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The article presents the results of scientific research on development of a system of growth and productivity models for
stands of the main forest-forming tree species of Ukraine on basis of the yield tables proposed by Ukrainian scientists.
The fundamental prerequisites for creating the system and ways for its further development and improvement are
grounded. The methodological ground is formed by the developments of Ecosystems Services and Management
Program of the International Institute for Applied Systems Analysis in modeling growth, productivity and
bioproductivity of forests. Von Bertalanffy’s growth function serves as a mathematical basis for the research, by means
of which fitting of series of dynamics of stand mean height, diameter, basal area sum, growing stock and total
productivity was secured for the studied stands. Perspectives for further application of the results and developments
described in the article lie in sphere of integration of the updated description of dynamics Ukrainian forests to regional
and global models of dynamics of forest ecosystems to account for impact of global climate change and forecast their
state middle- and long-term prospect.
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Introduction. The modern changing world brings to life substantial challenges for world
forests and forestry. During a prolonged period of forest management, scientific research and
practice of forestry have accumulated a substantial amount of regulatory and information support,
which is actively used for describing dynamics of forest stands when carrying-out forest inventory
and planning activities. The distinctive feature of the current circumstances for forestry branch is
impossibility of trustworthy application of the existing description of forests’ growth and
productivity patterns under climate change conditions and variability of other environmental
factors. Accounting for influence of climatic changes on growth and bioproductivity of Ukrainian
forests implies fulfillment of a series of stages towards systematization and improvement of the
existing forestry-related regulatory and information support, and its embedding into one or several
existing global or regional models of forest ecosystems dynamics.

The main research aim is to develop a unified system of growth and productivity models for
stands of the main forest-forming tree species of Ukraine. Processes of growth of stands of the main
forest-forming tree species are the object of research, while peculiarities of modeling of dynamics
of mensurational indices of the abovementioned forest stands define the subject of research.

In order to enhance compatibility of the national models with international scientific
developments, and to test a conceptual methodological approach, it was proposed to undertake a
research on elaboration of a system of growth and productivity models for modal stands of the
major forest forming tree species of Ukraine. The system shall provide description of dynamics of
the main mensurational indices in a unified way by means of a single type of models and
mathematical support. Compliance with the named principles and approaches ensures possibilities
for future enhancement of the system by inclusion of growth models for fully stocked stands and
modal stands composed by other tree species taking into account regional peculiarities of forest
growth and productivity.

Materials and methods. Within the scope of the first stage of this scientific research, the
following growth and yield tables of modal stands of the major forest-forming tree species were
identified as an input data (specification of tree species and the corresponding authors of growth
and yield tables is provided in brackets):
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— Scots pine (Pinus sylvestris L., Ukrainian Polissya, pure and mixed stands of artificial
origin — A. Yu. Terentyev [7], stands of natural origin — I. L. Aleksiyuk [1]),

— European spruce (Picea abies (L.) Karst., Ukrainian Carpathians, stands of natural and
artificial origin — R. D. Vasylyshyn [4]),

— Pedunculate oak (Quercus robur L., mixed stands of artificial origin, Right- and Left-bank
Forest-Steppe — O. P. Bala [2]),

— European beech (Fagus sylvatica L., Ukrainian Carpathians — R. D. Vasylyshyn [4]),

— Silver birch (Betula pendula Roth., Ukrainian Polissya — A. M. Bilous [3]),

— Common aspen (Populus tremula L., Ukrainian Polissya — A. M. Bilous [3]),

— Black alder (Alnus glutinosa (L.) Gaerth., Ukrainian Polissya — A. M. Bilous [3]).

The authors have used diverse approaches when conducting their research. Moreover,
modeling of different mensurational indices, even within one research, is done using dissimilar
mathematical expressions. This corresponds to the common practice of carrying out research on
forest growth and yield modeling. However, in its current state, national description of forest
growth and productivity is hardly possible to embedded into any of the existing regional or global
models of dynamics of forest ecosystems.

Within this research, modeling activities were performed with the best possible consideration
of the groundwork of Ecosystems Services and Management program of the International Institute
for Applied Systems Analysis (Laxenburg, Austria) stated in the respective publications. [6, 13].

The following mensurational indices from growth and yield tables were taken as primary ones
for further modeling:

— mean stand height 4,

— mean stand diameter D,
— stand basal area G,

— growing stock M,

— total productivity TP.

The rest of mensurational indices, which traditionally are included into growth and yield tables,
could be taken as derivative ones, since they may be calculated based on the well-known “classic”
formulas of forest mensuration.

Development of stands by the indices listed above was fitted using Bertalanffy’s growth
function [8]. This function is also referred to as Drakin-Vuyevsky growth function [5] or Chapman-
Richards growth function [11]. The integral equation of the applied function is of the following
form:

y =a;(1 —exp(—a; -x))*%, 1)

where y — dependent variable,

X — independent variable,

ay, ap, ag — regression coefficients.

Using equation (1) it is possible to describe the accumulated value of a mensurational index as

a function of age within a site index class. Coefficients of this model have biological meanings: a;
depicts a maximal value of the growth function (asymptote), in other words, it characterizes a value
of utilized potential of growth conditions; a; is used for scaling of temporal axis, it describes rate of
stand growth and is proportional to age of culmination of an increment. Expression
araz (1 - 1/as)-exp(as - 1) describes maximum of a current increment, and (In(as)/az) circumscribes
inflection point of the growth function. Modeling of numerous growth and yield tables done by
scientists abroad has shown that sets of coefficients ai, az, as depict growth peculiarities of diverse
tree species in a good manner for different site conditions and management regimes, and create
prerequisites for accounting for impacts of different nature upon forest stands, including those
induced by climatic changes [6].
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Approximation of coefficients of equation (1) for stands composed by the forest-forming tree
species within the scope of this research was implemented by means of a statistical software
StatSoft Statistica [14], version 12.5 (Fig. 1).
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Fig. 1 — Implementation of modelling approach
by means of a statistical software StatSoft Statistica, version 12.5

As an approximation method for determining numerical values of regression coefficients, it
was decided to apply Quasi-Newton method [9, 12]. This is a first-order optimization method,
grounded on accumulation of information on curvature of an objective function through gradient
change observation. The applied approach has enabled to speed-up the modeling process
significantly compared to a widely applied simplex-method of optimization. By applying the
described approach, we have determined values of coefficients a;, ap, ag of the equation (1)
differentiated by forest-forming tree species, mensurational parameters and site index classes.

The generally applied practice of growth and yield modeling also includes a stage of
approximation of the determined for each site index class values of regression coefficients using a
polynomial function. Within the scope of this research, this step was omitted due to technical
reasons — tables of coefficients are easier to embed into the existing regional or global functions of
forest ecosystems dynamics. However, it is planned to implement this stage in further research in
order to fulfill national requirements to forestry regulatory and information support.

Results and discussion. As a result of implementation of the previously described
methodology to the initial data, we have obtained tables of values of regression coefficients for
equation (1) in the context of forest-forming tree species, mensurational indicators and site index
classes. An example of such kind of a table for mixed modal Scots pine stands of artificial origin for
zone of Ukrainian Polissya is presented in table 1.

Currently the system of growth and productivity models for modal stands of the main forest-
forming tree species of Ukraine includes information on dynamics of mensurational indices from 11
separate yield tables.
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Table 1
Values of regression coefficients of the model
for mixed modal Scots pine stands of artificial origin for zone of Ukrainian Polissya
. . Site index Regression coefficients
Mensurational index class @ 9 2 z
V2 13.101 0.0177 1.220
\Y 17.618 0.0181 1.237
v 22.196 0.0183 1.248
1l 26.830 0.0183 1.243
. Il 31.611 0.0180 1.233
Mean stand height | 36.143 0.0183 1.042
I? 40.959 0.0181 1.235
I’ 45.437 0.0183 1.245
I° 50.202 0.0182 1.239
I’ 54.680 0.0183 1.242
A 15.274 0.0151 0.959
\ 19.091 0.0173 1.110
v 22.403 0.0197 1.249
1] 25.005 0.0229 1.410
. I 27.171 0.0260 1.553
Mean stand diameter I 28.699 0.0292 1670
1? 29.628 0.0328 1.791
° 29.959 0.0367 1.906
I 29.740 0.0405 1.998
I° 28.831 0.0453 2.113
\% 11.680 0.1317 6.280
\Y 13.781 0.1130 4.936
v 16.276 0.0986 4.125
1] 19.172 0.0885 3.568
Stand basal area I 22.206 0.0821 3.145
I 24.238 0.0786 2.759
? 24.842 0.0781 2.463
P 24.986 0.0779 2.136
I 25.010 0.0791 1.886
I 24.987 0.0811 1.681
\% 230.089 0.0053 0.918
\Y 285.242 0.0115 1.386
v 302.020 0.0211 1.988
1] 335.820 0.0284 2.406
Growing stock Il 364.394 0.0348 2.726
I 386.576 0.0404 2.916
? 402.420 0.0460 3.093
P 413.921 0.0517 3.251
I° 421.715 0.0575 3.406
I 427.524 0.0630 3.520
A 478.843 0.0047 1.113
\ 398.298 0.0154 1.842
v 469.019 0.0220 2.345
1l 549.113 0.0264 2.595
Total productivity I 627.324 0.0297 2.635
I 691.688 0.0328 2.585
12 739.054 0.0361 2.512
P 781.240 0.0398 2.433
I 823.063 0.0436 2.351
I° 864.653 0.0475 2.259

The calculated values of coefficients of determination R® (0.95-0.99) attest to high precision of
fitting the models to the existing dynamics series of mensurational indices using Bertalanffy’s
growth function due to flexibility and universality of the latter. For better visualization, it is
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worthwhile to consider Fig. 2, which presents graphical comparison of dynamics series of selected
mensurational indicators for stands, composed by selected tree species.
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Fig. 2 — Visual demonstration of functioning of the developed system of growth and productivity models for
selected mensurational indices and stands composed by selected tree species: a — for mean stand height (H), b —
for mean stand diameter (D), ¢ — for total productivity (TP)
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The main perspectives of application for the developed system is its integration to regional and
global models of forest ecosystems dynamics in order to forecast state of Ukrainian forests for a
middle- and long-time prospect. A representative of this kind of models is a Global Forest Model
(G4M), developed at the International Institute for Applied Systems Analysis (IIASA) [10]. The
developers of the model have included a functionality for assessing forest land productivity based
on site height above sea level, geographical latitude, soil type, moisture regime, CO, concentration,
monthly precipitation, and monthly average temperature. Today there is a positive experience of its
application for analysis of changes in forest stands productivity driven by changing environmental
factors, above all — by climatic changes. IIASA scientists have demonstrated capabilities of G4M to
account for impact of changes of temperature regime upon forest ecosystems in the course of the
international scientific project EURO-CORDEX.

Conclusions. As a result of scientific efforts within the scope of the presented research
activity, a system of growth and productivity models for modal stands of the main forest-forming
tree species of Ukraine was developed. Application of approbated and internationally recognized
and harmonized approaches during its development enables enhancing of the system in the future
for better capturing of regional peculiarities of forest stands dynamics and supplementing it with
growth models of fully-stocked stands, which are actively used in the practice of forest management
and planning. The scientific research creates preconditions for forecasting growth and productivity
of forests in Ukraine under the climate change conditions by means of internationally approbated
and recognized regional and global models of forest ecosystems dynamics.
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Jlakuna 1. I1., Bacunumun P. 1.

METOWUYHE MIJIIPYHTS /151 PO3POBJIEHHS CUCTEMU MOJIEJIEM POCTY TA ITPOJAYKTUBHOCTI
JEPEBOCTAHIB OCHOBHUX JIICOYTBOPIOBAJIbHMX JIEPEBHUX BU/IIB YKPATHU

Hayionanvuuii ynigepcumem oiopecypcis i npupoodoxkopucmysanus Ykpainu

VY crarTi BHCBITIIGHO pE3yNbTaTH HAyKOBOI pPOOOTH IIOAO pPO3POOJICHHS CHCTEMH MOZEICH pocTy Ta
MIPOAYKTUBHOCTI MOZANBHHUX JEPEBOCTAHIB IAHIBHUX JICOYTBOPIOBANbHUX MJEPEBHUX BHUAIB YKpaiHH Ha OCHOBI
3aIPONOHOBAHNX BITYM3HAHAMH JTOCTITHUKAMHU YHHHHAX TaOIHUIB X0xy pocTy. OOIpyHTOBAaHO 3acaJHHUYi IepeayMOBU
CTBOPEHHS TaKOi CHCTEMH, HaBEACHO IIISIXH i IMOJANBIIOTO PO3BUTKY Ta BJOCKOHAJICHHSA. METOANYHOIO OCHOBOIO €
HarpamoBaHHs nporpaMu EKOCHCTEMHUX MOCIHYT Ta yNpaBiiHHSA MiXXHapOJHOTO IHCTUTYTY NMPHUKIIAJHOTO CHCTEMHOTO
aHanizy (M. JlakcenOypr, ABcrpis) y cdepi MonenmtoBaHHS pOCTY, NMPOAYKTUBHOCTI Ta OlONPOJYKTHBHOCTI JICIB.
MaremMaTHYHUM MATPYHTSAM BUCTyIae pocroBa (yHkuis beprananddi, 3a 1omoMororo skoi 371iCHEHO BUPIBHIOBaHHS
psiB AMHAMIKU CepeTHbOI BHCOTH, CEPEAHBOI0 AiaMeTpa, abCOIIOTHOT HOBHOTH, 3alacy Ta 3arajibHOi MPOJXyKTUBHOCTI
JIOCHIZKYBaHUX JiepeBoCTaHiB. [lepcrieKTHBH MOAANBIIOr0 3aCTOCYBaHHS OINMCAaHUX y CTATTI HAYKOBHX PO3poOOK
NOJIATAlOTh y IHTErpyBaHHI ONMUCY AMHAMIKM JICIB YKpaiHM 10 pErioHaJbHUX Ta TJI00ATbHUX MoOJeNeH JUHAMIKH
JCOBUX €KOCHCTEM 3aIIsl YPaxyBaHHsS BIUTMBY IT00aNbHUX KIIMAaTHYHUX 3MiH Ta MPOTHO3YBaHHS IXHBOTO CTaHy Ha
CepeHbO- Ta JJOBIOCTPOKOBY MEPCIIEKTHBY.

KniodoBi cnoBa: picT, NpPOAYKTHBHICTb, JEPEBOCTAH, MOJECTIOBAHHS, CHCTEMa MOJENCH, ITaHIBHI
JCOYTBOPIOBAJIbHI JEpPEBHI BUIIN.

Jlakuma W. I1., Bacuwmumun P. 1.

METOJUYECKOE OCHOBAHHUE JJISI PA3SPABOTKM CUCTEMBI MOJEJENA POCTA U
MMPOAYKTUBHOCTHU JPEBOCTOEB OCHOBHBIX JIECOOBPA3VYIOIINX JPEBECHBIX B/IOB YKPAMHBI

Hayuonanvnuiil ynueepcumem ouopecypcos u npupo0oononb3068anus YxpauHol

B cTathe oTpakeHBI pe3ysabTaThl HAYYHOW pabOTHI MO pa3pabOTKE CHCTEMBI MOJENCH pocTa U MPOAYKTHBHOCTH
MOJIAIBHBIX IPEBOCTOCB MOCHOJCTBYIOIIMX JIECOOOPAa3YIOIIUX APEBECHBIX BUIOB YKPAMHbBI HA OCHOBE MPEIJIOKECHHBIX
OTEYCCTBCHHBIMH HCCIICNOBATESIMA ICHCTBYIOMUX Tabmuiy xoga pocta. OOOCHOBaHBI OCHOBHBIC MPEANOCHIIKU
CO3/aHUs TaKOW CHCTEMBI, IPUBEACHBI IYTH €€ NANbHEHIEro pa3sBUTHS M COBEPUICHCTBOBAaHWA. MeToanmdeckoit
OCHOBOW SIBIIAFOTCS HAapaOOTKH MPOrpaMMBbl DKOCHCTEMHBIX YCIYT W YIpaBiIeHHS MEXIyHapOTHOTO HHCTUTYTa
MPUKIAHOTO CHUCTeMHoro aHamu3a (r. JlakceHOypr, ABCTpusi) B cdepe MOAETHPOBAHUSA POCTa, MPOAYKTUBHOCTH U
OMOTIPOIYKTUBHOCTH JIeCOB. MaTeMaTHIeCKHM OCHOBaHHEM BBICTYIIACT pocToBas GyHKuus bepramandu, ¢ moMomsio
KOTOPOH OCYIIECTBICHO BBIPAaBHHUBAHHE pPSAAOB ITUHAMUKH CPEOHEH BBICOTBHI, CPENHEr0 aUaMeTpa, aOCOIFOTHOM
MOJIHOTHI, 3araca M O0IIedl MPOJYKTHBHOCTU HCCIICAYEMBIX APEBOCTOEB. IIepCHEKTHBBI JAJbHEHIIET0 MPUMEHEHHUS
ONHMCAHHBIX B CTaThe HAYYHBIX Pa3zpabOTOK 3aKIIOYAlOTCS B MHTETPUPOBAHUU ONMCAHUS TUHAMUKH JIECOB YKpauHbI B
PETHOHABHBIC U TVI00ATBHBIC MOACTH TUHAMUKHU JICCHBIX YKOCHUCTEM IS yUeTa BIUSHUS TJI00aTbHBIX KIMMATHYCCKUX
M3MEHEHUN U TIPOTHO3MPOBAHUS WX COCTOSIHUS HA CPEIHE- U JIOITOCPOYHYIO MEPCTICKTHUBY.

KnmodyeBble ciaoBa: pPOCT, MPOAYKTUBHOCTH, JAPEBOCTOH, MOJIEIMPOBAHHE, CHCTEMa MOJENIeHd, OCHOBHBIC
Jieco00pasyrolue IPeBeCHbIE BUJIbIL.
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