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SUMMARY

Terrestrial ecoyystems and climote are closely coupled.,
Changes in climute and the carbon dioxide concentration of
Ihe atmasphiere cause changes in the struclure and function
of termestrial ecosystems. In turn, changes in the structure
and function of terrestriul ecosystems influence the
climatic system through biogeechemical processes that
involve the land-atmosphere exchanges of radiatively
active gases such us carbon dioxide (CO,), methane (CH,)
and nitrous oxide (N,O), and changes in biogeophysical
processes that invelve water and encrgy exchanges, The
combined consequences of these effects amd leedbucks
must be taken into account when evaluating the future ste
of the atmosphere or of terrestrial ecosysiems.

The global carbon budget and net CO, exchange between
the land and the atmosphere

Analyses based on atmospheric €O, and ''CO,
measurements suggest that the terrestrial biosphere is
currently a net curbon sink. Such analyses quantify the
strength of this sink as 0.5-1.9 GtClyr during the 1980s,
and as high ns 2.6 GIC/yr during 1992-3; they also suggest
that the tropics have been a net carbon source, implying
even greater rates of carbon storage in mid- 1o high
latitudes, Direct observations 1o establish the processes
responsible for this carbon storage are, however, lucking,
Pussiblities include post-harvest regrowth of mid- and high
latitude forests (0.5-0.9 GiClyr according to IPCC WG
{1995), Chapler 24), enhanced vegetation growth due to
physiological effects of increasing CO, (0.5-2.0 GiClyr)
and nitrogen deposition (0,5-1.0 GiCryr) (figures from
madel calculations), and, probably, u substantial range
(0-2.0 GtCiyr) of interannual variation due to climatic
anomalies. These processes are not additive: for example,
the rate of carbon sequestration in mid-latitude forests may
include effects of all of the other processes,

The future role of the terrestrial biosphere in controlling
atmospheric CO, concentrations is difficult 1o predict
because we do nol know which of these processes will
dominate. As long ax CO, increases, the €O, fertilisation
effect is expected to play a role in enhancing terrestrial

carbon storage, However, this role will disappear if
utmaospheric CO, is stabilised; also, plant growth may not
continue Lo increase if the atmosphere’s CO, concentration
rises above some level, perhaps around 1000 ppmyv,
because the CO, fertilisation response is then siturated.
Nitrogen fertilisation may continue to promote carbon
storage in the forests of the Northern Hemisphere, but this
effect would cease if the cumulative nitrogen inputs reach
levels, yet to be defined, beyond which the impacts on
plant growth become deleterious, Deforestation, which is
already causing a net release of carbon from tropical lands
1o the atmosphere of 1.6 & 1.0 GtClyr, may increase to
meet the food needs of an expanding human population,
and extensive deforestation could adversely affect the
biosphere™s continued capucity 1o act us o carbon sink.
Further uncertainties arise because changes in climate
and atmospheric CO, over the next decades 1o o century
are likely to produce changes in the structure of natural and
managed ecosystems, Structural changes include changes
in the local abundance of species and genetic sub-groups_
(genotypes), und in the global geographic distributions of "
assemblages of species {biomes), There will be transient
effects, varying according 1o the rate of climate change.
With slow change, shifts in competitive balance among
species might occur subtly with minor effects on terrestrial
carbon storage, With rapid change, direct impacts on the
growth and survival of particular types of plants could
cause dic back and carbon Joss before better adapred types
hecome estublished. This possible asymmetry of terrestrinl
carbon loss and uccumulution under rapid climute change
lias led to the concern that climate-induced transient
vegetation changes could release CO, into the atmosphere,
counteracting the biosphere’s copacity to take up CO,. The
magnitude of this feedback is highly uncertain: it could be
near zero or, with low probability, as much as 200 GiC
over the hext oue to two centuries, The more rapid the
climate change, the greater the probability of & large
transient curbon release, The probability also depends on
the extent, intensity and impact of mid-continental drought,
which is a major discrepancy both among general
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circulution models' (GCMs) and among ecosystem models.
More reliable projections of drought and its mpacts on
ccasystems will require the incorporation of ecosystem
dynamics in global carbon cycie madels and the coupling
of ecosystem models with GCMs,

Methane (or COy) release from wetlands

Methane is produced in flooded organic soils as o resulr of
the metabolic activities of micro-organisms in the absence
of oxygen. Methane emissions from natural wetlonds
contribute about 20% 1o the global emissions of this s to
the atmosphere. Methane flux from wetlands could either
increase due o rising temperntuses and CO,, ar decrease
due 10 drying of the soils, If high tutitude wetlands dry out,
however, there will be 4 release of stored curbon a8 Co,.
The rate of CO, release with drying is uncertain, but
potentially lurge since us much as 450 GiC may be stored
in high lutiude wetlands,

Nitrous axide release from soils

The global nitrouy oxide budget is dominued by micrpbial
processes in soils, especially those in the moist tropics, The
major N,O-producing process is denitrificution.
Denitrification is promoted by high nitrate supply and low
soil oxygen concentration, Warmer soils promote more
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rapid pitrogen cy¢ling und often more nitcate, while wetler
soils leud 10 low soil oxygen levels. Where soils become
warmer and wetter, the production of N,O will increuse,
but the global magnitude of this increase has not been
estimated,

Effects of land-surface changes on climate

Vegenation mediates the exchange of water and energy
between the land surfice and the atmosphere, and thereby
affects climate. As biomes shift, the climate will be
affected, For example, high latitede warming is expected to
cause forests to spread into tundri. This change would be
expected 10 increase the wirming in northern mid- 1 high
latitudes by more than 50% over 50-150 years because of
the lower albedo of forests during the snow season. Such
feedbacks will, however, be modified by lund-use chunges
such us deforestation,

As atmosphedic CO, increases, stomutal conductusice
declines, 50 that the effectivencss of witer conservation by
plants is increased and the effects of drought on plum
growth ameliorated. But declining stomatal conductunce
will also have feedback effects on climate. It has been
estimated thut a global halving of stomutal conductance,
with no change in leaf area, would fead 10 an additional
surface air warming of about 0.5°C avernged over the lind.

! Throughout this chapter a GCM sefers 1o an wmospheric peaeral
circulution mide! coupled 10 u mixed-layer ocean model.
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9.1 Introduction

Terrestrial ecosystems can influence the climate system
through biogeochemical and biogeophysical processes,
Key biogeochemical effects and feedbacks of ecosystems
on climate involve the land-atmosphere exchange of
radintavely active gases, such as CO,, CH, and N,O. These
gases exert @ major control on the climate system, Their
atmospheric content can be increased or decreased by
changes in the structure and function of terrestrial
ccosystems as-these systems respond to environmental
changes including changes in climate. Structural and
functional changes in land ¢cosystems can also cause
biogeophysical effects and feedbacks by altering the
cxchange of water and energy, leading (o changes in
surface temperatures, atmospheric circulation and
precipitation patterns.

In this chapter we will consider major feedbacks
between terrestrial ecosystems and the climatic system for
three time intervals; (1) the present; (2) a future period of
"climate trnsivion™ that is likely 1o range from decades to
centuries; and (3) a hypothesised “new equilibrium
condition™ that is probably centurics into the future, We
deal with feedbacks in the global carbon, methane and
nitrous oxide budgets. We also discuss how changes in
ccosystem structure and function affect climate through
biogeophysical feedbacks.

The range of topics covered in this chapter is more
restricted than the range covered in the first IPCC
Scientific Assessment (Melillo ef al., 1990). This is
because an extensive assessment of terrestrial impacts is
given in IPCC WGII (1995),

9.2 Land-atmosphere CO, Exchange and the Global
Carbon Balance: the Present

Land ecosystems of the Earth contain about 2,200 GiC; an
estimated 600 GiC in vegetation and 1600 GiC in soils.
These land carbon stocks are changing now and are likely
to continue to change in the future in response to changes
mn zny or all of the following factors; area of agricultural
fand, age structure of forests, climate, and chemistry of the
atmosphere and precipitation.

9.2.1 Changes in the Area of Agricultural Land

Agricultural land occupies almost one fifth of the Earth's
terrestrial surface (Olson, 1983), A substantial portion of
this land was once forested and so contained relatively
lurge carbon stocks in both trees and soits, The conversion
of forests to agricultural lands releases carbon, mostly from
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trees, 1o the atmosphere through burning and decay.
Conversely, the regrowth of forests on abandoned lands
withdeuws carbon from the stmaosphere and stores it again
in trees and soil. The net flux of carbon from the land to the
atmosphere primarily associated with agricultural
expansion for 1980 has been estimated at between 0.6 and
2.5 GiClyr (Houghton er al., 1987 Hall and Uhlig, 1991;
Houghton, 1991; Houghton, 1995), 1IPCC (1994) indicates
that the net emission from changes in tropical land-use was
1.6 £ 1.0 G1C/yr for the period 1980 through 1989
(Schimel et al,, 1995). Houghton (1995) estimated that in
1990 the net flux to the atmosphere, essentially all from the
tropics, was 1.7 GiClyr with an uncertuinty of £305%.

9.2.2 Changes in the Age Structure of Forests

Young and middle-aged forests accumulate carbon, while
old-growth forests accumulate litde if any carbon. Forests
of the Northern Hemisphere's mid-latitudes that were
harvested in the curly avd middle parts of the 20th century
are still regrowing and accumulating carbon (e.g., Kauppi ef
al., 1992; Wofsy et al., 1993), Estimates of rates of carbon
accumulation related to forest regrowth in these regions
range between 0.7 and 0.8 GiClyr for the 1980s (Melillo er
al., 1988; Sedjo, 1992; Dixon e al,, 1994). Melillo e al.
(1988) have argued that the fate of the cut wood must also
be taken into account when evaluating the net effect of
forest harvest and regrowth in the global carbon budget; that
is, the rate at which the carbon in the cut wood is returned
to the mtmosphere as a result of buming and decay must be
considered, When Melillo ef al, did this, they concluded
that the net effect of forest harvest and regrowth for the
middle and high latitudes of the Northern Hemisphere on
terrestrial net carbon storage was approximately zero in the
1980s. 1t must be recognised that there are considerable
uncertainties associated with estimating the fate of cut
wood, including wood left at the harvest sites, fire wood,
and wood products such as paper and lumber (Meliflo e al,,
1988; Harmon et al., 1990). Because of these uncertainties,
IPCC (1994) estimated that forest harvest and regrowth
resulted in an accumulation on land of 0.5 = 0.5 GiClyr
during the 1980s (Schimel eral,, 1995),

Changes in the frequency of fires, insect outbreaks and
other disturbances can also alter the age structure of forests
and affect their capacity to store carbon. Disturbance
regimes are affected by climatic conditions such as
warming and drought. Kurz and Apps (1995) have reported
that since 1970, the boreal forest regions of Canada have
experienced increased rates of distarbance, especially
spruce budworm outbreaks and fire, As a consequence,
these forests have switched from being a sink for



utmospheric CO, (0,15 GiClyr) w0 being u curbon source 1o
the utmosphere (0.05 GiClye), albeit o small one, Kurz e
al, (1993) consider Wanming 0 be one of severl fuctory
possibly responsible for the recent increase in fire
frequency in Canada, While climate-reluted increases in
disturbance frequencies may be occurring in other regions
(Woodwell, 1995), we do not have 4 good global

accounting of them or of their consequences for terrestrial
carbon storage,

9.2.3 Changes in Ecosystem Metabolism
Euch year, about $% of the land’s wial carbon stock iy
exchanged with the wmosphere s a result of plunt and soil
metabolic  activities. Through ‘the process of
photosynthesis, lund plants ke up on the order of 120
GiClyr in the form of CO, from the atmosphere, This
nrbonupmkeislpproximmlybnlm:edbyplnmmﬂsuil
respiration, which release carbon as CO, to the
atmosphere. A change in the balunce between
photosynthesis and respiration will change the carbon stock
on lmdlndnlsohuunpomuinl lonllcnhéCOzcamcm
of the amosphere.

The relationships among the various metabolic processes
in temestrial ecosystems can be defined by three equntions:

NEP=GPP~R ~R, (9.1)
NPP=GPP-R, ~ (92)
©3)

NEP = NPP - R,
where, ut an annual time slep:

INEP is net ccosystem production, the yearly rate of
change in carbon storage in an ecosystem, It can be
either positive or negative. A positive NEP indicates
that the ecosystem has accumulated carbon during the
yeur, while u negative NEP indicates that it hiss lost
cirbon during the year,

XGPP is pross primary production, the amount of
carbon fixed through the process of photosynthesis by
the ecosystem's green plants in o year,

XR, is autotrophic respiration, the amount of carbo
released w the atmosphere as CO, by the ecosysiem's
green plants through respiration in a yeur,

IR, is heterotrophic respiration, the amoant of carbon
released to the atmosphere as CO, by the ecosystom’s
animals and Micro-organisms through respication in a
yeur,
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INPP is net prinary production, the difference between
gross primary production (G£P) and plant respiration
(R,) in o year,

As we face the prospect of climate change, an importst
question 1o usk ourselves is: how will the relationship
between NPP and Ry, change as the Earth wurms is
fesponse to the accumulation of carbon dioxide and other
heat-trapping gases in the atmosphere? An answer o this
Question is complicated by the fact that both positive aa
negative metaholic feedbucks may be simultancously
involved,

The major positive metubolic feedback iy associued
with warming. The suggestion is that an increase in
tfemperature will increase mutes of both plant and microbiul
respirution and speed the release of carbon into the
atmosphere from plams and soils (Woodwell, 1983, 1989,
1995). Negative feedbacks have been proposed that are
ussociated with an increwse in atmospheric CO, und with
warming, The increase in atmospheric CO, may cause o
stimulution in rates of Photosynthesis and an increase in
curbon storuge (e.g., Oechel und Strain, 1985). In nutrien-
limited forests, warming may increase tervestrial carbos
storage by relieving plant nutrient limitations (McGuire ef
al., 1992; Shaver et al,, 1992).

In addition to the possibility of simultaneous feedbucks
of opposite sign, there are other aspects of global change
thit may affect terrestrial ecosystem metabolism und carbon
storuge. Some of the major effects are ussociuted with (he
burning of fossil fuels, which Cuuses chunges in the
chemistry of the atmosphere and precipitation. Fossil fuc)
bumning can lead 10 the production of air pollutims such
sulphur dioxide and ozone thiu ure txic 10 plants, These air
pollutants can decrense NPP and curbon storage (Allen and
Amthor, 1995), The buming of fossil fuels can also Iead w
increases in nitrogen in precipitation. Up 1o some
cumulitive level, increased nitrogen inputs (o nitrogea:
limited ecosystems, such us mitny temperate and boreal
farests of the norhem hemisphere, cun cause increuses In
NPP and carbon Morage. Nitrogea inpurs beyond the
threshold level can lead (o decreases in NPP and curhon
storage (Aber ez al,, 1989; Schulze e uf,, 1989y,

9.2.3.1 Climare change

Climate changes may affect NPP in variety of ways.
Elevated temperature may increase NPP by enbancing
photosynthesis (Larcher, 1983) or through increused
nutrient availubility if decomposition und nutriem
mineralisation are enhanced (Bonan and Van Cleve, 1042,
MeGuire er al, 1992; Melillo e al, 1993, 1995), It may
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decreane NP by decreasing soil moisture which may
reduce photosynthesis through decreased stomatal
conductance (Hsaio, 1973; Gifford, 1994) or decrensed
decomposition and mineralisation (McGuire of al, 1992,
1993; Pastor and Pest, 1988; Parton ¢r al., 1995). Elevated
lemperatufe may also increase plant respiration and so
reduce NPP (McGuire ef al,, 1992, 1991; Running and
Nemani, 1991), although this cffect muy have been
overestimated (Gifford, 1993). The effects of precipitation
and cloudiness on NPP can alvo be positive or negative in
different situations. In dry regions, lower precipitation or
lower cloudiness may decrease NPP by lowering soil
moisture. In moist regions, increased cloudiness muy
decreuse NPP by reducing the availability of
photosynthetically active radiation (PAR). Climate changes
may further influence NPP by affecting leaf phenology in
deciduous vegetation (Long and Hotchin, 1991).

Climate affects carbon sorige in terrestrial ecosystems
because temperature, moisture, and radiation influence
bath carbon gain theough photosyntheses und carbon Joss
through respiration. Soil respiration is generally
sccelerated by higher temperitures, producing an increase
in the release of CO,; from terrestrial LCosystems
(Houghton and Woodwell, 1989 Melillo of al., 1990;
Shaver et al,, 1992; Townsend e af,, 1992; Occhel er al,,
1993; Peterjohn er al., 1993, 1994; Lloyd und Taylor,
1994 Schimel ¢r al., 1994: Kirschbaum, 1995). 11 is
thought that in many ccosysiems the increase of soil
fespiration with temperature is steeper than any increase of
NPP with temperature, so that the not effect of WUrming is
1o reduce carbon storage. Lloyd und Taylor (1994),
however, caution that valid conclusions regurding the
elfects of passible changes in femperatures on soil curbon
pools cannot yet be made because we lack a detailed
knowledge of the temperature sensitivity of carbon input
mio the soil via NPP,

Occhel et al. (1993) report that the recent general patterm
of warming of the north slope of Alaska and the Canadian
Arctic may have led to a reduction of carbon storage in
tundra ecosystems of the region, At a set of sites in the
wadra of the north slope of Alaska, they measured whole
ccosystem CO, flux over five summers between 1983 and
1990, and found a net flux of carbon from the land to the
atmosphere. Extrapolating their results from the Alaskan
tundra to the circumpolar Arctic, Occhel et al. (1993)
estimate that regional warming could have caused 1 net
flax from the lund to the atmosphere of ibout 0.2 GtClyr
during the 1980s,

Warming may not always lead 10 a reduction of ciarbon
storage in terrestrial ccosystems. It has also been suprpested
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The Link Between Carbon Storage und Nitrogen
Distribution in Terrestriul Ecosystems

Changes in the distribution of nitrogen between plants
and soil can chunge the amount of carbon stored in an
ccosystem. Plant and detrital tissues in terrestrial
ceosystems vary widely in their stoichiometric rtios of
C and N (Melillo and Gosz, 1983; Schindler and
Buyley, 1993; Gifford, 1994; Kinzig and Socolow,
1994; Schulze er al., 1994). If warming of the Earth
accelerates mineralisation of N from soil organic
mutter, where the C:N ratio usually ranges from 10 to
25, and if the N is wken up by plants and used to
produce more woody biomass with a C:N ratio between
40 and 400, then the ecosystem would experience n net
increase in carbon storage (Gifford, 1994; Peterjohn et
al, 1994; Melillo, 1995; Melillo ef af,, 19953). On the
other hand, if the processes of microbial mincralisation
of soil organic matter and plant uptake of mineral N are
decoupled in space or time, then N might be lost from
the ecosystem via leaching or denitrification, resulting
in a net loss of both C and N from that €cosystem,

that in nutrient-limited forests, particularly in cold
climates, wirming muy increase carbon storuge through a
Iwo-step mechunism (McGuire er af, 1992; Shaver ¢t al.,
1992; Melillo er al,, 1993; see Box on The Link Between
Carbon Storage and Nitrogen Distribution). First, waming
may increase the decay rate of low carbon-to-nutrient ratio
soil organic matter which may release nutrients to soil
solution and some CO, 1o the wmosphere (Peterjohn er al,
1994; Melillo et al., 1995a). Second, there miy be
ncressed nutrient uptake by trees which store nutrients in
woody tissues which have a high carbon-to-nutrient tio,
By differentially affecting NPP and Ry, climate
variations in temperature, precipitation and cloudiness on
the annual (o decadal time-scale may have affected
terrestria! carbon storage. Dai and Fung (1993) and
Keeling er al. (1995) have suzgested that these variations
could have resulted in a substantial terrestrial carbon sink
in recent years, Ciais et al, (19954) suggested that cooling
ariging from the effects of Mt. Pinatubo's eruption in June,
1991, may have increased terrestrial carbon storage and
contributed to the observed reduction in atmospheric
erowth rute during the 1991 10 1992 period. The magnitude
of the effect of these climatic variations on global
terrestrial carbon storage i highly uncertain, but may be
between 0 and 2.0 GiClyr. Terrestrial carbon storage
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caused by climute anomalics may be spatially complex due
to the potential for a spatial moesaic structure of the
anomalies, In the near tenm, some regions may expericnce
increases in carbon storage and others decrenses,

$.2.3.2 Carbon dioxide fertilisation

Results of laboratory and field studies

A shart-term increase in CO, concentriation causes un
increase w photosynthesis at the level of individual leaves
(¢.g., ldso and Kimball, 1993), Leaves may occlimate w
increased CO, such that long-teem increases in CO, result
in smuller increases in leaf-level photosynthesis (Wong.
1979; Tissue and Occhel, 1987; Fetcher ef al, 1988, Sage
etal, 1989); but this does not always occur (¢.¢., Masle e
al., 1993; Gunderson and Wullschleger, 1994; Luo ef al,
1994; Sage, 1994). At the level of the whole plant,
feedbacks from non-leuf organs can influence leaf
photosynthetic responses to CO,. If photasynthesis
increases to a greater extent than the mte at which carbaon
assimilited during photosynthesis can be used in additionnl
growth, photosynthesis cun be slowed by negative
metabolic feedbacks in plunts (Arp, 1991; Bowes, 1991
Luo er al., 1994; Sage, 1994). On the other hand, un
increased carbohydrate supply which is allocated below
ground may help to alleviate nutrient limitations on
photosynthesis by enhancing biological nitrogen fixation
andior increasing mychorrizal activity leading to greater
uptuke of phosphorus (Norby, 1987; O'Neill et wl., 1987,
Amaone and Gordon, 1990; Lewis et al, 1994; O'Neill,
1994,

Studies of both ccop und non-crop plants grown in
doubled CO, have shown increased growth responses ofien
in the range of 15 to 71%. The total range 15 from
negutive response of 43% to u pasitive response of up 1o
375% (Kimball, 1975; Kimball and Idso, 1983; Eamus and
Jarvis, 1989; Poorter, 1993; Ceulemans and Mousseuu,
1994, 1ds0 and Mdso, 1994; McGuire «f al,, 19954,
Wullschleger et al., 1995). Across the tissue, plant and
ecosystem levels the experimental evidence shows that the
proportional response of NPP to elevated CO, is greater
when soil moisture is depleted. Elevated CO, generully
decreases stomatal conductance and hence transpiration,
enhancipg NPP by promoting greater water use elficiency
(Gifford, 1979; Wong, 1979; Mornison and Gifford, 1984;
Polley et al.,, 1993), There Is some evidence thit nitrogen-
limited planis are less responsive to increases in CO, level
(McGuire er al., 1995a), but a recent review suggests that
this is not always true (Lloyd und Farquhar, 1995),

Increased CO, may lead 10 increased carbon storage, but
the magnitude of this effect is highly wncerain. Carbon

VREFRSNTINE _SESLININ. SV agretvive &

sequestration at the ecosystem level depends not only on
plunt photosynthesis, resplration and growth, but also on
the fluxes of carbon out of litter amd soil carbon pools. Al
equilibrivm, plant NPP would be balanced by these
mictobially mediated soil fluxes (R). However, if there is
a progressive change in NPP such us a progressive increase
in NPP due 1o the effect of nsing CO,, the system will not
be in equilibrium. In general the soil CO, flux (K,) is
propartional 1o the size of the decompasing carbon pools,
whereas NPP is determined by the sctivity of the leaves. If
CO, increases, NPP may therefore increase immediaely
while the size of the decomposing pools takey time 10 buikd
up, I NPP were 1o stop increasing (¢.g., due to CO,
stubilisution), the sink would weaken, with i decay time
determined by the residence times of the pools to which
curbon has been added, This is the theoretical explanution
for why nising CO, is thought 10 be producing 3 carbon
sink, and why the sink may be i transient one (Taylor and
Lloyd, 1992).

A number of COy-ennchment ficld experiments have
been conducted on intact ecosystems (Deake, 19924 Nie e
al., 1992; Owensby of al, 1993; Oechel er al., 1994,
Juckson et al, 1994; Kémer and Diemer, 1994), When the
NEP responses 10 CO, increuses were messured, the results
ranged from relutively large increases in a temperate
wetland (Drake, 1992iub), 1o @ small increase in o tundiu
(Occhel er al,, 1994), There have been no comparable
experiments on forests and this has resulted in an importnt
gap in our understanding of how terrestrial ccosystems
respond to increased ammospheric CO,, Carbon dioxude
fertilisation studies In forests are o high research priority.

Modeliing studies

The first model-bused unalyses of the current effects ol
CO, increase on terrestrial carbon stornge were performed
with simple models in which the termestrial biospliere was
represented by one or i lew boxes. In one such aralysis,
Giltoed (1993) worked within u plausible range ol values
(10, 25 und 40%) for the inerease in NPP ax doubled €O,
Assuming that the terrestrinl biosphere was in equilibrium
in pre-industrial times, he forced his model with the
histoncal record to give an idea of the extent 1o which the
CO, increuse would produce an imbalunce of ¢arbon
uptake and release, The resulting terrestrial carbon storuge
rutes due to this mechanism were 0.5, 2.0 and 4.0 GiClyr
during the 19805, Rotmans und den Elzen (1993) showed,
m an analogous model experiment, that CO, fentilisation
was stimulasting carbon storupe 9t o raw of 1.2 GiClyr. A
new version of u global bivgeochemistry maodel, the
Terrestriul Ecosystem Model (TEM), (McGuire ¢ al,,
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Figure 9.1: Simuluted development of a temestrinl biosphere
carbon sink due 10 COy-induced increnses in net primary
production (NPP), as simuluted with the Temestrial Ecosystem
Model (Melillo er al., 19955). The hivsplere was assumed to be
m equilibeium before 1750, Climate was kept constant (s
present). (a) Simulated time course of net primary production
(NPP) and heterotrophic respemtion (&) (by Cumulative net
ecosystem production (NEP), Le., sink strengih,

1995b) was used by Melillo ef af, (1993b) in the transient
mode 10 exploce the effects of CO, cnrichment, taking into
account the variety of responses by different ccosystems.
The model indicated that the mean CO,-stimulated carbon
storage (NPP minus R,) during the 1980s was 0.9 GiClyr,
and that it reached almost 1.0 GiClyr in 1990 {Figure 9.1),
Based on our current knowledge from faboratory, field and
modelling studies, we consider a plausible range of the
€O, fenilisation effect to be 0.5-2.0 GiClyr for the 19805,

9.2.3.3 Air pollution

The world's two major phytotoxic air pollutants are ozone
(0,) and sulphur dioxide (50,), They are spread
throughout the industrial and agricultural regions (Heck,
1944), Experimental studies have documented signiflicant
effects of ozone on a variety of plant processes. It con
reduce photosynthesis, incréase respiration and promote
carly leaf senescence, These effects, either singly or in
combination, can lead to redoced plant growth (Allen and
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Amthor, 1995), Chumeides er al. (1994) have presented
evidence that the growth of urban and industrialised areas
und intensive agriculture, through their production of
rroposphenc ozone, are reducing agricaltural yields and,
presumably, plant growth in adjacent non-agricultural
ccosystems, Sulphur dioxide's muin effect appears to be to
reduce photosynthesis, which leads to reduced plant growth
(Allen and Amthor, 1995). In combination, ozone and
sulphur dioxide can intersct to magnify the negative effecty
of either pollutant alone on plant growth (Ormrod, 1982).
While it is not disputed that ozone and sulphur dioxide
pollution have the potential to reduce both NPP and carbon
storage in terrestrial ccosystems, there is little basis for
making global estimates of these effects (Chameides er al.,
1994).

9.2.3.4 Nitrogen fertilisation associated with acid rain
Those mid-latitude ecosystems of the Northern Hemisphere
that are near or downwind of industrial and agricultural
areas are reociving large inputs of nitrogen, mostly from
fossil fuel bumning. Forests in western and central Europe
and eastern North America receive up to 50 kg N/halyr
(Melillo er al,, 1989; Schulze er al,, 1989) or more. These
nitrogen inputs may be enhancing NPP and terrestrial
carbon storage, For example, Kauppi ef al, (1992)
suggested that increases in the growth rates of European
forests observed between 1950 and 1980 were due to
nitrogen fertifisution, although other mechanisms such as
CO, fertilisation, climate variability and management
changes may also be involved.,

Experimental evidence supports the nitrogen-stimulation
mechanism for increasing carbon storage in mid-tatitude
forests. In a field study in which 50 kg NMalyr has been
added to large plots of healthy evergreen and deciduous
forests for several years, carbon storage in aboveground
woody tissue has increased by 10-20%/yr (Aber et al,,
1993). However, this increase in carbon storage is expected
10 reach a threshold level beyond which further additions
of nitrogen are likely to result in NPP reduction, tree death,
and carbon loss (Aber ef al,, 1989; Schulze ¢t al, 1989),

Many terrestriul ecosystems, especially those in middle
and high latitudes, are nitrogen limited; that is, added
nitrogen will produce a growth response and additional
carben storage (¢.g., Melillo und Gosz, 1983; Vitousek and
Howarth, 1991; Schime! er al., 1994; Melillo, 1995),
Nitrogen deposition from fertilisers and oxides of nitrogen
released from the bumning of fossil fuel during the 1980s is
euimnlcdlounwmwnglobal(oulofo.os-o.oscmlyr
(Peterson and Melillo, 1985; Duce et al, 1991: Galloway er
al., 1995; Melillo, 1995), spatially concentrated in the
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Table 9.1: Recent estinates of nitrogen-stinudated carbon Xorage in terrestrial ecosysteny,

Region(s} considered

N Input C story
TeNfye GiClye

Kohlmaler of al., 1988 30 - N =21 upto 07
Schindler and Bayley, 1993 globe 13 ~07-20
Hudson ef al., 1994 Nuetlern Hemisphent Jo -0
Townsend ef al,, 199 global {exclubing cublivated urcas) T 02<12°
Melillo, 1995 temperute und boreal furests of Noeth America und Europe N 0.6 -04'
T NOy only.
* Best estimate (1.3 < 0.6.
* Lower end of runge mure lkely,

northemn mid-lutitudes, The carbon sequestration which
results from this added nitrogen is estimated o be 0,2<2,0
GiCiyr (see Table 9.1), depending on assumptions about:
(1) the proportion of nitrogen thal remains in ceosystems;
(2) the refative distribution of nitrogen between vegetation
and soil; and (3) the C:N ratios of the vegetation and soll.
Estimates higher than | GiCfyr seem unrealistic because
they assume that all of the N would be stored, und in forms
with high C:N rutios, which is improbuble, Recent studies
of the fute of nitrogen udded 1 forest ecosystenms suggests
thut between 70 and 90% ends up in the soil, which has o
relutively low C:N mtio (Aber ef al, 1993; Nadelboffer e

al,, 1995). In sddition, much atmospheric nitcogen is in
reality deposited on grasstunds and sgricultural Landy where

storuge occurs in soils with low average C:N ratios. A more
plausible range for this effect is therefore 0.5-1.0 GiClyr.

Model calculutions have not yet considered the fact thig
CO, wnd nirogen fertilisation are likely 1o be ineracting.
The additional nitrogen mauy enhance photosynthesis and
plant growth (Buzzaz and Fujer, 1992; Diaz o al, 1993;
McGuire et al., 19954 — see Section 9,2.3.1), and possibly
leud to Inereased carbon storge,

9.2.4 Estimates of Current Terrestrial Carbon Sinks from
Atmospheric Measurements
Observations at stutions monitoring background
concentrutions of CO, indicate that only a portion of the
fossil fuel-derived CO, remains aitborne, while the
remainder is absorbed by the oceans und the terrestrial
biosphere. A first order estimate of the global distribution
of sinks by latitude can be mude using CO, concentration
data from petworks of monitoring sutions (Denning e af.,
19495), but the distinction between lund and oceun sinks wnd

sources within a particular latitudinal band requires
sdditional information, The relative roles of 1errestrial
versus ocein ecosystems in these bunds can be estimuted
with several approsches (Tans of ul,, 1995), including vaes
that use the "CI'C rutio of the €O, The curbon isotope
ratio of CO, is useful because terresirial uplake
discriminates strongly against C whilke the ocean uptuhe
shows little diserimination (Keeling ef al., 1989, 1993,
Francey er al,, 1995). Francey ef al, (1995), using o
terrestnial diserimination value of |8 parts per thoasam,
extimated o net lerresrinl storage over the Lust devisde of |
103 GClyr.

Lloyd and Farquhur (1994) pointed out that the
magnitude of C diserimination among land plunty
depends on the hiochemicul puthway they use
photosynthesis and that this affects the analysis of
atmospheric observations, The C, pathway results b a
discrimination of 18 purty per thousand, while the €,
pathway results in very ligke disceimination! Considering
the distribution of Cy and C; plants und their share
globul MNPP, Lioyd and Furqubar (1994) estirmsted that the
global uversge terrestrial diseriminution factor is abhowt 15
parts per thowsand, This meuns that Francey e al, {195)
iy have underestimated the pet terrestrial uptake by up 1o
25%, Ciais er al. (1995b) included the C, effect in un

! €, photosynthesis is the nonmad biacheaical pathwiy of et
fixation in plunty, C; phutosynthesis s a more comphex pashway,
found for example in tropical grusses, which inclodes i mevhaniun
for copeemtrusing CO, at the sues ol cuchan fixaton, The €,
puthwiy sccounts for o substantiol fraction of wial N2
tropeal grassbands amd suvimnatin, Some vopieal crops, wcluding
supar cune, also use this pathway
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umilysis of duta from o greatly expanded global network.
They found thit the net tervestrial carbon sink averaged 2.6
GiClyr during the years 1992 and 1993,

The analywes of Ciais ef al. (1995b) indicate that for the
landd ecosystems outside of the equatorial band from 30°S
1o M)°N, net carbon storage {i.e. NEP) avesuged 4.3 Gulyr
for the years 1992 and 1993, Most of this storage, an
averige of 3.5 GiClyr, was between 30° and 60°N. These
are large nembers in the global carbon cycle when
compared to the annual fossil fuel emissions for the same
two years, which was about 6.1 GiClyr. It follows that the
tervestrial biosphere is currently playing a major role in the
carbon cycle, in some years more than compensating for
terrestrial ecosystem sources of carbon, including those
associated with deforestation (se¢e Section 9.2.1) and
enhanced respiration in response to regionul warming in
the circumpolar tundra (see Section 9.2.3.1), The luture
maintenance of this role is crucially imponant 10 wenanios
of CO, stabilisation.

A major complication in developing future scenarios of
CO, srabilisation that accurately include the role of
terrestrial ecosystems in the global carbon cycle is thart the
magnitude of the extria-tropical sink appears to vary
substantially through time (see Table 9.2, Keeling ¢t al.,
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1989 Tans e al., 1990; Cials et al,, 1995b; Frunccy ef al,,
1995) and may be responding to climatic variations on the
scale of years to decades (Dai and Fung, 1993; Keeling et
al., 1995). The magnitude of the response to climatic
anomalies is highly uncertain but may be in the range of
£2.0 GiClyr,

Lodger time-series with information on carbon isotope
composition of CO, will provide us with a beter idea of
how much the extr-tropical carbon sink changes through
time. Refined estimates of the role of terrestnial ecosystems
in the global carbon balunce will likely soon come from
data on the oxygen isotope composition of CO, (Francey
wnd Tans, 1987, Farquhar er al., 1993) which can also be
obtained from the global network. Further information will
come from measurements of the atmosphenic concentration
of oxygen and its spatial variation (Keeling and Shertz,
1992),

While various picces of evidence support 2 substantial
terrestrial carbon sink in the Northern Hemisphere, direct
observations to confirm the hypothesis and to establish the
processes for this carbon storage are lacking. Expanding
our understanding of the processes responsible for net
unnual storage of carbon by the terrestrial biosphere is
among our greatest challenges,

Table 9.2: Estimated global carbon budgets bayed on atmospheric observations, obtained using a range of methods for
varions vears diring the 1980s and 1990s (modified from Tans et al., 1995).

Reference Year(s) Global Tropical Extra-tropical Primary constraints
net Mux net Aux! net Nux
GeClyr GiClyr GaClyr
Keeling er al., 1989 1984 -0.5% +0.38 o7 history of atmospheric (CO, ), and its
BCMC ratio
Tans et al,, 1990 19811987 -19 +H.5 ~2.4! observed lotitudinal gradient of
amospheric (CO, ), and its global
annual rate of increase
Ciais et al,, 19950 19921993 -2.6 +1.7 43" observed lotitudinal gradient of
atmospheric [CO,], and its /¢
ntio
& The net wopical Mux term represents hoth the release of carbon from the kand 1o the utmosphere due to deforestation and any
stocage occurming in undisturbed foeests associated with processes such as CO, fertilisation.
§ A negative sign represents uptake of carban by temestrial ecosysiems from the atmosphere, 3 positive sign represents 1 release
of carbon by teerestnial systems to the atmosphere,
1 Exwra-ropical region includes all lund outside of o band between 15*N and 15°S.

Extra-tropical region includes all land outside of a band between

30°N and 30°S.
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9.3 Possible Effects of Climate Change and

Atmaospheric Carbon Dioxide Increases on
Ecosystem Structure

Changes in climate and atmospheric carbon dioxide
concentration affect the species composition and structure
of ccosystemy because the environment limits both the
types of organisms that can thrivé and the umounts of plant
tissues thut can be sustained, Compositional and structural
changes, in turn, affect ccosystem function (Schulze, 1982;
Schulze and Chapin, 1987; Schulze, 1994). Compositional
und structurnl chunges will occur over a longer period thun
functional changes and these may not keep pace with mpid
environmental change, so complex transient effects may
result, ,

Experimental approaches have shown strong effects of
climate change on vegetation composition und structure
(Harte and Shaw, 1995). However, longer-term changes
cannot be investiguted experimentally, so much of what we
understand about these changes is based on modelling and
palucodata. o

9.3.1 Environmental Controls on Vegetation Structure:
Ecophysiological Constraints on Plant Types

The ecosystems of the world are usually classified into
15-20 “biomes", ecach churucterised by the dominance of
one or more structural/functional types of plant. The global
distributions of biomes are determined by ecophysiologicul
constraints on the dominant plant types of each biome
(Schulze, 1982; Woodward, 1987), The main consteaints
are related to wmpenure and witer.

Cold tolerance in woody plants ranges from tropical
trees, some damaged by temperatures of less than 10°C, to
boreal deciduous trees which in their leafless, cold-
hardened state have apparently unlimited telerance (Sukui
and Weiser, 1973; Larcher, 1983; Woodward, 1987),
Warmer winters would cause un expansion of more diverse
woody plant types towards the poles and continental
interiors. Warmer summers, and/or longer growing
seasons, would ulso allow some cold-adapled trees o
spread poleward (Emanuel e al., 1985; Pustor and Post,
1988) especially at the polar tree-line where growing-
season warmith is limiting. Cold-tolerant woody plants
have, however, evolved mechanismy to delay spring
budburst uniil day length is adequuie, wxdlor o long envagh
chilling period has occurred, These mechanisms insurne
against the possibility of premature budburst in a mild
period during winter. Premature budburst would be
damuging because the leaves could be Killed by a
subsequent frost. Chilling requirements keep continental
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woody plusts out of muantime climates. Warmer winters
will force such species to retreat from their low latisde and
maritime lmiss (Dahl, 1990; Overpeck et al,, 1991; Davis
and Zobinski, 1992),

Plants vary enormously in their ability 1o (olerate
drought, ranging from rain forest trees that can tolerute
only 4 few weeks without rain unless they have access o
deep water, 10 succulents that store water, und other hot
desert species that can persist in o dry state. Some
evergreen trees survive drought by reducing trunspiration
10 aear zero, while drought deciduous trees lose their
leaves. As water availability declines further, trees give
wiy to fire-udupted grasses andfor sheubs, then ultimately
to the low shrobs, forbs and other drought-adupted life
formy characteristic ol steppes and deserts, Chuanges n
water availability, whether positive or negative, will lead 1o
shifts along this continuum,

9.3.2 Environmental Controls on Vegetation Structure:
Resource Availability

Vegetation structure is determined not only by the types of
plants present but also by the height and foliage cover they
attain, Folinge cover, ofien expressed as leal aren index
(LAI1), is constenined by resource availability (wuter,
carbon, nitrogen), LAL decreases as water wvailubility
dectines. Along moisture gradients, vegetation composition
and structure change due pandy to replacement of drought-
sensitive by drought-tolerunt (or more deep-rooted) plant
types, and partly 1o reductions in the LAl of cuch type
(Walter, 1979). Values for LAL are typically fow enough to
prevent drought damage in most years (Specht, 1972;
Woodward, 1987; Neilson, 19935), so niintining annul
NPP near muxinal for the environment (Eagleson, 1975,
Haxeltne et ul,, 1996). Changes in water availubility will
therelore affiect LAT (Smith o1 al., 1991), but the response
may be modified by changes in CO,. In particular,
increasing CO, (by reducing transpiration) would be
expected 10 compensute Tor the effect of reduoced water
availability on LAL (Jurvis, 1989 Woodward, 1992,
VEMAP Members, |995).

Vegetution structure also chisnges with light availability,
summer temperature and growing scason length. From
boreal forest to high-arctic tundra, frees ure grudually
replaced by shrubs and grasses as NPP declines
Comparable vegetation gradients oceur at high eleviationy
in all btitudes (Walter, 1979 In these cold environments
wrming should geserully increase NPF and theretonre LAL
Rising CO, may also increase LAL in so far ax €O,
fenilisution can increase NPP {see Section 9.2,3.2), NPF i
cold climutes day may be urther limited by the slow nue
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of nitrogen mineralisation {see Section 9.2.3.1). The
combination of warming with CO; increase could therefore
increase LAl especially in high latitudes.

The ecophysiological and resource-availability constralnts
that determine the natural distribution of biomes also closely
determine potential (non-agricultural) land-use, for example,
suitability for forestry or grazing, the types of tree which can
be exploited for forestry. sustainable density of grazing
animals. Changes in these constraints strongly affect both
natural and managed ecosystems.

9.3.3 Environmental Mediation of the Competitive
Balance

The physical environment also contributes to determining

the natural compelitive balance among those plant types

that can co-exist in 2 given environment. For example:

(1) Wet tropical climates support evergreen rain forest:;
longer dry seasons favour drought-deciduons trees in
seasonal and dry forests (Chabot and Hicks, 1982;
Haxeltine et al., 1996), Any change in monsoon
duration would shift the natural bounduries among
these forest types,

(2) Savannahs represent an equilibrium of trees and
grasses, In seasonal tropical climates, grasslands are
favoured by summer rainfall and slow-percolating
¢lay soils, woodlands by winter rainfall and sandy
soils {Walter, 1979; Walker and Noy-Meir, 1982;
Lauenroth er al, 1993). Natural savannahs occur in
intermediate situations, where the combination is
favoured (Eagleson and Segarra, 1985; Haxeltine ef
al,, 1996), Changes in rainfall seasonality, s well as
changes in land management, would affect the
tree~-grass bulance.

(3) Seasonal shifts between C, and C, grass dominance
(Groves and Williams, 1981) occuir because C, plants
have a higher light use efficiency than C, plants
wherever temperatures exceed a threshold of about
22°C, at curvent CO, concentration (Ehleringer and
Monson, 1993), An increase in atmospheric CO,
maises this temperature threshold (Drake, 1992b; Arp
et al, 1993; Johnson et al, 1993). Waming should
therefore favour C,, but increasing CO, may favour
€. Increasing CO, might have caused the recent
invasion of some C, grasslands by G5 woody plants
(e.g., Johnson ef al., 1993), although other factors
such as land-use changes may be involved as well
(Archer et al,, 1995),
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4} In temperate and cold climates, evergreen woody
planis are favoured over winter-deciduous woody
planis wherever carbon and/or nutrient costs of
replacing leaves annually exceed the costs of
maintaining leaves during winter (Chabot and Hicks,
1982; Reich er al., 1992; Chapin, 1991; Mooney e
al., 1991; Shaver and Chapin, 1991; Arris and
Eagleson, 1994; Chapin et al,, 1995), Changes in the
seasonality of either temperature or precipitution
could alter the balance between evergreen and
deciduous trees,

9.3.4 Global Biome Model Projections

Global models for ccosystem dynamics, that can simulate
the transicat response of vegetation structure to changes in
climate and atmospheric CO,, are being developed by
several groups but none has yet been published. Simple
biome models project equilibrium distributions of broad
vegetation types (“potential natural vegetation”) from
ecophysiological constraints, but without consideration of
CO, effects on plant physiology. The BIOME modet
(Prentice et al., 1992) reproduces well the present
vegetation as mupped by Olson er al. (1983), except where
intensive agriculture predominates, BIOME has been
applied 1o various 2 % CO, equilibrium climate scenarios
developed using outputs from atmospheric general
circulation models (GCMs) (Solomon ef ai., 1993;
Claussen, 1994; Claussen and Esch, 1994; Preatice and
Sykes, 1995). Cansistent results include poleward shifts of
the northern-hemisphere taiga, temperate deciduous, und
warm-temperiate evergreen/warm mixed forsst beles, a
northward shift of the Burasian taiga, and a slight
expansion of tropical scasonal and rain forests into areas of
warm-temperate evergreen forestss (IPCC WG 11, 1995).
Differences among GCM scenarios in the extent of these
changes are consistent with the GCMs' different climate
sensitivities. Some scenarios (not all) show reductions of
temperate forests in the continental interiors,

These results differ from unalyses based on earlier,
empirical models, e.g., in the tropics where the Holdridge
(Prentice and Fung, 1990; Smith e al, 1992, 1993) and
Budyko (Tchebakova er al, 1992) models showed greater
expansions of tropical rain forest, Such expunsions are
probably un artefact, due 10 ignoring rainfall seasonality.
The Holdridge model also showed 4 smaller northward and
castward shift of the Eurasian taiga than other models
{including Tchebakova ez al., 1992; Monserud ef al,,
1993), because wemperature seasonality is ignored.

Comparisons with past biome distributions are
instructive. At 6000 yr bp (before present) there was more
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insolation than today in the Northern Hemisphere summier,
and more total annoal insolation (leading to warmer year-
round temperatures) at high Istitades. 6000 yr bp is not an
analogue for the future, because the Earth’s orbital
configuration was different from present, while the CO,
concentration was similar 10 pre-industrial (Mitchell ef al.,
1990; Monserud ef al., 1993). Palacoecological data for
6000 yr bp show that climate change alone does indeed
cause major biome shifts. GCM simulations (e.g.,
Kutzbach and Guetter, 1986) driven by the insolation
changes (“orbital forcing™) capture the general direction of
these shifts (COHMAP Members, 1988; Wright o1 al.,
1993; Foley, 1994). Their magnitude tends 1o be
underestimated, however, possibly because the GCM
modelling procedure disregards biogeophysical feedback
(Henderson-Sellers und McGuffie, 1995; Section 9.7).
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9.3.5 Regional Biome Model Projections

“Second-generation™ biome models include resource
limitation and competitive balance effects, Examples are
MAPSS (Neilson, 1995; Neilson and Marks, 1995) and
BIOME2 (Haxeltine et al., 1996), In an application to the
continental USA both models produced good simulations
of potential natural vegetation (VEMAP Members, 1995,
Figure 9.2). Temperature-controlied biome boundaries
responded to 2 X CO, climates in a similar way to the
carlier BIOME results. Moisture-controlled boundaries
(e.g.. the forest-grassland boundary) responded differently,
due to different evapotranspirution parametrizations, in the
two models. In the centrul and eastern USA, some climate
scenarios without corresponding CO, doubling caused
partinl replacement of forests by grassiands. This effect
wis more extensive in MAPSS, but the effect was

GFDL R30
climate: 2xCOz
| offacts:

COz concentrason = 710 ppeny

Sutcbropics Are Sbionds

Terrperaie And Shrtionds
Bl vestarecn Svdins
TIIT 64 Gromands
1S c3 coomiande

I Terparwin Confer Sovorng

Terperule Deoduoa Sowene
Teopied Them Moodond
Tomp. Conifer Xeramorphe Weed

Figure 9.2: Changes in potentlal nateral vegesation of the conterminons USA, simulated with the BIOME2 and MAPPS vegetation
models. Lefl: simulations based on present climate. The actual distribotion of potential natural vegetation types is shown for
comparison, Centre: simulations based on 2 X CO," climate scensrio. This scensrio was derived by using an equilibrivm simulation
from the GFDL R30 atmospheric/mixed-layer ocean model to modify the climate dats. Right: simulations based on the same climate
soenario, but including the physiological effects of a CO; concentration of 710 ppmv. After VEMAP Members (1995),
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mitigated in both models by the physiological effects of
€0, This mitigation was more effective in MAPSS. Note
fhat the mitigation is un ¢lfeet of CO, only: it does not
apply 10 the other greenhouse guses.

BIOME? slso simulates the differential effects of CO,
ait photosynthesis in C, and C; planis, Warming alone
pushes the ares of potential C, grasstinds northwards, but
CO, doubling overwhelms this effect, favouring €, grasses
down to the subtropics, The competition between C,
grasses and woody plints is determined mainly by the
climate change and only stightly by CO,, according to this
model, MAPSS simulates only the differential effects of
CO, on waler lise, which in combination with greater
simtlated drought produces the opposite effect favouring
C, plants up to the horeal zone.

BIOME2? and MAPSS probably bracket the plausible
range Tor the sensitivity of moisture-related biome
poundaries o temperature and CO,, und for the response of
€, versus C, plants to changes in CO,. More realistic
treatment of the coupling between carbon and water fluxes
should help to resolve the discrepancies. These
discrepancics represent un importint uncertainty about the
ecosystem impacts of climate change, comparable in
magnitude with the uncertainty due to differences in the
regional climate anomalies predicted by GCMs,

9.3.6 Changes in Biome Distribution Since the Last
Glacial Maximum

Climatically controtled changes in biome distributions are
well documented for the recent glocial-interglacial cycle,
especially from the last glacial maximum (LGM, 21000 yr
hp) to the present (Wright e ol 1993), Atmospheric €O,
increased by about 90 ppmy to the pre-industrial value of
280 ppmy after the LGM (Chapter 2). Lurge changes
occurred in global climate and vegetation patterns
{Overpeck und Bartlein, 1989; Webb, 1992).

Climate simutations of the LGM are based mainly on the
jce sheet distributions, sea level, sea surface temperatures snd
CO, (Kutzbach and Guetter, 1986, Hroccoli und Manabe,
1987); the Earth's orbital configuration was ulso slightly
different from present. BIOME results derived from the
LGM climate simulution by Lawenschloger and Hesterich
(1990) agree qualitatively with palacoclimatic and
pulacoecological data (COHMAP Members, 1938; Street-
Pereott ef al., 1989; Prentice ef al., 19934), Thus, major
changes in biome distribution ufter the LGM can be
explained a8 a result of changes in climate. Direct offects of
low CO, may also have been involved, due to reduced carbon
assimilation or Jow water-use efficiency of Cy plants at the
LGM (Beerfing and Woodward, 1993; Giresse et al.. 1994),
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9.3.7 Dynamics of the Vegetational Response to Climate
Change
The geographic distribution of biomes, and the
composition of natural and managed vegetation types, will
not remain in equilibrium with the changing climate duning
the next 100 years. There will be transient effects, varying
according to the rate of climate change, which may depart
considerably from the pattern indicated by biome models.

These effects depend on the particular mechanisms
involved. Shifts in competitive balance might oceur subtly
over time. Direct impacts on the growth or survival of
panticular types of plant could couse die back (and carbon
Joss) before better-udapted types become established. This
possible asymmetry of carbon loss and accumulation has
led to the concern that transient vegetation changes could
produce a CO, “spike” (King and Neilson, 1992; Smith ef
al., 1992: Smith and Shugart, 1993). We return to this issue
in Section 9.4.1,

Some aspects of vegetation's dynamic response 10
environmental changes, on time-scales from 10 to 10*
years, have been established from palacoecology (Prentice,
1086: Bennett, 1986; Huntley, 1988; Davis, 1990; Webb,
1992). For pereanial plants, the evolution of new
adaptations is 100 slow to be un effective response. Instead,
changes oceur both in the local abundances of species and
genotypes (Type A response, Webb, 1986) and in the
geographic distributions of species (Type B response)
(Figure 9.3). In this process biomes do not change or move
en bloc; instead, species react to climate change
individually uccording to their biology. When climate
changes 1o produce novel regional ciimates, novel
associations of plants arise (Webb, 1992), Successive
interglacial periods have therefore been characterised by
different vegetation assemblages (Watts, 1988), The
general directions of change are predictable from a
knowledge of the climate change and the present-day
climatic toleeances (realised niches) of the species.

Type A vegetation resporises are caused primarily by the
differential effects of climate on the growth and
regencration of different taxa and plant types. These
responses can occur ot differcnt rates depending on the rate
of climate change. In periods of rupid climate changes,
Type A vegetation responses have been reported to eccur
within 150 yr (MacDonald ef al., 1993), 50-100 yr (Mayle
and Cwynar, 1995) and even within 30 yr (Gear and
Huntley, 1991; Zackrisson et al., 1995), Type A vegetation
responses can be modelled with vegetation-dynamics
models such as forest succession models (Botkin ef af., *
1972; Shugart, 1984). These represent regencration, growth
and mortality of statistical populations of individual plants
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on a plot whose size reflects the scale of competition. With
no environmental change, such models simulute the natral
cyclical behaviour of ecosystems (Shugart, 1984; Prentice
and Leemans, 1990), Climate effects modify the growth
und regeneration functions, Applied to the past, such
models have shown responses of forest composition
climate change that agree well with changes shown in
pollen records (Solomon und Banlein, 1992: Campbell and
MeAndrews, 1993),

When driven by climate-chunge scenarios, forest
succession models can describe the interaction of climite
und natural cycles (Selomon, 1986; Prentice, of al, 19914),
Various transient effects have appeired, including wansient
die backs of species whose growth becomes reduced
(Sotomon and Bartlein, 1992). However, LY SHCCESS N

models assume stylised climatic responses (e.g., dome-
shaped responses of total wnual growth 10 annul growing
degree duys) which have no physiological basis and nay
give misleading results (Boaan and Sirois, 1992), The
growih equation used o many soch models is ulso
physivlogically unrealistic (Moore, 1989), producing o
suudden mortality in large wees, Because of these and atler
uncertuinties, including the potential significance of shoe-
lived climatic extremes, the structure of vegetation
dynamics models is undergoing re-examination (Bugoumn,
1993; Prentice et al,, 1993b).

Climate ¢hunge may further alter CCONYSLEm strugiurne
and composition by alfecting the disturbance egime
(Grimm, 1983; Tom und Fried, 1992, Clark, 1993). Natusal
disturbances generally fucilitane plant migration wd the




Terresiriul Biotic Resprnises

attainment of compositional equilibrium with climate
(Davis and Botkin, 1985; Bradshaw and Hannon, 1992),
But climatically induced trunsitions between biomes may
alse show hysteresis, due to positive feedbacks that tend 1o
maintain vegetation structure (Grimm, 1983). Such effects
can cause delays of up to 100 yr (Grimm, 1984), The total
response time of vegetational composition (combined Type
A und B responses) hus been estimuted as between 300 and
1500 yr; fast enough o truck the “envelope” of climate
changes since the LGM (Overpeck und Bartlein, 1989;
Prentice ef al,, 1991b), but (o0 stow to wrack interdecadal
climate variability without considerable lag (Davis and
Botkin, 1985; Campbell and McAndrews. 1993).

Faced with climate change, species presumably can (in
the right conditions) spread at Teast us [t as they have
done hefore. Species spread (migeution) involves a number
of factors including dispersal, regeneration on a suitable
site, growth to maturity and seed production. Dispersal
seems ol 10 have been o major limitation in the past, o
Jeast 1o the major species detected over the long time-
periods represented in the palaeo-record (see
Biogeogruphic Dynamics Box), The mechanisms of rapid
spreud us observed in the Holocene may involve
coalescence of many populations, each starting from an
“infection centre” which could cithee be o pre-existing
small population in a favourable microhubitat, or a new
population founded by long-distance sced dispersal (birds,
mammals and tornadoes are possible vectors; sce
references in Box). This way, species distribution ranges
could expand orders of magnitude faster than they would if
they advanced along an orderly front.

The palaco-record tells us mainly about migrution in a
natural matrix. Future migrations may be very different.
For example, the modern landscape provides fewer
regeneration sites. Migrating species in the past exploited
recently disturbed sites, whereas now natural vegetation is
often fragmented (Peters, 1992) and confined to
undisturbed sites, On the other hand, humans are already
spreading many species beyond their natural ranges both
delibertely and aceidentally, Outlier populations spread by
humans could be future infection centres even if they are
ol regencrating now: (Davis and Zabinski, 1992). The net
effect of human activitics on plant species’ ability to
migrate is unclear.

Climate changes implicd by the 1592 emission scenarios
(see Chapler 6) call for migration rates up to ten limes
faster than historically obseryved for many taxa, so
vegetation composition may be out of equilibrium with the
changing climate (Davis, 1989, 1990; Davis and Zabinski,
1992}, Non-equilibrium vegetation types could take many
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forms, Al one extreme, an existing vegetution type might
persist until graduully invaded by other species, with
minimal implications for the atmosphere. At the other
extreme, large arcas of forests might die (¢.g., due 10 heat
stress, drought and fire; Auclair and Carter, 1993) and be
temporarily replaced by shrublands. This would result in
different stroctursl and functional properties, the transition
being accompanied by chunges in albedo, canopy
roughness and roating depth, reductions in NPP, and losses
of plant and soil carbon to the atmosphere (Neilson, 1993;
Section 9.4,1). The larger and more rapid the climate
change, the greater the chance that effects of the latter type
will occur,

Biogeographic Dynamics:
The Issue of Dispersal Rate

Rates of species spread in response to Holocene climate
changes have been reconstructed by mapping pollen
duta from networks of "*C-dated sediment cores. They
range from $0-2000 m/yr for most woody species in
Europe and North America (Davis, 1976; Huntley and
Birks, 1983; Huntley, 1988). The puzzle is how species
could spread so fast. Several explanations huve been
offered. For example, the rapid spread of Piced glauca
into interior Cunada immediately after deglaciation has
been attributed 1o long-distance dispersal aided by
strong anticyclonic winds (Ritchie and MacDonald,
1986). Migrations into already-vegetated regions that
appear instantancous over hundreds of kilometres, such
us the spread of Txuga into the Great Lakes region in
response to precipitation and winter temperature
increases ~ 7000 yr bp (Prentice ef al., 1991b), may be
better described as infilling by the expansion of
scattered “advance populations™ (Clark, 1993; Davis,
1983; MucDonald et al., 1993). '

Rates of spread of different species within genera
(e.g., Picea, Fagns) were similar regardless of whether
the migration route lay in mountain regions or lowlands
(Davis, 1983; Bennett, 1986), Species spread at
comparable rates whether their seeds are adapted to
wind- or animal transport (Davis, 1983}, Migrating
specics were not stopped by water bodies such as Lake
Michigan or the Baltic (Davis et al,, 1986; Huntley and
Webb, 1989). The lesson for the future is that dispersal
as such will not necessarily limit species migration
rates, Other factors, such a8 the availability of sites for
regencration, may well provide greater barriers.




9.4 Effects of Climate Change and Carbon Dioxide
Increises on Regional and Global Carbon Storage:
Transient and Equilibrium Analyses

9.4.1 Possible Transient Effects of Climate Change on
Global Carbon Storage

While biome shifts may have a major effect on terresteial
carbon storage during the climate transient, muny oiher
things may be happening at the same time thut have the
poiential 1o affeet terrestrial carbon storage. Continued
forest clearing for agriculiure 1o meet the food needs of a
growing human populution combined with an expansion
and intensification of air-pollution steess on terrestriul
ecosystems could further reduce carbon storuge on lund,
Alternatively, mechanisms such as CO, fertilisation may
continue 1o result in enhanced carbon storuge i lud arcay
not involved in biome shifts, Improved quantification of
these trinsient processes is o research priority.

Y.4.2 Equilibrium Analyses: Regional Ecosystem Model
Projections e

In 4 rupidly changing environment, there may be complex
transient effects including possible releases of curbon due
1o climate-change-induced forest die back us mentioned in
Section 9.3.7. At the present time there is no consensus on
the likely magnitude of such releases, In o modelling study,
Smith und Shugart (1993) began 1o explore how lurge ihey
might be, In Smith and Shugari's model, climate-induced
vegetation redistribution initially led 1o a Lurge transient
release of about 200 GIC during 100-200 yeurs due 10 die
back of forests. While an important conceptuul advance,
this transient analysis contains many crude assumptions
such us very long lags due to slow migration, This estimate
probably represents an upper bousd to the effect of biome
shifls alone in causing o transient Joss of carbor from the
terrestrial biosphere. Such losses would be expecied to
depend strongly on the nte of elimate chunge; thia is, the
faster the rue of climate change, the greater the likelihood
of large curbon losses from terrestrial ecosystems due to
biome shifts during the wansient (Woodwell, 1995),

A number of terrestrial biogeochemistry models ure now
cupable of evaluating how terrestrial curbon sStorage might
change with shifts in climate and atmospheric CO,
concentrutions from one equilibrium condition 1o another.
Examples are BIOME-BGC (Hunt and Running, 1992
Running and Hunt, 1993), CENTURY (Parton er ul., 1957,
1988, 1993) and TEM (Ruich o1 al,, 1991; McGuire ot al.,
1992; Melillo er al., 1993). In an application to the
continental United States, these models were run for 4
range of future equilibsium clinsiues at doubled CO,. The
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BIOME-BGC mode! projected temestrial carbon losses up
to 33% relutive to the current condition, und CENTURY
and TEM projected carhon gains of between 6 and 6%
(VEMAP Members, 1995),

As part of the VEMAP activity, these three
bingeochemistry models were coupled with three
biogeogruphy models! (see Section 9.3.5): RIOME?
(Haxeltine er al,, 1996), DOLY (Woodward and Smith,
1994; Woodward er al., 1995), and MAPSS (Neilson, 1995;
Neitson and Marks, 1995). Each of the model Py wass then
un with three GCM-genervted climate seenarios for doubled
CO,. 'The wrrestrial carbon storage response raaged from o
loss of 39% for the BIOME-BGC/MAPSS pair with o
UKMO-GCM climate, 10 4 32% puin for the TEM/MAPSS
puir with an OSU-GCM climate (Figure 9.4). The
BIOME-BGC/MAPSS response for the UKMO ¢limiae
weenio wis primarily caused by decréases in forested arc
ad temperature-induced water stress. The TEMMAPSS
response fue the OSU chimate was largely wnabutable w
forest expansion and temperiture-enhanced nitrogen cycling.
Thiis range of rexponses represents he pooled picertanty fi
structural and functional eeosystem responses wnd Toe the
regional cliniie wnomalies infered from thice GOMs,

9.4.3 Equilibrium Analyses: Global Ecosystem Model
Projections
Several process-based ecologicul models including TEM
and IMAGE2 (Alcamo e al., 1994) have been used Lo
evaluate the effects of equitibrium climate and utmospheric
carbon dioxide shifts on global werrestrial ¢arbon storape,
Melillo er al. (1995b) used a new version of TEM
(McGuire et al,, 1995b) 1o assess the equilibrium response
of global ecosystem carbon Marage 1o 4 CO, doubling
aloae, with no clinute change und 1o change in vegetation
distribution, Under these conditiony, terrestrial arbug
Morilge wiss projected o increase by 360 GIC (Figure U.5),
The TEM model was alvo used to simulate the eSO
of terrestiul carbon storage with constan CO,, bur wathy
CO,-induced climate changes mferred from equilibrigm
simulations with the GFDL-GCM. The result was s
projected net loss of werestrial carbon of 130 Gt (Figune
9.5). This result wis obtained under the wssumprion of e
vegetation redistribution, When TEM wis coupled oy
modified version ol BIOME (Prentice ef al.. 1992 b the

M Terustsiul Biugevchientistry models stmulite cirton, wites il
muimens fluxes through coomysteims, SN i preseribed
vegetution structure. Thus they contrat with biome (or
Bivgeogriphy) miadels, which simulue he peographic
distributions of vegetation strucgeral | ypes thiomes),
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projected carbon Joss was of a similar magnitode (Figure
9.5). Although some other modelling studies have projected
long-term increascs in carbon storage of up to about 100
GIC over several hundred years (Cramer and Solomon
1993; Smith and Shugart 1993; Prentice and Sykes 1995),
due 10 climate change alone, these results are probably
unrealistic. The TEM-BIOME result (Figure 9.5) includes
the effects of both biogeochemistry and biogeography; the
other results included only biogeegraphical changes,
assuming fixed carbon densities in cach biome,

Ecosystem models have also been used to evaluate the
combined response of terrestrial carbon storage to €O,
fertilisation and climate change. TEM (Melillo ef al.,
1995b) projected a net increase of 290 GIC (Figure 9.5).
The gain due 10 CO, fertilisation outweighed the loss due
10 warming, Again, allowing vegetation redistribution did
not appreciably change this result (Figure 9.5), Alcamo et
al. (1994) used the IMAGE2 model to assess the combined
effects of CO, fertilisition and climate change plus various
scenarios of land-use change. Their study projected an

increase in terrestrial carbon storage. in the range 200-250
Gt depending upon future lend-use assumptions (Figure
9.6). These equilibrium model results suggest that the
effect of CO, in increasing carbon storage could dominate
over any warming-induced reduction in carbon storage, but
this result must be considered as preliminary.

9.4.4 The Palaco-record and Implications for a Future
Climate Equilibrium: Increasing Terrestrial
Carban Storage with Increases in Atmospheric
Carbon Dioxide and Global Mean Temperature
after the Last Glactal Maximum

Between the last glacial maximum and the stant of the

present (Holocene) interglacial there were large increases

both in stmospheric greenhouse gas concentrations and

global mean temperature. CO, increased by about 90

ppmy. There may have been several causes of (he increase

in atmospheric CO,, but they probably all included an

ocean source {Siegenthaler, 1989; Heinze et af., 1991;

Peltier et al., 1993; Archer and Maier-Reimer 1994;
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Ganeshram er al., 1995; Chapter 10). Along with the
atmospheric CO, increase, global mean temperature
increased by 4-7°C according to climate model estimates
{Kutzbach and Guetter, 1986; Broceoli and Manabe, 1987;
Kutzbach er al., 1995). Palacodats indicate local
temperature increases on the order of 5°C or more in both
temperate and tropical regions (Wright er al., 1993 Stute &2
al., 1995; Thompson er al., 1995), Over the same period,
global terrestrial carbon storage increased by 310-550 Gt
(Duplessy er al., 1988; Bird et al., 1994).

For several reasons this is not a strict analogy for future
€O, and climate changes, The detuiled time courses of
change in global mean temperature, CO, and especially
carbon storage are not known, The increase in temperature
was partly due to the disappearance of the ice sheets. and was
about twice as large as would be expected due 1o the
radiative-forcing changes alone (Lorius er al., 1990).
Deglaciation increased the area available for vegetation;
however, 4 similar area of the exposed contineatal shelf was
flooded. The increase in unglaciated land area from the LGM
to the present was, st most, 2% (Prentice ef o, 1993b), The
Jessom fs that a combined CO, increase and global warming
can lead 1o a substantial (in this case, about 25%) increase in
the amount of carbon stared in terrestrial vegetation and soils,

9.5 Methane: Effects of Climate Change snd an

Increase in Atmospheric CO, on Methane Flux and
Carbon Balance in Wetlands

Methane {CH,) is produced in flooded organic soils as a
result of anacrobic respiration {methanogenesis), and CH,
emissions from natral wetlands are estimated to contribute
gbout 20% to the global emissions of this gas to the
atmosphere {(Chapter 2; Prather ¢t al., 1995). Climate
change could either increase or decrease CH, flux from
wetlands, Factors increasing CH, flux would include
northward spread of peat-forming areas into the high
latitudes {enhanced by increased precipitation) and faster
carbon turnover due to warmer temperatures (Crill er al.,
1988; Christensen and Cox, 1995) and/or higher CO,
(Hutchin er al., 1995). Factors decreasing CH, flux would
include drier conditions (lower water table) in extant
peatlands (Whalen and Recburgh, 1990; Roulet ef al.,
1992), and drying-out and/or permafrost melting leading to
loss of peat-forming areas in the continental interiors
{Lachenbruch and Marshall, 1986; Occhel ef al., 1993;
Oechel and Vourlius, 1994; Gorham, 1995).

However, if CH, flux declines in some regions due o
drying, this would imply an additional flux of CO, to the
atmosphere due 1o eénhanced eerobic respiration and,
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perhaps, large-scale oxidation of the peat by erosion und
fire (Hogg er al., 1992). This scenario is of concern
because as much as 450 GiC may be stored in high latitude
peats (Gorham, 1991; Botch ef al., 1993). It has been
suggested that the large warming that climate models
predict for the high latitudes could thus threaten the
integrity of this carbon store (Gorham, 1991, 1995). Like
the possible carbon “spike” due to transient vegetation
chunges, this possible source of carbon to the simosphere
represents a potential positive feedback that has not been
adequately quantified (Nisbet and Ingham, 1995).

Analysis of the palaco-record of CH, support the idea
that the net CH, flux from wetlands could either increase
due to warming and CO, increase, or decline due to drying.
Atmospheric CH, concentration increased (by 300 ppby)
after the LGM, and ¢Josely tracked global climate changes
through the deglaciation {Stauffer ef al, 1988; Chapellaz e
al., 1990: Chapellaz ef al.. 1993a). The increase in CH,
concentration contributed 10 the global warming thas
followed the LGM (Lorius et al,, 1990; Lorius and
Oeschger, 1994). In contrast to CO,, the increase in CH, is
thought to represent a positive feedback involving the
terrestrial biosphere {Schimel ef al., 1995).

Model calculations suggest that the low CH,
concentration at the LGM was primarily due to low CH,
production by terrestrial ecosystems (Chapellaz er al.,
1993b), rather than to high OH concentrations in the
atmosphere (Pinto, 1991; Thompson er al, 1993; Crutzen
and Bruhl, 1993; Martinerie er al., 1995), Low CH,
production would be expected at the LGM, because
tropical ‘und high latitude wetlands were less extensive
(implying a reduced source area: Petit-Maire er al, 1991)
and temperatures and CO, were lower, hoth faciors
implying slower carbon tumover in the source arca.

Atmospheric CH, concentration stood st 700-750 ppby
in the early Holocene, had fallen to < 600 ppby by the mid-
Holocene, then rose gradually in the late Holocene to once
again reach the "pre-industrial” level of 700-750 ppbv.
These variations miy reflect a trade-off between the extent
of tropical and high latitude wetlands (Blunier ez @, 1995),
Tropical wetlands were most extensive in the early
Holocene due to increased monsoonal precipitaon (Petit-
Maire ef al., 1991; Street-Perrott, 1992). High latitude
wetlands havé increased in extent during the late Holocene
due to decreasing remperatures and evaporation {Ovenden,
1990; Zoltai and Vitt, 1990; Gotham, 1991; Botch e al,
1995). The lesson is that warming in high latitudes can
either increase or decrease natural CH, production,
depending on the extent to which increased temperatures
ure matched by increased precipitation and/or CO,.
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9.6 Nitrous Oxide

Onr current understanding of the global budget of nitrous
oxide (N,O) is reviewed in Chapter 2 and by Pruther et al.
119953, The budget is largely controlled by microbial
processes in soils. Today, the warm, moist soils of the
wropical forests are probably the single most important
aource of N,O. Land-use and the intensification of
agricultuse in the tropics appear to be increasing the size of
the N,O source from thix region,

The microbial process responsible for the production of
most of the N,O is denitrification: the dissimilatory
reduction of oxides of nitrogen that produces N, as well as
N,O. The rate of denitrilication is controlled by oxygen
(Oy), nitrate (NQ;) and carbon, Moisture has an indirect
effect on denitrification by Influencing O, content of soil,
If other conditions are appropriate, then temperature
becomes un important controfler of denitrification.

Denitrifiers in nutural environments are capable of
producing cither N,O or Ny as end products. Numerous
{actors have been reported o affect the proportion of N,O
produced relative to N,. Perhaps most important are the
relative supplies of nitrate and carbon (Firestone and
Davidson, 1989), The dominant product of denitrification
may be N,0 in systems where, ot Jeast for a time, nitrate
supply is high and carbon supply is low, but not
excessively so,

Probably due to a combination of more extensive
wetland areas and increased rates of nitrogen cycling in
terrestrial ecosystems under warmer and/or moister
climotes after the LGM, atmospheric N,O concentration
increased from <200 ppbv to =270 ppbv (Levenburger and
Siegenthaler, 1992), In the future, a wetter climate may
lead to increased N,O production, although this potential
positive feedback has not been adequately quantified,

9.7 Global-Scale Biogeophysical Feedbucks: Changes
in Ecosystem Structure and Function AfTect
Climate

9.7.1 Effects of Vegetation Structure on Land-surface

Characteristics

Vegetation mediates the exchange of water and energy

between the land surface and the atmosphere (Rind, 1984;

Sud et al., 1990; Hostetler et al,, 1994). Land-atmosphere

interactions are physically represented by land-surface

models designed for implementation in current GCMs (see

Chapter 5, Section 5.3.2). These models require a global

vegetation type (biome) distribution to be prescribed. Most

climate change analyses with GCMs have assumed no
change in vegetation distribution, However, both land-use

hatid

change (e.g.. deforestation and human-induced
deforestation) and climatically induced natural vegetation
change can significantly alter global vegetation distribution
over decades to centunies,

The main land-surface parameters influenced by
vegetation structure are surface albedo (normal and snow-
covered), roughness length (affecting boundary-layer
conductance), canopy conductance and rooting depth.
Snow-free surface albedo for total short-wave radiation
ranges from ~0.15 in closed forests to 0.4-0.5 in hot
deserts (Henderson-Sellers and McGuffie, 1987), The
largest effect of snow cover is on low vegetation types such
as grasslands and tundrm, where the snow-covered albedo
can be up to 0.8, Roughness length increases with
vegetation height; tall forests therefore present a boundary-
luyer conductance that is much larger than short grasslands.
Canopy conductance is influenced by foliage density, plant
nitrogen content, atmospheric CO, content and drought
stress (Schulze of al.. 1994). At present ambient CO,, most
naturnl vepetation types have a maximum stomatal
conductance of 3-6 mm/s while field crops have a higher
conductance, up to 12 mm/s (Kelliher et al., 1993), Canopy
conductance increases asymptotically with leaf area index,
towards a value of about 3-4 times stomatal conductance
for u closed canopy (Schulze ef al.,, 1994). Maximum
stomaial conductance is lowered under increased ambient
CO,, Stomatal closure under midday conditions of high
cvaporative demand acts (o restrict canopy conductance,
This closure occurs sooner as soil moisture supply is
reduced and vapour pressure deficit increases.

9.7.2 Effécts of Land-surface Changes on Climate
The sensitivity of climate to changes in these different
land-surface properties varies regionally, For example,
albedo effects are important in controlling precipitation in
climatic regimes where precipitation is controlled by large-
scale dynamics or convection; canopy conductance and
rooting depth are important in regimes where a large
proportion of precipitation arises by recycling of
evapotranspiration from the land surface (Rind, 1984),
Sensitivity analyses with GCMs have been used to
estimate the response of climate to major changes in the
land surface, such as tropical deforestation (Dickinson,
1989; Shukla er al., 1990; Nobre et al., 1991; Henderson-
Sellers ef al,, 1993; Polcher and Laval, 1994), Through
ruising albedo and/or lowering evapotranspiration, large-
scale deforestation tends to reduce moisture convergence
and precipitation. The potential aren of tropical rain forests
and seasonal forests is therefore reduced, More generally,
albedo exerts & strong control over evapotranspiration and



precipitation in the tropics and subtropics (Charney, 1975;
Churney er al., 1977; Mylne and Rowntree, 1993},

Albedo changes in the high lutitudes can also have major
effects, Bonun er al. (1992) and Chalita and Le Treut
(1994) examined the sensitivity of global climate 10 boreal
deforestation (replucement of the boreal forests by tundga),
The lurge increase in snow-covered albedo resulied in
colder winters und u longer snow season. In Bonan ef «l.'s
study, which included a mixed-layer ocean model, the
thickness and duration of Arctic seu ice was increased und
the cooling theréby exiended from winter into summer,
The tow! effect was felt across the Northern Hemisphere
und summer temperatures became too cold for the
persistence of boreal forests in their present range. Such
sensitivity studies suggess that burge biogeophysical effects
of vegetation structure on climate could be brought into
play by land-use change,

Climate-induced changes in biome distribution would
presumably also cause feedbacks. Palacoclimate
simulutions suggest that such feedbacks ure importint.
Street-Perrott er al. (1990) showed that & GCM with
surfuce boundary conditions kept as toduy could simulate
the phenomenon, but not the extent and magnitude, of
African monsoon expansion at 9000 yr bp, When a realistic
expansion of vegetation across the present-day Suhara was
included (vig the albedo effect), precipitation increased by
4 lurther ~1 mmv/day over large areas, including northern
und western regions that were scarcely uffected in the
original simulution, Foley er al, (1994) showed that the
warming-induced poleward expunsion of boreal forests into
what is now wndra at 6000 yr bp could have doubled the
initial effects of orbitl forcing (Figure 9.7). 1n both
examples, biogeophysical feedbacks amplified the initial
radiative forcing.

More detailed investigation of biogeophysicul feedbacks
fequires coupling vegetation maodels with GCMs
(Henderson-Sellers, 1993; Claussen, 1994). Cluyssen
(1993) coupled the BIOME model asynchronously to an
GCM, using un lterative procedure: 4-6 year ensembles of
simulated climate were used to modify the biome
distribution, which in turn modified the climate, The
coupled system proved stuble with respect to small
perturbations of the biome distribution, us also found by
Henderson-Sellers (1993), However very lurge
perturbation triggered o complex response in (he
amospheric circulistion and caused the coupled system o
return to an alternative state in which the south-western
Sahari remained wobded, With 6000 yr bp orbital forcing,
the coupled system upprouched un even more extreme stite
in which most of the Sahars wened 10 savannah (Claussen

Tervestrial Biothe Rexpunisey

(a) o

(b) 180

AL("C) = Annual average

Figure 9.7: Amplification of 6,000 yr bp radiative forcmg due 1o
biogeophysical feedbock, as simulsted with the GENESIS
strosphenic/mixed-layer ocean model. (a) Increuse i annusl
mean lemperalure due o madintive forcing alose, (b) Additivnd
increase due 10 gonhiward extension of the horeal forest. Alter
Foley et ul. (1994).

und Gayler, 1995). This state is similar 10 the 6000 yr by
situarion shown by palacoecological day.

CO;-induced changes in canopy conductunce are
expected to have further leedbuck effects on ¢lfmate
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(Martin ef oL, 1989; Field er al., 1995). As umbicat CO,
increases, somatal conductance declines. GCM sensitivity
studies indicate that a global halving of surface
conductance, with no change in leal area, would lead to
reduced evapotranspiration rates, increased surfuce air
warming about 0.5°C averaged over terrestrinl areas,
compared with 1.1 to 2,5°C which is predicted for the
combined effects of radiative forcing and acrosels (Chapter
6), and in some regions increase soil moisture storage
(Henderson-Sellers ef al., 1995; Pollurd and Thompson
1995). This latter effect of CO, could mitigate or even
reverse the mid-latitude drying seen in some 2 X CO,
cimulations with fixed surfuce conductance (Chapter 6
Compensatosy increases in leaf area would work against
the effect of COy-induced reductions in stomatal
conductance. However, a study with o coupled (single
column) model of the soil-ccosystem-atmosphere system,
including interactive adjustment of leal arcn in response (o
CO,, suggested that the stomutal conductance response
would dominate over the compensatory Ical arei response
(Friend and Cox, 1995), Thus, the net *physiological”
effect of CO, on climae would be to reduce
evapotranspiration and increase soil moisture, relative to
the scenarios based on radiative forcing alone,

Such studies underline the sensitivity of the simulated
hydrological cycle to lund-surface properties thal are
determined by ccosystem functional and structural
responses (o climate and CO,. In particular, GCM
simulations of regional changes in soil moisture in 4 high-
CO, world wre questionable because such simulations have
not, as yet, taken into account changes in ecosysiem
structure and function that would have major feedback
effects on the hydrological cyele. The uncertainty is
compounded because most current GCMs do not resolve
the vertical structure of the planetary boundary layer
(PBL), which may limit the effect of changes in stomatal
conductance on evapotranspiration (Jarvis and
McNaughion, 1986; Martin, 1989: McNaughton and Jarvis,
1991; Monteith, 1995).

Proper representation of these feedbacks in models
requires o physiologically based representation of the
processes controlling canopy conductance (e.g., Collutz e
al., 1991; Friend and Cox, 1995), a sufficiently resolved
representation of the PBL (e.g,, Troen und Mahrt, 1986;
MacNaughton and Jarvis, 19915 Jacobs and de Bruin,
1992). und these elements to be fully interactive in the
GCM, Such a coupling of atmospheric and ecosystem
processes appeurs to be a high priority because the
potential for futare drought is: () a key issue in assessing
the biological and societal impacts of global change; and
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(b) one of the main hypotheses underlying predictions of
positive biogeochemical feedbucks leading to CO, releasc
and further warming, as discussed in Section 9.2.3.1 und in
Woodwell and Mackenzie (1995).

In conclusion, biogeophysical feedbacks involve
interactions between the atmosphere and biosphere which
can only be assessed quantitatively through the further
development of coupled models including the terrestrial
biosphere as an integral component of the climate system.
Model sensitivity studies {(including palaeoclimate
simulation) suggest that these feedbacks are potentially of
similar magnitude to the direct effects of changes in
radiative forcing.
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