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ABSTRACT 

Presented in the given article regional geo-ecological prognoses are based on the construction of discrete empirical-

statistical models of zonal and regional ecosystems. The analysis was carried out on the examples of the flat territories of 

the Volga River basin, as well as the northern macro-slope of the Main Caucasian ridge. Regional landscape-ecological 

calculations and mapping were carried out according to the global climatic models GISS-1988 and E GISS-2007 belong-

ing to the family of models of general atmospheric circulation. The strategy of geo-ecological prognosis was as follows: 

first to identify the selected ecosystem objects (either zonal type of plant formations and regional kinds of landscape) to 

certain values of contemporary climatic conditions and then to estimate the most probable transformation of the revealed 

ecological niches of the given objects according to the expected climatic changes for the given prognostic date. The geo-

ecological analysis has been performed using mainly two types of empirical models: (a) informational, describing the 

geo-component interrelations, serving as a basis for the regional bank of their ecological niches that characterizes their 

parametric space; (b) “fuzzy” set-theoretical models, describing the polysystem units of landscape-zonal organization by 

operations with the ecological niches as descriptive vectors. Predictions of ecosystem transformations include two stages 

of analysis: (1) evaluation of the probabilities of changes in the functional states of ecosystems and (2) calculations of the 

rates of ecosystem transformations. Quantitative predictive analysis is carried out by means of operations with the hydro-

thermal niches of zonal-regional ecosystems. The ecological estimates of forthcoming global warming refer first of all to 

the functional but not structural-morphological prediction. The most probable directions and degree of conversion of the 

ecosystem are estimated by the maximum values of transformation. The algorithms of predictive calculations are de-

scribed in detail for both stages of analysis. The results of the zonal-regional prognostic analysis are presented in both 

graphic-analytical models and small-scale maps. 
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1. Introduction

Fundamental problems of ecology and geography include, as is

known, the problem of global changes, which is the core of the “Inter-

national Geosphere-Biosphere Program”[1]. The Program is designed 

for a long-term outlook and envisages the development of scenarios for 

the nearest future of the biosphere in terms of physical models describ-

ing basic processes and events. One of the most dynamic natural pro-

cesses on the planetary scale, which efficiently influenced biosphere 

evolution in the past and determine its condition in the future, are 

changes in the global climate caused by the changed chemical compo-

sition of the atmosphere, with the corresponding demonstration of the 

https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
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greenhouse effect. The coming global climatic 

changes will be associated first of all with techno-

genic growth of the content of CO2 and other green-

house gases in the atmosphere, which may disturb 

the natural carbon cycle in the biosphere and lead to 

large-scale ecological consequences, including reor-

ganization of the landscape-zonal structure of entire 

continents. 

Global biosphere processes and phenomena are 

understood the most profoundly at the level of eco-

logical regions. Global geosystem monitoring is 

most up-to-date and realizable on the scale of indi-

vidual ecological regions as well[2]. However, natural 

processes and events on the regional hierarchic level 

are characterized by the greatest diversity and high 

discreteness[3], therefore, the regional response of 

global climatic changes inevitably takes the form of 

multiple reactions of vegetation, soils, and land-

scapes as a whole to background climatic signals. So 

far there is no distinct notion of this multiplicity be-

cause the measure of the sensitivity of soil-biotic 

components to climatic changes in different zonal-

climatic and geomorphological conditions has not 

yet been estimated. The regional level of geo-ecolog-

ical prognoses still has not been developed enough 

due to the insufficiency of factual material and me-

thodical difficulties of the transfer of hydro-climatic 

prognosis from the global level to regional. 

The regional response to global climate change 

involves the multivalued response of vegetation, soil, 

and the entire landscape to background climate sig-

nals. There is still no clear understanding of this am-

biguity since the measure of the sensitivity of soil-bi-

otic components to climate change in various zonal 

climate conditions has not been assessed. The cur-

rently known achievements in environmental fore-

casting are rather sketchy[4–6]. 

One way to solve the problem of the poorly de-

veloped level of geo-ecological forecasts is to create 

a unified regional paleo-forecasting concept. Based 

on the example of the Volga River basin, short-term 

landscape-ecological scenarios were proposed for 

the biosphere, along with their paleogeographic 

counterparts, as a unified system of global changes 

in the natural environment. Special attention was 

paid to the mechanisms of shifts in the mosaic of 

geo(eco)systems for given signals of perturbing im-

pacts to the climate system anticipated in the fore-

seeable future (before the middle and end of the 22nd 

century) and their counterparts that could have oc-

curred in the geological past, in the optima of the 

Mikulino (Eemean) interglacial (120–130 ka ago) 

and Holocene (5–7 ka ago). To record these mecha-

nisms, regional analytical frameworks and carto-

graphic (on a much larger scale than has been 

done before now) predictive models of landscape-

ecological conditions have been developed, as well 

as models of two specified paleo-geographic sec-

tions in light of future and past changes in the global 

climate. 

Ecological safety of large territorial subunits of 

the continental biosphere significantly depends on 

the state of the zonal-regional types of natural eco-

systems, first of all, forest cover. Therefore, the prob-

lem of maintenance of forest ecosystems and repro-

duction of forest resources on the southern boundary 

of the temperate forest zone, where forest communi-

ties are present in the states close to critical, is among 

the fundamental ecological problems. That is why in 

this article we will pay attention to climate-genic 

changes in the forest cover of lowland and mountain-

ous territories. 

2. Peculiarities of geo-ecological 

prognoses  

Problems of the predictive dynamics of forest 

ecosystems in a changing climate have been studied 

very little. The well-known imitational models of 

forest responses to climate impacts, which we con-

sidered in[7], correspond to narrow specified limits of 

habitat conditions. Therefore, the results of such 

modeling are insufficient for forecasting the state of 

the entire forest community as a whole and do not 

encompass the spatial diversity of its successive 

shifts with the same background impact. The re-

gional landscape-ecological forecast developed by 

the author constructs discrete empirical-statistical 

models of natural ecosystems[8], which makes it pos-

sible to work with a relatively small number of the 

most informative features and obtain results less de-

fined time-wise, but with a higher spatial resolution 

than with imitation modeling (see below). 
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The given article expands on the principles of 

regional landscape-ecological prognosis devel-

oped by the author, which is based on the methods of 

the theory of information, descriptive (“fuzzy”) sets, 

and Markovian chains[7]. These methods are used for 

numerical paleo-reconstructions for the first time. 

The ways and efficiency of using these principles in 

the assessment of the past and future states of natural 

ecosystems are demonstrated as well. 

Hydrothermal trends up to 2100–2200 

are based on two global models of the general atmos-

pheric circulation family AOGCMs (see below). 

The simulation tool was the previously devel-

oped method of regional geo-ecological predic-

tion[7,9]. The mechanisms of evolutionary processes 

were revealed by the trajectories of functional-struc-

tural transformations of bio-geosystems and land-

scapes in light of the given hydrothermal trends for a 

particular period of climate prediction, with prede-

termined temperature and precipitation deviations 

from the base period (for approximately 100 years 

till 1985). The probabilistic character of the land-

scape-ecological prediction made it possible to re-

veal the local and regional diversity of responses of 

geo(eco)systems to the same background climatic 

signal, their stability, as well as the trajectories of 

their mutual and extra zonal transitions, being a mul-

tivalued pattern of climate-genic mechanisms of 

evolutionary processes. 

The known simulation models of forest re-

sponses to climatic impacts[10–12] meet the narrow-

preset framework of habitat conditions, therefore the 

results of such modeling are insufficient for predic-

tion of the state of forest community as a whole and 

do not cover the spatial diversity of succession 

changes under the same background influence. The 

local and regional landscape-ecological prediction, 

which we have developed, is based on the construc-

tion of discrete empirical-statistical models of natu-

ral geo(eco)systems[7,8,13]. They are used to obtain 

probabilistic prognostic estimates of the behavior of 

regional landscapes and biogeocoenoses under vari-

ous geomorphological, zonal-climatic, and edaphic 

conditions of specific ecoregions. These models de-

scribe the category of self-organizing systems, which 

can adequately describe stabilizing selection as a re-

sponse of the biota to climatic perturbations 

exceeding the adaptation threshold. In these models, 

the results of field observations are used as an empir-

ical basis for modeling itself, rather than as reference 

data for testing results of calculations. This, first, 

minimizes the effect of the subjective factor in de-

veloping the model; second, provides a considerably 

higher spatial resolution than, e.g., simulation mod-

eling; and, third, gives empirical grounds for wider 

geographic generalizations. 

All predictive ecological models proceed some-

how or other from the principle of actualism; how-

ever, they are unambiguously determined in some 

cases and probabilistic in other cases. The deter-

mined models do not take into account the diversity 

of states of subregional and local geo(eco)systems 

under the same background climatic conditions, 

which is especially typical of mountain territories. 

Ecological-geographical prediction is always more 

reliable and practically significant if it is character-

ized by certain stochasticity, diversity, i.e., if it is 

probabilistic. 

The strategy of the landscape-ecological prog-

nosis was as follows: first to carry out an identifica-

tion of picked out ecosystem objects (either zonal 

types and regional kinds of landscape or local nature 

complexes) to certain values of contemporary cli-

matic conditions, and then to make an estimate of the 

most probable transformation of revealed ecological 

niches of given objects according to of expected cli-

matic changes for given prognostic date. Predictions 

of ecosystem transformations include two stages of 

analysis: (1) evaluation of the probabilities of 

changes in the functional states of ecosystems and (2) 

calculations of the rates of ecosystem transfor-

mations. Quantitative predictive analysis is carried 

out using the operations with hydro-thermal niches 

of regional or local ecosystems. The algorithms of 

predictive calculations are described in detail 

for both stages of analysis. In conclusion, the meth-

ods of calculation and construction of average 

weighted (by territory) matrixes and or-graphs of 

landscape-ecological transitions (for prognosis) and 

deviations (for paleo-reconstruction) have been con-

sidered. 

The principle of the functional isomorphism of 

ecosystems proposed by us is used for the correction 

of the net of functional-structure transitions. The 
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models of functional isomorphism bring significant 

restrictions in the probability pattern of predicted tra-

jectories of changes in geo(eco)systems, and this pat-

tern becomes more ambiguous and ordered. The foci 

of transition networks are maximally isomorphic bi-

nary links—correlation pleiades of the highest level 

of similarity of bio productive niches; they form pri-

ority chains of soil-phytocoenological transfor-

mations. 

The results of the regional prognostic analysis 

are presented in both graphic-analytical models and 

large-scale maps. The transition from the local to the 

regional level of prognostic modeling is carried out 

using inductive hierarchic extrapolation, a method 

that we developed based on the empirically estab-

lished phenomenon of polyzonal nature of local eco-

systems as a response to global climate changes[14]. 

It has already been attempted to simultaneously 

apply the “micro-” and “macro-substrate” ap-

proaches to landscape analysis, which is a merely 

landscape-ecological problem. As is known, land-

scape ecology applies to the interrelationship be-

tween the “ecological processes” underlying land-

scape heterogeneity and the landscape “pattern” 

formed at much larger scales than these processes[15]. 

The ecological-geographical forecasts can 

only be probabilistic[16,17]. We proceed from the 

premise that “... the numerical predictions of prog-

nostic models ... should be considered ... rather as in-

formation for thinking about the likely future trajec-

tories of ecosystems ... taking into account the 

significant uncertainty of forecasts”[18]. The predic-

tive modeling undertaken by us is fundamentally 

probabilistic. 

The general principle of the prognosis is ex-

pressed in the following: the value of the climatic-

caused transformation of one ecosystem into another 

is the greater, the lesser is the degree of intersection 

of their climatic niches in the initial states, that is, the 

greater are the contemporary contrasts of their func-

tional states, and the larger will be the range of the 

overlap of niches after the rapprochement of ecosys-

tems by the given climatic factor. 

This principle corresponds to one of the main 

provisions of the ecology of communities. Intense 

competition between populations leads to the 

transformation of the community itself in the direc-

tion that corresponds to a new state of the environ-

ment, according to the Gauze law of competitive ex-

clusion[19], provided that immigrant populations 

dominate local populations in their competitiveness. 

For example, the transformation of object А 

into object В should be the greater, the more distant 

are their positions in the multidimensional ecological 

space and the closer do they become after object А 

has shifted in the coordinates of this space (given that 

the climatic niche of object В is unchanged). In this 

case, object А is a reducent and object В is an ab-

sorber. In turn, object В is transformed into object С, 

with the natural boundaries shifting accordingly, etc. 

As a result, the general picture of ecosystem trans-

formations in the region is drawn. 

By the maximum values of transformation, the 

most probable directions and the conversion degree 

of the ecosystem are estimated. At the same time, an 

unambiguous character of transformation of regional 

ecosystems is proposed at a fixed value of geophys-

ical trend, when the new state may have features of 

not one but several states existing at a given moment. 

In essence, a landscape-ecological prognosis 

for the nearest several decades (to 100 years) is func-

tional rather than structural. Characteristic (typical) 

times of metabolic parameters are much smaller than 

those of morphological parameters of ecosystems[20]. 

Changes in the rates of organic matter reproduction 

and decomposition occur within a period ranging 

from a few months to three to five years[7,21,22], which 

is commensurate to the time of general shift in the 

climatic system itself. Thus, functional relaxation as 

the primary response of ecosystems to an external 

factor is a priority object of landscape ecological pre-

diction. The main prediction based on ecological es-

timation of the forthcoming global climate warming 

is expected to be functional rather than structural-

morphological. 

The supposed functional-structural shifts in 

geo(eco)systems that can be determined by climate 

changes (in this case, anthropogenic changes), with 

a period of fluctuations of 50 years and more, char-

acterize not the future natural complexes per se but 

rather the landscape-ecological conditions and, ac-

cordingly, the limit of ecological equilibrium, which 
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real bio-geosystems will tend to in their variations. 

The time of reaching this equilibrium calculated in 

the number of steps τ(s) or in the number of years 

τ(y) relates only to the functional relaxation but not 

to the full period of structural transformation. The 

latter will be determined not only by the intensity of 

external effect but also by the characteristic times of 

different natural attributes, according to Armand and 

Targul’an[23]. For forest landscape, as is known, the 

prediction step not exceeding the lifetime of one gen-

eration of forest stands makes it possible to deter-

mine potential forest growth conditions. 

The prognostic landscape-ecological analysis 

has been performed using a series of empirical mod-

els: (a) informational, serving as a basis for the re-

gional and local banks of ecological niches of 

geo(eco)systems that characterize their parametric 

space; (b) “fuzzy” set theory, describing the polysys-

tem unit of nature-territorial organization by opera-

tions with the ecological niches as descriptive vec-

tors. Complex interconnections were revealed and 

the territorial ecological space of regional and local 

ecosystems was described based on information-sta-

tistical and fuzzy set-theoretical models. 

Analytical models of landscape-ecological tran-

sitions were created by the empirical-statistical 

method described in studies of Kolomyts[7,24]. As is 

known[25], modern global warming began in the mid-

dle/end of the 80s of the ХХ century. Years 2050, 

2100, 2150, and 2200 are the main predictive dates, 

for which the most probable degrees of deviation 

from the baseline (for 1985) functional states were 

calculated for individual geo(eco)ecosystems (both 

regional and local). Analogous deviations were cal-

culated for geological past epoch—the optima of the 

Mikulino (Eemian) interglacial period (near 125,000 

years ago) and the Holocene optima (5–7,000 years 

ago), which were considered as any paleo-climatic 

analogs of predictive periods. In these models, the 

weighted average influence of changes in tempera-

ture and precipitation (for the warm and cold seasons 

separately) and July stored soil moisture as well on 

the behavior of ecosystems was taken into account. 

The multitude of landscape-ecological transitions re-

vealed in this way added important details to the gen-

eral picture of changes in the structure of natural zon-

ality shown in the prognostic maps of the region. 

The procedure of predictive calculations in-

cluded three stages: (1) establishment of the climatic 

niches of objects (in this case, landscape groups) in 

the space of modern and predicted hydrothermal pa-

rameters; (2) ordination of zonal vegetation, land-

scape, or biogeocoenotic units along the gradients 

of baseline climatic parameters, and (3) execution of 

operations with the niches based on their inclusion 

relations as descriptive vectors using methods of the 

“fuzzy” set theory. 

Methods about the theory of fuzzy sets were ap-

plied to operations with the climatic niches of objects 

in the space of baseline and predicted hydrothermal 

parameters, with these objects being regarded as de-

scriptive vectors. The probabilities of stabilization 

(stability measures) of each object and its functional 

transitions to other objects following the given cli-

matic trend were found. The probabilities of stabili-

zation (stability measures) of each object and its 

functional transitions to other objects following the 

given climatic trend were found. Then the network 

of transitions was rarefied by the principle of func-

tional isomorphism of ecosystems[7,9]. The final re-

sults of the calculations were weight-average (by the 

territory) matrices and oriental graphs of functional 

transitions of the plant or landscape units under con-

sideration. 

It should be noted that in case paleo-geograph-

ical models and maps reflect the disposition of land-

scape-zonal systems occurring in the past (in this 

sense, such models are equilibrium), the prognostic 

mapping assesses only a few equifinal states, to 

which these systems will tend in the course of first 

functional (metabolic) and then structural transfor-

mations under the action of climatic signals. Prog-

nostic models are non-equilibrium, and zonal areas 

presented on them, as well as probabilities of transi-

tions, indicate the landscape-zonal conditions, in 

which these ecosystems will function in the nearest 

decades. 

3. Humidity factor and its signifi-

cance for geo-ecological prognosis  

The study of the impact of global climate 

changes on the structure and functioning of zonal-re-

gional ecosystems would be expediently realized by 
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the example of marked and large biogeographical 

and landscape borders—ecotones. Such a border on 

the territory of Eurasia is a broad boundary strip of 

forest belt—boreal ecotone. Such a border on the ter-

ritory of Eurasia is a broad boundary frontier be-

tween the boreal (mainly taiga-forest) and sub-boreal 

(forest-steppe and steppe) belts of plant formations. 

The frontier stretches from the Baltic Sea to the East 

Sayan and Baikal Lake and then, after a break, to In-

ner Mongolia. This transcontinental boreal ecotone 

is a vector (connection) geosystem of the highest, 

or belt, rank. The main watershed of the Volga 

River basin is included in the boreal ecotone of the 

Russian Plain. Table 1 shows the zonal-regional 

phytocoenological structure of this territory. This 

large territory, due to its natural peculiarities, 

has been a traditional object for the study of zonal 

forms of organization of geographical environment 

and become a basis for fundamentals of the theory of 

worldwide land zonality[26–30]. 

Table 1. The classification scheme of primary plant formations of the natural zones of the East-European (Russian) plain, by Gribova 

et al.[31] 

Phytocoenological units Groups of plant associations 

Zonal types and classes Regional versions Sub-zonal sub-types Brief characteristics Number and 

symbol 

A. Dark conifer and broad-

leaf—dark conifer forests 

(secondary aspen-birch) 

East European (Upper 

Volga region) 

Middle taiga Spruce green mosses with small-shrubs 

1  

South taiga Spruce small-shrub/grass 

2  

Sub-taiga Broadleaf-spruce complex nemorose-

herbal 
3  

Kama—Pechora—

West Ural region 

Middle and south taiga Fir-spruce and spruce-fir grass-small-

shrub, with green mosses, and grass 
4  

Sub-taiga Fir-spruce complex nemorose-herbal 

5  

Broadleaf-fir-spruce nemorose-herbal 

6  

B–C. Pine and broadleaf—

pine forests (secondary as-

pen-birch) 

East European (Upper 

Volga region) 

Middle and south taiga Pine, with spruce, green mosses with 

small-shrubs 7  

Sub-taiga Pine (with oak in undergrowth) small-

shrub/grass 
8  

Broadleaf-pine and pine complex, with 

spruce 
9  

Forest-steppe and steppe Pine and broadleaf-pine, with steppe un-

dergrowth, and herbs-cereals 
10  

D1. Broadleaf forest East European Northern forest-steppe Lime-oak and oak 

11а  

Lime with admixture of other broadleaf 

kinds 11b  

D2. Typical and southern 

forest-steppe  

Of the Pontic type Typical forest-steppe Meadow steppes with combination of 

oak forests 
12  

Southern forest-steppe Rich herb-sheep’s fescue-feather grass 

steppes, with oak Copses 
13  

Northern steppe Of the Trans-Volga 

type 

Northern steppe Rich herb-sheep’s fescue-feather grass 

steppes 
14  

Southern steppe Of the Trans-Volga 

type 

Southern steppe Sheep’s fescue-feather grass steppes 
15  

Semi-desert 

 

Of the Trans-Volga 

type 

Semi-desert 

 

Fescue-feather grass steppes in a com-

plex with wormwood on salt licks 
16  

Desert Northern desert Wormwood groups 
17  
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The ratio between radiation heat and atmos-

pheric humidity, as is known[28,32–34], is the most im-

portant landscape-forming factor responsible for the 

physiognomic traits of natural-territorial habitats 

(geo(eco)systems) of almost all structural levels of 

the biosphere—from global to local (topological). 

Along with that, this factor is the main link between 

these complexes and the biological cycle, which 

characterizes the functional aspect of landscape or-

ganization. The most comprehensive view of the hy-

drothermal regime of natural complexes is given by 

the atmospheric humidity factor as a landscape-geo-

physical parameter that reflects primarily the back-

ground climatic conditions of the territory. Quite 

some such factors are known: the annual and sea-

sonal coefficients of the heat-to-humidity ratio pro-

posed by Köppen, Vysotsky and Ivanov, Budyko, 

Bazylevych, Thornthwaite, Marthonn, Ryabchikov 

and Mirkin, Selyaninov, and Richter. In the present 

work, we have used Vysotsky-Ivanov’s annual at-

mospheric humidity factor Fhum. Recall that this co-

efficient is a ratio of annual precipitation rann to evap-

orativity E0 (potential evapo-transpiration): 

Fhum(1) = rann/E0 

(1) 

The values of E0 parameter are calculated for 

each month: 

E0(month) = 0.0018∙(25 + t)2∙(100 – w) 

(2) 

where E0(month), t, and w are the month values of 

evaporativity, temperature, and relative air humidity, 

respectively. The Vysotsky-Ivanov’s annual atmos-

pheric humidity factor is widely used in Russian hy-

drometeorology and physical geography. Firstly, this 

parameter allows the landscape-ecological analysis 

of territory based on the known information about 

the connections of global and regional geo(eco)sys-

tems and their components with the heat and humid-

ity ratio. Secondly, it is the most suitable for calcula-

tions, because it is based directly on the data of long-

term observations at meteorological stations. 

According to our estimations for the territory of 

the Russian (East European) Plain, parameters E0 

and Fhum (1) are formed mainly by the mean July tem-

perature (tJuly) with high correlation (R) and determi-

nation (R2) factors: 

E0 = 1384 – 161.6∙tJuly + 6.245∙tJuly
2; R = 0.93; R2 = 

0.87 

(3) 

Fhum(1) = 12.09 – 0.9095∙tJul + 0.01744∙tJuly
2; R = 0.94; 

R2  = 0.88 

(4) 

The global climate prediction models are 

widely used for both planetary- and regional-level 

ecological forecasts, as they generally describe the 

hydrothermal trends by two initial parameters: tem-

peratures and precipitation, which are predictors for 

the calculation of Fhum(1). In these forecasts, the an-

nual atmospheric humidity factor is usually compa-

red with the zonal types/sub-types of plant for-

mations and their longitudinal-sectoral 

variants[3,28,35]. The tightness of these connections is 

rather high. For instance, for the zonal spectrum of 

the central part of the Russian Plain (from middle 

taiga to southern steppe), we have obtained an ex-

plicit deterministic series of distribution of the 

groups of primary plant formations by the gradient 

of the annual atmospheric humidify factor (Table 2). 

Statistical analysis revealed highly significant 

correlations between positions of zonal (sub-

zonal) boundaries and the Fhum parameter[7]. For the 

western and eastern sectors of the Russian Plain, 

the boundary values of the annual atmospheric hu-

midify factor are equal: 

 West East 

Middle taiga >1.88 >1.62 

Southern taiga 1.88–1.63 1.62–1.35 

Mixed forests 1.63–1.22 1.35–1.00 

Broadleaf forests 1.22–1.09 1.00–0.97 

Typical forest-

steppe 

1.09–0.90 0.97–0.75 

Northern steppe <0.90 <0.75 

Covariance is ≤ 4%–6%, and only for 

the boundaries of the forest-steppe zone, it is up to 

10%–11%. These correlations were used for making 

a prognostic map of natural zones (subzones) in the 

region on the basis of the respective prognostic 

Fhum(1) maps (see below). 

The annual atmospheric humidity factor corre-

sponds to the hydrothermal conditions of flat-inter-

fluve low-dimensional natural complexes—land-

scape facies, or biogeocoenoses[21], as local represen-  
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Table 2. Ecological optimums ( ) and periphery parts of climatic niches (●) for groups of plant formations on the headwater of the 

Volga River basin at the space of the values of annual atmospheric humidify factor (Fhum) 

Graduations 

of Fhum 

Groups of plant formations (see in the Table 1)  

 
1 

 
4 

 
7 

 
2 

 
3 

 
5 

 
8 

 
9 

 
6 

 
10 

 
11 

 
13 

 
12 

  

14 

  

15 

 
 

16 

0.50–0.61              ●   
0.61–0.73             ●   ● 

0.73–0.82           ● ●   ●  

0.82–0.96          ●   ● ●   

0.96–1.04        ●  ●  ● ●    

1.04–1.12      ● ●    ●      

1.12–1.23        ● ● ●       

1.23–1.33   ● ● ● ●    ●       

1.33–1.45       ●          

1.45–1.55  ● ●  ● ●           

1.55–1.65 ● ●  ● ●            

1.65–1.75 ●  ● ●             

1.75–1.85 ●                

1.85–2.00  ●   ●            

Standard of 

Fhum 

1.80 1.73 1.47 1.42 1.54 1.23 1.21 1.12 1.07 1.07 0.94 0.90 0.80 0.72 0.62 0.57 

Foot-note: Matrix was made up by the results of informational-statistical analysis of the interrelations[7,9].

tatives of the zonal-regional bioclimatic background 

of the given territory[3,33]. This elementary unit of ge-

ographical ecology accepted in Russia corresponds 

to categories “Site”, “Eco element”, and “Land type 

phase” by classifications of Australia-Britain, Can-

ada, and the USA. 

On this level, however, there is also a broad 

range of extra zonal topo-ecosystems, which can 

simulate other zonal types of geographic environ-

ment, not only neighboring but also rather distant. 

Such ecological deviations from flat-interfluve natu-

ral complexes are formed under the influence of local 

geomorphological and edaphic factors refracting the 

given climatic background. Primarily, there are lo-

calized changes in “expense items” of the water bal-

ance: total evaporation and runoff, which creates the 

local structural and functional diversity of topo-eco-

systems. That is why the connections between local 

geo(eco)systems and the tJuly, rann and Fhum(1) param-

eters are very weak and often statistically unreliable. 

Thereby, it is necessary to find a factor of heat 

and humidity ratio that would adequately show the 

topological differentiation of the natural environ-

ment and could be used as the initial hydrothermal 

predictor for local landscape ecological forecasts. 

Such forecasts are especially relevant in light of the 

modern and upcoming global climate changes. As is 

known[36], the origins of global environmental 

changes lie on the level of elementary structural units 

of the biosphere. In the present work, we have pre-

sented some results of the scientific search in this 

particular field. 

4. Numerical methods of regional 

geo-ecological prognoses and paleo-

reconstructions 

4.1 General calculation scheme   

The regional and topological forecast analyses 

of climate-induced transformations of natural com-

plexes described below are based on the numerical 

landscape-ecological forecasting method-logy de-

veloped by the author. The technique has been 

brought to the prescribed level and can be included 

in the scientific and methodological arsenal of geo-

graphical ecology. It organically combines a fairly 

rigorous formalized approach to solving forecasting 

problems and procedures for collecting, processing, 

and analyzing empirical material accessible to a wide 

range of researchers. In contrast to the well-known 

domestic and foreign approaches, this method pro-

vides for the multiple nature of the transformation of 
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natural complexes for a fixed climate trend. Two 

types of predictive models have been developed: 

choro metric and chronometric, which represent re-

gional and local scenarios of climate-induced 

changes in the natural complexes of the Russian 

Plain and Greater Caucasus, including its highlands. 

A significant feature in the methodology of eco-

logical and geographical forecasting is its experi-

mental character. Computational models reproduce 

the variation in predicted processes by empirically 

imitating the spatially distributed parameters of 

the basic ecological niches of the studied objects. 

The researcher sets the input variables and at the out-

put obtains the pattern of predicted structural and 

functional states of the studied objects in this statis-

tical sample, with the identification of new objects 

outside the sampling. In particular, the following 

were used: 

⚫ local empirical imitation of a regional bio-

climatic trend using models of binary hydro- 

and thermo-edaphic ordination of forest topo-

ecosystems; 

⚫ empirical imitation of climate-induced 

changes in the biological cycle based on hydro-

thermal ordination analysis of its parameters; 

⚫ empirical imitation of changes in produc-

tivity and the carbon sink in forest ecosystems 

during climate fluctuations. 

Estimation of the ecosystem states and their 

most probable dynamic trends in terms of competi-

tive relationships of their ecological niches are cru-

cial for ecological prediction. This approach is based 

on the well-known presentation of the ecological 

niche of an object as a region of the distribution of 

its states in the given ecological space[20]. Probabilis-

tic landscape-ecological prediction involves opera-

tions with the current and expected hydrothermal 

niches of ecosystems[7]. For this purpose, each of 

these niches was represented in the form a row (de-

scriptive) vector—a “fuzzy” set of the states of phe-

nomenon A caused by the given factor B. The row 

vector consists of standardized partial association 

coefficients: 

C(ai /bj) = 
)(

)/(

i

ji

ap

bap
 

 (5) 

It is agreed that the association between ai and bj 

is significant at C(ai/bj) > 1. The higher is the proba-

bility, the greater is the coefficient; therefore, the 

components of row vector C(ai/bj) are considered as 

“weighting” coefficients. Normalized partial cou-

pling coefficients C(ai/bj) regarded as weight coeffi-

cients were the components of the vector. Each of 

these coefficients is the equivalent of the probability 

(occurrence) of a specific object at a given gradation 

of the geophysical parameter. This probability is the 

higher, the higher the partial coefficient of the rela-

tionship. 

The forecast strategy initially identifies phyto-

coenotic, soil, or landscape units for certain values of 

the basic climate conditions and then quantitatively 

assesses the most probable transformations of these 

objects following anticipated climate change for a 

specified period. Since the probabilistic ecological 

forecast is conducted by operations with modern and 

assumed hydrothermal niches of geo(eco)systems, 

each such niche is represented as a fuzzy (descriptive) 

set of system states[37] in the form of a row (or col-

umn) vector. The vector components are the normal-

ized partial coupling coefficients C(ai/bj). 

The procedure of analytical prognosis involved 

(1) ordination of zonal vegetation units along the gra-

dients of baseline climatic parameters and (2) quan-

titative assessment of the most probable transfor-

mations of these units under the effect of climatic 

changes expected within the period of interest. By 

transition, we mean a change of the functional and, 

then, structural state of an object such that the object 

assumes (at a certain probability) characteristics of 

other prototype objects, because, as its ecological (in 

the given case, hydro-edaphic) niche changes, it in-

creasingly overlaps the niches of these objects. 

According to the proposed principle of land-

scape-ecological forecasting, the climatically deter-

mined functional transformation of one geo(eco)sys-

tem into another is the more significant, the smaller 

the degree to which their climate niches intersect in 

the initial state. The transformation of, say, object A 

into object B should be greater, the further these ob-

jects are separated from each other in the multidi-

mensional ecological space and the closer they 

will be resulting from the shift of object A over the 
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coordinates of this space. Here, object A is a decom-

poser, and object B is an absorbing agent. In turn, ob-

ject B transforms into object C with a corresponding 

shift of natural boundaries, etc. As a result, the gen-

eral pattern of geo(eco)systemic transformations in 

the region emerges. 

The ecological niches of a particular subdivi-

sion (state) of a phenomenon in the set of states of a 

given factor were determined with binary ordination 

of the phenomenon. To this end, in all states ai of 

phenomenon A with their prior p(ai) and conditional 

p(ai/bj) probabilities, the partial coupling coefficients 

C(ai/bj) were calculated (see Equation (5)). 

The matrix of these coefficients describes the 

system of climate niches of phytocoenoses, soils, or 

landscapes in the space of changes in a given hydro-

thermal parameter. Then, the positions of each vector 

of ecological niches of the phenomenon were nor-

malized to obtain specific frequencies C(ai/bj) 

(∑C(ai/bj) = 1). Gradations of the factor with maxi-

mum values C(ai/bj) form a certain optimal region of 

the phenomenon, it’s ecological dominant, while the 

remaining gradations belong to the “fuzzy” part of 

the niche. 

The mechanism of estimation of the probability 

of ecosystem transitions (both for forecasts and 

paleo-reconstructions) is illustrated by Venn’s dia-

gram (Figure 1). Here, A0 and A1 are respectively an 

initial (contemporary) and final (future) values of the 

row vector of the ecological niche of object A (either 

landscape group or facie group) б which must be ab-

sorbed by another object B if its niches intersect each 

other in the final state more than in the initial state. 

The landscape-ecological transition proceeds in di-

rection A→B and the absorption proceed in the op-

posite direction B→A. The shaded area a + b + c on 

the diagrams reflects the total value of transfor-

mation of object A which can be expressed in terms 

of the following measure of inclusion, by Andreev[37]: 

а + в = А0  А1; в = А0  В0; в + с = А1  В0. 

(6) 

where, “” is the sign of intersection (logical prod-

uct) of two sets. The elements of the intersection 

“zone” belong to two sets simultaneously.  

 

Figure 1. Venn’s diagram, illustrating the mechanism of proba-

bility estimation of landscape-ecological transitions (explanation 

in the text). 

It is supposed that any object A must be ab-

sorbed by another object B if its niches intersect each 

other in the final state more than in the initial state. 

Initial (contemporary) A0 and final (future) value A1 

of the row vector of the climatic niche of object A are 

considered. For each pair of objects A and B, two pre-

dictive characteristics were calculated: Pii ≡ 

K(A0→А1) is the transition of object A into itself (the 

probability of its stability), and Pij ≡ K(A0→B0) is the 

probability of its absorption by another object B (“≡” 

is the identity sign). These characteristics were ex-

pressed as the following measures of inclusion (“”):                     

 

                                                                                                                                                       

                                                                                                                                                                                                                                                                                                      (7) 

                                                                                                                                 

                                          

(8) 

Transitions characterize the degree of the most 

probable deviation of the functional state of a given 

ecosystem from its current state for a given fore-

casted or paleogeographic period. Since operations 

are carried out with descriptive sets, the calculation 

formulas, according to Syomkin[38], take the form: 

𝐾(𝐴0 → 𝐴1) =
∑ min[𝐿𝑖(𝐴0), 𝐿𝑗(𝐴1)]
𝑁𝑃
1

∑ 𝐿𝑖(𝐴0)
𝑁
1

 

(9) 

𝐾(𝐴0 → 𝐵0)

=
∑ min[𝐿𝑗(𝐴1), 𝐿𝑘(𝐵0)]
𝑃𝑄
1 − ∑ min[𝐿𝑗(𝐴0), 𝐿𝑘(𝐵0)]

𝑁𝑄
1

∑ 𝐿𝑖(𝐴0)
𝑁
1

 

(10) 

Here i, j, and k are the ordinal numbers of the 

partial coupling coefficients in the vectors describing 

the ecological niches A0, A1, and B0, respectively, and 

N, P, and Q are the total volumes of the correspond-

ing vectors.  

To distinguish the interpretation of the results of 
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predictive and paleogeographic calculations, let us 

agree to call the first landscape-ecological transitions, 

and the second, deviations of the past states of geo 

(eco-)systems from their current state. 

Thus, a specific quadratic matrix of probabili-

ties of stabilization of each object (diagonal elements 

of the matrix, Pii) and its transitions into other objects 

(Рij) is obtained for each prediction period. Here, the 

zero and negative values of probabilities are possible. 

The former indicates the absence of transitions and 

the latter show intensification of the contrast be-

tween the functional states of objects (at А1  В0 < 

А0  В0). Further operations are executed with the 

transition probability matrices. All negative transi-

tions are provisionally replaced by zeros. 

If objects A and B are first-order neighbors, then 

the value of displacement of the boundary between 

them in the A→B direction is taken as proportional 

to the calculated measure of transformation of object 

A. In its turn, object B can be transformed into the 

following objects (D, C, etc.). The evolution of eco-

systems is usually multivariate; hence, all possible 

transitions have to be considered for each of them 

with revealing the maximum measures of transfor-

mation, which will indicate the most probable direc-

tions of transformation of landscaped or phytocoeno-

logical structures as a whole. For first-order 

landscape neighborhoods, this process will be rather 

distinct if Pcn(B) > Pcn(A), i.e., given that absorbing 

object B has a higher power of climatic niche Pcn 

compared to absorbed object A. 

Graphical-analytical models (see below Fig-

ures 2 and 3) show the probabilities of landscape-

ecological transitions for the prognoses and the prob-

abilities of deviations for the paleo-reconstructions.  

The developed technique made it possible for 

the first time to calculate not only the probabili-

ties but also the rates of functional transformations 

of biogeocoenoses, landscapes, and plant formations, 

yielding predictive estimates with a set lead time. 

This is the second stage of forecasting and paleoge-

ographic calculations. Using the methods of the the-

ory of finite Markov chains, the potential rates of 

transformations of climatic niches of geosystems 

were determined, which made it possible to arrive at 

predictive estimates with a given lead time. For the 

simulation, discrete first-order Markovian chains 

with a short “memory” of one prediction step, during 

which the process is considered stationary, are used. 

It was possible to calculate the overall probabil-

ity Pi of transformations of the absorbing-agent ob-

ject, the total Mi and partial mij rates of its transitions 

to all jth absorbing-agent objects, and the time T(Pii) 

of the total transformation of the decomposer, ex-

pressed as the number of steps (d) or as years. Ac-

cording to the model of W. Krumbein, the calculated 

formulas of these characteristics have the form[39]: 

Pi = (1 – Pii); Mi = (1 – Pij)/d; mij = Pij/Pi; T(Pii) = 

1/Mi 

 (11) 

Here, d is the number of steps. The rates hij (and 

consequently times) of transitions are defined by 

way of a non-complicated algebraic transformation 

of the initial normalized matrix of transition proba-

bilities where both the relative transition probabili-

ties (Pij) and the a priori probabilities (Pi). 

By multiplying of value t(Pi) into the time 

equivalent of the first step (70 years in our case), we 

obtain the expected absorption time (in years) which 

makes conceptually the final time of full transfor-

mation of the given landscape climatic niche. Next it 

is essential to calculate hij, which is an absolute par-

tial rate of transition of /-landscape niche to /-niche 

(as a conditional probability). This rate is equal:  

hij = mij∙Mi 

                             (12) 

Values hij are calculated on all lines of matrix Pij 

(except its diagonal elements). The relation hij/Mi, 

shows us that part of the total one-step reduction of 

the niche property of i-landscape kind (for example, 

area or the part of any other attribute of transfor-

mation) accounts for the transgression of j-kind 

niche. It is thereafter an easy matter to calculate what 

part of properties of the given landscape kind will be 

absorbed by other kinds at time intervals (steps), 

those are either 25, 40, or 70 years. 

On matrices of parameter hij, the prognosis 

landscape-ecological maps were compiled. They 

show areas of future equilibrium states of vegeta-

tional cover which correspond to equifinal stages of 

the exo-dynamic phytocoenosis successions. How-

ever, the terms of the onset of these states remain 
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unknown, and its definition is an independent geobo-

tanic problem. The prognosis maps present two dy-

namic characteristics simultaneously: 1) prevailing 

tendency of transitions of the niche of the given 

group of plant formation from “its” natural zone 

(subzone) into the formation niche of other zones; 2) 

common degree (or rate) of interzonal transfor-

mation of the climatic niche of the given phytocoe-

nological group. 

Figure 2. Prognosis of changes in the landscape-zonal structure of the Volga River basin and its surrounding for the periods to years 

2050 (a) and 2100 (b), according to GISS model. The shaded areas indicate the areas of modern natural zones and sub-zones: 1 and 

2—middle and southern taiga; 3—mixed forest (sub-taiga); 4—broadleaf forests; 5—typical and southern forest-steppe; 6—northern 

steppe; 7—southern (dry) steppe. 
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Figure 3. Zonal landscape-ecological conditions of the Volga River basin and its encirclement for the. paleo-reconstruction for 

Mikulino (Eemian) interglacial optimum. Conventions meaning of modern natural zones and sub-zones are as in Figure 2. 

Both mentioned above characteristics are well 

represented in the legend to the prognosis maps of 

landscape-ecological conditions. 

Climate forecasting scenarios up to 2150–2200 

served as regional hydrothermal signals based on 

global models of the AOGCMs family: the extreme 

HadCM3, version A2[40,41], and the more moderate E 

GISS[42,43], with earlier version GISS-1998. By our 

order in 1993, Menzhulin and Savvateev[44] devel-

oped a regional version of the global GISS model 

(for the territory of the Russian Plain), with a spatial 

resolution of 1o latitude and longitude. This made it 

possible to carry out calculations and predictive 

computer mapping of the entire complex of hydro-

climatic conditions of the Volga River basin and its 

surroundings on a scale of 1:3,500,000. 

The second E GISS model quite realistically 

displays the past centennial climate dynamics for the 

European continent. It simulated quite well the ob-

served changes in the global climate for the period 

1880–2003, and especially over the last 3–4 decades. 

It quite realistically reflects the centennial climatic 

dynamics within the European continent. The model 

describes an increase in global temperature by 2.7–

2.90 with a doubling of CO2 concentration in the at-

mosphere, which corresponds to the empirical range 

of climate sensitivity established from paleogeo-

graphic data[43]. 

According to the HadCM3 model, we divided 

the entire forecast period into five stages (steps): 

1985–2025–2050–2075–2100–2150. For the GISS-

1993 and E GISS models, four stages are distin-

guished: 1985–2050–2100–2150. The basic period is 

considered to be the period of instrumental meteoro-

logical observations in 1881–1985, from the end of 

which the modern global anthropogenic warming be-

gan[10]. 

4.2 Algorithm of analytical calculations 

The procedure of the first stage of own progno-

sis analysis for regional landscape structure con-

sisted of the following operations[7,24,45]. 

(1) Using the information analysis of connec-

tions on each object (landscape group) with that or 

another climatic characteristic two matrices of partial 

association coefficients (C(xi/yj)) were obtained: ma-

trix T0 for the base period and matrix T1 for the given 

prognostic dates. The graduations of the given factor 

are presented on the columns of each matrix and the 
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gradations of the given object are presented on the 

lines. Since the regional climate prediction is differ-

entiated concerning temperature and precipitation, 

we have formed 4 pairs of matrixes: on the mean Jan-

uary and July temperatures (T0(1) and T1(1); T0(2) 

and T1(2)); and on the atmospheric precipitation of 

cold and warm periods (T0(3) and T1(3); T0(4) and 

T1(4)). 

(2) The above formulas were used to calculate 

four square matrixes T(1), T(2), T(3), and T(4) of the 

measures of stabilization (resistant stability) Pii of 

each i-th object (diagonal matrix elements) and 

measures of its transformation Pij into other j-th ob-

jects. Zero values of matrix elements show the ab-

sence of a transition in the given pair of objects, and 

negative values point to the intensification of con-

trast between them (A1  B0 < A0  B0).  

The Pii and Pij parameters represent the two al-

ternative categories of geo(eco)system stability: ar-

eal (geotopic) and migration (transgressive), which 

characterize the state of stable equilibrium of the sys-

tem and its forced behavior as a response to external 

effects, respectively. 

For simplification of predictive calculations, 

the above condition Рcn(В) > Рcn(А) is not taken into 

consideration at the given stage of described algo-

rithm development, which certainly reduces the reli-

ability of results. 

(3) Account was to be taken of simultaneous 

changes of all four (or three) cited climatic factors, 

then, based on matrices T(1), T(2), T(3), and T(4), 

the first factor-weighted average matrix Twa of object 

transformation was calculated. The “weighting” co-

efficients for its calculation were values of parameter 

C(X;Y), which were normalized once again to obtain 

a linear polynomial of dependencies between the dis-

tributions of objects and the geophysical factors un-

der consideration. For example, the revealed values 

of the normalized coefficients of the couplings of the 

groups of plant formations of the Volga River basin 

with the basic climatic conditions made it possible to 

obtain for calculating the matrix Twa(1) a linear pol-

ynomial with the following “weight” coefficients: 

Twa(1) = 0.131∙T(1) + 0.388∙T(2) + 0.147∙T(3) + 

0.334∙T(4) 

 (13)             

For the groups of regional landscapes of the 

given region of Greater Caucasus prognostic calcu-

lations matrix Twa(1) were counted on the linear pol-

ynomial with the following coefficients:  

Twa(1) = 0.241∙T(1) + 0.315∙T(2) + 0.126∙T(3) + 

0.318∙T(4) 

(14) 

(4) At this stage of operations with the matrices, 

it is necessary to take into account the probable pres-

ence of “residual” transitions of some or other ob-

jects into other prototype objects absent in our oper-

ational system (sampling), i.e., to extra-sampling 

objects. For some facial groups, these transitions 

seem to be dominant and even unique. Such transi-

tional “residue” Pij(х) for each object (i.e., for each 

line of the weight-average transition matrix) can be 

easily found from the ratio: 

Pij(x) = 1 – Pii – ∑Pij 

(15) 

The Pjj(х) values are entered as an additional 

column into matrix Тwa. If the “residue” is negative, 

it means that all predicted transitions of the given ob-

ject are in the limits of the considered set of proto-

type objects and there are no other transitions. Neg-

ative “residues” of transitions are changed for zeros. 

(5) Comparable values of the probabilities of 

transition of some or other objects into different pro-

totype objects can be obtained if the sum of these 

probabilities in each line of the matrix is equal to 1. 

After normalizing each of the five Twa matrices (with 

“residual” columns) by lines, we will obtain the sec-

ond weight-average matrices Twa(2). The lines of the 

matrix with positive transition “residues” prove to be 

normalized already at the preceding (4th) stage of 

calculations. 

(6) In conclusion, the correcting procedure is 

performed. Matrix Тwa(2) contains quite a lot of ele-

ments with very low (below 1%–2%) probabilities 

going beyond the limits of measurement and calcu-

lation accuracy. It is necessary to calculate the guar-

anteed minimum of probabilities of landscape-eco-

logical transitions: Мmin. The simplest method of 

finding the guaranteed minimum of elements is 

based on the application of the one-sided criterion of 

their significance, t = s, which provides the 5% level 

of significance. All values of М transitions or 
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deviations (Рii or Рij) below the difference of М—s 

must be eliminated. With this purpose, we calculate 

Мmin = М –  and drop all vector elements below this 

difference. 

Thus, each object acquires a much shorter tran-

sition vector. Residual vector elements are normal-

ized again and, thus, we obtain the third matrix of 

transition probabilities average weighted by the 

given geophysical factor: the Тwa(3) matrix. It gives 

a rather clear notion of the potentials of transfor-

mation of some or other objects or, on the contrary, 

their ability to resist external influence (Table 3). 

The orientate graphs of probabilities of functional 

transitions between the objects are plotted on the ba-

sis of Тwa(3) matrices (Figure 4). These graph-ana-

lytical models are the main tool for landscape-eco-

logical prediction. They give the most general notion 

of the exogenous succession dynamics of ecosys-

tems as whole natural-territorial complexes. 

An example of the results of the first and second 

stages of predictive calculations is presented in Ta-

bles 4 and 5. 

Table 3. Volga River basin. Probabilities of stabilization of plant formation groups (Pii—diagonal matrix elements, in bold) and their 

mutual transitions 

(Pij) for the forecast period of 2050, according to the forecast-climate model GISS-1993 

 

            

   

 

0.059 – – – – 0.112 0.153 0.093 0.072 0.013 – – – – – 

 

0.049 – – – – – – 0.047 0.082 0.099 0.104 0.071 0.049 – – 

 

– – – – – 0.066 – 0.067 0.101 0.126 0.087 0.019 0.034 – – 

 

– – – 0.161 – – – – 0.032 0.096 0.094 0.094 0.104 – – 

 

– – – – 0.042 – – – 0.036 0.113 0.118 0.104 0.108 – – 

 

– 0.042 – 0.058 0.066 0.067 0.039 – – – – 0.051 0.107 0.103 – 

 

0.101 – 0.088 0.032 – – – – – – 0.063 0.069 0.079 0.067 – 

 

0.041 0.032 0.084 0.037 0.026 – – – – – – –   0.085 0.098 0.098 

 

– 0.067 0.041 0.062 0.062 – – – 0.111 – – – 0.053 0.088 0.071 

 

– 0.083 0.056 0.076 0.086 – 0.046 – – 0.249 – – – – – 

 

– 0.106 – 0.040 0.062 – 0.068 – – – 0.283 – – – – 

 

– 0.015 – – 0.049 0.056 0.017 0.083 0.038 – – 0.1–4 0.018 – 0.118 

 
– – 0.008 0.021 0.055 – 0.054 0.074 0.045 – – – 0.486 – – 

Direction of the transitions  ⎯⎯⎯⎯⎯→ 
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(a)                                             (b) 

Figure 4. Vector graphs of the probabilities of functional transitions and deviations between the plant formation groups of the head-

water of Volga River basin and its surrounding on the prognostic periods up to year 2100, according GISS model, and on the paleo-

reconstruction for Mikulino (Eemian) optimum. Probabilities of inter-formation transitions and deviations: 1—0.20 and less; 2—

0.21–0.30; 3—0.31–0.40; 4—0.41–0.50; 5—0.51–0.60; 6—0.61–0.70; 7—0.71–0.80. 

Table 4. Volga River basin. Groups of plant formations. Characteristics of Markov’s process (see in the text) for the prognosis date of 

year 2100 

 Pii Pi  Pij (mean) Mi τ (steps) τ (years) Sigma 

 

0.059 1.000 0.143 0.333 3.00 180.00 0.085 

 

–   1.000 0.200 0.333 3.00 180.0 0 0.075 

 

– 1.000 0.143 0.333 3.00 180.00 0.104 

 

0.161 0.966 0.143 0.322 3.10 186.27 0.071 

 

0.042 1.000 0.167 0.333 3.00 180.00 0.107 

 

0.067 1.000 0.143 0.333 3.00 180.00 0.047 

 

– 1.000 0.250 0.333 3.00 180.00 0.036 

 

– 1.000 0.200 0.333 3.00 180.00 0.106 

 

0.111 0.859 0.143 0.286 3.49 209.55 0.070 

 

0.249 0.952 0.143 0.317 3.15 189.10 0.051 

 

0.283 0.929 0.143 0.310 3.23 193.85 0.051 

 

0.134 1.000 0.167 0.333 3.00 180.00 0.038 

 
0.486 0.608 0.200 0.203 4.94 296.25 0.117 

 
0.415 0.727 0.143 0.242 4.13 247.54 0.145 

 0.269 0.770 0.125 0.257 3.90 233.70 0.120 

Foot-note: Pii, the probability of stabilization of object i; Pij, the probability of its transitions into another object j; Pi, the total proba-

bility of transitions of object i into all other objects; Mi—the total rates of transition from the given state in one step; τ(steps) and 

τ(years), the total time of object staying in condition Pii expressed in the number of steps and in years; sigma (σ)—standard deviation. 
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Table 5. The generalized characteristics of probabilities and rates of functional and structural transitions for landscape groups of the 

northern macro-slope of Great Caucasus for the prognostic period of 2100, according to the thermo-arid climatic trend by E GISS  

Altitudinal belt Statistical parameters  

Pii Pi Pij (mean) τ (steps) τ (years) 

Piedmont  0.33–0.92 0.08–0.45 0.13–0.33 3.0–25.3 327–2830  

Lower- and middle-moun-

tain  

0.39–0.75 0.25–0.61 0.11–0.14 3.3–8.0 359–882 

Upper-mountain  0.40–0.46 0.54–0.60 0.12–0.13 3.3–3.7 364–404  

High mountain  0.55–0.91 0.09–0.45 0.07–0.14 4.4–22.7 488–2498 

Foot-note: The convention meanings see in Table 4. 

5. Prognoses and paleo-reconstruc-

tions for landscape-zonal systems of 

the Volga River basin 

5.1 Methods of predictive mapping 

Ideologically, prognostic landscape-zonal map-

ping was based on the fundamental concept of global 

ecology concerning the close relationship between 

natural zonality and the heat-to-moisture ratio[28,29], 

which was characterized through the Vysotsky–

Ivanov’s annual humidity factor (Fhum). In the Volga 

River basin, regional phytocoenological units show 

a fairly strong dependence on this coefficient (see 

above Table 2). Moreover, statistical analysis re-

vealed highly significant correlations between posi-

tions of zonal (sub-zonal) boundaries and Fhum 

(see below). These correlations were used for mak-

ing a prognostic map of natural zones (sub-zones) in 

the region based on corresponding Fhum maps[9]. 

These relationships formed the basis of predic-

tive and paleogeographic mapping of regional biocli-

matic conditions in the Volga River basin. The com-

pilation of forecast maps using the GISS-1993 model 

was accompanied by the creation of analytical mod-

els of landscape-ecological transitions based on the 

method described above. The models took into ac-

count the partial mean-weighted effect of tempera-

tures and precipitation (for the cold and warm peri-

ods of the year individually) on the behavior of zonal 

ecosystems. The set of such transitions significantly 

refines the overall pattern of change in the structure 

of the natural zoning of a region depicted in the fore-

cast maps. The resulting landscape-geophysical rela-

tionships ensure quite effective use of the actualism 

method in numerical ecological forecasting and re-

construction of the landscape-ecological past. 

The initial, pre-prognostic step of the work con-

sisted in the determination of base (contemporary) 

hydro-climatic conditions of the region. Two inde-

pendent algorithms, cartographic and analytical, 

were used in prognostic modeling. Both types of 

models were developed on a much larger scale than 

it had been done before (1:2,500,000). With this pur-

pose, a mathematical-cartographic analysis of struc-

ture-function connections in the regional systems 

has been carried out with the use of maps from the 

Atlas presented in the work[9]. The known infor-

mation-statistical methods[46] were used to obtain 

matrices of partial coefficients of connections of 

phytocoenological and soil units with the main hy-

drothermal parameters: the mean January and July 

temperatures, precipitation total (annual, of the cold 

and warm seasons), annual values of evapotranspira-

tion and runoff (surface and subsurface), and differ-

ent coefficients of humidification, etc. Each matrix 

of partial connections forms a system of climatic 

niches of the objects under consideration. An indi-

vidual column (vector) describes the ecological 

niche of a certain gradation of the phenomenon in the 

space of values of a certain factor. These matrices 

were used to obtain taxonomic base norms of the 

above hydrothermal parameters—the values average 

weighed by the territory. 

Base values of Fhum were taken (with an interval 

of 25 km) on the boundaries of natural zones and 

subzones and processed statistically. Each boundary 

included 95 to 280 points. For most boundaries, the 

distribution of Fhum turned out very distant from the 

norm, with marked negative excesses, therefore, we 

had to divide each of the excerpts into two or three 

sub-excerpts according to the longitude-sector divi-

sion of the zonal or sub-zonal boundary. The coeffi-

cient of variation of parameter Fhum in each of the 

combinations obtained did not exceed 4%–6%, and 

only for the boundaries of forest-steppe and steppe 

zones it was 10%–11%. As a whole, this is evidence 
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of the high significance of the obtained spatial con-

nections of zonal and sub-zonal boundaries with the 

index of annual warmth to humidity ratio. These con-

nections were further used for paleogeographical 

mapping of the system of natural zones of the region, 

on the basis of the corresponding maps of coefficient 

of humidification. 

In contrast to rather schematic data on the 

global system of landscape-geophysical connec-

tions[47], as well as analogous scanty information on 

the Russian Plain[35], the stricter and more statisti-

cally substantiated regularities of the distribution of 

coefficient of humidification over natural zones 

(subzones) have been obtained for the territory of the 

Volga River basin, with two longitude-sector 

versions (Table 6). Extreme values of each Fhum in-

terval fall on the southern and northern boundaries of 

the corresponding natural zone or subzone. Quite 

significant were the intra-zonal longitude-sector 

changes in the warmth to humidity ratios deter-

mined by climate continentality. The greater conti-

nentality corresponded to the lower Fhum value, 

which conformed to the boundary conditions of a 

given natural zone (subzone). Even within 

the boundaries of the Russian Plain, the same zonal 

subdivision in the eastern, more continental sector is 

distinguished by higher aridity, and this longitudinal 

shift of relative humidity is comparable to the shift 

of zonal boundaries southwards for a whole subzone.  

Table 6. Comparison of zonal-regional atmospheric humidity factors Fhum for territory of Volga River basin with the same coeffi-

cients which reflect the natural zonality of Russian Plain and the planetary system of zonality as well 

Nature zones (subzones) World system of nature 

zones, by Volobuev[47] 

Russian Plain, by Isa-

chenko[35] 

Volga River basin and its encirclement 

West sector East sector 

Middle taiga 1.87–2.00 1.07–1.76 >1.88 >1.62 

South taiga 1.33–1.69 1.63–1.88 1.35–1.62 

1.52–1.61 

Mixed forest 0.78–1.46 1.22–1.63 1.00–1.35 

1.20–1.24 

Broadleaf forests 1.08–1.18 1.09–1.22 0.97–1.00 

0.99–1.03 

Typical and south forest-steppe 0.67–0.98 0.76–1.09 0.76–0.97 

0.73–0.74 

North steppe 0.51–0.80 0.70–0.90 0.60–0.76 

*) Data are showed for the boundaries between nature zones and sub-zones. 

In parallel, analytical models of predictive land-

scape-ecological transitions and paleogeographic de-

viations were created by the methods described 

above. The procedure of analytical prognosis in-

volved (1) ordination of zonal vegetation units along 

the gradients of baseline climatic parameters and (2) 

quantitative assessment of the most probable trans-

formations of these units under the effect of climatic 

changes expected within the period of interest. In 

particular, the most probable degrees of deviation 

from the baseline functional state by the years 2050, 

2075, 2100, and Mikulino optimum were calculated 

for forest formations and landscape-zonal systems. 

In these models, the weighted-mean influence of 

changes in temperature and precipitation (for the 

warm and cold seasons separately) on the behavior 

of ecosystems was taken into account. The multitude 

of landscape-ecological transitions revealed in this 

way added important details to the general picture of 

changes in the structure of natural zonality shown in 

the prognostic and paleogeographic maps of the 

Volga River region. 

All paleo-prognostic landscape-zonal construc-

tions are based on a rather close regional connection 

of plant formations with the annual humidity factor 

(see Table 2). Climatic niches of vegetation form a 

single continued series by this factor, without any 

marked leaps and with continuously changing taxo-

nomic norms of Fhum. Such series points to a se-

quence of anticipated phytocoenological transitions 

at this or that climatic trend. For example, at a de-

crease in Fhum from 1.85–1.65 to 1.23–1.12, the fir-

woods of middle and south taiga of the Upper Volga 

must transform into broad-leaved dark-coniferous 

and/or pine formations, and then the latter—into the 

more continental dark-coniferous sub-taiga of the 
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lower Kama River and into broad-leaved and pine 

forests. 

Summer moisture content in soil also correlates 

well with the coefficient of humidification, deter-

mining the latitude-zonal character of its distribu-

tion both at present and in the future. For agro-phy-

tocoenoses of the Volga River basin, the 

connection between the July resources of productive 

moisture in a 1-m soil layer (W-100) and the param-

eter Fhum is as follows: 

(W-100) = 98.57∙Fhum – 19.8; R = 0.86; R2 = 0.73 

(16) 

The calculations of hydrothermal conditions of 

the above epochs of the geological past were based 

on the materials of point paleo-climatic reconstruc-

tions (by separate profiles) for the territory of the 

Russian Plain, according to Gerasimov and Veli-

chko[48], Velichko et al.[49], Velichko and Klima-

nov[50]. Unfortunately, the network of base points 

proved to be insufficient for standard mapping on the 

given scale. The way out was found as follows. 

First, based on the idea of a single character of plant 

cover evolution in the Volga River basin in Holo-

cene[51], one might assume the territorial integrity 

of bioclimatic conditions of the region at all stages 

of development of its contemporary zonal structure. 

Second, following the developments[49], we have ac-

cepted that the total character of the main hydrother-

mal fields of the region in the geological epochs un-

der consideration was analogous to the modern one. 

Consequently, the pattern of relative differences be-

tween some or other regions was similar. This al-

lowed a nonlinear extrapolation to map sites lacking 

factual data, using the maps of hydrothermal param-

eters for the base period as analogies. 

5.2 Main features of climate forecast  

Regional landscape-ecological calculations and 

mapping were carried out according to Goddard’s 

GISS-1993 mode, based on the original global model 

GISS-1988[52]. For the forest-steppe and steppe 

zones of the Russian Plain, the deviations of the cal-

culated values from the actual ones (when simulating 

the modern climate) are: according to the average 

temperature of January and July, respectively, –4, 

(+2)0 and –1, (+1)0. These figures are much lower 

than those, which is given by two other models—

GFDL and UKMO[44]. According to the GISS-1993 

model, we can judge the ecological situation with an 

increase in global temperature in the coming decades 

no more than 1.50, the achievement of the goal of 

which is provided for by the Paris Agreement (2015) 

on climate change.  

According to the GISS-1993 model, the mean 

global temperature in the forecast periods of up to 

2050, 2075, and 2100 is anticipated to increase due 

to anthropogenic impact for 0.8–1.00, 2.0–2.20, and 

3.0–4.00, respectively, as compared with the base 

level (Table 7). This prognosis has already been par-

tially justified: in 1995–1999, which turned out to be 

the warmest of instrumentally monitored periods, the 

deviation of mean annual temperature from the 20-

year norm of the “pre-industrial period” (1886–1905) 

on the European territory of Russia was 0.7–0.80 to 

1.90[53]. The GISS model shows also that in the Mid-

dle belt of the Russian Plain during the first (70-year) 

forecast period the greater temperature increase is 

expected not in the cold but in the warm season. It is 

of great eco- logical significance because, as we have 

already shown before, the structural changes in veg-

etation and soils are determined mostly by their func-

tional shifts just in the period of vegetation. 

By 2050, the mean July temperature in the over-

whelming majority of landscapes of the Volga 

River basin will grow to 1.1–1.30, and in the sub-

taiga zone and in the zone of broad-leaved forests—

for 1.5–1.70 here and there (see Table 7). At the same 

time, the mean January temperature will grow much 

less, mainly for 00 to 0.2–0.50 (in the Upper Volga 

Region to 1.40), and on the territories of mixed 

and broad-leaved forests and forest-steppe, the win-

ter temperature might even decrease for 0.2–0.80. 

Such thermal trend will cause an inevitable growth 

of climate continentality, with the corresponding en-

hancement of probability of extreme meteorological 

situations, which should increase the instability of 

function of geo(eco)systems and, accordingly, speed 

up their structural transformations.  
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Table 7. Basic taxonomic norms of climatic parameters in the Volga River basin and their predicted deviations, by the GISS-1993 

model 

Types and subtypes of 

formation 

Formation 

groups 

Average tJun, 0C Average tJuly, 0C Annual precipitation, mm 

Base 2050 2100 Base 2050 2100 Base 2050 2100 

Dark-coniferous middle 

and southern taiga and 

subtaiga forests 
 

–12.2  0.6 3.7 16.0 1.3 3.2 768 14 172 

 

–15.6 1.4 5.0 16.7 1.1 3.0 697 122 250 

 

–11.6 0.5 4.0 17.2 0.8 2.7 759 94 229 

 

–11.9 0.6 3.9 17.4 0.7 2.7 737 59 193 

 

–10.2 0.2 3.3 17.3 0.7 3.0 763 62 196 

 

–14.7 0.9 4.8 18.0 0.8 2.6 679 54 170 

Pine and broadleaf-pine 

taiga and subtaiga for-

ests 
 

–13.9 0.5 4.5 18.6 0.8 2.6 630 44 158 

 

–12.2 0.5 4.1 18.8 1.1 2.8 650 56 148 

 

–12.0 0.3 3.8 19.2 1.1 2.8 652 50 178 

Broadleaf forests 

 

–11.0 0.1 3.7 18.7 1.0 3.0 655 64 156 

 

–11.5 –0.2 3.3 19.6 1.1 3.0 602 56 134 

Typical and southern 

forest-steppe 
 

–12.5 0.3 4.3 20.2 1.0 3.0 556 81 121 

 

–11.1 0.1 3.5 20.5 1.3 3.3 536 109 158 

Steppe 
 

–12.3 0.4 3.9 21.6 0.9 3.0 507 77 126 

 
–14.9 0.9 4.6 20.9 0.9 2.7 509 48 81 

Semi-desert  –14.3 0.4 4.4 22.0 0.8 2.9 438 66 81 

The rate of warming between 2050 and 2075 

will remain generally the same, with the monthly av-

erage temperatures exceeding the correspond-

ing baseline values by 2.2–2.30. Finally, by 2100, the 

general increase in the average January temperature 

(up to 4.5–5.00) will become a priority. Thus, consid-

erable shifts in the thermal energy supply to ecosys-

tems will take place in all natural zones of the Volga 

River basin, with the ecological effect of these shifts 

increasing in a north-south direction. Boreal and 

nemoral forests will remain under climatic condi-

tions of the temperate belt. Formations of the south-

ern forest steppe and, especially, the northern steppe 

will pass from the sub-boreal to the subtropical ther-

mal-radiation category according to the Volobuev’s 

classification[54], i.e., they will be in a different cli-

matic belt. 

The anthropogenic warming will be accom-

panied by a general increase in precipitation. By 

2050 and 2100, the annual amounts of precipitation 

in the middle and southern taiga subzone will in-

crease by 11–120 and 200–270 mm, and those in the 

forest-steppe with broadleaf forests and in the north-

ern steppe will increase by 60–80 and 100–150 mm, 

respectively. In percentage, the difference will show 

up only in the end of the forecast period: for the time 

interval of 2010–2050, the annual precipitation 

growth will be 9%–18% → 26%–37% in the first 

case and 9%–13% → 18%–26% in the second case. 

It is important to emphasize that it will occur mainly 

(for 70%–80% and more) due to the increment of 

precipitation in the warm season.      

5.3 Prognostic and paleogeographic scenar-

ios of zonal structure of the basin territory 

According to the models obtained, the follow-

ing equifinal transformations of the zonal structure 
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of the boreal and sub-boreal belts of the Russian 

Plain have been predicted (Figures 2, 4(a), and 5). 

(1) The rise of temperature will not be effec-

tively counterbalanced by the increase in precipita-

tion caused by global warming. Therefore, it is ex-

pected that the annual atmospheric humidity factor 

and productive soil moisture content in summer will 

decrease throughout the region (see Table 7); thus, a 

growing thermo-arid bioclimatic trend will be ob-

served. By the year 2050, Fhum in virtually all middle 

and southern taiga ecosystems will decrease by 0.1–

0.2, and the soil moisture content in July will become 

20%–30% lower. This will create conditions for the 

transgression of mixed forest formations and then 

oak forests from the south, as was the case, for ex-

ample, in the xero-thermal period of the Holocene. 

 
Figure 5. Directions and probabilities of functional transformation and deviations of the landscape-zonal systems on the territory of 

the Volga River basin and its surrounding for different prognostic dates, according to GISS model, and for paleoreconstruction for 

Mikulino (Eemian) interglacial optimum. Landscape-zonal systems: Mid T—middle taiga; Sou T—southern taiga; Mix F—mixed 

forest; BL F—broadleaf forest; F/St—typical and southern forest-steppe. Probabilities of landscape-zonal transitions and deviations: 

1—0.10 and less; 2—0.11–0.20; 3—0.21–0.30; 4—0.31–0.40; 5—0.41–0.50; 6—0.51–0.60; 7—0.81–0.90.

Sub-taiga pine and linden-oak forests will 

also become unstable, giving way to mixed herb-

grass pine forests characteristic of the typical forest-

steppe. Finally, a significant decrease in moisture 

supply at the initial stage (∆Fhum = –0.11) will entail 

further aridization of the northern steppe in the 

Trans-Volga region near Samara. 

(2) Two zonal types of the natural environment 

will receive the greatest territorial development: on 

the one hand, mixed forests (with both dark conifer-

ous species and pine stands predominant); on the 

other hand, typical and southern forest-steppe. 

Meanwhile, already at the forecast stage for 2050–

2075, the forest-steppe zone will have priority, which 

will become the dominant absorbing object (absor-

bent) at the end of the forecast period 2050–2075. As 

a result, by the middle of the 22nd century, almost the 

entire territory of the main catchment area of the 

Volga River basin will be in sub-boreal bioclimatic 

conditions. 

(3) In the eastern sector of the taiga zone, how-

ever, a weak thermo-humid trend will manifest itself 

(∆Fhum = 0.07–0.08), and southern taiga formations 

will gradually acquire the state characteristic of their 

western, less continental counterparts. Strong mani-

festations of the thermo-arid trend in the southern 
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taiga of the Upper Volga Region (∆Fhum = –0.34) will 

attenuate bioclimatic contrasts between longitudinal 

sectors throughout the taiga zone. Aridization will 

also spread to the typical and southern forest-steppe 

sub-zones. In this situation (∆Fhum = –0.38), mixed 

herb-grass oak forests will be most vulnerable, being 

gradually displaced by the southern forest-steppe ex-

panding from the Cisural Region. 

(4) Two zonal types of the natural environment 

will receive the greatest territorial development: on 

the one hand, mixed forests (with both dark conifer-

ous species and pine stands predominant); on the 

other hand, typical and southern forest-steppe. 

Meanwhile, already at the forecast stage for 2050–

2075, the forest-steppe zone will have priority, which 

will become the dominant absorbing object (absor-

bent) at the end of the forecast period 2050–2075. As 

a result, by the middle of the 22nd century, almost the 

entire territory of the main catchment area of the 

Volga River basin will be in sub-boreal bioclimatic 

conditions. 

(5) The nemoral forest sub-zone will com-

pletely change its location, going beyond the bounds 

of the Central Russian and Volga highlands. The ter-

ritory of modern deciduous forests will be com-

pletely absorbed by middle forest-steppe formations, 

which will partially occupy even the Cis-Ural sub-

taiga. The nemoral forest communities will show ac-

tive transgression, first in the southern and then in 

the middle taiga, creating new mixed phytocoeno-

logical structures and thus expanding the total area 

of the sub-taiga zone. 

(6) At the third stage (2075–2100), aridization 

will become less active, especially in mixed forests 

of the eastern sector and in steppe pine and oak for-

ests. However, it will still progress in the western 

sector, mainly in middle taiga fir-spruce forests and 

in mixed and broadleaf forests (see Figures 4(a) and 

2(b)). Thus, the thermo-arid trend will be initially 

manifested mainly in the eastern sector of the Volga 

River basin; by the year 2100, however, its effect 

will be stronger in the western sector. 

This, the hot-arid bioclimatic trend should dis-

rupt the stability of forest formations on the Russian 

Plain in the entire forest-steppe transition zone. In 

general, the progressive encroachment of the steppe 

onto the forest is expected in the entire 100–200 km 

(along with the meridian) space in the south of the 

forest zone. Such a landscape-ecological forecast is 

very unfavorable for forestry and will inevitably ag-

gravate the problem of forest and, in addition, water 

resource conservation. 

(7) The above landscape-ecological prognosis 

is in good agreement with global scenarios of natural 

zonality that are based on different models, including 

the GISS model, and envisage a twofold increase in 

the atmospheric CO2 concentration[55,56], i.e., the sit-

uation expected in 2100. The maps made by the au-

thors of these scenarios show that forest-steppe and 

steppe formations will deeply penetrate the forest 

zone of Eurasia. In European Russia, they will prob-

ably expand mainly over the Central Russian and 

Volga uplands. A prognosis made for the territory of 

the former Soviet Union[6] is fairly similar to the re-

sults obtained with our model. 

The constructed maps and analytical models of 

zonal deviations from the base period into two paleo-

geographic sections: the optima of the Mikulino 

(Eemian) interglacial and the Holocene (Figures 3 

and 5), revealed an inverse hot-arid trend, i.e., a ret-

rospective manifestation of the same trend predicted 

for the given bioclimatic trend, but with the opposite 

sign. It was proved that the parameter Fhum rather 

than simple temperature similarity, as practiced ear-

lier[4,49], gives grounds to consider the optima of the 

Mikulino interglacial and Holocene as paleo-analogs 

of predicted environmental situations. It was also es-

tablished that the well-known paleogeographic con-

structions at the optimum of the Mikulino intergla-

cial[49] are debatable. Within the boreal belt, the 

initial paleoclimatic data have already initially pre-

determined the hot-arid type of deviations of the cli-

mate conditions of the Mikulino optimum from the 

current climate. 

6. Mountain and piedmont land-

scape systems of the Northern Mac-

roslope of the Greater Caucasus  

6.1 Introductory notes 

Conservation of the biodiversity and natural re-

sources of mountain ecosystems is an important task. 
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Natural associations of mountains are among the 

most dynamic units of the biosphere; they are highly 

sensitive to both climatic changes and anthropogenic 

impacts. Climatic variations cause shifts in the heat 

and moisture supply to the alpine stratum, which re-

sults in periodic destabilization of mountain slopes 

and con-sequent catastrophic phenomena, such as 

landslides, mudflows, and avalanches. They also 

play a role in the rearrangement of the alpine phyto-

biota, including a shift of the upper timberline, an 

important biogeographic and landscape boundary in 

high mountains. Here, the author describes the expe-

rience in predicting the possible ecological conse-

quences of global climate warming for regional land-

scapes of the Northern macro-slope of Great 

Caucasus. The landscape ecological approach im-

plies revealing the spatial diversity of climate-related 

changes in landscapes determined by their macro-

catenic organization under different condi-tions of 

vertical zonality. The landscape ecological predic-

tion itself consists of two stages, analytical and car-

tographic, which are considered below. 

6.2 Regional climatic prediction 

For mountainous areas, the prediction stage of 

analysis consists primarily in establishing spatial re-

lationships between climatic parameters (tempera-

tures and precipitation) and morphometric quantities 

(MQ) of mountainous terrain. Let us give an example 

with the northern macro slope of the Greater Cauca-

sus[45]. 

The predicted changes in the mean January tem-

perature are determined by three predictors: water-

shed area, true altitude, and basic temperature. The 

latter two factors also determine the change in the 

mean July temperature. 

The results of climate prediction mapping fol-

lowing the NASA model and our model have been 

compared. The spatial structure of our model is in-

commensurably more complex and contrasting. It is 

characterized by the high level of significance (P < 

10–4 for 2050 and P < 10–3 for 2100).   

At the first stage, we calculated the matrices of 

the basic climatic parameters (temperature and pre-

cipitation) from the data of the hydro-meteorological 

network on the northern macro-slope of the Greater 

Caucasus. For this purpose, we performed a statisti-

cal analysis of the relationships of climatic parame-

ters with the absolute elevation (a.s.l.) and 17 char-

acteristics of MQ. The original matrix of the 

topography was based on NASA satellite data on the 

Greater Caucasus (SRTM30) with a resolution of 30 

angular minutes. It was transformed into intermedi-

ate Kavraisky’s projection with a grid step of 500 m. 

The Analytical GIS Eco software[57] was used for de-

termining statistical relationships, calculating the 

matrices of the basic climatic parameters, and draw-

ing detailed climatic maps. 

At the second stage, we calculated the matrices 

of changes in climatic parameters for two prognostic 

years: 2050 and 2100. Preliminary, E GISS model 

data were transformed to a 10 × 10 grid using the 

Delaunay triangulation. After that, the parameters 

were interpolated based on their statistical relation-

ships with the topography of the Greater Caucasus 

found earlier, as well as basic climatic parameters. 

The regional scenario of anthropogenic climatic 

changes in the ongoing century was taken from the 

latest global prognostic climatic GISS Model E be-

longing to the family of models of general atmos-

pheric circulation[41]. The regression equations char-

acterize the statistical connections between the 

climate and the mountain relief of the Greater Cau-

casus (Table 8). Here, the first three members are the 

key MQ predictors of spatial climate variability. The 

mean January (tJan) and July (tJuly) temperatures are 

quite closely associated with the relief characteristics 

(P < 10–6, rS = 0.96 and 0.72). The basic spatial 

changes of tJan and tJuly depend on the true alti-

tude by 74% and 87%, respectively. In the former 

case, there is also the dependence on the slope angle 

(by 15%) and the intensity of southern illumination 

of slopes (by 12%). The July temperature is addition-

ally associated with the average convexity of relief 

forms (by 8%) and concavity of the profile of slopes 

(by 5%). 
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Table 8. Statistic connections of base and predictive (by global E GISS model) to climate parameters of Great Caucasus with relief 

Climate parameter  Equations of multiple regression  rS  P 

Average temperature January Х = [–73.5·Z + 14.5·GA + 12.0·F(350,1800)]·0.249 – 2.8  0.72 <10–6 

July Х = (–87.3·Z + 7.9·H – 4.8·kv)·0.277 + 23.6 0.96 <10–6 

Precipitation amount of 

cold period (at regions) 

West Х = (–45·F(350,1400) + 27.8·GA – 27.2·Z)·12.704 + 

569.2 

0.57 <10–3 

Central Х = [70.4·Z + 26.7·MCA + 2.9∙F(350,3250)]·8.236 – 85.4 0.77 <10–6 

East Х = (–53.5·kv – 39.4·MCA – 7.1·M)·9.591 + 655.2 0.76 <10–4 

Precipitation amount of 

warm period (at regions) 

West Х = (–60.3·kh + 32.8·GA + 6.9·MCA)·9.761 + 904.8 0.49 <10–2 

Central Х = (79.7·Z – 10.6·kh + 9.7·MCA)·5.553 + 461.3 0.75 <10–6 

East Х = (–41.1·F(350,2700) + 34.1·Z – 24.8·MCA)·8.299 + 

675.9 

0.70 <10–4 

Change of average tempera-

ture to year 2050 

January Х = (–36.0·MCA – 35.1·Z – 28.9·tjan)·0.011 + 1.7  0.62 <10–4 

July Х = (–49.6∙tjuly – 48.6·Z + 1.8·kmax)·0.408 + 20.8 0.60 <10–3 

Change of precipitation 

amount to year 2050 

Cold period Х = (–42.8·Z – 35.8·MCA – 21.4·tjan)·0.015 + 2.2 0.57 <10–3 

Warm period Х = (–50.1·tjuly – 48.9·Z – 1.0·GA)·0.274 + 14.7 0.65 <10–4 

Change of average tempera-

ture to year 2100 

January Х = (–55.2·rcp – 43.2·H + 1.6·Z)·0.704 + 24.2 0.56 <10–3 

July Х = (59.4·H – 37.0·kv – 3.6·rwp)·0.648 + 19.8 0.56 <10–3 

Change of precipitation 

amount to year 2100 

Cold period Х = (–37.1·H – 36.1·rann – 26.8·MCA)·0.573 + 19.3 0.56 <10–3 

Foot-note: Average temperature; tjan—for January and tjuly—for July. Total precipitation: rcp—for the cold period and rwp—for the 

warm period. Z is true altitude. MCA is watershed area. GA is the slope angle. The curvature: H, the average; kmax, the maximum; kv, 

the vertical, kh, the horizontal. F(350,1450) is intensity of illumination of slops (solar declination and azimuth are given in parenthe-

ses). The regression coefficients before the morphometric values are expressed in percentage terms corresponding to their relative 

contribution to spatial variability of the climate parameter. Statistical characteristics: rS—the Spearman’s correlation; P—the level of 

significance.  

6.3. Regional analytic predictive-ecological 

model 

Groups of landscapes of the Northern macro-

slope of the Greater Caucasus (Table 9) were con-

sidered as regional objects of environmental fore-

casting. First of all, one should note multiple transi-

tions of nearly all landscape groups (LG) not only 

into the mountain landscapes in adjacent altitudinal 

layers but also into quite distant natural complexes: 

right up to the plain-hilly piedmonts. At the same 

time, the respective transitions of hydrothermal 

states of landscapes are inevitable: from cold to 

warm-temperate and from humid and semi-humid to 

semiarid. Such complexity of the system of antici-

pated landscape transformations is because each LG 

combines regional natural complexes occurring un-

der different geomorphological conditions: on 

mountain ridges and flat watersheds, on the slopes 

with different circulation and solar exposure in inter-

mountain valleys and hollows. Hence, quite a lot of 

functional and structural transitions with rather low 

values of dominant transition probabilities (Pij ≤ 0.20) 

appear in each landscape group in response to the 

same climatic signal.  

Landscapes with the minimum stability (Pii ≤ 

0.50) occur in all altitudinal layers, except for the 

high mountain layer. These are piedmont steppes and 

meadow steppes (landscape group 4), the lower- and 

middle-mountain oak and hornbeam-beech forests, 

as well as meadow-steppe and shrubs spreading in 

their place (landscape groups 6, 8, and 11), and fi-

nally the upper-mountain pine and birch forests (LG 

15). Comparatively high stability (Pii ≥ 0.59) is typi-

cal of the lower- and upper-mountain broadleaf and 

mixed forests (LG 7 and LG 13), as well as moun-

tain-hollow semiarid steppes (LG 12). The highest 

stability (Pij ≥ 0.85–0.90) is characteristic of land-

scapes of the sub-nival and nival-glacial zones. 

In the first interval (1990–2050), the velocities 

of landscape transitions in most cases will be much 

higher than in the second interval (2050–2100). It 

seems that the functional and structural landscape 

transformations in the second half of the 21st century 

will slow down, especially in foothills and low 

mountains. Both forecast periods are character-

ized by a common tendency: the intensity of land-

scape transitions weakens (parameter mij decreases 

from 0.20–0.26 to 0.04–0.08) in proportion to as-

cending the mountains, with simultaneous thinning 

out of the network of transitions. 
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Table 9. Landscapes of the northern macroslope of the Greater Caucasus (Central and partially West), according to classification by 

Beruchashvili et al.[52] 

In the or-graph (Figure 6), the arrows of transi-

tions are directed mainly downward along the 

macro-slope of the Greater Caucasus. It means that 

landscape transformations in each altitudinal layer 

will proceed mainly toward landscapes of the lower 

warmer and more humidified layers, which corre-

sponds to the general thermo-arid climatic trend. Ac-

cordingly, landscape boundaries will also shift 

Landscape type Landscape subtype  Landscape groups (LG) 

Serial number and name Symbol 

Plain warm-temperate 

semi-humid 

Meadow-steppe and 

shrubby  

1. Plain-hilly, with meadow-steppes and shrubs 

 

Plain warm-temperate and 

temperate semiarid 

Steppe 2. Plain-hilly, with forb- and vermouth-grass 

steppes  

  3. Plain-hilly intermontane, with forb-grass 

meadow-steppes  

  4. Foothilly plain-hilly, with steppes, meadow-

steppes, and shrubs  

Plain sub-hydromorphic Valley mire solonchak, 

meadow 

5. Low-land accumulative and flood plain, with 

meadows and forests, more rarely with solonetz and  

solonchaks 

 

Mountain temperate  

humid 

Low- and middle-moun-

tain forest 

6. Middle-mountain, with oak and 

horn-beam-beech forests and post-forest meadows 

 

 Low-mountain forest 7. Low-mountain, with oak and hornbeam-beech 

forests and meadows 

 

 Middle-mountain  

forest 

8. Middle-mountain karst, with beech forests 

 

 

  9. Low-mountain karst, with hornbeam-beech for-

ests, post-forest meadows and shrubs 

 

Mountain temperate semi-

humid 

Mountain-hollow forest 

and steppe 

10. Mountain-hollow, with oak forests, steppes, 

shrubs, shibliak and frigana, and light forests 

  

 Low-middle mountain 

forest, meadow and 

steppe 

11. Low- and middle-mountain, with steppes, 

shrubs, meadow-step-pes, more rarely with beech 

and hornbeam-oak forests  

Mountain temperate semi-

arid 

Mountain-hollow steppe 12. Mountain-hollow, with mountain-steppe, 

shrubby, shibliak and frigana vegetation 

 
Mountain cold-temperate 

semi-humid and semi-arid 

High-mountain pine 

and birch 

13. Middle-mountain, with beech/dark-coniferous 

forests 

 
  14. High-mountain erosion-denudation and paleo-

glacial, with pine and birch forests 

 
  15. high-mountain, with pine, more rarely birch for-

ests 

 
High-mountain cold 

meadow  

High-mountain subalpine 

forest-shrub-meadow  

16. High-mountain, with meadows, shrubs and light 

forests  

 High-mountain alpine 

shrub-meadow  

High-mountain subnival  

17. High-mountain, with alpine meadows 

 

  18. High-mountain subnival 

 
  19. Glaciers, highland deserts 
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Figure 6. The northern macro-slope of the Greater Caucasus. The or-graphs of functional landscape-ecological transitions for 2050, 

in accordance with the E GISS climate prediction model, between the landscape groups (see Table 9) located at different altitudinal 

layers under different conditions of atmospheric humidification.  

upward along the slopes. 

In the high-mountain layer, alpine meadows 

(LG 17) will undergo the most substantial transfor-

mation. They will partially pass into the state of up-

per-mountain birch-pine forests (LG 15; Pij = 0.22, 

mij = 0.056) on ridge slopes and into mountain-hol-

low semiarid shrub steppes (LG 12; Pij = 0.17, mij = 

0.043) in intermountain depressions. Subalpine 

meadows and light forests (LG 16, mij = 0.047) will 

transgress here as well. The subalpine communities 

will begin to pass into the neighboring upper-moun-

tain ecosystems: humid beech/dark-coniferous for-

ests in the West Caucasus (LG 13; mij = 0.054) and 

into semiarid birch/pine forests to the east from the 

Elbrus (LG 14; mij = 0.071). They will also be possi-

bly transformed into middle-mountain beech forests 

(LG 8; mij = 0.047). It will amount to about 40% of 

the total transformations of subalpine ecosystems. 

Both middle-mountain forests and forest-

meadow-steppe complexes of intermountain hollows 

(LG 6, 8, and 10; mij = 0.065–0.100) will spread into 

the upper-mountain layer (LG 13, 14, and 15). In the 

Kuban River basin, dark-coniferous trees will be dis-

placed by beeches and hornbeams, and the land-

scapes here will appear as humid forest middle-

mountains (LG 6 and 8). A real steppification of 

upper-mountain forests will begin in the Central 

Caucasus, right up to the state of piedmont forb-grass 

and vermouth-bunch-grass steppes (LG 2; mij = 

0.049–0.043). 

In the middle mountains, broadleaf forests (LG 

6) will be transformed by nearly 30% into their low-

mountain analogs (LG 7 and 9; mij = 0.073–0.078), 

while post forest meadows will even get the appear-

ance of piedmont meadow steppes (LG 1). Finally, 

the prairiefication and steppification processes will 

involve the entire low-mountain layer. Its humid oak 

and hornbeam-beech forests will be transformed 

simultaneously in several directions, with final trans-

formation into forb-grass meadow steppes and 

steppes (LG 1 and 3).   

Stabilization probabilities Pii and mutual transi-

tions Рij: 1—0.01–0.10; 2—0.11–0.20; 3—0.21–

0.30; 4—0.31–0.40; 5—0.41–0.50; 6—0.51–

0.60; 7—0.61–0.70; 8—0.71–0.80; 9—0.81–0.90; 

10—0.91–1.00. 

6.4 Regional landscape-ecological prognosis 

in cartographical expression 

Regional predictive mapping was carried out 

also to help the operation with ecological niches. At 

the same time, it was considered only thermal niches 
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as the most significant. The quantitative approaches 

to prognostic ecological and geobotanical mapping 

recently developed abroad[58] are intended for draw-

ing large-scale maps. However, these approaches 

have never been used for drawing prediction maps 

on a time scale. Moreover, we do not know of any 

experience in using these methods for mapping the 

functional parameters of forest ecosystems in the 

framework of a global climatic scenario. In land-

scape ecological analysis, we use approaches based 

on new geomorphometric methods[36,59,60] for draw-

ing Spatio-temporal maps. 

Geomorphometry is the science of quantitative 

description of terrain, which has been substantially 

developed during the past 50 years[61], provides 

methods for obtaining the pattern of the spatial dis-

tribution of soil-biotic and hydrothermal parameters 

of geo(eco)systems. Multifold edificatory properties 

of the terrain make it possible to interpolate and ex-

trapolate data measured (or calculated) in representa-

tive test grounds (which was justified in the course 

of analysis); this substantially extends the analyzed 

area. Earlier methods of quantitative description of 

terrain are restricted to the use of six basic morpho-

metric parameters. We have introduced a system of 

18 parameters, developed new geomorphological 

classification frameworks, and derived better algo-

rithms for the calculation of morphometric charac-

teristics[59,62]. 

For the prognostic mapping procedure, we 

used both reducent and absorber C(ai/bj) values for 

two climatic factors: tjan and tjuly. Climatic caused 

transformation of regional nature complexes is ex-

pressed at the map by the certain shift of land-

scape boundaries. It is need to spoke mainly about 

phytocoenological shifts as the most real ones. Vec-

tor of this shift is determined by the oriental graph of 

transitions between the landscape groups. It is char-

acterized in general by the focal transformation of 

geosystems, which is the leading form of their cli-

mate-genic transformations. The set of absorbents 

for each reducer is determined by significant proba-

bilities Pij of landscape-ecological transitions for a 

given forecast period, beginning from the highest 

value of Pij. However, the dimension of space dis-

placement of phytocoenological and correspond-

dingly landscape boundaries is determined much 

more difficult. 

The prognostic cartographic problem was 

solved using exhaustive search among the binary re-

lationships between landscape groups presented in 

the oriented graph of their mutual transitions. Every 

time, we considered a dynamic pair of objects: the 

absorbed object А (the reducent) and the absorbing 

object В (the absorber). It was assumed that not only 

an adjacent object but also a relatively remote one (a 

second-order, third-order, etc., neighbor) may be ab-

sorbed. The object В whose absorbing activity to-

wards object А was the highest was the first choice. 

Since the probability of the transition Pij(A→B) < 1, 

it was reasonable to assume that the transformations 

of object А would always be localized (“focal”). In 

other words, the A→B transition must occur in 

parts, beginning from fragments ai of areal A that are 

most predisposed to such transformation, proceeding 

from the basic climatic conditions. How can we de-

termine such fragments? 

As has been mentioned, the projection of the 

ecological niche of a given LG to the tJan or tJuly field 

is made up of the dominant and peripheral parts of 

the niche. Our previous analysis of the mechanisms 

of formation of landscape-zonal systems and 

their boundaries has shown[9] that the system-form-

ing and spatially differentiating influence of transit 

(including hydrothermal) factors drastically increase 

on the periphery of natural complexes. Consequently, 

landscapes in the positions of the “fuzzy” part of the 

niche must be most sensitive to climatic signals. 

Such fragments ai of areal A will be least stable 

and begin to transform first and foremost. 

In the given example (Table 10), subalpine 

landscape group 16 is considered as a reducer. For 

the forecast period of 2050, the primary fragments of 

these landscapes, which will begin to lose their pre-

vious subalpine aspect, will be those in the ranges of 

tJan = –5.2 ÷ (–9.0)0 and tJuly = 13.5 ÷ 16.00. 

It is also necessary to find out a group of land-

scapes playing the role of absorbent, as well as to de-

termine the relative area absorbed by the latter from 

some or other reducer. It is accepted that the absor-

bent for each fragment ai of the reduced (absorbed) 

areal A will be an adequate landscape group, where 
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the ecological dominant is in the same (or similar) 

temperature range as the absorbed fragment. The ab-

sorbent was searched by comparing the vectors of 

climatic niches of the reducer with the niches of all 

potential absorbents. In this case (see Table 10), 

there were two absorbents for tJan: (1) LG 13 for sub-

alpine landscapes in the range of –7.0 ÷ (–9.0)0 and 

(2) LG 14 for the landscapes in the range of 5.2 ÷ 

(–7.0)0. The predominant absorbent for tJuly was re-

vealed as well: it was the middle-mountain meadow-

forest LG 8.  

The absorbed area was assessed by the respec-

tive C(ai/bj) value provided that the reduced frag-

ment under consideration has been completely ab-

sorbed by the given forecast period. For example, 

proceeding from the data in Table 10, we accept that 

subalpine landscapes by 2050 will have reduced their 

areas by 12% and 24% in the mean January temper-

ature transitions LG 16 → LG 14 and LG 16 → LG 

13, respectively. For tJuly, 15% of subalpine land-

scapes will pass into the state of middle-moun-

tain beech forests (LG 8). 

Later on, particular climatic maps were 

superimposed on the landscape map (Figure 6). All 

fragments ai of object A, adequate to object B by their 

state, which now became a part of areas of the absor-

bent or were included in its typological set, were 

found on this latter map. When moving to the next 

absorbent object C, i.e., analyzing the binary relation 

A→C, we used the ordination of object A by the cli-

matic factor that had not yet been considered. This 

operation was performed for all significant land-

scape-ecological transitions of object A into objects 

B, C, D, etc., in the order of diminution of parameter 

Pij. When choosing the directions of absorption in the 

case of multiple equiprobable transitions, the prefer-

ence was given to the nearest absorbent: the first-or-

der neighbor. 

The above algorithm was used to plot the land-

scape-ecological map of the northern slope of the 

Greater Caucasus for 2050 (Figures 7 and 8). The 

generalized representation of changes in the land-

scape mosaic of this region is given in Table 11. Val-

ues of ∑ ΔS showed in brackets have been revealed 

in superposition process of average January and July  

Table 10. The matrices of normalized partial coefficients of connection of subalpine forest-shrub-meadow landscapes (LG 16, re-

ducer) and upper-mountain forest and middle-mountain forest-meadow natural complexes (LG 13, 14, 8, and 6, absorbents) with the 

mean January and July temperatures in 2050, according to the E GISS climate prediction model 

Average January 

temperature 

Landscape groups 

 

  

–15.0 ÷ (–12.5)   0.06   

–12.5 ÷ (–10.5) 0.23  +  0.03 

–10.5 ÷ (–9.0) 0.29  • 0.30  + 0.24  + 

–9.0 ÷ (–7.0) 0.24  + 0.36  • 0.30  • 

–7.0 ÷ (–5.2) 0.12  + 0.27  + 0.34  •   

–5.2 ÷ (–4.0) 0.05 0.07 0.08 

–4.0 ÷ (–3.0) 0.01  0.02 

 

Average July tem-

perature 

Landscape groups 

 

  

0 ÷ 3.5 0.06   

3.5 ÷ 6.5 0.05 0.04  

6.5 ÷ 9.0 0.13  • 0.09  

9.0 ÷ 11.0 0.24  • 0.10  •  

11.0 ÷ 13.5 0.32  + 0.32  + 0.01 

13.5 ÷ 16.0 0.15  • 0.35  + 0.16  • 

16.0 ÷ 18.7 0.04 0.08 0.62  + 

18.7 ÷ 21.0   0.21  • 
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Figure 7. The fragment of landscape map of the northern macro-slope of the Greater Caucasus, according to Beruchashvili et al.[52]. 

1–19, landscape groups (see Table 9).                                                           
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Figure 8. The map of landscape-ecological conditions of the northern macro-slope of the Greater Caucasus predicted for 2050 in 

accordance with the E GISS global climatic model. Map has been created by L.S. Sharaya. The symbols of landscape groups are the 

same as in Figure 7 and Table 9. 
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Table 11. The northern macroslope of the Greater Caucasus. Relative changes in the areas of landscape groups as a result of their 

mutual transitions for 2050, according to the E GISS climate prediction model 

High layers Landscape groups Changes of an area, ΔS 

Gain + ΔS Loss – ΔS Result ∑ΔS *) 

Piedmont 

  

0.24 0.19 +0.05 (–0.01) 

 

0.05 0.39 –0.34 (+0.02) 

 

0.49 0.58 –0.09 (+0.21) 

 

0.59 0.29 +0.30 (+0.21) 

 

0.52 0.33 +0.19 (+0.12) 

Low-mountain 

 

0.74 0.54 + 0.20 (– 0.16) 

 

0.81 0.52 +0.29 (+0.48) 

 

0.11 0.38 –0.27 (–0.21) 

Middle-mountain 

 

0.25 0.28 –0.03 (+0.09) 

 

0.40 0.30 +0.10 (+0.14) 

 

1.54 0.45 +1.09 (+0.54) 

Upper-mountain 

 

8.30 0.36 +7.94 (+0.69) 

 

0.52 0.34 +0.18 (0) 

 

3.48 0.26 +3.22 (+0.71) 

 

0.39 0.60 –0.21 (–0.32) 

High-mountain 

 

0.16 0.55 –0.39 (–0.16) 

 

0.09 0.30 –0.21 (–0.22) 

 

1.49 0.63 +0.86 (+1.79) 

 

0 0.43 –0.43 (–0.42) 
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temperatures with landscape map. The latter was 

constructed using the basal areas of landscape groups 

and the total absorbed parts of these areas. As one 

can see, the scope of increments of the areas (+ΔS) 

in landscape groups was rather great for the region in 

general: from 5%–10% to 1.5-fold. Reduction of the 

areas (–ΔS) has a narrower range from 20%–25% to 

55%–60%. 

By the middle of the 21st century, the areas of 

semiarid steppes (LG 4) and forest-meadow com-

plexes of river valleys in Ciscaucasia will be substan-

tially extended (by 20%–30%). At the same time, the 

areas of herb-vermouth-bunch-grass steppes (LG 2) 

will be reduced. The areas of low-mountain meadow 

steppes with hornbeam-beech forests (LG 11) will 

decrease as well due to the expansion of the neigh-

boring oak forests (LG 7). In the middle-mountain 

layer, broad-leaved forests (LG 6 and 8) will remain 

in their initial areas. 

The areas of upper-mountain pine and birch for-

ests will be significantly extended toward sub-Alps 

along the Kuban River basin (LG 14 + ΔS ≈ 0.71 ÷ 

3.22). At the same time, numerous zones of upper-

mountain pine forests (LG 15) scattered over the 

Central Caucasus will reduce their areas by more 

than 20%, being replaced by both birch forests of the 

neighboring LG 14 and the middle-mountain beech 

forests (LG 8) transgressing here from below. 

The active and almost countrywide shift of up-

per-mountain forests upward along the ridge slopes 

will considerably reduce the areas of subalpine and 

even alpine vegetation: by 40% and 20%, respec-

tively. Only the areas of the sub-nival zone will sig-

nificantly increase (by 85% to 180%). This zone will 

actively penetrate high mountain deserts and retrieve 

glaciers, being much less replaced by the alpine zone. 

In the Greater Caucasus in general, the upper-

mountain landscapes, both forest and meadow steppe, 

must be characterized by the maximum dynamicity. 

The thermo- arid trend will manifest itself most dra-

matically in the middle- and upper-mountain steppi-

fied hollows, on the one hand, and at the interface of 

the sub-nival zone and the zone of high-mountain de-

serts and glaciers, on the other hand. 

7. Conclusion 

One should accept certain limitations of predic-

tive ecological models based on the method of actu-

alism. It concerns not only empirical-statistical but 

also simulation methods of modeling. The prediction 

may be only for the period of equilibrium or at least 

stationary processes having the properties of super-

position of spatial and temporal coordinates[63]. The 

reliability of the models will considerably decrease 

if the system-forming role of ecological factors car-

dinally varies during the forecast period. In this case, 

the predicted system, being initially linear, will go to 

the category of nonlinear systems, their distinctive 

feature being disproportionality of response to a per-

turbing signal[64].  

However, it may be supposed that these limita-

tions are largely “eliminated” for our models because 

the models to describe the trajectory of geo(eco)sys-

tem transformation as a series of successive changes 

(stages) of its functional states. If we accept, as a 

first-order approximation, the system relaxation at 

each stage of this series as equilibrium or stationary 

non-equilibrium process, following Puzachenko[65], 

the process becomes reversible, allowing prediction 

of the system behavior in terms of basic probability 

models. 
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