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INTRODUCTION

Forest vegetation follows variables of the environ�
ment (such as topography and climate), and this asso�
ciation is especially clearly manifested in the moun�
tains, where the climate itself is closely associated with
topography. The association between air temperature
and topography is not reduced only to its dependence
on altitude and geographical latitude and longitude,
which were used for the interpolation of data on
weather stations during the development of grid of the
WorldClim high (30′′) resolution climate global model
[16]. Exposure (terminology), slope steepness, and the
special role of mountain ranges and valleys are no less
important for vegetation. Therefore, one of aims of
our work was to conduct interpolation of weather sta�
tion data with proper accounting of these factors.

The Normalized Difference Vegetation Index (see
definition and properties in [17] is associated with the
content of chlorophyll in vegetation; therefore, it is
quite often used for estimation of the functional activ�
ity of forests. Since vegetation in the mountains
changes with altitude and at different slopes and land�
forms, the question of when this association is linear

with topographic attributes (and when nonlinearity is
significant) is of interest. A broadened set of 18 basic
morphometric variables (MVs) [23], which makes it
possible to statistically compare NDVI with a whole
spectrum of quantitative topographic attributes with
the use of multiple regression methods (including
using nonlinear expressions for independent vari�
ables), was introduced in geomorphometry (the sci�
ence of quantitative analysis of the Earth surface) [10,
20]. It was demonstrated in a number of studies that
some properties of forest ecosystems are better
described by previously unused MVs and with an
account of nonlinear associations [6–9, 11].

Interference in the influence of such environmen�
tal factors as climate and topography on mountain
massif forests was little studied by quantitative meth�
ods. However, this question was found to be important
with respect to the prognosis of forest redistribution in
conditions of changing climate. For example, forests
are modeled as monotonically rising by ~500 m during
warming in the prognosis of forest change in
Swiss Alps [18], even though topography in a new alti�
tude area (which has favorable temperature condi�
tions) can have sharp gradients that complicate its
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mastering. The task of the work is to conduct simulta�
neous accounting of the climate and topography and
to detect whether changes in the prognostic estima�
tions of mountain forest transformation are consider�
able.

The program Analytic GIS Eco, developed by
P. A. Shary, was used for calculations and map con�
struction [24].

MATERIALS AND METHODS

SRTM30 grids [21] of high resolution 30′′, which
were transformed for mountain Caucasus into a grid
with resolution 500 m in the Kavraisky projection for
European Russia, were a source of data on topography.
Measurements from 67 weather stations, averaged over
40 years, were a source of data on climate;
34 hydroposts were additionally used for precipitation.

A broadened system of basic MVs, the meaning of
which is described in [23], was used for the land sur�
face analysis. Several compound or transformed
MVs described in [11] were added to them. For exam�
ple, exposure of A0 slopes for statistical comparison
requires transformation, since this MV is circular and
0° and 360° is the same for it (northern slopes); A0 sine
and cosine values were used (northern and eastern
components of exposure, respectively [12]). In addi�
tion, quadratic and cubic terms of Z altitude and GA
steepness were tested. These terms were centered [19]
for a decrease in effects of linear dependence between
analyzed spatial factors (predictors); that is, Z2 values
were replaced with (Z�ZCP)2, Z3 with (Z�ZCP)3, etc.
Since the distribution of regression model remainders
must be normal, nonlinear transformations of some
MVs described in [11] were used; the transformed MVs
were marked below by superscript “T.”

Four samples of 200 points were used for analysis of
nonlinearities for pine and dark coniferous types of for�
ests as determined on the Electronic Map of Russian
Forests [2]; light forests (with crown cover < 40%) were
not included; all areas with altitude less than 500 m
were also excluded from consideration. S.A. Bartalev
et al. calculated the corrected (on cloud borders etc.)
NDVI values for summer 2001 with a resolution in
terms of 250 m [3], as well as the matrices of types of
forests [3, 13]. We transformed their data to resolution
500 m. As is known (for example, [15]), the NDVI dis�
tribution deviates from the normal distribution; there�
fore, the (NDVI/NDVIAV)5 variable, the distribution of
which is closer to normal distribution (NDVIAV is an
average in the sample), was used instead of the NDVI
for the problem of nonlinearity. The topography, cli�
mate, latitude, longitude, and distance from glaciers
were used as environmental factors for solving the
problem of nonlinearity of associations. The latter
means the lowest distance from the point of observa�
tion to the closest border of glaciers, the location of
which was estimated according to topographic maps.

The significance of linear dependence between
predictors (multicollinearity) was estimated by the
maximal value of so�called “dispersion inflation fac�
tors” [19]. If this maximum was less than 5.15, multi�
collinearity was considered to be insignificant; other�
wise, this combination of predictors or independent
variables was excluded from consideration [11]; this
was due to the fact that “independent” variables can�
not be already considered as independent variables,
which can result in a wrong result, manifesting as an
increasingly higher determination coefficient. The
normality of distribution of a dependent or analyzed
variable (response) was estimated by graphs of normal
probability [19]. The normality of distribution of the
model residuals (errors) was checked by the same
method. If the distribution of residuals significantly
differed from the normal distribution, an appropriate
nonlinear transformation of the response was con�
ducted. In general, these regression models are some
of the most currently popular ones, the so�called gen�
eralized linear models (in fact, nonlinear, see [11]).

The selection of predictors was conducted by a
search for all combinations for a fixed amount of pre�
dictors (4 or 3); the combination of predictors with the
largest values of the R2 determination coefficient was
selected; as opposed to approximate approaches of
stepwise regression, this method is considered to be
more correct [19].

RESULTS AND DISCUSSION

Generation of Climatic Grids Based on Associations of 
Weather Station Data and Hydroposts with Topography 

The association of long�term average July temper�
ature (TJUL) in mountain Caucasus with topography
was described by the regression equation

(1)

where Z is the altitude; (X+Y)/21/2 is the distance to
the northeast (X and Y, longitude and latitude in
meters, respectively); F(35°,225°) is the relative inso�
lation of slopes from southwest; kh is the horizontal
curvature (branches are noted by the sign “+” for
spurs and “–” for hollows). The equation can be read
as follows: if an observer moves along the isoline of the
altitude Z, he will register the highest temperatures on
slopes that are well insolated from southwest slopes
(+F(35°, 225°)) located on the branches (+kh), which
are at extreme positions on the northeast of Northern
Caucasus macroslope (+(X + Y)/21/2). Subscripts
(Student’s t�statistics) describe the significance of
each predictor in the model, and the larger the t�statis�
tics module, the higher the predictor significance.
According to them, Z has the largest significance, but
other predictors are also significant. Southwest azi�

TJUL 0.05927Z 49.69–– 0.000006962 X Y+( )/2+6.39
1/2+=

+ 0.04256F 35°,225°( )+2.93 0.2771kh+2.53
T 26.00,+ +

R2 0.978= Degr = 0.7%( ), P 10 6–
,<
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muth 225° was obtained by a search for all values of the
azimuth x (via 5°) in the insolated F(35°,x). The larg�
est heating of southwest slopes is caused by a delay in
the heating of low soil layers. Since F depends on both
exposure and slope steepness, as well as shade [23],
this MV can be one of the reliable topographic
attributes for a description of the temperature condi�
tions of slopes (see more details in [12]); the associa�
tion between R2 and sun declination above the horizon
(taken 35°) was very weak [11].

According to (1), TJUL decreases by ~6°C when ris�
ing by 1 km. The found R2 demonstrates that 98% of
TJUL spatial variability is explained by topography (Z,
F, and kh) and geographic variable (X+Y)/21/2. Verifi�
cation (checking) of the model was conducted accord�
ing to Allen’s cross�validation method [19]; a descrip�
tion of the Degr parameter and Degr < 50% criterion is
given in [11]. During the model verification, it was
found that the degradation of Degr in new observation
points is small according to this criterion; that is, the
model (1) has a good predictive power in new observa�
tion points (where there were no measurements).

Grids of long�term average January temperature
and precipitations of warm and cold periods, as well as
average annual precipitations, were also developed for
the analysis of associations between NDVI and climate
and topography. To construct the precipitation model,
the northern macroslope was divided into several parts
because of rain shades and similar phenomena [4]. In
general, precipitation is less closely related to topogra�
phy than temperatures.

Nonlinearities and Ecological Optima of NDVI 

Four samples of coniferous forests in the Kuban
basin were analyzed with 200 points. “Pines X” were
located along the main divide, “Pines Y” were located
across it, and “Pines” were in the intermediate location.
The sample “Dark coniferous” was rather distant from
glaciers, since spruce–fir forests do not grow close to
them in the Kuban river basin. The following regression
equations describing spatial NDVI variability for differ�
ent coniferous forest samples were obtained:

1) “Pines�Y” sample (in the valley of Kuban river
sources, the closest to Elbrus mountain)

(NDVI/NDVIAV )5 = 0.5692  –1.529

× 10–6  + 2.618 × 10–9  (2)

–0.0004910 Z–5.24 + 1.469; 
R2 = 0.813 (Degr = 0.9%), P < 10–6.

2) “Pines” sample (moderately distant from glaciers)

(NDVI/NDVIAV)5 = 0.4060  

(3)

R2 = 0.707(Degr = 2.6%), P < 10–6.

DGLAC/DAV( )+23.26
2

Z ZAV–( )–9.19
2 Z ZAV–( )+7.09

3

DGLAC/DAV( )+15.89
2

0.0009431Z 8.16–– 9.868 10 7– Z ZAV–( ) 5.97–
2

×–

+ 1.959 10 9–
× Z ZAV–( )+4.35

3 2.407;+

3) “Pines�X” sample (located along the glaciers)

(4)

4) “Dark coniferous” sample (distant from gla�
ciers)

(5)

In the equations, DGLAC is the distance from gla�
ciers; (X�Y)/21/2 is the distance to southeast; khe is the
MV describing the terrain dissection; H is the MV
describing mean�convex and mean�concave land�
forms [23]; and PYEAR is the average annual sum of pre�
cipitations. These environmental variables explained
from 70 to 81% of spatial NDVI variability in the stud�
ied samples of coniferous forests.

The following can be seen from these equations.
Associations between NDVI and environmental fac�
tors are nonlinear both by DGLAC and Z altitude (the
role of the quadratic by Z member prevails) for the
“Pines�Y” sample located most closely to glaciers
across the range. For the “Pines” sample, located not
so close to glaciers, the associations with DGLAC and Z
are nonlinear but with a prevailing role of the member
linear by Z. For the “Pines�X” sample, which is
approximately more distant from glaciers are located
along the range, an association with DGLAC in an insig�
nificant and linear association with Z prevails. All
associations are linear for the “Dark coniferous” sam�
ple, which is located distant from the glaciers. Such
results can be explained by the fact that the nonlinear
character of the NDVI association with spatial factors
arises close to marginal conditions (glacier borders or
ecological niche).

We explain the latter in more detail. It is seen in
Fig. 1 that the ecological optimum is observed in the
dependence between NDVI and TJUL, when NDVI has
maximal and close values in a small temperature
range. The falling low�temperature branch of this
dependence is created by approaching the borders of
fundamental ecological niche, which is determined by
low July temperatures that decrease the functional
activity of forests. The falling of the high�temperature
branch is created by the realized ecological niche, that
is, by competition with deciduous forests located
lower along the slopes. We note that pines grow in
much warmer conditions in the absence of competi�
tion than at the optimum observed here (close to
11°C). It is impossible to accept such an optimum as

NDVI/NDVIAV( )
5 0.00001163 X Y–( )/2–17.02

1/2–=

+ 0.1053TJUL 9.61+ 0.01823 TJUL TJUL, AV–( )–4.29
2–

– 0.2158khe–3.21
T 11.13;+

R2
0.746 Degr = 1.8%( ), P 10

6–
.<=

NDVI/NDVIAV( )
5 0.001022Z–18.25–=

+ 0.1377H+8.61
T 0.008947F 35, 225( )+6.67+

– 0.0008245PYEAR–5.46 2.994;+

R2 0.759 Degr = 1.3%( ), P 10 6–
.<=
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physiologically caused; it is caused both by interaction
of physiological limitations and competition.

We note that a similar optimum exists for broad�
leaved and small�leaved forests for the forests in the
Kuban river basin; however, it does not exist for dark
coniferous forests (Fig. 2). A possible reason for this
may be that spruce–fir forests in the basin are rarely
located close to glaciers and that the fundamental eco�
logical niche here can play much smaller role for them.

Predicted changes for 2050 in NDVI of mountain
forests, including future ecological optima, are given
in Fig. 2; this is discussed in the following part.

Cooperative Effect of Climate and Topography 
on Mountain Forests 

In this part, all forests of mountain part of the
Kuban river basin (altitudes > 500 m) are considered;
data on forest types and NDVI obtained for more than
11000 plots are used. Broad�leaved forests occupy the
largest area (approximately 8500 plots); the area of

coniferous forests is nine times smaller (small�leaved
forests are 4.5 times smaller). Three�predictor models
were used for analysis of the associations between the
forest NDVI and climate and topography (because of
the larger amount of points) with estimation of the
tightness of association by nonparametric rank Spear�
man’s correlation coefficient (rS) and without t�statis�
tics calculation. The predictors (as above) are ordered
by significance (the first one is the most significant) by
approximate methods of standardization of regression
equations [11, 19].

Out of all of the tested climatic characteristics for
the NDVI of the entire mountain forest massif and for
certain types of forest, the association was the stron�
gest with July temperatures. Thus, its grid was used for
estimation of forest transformation over time. The grid
of a predictive model of July temperature was devel�
oped from data of the E GISS climatic scenario for
2050 [27] as follows. The initial planetary grid was
transformed using the Delone triangulation method
from a grid with a smaller spacing (0.5°C). The values
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of temperature changes by 2050 were obtained using
this grid for each weather station. The obtained mea�
surements were summed with data on long�term aver�
age TJUL values, and then the spatial model of the pre�
dicted temperature was formed by the method
described above for the equation (1). The obtained
model predicts an increase in July temperatures on
average by 3.2°C by 2050 according to the E GISS sce�
nario. The greatest change in temperature is expected
to occur in the highland.

The prognosis for the spatial distribution of NDVI
forests by 2050 was performed by replacing in the
regression equation the temperature values of the base
period by values predicted by E GISS scenario. The
spatial distribution of the predicted NDVI of broad�
leaved and coniferous broad�leaved forests (as this
type of forest is determined in [2]) is described by the
following regression equation

NDVI = –0.365(TJUL – TJUL,AV )2 
+ 0.138kv + 0.032TJUL + 0.714; (6)

rS = 0.67; P < 10–6.

The temperature optimum of the base period for
the NDVI of mountain broad�leaved forests described
above was estimated as 14°C with altitude values
appropriate to this optimum of approximately 1000 m
(Fig. 2). Calculated according to the appropriate
models, the modern and predicted NDVI maps for
broad�leaved forests are shown in Fig. 3. In spite of an
increase in TJUL by 2050 for this type of forest by 3.2°C,
model (6) provides a decrease in average NDVI value
by 2050 of 7%. Since broad�leaved forests are thermo�
philic, the obtained result is an indication on the exist�
ence of factors that limit the use of the advantage of a
temperature increase in the mountains by broad�
leaved forests in the future.

For example, it was accepted in the forest models
of Swiss Alps that all types of vegetation will go up the
slopes as a result of expected warming by 1.5°C by
2050 and 3°C by 2100, which is predicted by the
regional climatic model of mountain Alps [18].
However, the results of our modeling demonstrate
that the altitude belt covering the optimum of cli�
matic conditions of forests will move up, where
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topography is characterized by steeper slopes and
more pronounced ridges and valleys. These new
(apparently, less suitable) topographic conditions for
the growth of broad�leaved forests can induce a
decrease in the functional activity of forests.

Figure 4 can provide definitive confirmation of
this; for the territory of Kuban River basin, the follow�
ing was shown: a) an increase in the values of slope
steepness with an increase of altitude, and b) a
decrease in NDVI values with an increase in steepness.
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basin. Dark line is the border of modern area of broad�leaved forests. The legend (single for a and b) describes NDVI values.
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The graphs that we constructed, similar to the graph in
Fig. 4, demonstrate that the maximal and minimal
curvatures describing pronounced ridge and valley
landforms increase along the module with altitude and
decrease the NDVI of broad�leaved forests. In general,
instead of an increase in NDVI due to warming (as is
predicted in the Alps [18]), model (typo) (6) predicts a
7% decrease in NDVI due to these effects of the inter�
action of changing climate and invariable topography;
according to model (6) in 2001, the average NDVI was
0.71 for this type of forest; it will be 0.66 by 2050.
Modeling demonstrated that these effects are different
for different types of forests. The average NDVI for
pine forests will not significantly change by 2050; it
will decrease by 3% for small�leaved forests and
increase by 13% for spruce forests.

An “inhibitory” role of topography arises, because
steep slopes (an incline of 20°–40° is usual in the
upper reaches of Caucasus [6]) are unfavorable for the
growth of forests. Tembotova et al. [5] noted a decrease
of 22–23% in the area of mountain beech and horn�
beam on very steep slopes (20°–40°) in Kabardino�
Balkaria over last 20 years.

CONCLUSIONS

1. It is necessary to use a proportionate amount
data on environment variables when analyzing the
associations of these variables with forest ecosystem
characteristics (which are represented by a consider�
able amount of satellite data). Detailed planetary
data on climate with a spatial resolution of 600 m in

moderate latitudes are available in WorldClim mod�
els [16]. These models interpolate climate in the
mountains by altitude, latitude, and longitude; how�
ever, they do not take into account variables that are
important for vegetation (slope insolation, role of
ridges and valleys). Such variables were used in the
presented work; their inclusion is based on the very
close statistical associations of climate and topogra�
phy (R2 = 0.978), as well as on their significance.
The obtained model was successfully verified accord�
ing to accepted criteria, which confirms its reliability.
Insufficient attention is paid to landscapes in clima�
tologic models (and most of all to mountain land�
scapes) as argued by B. Beckage et al. [14], who used
daily measurements of temperatures and precipita�
tions from two weather stations for an analysis of for�
est changes over 40 years in time and space. Real
measurements differed considerably from data on
climatic models.

2. The more nonlinear the association of mountain
forest NDVI with environmental factors is, the closer
the growth conditions to marginal conditions are
(proximity of glaciers and competition with other
types of vegetation).

3. It should be noted that the results of the forest
state prognosis for a particular time period depend on
the accounting of ecological inertia (the delay of func�
tional and structural forest transformations after cli�
matic changes). In our predictive model, we use a type
of association between forests and climate and topog�
raphy developed for a long period of relatively steady
climate, without taking into account the time required
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for both internal reorganization of ecosystems and a
change of their borders. In addition, events are not
included in the described models (such as mass inva�
sion of pest insects, sharp weather deviations from cli�
matic scenarios, fires, etc). The NDVI prognosis for
forests of the Kuban river basin by 2050, according to
the selected scenario (without taking into account
topography), leads to a result in which the growing
conditions of broad�leaved forests become more
favorable because of warming. Another result is mani�
fested during simultaneous accounting of climate
changes and topography (which remains practically
invariable over the predictive period). The tempera�
ture optimum of forests moves up the slopes by almost
500 m, but the forests can’t maintain primarily the
same photosynthetic activity as in the base period in
new forest area because of increased slope steepness
and more frequent, sharply pronounced landforms. In
other words, topography will “inhibit” the mastering
by forests of new altitude belts, in which the predicted
temperature optima will be located; therefore, its
action will result in a decrease in NDVI in general.
These peculiarities are true for cases of nonlinear asso�
ciations between the photosynthetic activity of forests
and climate. With linear associations, the result will be
opposite (as with spruce–fir forests). The predicted
estimations of forest change depend on the specific
models and climatic scenarios used, but the general
conclusion regarding the importance of accounting
for the effect of interaction between climate and
topography remains valid.
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