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Abstract: Black alder is naturally widespread across all of Europe and has an increasing importance for 
forest ecosystems. Thanks to the considerable tolerance to adverse climatic and edaphic environmental 
conditions black alder is important both in open landscapes and can also be involved in the rehabilitation 
of disturbed soils. Assessment of site productivity is essential for providing a frame of reference for silvi-
cultural diagnosis and prescription in order to ensure the sustainability of existing and newly established 
ecosystems. The most accepted method of evaluating site productivity is the site index (SI). The aim of 
the presented research was to develop the SI model for black alder in southern Poland. The developed SI 
model was used as a tool in order to test the research hypothesis assuming the increase in site productivity 
for black alder in southern Poland. The research material for development of SI model were stem analysis 
data from 180 research plots. Both, the local model parameter, which was estimated individually for every 
tree, and the other parameters estimated globally for the whole data set were estimated simultaneously. 
Changes in site productivity were analyzed on research plots and a set of 12,974 stands from the forest 
inventory database. Site indices calculated using the developed model are negatively correlated with age/
positively correlated with establishment year of the stands. This confirms the existence of the phenomenon 
of increasing site productivity for black alder. During the last century site productivity measured with site 
index increased on average 5 m. Therefore, black alder that belongs to the fast-growing tree species should 
be considered of the increasing importance for forest management. 
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Introduction

Black alder (Alnus glutinosa (L.) Gaertn.) is nat-
urally widespread across all of Europe, i.e., from 

mid-Scandinavia to the Mediterranean countries 
(Claessens et al., 2010). In North Central Europe 
(Netherlands, Northern Germany, and the Baltic 
States) and South Central Europe (the plains of 
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Slovenia and Croatia), black alder represents ~5% 
of the forest area and forms large highly productive 
stands (Glavac, 1972; Roisin & Thill, 1972; Turok et 
al., 1996; Claessens et al., 2010). Black alder belongs 
to fast-growing tree species of an increasing impor-
tance, especially in Central and Northern Europe 
(Johansson, 1999; Uri et al., 2014; Hytönen & Saar-
salmi, 2015; Vacek et al., 2016). Despite being one 
of the most common species in the first generation 
stands established by natural regeneration on more 
fertile sites, black alder has an increasing importance 
and large potential for timber production (Claessens 
et al., 2010). Alder wood is light, soft, and water 
resistant. It is used for the production of furniture, 
fences, and objects exposed to permanent contact 
with water. It can also be used as fuel. Nevertheless, 
the production of high-quality black alder timber is 
only possible on the sites that correspond closely to 
its autecological optimum, as with other valuable 
tree species (Thill & Mathy, 1980; Thibaut et al., 
2004). Outside the forest, black alder is important 
in open landscapes, especially in linear stands along 
stream and river banks. Thanks to the considerable 
tolerance to adverse climatic and edaphic environ-
mental conditions alder can also be involved in the 
rehabilitation of disturbed soils (Krzaklewski et al., 
2012). In Poland, black alder covers 5.5% (504,249 
ha) of the forest area (www.bdl.lasy.gov.pl, 2015) 
and is one of the seven most important forest-form-
ing tree species.

The information concerning the potential site 
productivity is crucial in order to ensure the sus-
tainability of existing and newly established black 
alder ecosystems. Site productivity constitutes the 
basic criterion considered for site-specific decisions 
concerning the planning of silvicultural treatments, 
determining allowable cut and rotation period and 
forecasting timber yield (Chen et al., 1998; Socha, 
2008; Splechtna, 2001).

The most commonly used and widely accepted 
method of evaluating site productivity is the site index 
(Johansson, 1999; Raulier et al., 2003; Skovsgaard & 
Vanclay, 2008) determined on the basis of the height 
of a stand at a certain age using species-specific site 
index models, which are also the primary modules 
in the growth models of trees and stands (Hägglund, 
1981; Pretzsch et al., 2002; Pretzsch, 2009; Bruch-
wald & Zasada, 2010).

Climate change will affect forest site productivity 
and will result in change of growth rates, the rate of 
ecosystem processes, and the ability to carry out for-
est operations. Therefore, the actions and strategies 
for adaptation of the forest management system are 
necessary, that consider current climate, projected 
climate change impacts and related forest vulnerabil-
ities. Site index can be used as a tool to understand 
the effect of changing climate on the forest growth. 

One of the indicators of changes in site conditions 
is an age trend manifested by a negative correlation 
between site index and stands’ age or positive cor-
relation between site index and stand origin (year), 
which have been frequently reported (Albert & 
Schmidt, 2010; Elfving & Tegnhammar, 1996; Noth-
durft et al., 2012; Sharma et al., 2012; Socha et al., 
2016; Solberg et al., 2009; Yue et al., 2014). 

Forest site productivity remains a  fundamental 
variable in forestry (Bontemps & Bouriaud, 2013); 
however, in order to estimate the site productivity 
for the given tree species, there is a need for a site in-
dex model, which sufficiently characterizes site pro-
ductivity and therefore could be useful in both forest 
research and management (Skovsgaard & Vanclay, 
2008). Therefore, the construction of site index mod-
els is a fundamental task for site quality differentia-
tion (Palahi et al., 2004) and forest site productivity 
assessment (Elfving & Kiviste, 1997). The accuracy 
in determining the site index in the given site con-
ditions depends on the appropriateness of the site 
index model, which could be achieved by developing 
local site index models.

Despite of evident inappropriateness resulted 
among others from different site conditions and 
changes in growth dynamics, both in forest manage-
ment and forestry research in Poland, site produc-
tivity for black alder is still determined on the ba-
sis of yield Tables by Schwappach (1943) and Tiurin 
(Szymkiewicz, 2001). To reliably determine the site 
productivity of black alder, it is necessary to develop 
a height growth model adapted to local site condi-
tions. The aim of the presented research was to de-
velop the site index model for black alder in southern 
Poland. The developed model was used as a tool in 
order to test the research hypothesis assuming the 
increase in site productivity for black alder in south-
ern Poland.

Materials and Methods

The study material consists of stem analysis data 
of dominant and codominant trees as selected from 
180 research plots established in even-aged pure 
black alder stands located in western part of San-
domierz Basin in southern part of Poland (Fig. 1). 
The stands were randomly chosen from PGL LP (The 
State Forests National Forest Holding) computer da-
tabase and they represent a wide range of site condi-
tions – from bog mixed coniferous forest to alder-ash 
forest. Before selecting the stands the database was 
filtered using the following criteria: the share of alder 
above 80% and the area of a stand larger than 1 ha. 
In each of the selected stands, three systematically 
placed circular sample plots were established. De-
pending on the age and density of a stand the area of 
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sample plot varied from 0.01 to 0.10 ha and in every 
stand it was estimated in order to obtain about 30 
trees on the plot. On each sample plot one dominant 
or codominant tree located nearest to the plot centre, 
without observable damage, was felled for stem anal-
ysis. For trees with trunk length greater than 20 m, 
disks were cut at stump base 0.5 m, 1.3 m, and 2.0 
m above the ground, and then equally spaced disks 
at 2.0 m intervals were taken to the top. For trees 
with smaller trunk length disks were cut out from 
stump base, 1.3 m and from the middle of 10 equal 
length sections. Width and number of annual rings 
on cross-sectional disks were measured in four ra-
dii by using BIOtronik BEPD–5 instrument. Before 
measuring the discs were smoothed with a  scalpel 
and the counted radii were saturated with water in 
order to improve the visibility of individual rings.

The course of growth of the individual trees was 
reconstructed on the basis of the height of the disks 
and the number of annual rings. As cross-sectional 
lengths do not coincide with periodic height growth, 
height-age data from stem analysis were correct-
ed using Carmean’s method (Carmean, 1972). The 
height growth curve of every sampled tree was vis-
ually examined for errors in data as well as patterns 
of suppression, release, and growth anomalies. After 
carrying out verification, the study material consist-
ed of growth series of 180 black alder trees (Fig. 2). 
The age of selected trees varied from 7 to 96 years 

with the heights varying from 15.6 to 31.8 m (Table 
1).

Due to the large number of available height 
growth and site index functions in the literature, the 
research carried out did not include new model’s de-
velopment, but rather focused on identifying from 
the pre-existing solutions those, that best describe 
the height growth of collected alder trees. When se-
lecting a potential model, an assumption was made 
that the site index model should be characterized by 
the following properties:
–– good fit in the modeled curves to empirical data,
–– polymorphism, which would take into account 

the possible differences in growth patterns, re-
sulting from variability in site conditions,

–– variable asymptotes for different sites,
–– equality of the site index and height at a certain 

base age,
–– the possibility of using the same function as 

a height growth and site index model,
–– the possibility of biological interpretation of the 

parameters of the equation.
Because of this, the final form of the site index 

model depends not only on the assumed growth 
function, based on which it is developed, but also to 
a large extent on the result of the method used in the 
estimation of the parameters. Most of the labor-in-
tensive analysis concerned with the selection of the 
growth function, and optimal method for the calcula-
tion of their parameters.

Fig. 1. Location of the research stands (black dots) and stands from the forest inventory database (gray dots) on the area 
of Małopolska natural-forest region
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Fig. 2. Scatter plot of residual values against values predict-
ed from models M1 to M5
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Based on a study of the extensive literature con-
cerning the construction of site index models, five 
functions were selected for the preliminary analysis, 
meeting most of the established criteria. The select-
ed functions, denoted with symbols from M1 to M5, 
in recent years have been successfully applied in site 
index modeling in a number of forest-forming spe-
cies, including the black alder (Nord-Larsen, 2006; 
Nord-Larsen et al., 2009; Socha & Orzeł, 2013; So-
cha et al., 2015).

An analysis included following functions:
M1 – a  function derived by Cieszewski (2001) 

based on the Monserud (1984) function as follows:

	 H2=H1T2
β1(T1

β1R+β2)/T1
β1(T2

β1R+β2),	 [1]

where

	 R=Z0+(Z0
2 +2β2H1/T1

β1)0,5,	 [1.1]

	 Z0=H1–β3,	 [1.2] 

H1 – height at the age of T1; H2 – height at the age of 
T2; βi – model parameters.

M2 – a differential equation function derived from 
Hossfeld’s function (Palahí et al., 2004):

	 H2=T2
2 /(β1+T2(T1/H1–β3⋅T1–β1/T1+β3⋅T2))	 [2]

This equation was used to develop a  site index 
model for Scots pine in north-eastern Spain (Palahí 
et al., 2004).

M3 – function used for modeling height growth of 
red alder by Night & Courtin (1998):

	 H2=H1(1+exp(β1– β2log(T1)–β3⋅log(H1)))/	  
	 /(1+exp(β1– β2log(T2)–β3⋅log(H1)))	 [3]

M4 – a  function derived from the Korf growth 
function by Barrio Anta & Diéguez-Aranda (2005):

	 H2=β1(H1/β1)
(T1/T2)β2,	 [4]

M5 – modified Chapman-Richards function 
(Payandeh, 1974; Cieszewski, 2003):

	 H2=H1((1–exp(β2T2))/(1–exp(β2T1)))∧ (β3H1

β1)	[5]

The parameters of the selected functions were es-
timated based on data that were heights of the ana-
lyzed trees in particular years of their lives. In fitting 
the base age invariant site index equations nested 
iterative procedures were used to fit the global and 
site-specific parameters (Cieszewski et al., 2000). 
The procedure began by fitting the global parameters 
of equations [1] to [5], using the preliminary values 
of site index (H1), which were defined based on the 
mean height at age 50 years estimated for the whole 
empirical material. In the second step, estimates of 
the global parameters were used as constants and the 
site-specific parameter (H1) was estimated for each 
tree. Next, the estimated H1 values for each tree be-
came the “observed” values and the global parame-
ters were refit. This procedure was repeated until the 
global parameters stabilized. This iterative procedure 
was designed and programmed in the R computer 
program (R, 2008). 

In the case of a data structure representing the re-
peated measurements of heights of individual trees 
in subsequent years, within-tree correlation may re-
sult in the inefficient estimates and underestimation 
of standard error. Therefore, the error term (e) was 
explicitly modeled using a first-order autocorrelation 
function (Nord-Larsen et al., 2009):

	 ei,T=pδt⋅εi,T–δt+εi	 [6]

where
ei,T – is the error at the ith tree at age T; δt – is the time 
since the previous height observation; p – an autocor-
relation between the measurements one year apart; εi 

Table 1. Mean and range (in parentheses) of the basic characteristics of black alder (Alnus glutinosa (L.) Gaertn.) stands 
and sample trees 

Black alder stands Sample trees

Age 
class

No of 
stands

Age
(years)

No of trees
(trees ha–1)

Dg
(cm)

TH
(m)

No of 
trees

dbh
(cm)

h
(m)

I 14 12
(7–16)

2697
(1200–4360)

7.9
(4.5–11.8)

11.2
(7.3–16.3) 42 8.5

(4.0–17.0)
9.9

(5.2–16.5)

II 15 29
(21–39)

1132
(590–1783)

16.2
(10.6–27.4)

18.2
(13.2–21.3) 45 16.8

(11.0–25.5)
16.9

(10.6–21.6)

III 16 50
(42–60)

540
(272–844)

25.6
(18.8–37.0)

24
(19.2–26.6) 48 25.4

(17.2–36.6)
22.6

(17.0–27.9)

IV 10 71
(61–79)

364
(210–539)

33.7
(29.4–39.0)

27.0
(23.9–31.0) 30 35.0

(26.0–44.2)
27.0

(22.8–32.1)

V 5 87
(81–92)

361
(230–557)

35.0
(27.6–42.7)

28.9
(25.7–32.3) 15 35.3

(24.8–46.7)
28.2

(22.8–32.3)

Dg – quadratic mean diameter; TH – top height defined as the average height of the 100 largest trees in the stand; dbh – diameter at breast 
height; h – height
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– normally distributed random errors. Second order 
autocorrelation coefficient was in all cases less than 
0.1 and statistically non-significant (p<0.05).

The selection of the best dynamic growth model 
was based on statistical criteria, describing the accu-
racy of the model's fit to empirical data:
–– Mean absolute error (MAE)
–– Root mean square error (RMSE)
–– Adjusted coefficient of determination/model effi-

ciency.
Aside from the statistical measure of the fit prop-

erties, the developed models were assessed using 
graphical analysis of height growth and increment 
curve fit to empirical data and plots of residuals 
against the predicted height.

The developed models were also assessed in the 
light of the reliability of the height increment esti-
mates. Of the five developed site index equations, 
the selection of the best model was based on the 
aforementioned criteria.

The best selected site index model was used in 
the subsequent analysis in order to assess trends in 
changes of site productivity for black alder in south-
ern Poland. Changes in site productivity for black al-
der were analyzed based on the relationship between 
site index and a year of stand origin both for research 
plots and for the set of 12,974 black alder stands 
coming from the forest inventory database (www.
bdl.lasy.gov.pl, 2015) from Malopolska natural-forest 
region. Site index was calculated using base age 100 
years, which is most commonly applied in European 
forest research. The relationship between site index 
and year of the stand origin was described by the lin-
ear regression model. The use of site index approach 
in site productivity assessment is not appropriate to 
stands at the first phase of establishment because the 
growth of trees at this stage is mostly dependent on 
the silvicultural options such as spacing and regener-
ation method (Skovsgaard & Vanclay, 2008), moreo-
ver in young stands even small height measurement 
and age determination errors have strong impact on 

estimated site index (Nigh & Love, 1999; Zasada, 
2002); therefore, in this analysis, research plots and 
stands from inventory database older than 10 years 
were used.

Results

As a result of the parameter estimation of individ-
ual growth functions, five dynamic site index models 
were obtained, which due to the properties of the 
differential equations are also height growth models 
(Table 2).

It turned out that based on a  consideration of 
all the assumed statistical criteria for assessing the 
function fit to empirical data, mean error (MAE), 
mean square error (RMSE), adjusted coefficient of 
determination (R2

adj) were best characterized by the 
properties of the M4 model (Table 2). Applying mod-
els M1, M2, M3 and M5 resulted in an asymmetric 
dispersion of residuals (Fig. 2). Also values of statis-
tics used in the evaluation of the fit of these models 
to empirical data were less favorable than in the case 
of model M4 (Table 2).

Additional information concerning the quality of 
the representativeness of the model height growth 
patterns can be obtained by analyzing the graphs of 
site index curves against the real tree growth series 
(Fig. 3).

The correctness of the developed models was 
also evaluated based on an analysis of the useful-
ness of the designed functions to describe the cur-
rent annual height increment. This criterion can 
be considered as an assessment of the biological 
realism of the developed models. Only in the case 
of models M3 and M4, according to known regu-
larities, the age of culmination in the growth of 
height occurred the sooner, the higher the site in-
dex was and height increments reached the lower 
values for the poorer sites (lower site index). In the 
case of model M1 also demonstrating a very good 

Table 2. Parameters of the developed site index models, accuracy of their estimation and the statistics characterizing the 
fit of the model values to empirical data

Site index model

Parameter
(Standard error) Model summary

β1 β2 β3 R2
adj RMSE MAE

M1 1.6127
(0.0076)

1068.91
(164.60)

30.50234
(0.37236) 0.9875 0.922 0.6964

M2 9.9658
(0.1634) – 0.025080

(0.000167) 0.9865 0.956 0.7182

M3 13.4706
(0.1864)

1.61221
0.00757)

2.56022
(0.05883) 0.9875 0.921 0.6949

M4 47.5562
(0.4146)

0.70745
(0.00566) – 0.9885 0.884 0.6633

M5 –1.1138
(0.0326)

–0.04105
(0.000343)

53.62720
(5.56882) 0.9860 0.974 0.7438
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fit to empirical data (Table 2, Fig. 4), for ages above 
50 years, height increment calculated for the low-
er site indices was greater than for the higher site 
indices. Height increment calculated according to 
model M2 indicated that the age of culmination of 
the current height increment occurred the later, the 
higher was the site index. For the model M4 both 
the age and value of height increment culmination 
depended on the site index. For example, for the 
site index of 24 m, the age of height growth culmi-
nation is 18 years, with the value of 0.43 m, and for 
site index of 34 m correspondingly 7 years and 1.18 
m (Fig. 4).

Site index model M4, with the most desirable 
characteristics and biological realism, was select-
ed for the subsequent analysis to assess trends in 
changes of site productivity for black alder in south-
ern Poland.

It was found that site parameters of individual 
research plots calculated using the best selected 
model M4 were significantly positively (p<0.001) 
correlated with the year of stand establishment, 
which explained 34.8% of the site index variabili-
ty (Fig. 5). The correlation between the site index 
and stand age indicates the increasing site produc-
tivity for black alder; however, it also could be the 
result of selection of research plots. Highly pro-
ductive stands are usually managed under short 
rotation, and consequently older stands may be 
over-represented on infertile sites, since they re-
quire a longer time to reach a certain goal of wood 
production which also can cause an age trend in site 
index (Tegnhammar, 1992; Nothdurft et al., 2012; 
Yue et al., 2014; Socha et al., 2016). Therefore, in 
order to test the age trend in site index at the larg-
er scale, the data from inventory database of nat-
ural-forest region Malopolska were used. We also 

Fig. 3. Site index curves at base age of 100 years drawn for 
developed site index models 1–5 (black lines) and real 
growth series of 180 individual trees (gray lines). Num-
bers refer to height at base age 100 years
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found that the site index calculated for 12,968 alder 
stands from inventory database (www.bdl.lasy.gov.
pl, 2015) was significantly correlated with the year 
of stand origin (Fig. 5). In this case, year of stand 
origin explained 40.5% of the site index variability. 
The observed correlation confirmed the existence of 
the phenomenon of increasing site productivity at 
the large scale. Site indices calculated for research 
plots were slightly larger than those observed in the 
whole population of black alder stands in Malopols-
ka natural-forest region. The mean difference varied 
from 1.9 m in young stands originated in the last 
two decades to 2.6 m in older stands originated in 
1920–1930. The mean difference between site in-
dices of the stands established in 2000 and 1920 
was equal to 4.1 m for research plots and 4.8 m for 
population of stands growing in Malopolska region; 
that means that during the last century, site pro-
ductivity increased for black alder by over one site 

class according yield Tables by Tiurin (Szymkiewicz, 
2001) or Schwappach (1943).

Discussion

The research focused on detailed analysis of five 
solutions of site index models, which in previous 
works were selected as the best from among a dozen 
or so others. Some of them were used for the mod-
eling of site indices of black alder stands (Nigh & 
Courtin, 1998; Nigh & Love, 1999). When select-
ing a model describing a site index, apart from the 
quality of fit, we also considered the compatibility of 
the resulting growth patterns to commonly known 
biological rules. The model form M4 developed from 
Korf growth function performed better than the other 
model forms. The M4 equation that fitted the best to 
the collected height growth trajectories was also be 

Fig. 4. Current annual height increment at different sites 
calculated according to the analyzed models 1–5 and 
real height increments from growth series of 180 indi-
vidual trees. The numbers refer to the site index (height 
at a base age 100 years)
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reliable in the sense of biological realism, which was 
confirmed by the analysis of the current height incre-
ment (Bruchwald et al., 2001). In the selected model 
the current height growth culminates later with de-
creasing site productivity. In addition, for the entire 
age range, the current increment attains the higher 
value for higher the site index of the stand. The M3 
model developed on the basis of functions derived by 
Nigh & Courtin (1998) also meets the criterion for 
biological realism. However, the statistics describ-
ing model M3 fit to empirical data, and dispersion 
of residual values, are considerably less favorable in 
comparison with the M4 function. Similar statistical 
criteria were obtained for model M1. However, con-
sidering the plot of residual against predicted values 
and the course of height growth, the age of its cul-
mination as well the unrealistic height increment in 
oldest stands, these models are less appropriate for 
the calculation of site index for black alder in south-
ern Poland.

The Korf growth function developed by Barrio 
Anta & Diéguez-Aranda (2005), which was selected 
to construct the site index model M4, is characterized 

by polymorphism, which had a crucial impact on its 
good fit to empirical data.

The developed site index model M4 shows differ-
ent growth trajectories in comparison with site index 
curves for black alder acquired on the basis of yield 
Tables by Tiurin (Szymkiewicz, 2001) or Schwappach 
(1943) applied in forest management in Poland (Fig. 
6). Also height growth curves from growth model de-
veloped earlier for black alder in Poland (Bruchwald 
et al., 2000) shows significantly different growth pat-
terns in comparison with both the M4 model we de-
veloped and growth series obtained by stem analysis 
of sample trees (Fig. 6). In comparison with yield Ta-
bles by Schwappach, Tiurin, and Bruchwald’s growth 
model, the developed M4 model gives lower height 
growth rates at younger stand ages (up to 30–40 
years) and higher growth rates for older stands (Fig. 
6). Largest discrepancies were found between the 
developed M4 model and the site index curves from 
Schwappach’s (1943) yield Tables. These discrepan-
cies can partly be explained by the different meth-
od of stand establishment. It is highly probable that 
fast growth at the first ages of the stand is caused by 
the fact that the stands used by Schwappach were 

Fig. 5. Relationship between site index and stand origin (year) for research plots and black alder stands’ population from 
Malopolska natural-forest region in Poland
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established by coppicing. Another cause of observed 
differences in height development patterns could be 
the origin of research material and the difference 
in site conditions of research plots used to develop 
both Schwappach’s yield Tables and the M4 model 
for southern Poland. Other causes for the differences 
in growth dynamics of the stands older than 30–40 
years are: site eutrophication, increased concentra-
tion of atmospheric CO2, and the change in climatic 
conditions, especially increased mean yearly temper-
ature and resulting extended length of the vegetation 
period, which together caused substantial changes 
in site conditions during the last century, i.e., dur-
ing the period from the development of Tiurin’s and 
Schwappach’s yield Tables. The other possible cause 
includes genetic improvement of seeds used for 
stands establishment by the selection of most pro-
ductive populations. The difference between growth 
patterns of M4 model and Bruchwald (Bruchwald et 
al., 2003) model may be the effect of using Bruch-
wald’s anamorphic function, which after calculation 
of parameters for mean height growth trajectory is 
scaled for upper and lower site indices. This probably 
resulted in a  narrow range of expected heights for 
young stands and increasing range of heights for old-
er stands, which is in contrast with empirical growth 
trajectories (Fig. 6).

Both in case of research plots and stands from Ma-
lopolska natural-forest region, the site index signifi-
cantly correlates with the year of stand origin. This 
may be the result of improving site conditions for 
this species on analyzed area. In the case of deterio-
rating or improving site conditions such as brought 
about by fertilization, or nitrogen deposition, im-
proved climatic conditions, increased CO2 concentra-
tion, genetic improvement and change in forest man-
agement practice or other factors influencing growth 
rate, younger stands may grow faster and therefore 
site indices for younger stands are different from site 
indices observed in case of older stands (Nothdurft 
et al., 2012; Yue et al., 2014). Therefore, probably the 
most observed phenomenon of age trend in the site 
index is the effect of continuous process of increasing 
site productivity for black alder in southern Poland. 
The comparison of site indices of stands originated in 
the second (younger than 65 years) and the first half 
(older than 65 years) of 20th century indicates the 
increasing dynamics of this process. In the first half 
of 20th century, an increase in site productivity for 
black alder stands was substantially slower than in 
the second. In the case of Norway spruce in Norway, 
comparable trends were obtained by Sharma et al. 
(2012), with the process of amelioration of site con-
ditions also substantially faster in the second half of 

Fig. 6. Comparison of height growth curves as calculated on the basis of the elaborated site index model with the height 
growth curves obtained from Schwappach’s yield Tables as well and Tiurin’s yield Tables and Bruchwald’s site index 
model
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the 20th century. A similar trend was also observed 
in Estonia for height growth of Scots pine (Metslaid 
et al., 2011). The authors observed significant differ-
ences in height growth between generations of trees, 
stating faster growth of the younger generation of 
Scots pine trees.

Our results indicate the improving site conditions 
for growth of black alder stands in southern Poland. 
Increasing growth potential for black alder may point 
to growing importance of this species in forest man-
agement. However, increased growth dynamics could 
also be the source of problems. Growing nitrogen 
and CO2 concentration with longer vegetation peri-
od and higher mean yearly temperatures are among 
the factors accelerating increment of forest stands 
with reduced natural self-thinning, what may result 
in decreasing stand stability. As a result of this type 
of reaction, deficit of macro and microelements may 
occur in the soil, which may hamper the status of 
forest health. Fast growing and dense stands are also 
especially endangered by drought stress (Spiecker et 
al., 1996). Therefore, these aspects of changing site 
conditions should be acknowledged in forest man-
agement practice.

Conclusion

Giving the best representation of the empirical 
data and the reliability in the course of the height in-
crement, the developed M4 site index model, which 
is based on Korf function, is recommended as the 
site index model for black alder in southern Poland. 
Elaborated model can be applied locally to black al-
der stands from Malopolska natural-forest region in 
Poland. It seems that in an era of large variability in 
climactic and site conditions, there exists a need for 
research on site-specific site index models, which 
take into account, apart from features of stands, the 
detailed information related to sites. Observed age 
trend in site index calculated both for collected re-
search plots and the large database of black alder 
stands from southern Poland indicates the increas-
ing site productivity for black alder over time. There-
fore, black alder that belongs to the fast-growing 
tree species should be considered of the increasing 
importance for forest management. Factors amelio-
rating site conditions for growth of black alder will 
result in positive effects on forest growth and wood 
production; however, on the contrary, increasing 
drought and disturbance risks will cause adverse ef-
fects, which should be acknowledged in forest man-
agement practice.
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