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ABSTRACT

The potential forest site productivity is a fundamental information for strategic decisions in for-
est management. Site productivity is commonly estimated using the site index, which is deter-
mined based on the height at a given age estimated using site index models. Site index models
are also used in forest growth predictions. A proper assessment of the site index is important for
management, as it is the primary criterion considered when making site- and species-specific
economic decisions on silvicultural treatments, selection of species composition, setting the cutting
plan and rotation age. Recently, site index models have been developed for the main forest-
forming tree species of Poland. However, in developing the parameters of the models, autocor-
relation was not fully taken into account and, in addition, there were inaccuracies in the parameter
values of the models. In connection with the planned implementation of the models into the
State Forests I'T system and their application to determine the volume increment of forests in
Poland, it was considered desirable to improve the existing models. The aim of this study is to
develop unified site index models for the main forest-forming species of Poland using the most
up-to-date approach. Using data from 2 636 single tree growth series, we developed new site index
models for eight forest tree species in Poland. The use of the dynamic GADA function and taking
into account the autocorrelation of the residuals allowed a very good fitting of the models to the
empirical data. Furthermore, the models developed meet the main requirements for modern
site index models: (a) polymorphism, which would allow for possible differences in growth patterns
due to variability in site conditions; (b) variable asymptotes for different sites; (c) the equality
of site index and height at a given base age; and (d) the possibility of using the same function
to model height growth and site index. The determination of site productivity is the main purpose
of the developed models. However, thanks to the properties of the functions used for the devel-
opment of the models, they can also be used as models for the prediction of the height growth
of stands. This research is a response to the demand for the development of new yield tables
(growth models) for the main forest forming tree species in Poland from the State Forests in
Poland, the Forest Management Office and other stakeholders. The research presented in this
paper is the first stage of the construction of new empirical growth models.
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Introduction

The potential forest site productivity forms fundamental knowledge for making strategic decisions
in forest management. The site productivity is commonly estimated using the site index, which
is determined based on the top height at a predetermined age estimated using site index models
(Skovsgaard and Vanclay, 2008; Socha ez a/., 2015). Site index models are also utilised to forecast
forest growth, determining the economic and environmental impacts of forest management
(Tompalski ez al., 2021). The site index measures the influence of climatic conditions on site
productivity, reflecting how both climatic and edaphic factors impact it (Pau ez a/., 2022). Therefore,
the assessment of potential productivity is important for management aimed at a sustainable
and balanced forest, as it is the primary criterion considered when making site- and species-spe-
cific economic decisions on silvicultural treatments, selection of species composition, setting
the cutting plan and rotation age (Chen ¢z a/., 1998; Kayahara ¢z a/., 1998; Splechtna, 2001).

Forest ecosystems in Europe have undergone alterations due to climate change and
antropopression (Lindner e /., 2010; Pretzsch ef al., 2014; Etzold e# al., 2019). Climate shifts
appear to have had a favourable impact on forest productivity in recent times (Etzold ¢z al.,
2019; Mensah ez al., 2021; Socha ez al., 2021). The observed changes in productivity have altered
the growth dynamics of European forests. Pretzsch ez /. (2014) anticipated an increase in site
productivity of 30-70% in Central Europe when compared to reports from previous centuries.
At the same time, growth models, and in particular site index models, previously used in forestry
practice, have become outdated (Socha ez a/., 2020b). Yield tables for Scots pine Pinus sylvestris L.
stands were developed in Poland in the inter-war period (Jedliski, 1932; Ploriski, 1937). However,
they were not used in practice: the former for methodological reasons, the latter because the
borders of the country were moved westwards after the Second World War. Schwappach (1912)
tables became more relevant in Poland, as about 70% of the sample plots on which he based his
Scots pine tables were located within the Polish borders. For stands on the best sites they were
extended by extrapolation, with a site index class of Ia (Szymkiewicz, 1949). Consequently, the
application of yield tables may result in unsuitable evaluations of site productivity and estimation
of volume increment. Despite it, in forestry practice in Poland, a site index class is still determined
using height growth curves developed by Schwappach for Scots pine, Norway spruce Picea abies (L..)
H.Karst, European beech Fagus sylvatica L., Silver fir Abies alba Mill., and Sessile oak Quercus
petraea (Matt.) Liebl., and by Schober for European larch Larix decidua Mill. and by Tiurin for
Silver birch Betula pendula Roth and Black alder A/nus glutinosa (L..) Gaertn. (Socha ez al., 2020b).
Consequently, the application of yield tables may result in unsuitable evaluations of site produc-
tivity and estimation of volume increment.

An attempt to solve this problem was made by Bruchwald ez @/. (1999, 2003, 2011) developing
new Polish site index models. The authors used a function describing a single growth trajectory,
which is then extrapolated to different sites. However, models developed on the basis of a single
growth trajectory and extrapolation to various sites may produce unrealistically high site index
values, particularly for stands of younger age classes (Socha and Orzel, 2011). Bailey and Clutter
(1974) had already pointed out the problem associated with this type of modelling, which relies
on a specific single base age. This is because the base age can affect the final course of the height
growth trajectories obtained. They therefore proposed an improved approach based on algebraic
difference, in which the course of the height function is base age invariant. However, the choice
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of parameter in the equation used as the site parameter resulted in site index curves that were
anamorphic or polymorphic, with unique asymptotes (Cieszewski 7 a/., 2000). The Generalised
Algebraic Difference Approach (GADA), developed by Cieszewski and Bailey in 2000, allows
the use of multiple site parameters to solve this problem. The proposed models are characterised
by polymorphism and different asymptotes. GADA allows for the development of site-specific site
index models that express local height growth patterns. This allows for appropriate assessments
of site productivity. In recent years also nonlinear mixed-effects (NME) modelling approach
(Bronisz and Mehtitalo, 2020) was used in modelling height growth (Wang ¢ /., 2008; Socha ¢ al.,
2021). However, for Scots pine in Poland, this approach has proven to be less effective compared
to the nonlinear-fixed-effects (NFE) approach, which is GADA (Socha e /., 2021). The GADA
approach was used by Cieszewski and Zasada (2007) to develop a new dynamic site equation that
fits best the Schwappach data for Scots pine.

Recently, site index models have been developed for the main forest-forming species of
Poland (Socha ez al., 2020b). However, in developing the parameters of the models, autocorre-
lation was not fully taken into account and, in addition, there were inaccuracies in the parameter
values of the models. In connection with the planned implementation of the models into the State
Forests I'T system and their application to determine the volume increment of forests in Poland,
it was considered desirable to improve the existing models. The aim of this study is to develop
unified site index models for the main forest-forming tree species of Poland using the most up-
to-date approach.

Materials and Methods

The research methodology consisted of three stages: verification of the research data, which
consisted of growth series obtained by retrospective growth analysis using the stem analysis
method (1), estimation of the growth function parameters using GADA (2) and evaluation of the
developed models (3).

RESEARCH MATERIAL. The research material comprises data on the high-growth trajectories of 2,636
dominant and codominant trees of the eight main forest-forming tree species in Poland (Table 1),
which were gathered from across the entire territory of Poland (Fig. 1). The stands sampled in
a quasi-random manner are primarily pure and even-aged. However, these do not represent forest
plantations, and the forest management methods used in these forests are typical for multi-
functional forest management.

The study incorporates data from two sources. Part of the data was gathered from the project
named ‘Actual and Potential Site Productivity in Poland For Main Forest-Forming Tree Species’,
carried out during 2015-2017 (Socha ¢z a/., 2017a). Within this project over 300 growth trajectories
for Scots pine, the main forest forming tree species in Poland covering over 60% of forested
area, was collected. These trajectories represent the full range of geographic distribution and site
conditions for Scots pine. The second data source consisted of a database containing the growth
series of individual trees that were collected in Poland through research efforts conducted
by leading forest research institutions in the country. These institutions include the Faculty of
Forestry at the University of Agriculture in Krakow, the Forest Research Institute in S¢kocin
Stary, and the Faculty of Forestry at the Warsaw University of Life Sciences (SGGW). All growth
trajectories used in this study were individually verified in order to meet the standards required
for the development of site index models. The trees chosen as samples for the reconstruction
of the height growth curves were dominant, without visible damage and growth anomalies.
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Table 1.

The number and basic characteristics of growth series for the analysed species, obtained from stem analy-

sis and used for the development of the site index models

Species No Age Height [m] Site index [m]

p trees Mean Min Max Mean Min Max Mean Min Max
Scots pine 875 76 12 175 232 71 368 279 109 418
Pinus sylvestris L.

Buropean beech 187 8 60 160 242 158 336 285 203 366
Fagus sykoatica L.

Black alder dluus 305 5 7100 196 52 314 285 213 341
glutinosa (L..) Gaertn.

European larch

Larix decidua Mill. 227 60 20 170 267 164 386 349 275 411
Silver birch 5

Betula pendula Roth 99 49 20 105 239 105 335 325 228 40.7
Ol 323 68 18 157 22.0 95 329 279 19.5 35.9
Quercus sp.

Norway spruce

Picea abies (L.) 416 76 30 150 253 51 415 307 157 405
H.Karst

Silver fir

Abies alba Mill 144 70 30 140 158 23 36.0 23.6 7.6 349
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Fig. 1.

The location of sample plots for the stem analyses of the forest-forming tree species in Poland

Forest coverage
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STEM ANALYSIS. Stem analysis was utilised on the material obtained from individual trees in order
to reconstruct their past height growth. The trees for stem analysis were selected from the imme-
diate vicinity of the permanent sample plots as established within the research projects. For each
plot, one to three trees with a diameter and height close to the top height defined by the average
height of the 100 thickest trees per 1 ha were chosen and felled for stem analysis. To construct
the height growth trajectories of trees, only trees with normally developed crowns that exhibit
no conspicuous signs of damage or growth irregularities were selected. After cutting, the entire
length of the tree was measured and stem analysis samples were collected from rings at the base
of the felled tree at a height of 0.5 m, at the diameter of breast height (DBH), and then for trees
higher than 15 m, additional sections were taken at intervals of 2 m, 4 m, and 2 m thereafter up
to the tree top. For trees below 15 m in height, we gathered additional sections at heights of 1.5,
2.5, 3.5, and every 1 m up the tree. To depict the tree growth, we employed the heights of the
sections and the annual rings amount. The growth trajectories of individual trees were analysed
visually to detect patterns of suppression, release, and growth anomalies. As cross-section
lengths does not coincide with the periodic growth of height, the height-age data obtained from
the stem analysis were adjusted with Carmeans technique (1972).

MODELS. The researchers have used various growth functions to develop height growth models.
Kiviste e7 al. (2002) documented 74 different models for this purpose. New growth functions
have been utilised to construct site index models for several countries, including Sweden
(Elfving and Kiviste, 1997), Finland (Karlsson, 2000), Spain (Palahi er a/., 2004), the USA
(Weiskittel ez al., 2016), Turkey (Ercanli ez a/., 2014), and Poland (Cieszewski and Zasada, 2002;
Socha and Orzel, 2011; Socha ez al., 2017b, 2020b).

Adequate site index models should have the following attributes (Goelz and Burk, 1992; Cie-
szewski and Bailey, 2000; Cieszewski, 2003, 2004; Dieguez-Aranda ez a/., 2006): (a) polymorphism,
which would account for possible differences in growth patterns due to variability in site conditions;
(b) variable asymptotes for different sites; (c) the equality of site index and height at a given base
age, and (d) the possibility of using the same function as a model for height growth and site index.
The criteria are met with the generalized algebraic difference approach (GADA), which utilises
one or two site-specific variables that indicate the quality of the site (Cieszewski and Bailey, 2000).
For the development of the model, we chose the dynamic function derived by Cieszewski (2001;
Eq. 1). The chosen function is well established in site index modelling for the main forest forming
tree species in Poland (Cieszewski and Zasada, 2002; Cieszewski ef a/., 2007; Socha and Orzet,
2011, 2013; Socha et al., 2015; 2020b; Tyminska-Czabaniska er a/. 2021, 2022). The utilized
dynamic GADA function is formulated as follows:

_ IR 0)

H, = 1
= T R ) (1)
where:
0.5
R:zo+(zé+2bz '},H‘] 2)
"
Zo =H1 —b3 (3)
where:

by, by, by are parameters of the models;
H, and H2 are heights [m] at ages 7} and T2 [years], respectively.
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PARAMETER ESTIMATION. The chosen equation determines that the base age selection does not
affect the model parameter estimates (Cieszewski and Bailey, 2000; Cieszewski, 2001). Site-specific
and global parameters of site index models were simultaneously fitted using the dummy variable
approach (DVA), also known as the varying parameter method (Cieszewski e a/., 2000). In the
DVA, global and site-specific parameters are estimated simultaneously, resulting in the same
parameter estimates regardless of the selected base age; therefore, it is a base-age invariant method
and provides unbiased estimates for base-age invariant equations (Nunes ¢z /., 2011). The DVA
uses a starting value of height as the site specific parameter for each growth series. This assumes
that all particular growth series measurements have the same starting value. As a result of param-
eter estimation, a unique site parameter can be calculated for each tree using an expression con-
taining the simulated variables and a site-specific parameter.

Given that the data represent a time series, the models used first-order autocorrected
errors. This was done to deal with the possibility of autocorrelated residuals from the models.
"This is a common problem with models fitted to data representing successive (and thus often
correlated) observations in time, especially when all possible time intervals are used. This auto-
correlation has the potential to adversely affect estimates of model parameters and their standard
errors (Parresol and Vissage, 1998).

For elimination of data autocorrelation and better curve fit, it was explored to add an autore-
gressive and a moving average process (ARMA) to the estimated growth curves. It was assumed
that each species and growth series represents some kind of time series. This can be generalised
or simplified after data decomposition, identifying ARMA process, assessment of parameter and
re-submission of entire processes.

After estimating the parameters for the GADA function (Eq. 1), the trend obtained was
removed from the data. If the residuals for each species were stationary, the partial autocorrelation
and autocorrelation functions were analysed to identify the autoregressive and moving average
processes. There was no need to differentiate as all data were stationary. Once the ARMA process
was identified, it was added to the general trend obtained. In this way, the second data growth
series (which by design should be free of autocorrelation and random disturbances) was obtained
and used to estimate the dynamic GADA site index function. The parameters of the models
were estimated using a procedure written in R (R Core Team, 2021).

MODEL EVALUATION. In the first stage of the evaluation, the goodness of fit of the model was
characterised by the mean absolute error (MAE; Eq. 4) and the adjusted coefficient of deter-
mination (Rzadj; Eq. 5):

map=3 1A= )
i=1 n
Shi-h)
Riy =1—'},"( . 1) (5)
(b —h) \"7P
where: p=
hyh, h; are the measured, mean measured, and predicted values of the heights, respec-

tively,
n is the total number of observations used to fit the model,
p is the number of parameters in the model.

In the next step, we focused on the remaining bias in the residuals. We presented the mean of the
residuals (called bias) and their confidence intervals for each species. The #Student test was used
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to test the null hypothesis that the mean of the residuals is zero. The stationarity of the residuals
was tested using the Dickey-Fuller test to show that the mean and variance of the residuals were
independent of height. The Ljung-Box Q-test was used to check if the autocorrelations of the data
are different from zero (null hypothesis: the data are independently distributed).

Results

Parameters of eight site index models were estimated as a result of model fitting using 2,636 growth
chronologies ('Table 2). The analysis of the residuals after the model decomposition showed that
the partial autocorrelation function very rarely exceeded one and the autocorrelation less often
exceeded ten. Most of the values indicated a low or weak autocorrelation (Iess than 0.2 in absolute
value). Therefore, regardless of the species and to simplify the calculation, similar to Adame ez a/.
(2006), the ARMA (1,10) process was applied in the estimated GADA model. The estimated model
parameters (Table 2) were statistically significant (p<0.001). With the exception of the second
parameter (4,) for the silver fir model, which was statistically significant at a slightly higher level
of significance. The models accounting for autocorrelation explained over 99.25% of the variance.
The mean absolute error (MAE) varies between 0.22 and 0.54 metres. The model growth trajec-
tories for individual species representing a wide range of site conditions are shown in Figure 2.

The results of the ~Students tests (Table 3) show that the means of the residuals did not
significantly differ from zero, except for Scots pine, for which the growth curve was slightly biased.

Table 2.
Parameter estimates and goodness-of-fit statistics for the individual site functions and species

Species Coeff. Estimate Std. Error  #value R, AlC MAE

b1 1.3601 0.0027 503.6330* 0.9966  19979.51 0.3290
Scots pine b3 31.6767 0.3120 101.5311*

b2 5320.602 149.7675 35.5257*

bl 1.611 0.0071 227.3728* 0.9968 4431.018  0.3342
European beech b3 20.2754 24338 8.3306*

b2  75431.678  6166.6581 12.2322*

b1 1.5354 0.0029 532.4671* 0.9975  10173.5 0.2136
Black alder b3 30.6081 0.1658 184.5713*

b2 1186.0699  61.6645 19.2342*

bl 1.3248 0.0070 188.6894* 0.9938 6270.949  0.4827
European larch b3 43.4248 0.5117 84.8642*

b2 653.0129  135.9801 4.8023*

b1 1.6186 0.0175 92.3626* 0.9925 2303.426  0.5360
Silver birch b3 11.5414 3.2306 3.5726*

b2 14326.78 1853.918 7.7278*

bl 1.6413 0.0061 268.2070* 0.9955 7599.869  0.3965
Oak b3 30.814 0.4301 71.6503*

b2 7012.034  533.8533 13.1348*

b1 1.8131 0.0059 308.9833* 0.9957  12290.15 0.4185
Norway spruce b3 41.5612 0.3126 132.9439*

b2 4978229  610.8700 8.1494*

bl 2.2177 0.0120 185.2099* 0.9970 3321.225  0.3757
Silver fir b3 35.9102 0.3811 94.2403*

b2  11362.6423 3897.2398 2.9156**

R? — coefficient of determination, AIC — Akaike information criterion, MAE — mean absolute error
*statistical significance (p-value<0.001), **statistical significance (p-value=0.00359)
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Scots pine European beech

Top height [m]
Top height [m]
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Black alder European larch

Top height [m]
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Fig. 2.

Site-specific height growth curves representing the developed site index models; the numbers in rectangle
show the corresponding values of the site index

The Dickey-Fuller test (testing for a unit root, Table 3) allowed to reject the hypothesis that the
residuals were autoregressive. This means that both the mean and the variance of the residuals
were constant and unchanged over the predicted tree age. Figure 3 shows the mean of the resid-
uals as the bias of the model and its variance. The derived 95% confidence interval varied from
-1.42 m (Silver birch) to +1.37 m (European larch and Silver birch).

The deviations of the residuals from the predicted values of the heights are shown in Figure 4,
where the darker points indicate a larger number of measurements. The ellipse shows a normal
two-dimensional distribution with a variability of 95%. This xy-distribution is symmetric about



Height growth and site index models 625

Table 3.

Descriptive characteristics of model residuals

Specics Scots European Black European Silver Oak Norway  Silver
p pine beech  alder larch birch spruce fir
Mean -0.0096 0.0030  -0.0037 -0.0169 -0.0243  -0.0111 0.0021 0.0105
Variance 0.2243 0.2186 0.1498 0.5005 0.5054 0.2831 0.3462 0.2628
n 13563 3074 10044 2707 973 4407 6443 2015
t-value -2.0904 0.5892 04179 -0.7927 -0.5635 -0.9698 0.7538  —0.3639
p-value 0.0183*  0.7221 0.3380 0.2140 0.2866 0.1661 0.7745 0.3580
Dickey-Fuller -23.54  -14.805 -20.578 -17.398 -11.476 -16.813 -17.81 -12.115

Lag order 23 14 21 13 9 16 18 12
p-value <0.01HA  <0,01HA  <0.01H  <0.01MA  <0.01HA  <0.01HA  <0.01MA  <0.01HA
*statistical significance at a.=0.05; 1A statistical significance at a.=0.05, adopted alternative hypothesis: stationary
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00— —_ o pi — _ _ -
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silvestris beech larch spruce fir
Fig. 3.

Residuals average (BIAS of models) and its deviations (95% confidence interval) in meter

the OX-axis, so it shows no trend in the data beyond the range of data variability. In conclusion,
the residuals of the model had no or very little bias (mean equal to zero) and constant variance.
However, despite the very good performance of the model and an explanation of the variance
of more than 99%, the value of the Ljung-Box statistic still indicated the presence of a slight
autocorrelation of the data ('Table 4). Although the residuals for European beech and Oak were
not statistically significant, neither autocorrelation nor partial autocorrelation was found. For the
other species, the residuals showed statistically significant data correlation ranging from -0.08
for the partial autocorrelation function to 0.18 for the autocorrelation function observed in the
case of Silver fir.

Discussion

The research described in this paper has resulted in new height growth models for the main forest
forming tree species in Poland. The models developed are compatible, i.e. they can be used as both
height growth and site index models. It was possible to obtain polymorphic growth trajectories
with different asymptotes because the growth function used to develop the models was derived
using the GADA method. The growth function used in the modelling derived by Cieszewski
(2001) has been repeatedly shown to be robust for modelling the growth in stand height of the
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forest forming species analysed. A very high proportion of explained variance confirms its ade-
quacy. With the additional inclusion of autocorrelation, the proportion of explained variance
exceeded 99.25%, and the mean absolute error (MAE) ranged from 0.22 to 0.54 metres, with errors

distributed symmetrically around zero.
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Table 4.
Results of the Ljung-Box Q-test for residuals
Species Q - statistics df p-value
Scots pine 49.112 1 <0.001
European beech 11.9121 1 <0.001
Black alder 147.571 1 <0.001
European larch 45.135 1 <0.001
Silver birch 9.2055 1 <0.001
Oak 8.9044 1 <0.001
Norway spruce 58.309 1 <0.001
Silver fir 7.9417 1 <0.001

Compared to the tools still used in Polish forestry practice, such as yield tables, the developed
models provide a better predictive ability, which has also been reported by many other studies
(Socha and Orzet, 2011, 2013; Socha ez al., 2015, 2020b). The inadequacy of yield tables had
been pointed out much earlier by practising foresters and scientists. Consequently, an attempt
to solve this problem by developing new growth models was made by Bruchwald ez 4/. (1999, 2003,
2011), which developed site index models for the most important tree species in Poland. However,
the developed models used a single function describing a growth rate, which was then extrapo-
lated to different sites. As a result, the developed models sometimes produce unrealistically high
site index values, especially for stands of younger age classes (Socha and Orzel, 2011).

The models developed in presented research are characterised by growth trajectories that
better reflect growth patterns than the tools used in Polish forestry practice, such as yield tables.
This is probably due to the more up-to-date research material and the range of sites represented
by the growth trajectories obtained from stem analyses. The changing dynamics of forest growth
in Europe (Pretzch ez al., 2014; Mensah e al., 2021) have contributed to the inadequacy of yield
tables developed almost 100 years ago. These changes are mainly due to increasing atmospheric
nitrogen deposition and climate change, in particular the lengthening of the growing season,
which are considered to be the main factors leading to long-term changes in forest sites (Socha
etal., 2021). In central Europe, average anthropogenic nitrogen deposition increased from about
3 kg ha™' in 1940 to 9.5 kg ha™ in 2015 and is considered to be the most important environ-
mental factor influencing the accelerated growth of European forests (Agren et al., 2008; Etzold
et al., 2020).

The use of recent data in the model development, including the most recent height growth
data, ensures that the developed models better reflect current growth trends. For the calibration
of the growth models we have used the data from the retrospective stem analysis. One of the
reasons for this was the lack of permanent, long-term experimental plots, which are considered
the best source of data for such kind of analysis. However, when using retrospective height
growth analysis, there remains some uncertainty about the accuracy of individual tree growth
reconstruction. For example, it is difficult to determine whether a given tree was always a dom-
inant tree or whether it changed its biosocial position as it grew, as is often observed (Raullier
et al., 2003). Therefore, the accuracy of height projections derived from the developed models
should be verified using data from permanent sample plots or measurements from repeated air-
borne laser scanning (ALS).

Recent studies indicate that repeated ALS can be a very good source of height growth data.
The accuracy of measuring the height of individual trees using ALS is far better than tradition-
ally used field measurement methods (Wang ez a/., 2019, Jurjevié ef al., 2020). Thus, data from
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ALS measurements can be regarded as a substitute for permanent sample plots and even allow
the detection of short-term trends in height increment resulting, for example, from weather
conditions (Tymiriska-Czabarska ¢z a/., 2021). The pattern of height growth of stands shows
local variation due to site conditions, especially soil and climate (Guerra-Herndndez ez a/., 2023).
Therefore, there is a need to conduct research on site index models to include parameters related
to site characteristics on a local or regional scale. With the increasing proportion of mixed-age
stands, the need for age independent site index models is also becoming increasingly important
(Solberg et al., 2019). The aforementioned issues can be addressed using remote sensing data
and in particular ALS (Socha ez /., 2017b, 2020a; Tyminska-Czabariska ez a/., 2021) or digital
aerial photogrammetry (Tompalski ez /., 2021). Further research is needed in the area of site
index modelling, including comparing various data sources such as ALS, stem analysis and per-
manent sample plots, and exploring alternative approaches to model development.

Conclusions

We have developed new site index models for eight forest tree species in Poland. The use of the
dynamic GADA function and the taking into account of the autocorrelation of the residuals
allowed a very good fit of the models to the empirical data. For each of the analysed species,
the explained variance exceeds 99% of the variation in height growth, and the model residuals
do not show any systematic errors. The determination of site productivity is the main purpose
of the developed models. However, thanks to the properties of the functions used to develop
the models, they can also be used as models for predicting the height growth of stands. This
research is a response to the demand for the development of new yield tables (growth models)
for the main forest forming tree species in Poland from the State Forests in Poland, the Forest
Management Office and other stakeholders. The research presented in this paper is the first
stage of the construction of new empirical growth models. The presented site index models will
be one of the functions of the developed growth models.
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STRESZCZENIE

Modele wzrostu wysokosci i wskaznika bonitacji siedliska dla
gléwnych gatunkéw drzew lasotwérezych w Polsce

Znajomosc¢ potencjalnej produkcyjnosci siedliska jest podstawg strategicznych decyzji w gospo-
darce lesnej. Produkeyjnosé siedliska jest powszechnie szacowana za pomocg wskaznika bonitacji,
ktéry jest okreslany na podstawie wysokosci i wieku drzewostanu przy uzyciu modeli bonitacyjnych.
Modele bonitacyjne sg réwniez wykorzystywane do prognozowania wzrostu lasu. Wiasciwa ocena
wskaznika bonitacji siedliska jest wazna dla gospodarki lesnej, poniewaz jest podstawowym kry-
terium branym pod uwage przy podejmowaniu specyficznych dla siedliska i gatunku decyzji gospo-
darczych dotyczacych zabiegéw hodowlanych, doboru sktadu gatunkowego, ustalania planu cigé
i wieku rgbnosci. W ostatnim czasie opracowano modele bonitacyjne dla gléwnych gatunkéw laso-
twérczych Polski, jednak przy opracowywaniu parametréw modeli nie uwzglgdniono w petni
autokorelacji, a ponadto wystapity niedoktadnosci w ich wartosciach. W zwiazku z planowanym
wdrozeniem modeli do systemu informatycznego Laséw Paristwowych i zastosowaniem ich do
okreslania przyrostu migzszosci laséw w Polsce, konieczna byta weryfikacja istniejgcych modeli.
Celem pracy jest stworzenie ujednoliconych modeli bonitacyjnych dla gléwnych gatunk6w lasotwar-
czych Polski z wykorzystaniem aktualnego podejscia. Wykorzystujac dane z 2636 serii wzrosto-
wych (ryc. 1; tab. 1), opracowano nowe modele bonitacyjne dla 8 gatunkéw drzew lesnych w Polsce
(tab. 2). Zastosowanie dynamicznej funkcji GADA oraz uwzglgdnienie autokorelacji reszt poz-
wolito na bardzo dobre dopasowanie modeli do danych empirycznych (tab. 2-4; ryc. 3). Ponadto
opracowane modele spelniajg gléwne wymagania stawiane nowoczesnym modelom wskaznika
bonitacji siedliska (ryc. 2, 4): (a) polimorfizm, ktéry pozwala na uwzglednienie ewentualnych
réznic we wzorcach wzrostu wynikajacych ze zmiennosci warunkéw siedliskowych; (b) zmienne
asymptoty dla réznych siedlisk; (c) réwnos¢é wskaznika bonitacji siedliska i wysokosci w danym
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wieku bazowym oraz (d) mozliwos¢ wykorzystania tej samej funkcji do modelowania wzrostu
wysokosci i wskaznika bonitacji siedliska. Okreslenie produkcyjnosci siedliska jest gléwnym
celem opracowanych modeli, jednak dzicki wlasciwosciom uzytych funkeji mogg one byé réwniez
wykorzystywane do przewidywania wzrostu wysokosci drzewostanéw. Badania te s3 odpowiedzia
na potrzeb¢ opracowania nowych tablic zasobnosci (modeli wzrostu) dla gtéwnych gatunkéw
drzew lasotwérczych w Polsce ze strony Laséw Paristwowych, Biura Urzgdzania Lasu i Geodezji
Lesnej oraz innych interesariuszy. Badania przedstawione w niniejszym opracowaniu sg pierwszym
etapem budowy nowych empirycznych modeli wzrostu. Przedstawione modele wskaznikéw
bonitacji siedlisk bedg jedng z funkcji opracowanych modeli wzrostu. Doktadnosé prognoz wy-
sokosci uzyskanych z opracowanych modeli powinna zosta¢ zweryfikowana z wykorzystaniem
danych ze statych powierzchni prébnych lub pomiaréw z powtarzanego lotniczego skaningu
laserowego (ALS). Ostatnie badania wskazujg, ze moze on by¢ bardzo dobrym 7Zrédlem danych
o wzroscie wysokosci. Wzorzec wzrostu wysokosci wykazuje lokalng zmiennosé ze wzglgdu na
warunki siedliskowe, w szczegélnosci glebowe i klimatyczne, dlatego tez istnieje potrzeba dalszych
badari nad modelami bonitacyjnymi z dodatkowymi parametrami zwigzanymi z charakterystykami
siedliska w skali lokalnej lub regionalnej. Wraz z rosngcym odsetkiem drzewostanéw r6znowieko-
wych coraz silniej zarysowuje si¢ potrzeba opracowania niezaleznych od wieku modeli bonitacyj-
nych. Powyzsze kwestie mozna rozwigzaé poprzez wykorzystaniec do budowy modeli bonita-
cyjnych coraz bardziej dostgpnych danych teledetekeyjnych, w szczegélnosci ALS lub cyfrowe;j
fotogrametrii lotniczej.



