal
length, but the start of the growing season is also constrainecchanges in soil temperature. At the oak-hickory site in
by air and soil temperatures. In the temperate deciduous1997, rates rose from a constant 1 g C o to a steady

Night-time CQ efflux
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4 g C m?d*in the June-August period (slightly higher boreal canopy photosynthetic activity: boreal forests are
than the tropical rain forest), as the average daily soil tem-generally chronically N-deficient (Linder 1995; Schulze
perature rose to approximately 22 °C, before falling away et al. 1999), as much of the organic nitrogen is held in the
again in September. In a study of soil respiration in this cool and often waterlogged soil, and therefore only slowly
region, Hansort al. (1993) found that, although soil tem- released by decomposition processes.

perature explained most of the seasonal pattern, soil mois-

ture availability and root metabolic activity (linked to gross
productivity) were also significant factors.

At the boreal site in winter-time there is a small but persis- Figure 3 illustrates the mean diurnal £€ycle at each site
tent efflux of about 0-2 g CTAd ™, when insulation by per-  during a high productivity part of the year (June for the
manent snow cover maintains surface soil temperature atboreal and temperate sites, November/December for the
close to zero, whereas air temperatures are —15 to —35 °Q@ropical site). The similarity of both photosynthetic and res-
(Rayment & Jarvis 1999b). During the spring thaw,,CO piration rates per unit ground area of the tropical and temper-
exchange rates rise rapidly from this winter-time value; res- ate forest sites is remarkable: both sites have similar LAl
piration initially picks up more rapidly than photosynthesis, (Table 3) and show peak uptake rates of 18 to
resulting in a brief peak of carbon loss from the system. 20 umol m?s™ just before noon, and mean night-time res-
Respiration rates increase steadily as the summer pro-iration rates of 5 to Zimol m?s™. However, the longer
gresses, reachirgyg C nt2d ™ by August, before dropping  day length in the temperate zone (15 h against 12 h) results
away again through September and October to the winterin higher overall daily uptake rates in the oak-hickory forest.
basal rate as the soil becomes frozen again. The high watetn the boreal forest, where LAl is much smaller, both uptake
table close to the soil surface and low soil temperaturesand respiration rates are less than half those of the two other
restrict soil CQ efflux from April through to August, when  forests, and the daily totals are much less, despite a day
the water table lowers and temperatures rise (Rayment &length of 20 h.

Jarvis 1999b). Point-to-point variation in soil C€fflux is
large. Chamber measurements (Rayment & Jarvis 1997)
have shown that this local heterogeneity is related to the
depth of accumulated soil organic matter (Rayment & Jarvis The data shown in Fig. 2 were all collected in 1996 or 1997
1999b) which may reach 0.5 m or more in boreal forests.  and thus present a snapshot of the bulk physiology of three

To conclude, the broad photosynthetic responses of tem-forests. In recent years, however, long-term eddy covariance
perate and tropical broadleaf forests to light and temperaturestudies have shown that there can be considerable interannual
are very similar. The differences between tropical and tem- variability in carbon dynamics (Gouldext al. 1996a). This
perate deciduous forests in the annual course offlQges variability is primarily driven by variations in the controlling
are driven by the seasonality of day length, timing of bud climatic variables outlined above, but is also modulated by
burst and senescence, variation in cloud cover, and soilthe response and recovery times of each forest biome.
moisture availability. The light sensitivity of the boreal As discussed above, the primary meteorological determi-
spruce forest seems less pronounced than that of thenants of the carbon balance of intact stands are: (1) the
broadleaf forests (but is consistent with that measured atlength of the growing season determined by the radiation
other coniferous forests, e.g. Ruirayal. 1995). The total inputs and modified by soil and air temperatures in spring
canopy leaf nitrogen is probably the major factor limiting and autumn; (2) the length of the period of snow cover; (3)
the amount of cloud cover in the growing season; and (4) the
occurrence of drought in the late summer or dry season.
Cloudiness and drought can directly limit photosynthetic

Diurnal cycles

Interannual variability

N :2::'eraxe uptake in the growing season, whereas the cold period con-
e Tropical trols the overall length of the growing season through its

impact on phenology. Snow cover can be important in insu-

o lating the soil surface from extremely low temperatures, thus
e permitting a moderate amount of soil respiration throughout
g the winter (Gouldeet al. 1996a; Rayment & Jarvis 1999b).
5 At the temperate deciduous Harvard Forest, in
& Massachusetts, Goulden al. (1996a) found NEE to vary
o ‘ S between —2-8 and 4Lt C ha' year™ over the five years

B T e s s 10 v s 1 18 0 2 2 1990-95, and concluded that interannual climate variations

Local Time may modify terrestrial CQexchange in the northern hemi-

Figure 3. Average diumalcycle of et Galues (eddy e e et am e o S e S e
covariance flux plus within-canopy accumulation) at the three sites . .

at a time of high productivity: June for boreal (short-dashed line) ~ 9rowing season at the temperate forest site would lead to a
and temperate sites (solid line with diamonds), change in NEE of 1 t C hayear" (Baldocchi, unpub-
November/December for the tropical site (solid line). lished). In a sensitivity analysis of NEE of an old-growth
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Scots pine/Norway spruce forest in central Sweden, response time of soil microbial activity: warm (cool) years
Lindroth et al (1998) suggested that annual respiration are associated with increased (reduced) biomass inputs to
would increase by 10% (74 g Cfhfor a 1 °Crise intem-  the soil at high (low) latitudes, which lead to increased
perature. Photosynthesis would need to increase by 12% tdreduced) microbial competition for nutrients, and thereby to
compensate for this increased respiration; and thus the neteduced (increased) plant growth in subsequent years.
effect is for larger carbon loss in warm years. In contrast, Globally they found that temperature anomalies were asso-
model sensitivity calculations for a 35-year-old boreal ciated with lagged maxima in NDVI and lagged minima in
Norway spruce forest in northern Sweden (Bergh 1998; the rate of increase of atmospheric Q@ncentration, with
Bergh, McMurtrie & Linder 1998) suggest that a 2 °Crise in a lag time of 1-5-2 years. The observed anticorrelation with
temperature would increase the length of the photosyntheticrate of CQ increase suggests that, globally, the response of

season by 3 weeks, and lead to an increase in aNpabl 7 tropical productivity and/or high latitude soil respiration is

to 18%. Using the model of Lloyet al. (1995), Gracet al. more significant than the response of high latitude produc-

(1995b) found respiration of the tropical forest to increase tivity or low latitude respiration. Possibly correlations

by 144 g C m? per degree rise in temperature. between temperature and atmosphere—oceap fi®es
One of the primary drivers of global interannual climate must also be considered, however.

variability is the El Nifio Southern Oscillation, the quasi-  While the description of climatic controls outlined above

periodic redistribution of equatorial surface waters in the describes the impact of climatic variability on intact forest
Pacific Ocean (Allan, Lindesey & Parker 1996). In the stands, catastrophic events (such as drought, flood, fire and
tropics, El Nifio is strongly associated with enhanced dry wind-throw) may have a spatially variable impact, but a
seasons in both eastern Amazonia and Indonesia andstrong influence on the overall carbon balance of the biome
enhanced rainfall in western South America (Ropelewski & at regional scale. For example, drought may reduce forest
Halpert 1987). The overall influence is probably one of photosynthesis and increase tree mortality, shifting the car-
increased carbon loss, either through water stress causindgpon balance towards a net source, but a more significant
reduced photosynthesis and increased tree mortality, orfactor may be associated fires that turn patches of the forest
more dramatically through drought-induced fires, as into strong, albeit temporary, carbon sources. Wind-throw
evidenced in Indonesia and Amazonia in the intense may create similar patches. Since such events are not infre-
1997-98 EI Nifio (Brown 1998; Barbosa 1998). The impact quent, the interannual variability of the spatially integrated
of reduced water availability should also be counteracted bynet biome production (NBP; Schule¢ al. 1999) is likely
enhanced numbers of hours of sunshine in these regions; foto be different to the variability of NEE of a particular
example Clark & Clark (1994) observed that tree growth stand. The influence of spatial heterogeneity on the rela-
was higher in sunny dry years at a tropical forest site in tionship between NEE and NBP is discussed further below.
Costa Rica. In many regions this effect is likely to be con-

founded, however, by smqke emitted from forest fires, with MEASURING THE CURRENT CARBON

an extreme example being the great smoke haze thatBALANCE OF FORESTS

enveloped south-east Asia in late 1997 (Nichol 1998).

In mid- and high latitudes in the Americas the correlation In recent years there has been an accumulating body of evi-
is weaker, but El Nifio is associated with mild, wet winters, dence for a net sink of carbon in the terrestrial biosphere. In
with a reduced period of snow cover (Brown & Goodison this section, we discuss the evidence for such a sink in the
1996; Cayan 1996). The overall effect is likely to be one of major forest biomes. The three principal approaches to esti-
enhanced carbon uptake because the mild winter induces anating the carbon balance of forest biomes are micrometeoro-
lengthened growing season (Gouldesi al. 1996a). logical measurements of surface fluxes, biomass inventories
Additionally, in drought-prone areas, the enhanced winter and the inversion of atmospheric gas concentrations. All three
precipitation may fully recharge soil water reserves and approaches still have methodological problems, but are point-
reduce the likelihood of a late summer drought. The impact ing towards a combined net terrestrial carbon sink (excluding
of EI Nifio on temperate and boreal Eurasia is less evident. deforestation) of 1 to 3 Gt C yearHowever, the exact parti-

Braswellet al. (1997) examined the correlation between tioning of carbon sequestration amongst the tropical, temper-
interannual variations in lower tropospheric mean tempera- ate and boreal forest biomes remains unclear.
ture and satellite-derived vegetation indices (normalized dif-
ference vegetation index, NDVI) for a number of biomes. In
high latitude forests, warm years were correlated with high
NDVI in the same years, suggesting increased productivity, This micrometeorological technique relies on directly mea-
but with a reduction in NDVI 1 to 2 years later. lg-@mi- suring the turbulent transport of G@bove a forest canopy
nated tropical and arid areas the opposite pattern was(Moncrieff, Jarvis & Valentini 1999). In principle, the net
observed, with reduced NDVI in warm years, probably asso- carbon balance of a site can be directly measured by inte-
ciated with increased water stress, but increased NDVI 1 to 2grating eddy covariance measurements of, @xes over
years later. €savannas and grasslands showed a similar pat-the diurnal, seasonal and annual cycles. The technological
tern to high latitude forests. Braswetllal. suggested thatthe  combination of sonic anemometers and fast response CO
observed 1-2 years lag in NDVI was associated with the analysers matured in the late 1980s, and field measurements

Eddy covariance
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have subsequently been made in a range of biomes, includbeen made by Lee (1998), who argues that net vertical advec-
ing temperate, boreal and tropical forests. There has been ation of CO, because of horizontal flow convergence and
evolution from initial short-term, localized field studies, to divergence has previously been neglected. Inclusion of this
long-term multiple site campaigns, such as, BOREAS in the term (most significant at night) makes a significant impact on
Canadian boreal forest (Sellezs al. 1997), investigating  the calculated net carbon balance and reduces the depen-
larger spatial and temporal scales, to long-term monitoring dence of measured nocturnal respiration on wind speed
networks spanning whole continents (e.g. Euroflux in (Baldocchiet al. 1999). However, some theoretical disagree-
Europe (Aubinett al. 1999), Ameriflux in North America). ments with Lee’s treatment have been voiced (Finnigan
The range of measurements required at long-term monitoring1999) and it remains to be seen whether this problem is
sites is described by Baldocdtial. (1996). solved.

Although eddy covariance has already been demonstrated The annual cycle of net ecosystem exchange of each of the
to provide reliable estimates of the bulk photosynthesis andcase-study sites is shown in Fig. 4. This is the algebraic sum
respiration of a forest site (Baldocchi 1997; Jamtisal of the directionally opposed daytime and night-time fluxes
1997; Malhiet al. 1998), there is still lingering uncertainty shown in Fig. 2. Figure 4 should be viewed with some cau-
as to whether it can yet provide accurate measurements ofion because of the uncertainties outlined above. The boreal
the net carbon balance. The net balance is the relativelyforest data have been empirically corrected for possible
small net sum of opposite daytime and night-time fluxes, under-estimation of night-time efflux at low wind speeds
and a small error in measurements in one of these periodgJarviset al. 1997) and this reduced the initially estimated
could lead to miscalculation of the net carbon balance, evenannual NEE by 46% to the present value. Similar corrections
though the bulk photosynthesis and respiration may look have not been made to the temperate and tropical forest data
plausible (Moncrieff, Malhi & Leuning 1996). because of lack of evidence that such a correction was neces-

Much of the uncertainty has focused on the night-time sary. Thus part of the difference between the value of NEE
fluxes, an area that was ignored in much of traditional for the boreal black spruce site and the other two sites might
micrometeorology because of its irrelevance to energy andbe attributable to this correction.
water budgets. On calm nights, respired,@nds to accu- The tropical forest appears to be a net sink of, CO
mulate within the forest canopy, and is transferred to the throughout the year, whereas the higher latitude forests are
atmosphere through intermittent events. Several studiessinks throughout most of the growing season and sources
(Gouldenet al. 1996b; Jarvigt al. 1997) have demonstrated throughout the winter. All three forests, however, can be car-
that respiration rates estimated as the sum of the eddy fluxbon sources on warm, cloudy days in the summer when pho-
and the accumulation of GQvithin the forest canopy on  tosynthetic rates are low and soil respiration rates are high.
calm nights are not consistent with the estimates from eddyNEE at the tropical forest site peaks in the early wet season
covariance in windy conditions. This discrepancy has led to (December to March), and then declines steadily to mini-
the suggestion that eddy covariance is ‘missing’ some of themum values in the late dry season (October to November).
nocturnal CQflux (Gouldenet al. 1996b). The phenomenon  This seasonality is the resultant of two opposing factors:
appears less pronounced, but still apparent, in tropical forestssariation in soil moisture status and amount of cloud cover.
(Graceet al. 1996; Malhiet al. 1998). Possible physical The observed minimum in the dry season indicates that soil
mechanisms suggested to account for this missing flux focusmoisture availability is a more important constraint than
on lateral advection of the respired C®ithin the forest available sunshine at this site.
canopy, either down hillslopes or away from ‘cool spots’ of  NEE at the temperate site is positive throughout the winter,
subsiding air (Gouldest al. 1996b). However, if this were  and rises to a maximum in early March when warming temper-
the case the phenomenon would be apparent only at sites aitures result in a peak of respiration of accumulated autumn and
local topographic peaks, whereas in fact it appears at the
majority of sites independent of local topography (A. Grelle,

. . . e T I
personal communication) Alternatively, the problem may be ..__.T:,mpfa.a'e

methodological, if the detrending and coordinate rotation = = Boreal
schemes currently used in the analysis of eddy covariance ‘ o
data are not appropriate for the intermittent turbulence that is
a characteristic feature of stable atmospheric conditions at : i
night. Conversely, there are still arguments that there is no & = |\ 7
problem with the eddy covariance measurements, but that the 2 _, |
problem lies with the respired G@esiding very close to, or z
remaining within, the soil surface and thus not being ade-
quately captured by within-canopy measurements of CO 0 3 6 9 120 150 180 210 240 270 300 330 360
accumulation (Malhit al. 1998). Yet another possibility is Day of Year

that there IS_E_‘ genuine reduction in soil&Blux in non-t_ur- _Figure 4. Annual cycle of net ecosystem exchange (NEE) of
bulent conditions because of reduced pressure pumping of aitarhon (sum of daytime uptake and night-time release) in 1996 at
out of soil pore spaces (T.A. Black, personal communica- the boreal (short dashed line), temperate (solid line with diamonds)
tion). A very promising recent contribution to the debate has and tropical (solid line) sites.

—
>
)
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winter litter. It then rapidly becomes negative as leaf develop- inventories, rates of tree recruitment, biomass growth, tree
ment and photosynthetic activity commences, peaking in latemortality and net biomass increment can be determined.
May when the canopy is in full foliage. At its peak, NEE at the Carbon usually constitutes between 45 and 55% of dry tree
temperate site is three to four times greater than at the tropicabiomass (Carvalhet al. 1998). The carbon stocks of detritus
site, due to the longer day length (Fig. 3) and the lower respira-in deadwood and litter pools can also be directly measured
tion rates. Respiration rates are closer in magnitude to the(Mogt, Greer & Vogt 1986).
meanN, of a site, and therefore are lower at the temperate site  The advantage of biomass inventories over micrometeoro-
than at the tropical site, despite the fact that monthly meanlogical techniques is that they are direct, fairly unambiguous,
productivity is higher at the temperate site in the summer. technologically simple and relatively low cost, and can thus be
The boreal site shows a similar seasonal cycle in NEE, butused to monitor changes in tree carbon stocks over wide areas
with greatly reduced amplitude (Fig. 4). Its peak values of and long time periods. The main disadvantage of forest carbon
NEE in May are similar to those of the tropical forest. The inventories from the point of view of carbon sequestration is
site is an increasingly frequent carbon source on cloudy daysthat they are almost invariably incomplete, particularly with
in late summer, when soil temperatures are at a maximum,respect to changes in below-ground carbon, in both roots and
and there is a net loss of carbon on about one-quarter of thesoil organic matter. In addition they are labour-intensive and
days during the growing season. provide only intermittent records of carbon stocks, which may
The overall eddy covariance estimates of annual NEE at thenot capture the effects of seasonal and interannual changes. As
boreal, temperate and tropical sites for the year shown indi-shown earlier, a combination of forest inventory and microme-
cate sinks of 70, 585 and 590 g Cayears™, respectively. As teorological approaches can provide new insights into the
a comparison with other measurements, in the boreal forestabove-ground and below-ground flows of carbon.
biome Lindrothet al. (1998) reported a net carbsaurceof
70 to 220 g C n¥ years® (depending on the correction
scheme used) for an old-growth Norway spruce-dominated
forest in central Sweden and Blaekal. (1996) reported anet  The long history of commercial use of northern hemisphere
carbon sink of 130 g C M years" in a broadleaf hazel — mid-latitude forests (North America, Europe and Russia) has
nut/aspen forest in Saskatchewan. In the temperate forestesulted in extensive records of forest inventories and
biome, Goulderet al (1996a) reported a net sink of between changes in land use. Thus it is possible to estimate biomass
140 and 280 g C Myears* (depending on year) in the mixed  changes not only in mature forests, but also across the patch-
deciduous Harvard Forest, in Massachusetts. Valegttial work of forested landscapes affected by (and recovering
(1996) reported a net sink of 450 g Cyears*for a man- from) natural disturbance and human activity, and thereby
aged beech forest in the Appenines in central Italy, andarrive at a comprehensive estimate of biomass changes of
Hollingeret al. a net sink of 290 g C Thfor a mixed decidu- the biome as a whole.
ous forest in Maine. In the tropics, no other long-term record  Syntheses of forest inventory data have been published for
of CO, flux exists, although Graces al. (1995b) inferred anet  Canada (Apps & Kurz 1994), the United States (Tuehet.
sink of 100 g C n¥ years® that was based on modelled 1995), Europe (Kauppi, Mililainen & Kyysela 1992;
extrapolation of 54 d of measurements in Rondonia, southernSpieckeret al 1996) and the former USSR (Kolchugina &
Amazonia. Vinson 1993). By compiling and comparing such data, Dixon
All these values should currently be treated with some et al. (1994) estimated that the northern temperate and
caution until the issue of correct measurement of night-time boreal forests were accumulating 0-7 + 0-2 Gt C'yeand
fluxes is resolved. With the notable exceptions of the boreal Houghton (1996b) estimated a net uptake of 0-8 Gt C'year
forest sites in Sweden (Lindro#t al. 1998) and Manitoba, = Houghton’s figure includes net annual increments of living
Canada (Gouldeeat al. 1998), most sites show a net sink of biomass (0-5 Gt C), wood products (0-14 Gt C), slash (0-08
carbon dioxide, and the reported net fluxes are much largerGt C), soil (0-08 Gt C) and peatlands (0-02 Gt C), although
at the temperate and tropical forest sites than at the boreathe figures for slash, soil and peat are based on measured ini-
forest sites. This probably arises because the bulk photosyntial stocks and estimated respiration rates, and not on direct
thetic and respiratory fluxes are larger in temperate and trop-measurements. This estimate of Houghton’s is significantly
ical forests, and therefore a small proportional change in different from the net source of 0-03 Gt C yéastimated by
these bulk fluxes produces a larger net carbon differential Houghton & Hackler (1995) on the basis of land-use change
than it would in the lower productivity boreal forests. alone. This difference arises because the biomass inventory
approach incorporates any measured increase of biomass in
undisturbed forests, and higher than expected rates of
regrowth in recovering forests.

Temperate and boreal forests

Biomass inventories

Another approach to estimating the carbon balance of

ecosystems is through the use of conventional forest inven- .
. . Tropical forests

tory methods. Measurements of the diameter at breast height P

of trees can be converted to estimates of living, above- There have been few attempts to synthesize forest inventory

ground biomass using empirical allometric relations deter- data from tropical forests to arrive at a large-scale net carbon

mined for each tree species. By comparing successivebalance. Moreover, the high tree species diversity of tropical
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forests (typically 200-300 species per hectare) and wide rangeNet ecosystem exchange and net biome
of tree sizes complicates the use of empirical relationshipsproduction
between d.b.h. and above-ground biomass, expanding the need
for detailed destructive sampling (Browet al. 1995). Thus An issue that arises in any attempt to extrapolate from indi-
there have been few attempts to estimate biomass changeidual site measurements, whether micrometeorological or
across the patchwork of disturbeald regrowth forest areas.  forestry-based, is the extent to which measurements of net
Recently, Phillipset al. (1998) have compiled data from carbon balance at individual sites are representative of the car-
forest inventories across 68 sites in apparently undisturbedbon balance of the whole forest biome, that is, the extent to
forests across the tropics. They concluded that there is largevhich NEE represents NBP. A crucial factor is the extent to
variability between plots, but that the South American plots which intermittent, medium-scale disturbances determine for-
demonstrate a mean rate of carbon accumulation ofest stand dynamics. Many boreal and temperate forests are
0-68 + 0-33 t C hd years® in above-ground biomass, certainly affected by fire on a time-scale of a century (Payette
implying a net accumulation of 0-6 + 0-3 Gt C yéan 1992); the pattern of natural disturbance in tropical forests is
neotropical forests as a whole. In African and Asian forests, less obvious or well understood, but may involve a combina-
there was no apparent net increase in biomass, but too fewion of fire, drought, floods and storm blow-downs (Nelson
plots were analysed to be confident in this conclusion. If the 1994). If such disturbances are frequent or extensive, the for-
difference between tropical forests in Amazonia, Africa and est may be composed of a patchwork of stands of various
Asia is genuine, it may reflect the larger population density ages, each of them growing and accumulating carbon at a dif-
and low level of human-induced disturbance in the pale- ferent rate until the next major disturbance. If forest patches
otropics, or be linked to the more maritime climate of the are always recovering from the previous disturbance, and
Asian forests. The primary source of uncertainty in this anal- always disturbed again before they reach equilibrium, it is
ysis is the limited number and spatial extent of the individual conceivable that the net biome production, NBP, is zero, even
plots, together with limited understanding of natural distur- when measurements of NEE at all sites away from areas
bance dynamics in tropical forests. There may be a bias inundergoing disturbance always indicate strong carbon uptake.
selection of plots to forests recovering from disturbance, In principle, this should not present a problem as long as
rather than to those currently losing biomass as a result ofthere are a sufficient number of measurement sites to capture
recent wind-throw, fire or flood (Nelson 1994). the occasional disturbed patch and the full range of recover-
Alternatively, if the forest plots were biased towards mature ing patches, and there is no bias against obtaining data from
stands that were more inclined to tree mortality, or degradeddisturbed sites. The extent to which such a bias exists
by human intervention, the spatial mean biomass increaseremains unclear: in the extreme case there can be no tower-
may have been underestimated (Brown & Lugo 1992). based eddy covariance measurements of fl@Res during
forests fires, and we have to rely on other means, such as
remote sensing of fires, to estimate carbon emissions. To
estimate NBP on a regional scale we must take into account
This compilation of forest inventory data suggests that over- the regional mosaic of disturbance and recovery, and hence
all there is a global net accumulation of 1-4 Gt C Year consider whether we are adequately sampling spatial hetero-
biomass in boreal, temperate and tropical forests. If the accu-geneity (Schulzet al. 1999).
mulation rates of secondary tropical forests and of wood Micrometeorological and forestry measurements tackle
products are also incorporated, together with better estimatespatial heterogeneity at different scales. Eddy covariance
for paleotropical forests, it is tempting to conclude that measures carbon balance over an area of tens to thousands of
increase in forest biomass can account for the entire missinchectares (Malhet al. 1998), and the measured carbon bal-
sink of 1.8 + 1-6 Gt C year However, accumulation of car-  ance is not likely to be affected by random variability on this
bon above ground in the trees is only a part of a full carbon scale, such as canopy gap dynamics. However, eddy covari-
inventory, and leaves major uncertainties about what is hap-ance sites have tended to be short-term and few in number,
pening to carbon below ground in both root biomass and soilexcept during intensive campaigns such as BOREAS, and
organic matter. These stocks may be increasing in response tthus may not capture the range of natural disturbance and
increased growth and detritus production, or else decreasingecovery at regional scale. Forestry plots frequently only
because of enhanced fine-root turnover, autotrophic and het-cover a few hectares, and thus measurements at any particu-
erotrophic respiration, resulting from climate warming, par- lar site are more prone to being affected by small-scale forest
ticularly at high latitudes. The fate of the stocks of soil carbon dynamics. They are very low-cost, however, and can thus
in this regard is crucial, but difficult to determine. To measure provide a dense and long-term network with which to cap-
changes in stocks accurately through inventory over assessture regional scale carbon balance.
ment periods as short as 5 or 10 years is impractical. Possibly An alternative strategy is to attempt to quantify the NBP,
the only sure way to determine if these stocks are changing isby directly measuring COfluxes at a regional scale that
to measure the influxes and effluxes of carbon to and fromincorporates natural disturbance. This can be done at land-
the soil compartment, so that a full carbon inventory is likely scape scale by making budgets of the amounts and isotopic
to require a combination of both stocktaking and flux mea- composition of CQ and other gases in the atmospheric
surements (Steffeet al 1998). boundary layer to estimate local fluxes (Denmeadal.

Overall forests
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1996; Culfet al. 1999), or by measuring NEE with aircraft-  0-2 Gt C year" in the North American temperate and boreal
borne eddy covariance systems (Crawfetdl. 1996). A zones, respectively, 0-2 Gt C yeain Europe and zero in
larger scale alternative is to use a global network of gas Siberia. For the terrestrial tropics they estimate a net sink of
concentration measurements to estimate continental-scaled-2 Gt C year, implying a tropical carbon sequestration
fluxes, as discussed below. rate of approximately 1-8 Gt C yeato compensate for the
tropical deforestation rates estimated by Houghton (1996a).
. 13 . A recent analysis of CQconcentrations alone (Bousquet
Atmospheric CO 2, “CO and O/N, Studies et al. 1999) also suggests modest sinks in North America
The net carbon balance of the terrestrial biosphere as a0-5 Gt C year') and Europe (0-3 Gt C yed), similar to
whole can be examined by analysis of the global atmo- Rayneret al (1999), but a very large sink in Siberia
spheric pattern of concentrations and isotopic composition (1-5 Gt C year") that is offset by a large net tropical source
of CO, and Q, as measured at flask sampling stations of 1-1 Gt C year, particularly concentrated in tropical Asia
around the globe (Ciaist al. 1995; Franceet al. 1995; (0-8 Gt C year).
Keelinget al. 1995). In principle, if the global distribution There is clearly no current consensus in these results from
of CO,is known, and the global transport and dispersion inverse modelling. Perhaps the study of Rawtei. (1999)
rates estimated from meteorological models, the modelsis the only one which approaches consistency with the cur-
can be inverted to provide a spatial surface map of sourcesrent, albeit inconclusive, ground-based evidence. The lack
and sinks of CQ(Fanet al. 1998; Bousqueet al. 1999, of consistency amongst studies suggests that this approach
Rayner et al. 1999) Monitoring the ratio**C/*°C and still faces a number of problems. Amongst the principle dif-
O,/N, provides a further handle on the partition of the ficulties are the following:
fluxes between oceans and terrestrial biosphere (Keeling
etal 1995; Ciaist al 1995).
The isotopic ratiod>C is particularly useful because, C

1 The inverse problem is very poorly constrained, and fre-
quently ara priori guess of terrestrial sources and sinks

photosynthesis (the primary mechanism in a forest carbon is made to help constrain the solution (Enting, Trudinger

sink) has a strong discriminating effect on this ratio & Francey 1995).

(0"Cloaves~ —27 tO —32%0;613Catmosphere~ —7 to —8%o; 2 The current network of long-term flask sampling sites is

Lloyd et al. 1996), whereas the dissolution of £ ocean rather sparse and strongly biased towards coastal sites that

water (the major alternative carbon sink mechanism) and C
photosynthesis®*Cie,ve~ —11 to —15%) have less impact.
Similarly, changes in ©concentration (measured relative to

sample the marine boundary layer, and is thus not well
suited to determining the terrestrial carbon budget. The
network is particularly sparse over the southern oceans

more stable Blconcentrations) are related to £iixes via

biotic processes and combustion, but insensitive to the dis-

solution of CQ in ocean water (Keelingt al. 1996b). the best-covered continent, and therefore the most con-
This approach holds great promise as a future global bio-  strained in any regional analysis (Feral 1998).

sphere monitoring strategy, but until now has tended to yield 3 A number of the long-term records appear to have

and tropical continents but this problem will diminish as
the network continues to be extended. North America is

contradictory results. Some earlier studies (Keebhgl.
1989; Tans, Fung & Takahashi 1990; Enting & Mansbridge
1991, Ciaiset al. 1995), indicated a very strong extra-tropi-
cal sink (range —0-7 to —4-3 Gt C yéarand generally a
large net tropical source (range +0-3 to +1-7 Gt Cyear

methodological errors in the early years. For example,
prior to 1988 the three longesT records (as described
by Keelinget al. 1995, Francegt al. 1995 and Nakazawa

et al. 1997) show major differences from one another in
interannual behaviour that appear to be too large to be of

The studies covered different years, so some of the discrep- source/sink origin and imply systematic error.
ancies may result from interannual variability. Many studies 4 The tropics in particular are almost totally unconstrained
(Franceyet al. 1995; Keelinget al. 1995; Rayneet al. 1998) because the intensity of tropical convection results in
have indicated strong interannual variability in terrestrial vigorous mixing and dilution of any GGsignal verti-
fluxes, although correlation of this variability to climatic cally through the troposphere and horizontally to higher
factors such as El Nifio events is unclear. latitudes (Denning, Fung & Randall 1995). The carbon
The earlier, latitudinally averaged studies had a number of  balance of the tropics is therefore more or less estimated
methodological difficulties, however, and more recent stud- as a residue of the results calculated for mid- and high
ies have attempted to incorporate continental-scale resolu- latitudes. If the complex mixing between tropical and
tion. Aregional analysis by Fast al. (1998) suggested that mid-latitudes is inaccurately modelled, it is possible that
the terrestrial sink is almost entirely localized in North any carbon sink at tropical latitudes can ‘leak out’ and
American temperate forests (1-7 + 0-5 Gt C ydawith appear as a sink at mid- and high latitudes.
Eurasia being a weak sink (0-1 + 0-6 Gt C y8aand the 5 The atmospheric boundary layer is shallower in winter
rest of the world a weak source (0-1 + 0-6 Gt C Y@ar and at higher latitudes, and so changes in concentrations
However, this somewhat controversial result is contradicted of gases are more sensitive to surface fluxes in such
in a study by Raynegt al. (1999) which, using global GO conditions. The covariance of this effect with seasonal-
measurements over the period 1980-95 and a long-term ity of photosynthesis and respiration in the biosphere
record of**C/*?C and Q/N,, suggests net sinks of 0-3 and produces an interhemispheric €€ncentration gradi-
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ent even if there were no net fluxes (Denning, Fung & stress. The history of vegetation distribution since the LGM
Randall 1995). Accurate modelling of the seasonal and (already considered above) suggests that, without anthro-
latitudinal variation of boundary layer height, and of pogenic limitations, a change to a warmer, moister climate
the transport of Cbetween the atmospheric boundary results in an overall expansion of forest biomes at the
layer and the free atmosphere, is required to compen-expense of tundra at high latitudes, at the expense of semiarid
sate for this effect. vegetation in mid-latitudes, and at the expense of savanna in
the tropics. However, the upper temperature and moisture
limits to these processes of replacement are not known.
FUTURE SCENARIOS Moreover, the response of forest biomes to rapid change
may involve a number of transient phenomena with differ-
ent response times, such that a biome may switch from
IPCC (1995) estimates as a ‘best guess’ that global mearbeing a carbon source to a sink or vice versa as climate
temperature will increase by 2-4 °C by 2100, with a range of change proceeds.
0-8 °C to 4-5 °C according to climate model and, Eis- For example, a temperature rise at high latitudes will lead
sion scenario. The warming is concentrated more on landto higher respiration rates, and oxidation of soil carbon,
(typically 3 to 4 °C) than over oceans (0 to 2 °C), predomi- much of which has accumulated at high latitudes over the
nantly because of the larger thermal inertia of the oceans.past 12 000 years since the retreat of the ice sheets. Increased
Almost all models predict a mean warming of 5 to 6 °C in evapotranspiration may also increase late summer moisture
the boreal region, predominantly in late autumn and winter stress and thus decrease late summer photosynthesis. On the
because of the late formation of sea ice, but with only a 2 toother hand, higher temperatures may also result in a length-
4 °C warming in summer, when the influence of ice is much ened growing season and enhanced decomposition and
reduced. In the temperate region the predicted warming isrelease of soil nutrients. The modelling study by Bergh
also mainly in winter, but generally smaller (typically 1 to (1998) of a young Norway spruce stand predicted a three-
2 °C), because of the cooling effect of industrial aerosol week extension of the growing season and a 17% increase in
emissions in North America, Europe and East Asia. A mean N, for a 2 °C rise in temperature. For a 4 °C rise in tempera-
warming of 3 to 4 °C is predicted for the tropics, but less (1 ture there was a seven-week extension of the growing season
to 3 °C) in the more maritime Asian tropics, with little evi- but no further increase iN,, because of the compensating
dent seasonality. effects of enhanced tissue respiration. Overall, the field evi-
Predictions of future precipitation and soil moisture are dence suggests that these opposing effects are currently in
less reliable than those of temperature. Mean global precipi-approximate balance: NEE measurements at the nine
tation is predicted to increase with global warming, because BOREAS forest sites (Sellerst al. 1997) indicate only
of higher atmospheric water vapour content and enhancedsmall net sinks in the Canadian boreal forest during the
poleward transport and convergence of water vapour. unusually warm years of the 1990s. In particular, the study
Precipitation is expected to increase in winter by 0-0 to by Goulderet al. (1998) of a black spruce site at the north-
0-5 mm d*in boreal and temperate latitudes, but much of ern limit of the forest in Manitoba showed that the net
this excess precipitation may be lost in run-off and have little sequestration of carbon into woody biomass was balanced
impact on summer soil moisture, because the soil is close toby the release of ancient soil carbon as a direct result of the
saturation in winter. A reduction in summer soil moisture lowering of the permafrost layer. A number of recently initi-
content is predicted for mid- and high latitudes, because ofated soil-warming experiments (Bergh & Linder 1999) may
little change in precipitation but enhanced evapotranspira- shed further light on this issue over the next 10 years.
tion resulting from higher surface temperatures. In the trop- Atmospheric and satellite data provide further insights:
ics mean precipitation is predicted to increase by 0-0 toKeeling et al. (1996a) reported that the amplitude of the
1.0 mm d* and the Asian monsoon will probably strengthen, annual cycle of C@Qconcentration has increased since the
but there is little agreement on the general spatial pattern of1960s by 20% at mid-latitudes and by 40% at high latitudes,
increase. Many models predict a change in the distributionand the increase was largest in warm years. These observa-
of sea surface temperature similar to El Nifio conditions, andtions can be explained both by increased carbon uptake in
this would imply an intensified and prolonged dry season in photosynthesis, and by enhanced winter respiration. In addi-
Indonesia and central and eastern South America, and intention, the timing of the drawdown in spring has advanced by
sified rain in western South America. seven days, implying a lengthening growing season. Myneni
A primary difficulty in assessing the response of forests to et al. (1997) found a similar pattern in remotely sensed vege-
climate change is that each climatic variable may have bothtation indices at high latitudes (45°N to 70°N). There is
positive and negative effects on forest carbon balance. Fortherefore significant evidence for increasing vegetation
example, higher soil temperatures result in both enhancedactivity resulting from warming temperatures at high lati-
soil respiration (Raich & Schlesinger 1992) and enhancedtudes — what remains unclear is the corresponding response
soil mineralization and nutrient availability to the trees of the soil carbon pools.
(Melillo et al. 1993); enhanced precipitation is also associ- There is similar uncertainty with regard to the future of
ated with enhanced cloud cover; higher air temperatures maytropical forests: possible increase in productivity, resulting
lead to longer growing seasons but also to enhanced moisturércom CO, and N fertilization (see the following section),

Global climate change

© 1999 Blackwell Science LtdRlant, Cell and Environmen22, 715740



Carbon balance of forests 733

may be compensated for by enhanced respiration of the soiunderestimate. If a terrestrial carbon sink of 2 Gt C Year
carbon pool. One source of uncertainty is the role of were exclusively and evenly distributed over the current
enhanced soil mineralization rates at higher temperatures. Aextent (4165 Mha) of tropical, temperate and boreal forests
number of authors (Melillet al. 1993) have argued that this (Table 1), this is equivalent to a per unit area sequestration
will have an important impact in boosting nutrient availabil- rate of 50 g C i year™. Assuming that the values b,

ity in resource-poor tropical soils, whereas Houghton, andr calculated for each case-study site (Table 6) are repre-
Davidson & Woodwell (1998) have recently argued that sentative of the appropriate biome, the rates of increase of
most of the enhanced nutrient supply will be utilized by soil N, required to generate this sequestration rate are 1.7, 2:5
microbes with little extra being available for plant growth. and 0-6 g C nfyears?, or, relative to current values f,
Depending on its seasonal distribution, enhanced precipita-0-1, 0-2 and 0-1% yearfor the tropical, temperate and
tion is likely to mitigate soil moisture limitation in the dry boreal forests, respectively. This seems a very plausible
season and allow expansion of rain forest into savannas, bupossibility.

its uncertain spatial distribution may lead to gains in some Many of the model studies (Polglase & Wang 1992;
areas balanced by losses in others. In addition, the associate@ifford 1994; Wang & Polglase 1995; Lloyd & Farquhar
increase in cloudiness is likely to reduce photosynthesis s01996) suggest that the most productive biomes (i.e. tropical
that the overall effect may be little increase in forest produc- and warm temperate forests) should dominate the direct
tivity. Figure 3 demonstrates that for the Amazonian site response to COfertilization. Even allowing for the likeli-
these two factors (precipitation and cloudiness) balancedhood of a warming-lengthened growing season at high lati-
each other in 1996 so that there was almost no difference intudes (Mynenet al. 1997), it seems difficult to argue for a
NEE between the wet and dry seasons. carbon sink focused solely at high latitudes, as suggested by
some global C@inversion studies (described in the section
on CQ, **CO, and Q/N, studies, above). In addition to
boosting overall forest productivity, GQertilization may

The average atmospheric €@oncentration has increased increase the competitive advantage gf@ests against £

from a pre-industrial concentration of about 2880l mol™* grasslands and savannahs, and lead to the expansion of
to 364 umol mol™in 1997, and is currently increasing at forests in transition areas. However, this factor may be
about 1-5umol mol year®* (Keeling & Whorf 1998). This is counteracted by the higher light-use efficiency gplants

likely to have a fertilizing impact on globak@hotosynthe- at high temperatures.

sis and to increase water-use efficiency; the extent and
evidence for this effect is comprehensively discussed else-
where in this volume.

In recent years a number of studies have attempted toHuman activity has also had a major impact on the global
model the response of the terrestrial biosphere to rising CO nitrogen cycle: global nitrogen fixation is estimated to have
concentrations (Kohlmaieet al. 1987; Goudriaan 1992, increased from a natural biological rate of 0-09 to
Polglase & Wang 1992; Gifford 1994; Friedlingsteinal. 0-13 Gt N year to about 0-25 Gt N yeat, with a current
1995; Lloyd & Farquhar 1996). It now appears likely that annual rate of increase of 0-6% ye@allowayet al 1995).
enhanced atmospheric G@oncentrations will increase  This increase is the result of fertiliser production (about
forest productivity, with a resulting terrestrial carbon sink 0-08 Gt N year’), cultivation of legumes, pulses, ground-
of 1 to 2 Gt C year". It must be emphasized that a seques- nuts and rice (about 0-04 Gt N yerand fossil fuel com-
tration rate of 2 Gt C yeat does not require that global net bustion (0-02 Gt N yeaf). Fossil fuel combustion directly
primary productivity,N,, be increased by this amount; the releases NQinto the atmosphere, but much of the N release
lag time between carbon acquisition through primary pro- associated with land use is also released to the atmosphere,
duction and carbon loss through respiration is also impor- in the form of ammonia (NkJ from pastures and fertilized
tant. The net carbon sequestration by an ecosystem is thdields, as NO and dO from fertilized soils, and as HNO
balance between carbon uptake, equalNgpand carbon from biomass burning. However, reactive N compounds
respiration, which is approximately equal to the valuipf have short atmospheric residence times of hours to days, so
T years in the past, wherels the mean residence time for that N is rapidly deposited downwind of emission areas, par-
carbon in the ecosystem. For a linear increashifol- ticularly in East Asia, eastern North America and Europe,
lowed by a linear increase in respiration with lag tmhe where deposition rates can be up to 100 kg N year™. In
rate of carbon sequestration can therefore be estimated aboreal and tropical forest areas, deposition rates are gener-
dM/dt = 7 dN/dt (Taylor & Lloyd 1992), whereM is the ally much lower (5 to 10 kg N hayear™) because of dis-
total (plant and soil) carbon density, anchan be calculated  tance from major sources, except in areas adjacent to
ast=M/N,. We estimate to be 30, 20, and 90 years for the biomass burning (particularly in West Africa) where deposi-
tropical, temperate and boreal case-study sites, respectivelytion may reach about 60 kg Hayear® (Galloway et al
(Table 6). This calculation should be treated with some cau-1995). However, because of the highly effective, turbulent
tion: as explained in the section entitled Stand dynamics, exchange between forest canopies and the atmosphere,
above, the calculated value offor the boreal forest may be  rough coniferous forest canopies, in particular, may scav-
an overestimate, and that for the temperate forest may be aenge 30 kg N hd year™ at sites where the nominal deposi-

Increases in CO , concentration

Increasing rates of N deposition
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tion rate is only 5 kg hd year™ (D. Fowler, personal com-  productivity, in temperate forests because of regrowth and
munication). high N deposition rates, and in boreal forests because of
Several recent studies have attempted to estimate theheir lengthening growing season. Indeed, it is likely that the
effect of increased N deposition on carbon sequestrationterrestrial carbon sink is not confined to or dominated by any
(Townsenckt al. 1996; Hollancet al. 1997). They suggesta  one biome or region.
global N-induced carbon sequestration rate of the order of The direction of the effect of climate change is less cer-
1 Gt C year”, similar to that estimated to be induced by,CO tain, but for the moment its effects are particularly concen-
fertilization, and concentrated particularly in high deposi- trated at boreal latitudes. There the evidence suggests that
tion areas such as eastern North America, central Europewarming temperatures are leading to an enhanced growing
and East Asia. Experimental studies on young trees showseason, but this effect may be negated or reversed by
significant interactions between N and L&rtilization enhanced oxidation of soil carbon. This underlines the
effects (McGuire, Melillo & Joyce 1995; Jarvis 1998). The importance of understanding and monitoring the behaviour
combination of elevated GQOconcentration and N inputs  of soil carbon, which is as important to the carbon balance of
may well be the reason why tree growth is on the increasethe terrestrial biosphere as is the vegetation.
(see section entitled Biomass inventories, above). On the Some simple insight can be obtained by inverting the cal-
other hand, a recent study of uptake'®{ tracer at nine culations in the section on increases in,@0Oncentration,
temperate forest sites found that only a small fraction (20%) above. If we assume that, for whatever reabyrhas risen
of added N was fixed by vegetation, with most ending up in uniformly at 0-1% year in all three forest biomes for sev-
soils (Nadelhoffeet al 1999). Akey question is whether the eral decades, we can examine where the carbon is likely to
global forests will become carbon-saturated in the foresee-be sequestered. The sequestration rate for each biome is pro-
able future, thus losing their carbon sequestration capacityportional to the area of the biome (from Table 1), the intrin-
as suggested by Cao & Woodward (1998). With the present,sic N, per unit area (from Table 6, assuming the case-study
increasing scale of N inputs, this does not seem very likely, sites are representative), and the carbon residence times
but the damaging effects of acute high rates of N deposition(from Table 6, calculating the soil carbon residence times
to forests near centres of population and industry (Schulzeusing the same value bf, as for biomass carbon residence
1989) may also dampen carbon sequestration rates. times). The calculation predicts a global sequestration rate of
Another question is whether increases in plant productivity 1-59 Gt C year', of which 0-78 Gt C yeat (49%) is in trop-
will be limited by availability of other nutrients, in particular ical forests, 0-18 Gt C yedr(11%) is in temperate forests
phosphorus, which is relatively immobile but vital to produc- and 0-63 Gt C yeat (40%) in boreal forests. Within the
tivity (Smeck 1985). Tropical forest soils, particularly, in tropical forest, the calculation suggests that 54% of the
Amazonia, contain very low amounts of available phosphorus sequestration is in biomass and 46% in soil organic matter,
(Vitousek & Sandford 1986) and the primary supply is miner- in the temperate forest 54% is in biomass, and in the boreal
alization of soil organic matter and inorganic compounds. It forest only 13% is in biomass. Overall, 38% of the seques-
has therefore often been assumed that low phosphorus availtration is calculated to be in biomass, and 62% in soil. The
ability may limit the CQ fertilization of tropical forests results are simplistic but nonetheless instructive. There is
(Friedlingsteiret al. 1995; McKaneet al 1995). On the other  likely to be a large carbon sink in intact tropical forests,
hand, Lloyd (1999) argues that there is much recent evidencebecause of their large area and high productivity, unless a
that high CQ concentrations improve plant carbohydrate factor such as phosphorus availability is strongly limitiig
availability, which in turn enhances phosphorus acquisition increase. Moreover, if there is already a carbon sink in tropi-
processes such as mycorrhizal colonization (Wang, Rey & cal forest biomass, as suggested by Phiipsl. (1998),
Jarvis 1998; Staddon & Fitter 1998), production of phos- there is also likely to be a further sink of similar magnitude
phatase enzymes which break down soil organic P compoundsn tropical forest soils, unless rising temperatures are result-
(Duff, Sarath & Plaxton 1994), and exudation of organic acids ing in enhanced soil respiration. Although the temperate for-

which increases mineralization of inorganic P (Boddral. est calculation should be treated with caution because of the
1994). Thus the forest phosphorus cycle may simply speed upunusual case-study site, the result does suggest that total
to meet the demands of enhanced plant growth. sequestration in temperate forests is small because of their

limited area coverage. However, as many of these forests are
actively regrowing, their rates of increase Nf may be
higher than for other forests. It is much more difficult to
In conclusion, most modelling studies suggest that &@ sequester carbon in boreal forest biomass than in the other
N fertilization are boosting global forest primary productiv- forests, because of the low productivity of boreal forest.
ity, and this in turn results in a carbon sequestration rate of 1Unless boreal foredd, is increasing much more rapidly in

to 3 Gt C year", a result that is in accordance with require- boreal forests than in other forests, a boreal carbon sink is
ments to balance the global carbon budget (seemuch more likely to be in the soil, because of its long carbon
Introduction), and with field biomass studies (see section onresidence time. However, the size of the boreal forest active
biomass inventories, above). A case can be made for a signifcarbon pool may be much smaller than the value estimated
icant carbon sink in each major forest biome: in tropical here, or there may be enhanced carbon loss as a result of
forests because of GQertilization of their intrinsic high high latitude climate warming. Put another way, if boreal

Where is the forest carbon sink?
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forest soils are losing carbon, it seems unlikely that borealwith current practice, much of the biomass carbon is
forest biomass is sequestering sufficient carbon in compen-rapidly lost to the atmosphere via decomposition of waste
sation to result in a large boreal carbon sink. The behaviourproducts, fuel consumption and paper production. For
of the soil carbon reserves is critical. example, Harmon, Ferrell & Franklin (1990) estimated for
timber harvests in the north-west U.S. that only 42% of
harvested timber ended up as long-lived products, and
stocks of carbon in living biomass on the site would take
200 years to be replaced by regrowth. They concluded that
With the agreement of the Kyoto Protocol in December the conversion of 1-5 Mha of old-growth forests to planta-
1997, the terrestrial carbon cycle has attained a new politicaltions in western Oregon and Canada has resulted in the
prominence. This protocol provides for reduction of carbon release of 1:6 Gt C to the atmosphere.
emissions not only by limiting fossil fuel production, but To understand natural systems and meet management
also by increasing net carbon sequestration in managed tergoals effectively, we shall need complete C inventories of
restrial vegetation, particularly forests. Individual industries forest stands, as attempted here, with good estimates or
are also increasingly keen to show themselves to be ‘carbormeasurements of the influxes and effluxes of carbon, and
neutral’ by offsetting their carbon emissions against seques-sound knowledge of the variables and the processes that
tration by forests, both outside or within the limited provi- drive and constrain the fluxes. This knowledge needs to be
sions of the Protocol (i.e. afforestation, reforestation and integrated with an understanding of forest dynamics, distur-
deforestation since 1990; Steffenal. 1998). Thus the new  bance and variability at landscape scale to arrive at carbon
challenge is the management of carbon resources, both tdalance of whole biomes, In this review we have tried to
conserve existing stocks and to remove carbon from theshow how well we are currently equipped with this knowl-
atmosphere by adding to them. edge. There is clearly far better knowledge of the carbon

However, there remains some uncertainty as to the magni-balance of forests today than when reviewed for temperate
tude and geographic location of the carbon sink in existing forests, for example, by Jarvis & Leverenz (1983), but it
old-growth forests. As reviewed in this paper, research into still lacks integration in a holistic framework comprising
terrestrial carbon sequestration has advanced rapidly inecophysiology (the nutrient, water and energy balances),
recent years, but all scientific approaches (whether globalnatural forest dynamics and spatial patterns of land use
atmospheric, micrometeorological or forest inventory- management and natural variability.
based) still face a number of methodological difficulties.  This paper has attempted to show some of the issues and
Until these problems are solved and there is greater consisuncertainties that will need to be addressed as we move into
tency in results from various scientific approaches, appropri- an era when the understanding and management of the
ate caution needs to be applied when extrapolating widercarbon cycle of terrestrial vegetation will become of increas-
conclusions about the terrestrial carbon sink. In the post-ing importance.
Kyoto world, the location of the terrestrial carbon sink will
become an issue with enormous political and economic ram-
ifications, and tentative scientific findings may be seized ACKNOWLEDGMENTS
upon and over-interpreted by various political lobbies. We thank Jon Lloyd, John Grace and Patrick Meir for
However, this political interest arises precisely because thecomments on this manuscript, and Jon Massheder, Mark
results have important implications, and, as long as the sci-Rayment, Niro Higuchi and all members of the BIONTE
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in informed political debate.
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