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Abstract—Several modern approaches to the problem of estimating the net primary production of terrestrial
ecosystems are discussed. A method for predicting the dynamics of this parameter as a function of radiation
balance and annual evapotranspiration is described. The values of annual carbon by the zonal vegetation of
European Russia are calculated in two ways. by methods based on the empirically determined relationships
between the annual average values of climatic parameters and net primary production and on the basis of mod-
els describing carbon flows between the compartments of ecosystems. The model estimations of net primary

production are compared with experimental data.

INTRODUCTION

Modeling the net primary production of terrestrial
ecosystems is among the key problems in studies deal -
ing with the effects of the anthropogenic impact on the
guantitative parameters of global organic matter cycle
and the structure of the biosphere as a whole. Net pri-
mary production, one of the key characteristics of the
plant cover, is determined as the amount of organic
matter accumulated in both above- and underground
spheres of aplant community per unit of its area during
acertain period of time (usually, ayear). This parame-
ter is calculated in units of organic matter dry weight
and is usually expressed in carbon units, which show
the content of carbon in dry organic matter. The con-
cept of net primary production (NPP) was formulated
by Bliss (1962), and this term became internationally
accepted. It should be noted, however, that some spe-
cialists use other terms, such as “primary biological
productivity,” “annual increment,” and “ net annual pro-
duction” of the vegetation, but their meaning is the
same.

Changesin the spatia distribution of terrestrial NPP
have a significant effect on the maintenance of homeo-
stasisin the atmosphere, as NPP values characterize the
annual rate of atmospheric carbon dioxide consump-
tion by the terrestrial biota. Estimating the global and
local values of NPP is an urgent problem in studies on
both the biological cycle of organic matter in general
and carbon cyclein the biosphere in particular.

To date, specialists have developed several dozen
ecosystems and biosphere models that make it possible
to estimate NPP for different zonal types of the vegeta-
tion. These modelsfall into two categories: bioclimatic
(regression-based) (McGuire et al., 1992), and eco-
physiological (process-based). The first category com-
prises the models based on empirically determined
relationships between the annual average values of cli-

matic parameters and NPP values (Table 1). They make
it possible to follow the annual dynamics of NPP in the
plant cover. The models of the second category are
based on the description of carbon flows (in some
cases, together with nitrogen and water flows) between
the atmosphere and different compartments of the plant
cover and the soil. NPP in these models depends on
several processes, including photosynthesis and plant
respiration, evapotranspiration, organic matter dying
off and decomposition (Table 2). Depending on the
method used for parameterizing the processes consid-
ered, models of this type have different characteristic
times and alow researchers to follow the seasonal
dynamics of NPP in the plant cover of an ecosystem.

In this paper, we discuss different approachesto the
assessment of annual carbon accumulation by the plant
cover. For the ecosystems of European Russia, NPP
values estimated by different methods are compared
with its actual values observed in experiments.

METHODS FOR CALCULATING NET PRIMARY
PRODUCTION

NPP can be estimated by various experimental
methods, such as gasometry performed in different
periods, with the results of measurements used in cal-
culations taking into account seasonal and diurnal fac-
tors; aerodynamic measurements of vertical gradients
of carbon dioxide concentrations in cenoses; determi-
nations of final phytomass; and the chlorophyll method
based on determinations of chlorophyll content per unit
of phytocenosis area. However, direct NPP determina-
tion by empirical methods involves some difficulties
because of plant cover heterogeneity, the subjective-
ness of estimations at some stages of analysis, and stan-
dard errors of measurements. In addition, problems
arise when the data of field observations (i.e., local
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Table 1. Bioclimatic (regression-based) modelsincluded in analysis

Model Climatic parameters determining NPP values References
Miami annual precipitation, annual average air temperature Lieth, 1975
Efimova’s radiation balance, radiation index of dryness Efimova, 1977
Zubenok’s radiation balance, index of dryness Zubenok, 1971
Varlygin—Bazilevich’s radiation balance, total evaporation Varlygin and Bazilevich, 1992

Table 2. Ecophysiological (process-based) modelsincluded in analysis and corresponding methods for cal culating NPP

Model Method for calculating NPP Chart?tr:‘rt]?stw References
CASA NPP = f(PAR, FRAR, T, AET/PET) one month | Potter et al., 1993;
(Carnegie Ames Stanford Approach Field et al., 1995
model)
CENTURY NPP=f(C,, T, W, P, PET, N, P;, § Patton et al., 1993;
(General ecosystem level model) Patton et al., 1995
TSUBIMO NPP = f(GPP) Alexandrov, Oikawa, 1997,
(Tsukuda Biosphere Model) GPP=1(D, G,k T, P, r, Iy K, LAI) Alexandrov et al., 1999
TEM NPP = GPP — R, " Raich et al., 1991;

(Terrestrial Ecosystem Model)
Ry =f(GPP, T, C,)

GPP = f(Cyra PAR, LEAF, T, CO,, W, N)

McGuire et al., 1992;
Pan et al., 1996

FBM NPP = GPP — R, one day Ludeke et al., 1994;

(Frankfurt Biosphere model) GPP = f(PAR, LAI, T, W, CO,) Kohlmaier et al., 1997
Ra=f(T, C,)

SILVAN NPP = GPP — R, six days Kaduk, Heimann, 1996

(Simulating Land Vegetationand | GPP = f(PAR, LAI, T, CO,, AET/PET)

NPP model)

Ra=f(T. C)

Note: (C,) carbon concentration in the vegetation; (C,,5) Maximum rate of photosynthesis; (CO,) atmospheric carbon dioxide concentra-
tion; (PAR) photosynthetically active radiation; (P) amount of precipitation; (W) soil moistening; (PET) potential evapotranspiration;
(AET) actual evapotranspiration; (FPAR) absorbed photosynthetically active radiation; (N) inorganic nitrogen, (Pf) phosphorus, and
(S sulfur concentrationsin the soil; (D) average daylight period in the growing season; (G) duration of the growing season; (k) con-
version constant; (r) coefficient of light curve; (1) midday illumination intensity; (K) light attenuation factor; (LAI) relative area of
leaves, (LEAF) the ratio of actual and maximally possible areas of leaves; and (T) air temperature.

measurements) are extrapolated in order to make some
spatial generalizations.

The initial global NPP estimations for terrestrial
ecosystems, made by extrapolating scarce empirica
data, varied between 11 and 25 Gt C per year (see
Kobak, 1988). Subsequently, experimental research
provided new data on NPP in various plant communi-
ties and entire ecosystems. On this basis, NPP of the
continental plant cover was estimated at 49—77 Gt C per
year (Whittaker and Woodwell, 1969; Bazilevich et al.,
1970).

The work on generalizing the empirical estimations
of terrestrial NPP promoted the development of a new
approach to its measurement, which consists of deter-
mining the dependence of annual plant production on
various climatic factors. Studies by Grigor'ev and
Budyko (1956, 1962) were basic in this respect. These

authors analyzed the relationship of geographic zoning
with the parameters of heat supply (radiation balance)
and moistening (radiation index of dryness). The latter
index was determined as the ratio of annua radiation
balance R (kcal/cm?) to the amount of heat necessary
for evaporating the annual amount of precipitation, LP;
here, L is specific heat of evaporation (kcal/g), and P is
annual precipitation (g/cm?). Theresults of the analysis
allowed these authors to formulate the concept that
each gradation of moistening and radiation balance is
characterized by a certain value of NPP of the plant
cover as well as by a specific type of zonal vegetation.
Elaborating this approach, Budyko and Efimova (1968)
revealed the dependence of NPP of the natural plant
cover on the annual sums of radiation balance and radi-
ation index of dryness. According to these authors,
plant NPP in each thermal belt reaches a peak when the
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radiation index of dryness has a certain optimal value,
which ranges from 0.8 to 1.0.

The use of more extensive empirical data on NPP
allowed Efimova (1977) to determine more accurately its
functional dependence on radiation balance and index of
dryness in the main zond plant formations of the world
and to make amap of NPP in the restored plant cover of
terrestrial ecosystems. According to the results of this
study, NPP reaches a peak when the radiation index of
dryness has values ranging from 0.5 to 1.0.

Varlygin and Bazilevich (1992) studied the depen-
dence of NPP (t/halyear) on the annual radiation bal-
ance R (GJm?) and total evaporation E (mm per year)
in the main zona plant formations of the world. The
results showed that annual evaporation in the regions
with optimal conditionsfor plant productionin all ther-
mal belts varies in a wide range, from 50 mm in the
polar belt to almost 1300 mm in the equatoria belt.
Moreover, as the radiation balance increases, the range
between the highest and lowest values of annual evap-
oration in plant formations of the corresponding
regions broadens: in the polar belt, it does not exceed
50-100 mm; in the boreal belt, 100200 mm; in the
subboreal belt, it narrows to approximately 100 mm; in
the subtropical belt, it broadens again to 100250 mm;
and in thetropical zone, including the equatorial belt, it
reaches 200-250 mm.

Zubenok (1971) analyzed annual NPP (t/ha) as a
function of radiation balance R (kcal/cm? per year) and
the index of dryness Ey/P, which depends on annual
values of evaporation E, (cm) and precipitation P (cm).
The results showed that NPP of the plant cover under
the same conditions of moistening (at constant Ey/P)
increases with an increase in the radiation balance.
Under insufficient moistening (at higher Ey/P), NPP
decreases. High NPP values (above 22.5 t/ha per year)
are observed at E,/P varying within afairly wide range,
from 0.3 to 2.0 (Zubenok, 1976).

Lieth (1975) correlated the data on annual NPP
(kg/m?) in various terrestrial ecosystems with climatic
data, such as annual precipitation P (mm) and annual
average air temperature T (°C), and, on this basis, pro-
posed the following formulafor calculating NPP:

NPP = Amin{1-e®, 1/(1+ce™)},
where A= 1.46, a=0.000664, b=0.119, and c = 3.73.
Thisisone of the smplest methods for estimating NPP
by climatic parameters, known as the Miami model.
This model has been widely used in studies dealing
with interactions in the vegetation—atmosphere system
at both global and regiona levels (see Esser, 1987,
1991; Belotelov et al., 1996; Brovkin et al., 1998; Jiang
et al., 1999).

The methods discussed above are based on empiri-
cally determined relationships between annual average
values of climatic parameters and NPP and belong to
the group of bioclimatic (regression-based) models. In
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Table 3. Estimations of global terrestrial NPP

Model NFI)D e': ,y%;rc References
TSUBIMO 61.6 Alexandrov et al., 1999
SILVAN 61.1 Cramer et al., 1999
Efimova's 56.4 Efimova, 1977
CASA 56.4 Field et al., 1998
CENTURY 533 Cramer et al., 1999
TEM 53.2 Mélillo et al., 1993
FBM 50.3 Kohlmaier et al., 1997
MIAM 46.6 Lieth, 1975

the modern ecosystem and biosphere model s that com-
prise the ecophysiological (process-based) group, two
basic approaches to calculating NPP are used. In some
models of this type, NPP is directly determined as a
function of physiological characteristics of plants
(absorption of photosynthetically active radiation, car-
bon assimilation, transpiration rate, etc.) and environ-
mental parameters (precipitation, air temperature, soil
moistening, the amount of accessible nitrogen in the
sail, etc.). In particular, this concernsthe CASA, CEN-
TURY, and TSUBIMO models (Table 2). In some other
models (e.g., TEM, FBM, and SILVAN), NPP is calcu-
lated as the difference between gross primary produc-
tion (GPP), which determines the rate of carbon diox-
ide transformation into organic matter by photosynthe-
sizing plants, and the amount of organic matter
expended by autotrophic organisms for respiration
(autotrophic respiration R,):

NPP = GPP—R,.

R, is usually regarded as a function of air temperature
and carbon concentration in the vegetation, and GPP is
regarded as afunction of photosynthetically active radi-
ation intensity, soil moistening, air dryness, air and soil
temperatures, carbon dioxide and oxygen concentra-
tions in the atmosphere, species-specific features of
plants, and soil types. Thus, ecophysiological models
provide a more or less accurate description of complex
relationships between the processes of organic matter
turnover in ecosystems. However, the use of numerous
parameters in models of thistype created a situation in
which not only a great amount of experimental infor-
mation, but also numerous data obtained by modeling
are necessary for their identification.

The results of modeling make it possible to esti-
mate the global annual value of terrestrial NPP more
accurately (Table 3). According to generalized exper-
imental data, the global NPP of terrestrial ecosystems
is77.4 Gt C per year (Bazilevich et al., 1970). Theval-
ues cal culated according to various models range from
46.6 to 61.6 Gt C per year. The greatest value was
obtained using the TSUBIMO model, in which NPP of
the plant cover is calculated on the basis of radiation
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Fig. 1. Experimental data (according to Zubenok, 1976; triangles) and the plot (solid line) illustrating the dependence of radiation
balance in amoistened area (Ry) and evaporativity calculated from radiation balance (Ry/L) on evaporativity determined by a com-

plex method (Egp).

and heat parameters. The result of calculations by the
SILVAN model, which takes into account water bal-
ance in addition to radiation and heat parameters, was
61.1 Gt C. Efimovas bioclimatic scheme and the
CASA model gave adlightly smaller value (56.4 Gt C).
According to the models based on nitrogen cycle
(CENTURY and TEM), the annual value of terrestrial
NPP is about 53 Gt C. The Frankfurt Biosphere M odel
(FBM), in which the processes of carbon and water
transfer in the atmosphere-vegetation—soil system are
parameterized, gave an estimate of 50.3 Gt C per year.
Finally, the lowest value of NPP for terrestrial ecosys-
tems—46.6 Gt C per year—was obtained using the
MIAMI model.

RESULTS OF MODELING

The aforementioned methods for calculating NPP
provide the possibility of estimating the spatia distri-
bution of the resulting values of NPP in plant commu-
nities. Let us compare the results of modeling by each
method with empirical data using the ecosystems of
European Russia as an example. On the one hand,
European Russia is heterogeneous with respect to both
climatic conditions and the types of plant formations;
on the other, there is a large database of empirically
determined NPP vaues for this region compiled by
Bazilevich (1993). For the purposes of our study, we
used a spatial coordinate grid with a resolution of
0.5° x 0.5° (geographic latitude by longitude). The

Table 4. Ranges of evaporation (E), evaporativity (), radiation balance (R), index of dryness (E,/P), and radiation index of

dryness (R/LP) for natural zones of European Russia

Zone E,cmperyear | Eo, cmperyear |R, GYm? per year Eq/P R/ILP
Tundra 13.0-28.3 25.0-35.9 0.70-0.96 0.31-0.67 0.38-0.64
Coniferous forests 21.7-48.3 28.9-57.0 0.75-1.50 0.42-0.81 0.44-0.80
Mixed forests 37.0-55.5 48.1-60.1 1.18-1.64 0.60-0.95 0.66-0.96
Broadleaved forests 37.0-57.0 55.3-65.0 1.43-1.73 0.71-1.14 0.75-1.20
Meadow steppes 37.2-57.4 56.2-70.6 1.44-1.76 0.73-1.29 0.80-1.31
True steppes 35.0-63.3 58.2-100.7 152-2.22 0.84-2.52 0.97-2.11
Semideserts 25.0-60.0 72.4-101.2 1.69-2.14 1.53-3.35 1.42-2.80
BIOLOGY BULLETIN Vol.28 No.3 2001
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Fig. 2. A surface of NPP values depending on radiation balance R and total evaporation E (according to Varlygin and Bazilevich,

1992).

types of vegetation were determined using the vegeta-
tion map of the former Soviet Union (Fiziko-
geograficheskii atlas mira, 1964) with corrections
made by Bazilevich at the Institute of Geography, Rus-
sian Academy of Sciences. The sums of annual precip-
itation P, evaporation E, and evaporativity E, were
taken from Mirovoi vodnyi balans ... (1974); annual
average air temperatures and radiation balance R were
determined from the data presented in Fiziko-
geograficheskii atlas mira (1964).

The dependence of the radiation balance R, on evap-
orativity E, in amoistened area, determined by a com-
plex method, and the dependence of evaporativity cal-
culated from radiation balance (Ry/L) on evaporativity
E, were used to determine the values of the radiation
index of dryness R/LP inthe coordinate grid. The func-
tional relationships between these parameters (Fig. 1)
were revedled on the basis of experimenta data
described by Zubenok (1976).

The results of modeling showed that the main zonal
plant formations in European Russia are distributed
depending on theranges of E, E,, R, Ey/P, and R/LP val-
ues (Table 4).

Taking into account data on the average annual air
temperature and precipitation in European Russia, we
estimated NPP for the ecosystems of this region
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according to the Miami model. Data on the radiation
balance and R/LP and E,/P values allowed us to calcu-
late NPP according to the model s proposed by Efimova
and Zubenok.

The nomogram describing the empirically deter-
mined rel ationshi ps between NPP of zonal plant forma-
tions, on the one hand, and radiation balance R and tota
evaporation E, on the other (Varlygin and Bazilevich,
1992), and the method of piecewise-cubic interpolation
(Marchuk, 1980) provided the basis for inventing an
algorithm to calculate NPP depending on R and E val-
ues. The proposed method allowed us to present NPP
as a continuous function of these two parameters. Its
plot is shown in Fig. 2. The data on the radiation bal-
ance and total evaporation and theformal description of
NPP as their function were used to calculate NPP val-
ues by Varlygin—Bazilevich’'s model.

To calculate NPP for the ecosystems of European
Russia according to the CASA, CENTURY, and SIL-
VAN models, we received their authors permission to
use the data obtained by specialists participating in the
project “ The Potsdam Net Primary Production Model
Intercomparison,” headed by Prof. W. Cramer (Pots-
dam Institute for Studies on Climate Change, Ger-
many). The data for calculations by the FBM model
were kindly supplied by Prof. M.K.B. Ludeke (Pots-
dam Institute for Studies on Climate Change); the
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Fig. 3. Comparison of NPP values calculated according to (S) SILVAN, (Y) CENTURY, (F) FBM), (A) TSUBIMO, (T) TEM, (C)
CASA, (L) MIAMI, (Z) Zubenok’s, (V) Varlygin—Bazilevich’s, and (E) Efimova’ s modelswith (Ex) experimental dataon zonal eco-
systems of European Russia (according to (B) Bazilevich, 1993). Lines show the limits of variation in experimentally determined

NPP values.

TSUBIMO modd was applied to the data received
from G.A. Alexandrov, the author of this model (Uni-
versity of Tsukuba, Japan); and the TEM model, to the
results published by Melillo et al. (1993).

NPP, Gt C per year
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Fig. 4. Estimations of NPP for the plant cover of European
Russia. For designations, see Fig. 3.

Figure 3 shows annual NPP values determined for
the ecosystems of European Russia with the use of
these models. NPP values determined experimentally
and calculated by the methods proposed by Zubenok,
Efimova, and Varlygin and Bazilevich were converted
into carbon units using coefficients reported by
Svirezhev et al. (1997).

CONCLUSION

In the case of tundra ecosystems, the results
obtained with the use of Efimova’s, Zubenok’s, TSUB-
IMO, CASA, and TEM models proved to fall within the
range of experimentally determined NPP values,
whereas al other estimations exceeded these values.
Theresults of calculations by the TSUBIMO and TEM
model s approached the actual NPP values most closely.

In the case of temperate forest ecosystems, virtually
all calculated NPP values were within the range of
experimentally determined values, except for NPP of
broadleaved forests estimated according to the CASA
model. The results that closely approached the aver-
aged experimentaly determined NPP values were

BIOLOGY BULLETIN Vol.28 No.3 2001
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obtained using the following models: in the taiga zone,
Efimova’s and Zubenok’s models; in the mixed forest
zone, Varlygin—Bazilevich’'s model; and in the broadle-
aved forest zone, FBM and SILVAN.

In the meadow steppes, experimentally determined
NPP is greater than in the first two zones, and all the
models proved to underestimate this parameter by a
factor of 1.5-2. In the true steppes, NPP values calcu-
lated according to Zubenok's, Varlygin—Bazilevich's,
TSUBIMO, Miami, FBM, and SILVAN models were
within the range of values measured experimentally.
However, only Zubenok’'s and FBM models yielded
results that closely approached the actual average NPP
values characteristic of this zone.

In the semidesert zone, NPP estimations were
mostly within the range of experimentally determined
values, except for those made with Zubenok’s and
Varlygin—Bazilevich’'s model. NPP estimated using the
Miami model closely approached the average value
determined for this zone experimentally.

These results show that correspondence between
calculated and experimentally determined NPP values
is closer in the zone of temperate forests; therefore, the
models considered in this study are better adapted to
the forest ecosystems of temperate latitudes.

Thetotal annual NPP of all ecosystemsisanimpor-
tant parameter of carbon cycle in the biosphere.
According to experimental observations (Bazilevich,
1993), the plant cover of European Russia accumulates
more than 1.43 Gt C per year. Model estimations of
NPP for this region vary between 0.91 and 1.83 Gt C
per year (Fig. 4). Compared to empirical data, the
CASA model underestimates annual NPP by 36%,
whereas the SILVAN and CENTURY models overesti-
mateit by almost 28%. Closer correspondence between
calculated and experimentally determined NPP values
is observed in cases of the Frankfurt model (1.48 Gt C
per year) and the TSUBIMO model (1.37 Gt C per
year).

The analysis of annual NPP values determined for
European Russia showed that the models employing
numerous physiological and environmental parameters
and the models based on the dependence of production
on climatic factors produce comparable results. It
should be noted that ecophysiological models give
more variable NPP values (relative to expert estima
tions of this parameter) than bioclimatic models. Com-
paring the results of modeling, we revealed the models
allowing NPP estimation for all the types of zonal veg-
etation characteristic of European Russia and ensuring
a close approximation of experimentally determined
NPP values. Our study showed that, in European Rus-
sia, possible trends in the dynamics of annual NPP
upon climate change can be revealed with the aid of rel-
atively simple models based on relationships between
biological and climatic parameters.
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