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Abstract

An interactive coupling of global climate models with models for the terrestrial vegetation requires a reduction of
the number of vegetation classes in comparison with traditional bioclimatic classification. We suggest a continuous
vegetation classification based on two main plant functional types: trees and grass. Correspondence between climate
and these vegetation types on a global scale was analysed on the basis of state-of-the-art global climate and vegetation
datasets. An empirical formula describing a fraction of trees as a function of climate (mean annual temperature and

precipitation) was obtained. © 1997 Elsevier Science B.V.
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1. Introduction

Climate and vegetation closely coincide on a
global level (Walter, 1964, 1968; Odum, 1983).
Due to this phenomenon, the correlation analysis
of the spatial patterns of vegetation and climate
has been a topic for biogeographical studies for a
long time. This analysis results in the creation of
climate-vegetation classifications: the correspon-
dence between climate and vegetation has been
expressed in quantitative terms (Koppen, 1936;
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Holdridge, 1947). The underlying assumption of
these classifications is that vegetation exists in
equilibrium with climate.

Climate-vegetation classification could be done
by two principally different methods: a determin-
istic and probabilistic approach. In the case of a
deterministic approach, one-to-one correspon-
dence between climate and vegetation is sug-
gested. It reflects the hypothesis that equilibrium
distribution of vegetation is determined only by
climate. The Holdridge Life Zone Classification
(Holdridge, 1947) is the most well-known example
of deterministic classification; this approach was
useful for analysis of climate change consequences
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(see, e.g. Monserud and Leemans, 1992). Let us
note that the Holdridge’s classification was
based on the observations of vegetation in the
mountains, where changes among different vege-
tation types are very distinct. The advanced cli-
mate-vegetation classification has been proposed
by (Prentice et al., 1992). In this model, called
BIOME, an occurrence of plant functional types
depends upon threshold values of five biocli-
matic  variables. (Henderson-Sellers  and
McGuffie, 1995) presented their own climate-
vegetation classification, in which a significant
place in climate parametric space is assigned to
agriculture crops.

Let us emphasise that deterministic climate-
vegetation classification is based not only on the
quantitative or statistical analysis of data, but
also on the author’s choice of:

e which climate parameters are the most impor-
tant ones for classification;

e the thresholds for separation of different vege-
tation types.

Because of scarcity of data for some geographic
regions, these hypotheses are absolutely necessary
to fill the gaps in the empirical knowledge. At the
same time, these hypotheses could be criticised for
their subjectivity.

The other classification method is the proba-
bilistic approach: several vegetation types could
co-exist at one place with different probability of
their occurrence. This approach, known as the
method of climate response surface (Bartlein et
al., 1986), is based on advanced datasets of cli-
mate and vegetation data. Originally, this method
was applied for relating the abundance of pollen
taxa in contemporary surface samples to climate
conditions. (Lenihan, 1993) applied this approach
to contemporary distribution of vegetation based
on the current maps showing dominance of differ-
ent species in geographical space. The results
demonstrate a good correspondence with the orig-
inal maps.

The important point to underline is that the
method of climate response surfaces has been
applied before on a regional level. The availability
of global, geographically explicit data sets of vege-
tation (Matthews, 1984; Olson and Watts, 1992)
and climate (Leemans and Cramer, 1991) offers

new opportunities for analysis of the correspon-
dence between climate and vegetation on a global
level. Based on these data, it is possible to design
a continuous classification for global change stud-
ies.

2. Methods

An important assumption of many vegetation
models designed for global change studies
(Melillo et al., 1993; Ludeke et al., 1994) is that
every geographical unit (grid cell) is homoge-
neous. So, there is only one vegetation type
(ecosystem, biome) within the cell. The possibil-
ity of validating models on the basis of local
data is an advantage of this approach. However,
a multitude of vegetation types leads to com-
plexities in application of such a model for the
climate-biosphere studies. Indeed, interactive
coupling of a terrestrial vegetation model with a
climate model requires the transformation of
vegetation  characteristics into  bioclimatic
parameters such as surface albedo (summer and
winter), roughness length, roots allocation
among different soil layers, leaf area index, etc.
The lack of empirical data and large variability
of these parameters within one biome type lead
to the fact that the sets of bioclimatic parame-
ters differ significantly only for two major plant
functional types—trees and grass, while few in-
termediate biomes (such as savannah) are char-
acterised by intermediate values of these
parameters (Dickinson et al., 1986). Moreover,
trees and grass have a differing allocation func-
tion for carbon between active and structural
phytomass as well as a different residence time
of carbon in plant organs. These differences be-
tween trees and grass are the greatest among all
plant functional types.

These arguments could justify (at least for the
purposes of climate change studies) a substantial
reduction of the number of plant functional
types in comparison to that used in advanced
terrestrial vegetation models. The climate models
operate with very rough spatial resolution; typi-
cally it is about several hundreds kilometres.
Discrete vegetation description implies instant
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Table 1

Parametrization of World Ecosystems classification (Olson and Watts, 1992)

Category  Area, minkm? Ecosystem complex fg
21 5.4 Main boreal coniferous forest 1
22 2.9 Snowy non-boreal coniferous forest 1
23 1.6 Coniferous/deciduous forest, snow persisting in winter 1
24 1.9 Temperate broadleaf/coniferous forest: with deciduous and /or evergreen hardwood trees 1
25 0.8 Snowy deciduous forest 1
26 0.8 Temperate broadleaf forest 1
27 0.4 Non-snowy coniferous forest 1
28 1.1 Tropical montane complexes (tree and other) 0.8
29 6.0 Tropical broadleaf seasonal forest 1
32 4.6 Rain-green (drought-deciduous) (major forest and woodland) 0.8
33 4.1 Tropical rainforest 1
40 3.9 Cool grass/shrub, snowy in most years 0.1
41 17.2 Mild/warm/hot grass/shrub 0.1
42 0.9 Cold steppe/meadow + larch, scrub 0.1
43 6.6 Savannah/grass, seasonal woods 0.1
46 0.9 Mediterranean-type evergreen (mostly) broadleaved scrub and forest relics 0.5
47 2.5 Dry or highland scrub, or open woodland 0.3
48 0.9 Dry evergreen woodland or low forest 0.3
51 10.8 Semidesert/desert 0
52 2.1 Cool/cold shrub semidesert/steppe 0.1
53 9.4 Tundra (polar, alpine) 0
59 39 Succulent and thorn woods or scrub is widespread 0.5
60 1.2 Southern dry taiga 1
61 0.5 Larch taiga with deciduous conifers 1
62 4.6 Northern or maritime taiga/tundra 0.5
63 1.7 Wooded tundra margin (or mountain scrub/meadow) 0.2

changes of biome types. Possible jumps in cli-
matically significant surface parameters for the
large areas inevitably affect the model sensitivity
and could lead to underestimation or overesti-
mation of the model sensitivity and strength of
vegetation-climate  feedbacks. This problem
could be overcome by making the assumption
that every grid cell is covered by a mixture of a
few basic plant functional types, the ratio of
these could continuously change under changing
climate conditions. This idea, but with a fixed
ratio of forest corresponding to the present cli-
mate conditions, was implemented in MPI cli-
mate model ECHAM (Claussen et al., 1994).
Here we present an extension of this approach
for changing climate conditions. Our aim is to
design a continuous function describing well
enough the regularities of the distribution of the
trees fraction in climate space and to apply it in
climate change study.

2.1. Simplified vegetation classification: trees and
grass

In our approach, we suggest using only two
vegetation types: trees and grass. Another aspect
of the simplification is that the potential propor-
tion of vegetation types is controlled by climate.
Let f, be a fraction of trees, g -a fraction of grass
for every land cell in a geographic space. These
fractions are non-negative and their sum is equal
to one:

fg+gg:1

Map of World Ecosystem Complexes (Olson
and Watts, 1992) and Leemans and Cramer’s
Climate Dataset (Leemans and Cramer, 1991)
were used for analysis of correspondence between
climate and vegetation. The important point of
the analysis was the prescribing of the trees frac-
tion f, based on the Olson and Watts’ classifica-
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tion. For forest types of this classification a frac-
tion f, was determined as 1 (see Table 1). For
tundra f, was taken as 0. For more complex cases
a fraction of trees was estimated in accordance
with their description. For example, northern or
maritime taiga and tundra is suggested to be half
trees and half grass; for savannah the trees frac-
tion was prescribed as 0.1. It was difficult to
estimate f, for ecosystems in agricultural areas, so
they were omitted from the following processing.
Wetlands and marshes as well as ice and sand
deserts are also not analysed. All together, the
areas excluded from analysis consist of about 30%
of the terrestrial Earth. A list of the prescribed
trees fraction for each of 26 analysed ecosystem
complexes is presented in Table 1.

Our method is a transformation of a continu-
ous characteristic of vegetation (the trees fraction)
from a 2-dimensional geographical space (where
every cell has latitude x and longitude y) into a
2-dimensional space of climate parameters. For
easy application for global change studies, only
two climate predictors have been taken into ac-
count: 7-mean annual temperature (°C) and P-
mean annual precipitation (mm/year). An aim of
the analysis is to find regularities of distribution
of the trees fraction in this climate space.

The climate space was subdivided into grids
with a temperature step of AT=1°C and a pre-
cipitation step of AP =50 mm/year.

For every climate cell an average trees fraction
/. was calculated as the following:

J fa(x, vy u(x, y, T, P) f(x, y) dxdy
Q

f(T. P)=
J fa(x, Yplx, y, T,P)dxdy
i )

where a(x, y) is an area of a grid cell with x, y
coordinates in geographical space, Q is the land
surface, p is the following function:

1, if T<T(x,p)< T+ AT and
p(x,y, T, P)={P < P(x,y) <P+ AP
0, otherwise

T(x, y)and P(x, y) are temperature and precipita-
tion, correspondingly, in grid cell with x, y coor-
dinates in geographical space.

In order to produce a more understandable
image of the Earth in climate space, climate cells
representing land areas smaller than 10000 km?
were omitted from the following analysis.

2.2. Distribution of the trees fraction in a climate
space

Fig. 1a illustrates results of the transformation
of geographical space into climate space. The first
large pattern with a fraction of trees of above 0.75
occurs within the temperature interval from —8°C
up to 8°C. It corresponds mainly to zones of
boreal and subboreal forests in the Northern
hemisphere. The second pattern showing a high
trees ratio corresponds to the zone of tropical
forests (temperature above 20°C). Most of the
geographical cells from temperate and subtropical
zones were omitted from the analysis due to the
vast anthropogenic activity in these zones. There-
fore the absence of any large forest pattern in
climate space between 8 and 20°C could be not a
consequence of natural regularity, but a result of
land use changes over large areas (e.g. in Europe,
North America and China) covered previously by
temperate deciduous forests.

The distribution of the trees fraction f. in Fig.
1a demonstrates the following regularities: firstly,
for a fixed temperature, f, increases with increase
of precipitation; secondly, for fixed precipitation,
f. decreases with increase of temperature. In other
words, trees prefer to grow in places with suffi-
cient water supply. This qualitative rule was con-
sistent with results of (Lieth, 1975) analysis of the
distribution of main vegetation types in the same
climate parametric space. Another regularity is f,
decreases down to zero with decrease of tempera-
ture below some threshold (about — 10°C). For
temperature below the critical threshold of about
— 15°C, the trees fraction is near zero. This
threshold could be explained by the soil per-
mafrost phenomenon, which is one of the main
restrictions on forest expansion in the vast areas
of the tundra zone in Northern Eurasia and
Northern America.
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Fig. 1. The trees fraction f as a function of climate. Abscissa, mean annual temperature in Celsius degrees; ordinate, mean annual
precipitation in mm. (a) Interpretation of the Olson and Watts’ data (1992). (b) Application of Eq. (2).

2.3. Equation for trees fraction dependence on
climate

The distribution of the trees fraction in climate
space (Fig. la) was used to design an equation
describing the trees fraction f as a function of
climate. We approximated this dependence by the
following equation:

Pd
= from JI( D)= 2
AT, P) = fran (D fA(T) )
where
fl(T) =1— e*ﬁ(T—Tm‘m)

f2(T) — ae‘/(T* Tmin)

We used the following assumptions to choose
the form of Eq. (2).

e In a cold climate the temperature is the major
limiting factor on forest growth.

e In a warm climate the major limiting factor on
forest expansion is the annual sum of precipita-
tion.

e Isolines of the trees fraction are corresponded
to a constant value of wetness condition.

Let us explain the last assumption in more
detail. Main biomes are distinguished in advanced
bioclimatic classifications, e.g. in BIOME (Pren-
tice et al., 1992), by thresholds of the ratio of
actual and potential transpiration. Obvicusly, it is
impossible to calculate actual and potential tran-
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spiration based only on the annual data. Never-
theless, as a first approximation we can assume
that for dry warm climate the actual transpiration
is proportional to the annual sum of precipitation,
and potential transpiration is proportional to air
moisture deficit, that in turn is roughly propor-
tional to the specific air humidity for the given
temperature. The dependence of specific air hu-
midity on air temperature is described by the
Clausis-Clapeyron law (Fleagle and Businger,
1963), which for the limited range of climate
conditions could be approximated as e ~°" where
& ~ 0.06-0.07. Therefore we assume that the isoli-
nes of the trees fraction correspond to a constant
ratio P/e’7, or

f(T, e®°T) = const (3)

Additional boundary constraints for the trees
fraction are

ST, 00=0 “
T, P> frna If P> 0 #)

Let us note that the constraint (4) does not
take into account the inhibition of the growth in
cold wetlands.

The assumption is also that for fixed tempera-
ture 7= T, the trees fraction could be described
by the relation

f(T,, Py~ P* for P* < fy(T)
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Fig. 2. Geographical distribution of the trees fraction for current climate. Application of Eq. (2).

where « > 1, since the transition zone between
trees and non-trees in climate space is relatively
narrow (see Fig. 1a).

Function f(T) in Eq. (2) reflects a decline of
the trees fraction in the vicinity of threshold T.,;,.
In accordance with Fig. la, T,,;, was taken as
— 15°C. Trees never occupy a whole cell on a
large scale, as some area (e.g. in river valleys or
wetlands) is always covered by grass. Therefore
the maximum trees fraction f,,,, was chosen below
1 (0.95). The value of « was taken equal to 3. The
other parameters in Eq. (2) were tuned to obtain
the best correspondence with distribution of the
trees fraction in climatic as well as in geographical
space. The results were the following: a=2.6 x
10, # =0.45 and y =0.155.

It is interesting that Eq. (2) is indeed very close
to the Clausis-Clayperon law. Assuming P* <
f(T), for a fixed trees fraction we can obtain from
Eq. (2) the following link between T and P:

P

m ~ Const

where 6 = /3 ~0.05. The nearness of this value
to the above-mentioned interval for é = 0.06-0.07
gives some support to our basic assumptions.

3. Results

A 2-dimensional image of the calculated trees
fraction in the climate space is shown in Fig. 1b.
For comparison with Fig. la, the unobservable
high values of precipitation were omitted. As was
mentioned above, Eq. (2) cannot reflect all regu-
larities of trees distribution in climate space. For
example, in a cold climate with mean temperature
below — 5°C the relatively high amount of precip-
itation leads to a decrease of the trees fraction
(e.g. in case of northern wetlands). Eq. (2) is too
simple to describe this phenomenon. Moreover,
climate is not the only factor controling a distri-
bution of vegetation. The impact of other factors,
e.g. fire disturbance, could make the grass cover
stable, although it is not in equilibrium with cli-
mate (Loehle and LeBlanc, 1996). Such cases are
outside the scope of our study.

The geographical distribution of f calculated by
Eq. (2) for current climate (Leemans and Cramer,
1991) is shown in Fig. 2. Let us emphasise that
Eq. (2) was designed for natural vegetation distri-
bution, so large deforested areas of the contempo-
rary Earth are not presented in Fig. 2. Greenland
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Fig. 3. Comparison of zonally averaged distribution of the trees fraction.

and northern islands, covered mainly by ice, were
omitted from consideration. In accordance with
Eq. (2), the main trees patterns in the northern
hemisphere occur in the eastern part of Northern
America, Canada, Europe, Siberia, eastern Asia,
China, and South-East Asia. Equatorial areas in
South America (Amazon), Africa, and Oceania
are mainly covered by trees (except for East
Africa). In the southern hemisphere, trees occupy
the sub-tropical east coast of the South America,
Chile, the south-east coast of Australia and New
Zealand. The average fraction of trees for the
whole ‘natural’ Earth equals 0.47.

In Fig. 2, a value of f=0.01 was chosen as a
threshold to display of desert areas. Generally,
such a threshold represents well enough the
boundaries of existing southern deserts. Neverthe-
less, for a more correct definition of desert it is
necessary to include in the classification the
parameters of the carbon cycle, e.g. total biomass.
The model of the carbon cycle is very important

for climate-biosphere studies, but it is outside the
scope of our article.

3.1. Comparison with Olson and Watts’ data

The serious obstacles in validation of Eq. (2)
are, firstly, the impact of anthropogenic activity
(e.g. deforestation) on natural vegetation distribu-
tion, and, secondly, an absence of a global vegeta-
tion map based on continuous vegetation
description. The several available global maps of
natural vegetation, such as Matthews’ map
(Matthews, 1984), are based on discrete vegeta-
tion description. Interpretation of this discrete
description in continuous terms is always subjec-
tive. Therefore, to avoid additional suggestions,
we compared the result of Eq. (2) with the already
interpreted data of Olson and Watts for 26
Ecosystem Complexes (see Table 1). For compari-
son in geographical space, data have been zonally
averaged.



V. Brovkin et al. / Ecological Modelling 101 (1997) 251-261 259

180 120 60W

0.1

o4

60E 120E 180

0.1

Fig. 4. Change of potential trees fraction for GFDL doubled CO, climate.

Results of the comparison are presented in Fig.
3. Generally, the main tendencies of trees distribu-
tion are fitted well enough: the strong peaks of
tropical and boreal forests have been reproduced,
as well as drops in the trees fraction in the sub-
tropics. The main inconsistency between the
model output and empirical data is in an area
between 30° and 45° northern latitude. Because of
the very strong anthropogenic impact in this area,
it is difficult to judge whether this disagreement is
caused by a model. Nevertheless, Eq. (2) overesti-
mates the trees fraction in a cold climate, e.g. in
the far North, since the mean annual temperature
does not reflect a difference in the seasonal tem-
perature amplitude. For example, the same value
of —12°C corresponds to the northern taiga
growing in the Siberian continental climate, and
to northern islands with oceanic climate where the
summer is too short and cold for trees growth.

3.2. Application of Eq. (2) for climate change
study

Climate change leads to shifts in the potential
trees fraction. The difference between an applica-

tion of Eq. (2) to current climate and to the
GFDL double CO, climate (Houghton et al.,,
1992) is presented in Fig. 4. To adopt the GFDL
climate scenario, we interpolated mean annual
climate anomalies to 0.5° scale grid and added
these interpolated values to the Leemans and
Cramer’s climate data. The strong effect of warm-
ing on the trees fraction in the far North is a
general result of the application of climate-vegeta-
tion classifications to climate change scenarios
(Monserud and Leemans, 1992; Monserud et al.,
1993; Sykes et al., 1996). The Global Circulation
Models (GCMs) predict a stronger warming in
high latitudes than in temperate and equatorial
zones (Houghton et al., 1996). Therefore the far
North, where temperature is a limiting factor on
trees growth, is a potential area for forest expan-
sion. Unfortunately, climate-vegetation classifica-
tions, representing an equilibrium approach, are
useless in providing an answer on how fast succes-
sions in transient areas could occur.

In the other areas in Fig. 4, the possible global
warming results in a complex picture of change of
forest patterns, which in turn reflects a change of
two major limiting climatic factors: temperature
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and wetness. Perhaps the increase of the trees
fraction in Himalayas area is unrealistic due to
model’s feature of overestimating the trees frac-
tion in a cold climate. The patterns of the changes
of the trees fraction in the temperate and equato-
rial zones, like the decrease of the trees fraction in
Amazonia and Central Europe, are very sensitive
to a scenario of climate change.

On a global scale, an average potential fraction
of trees declines slightly to 0.45 due to climate
change.

4. Conclusions

The semi-empirical Eq. (2) simulates the trees
fraction dependence on climate parameters. It
reflects the main regularities of forest distribution
in climatic and geographical spaces. Due to its
simplicity, the equation could be easy applied for
a diagnostic of the consequences of climate
change within climate-biosphere studies.

Let us point out that Eq. (2) is just one example
among a wide group of continuous functions sat-
isfying the boundary conditions (Eq. (4)) and
other important classification suggestions dis-
cussed above. Practically, the only criterion for
testing such an equation is a comparison against
interpreted global data. If the chosen functions fit
this criterion, the differences between their appli-
cation to climate change studies are minor.

The suggested simple trees-grass vegetation
classification is, obviously, very rough. Neverthe-
less, its simplicity and continuity could be an
advantage in comparison with traditional discrete
climate-vegetation models in climate-biosphere
studies. These classification features are desirable
for a proper description of land surface processes
in models of the climate system.
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