
INTRODUCTION

Climate is one of the main limiting factors affecting the dis-
tribution of tree species and forest yield (Walther et al.,
2002; Thuiller, 2004). Due to climate change, it is generally
predicted that the climate in Latvia will become warmer and
that the growing conditions in the near future will become
more similar to those in Lithuania, the southern part of
Sweden or the eastern part of the Poland, and later in the fu-
ture — like in the central part of Poland or the western part
of Germany (Jansons et al., 2015). As a result, these climate
projections indicate that in the near and distant future the
climate will become increasingly suitable for broad-leaved
tree growth in Northern Europe (Hemery et at., 2010) and
thus also in Latvia. Therefore, it is very important to already
identify and understand the potential of these broad-leaved
forest in Latvia. Unfortunately, for most broad-leaved tree
species there is little information on the yield and growth

potential, but oak Quercus robur and ash Fraxinus excelsior

could be exceptions. Tree species such as lime Tilia

cordata, maple Acer platanoides, and fluttering elm Ulmus

laevis in Latvia have still been little studied, most likely be-
cause stands of these species are rare in Latvia — oak
stands 0.33%, lime stands 0.07%, fluttering elm and wych
elm stands 0.07% and maple stands 0.53% (State Forest
Service, 2020). Studies elsewhere in Europe show that oak
and lime stands are able to be productive with stock up to
700–900 m3·ha-1 (Shvidenko et al., 2008; De Jaegere et al.,
2016; Dobrovolny et al., 2017). In Lithuania, on the most
fertile site types, in 70- to 100-year-old lime stands the
mean accumulated growing stock volume comprises
300–330 m3·ha-1 (Semaðkienë, 2006). However, we did not
find information on the productivity of old (over 60 years
old) maple and elm stands. Therefore, in this study, our aim
was to provide insight into the productivity of stands of
these broad-leaved species that were less frequently studied
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Climate forecasts indicate that in the future the climate will become more and more suitable for
growth of broad-leaved tree species in Latvia. It is therefore very important to recognise and un-
derstand the growth potential of these broad-leaved stands in Latvia and the factors affecting the
increment of growing stock. The results of the study showed high volume yield, as already 60- to
80-year-old stand stock could reach 500–600 m3·ha-1, and in later years even 700–1000 m3·ha-1.
Similarly, the results of our study showed that the increment of the stock and growth potential of
individual forest elements varied significantly between the various broad-leaved species. Signifi-
cant factors were the age of the forest stand or forest element (a set of trees of the same species,
in one layer and belonging to one generation), the indicators of competition (basal area and/or
relative density) and the indicators of the social status of the forest element, namely, the ratio of
the mean diameter of the forest element and the mean diameter of the dominant species of the
upper layer of the stand and the sum of the basal area of the larger forest elements). No signifi-
cant differences were found in growing stock and growth potential between monospecies and
mixed stands and between simple and complex stands, neither at the level of the stands, nor at
the level of the individual forest element.
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in Latvia, as well as the growth potential of stands and indi-
vidual forest elements and the affecting factors. In this
study, the hypothesis was that in Latvia it is already possi-
ble to grow productive broad-leaved stands, and that their
productivity depends on the age, density, and structure of
the stand.

MATERIALS AND METHODS

Study area and sampling. This study uses data on 46
stands — 17 oak stands, 9 lime stands, 11 maple stands and
9 fluttering elm stands (Fig. 1). This study also analysed
data on 116 individual forest elements — 32 oaks, 37 limes,
34 maples, and 13 elms.

One circular plot of size 706.5 m2 (R = 15 m) was placed in
each stand. All live trees with a height of at least 5 m were
surveyed in the plot. For all surveyed trees, local coordi-
nates were recorded (distance (±0.1 cm) and direction
(±0.5 o) from the centre of the plot), as well as the diameter
at breast height (±0.1 cm), and tree height (±0.1 m). For
characterising the growth of the stand in plots, increment
cores were taken with Presler's increment borer at height
1.3 m. In the laboratory, air-dried cores were mounted on
fixation planks and gradually sanded, decreasing roughness
of the sandpaper from 100 to 400 grains per inch, using a
hand-sanding machine. Radial growth measurement was
carried out using LINTAB IV. TSAP Win Scientific 0.55
softwre was used for data preprocessing.

Stand parameter calculation. Forest inventory indicators
of individual forest elements were estimated for each plot or
stand — mean diameter, mean height, number of trees per
ha, basal area, standing volume and mean periodic incre-
ment of growing stock over the last ten years of the trees
living at the time of measurement. The study treats as one
forest element a set of trees of the same species, in one layer
and belonging to one generation. The equation developed
by I. Liepa was used to calculate the volume of individual
trees (Liepa, 1996):

V H D
H� � � � �� � � �( lg ) , where

V – tree volume, m3; H – tree height, m; D – tree diameter
at 1.3 m high, cm; �	�	�	� – coefficients (Table 1).

Mean periodic increment of growing stock over the last ten
years of trees living at the time of measurement was calcu-
lated using the following equation (Liepa, 1996):
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ZV – mean periodic increment in stock over the last ten
years of trees living at the time of measurement, m3; H –
tree height, m; ZH – tree height increment, m; D – tree di-
ameter at 1.3 m height, cm; ZD – tree diameter at 1.3 m
height increment, mm; �	�	�	� – coefficients (Table 1).

The mean diameter increment was calculated as double ra-
dial growth, corrected by the bark thickness coefficient

(Liepa, 1996). The increase in height of the last ten years
was calculated using the GADA equation (Donis and
Ðòepsts, 2019):
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, where

ZH – tree height increment in last 10 years, m; H – tree
height, m; A – tree age at breast height, years; �1-3 – coeffi-
cients (Table 2).

The increase (increment) in stock was calculated for each
tree by the sum of the growth of trees of a separate forest
element, or a separate forest element (ZM).

In order to characterise the growth potential in the study,
the increase in the stock of a stand or a separate forest ele-
ment was estimated for basal area of a stand and separate
forest element. Thus, an indicator was obtained to charac-
terise the production of m3 of wood per unit of basal area
(m2) to compare plots and stands and also separate forest
elements. The study examined as dependent variables the
mean periodic increment in growing stock of living trees
over the last ten years and the ratio of this increase to the
basal area of a stand or forest element. In addition, both
these indicators were examined at both stand and forest ele-

Fig. 1. Location of study plots in Latvia.

Table 1. Equation coefficients for calculating growing stock and increment
of the growing stock (Liepa, 1996)

Species � � � �

Pine 1.6541E-04 0.56582 0.25924 1.59689

Spruce and other conifers 2.3106E-04 0.78193 0.34175 1.18811

Birch, lime, maple, cherry 9.0900E-05 0.71677 0.16692 1.75701

Black alder 7.9500E-05 0.77095 0.13505 1.80715

Aspen and poplar 5.0200E-05 0.92625 0.02221 1.95538

Grey alder and other
deciduous

7.4500E-05 0.81295 0.06935 1.85346

Oak, beech, hornbeam 1.3818E-04 0.56512 0.14732 1.81336

Ash, elm 8.5300E-05 0.73077 0.06820 1.91124
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ment levels. The study examined whether this growth po-
tential is similar among broad-leaved species and whether
the structure of the stand affects the growth potential. The
Gini index and Shannon index were used to describe stand
structure (Lexer¸d and Eid, 2006), and stands were divided
into monospecies and mixed stands and simple and complex
stands. When calculating the Gini index, the height of trees
and the number of trees were taken into account, thus char-
acterising the condition of the tree stand (the lower the co-
efficient, the more homogeneous the structure of the tree
stand). Shannon's index was calculated taking into account
tree species, generation and number of trees. For the pur-
poses of this study, stands with a share of the dominant spe-
cies of at least 80% of the total stock were classified as
monospecies. Stands with a growing stock of at least 20
m3·ha-1 in the 2nd and 3rd layer were classified as complex,
and other stands as simple stands. Similarly, the age and av-
erage diameter of the dominant tree species, the basal area
and relative density of the stand were tested as dependent
variables to examine relationship with growth of the stand.
In the analysis at the forest element level, in addition to the
indicators of the structure of the stand and the species of the
forest element, dependent variables included the basal area
of the stand and the relative density of the 1st (dominant)
layer, the average diameter of the forest element, age, the
basal area, the relative diameter in relation to the average
diameter of the dominant tree species of the stand and the
sum of the basal area for elements larger than the particular
forest element. The relative density of the first layer (can-
opy layer) of the stand was calculated as the ratio of the
number of trees in the first layer to the maximum number of
trees. Maximum number of trees was calculated using the
equation (Donis, 2015):

N d h
i imax � � �
�
� �

1
2 3 , where

Nmax – maximal tree number per ha; d – tree mean diameter
at 1.3 m height for each element, cm; H – tree mean height
for each element; m, �1-3 – coefficients (Table 3).

Forest inventory parameters for the stand and individual
stand elements were calculated in MS Excel.

Data analysis. In order to characterise the forest stand
stock and compare it between different dominant species
depending on age and thus characterise the potential of dif-

ferent broad-leaved tree species in Latvia, stands were di-
vided into five age groups: 1) up to 40 years, 2) 41–80
years, 3) 81–120 years, 4) 121–160 years, 5) older than 160
years. For each age group, the mean, minimum, maximum
and standard error of the stock was calculated.

Analysis of factors influencing growth was performed in
SPSS for Windows using the generalised Estimating Equa-
tions tool. Growth (ZM) and growth potential (ZMG) values
were natural logarithmic transformed to give ln(ZM) and
ln(ZMG). When analysing the increment at the stand level,
“location” was used as a subject variable. In the analysis at
forest element level, the location and object were used as
subject variables. In total, there were seven locations where
several objects were located relatively close to each other:
Ciecere (2 objects), Jçkabkalns (2), Moricsala (3), Rauda
(4), Skrîveri (3), Smidþi (2) un Vçrene (3). The analysis as-
sumed that the remaining 27 objects were located in sepa-
rate locations. Factors tested in the study are summarised in
Table 4. Multicollinearity between explanatory variables ws
assessed using the Variance Inflation Factor (VIF); vari-
ables with VIF > 5 were excluded from the final model.

The final model included species and age of the stand or
forest element, respectively, and other tested factors that
were statistically significant (p < 0.05) and for which no
multicollinearity was found (SWF < 5).

RESULTS

In plots in oak stands, the stock of living trees ranged from
84.5–774.8 m3·ha-1, in lime stands from
418.7–1127.1 m3·ha-1, in maple stands from
246.6–559.1 m3·ha-1 and in elm stands from
306.5–634.4 m3·ha-1. The average periodic increment of
live trees in oak stands calculated for the last ten years of
these plots was from 4.7–15.6 m3ha-1 year, in lime stands is
from 8.9–14.5 m3ha-1·year, maple stands from 7.9–22.7
m3ha-1 per year, and in elm stands from 8.8–18.0 m3ha-1

·year (Table 5).

When dividing stands into age groups (40 years), there was
a tendency for the stock of lime stands to be larger than in
stands of other species. However, the number of stands in
each age group is small, indicating only trends and not sta-
tistically significant differences.

Table 2. Equation coefficients for calculating height increment

Species �1 �2 �3

Pine 1.1570 -27.0403 16.4512

Spruce and other conifers 1.2839 -47.3493 23.6008

Birch, lime, elm, maple, cherry 1.2541 -47.4748 21.7259

Black alder 1.1821 -53.1708 22.4722

Aspen and poplar 1.2756 -9.7338 6.2226

Grey alder and other deciduous 1.2323 -54.6704 16.4896

Oak, beech, hornbeam 1.1811 -42.5972 21.1092

Ash 1.2900 -38.1425 20.1591

Coefficients from Donis et al. (2019)

Table 3. Equation coefficients for calculating maximum number of trees

Species �1 �2 �3

Pine 83570 -1.366 -0.069

Spruce and other conifers 103106 -1.381 -0.103

Birch, lime, elm, maple, cherry 144400 -1.357 -0.302

Black alder, grey alder, aspen, poplar
and other deciduous

197511 -1.314 -0.339

Oak 83570 -1.366 -0.069

Ash, beech, hornbeam 103106 -1.381 -0.103

Coefficients from Donis et al. (2015)
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Nevertheless, in the age group 121–160 years, in lime
stands the growing stock was significantly (� = 0.05) higher
than in oak stands (Table 6, Fig. 2). For oak stands, growing
stock in age groups over 80 years did not differ significantly
(� = 0.05).

The average increment potential of live trees in oak stands
calculated for the last ten years was from 0.13–0.55 m3·ha-1

year, in lime stands from 0.17–0.28 m3·ha-1·year, maple
stands from 0.27–0.68 m3·ha-1 per year, and in elm stands
from 0.21–0.48 m3·ha-1·year (Table 5).

Increment potential of the forest elements depending on
species and breast height age is shown in Figure 3. We
found that the increment of the growing stock over the last
ten years was significantly dependent on the dominant tree
species (p-value 0.012). Increment in the growing stock in
maple stands was significantly higher than in oak stands,
but no significant differences were found between other
species combinations. Similarly, the increment of the grow-
ing stock over the last ten years was significantly smaller in
older age groups, and significantly higher in stands with a
larger basal area (Table 7). The final model for estimation

of the increment of the growing stock over the last ten years
retained only the relevant (p < 0.05) factors (Table 8).

Significant differences (p = 0.021) were found between the
different species for growth potential or increase in stock
per unit of basal area. In oak stands, growth potential was
significantly lower than in lime (p = 0.004) and maple (p <
0.001) stands, but no significant differences in growth po-
tential were observed among other pairs of species. Growth
potential was significantly related to the age of the stand
(p < 0.001); in older stands it was significantly less than in
younger stands. At the 90% confidence level, the relative
density of the first layer of the stand (p = 0.051) was also an
important factor influencing growth potential; basal area
was lower in denser stands than in less dense (sparser)
stands. The final model for estimation of growth potential in
broad-leaved tree stands included all factors within the 90%
confidence interval and also the age of the element (Table
8).

Our calculations showed that at the level of individual forest
elements, the increase in growing stock over the last ten
years differed significantly (p � 0.05) between broad-leaved

Table 4. Description of explanatory variables tested in the model. Number of observations for categorical variables; mean ± standard deviation (SD) for con-
tinuous variables

Abbreviation Description Classes Number of sample plots
or elements / mean ± SD

Dominant_species Dominant tree species (> 50% of stand volume) 01_Oak 17

02_Lime 9

03_Maple 11

04_Elm 9

Stand_composition Composition of canopy-layer 01 – monodominant 23

02 – mixed (< 80% of standing
volume)

23

Stand_structure Structure of canopy-layer 01 – homogeny 25

02 – heterogenic (stand lower
layer volume � 20 m3ha-1)

21

Gini Structure index calculate by tree height, lower values indicate
more homogenous stand

0.24 ± 0.06

Shannon Diversity index, calculate by tree species and element genera-
tion

1.18 ± 0.48

A Age of dominant tree species (years) 107.51 ± 53.43

D Mean diameter of the dominant species trees (cm) 42.96 ± 16.45

BA Stand basal area (m2·ha-1) 41.46 ± 11.42

RD Stand relative density (calculated as ratio between stand num-
ber of trees per hectare and the maximum stand number of
trees per hectare for a species and mean height)

0.78 ± 0.27

species Tree species 01_Oak 32

02_Lime 37

03_Maple 34

04_Elm 13

a Age of element tree (years) 82.06 ± 52.17

d Mean diameter of the element trees (cm) 30.51 ± 18.71

RdD Relative diameter of the element trees (calculated as ratio be-
tween element mean diameter (d) and mean diameter of the
dominant species trees (D))

0.73 ± 0.41

ba Element basal area (m2·ha-1) 13.62 ± 15.35

BAL Basal area in larger elements (m2·ha-1) 17.27 ± 15.84
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tree species. Maple had a significantly higher increment of
growing stock over the past ten years than for oak, but for
the rest of the species pairs the difference in growing stock
increment was not significant. Similarly, at the level of indi-
vidual forest elements, the increment of growing stock de-
pended significantly on the basal area and relative diameter
of the forest element (Table 9). The increment in growing
stock was higher with a larger basal area of the forest ele-
ment. Similarly, for forest elements with a higher relative
mean diameter, the increment of growing stock is signifi-

Table 5. Characteristics of sample plots

Species Parameter A D H M Zm Zm/G

Oak
(Quercus robur)

Mean 146.0 50.8 27.0 504.5 8.2 0.22

Standard error 12.0 4.1 1.3 38.8 0.6 0.02

Median 157.8 52.1 28.2 522.1 7.8 0.20

Standard deviation 49.6 16.7 5.4 160.0 2.6 0.10

Minimum 30.1 13.3 10.5 84.5 4.7 0.13

Maximum 221.8 88.2 34.1 774.8 15.6 0.55

Count 17 17 17 17 17 17

Lime
(Tilia cordata)

Mean 128.0 46.6 29.2 732.4 11.5 0.21

Standard error 13.5 5.5 2.2 72.4 0.8 0.01

Median 128.4 46.4 30.1 710.3 11.1 0.21

Standard deviation 40.4 16.4 6.7 217.2 2.3 0.04

Minimum 56.9 14.5 13.7 418.7 8.9 0.17

Maximum 185.8 70.5 36.9 1127.1 14.5 0.28

Count 9 9 9 9 9 9

Maple
(Acer platanoides)

Mean 64.2 31.3 23.1 397.2 13.8 0.42

Standard error 8.1 3.9 1.5 33.2 1.3 0.04

Median 64.0 25.6 23.0 423.3 13.7 0.38

Standard deviation 26.8 13.0 4.9 110.1 4.2 0.12

Minimum 27.9 15.8 15.9 246.6 7.9 0.27

Maximum 123.0 56.5 32.3 559.1 22.7 0.68

Count 11 11 11 11 11 11

Elm
(Ulmus laevis)

Mean 67.2 38.7 22.0 490.1 12.7 0.32

Standard error 7.9 3.9 1.2 36.4 1.2 0.03

Median 63.1 34.0 21.0 483.4 10.6 0.31

Standard deviation 23.7 11.6 3.7 109.1 3.6 0.08

Minimum 44.2 26.1 17.5 306.5 8.8 0.21

Maximum 124.0 58.8 28.0 634.4 18.0 0.48

Count 9 9 9 9 9 9

A, stand age at breast height, years; D, stand mean diameter at breast height, cm; H, stand mean height, m; M, stand volume, m3·ha-1; Zm, mean periodic in-
crement of living trees of period of last 10 years, m3·ha-1·per year; Zm/G, volume increment per unit of basal area, m3·m-2 per year.

Table 6. Growing stock (m3·ha-1) by age group (years) and dominant tree
species

Age group Parameter Oak Lime Maple Elm

< 40 Mean 84.5 280.8

Standard error 28.0

Minimum 252.9

Maximum 308.8

Count 1 2

41–80 Mean 579.3 402.3 496.4

Standard error 131.1 41.7 40.6

Minimum 448.2 246.6 306.5

Maximum 710.3 559.1 634.4

Count 2 7 8

81–120 Mean 513.0 493.6

Standard error 40.2

Minimum 402.5

Maximum 599.2

Count 5 1

121–160 Mean 509.1 777.5 497.6 439.9

Standard error 22.0 40.0

Minimum 462.2 667.4

Maximum 581.7 882.3

Count 5 5 1 1

Fig. 2. Growing stock of the sample stands depending on dominant tree
species in the 1st layer and breast height age.
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cantly higher than for forest elements with a smaller relative
diameter. The final model for the estimation of the incre-
ment of the growing stock over the last ten years of a single
broad-leaved forest element included the age of the forest
element and the relative density of the 1st layer; although
these factors were not significant, they nevertheless had bio-
logically valid and logical values (Table 10). In addition,
the effect of the relative density of the first layer of the
stand in the final model was significant. The density of the
first layer of the stand had a negative effect on the growth
of the stock — the greater the density of the first layer, the
smaller the increment of the growing stock of the forest ele-
ment. Similarly, the age of the forest element had a negative

effect on the increment of growing stock — as the age in-
creased, increment decreased.

Significant differences were found between broad-leaved
tree species in increment of the growing stock per unit of
basal area of an individual forest element. We found that the
growth potential of oak was significantly lower than that of
lime and maple. Significant effects were found for the den-
sity of the first layer of the stand, the age of the forest ele-
ment and the relative diameter of the forest element in rela-
tion to the average diameter of the dominant tree species of
the forest stand’s first layer. The age of the forest element
and the relative density of the first layer had a negative ef-
fect on the growth potential, i.e. the growth potential was
lower at a higher age and at higher density. The relative di-
ameter of a forest element had a positive effect on the
growth potential — the larger the relative diameter, the
greater the growth potential. The final model for estimation
of growth potential for broad-leaved forest elements in-
cluded the sum of the basal area of forest elements for ele-
ments larger than the specific forest element, as this factor
was significant at the 90% confidence interval and had a
biologically logical value in the final model.

DISCUSSION

The absolute majority of the plots were located in long-term
unmanaged stands, especially on lake islands (Moricsala,
Ciecere) or marsh islands (Liepu Island in Aizkraukle Bog).

Table 7. Factors tested for assessment of the impact on the increment of
growing stock at stand level

Dependent
variable

Source Wald
Chi-Square

df p-value

Ln(ZM) (Intercept) 138.141 1 < 0.001

Dominant_species 10.983 3 0.012

Stand_composition 0.172 1 0.678

Stand_structure 2.634 1 0.105

Ln(A) 44.044 1 < 0.001

D 0.017 1 0.895

BA 18.005 1 < 0.001

Gini 0.000 1 0.991

Shannon 0.080 1 0.777

RD 1.939 1 0.164

Ln(ZMG) (Intercept) 44.619 1 < 0.001

Dominant_species 9.719 3 0.021

Stand composition 0.153 1 0.695

Stand_structure 1.694 1 0.193

LnA 90.234 1 < 0.001

D 0.026 1 0.872

BA 0.031 1 0.860

Gini 0.189 1 0.664

Shannon 0.040 1 0.842

RD 3.819 1 0.051

ZM, increment of growing stock; ZMG, growth potential; A, age of domi-
nant tree species; D, mean diameter of the dominant species trees; BA,
stand basal area; Gini, structure index calculate by tree height; Shannon,
diversity index, calculate by tree species and element generation; RD,
stand relative density. Highlighted in bold are factors included in the final
model

Table 8. Calculated coefficients for characterising the increment of grow-
ing stock at the stand level

Dependent
Variable

Source Estimate SE Wald
Chi-Square

p-value

Ln(ZM) (Intercept) 3.064 0.337 82.560 < 0.001

Dominant_species
oak

0

Dominant_species
lime

0.035 0.106 0.106 0.745

Dominant_species
maple

0.357 0.085 17.586 < 0.001

Dominant_species
elm

0.157 0.119 1.731 0.188

Ln(A) –0.374 0.070 28.376 < 0.001

BA 0.021 0.003 42.261 < 0.001

Ln(ZMG) (Intercept) 1.416 0.207 46.966 < 0.001

Dominant_species
oak

0

Dominant_species
lime

0.190 0.066 8.359 0.004

Dominant_species
maple

0.289 0.071 16.432 < 0.001

Dominant_species
elm

0.090 0.087 1.070 0.301

Ln(A) –0.553 0.042 175.896 < 0.001

RD –0.469 0.090 27.093 <0.001

ZM, increment of growing stock (m3·ha-1); ZMG, growth potential
(m3·ha-1·m-2); A, age of dominant tree species (years); BA, stand basal
area (m2·ha-1); RD, stand relative density.

Fig. 3. Increment potential of the forest elements depending on species and
breast height age.
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However, also in managed forest these broad-leaved tree
species stands have been left without economic activity for
a long time, because there is no demand for wood of these
species in Latvia at present.

Of the broad-leaved tree species included in the study, lime
stands had the highest growing stock in the plots. The grow-
ing stock found in the plots of this species exceeded 1000
m3·ha-1, which is unusually large in Latvia. It should be
noted that the area of the plot was only 700 m2 and it is
likely that in a larger area the growing stock would defi-
nitely not be as large. This is because normally larger or
smaller gaps are formed, but plots were established to avoid
gaps. This large stock was found in a small, fragmentary
186-year-old stand in Jçkabkalns Forest Park, which is an
anthropogenically heavily affected stand, since it was origi-
nally designed as a park. However, like the rest of the

broad-leaved stands, economic activity has not occurred for
a long time in that stand. Large stock in lime stands was
also found in economically little affected stands, for exam-
ple, on Liepu Island in Aizkraukle bog and on the former is-
land of Lake Biþa (now peninsula) in Andrupene, where the
stock of lime stands exceeded 800 m3·ha-1. Other studies
carried out in Latvia also show high yield and superiority of
lime stands in terms of yield among other broad-leaved spe-
cies. Lime trees show higher yield than oaks already at a
young age in plantation stands (Daugaviete et al., 2015), as
well as higher yield than maples in 61 to 100-year-old
stands (Daugaviete et al., 2019). The high yield or potential
of lime stands is also indicated in growth tables published in
Russia, where lime stands in higher site index classes are
projected to reach 800–900 m3·ha-1, while oak stands in the
mixed tree forest zone in the European part of Russia would
yield 500–600 m3ha-1 (Shvidenko et al., 2008). Also in Po-
land (Jaworski et al., 2005) in unmanaged forests in lime
stands had stocks of 760–860 m3·ha-1.

The results of our study show that the yield of broad-leaved
tree stands does not differ significantly between mixed and

Table 9. Factors tested for assessment of the impact on the increment of
growing stock at the forest element level

Dependent
variable

Source Wald
Chi-Square

df p-value

Ln(ZM) (Intercept) 0.570 1 0.450

species 8.555 3 0.036

Stand_composition 0.433 1 0.511

Stand_structure 0.048 1 0.826

BA 0.038 1 0.846

Gini 1.721 1 0.190

Shannon 0.077 1 0.782

RD 2.441 1 0.118

Ln(a) 1.105 1 0.293

d 0.036 1 0.850

ba 42.597 1 < 0.001

BAL 0.060 1 0.807

RdD 18.227 1 < 0.001

Ln(ZMG) (Intercept) 29.134 1 < 0.001

species 16.945 3 0.001

Stand_composition 0.046 1 0.831

Stand_structure 0.450 1 0.503

BA 0.001 1 0.977

Gini 0.100 1 0.752

Shannon 0.935 1 0.334

RD 6.598 1 0.010

Ln(a) 66.624 1 < 0.001

d 0.372 1 0.542

ba 0.000 1 0.991

BAL 3.420 1 0.064

RdD 5.901 1 0.015

ZM, increment of growing stock; bZMG, growth potential; Stand_composi-
tion, monodominant or mixed stands;, Stand_structure, homogeny or
heterogenic stands; BA, stand basal area; Gini, structure index calculate by
tree height; Shannon, diversity index, calculate by tree species and element
generation; RD, stand relative density; A, age of element tree; d, mean di-
ameter of element trees; RdD, relative diameter of the element trees (calcu-
lated as ratio between element mean diameter and mean diameter of the
dominant species trees); ba, element basal area; BAL, basal area in larger
elements. Highlighted in bold are factors included in the final model.

Table 10. Calculated coefficients for characterising the increment of the
growing stock at the forest element level

Dependent
variable

Source Estimate SE Wald
Chi-Square

p-value

Ln(ZM) (Intercept) –1.106 0.898 1.518 0.218

Dominant_species
oak

0.

Dominant_species
lime

0.846 0.288 8.651 0.003

Dominant_species
maple

0.713 0.261 7.454 0.006

Dominant_species
elm

0.616 0.201 9.366 0.002

Ln(a) –0.212 0.185 1.309 0.253

ba 0.069 0.008 68.154 < 0.001

RdD 2.318 0.314 54.615 < 0.001

RD –1.212 0.319 14.450 < 0.001

Ln(ZMG) (Intercept) 1.731 0.220 62.005 < 0.001

Dominant_species
oak

0

Dominant_species
lime

0.285 0.107 7.164 0.007

Dominant_species
maple

0.341 0.083 16.680 < 0.001

Dominant_species
elm

0.132 0.107 1.505 0.220

Ln(a) –0.699 0.046 231.907 < 0.001

RD –0.449 0.135 11.005 0.001

BAL+1 –0.004 0.002 2.560 0.110

RdD 0.290 0.106 7.465 0.006

ZM, increment of growing stock (m3·ha-1); ZMG, growth potential
(m3·ha-1·m-2); a, age of element tree (years); ba, element basal area
(m2·ha-1); RdD, relative diameter of the element trees (calculated as ratio
between element mean diameter and mean diameter of the dominant spe-
cies trees); RD, stand relative density; BAL, basal area in larger elements
(m2·ha-1).
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monospecies stands, nor did we find any significant differ-
ences between simple and complex stands. Our results are
in line with those of other researchers, who showed that the
productivity of stands does not differ between monospecies
and mixed stands (Jacob et al., 2010; Huskonen et al.,
2021). However, there are also a number of studies indicat-
ing that mixed stands are more productive than monospe-
cies stands (Paquette and Messier, 2011; Zhang et al.,
2012). Different results of the relationship between stand
productivity and structure between different studies can be
due to the fact that long-term experimental plots are needed
for the objective evaluation of these indicators (Zeller and
Pretzsch, 2019).

However, the increment of growing stock has a significant
relationship with the basal area of stand, which is not sur-
prising, as a stand with larger basal area will have larger in-
crement in growing stock. However, the results of our study
also show that the growth potential or growth per unit of ba-
sal area is smaller in denser stands. This means that it is
very important to manage the stands in such a way as to en-
sure optimal density of the stand, since only such stands
will be able to make full use of this growing space. In over-
stocked stands, the absolute increment in growing stock will
be large, but the trees will be smaller due to competition be-
tween trees in these stands. Also, there will be greater an-
nual mortality, which was not taken into account in this
study, as stands were visited only once. In contrast, the
growth potential of a sparse stand will be high, but the total
increment of standing volume will be less, and thus the fer-
tility potential of the soil will not be exploited.

The increment of the growing stock of forest elements,
similar as that of the stand level, is an important indicator
that characterises competition (relative density) and volume
indicators (basal area of the forest element), as well as indi-
cators characterising the social position of the forest ele-
ment — basal area of larger trees and the relative average
basal area of the forest element. A smaller volume of a for-
est element in relation to other forest elements will result in
a smaller increment in its growing stock (at the same level
of other factors) and growth potential. This seems to contra-
dict the conclusion that the structure of a stand does not af-
fect the overall growth of the stand. Smaller elements pro-
duce less, and therefore the forest elements that are larger
produce more, such that the overall growth of the stock is
levelled out.

The developed models characterise the increment of grow-
ing stock of the surveyed stands over the last ten years, but
they cannot be used to predict the growth of stock in broad-
leaved tree stands. These models and analyses reveal the in-
dicators affecting growth in broad-leaved tree stands in Lat-
via, but in order to create growth forecast models, it would
be necessary to supplement the data, as well as to re-
measure existing plots after a period of time. As the growth
rate is a dynamic process, growth models need to be devel-
oped on re-measured forest data. Also, regarding future
growth rate forecasts, data on managed stands would be
necessary, as our study plots were mainly established in

long-term unmanaged stands. Unfortunately, at present
broad-leaved tree species are not of economic interest in
Latvia, and therefore their distribution is small and their tar-
geted management is not taking place as a general practice.

Finally, the hypothesis put forward in the study is partially
confirmed. There are already productive broad-leaved
stands in Latvia, which show that it is already possible to
grow high-quality stands of these species. We also found
that the yield of broad-leaved stands and individual forest
elements depend significantly on age and stand density, but
do not significantly depend on the stand structure (mixture
and composition).
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PLATLAPJU (QUERCUS ROBUR, TILIA CORDATA, ACER PLATANOIDES UN ULMUS LAEVIS) MEÞAUDÞU PRODUKTIVITÂTE
LATVIJÂ

Klimata prognozes liecina, ka nâkotnç klimats kïûs aizvien piemçrotâks platlapju audzçðanai Latvijâ. Tâdçï ïoti svarîgi ir jau tagad apzinât
un saprast, kâds ir ðo platlapju audþu augðanas potenciâls Latvijâ un kâdi ir krâjas pieauguma ietekmçjoðie faktori. Pçtîjuma rezultâti liecina
par audþu augstu raþîbu, jau 60–80 gadus vecâs audzçs krâja var sasniegt 500–600 m3·ha-1, bet vçlâkos gados pat 700–1000 m3·ha-1. Mûsu
pçtîjuma rezultâti liecina, ka audzes un atseviðíu meþa elementu krâjas pieaugums un augðanas potenciâls bûtiski atðíiras starp daþâdâm
platlapju sugâm, kâ arî nozîmîgi ietekmçjoðie faktori ir meþaudzes vai meþa elementa vecums, koku savstarpçjâs konkurences râdîtâji
(ðíçrslaukums un/vai biezîba) un atseviðía meþa elementa lîmenî arî meþa elementa sociâlâ stâvokïa raksturojoðie râdîtâji (relatîvais
caurmçrs attiecîbâ pret meþaudzes pirmâ stâva valdoðâs koku sugas vidçjo caurmçru un lielâku meþa elementu ðíçrslaukumu summu).
Savukârt starp tîraudzçm un mistrotâm audzçm, kâ arî starp vienkârðâm un saliktâm audzçm neesam konstatçjuði bûtiskas krâjas pieauguma
un augðanas potenciâla atðíirîbas ne audzes, ne atseviðía meþa elementa lîmenî.
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