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Abstract

We present here an approach to evaluation of the total exchange carbon flux by means of mathematical modelling.
This flux is defined as a difference between carbon income into the net primary production and its emission from dead
organic matter due to both biological and non-biological processes. We suggest the model which enables us to
determine functioning of forest and grass ecosystems as carbon sources or carbon sinks and to evaluate intensity of
these sources and sinks. The model is applied for the European territory of Russia as a case study. © 1998 Elsevier

Science B.V. All rights reserved.
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1. Introduction

Carbon plays an important role in many envi-
ronmental processes. It is the great factor of
coevolution of the biosphere and anthroposphere.
The impact of increasing atmospheric carbon
dioxide concentration on global climate is an en-
vironmental issue of human activity. Today, when
mankind has an increasing impact on the bio-
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sphere, the balance evaluation for natural carbon
fluxes is one of the main problems.

Obviously, at each point of the land surface
there is a local carbon cycle of the ‘atmosphere—
vegetation—soil’ type. All the local cycles are com-
bined into the global cycle by the atmosphere, in
which the time of carbon intermixing totals to
3—4 months (Schimel, 1995). Inhomogeneities in
the global vegetation pattern and climatic condi-
tions generate those among local carbon cycles.
The atmosphere is a natural integrator for the
work done by local cycles and its dynamic func-
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tion is, in a sense, to average the local inhomo-
geneities of the global carbon cycle.

At a particular time moment each point of the
earth’s surface can be:
® a carbon source (carbon release into atmo-

sphere is higher than absorption);

e a carbon sink (carbon release into atmosphere
is smaller than absorption);

e an equilibrium (the local carbon fluxes are
balanced).

The aim of our research is to develop a method
which would permit to determine functioning of
forest and grass ecosystems as sources or sinks for
carbon and to evaluate intensity of these sources
and sinks for a given territory. Unfortunately, to
solve this problem we can not use results of direct
measurements for the necessary carbon fluxes,
because those results have huge variability in
space and time and they are not sufficient for
making extrapolation at a regional level.

We try to solve the problem by means of mod-
elling the total exchange carbon flux for the ter-
restrial territory under study.

2. Methods and discussion

A kind of indirect methodology is suggested to
solve the problem. It uses:

e a spatially distributed dynamic model of the
global carbon cycle;

e cstimations for the annual net primary produc-
tion (NPP) and phytomass data for various
vegetation patterns;

o the information about natural and agricultural
lands on a given territory;

e the map of soil carbon storage and the renewal
rates data for soil carbon;

e data on decomposition rates for slowly decay-
ing organic substances.

2.1. Problem formalization

Let us consider terrestrial part of the global
carbon cycle as a partially isolated dynamic sys-
tem. We consider the following model variables:
C(¢) is the amount of atmospheric carbon at time
moment #, B(x, y, t) is the density of living phy-

tomass at a point (x, y) in carbon units, D(x, y, t)
is the density of dead organic matter in carbon
units. Both dead phytomass (mortmass) and or-
ganic matter in soil (humus) are included into the
dead organic matter. Note that our knowledge
about real nonlinear feed-back mechanisms for
biosphere machine are uncertain. We assume a
linear description both for living phytomass and
dead organic matter as the simplest mathematical
hypothesis.

The local equation for the density of living
phytomass B(x, y, t) takes on the following form:

0B/0t= P(x,y,t) —mB (1)

where P(x, y,t) is the annual NPP at a point
(x,y), m(x,y,t)=1/r, where 7 is the residence
time for carbon in the living phytomass. Due to
use of the annual NPP, the characteristic time in
the model is chosen one year.

The local equation for the density of dead
organic matter D(x, y, t) takes on the following
form:
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Fig. 1. Ecosystems of the European territory of Russia: I,
Tundra; 2, Taiga forest; 3, Broadleaved forest; 4, Meadow
steppe; 5, True steppe; 6, Semi-desert.
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Table 1

Estimations of net primary production (NPP), nitrogen concentrations within living phytomass (N) and specific carbon concentra-

tion (SCC) for different ecosystem types

Ecosystem type Area (10° km?) NPP (kg/m? per year) N (g/m?) Scc

Tundra 0.11 0.2 53 0.56

Taiga forest 2.00 0.8 6.7 0.40
Broadleaved forest 0.31 1.1 11.4 0.53

Meadow steppe 0.47 1.8 12.7 0.37

True steppe 0.43 1.3 10.9 0.38

Semi-desert 0.30 0.12 1.8 0.45

Weighted average — 0.94 8.0 —
0B/0t=mB— 6D — gD 2) into phytomass, {J,,+ J,}D(x,y,t) is the flux

where d(x, y,t) is a part of the dead organic
matter which is decayed annually and is emitted
into the atmosphere as CO,, ¢(x, y, t) is a part of
the dead organic matter which is lost annually for
ecosystems (for example, with runoff, dusty
storms, soil erosion, etc.). The functions J(x, y, 1)
and ¢(x, y, t) can be represented by the following
sums:

0(x, , 1) =0,,(x, p, 1) + 0,(x, y, 1)
q(x9 y? l) = qlﬂ(x’ y’ t) + qS(x’ y’ t)

where 9,,, J, are parts of dead phytomass (mort-
mass) and organic matter in soil (humus), respec-
tively, which is decayed annually and is emitted
into the atmosphere as CO,, g¢,, ¢, are parts of
mortmass and humus respectively which annual is
lost for ecosystems due to non biological
processes.

The equation for the atmospheric carbon C(7):

dC/dt= —J P(x,y,t)dx dy+ Qco + e(2)
Q

+ J oD dx dy 3)
Q

where Qg is the exchange flux between the atmo-
sphere, terrestrial biota and the ocean, e(t) is the
anthropogenic emission of carbon, € is the terres-
trial area.

According to the spatially distributed model of
the global carbon cycle (1)-(3) there are three
carbon fluxes at each point (x,y) of the land
surface: P(x, y, z) is the flux from the atmosphere

from the dead organic matter into the atmo-
sphere, {q,, + ¢,}D(x, y, t) is the abiotic loss from
ecosystem. Then the total exchange carbon flux
we can represented by:

V(x,y, 1) = P(x, y, 1)
- {5m + 5s+qm+qs}D(xa Vs t)a

that is as the difference between carbon income
into the annual NPP and its emission from dead
organic matter due to both biological and non-bi-
ological processes per year.

Therefore if V(x, y, t) > 0, then a given point
(x, y) at a particular time moment ¢ is a carbon
sink, if V(x, y, t) < 0, then a given point (x, y) at
a particular time ¢ is a carbon source.

Thus the aim of our research is to calculate the
value of V(x, y, t) for current time moment ¢ and
the forest—grass ecosystems of a given territory.

2.2. Calibration of model

The strong assumption that any local carbon
cycle is in steady state—the so-called steady-state
hypothesis—was used in calibrating many exist-
ing dynamic models of the global carbon cycle
with spatial distributions. In other words, it was
assumed that at some moment, which is referred
to as ‘preindustrial world’, all the local carbon
cycles were balanced. For example, this hypothe-
sis was used in calibrating spatial patterns of the
global carbon cycle created within the framework
of such well-known models as the Moscow Global
Biosphere Model (Krapivin et al., 1982; Svirezhev
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Fig. 2. Estimations of annual carbon fluxes from the atmosphere into phytomass for ecosystems of ETR ((a), kg C/m? per year; (b),

Gt Clyear). Notations are the same as for Fig. 1.

et al., 1985; Krapivin, 1993), the Frankfurt Bio-
sphere Model (Ludeke et al., 1994).

In our method, on the contrary, the steady-
state hypothesis is rejected. To calibrate our
model we have used extensive experimental infor-
mation. The model is applied for the European
territory of Russia (ETR) as a case study. The
European part of Russia is a vast territory with
area ca. 3.6 million km? that is located between
30° and 60° eastern longitude and 45° and 70°

northern latitude. We considered six ecosystems
on the given territory: tundra, taiga forest,
broadleaved forest, meadow steppe, true steppe
and semi-desert (Fig. 1). This subdivision is based
on using a land formation (biome) as a unit for
territory classification. Note that taiga forest
ecosystem occupies more than one-half of the
territory under concern.

To calculate the carbon flux into the annual
NPP we have used empirical data about NPP
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Table 2
Characteristics of the upper meter layer of soil for the ETR

Soil type Area (10° km?) Carbon store Renewal of the carbon per year
kg/m? Gt g/m? Mt
Podbur 57 20.7 1.2 59.5 34
Gley tundra soil 107 17.4 1.9 324 35
Peatbog soils of northern taiga 85 37.0 3.1 39.1 33
Gley and gley-podzolic soil 204 10.7 2.2 14.8 3.0
Podzols of northern taiga 182 10.0 1.8 22.4 4.1
Hydromorphic podzolic soils 208 37.0 7.7 120.9 25.1
Podzolic 319 9.1 2.9 12.9 4.1
Podzols of the middle taiga 139 10.5 1.4 15.6 2.2
Peatbog soils of southern taiga 34 63.8 22 147.3 5.0
Sodpodzolic loamy 636 7.4 4.7 18.5 11.8
Sodpodzolic sandy 233 5.9 1.4 29.9 7.0
Gray forest soils 240 15.8 3.8 11.8 2.8
Leached chernozems 233 30.3 7.1 10.0 23
Typic chernozems 91 31.9 2.9 13.0 1.2
Ordinary chernozems 117 26.0 3.0 13.6 1.6
Meadow chernozem-like 30 334 1.0 7.5 0.2
Southern chernozems 125 19.3 24 26.0 33
Chestnut soils 208 10.3 2.1 5.3 1.1
Chernozemic calcareous soils 108 239 2.6 8.8 1.0
Semidesert soils 258 2.9 0.7 0.6 0.2
Weighted average — 15.6 — 23.8 —
Total 3613 — 56.2 — 86.1

(Bazilevich et al., 1986; Bazilevich, 1993) (Table
1). Meadow steppe ecosystem has the maximal
NPP, which smoothly decrease to the south and
north of it. Note that tundra, taiga forest and
broadleaved forest ecosystems, the overground
NPP is higher than the underground NPP. Steppe
and semi-desert ecosystems, the underground
NPP is higher than the overground NPP.

Using chemical analysis data about nitrogen
concentrations collected by Rodin and Bazilevich
(1965) and C/N ratios within phytomass for given
ecosystems (Bazilevich and Titlyanova, 1978), we
have calculated specific carbon concentrations
(Table 1). For tundra and broadleaved forest
ecosystems, it is higher than 50%, for taiga and
steppe ecosystems it is about 40%. Then we have
expressed NPP experimental data in the carbon
units.

Thus we can estimate annual carbon fluxes
from the atmosphere into phytomass for ecosys-
tems of ETR (Fig. 2a,b). Semi-desert ecosystem

has the minimal flux on a unit of area. The
maximal magnitude for this flux on a unit of area
is observed at meadow steppe ecosystem. The
mean value for ETR equals ca. 290 g C/m?. For
ecosystems of ETR we have obtained the follow-
ing estimation for this flux: every year taiga ab-
sorbs about 0.6; meadow steppe, about 0.3; true
steppe and broadleaved forest ecosystems, about
0.2 and tundra and semi-desert ecosystems absorb
smaller than 0.02 Gt of carbon. Total annual
carbon flux from the atmosphere into phytomass
for ETR is 1.4 Gt.

Each ecosystem loses a part of the dead phy-
tomass carbon due to non biological processes,
for example, with runoff, dusty storms, soil ero-
sion, etc. Note that only average values of these
losses are available. According to Kovda (1975)
tundra ecosystem has the maximal value of the
abiotic losses of carbon among the ecosystem
types. Every year it is about 6% NPP. For taiga
ecosystem this magnitude is about 5%. For an-
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Fig. 3. Estimations of annual carbon fluxes from organic matter in soil for ecosystems of ETR ((a), g C/m? per year; (b), Mt C/year).

Notations are the same as for Fig. 1.

other ecosystems of ETR this magnitude does not
exceed 1%. These values are the estimates for
annual abiotic loss carbon fluxes from the dead
phytomass.

In order to estimate the annual carbon flux
from organic matter in soil we have used the data
about renewal of the soil carbon for ETR ob-
tained by Brovkin et al. (1995). They accounted
the spatial distribution of soil carbon storage and,

using the radiocarbon method, designed the
model describing carbon isotopes dynamics in soil
(Cherkinsky and Brovkin, 1993) and estimated
the renewal rates of soil carbon for different soil
types (Table 2).

According to the results by these authors the
carbon storage is about 20 kg/m? at the areas of
podburs and gley tundra soils. It decreases to 10
kg/m? for podzolic and sodpodzolic soils. Cher-
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Fig. 5. Area parts for forest and grass ecosystems of ETR (%).Notations are the same as for Fig. 1.

nozem fertile soils are characterized by the higher
values of carbon content in humus (20—35 kg/m?).
Chestnut and semidesert soils in the south-eastern
region of ETR with dry and hot climate condition
have a low level of carbon content (3—10 kg/m?).

Northern soils are characterized by significant
renewal rates of soil carbon (33-60 g/m? per
year). Carbon in southern peat bogs (middle and
southern taiga) have about two times more re-
newal rates than in northern region (120-150

g/m? per year). Carbon in chernozem soils renews
at a low level (9—13 g/m? per year). It is interest-
ing that chernozem fertile soils contain much car-
bon in humus and have the low renewal level for
soil carbon.

The magnitude of renewal for the soil carbon
characterizes the exchange carbon flux in the soil
organic matter. Hence, we can estimate annual
carbon fluxes from organic matter in soil (humus)
for ecosystems of ETR (Fig. 3a,b). Tundra
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Table 3
Chemical composition of mortmass

% Dry matter

Organisms Cinder Albuminous substances Carbohydrates Lignin Lipids, tannins
Lichens 2-6 - 65-90 8-10 3
Mosses 3-10 5-10 45-85 - 5-10
Coniferous

Wood 0.1-1 0.5-1 60-75 25-30 2-12

Needle 2-5 3- 30-40 20-30 15-20
Deciduous

Wood 0.1-1 0.5- 60-80 20-25 5-15

Leaves 3-8 4-10 25-45 20-30 5-15
Perennial herbage

Grass 5-10 5-15 50-75 15-20 2-10

Leguminous plants 5-10 10-20 40-55 15-20

ecosystem has the maximal flux from a unit of
area. The minimal magnitude for this flux from a
unit of area is observed at semi-desert ecosystem.
The mean value for ETR equals ca. 24 g C/m>.
For ecosystems of ETR we have obtained the
following estimation for this flux: every year taiga
ecosystem soils lose about 64 Mt of carbon, tun-
dra soils and broadleaved forest soils lose about 5
Mt of carbon, steppe ecosystems soils lose about 6
Mt of carbon, semi-desert ecosystem soil loses
smaller than 1 Mt of carbon. Total annual carbon
flux from organic matter in soil for ETR is 86 Mt.

It is known that NPP is transformed through
trophic chains: about 50% for meadow and true
steppe, 30-37% for tundra, taiga forest,
broadleaved forest, semi-desert ecosystems
(Gilmanov, 1978).

The part of the annual increment that is not
fixed in perennial plant organs and is not con-
sumed has many slowly decaying substances, such
as lignin, cellulose. In order to calculate the an-
nual decomposition rate for slowly decaying or-
ganic substances, we have wused cellulose
decomposition experimental data for the different
ecosystems and have assumed the exponential hy-
pothesis for the decomposition rate dynamics.
According to experimental data (Zlotin and
Chukanova, 1973; Bazilevich et al., 1993) in the
warm season the monthly cellulose decomposition
rate is about 20% for the broadleaved forest
ecosystem, 11-15% for taiga and steppe ecosys-

tems, about 5% for the semi-desert ecosystem and
0.3% for the tundra ecosystem. Having assumed
the exponential hypothesis, we have obtained the
following estimates of annual decomposition rate
for slowly decaying organic substances (Fig. 4):
the maximal magnitude for the rate is observed at
broadleaved forest ecosystem (ca. 93%), where
climatic conditions are optimal for destructive
processes, the minimal magnitude for the rate is
observed at tundra ecosystem (ca. 3.5%), where
low temperature does not permit micro-organisms
to decay organic matter. Note that the annual
destruction values for cellulose at taiga and
broadleaved forest ecosystems are known from
the field experiments of other authors (Grishina et
al., 1990; Bazilevich et al., 1993). According to
those experimental data, about 77 and 93% of
cellulose are decayed at taiga and broadleaved
forest ecosystems per year, respectively. Thus our
estimates of the annual decomposition rate for
slowly decaying organic substances coincide very
much with the field experiments results.

In our model we considered forest and grass
ecosystems. Urbanized and technogenic territories
were excluded from our analysis. Agroeco-systems
were included into grass ecosystems. Using the
afforestation map and the information about nat-
ural and agricultural lands for the given territory
(Egorov, 1975) we have calculated area parts for
forest and grass ecosystems of ETR (Fig. 5).
These diagrams permit to receive general repre-
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Fig. 6. Estimations of annual carbon fluxes from dead phytomass for ecosystems of ETR ((a), g C/m? per year; (b), Mt C/year).

Notations are the same as for Fig. 1.

sentation about spatial distribution for forest and
grass ecosystems on ETR.

Let us denote by a; and a, the carbon flux from
dead phytomass (J,,D) for forest and grass
ecosystems, respectively, and denote by p; and p,
the parts of forest and grass ecosystems, respec-
tively, at each biome on the given territory. Then
for each point (x,y) the mean value for the
carbon flux from dead phytomass to the atmo-
sphere can be calculated as:

5n1D = afpf + agpg

Having used data about the annual increment
transformation through trophic chains, chemical
composition data for mortmass (Alexandrova,
1980) (see Table 3), and the annual decomposition
rate for slowly decaying organic substances we
can estimate the annual carbon flux from dead
phytomass (Fig. 6a,b). Meadow steppe ecosystem
has the maximal flux from a unit of area. Note
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Fig. 7. Estimations of annual total exchange carbon flux for ETR ecosystems for ecosystems of ETR ((a), g C/m? per year; (b), Mt

C/year). Notations are the same as for Fig. 1.

that the underground dead phytomass is higher
than the overground mortmass for this ecosys-
tem. The minimal magnitude for this flux from a
unit of area is observed at semi-desert ecosys-
tem. The mean value of the flux from dead phy-
tomass for ETR equals ca. 323 g C/m% For
ecosystems of ETR we have obtained the follow-
ing estimation for this flux: every year taiga
ecosystem emits about 490 Mt of carbon,

broadleaved forest and steppe emits 160—300
Mt, semi-desert ecosystem about 9 Mt and tun-
dra about 5 Mt of carbon. The total annual
carbon flux from dead phytomass for ETR is
1.2 Gt.

Thus we can calculate all the fluxes which are
necessary to compute annual total exchange car-
bon flux according to the dynamic model of spa-
tially distributed global carbon cycle.



L.L. Golubyatnikov et al. / Ecological Modelling 108 (1998) 265-276 275

3. Results

The simulated significances of the annual total
exchange carbon flux for ETR are shown in Fig.
7a,b. Mean value of this flux for ecosystems under
consideration equals ca. 22 g C/m? per year. The
maximal magnitude of the annual total exchange
carbon flux is characteristic for broadleaved forest
ecosystem (about 34 g C/m?), the minimal magni-
tude is characteristic for meadow steppe ecosys-
tem (about 4 g C/m?).

The magnitude of the total exchange carbon
flux can characterize the global role of vegetation
communities as carbon accumulators. We have
found that a significant role belongs forest ecosys-
tems of ETR, which deposit about 66 Mt carbon
every year. This value is in agreement with the
estimates obtained by other authors for forest
ecosystems of ETR (Kolchugina and Vinson,
1993a,b; Kokorin, 1996). According to these au-
thors, forest ecosystems of ETR absorb 15-90 Mt
carbon per year. We have found that steppe
ecosystem absorbs up to 9 Mt carbon every year.
At semi-desert ecosystem carbon sink magnitude
decreases up to 7 Mt. Tundra ecosystem is charac-
terized by the minimal difference between carbon
absorption and its emission into the atmosphere,
about 2 Mt. The annual total exchange carbon
flux for ETR is evaluated as 81 Mt.

Our research has shown that ETR is a carbon
sink at present time. The estimates obtained are in
agreement with those of other authors (Isaev et
al., 1993; Zavarzin, 1994 and others) that ETR is
a sink for carbon.

4. Conclusion

In our model for the estimation of the total
exchange carbon flux we do not use the hypothe-
sis of steady state for all local carbon cycles. The
model is based on the extensive experimental
information.

The suggested model permits us to characterize
a particular terrestrial territory as a source or a
sink for carbon. Certainly, the model cannot take
into account the whole set of productive and
destructive processes for organic matter. There-

fore the results obtained represent some estimates
but they nevertheless give an idea of the qualita-
tive pattern of the carbon balance for the territory
under study.

The method proposed enables us to determine
the state of the total exchange carbon flux at the
end of the 20th century. The results can serve as a
basis to monitor any further changes in the
parameters of this flux.
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