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Abstract. The paper investigates the biometric characteristics natural Norway spruce ( Picea abies (L.) Karst.) regeneration in the
Kaszuby Lake District, which is beyond the acknowledged Norway spruce range, with the natural regeneration in the Augustow
Forest situated deep within the natural range, Warmia, at the edge of the natural range and in the West-Pomerania Lake District
far beyond the natural range.

For each region, four tree stands with similar light conditions on the forest floor were selected, including two cambisols and
two brunic arenosols. All sites contained naturally regenerating spruces 16—17 years of age.

The features of the forest stand and the biometric features of the saplings were determined for the selected stands on circular
research plots. Altogether, the characteristicts of 400 saplings (100 in each region) were measured and analyzed using basic de-
scriptive statistics. ANOVA with the Tukey’s multiple comparison test was performed to compare the features of forest stands
and the natural regeneration of spruce in each region. The degree of interrelation between regeneration features was described
by Pearson’s, ‘r’ factor or Spearman’s rank correlation coefficient. A discriminatory analysis was carried out to determine the
set of regeneration features differentiating regions from each other.

The features of regeneration that differed between regions the most were: height of regeneration, basal diameter, mean
height increment, and mean basal diameter increment of the saplings. The parameters for Warmia and the West-Pomerania
Lake District were similar. The Augustéw Forest showed the lowest values for the regeneration parameters, while the Kaszuby
Lake District produced the highest values. The regeneration in the Kaszuby Lake District was markedly different from all other
regions as indicated by more dynamic growth. Additionally, this population shows a great distinctness, indicating adaptation to
local environmental conditions, which may be proof for the insular presence hypothesis of spruce in this region.

Due to their good quality, spontaneously developing natural regenerations in the Kaszuby Lake District should be supported
by appropriate cutting and silvicultural measures.
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1. Introduction

It is generally believed that Norway spruce Picea abies (L.)
Karst. that grows in the region of Kaszuby Lake District, occurs
outside of its natural range in Poland (Boratynska 1998); howe-
ver, this opinion has been increasingly criticized (Modrzynski
1999, Lewandowski et al., 2014). Nonetheless, Norway spru-
ce plays an important economic role in this region (Szydlarski
1999) and it is dynamically regenerating (Szydlarski, Modrzyn-
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ski 2015). When conducting a detailed study on Norway spruce
natural regeneration in the Kaszuby Lake District, the authors
found it interesting, from a scientific and practical viewpoint, to
compare the observed Norway spruce regeneration with that in
other northern Poland’s regions, both within and beyond the li-
mits of its natural range. The results obtained could be a contri-
bution to the knowledge on the natural range of Norway spruce
in Poland, as well as to the development of more coherent ap-
proach to this species in forest management practice.
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2. Material and methods

Research on Norway spruce natural regeneration was
carried out in the Kaszuby Lake District, the Augustéw Fo-
rest, the region of Warmia and in the West-Pomerania Lake
District. Figure 1 shows geographical locations of the re-
gions under the study and the border of the natural range of
Norway spruce in Poland’s lowlands.

Consistent with the natural-forest regionalization (Zie-
lony et al. 2010), the Kaszuby Lake District is located in
the Baltic Region (I), where it forms the Mesoregion of the
Kaszuby Lake District (I.18) (Forest District Kartuzy). The
Augustéw Forest covers a large part of the Augustow Plain
(Kondracki 2001), and as stated in the natural-forest regio-
nalization, is located in the Mazury-Podlasie Region (II): the
Mesoregion of the Augustow Forest (II.11) (Forest District
Szczebra). In Warmia, the study was conducted in the area
of the Staropruska Lowland (Kondracki 2001). According to
the natural-forest regionalization, the Staropruska Lowland
is located in two Regions: the Baltic Region (I), the Warmia
Mezoregion (1.22) and in the Mazury-Podlasie Region (II),
the S¢popolska Lowland Mesoregion (II.1) (Forest Districts:
Goérowo Itaweckie and Wichrowo). In the West-Pomerania
Lake District, research was carried out in the Mesoregions:
the Drawskie Lake District (I.12) and the Polanowska
Upland (I.15) (Forest Districts: Szczebra Polczyn and Pola-
néw), both located in the Baltic Region (I).

In each of the regions, there were selected four forest
stands, including two growing on brown earth (Cambisols)
and two on rusty soils (Brunic Arenosols), on fresh forest
sites (fresh mixed-coniferous forest, fresh mixed deciduous
forest, fresh deciduous forest), with similar light conditions
in the forest bottom (as determined on the basis of measu-
rements), with natural regeneration of Norway spruce at the
age of 16—17 years.

The characteristics of forest stands and site conditions on
research plots in each region are presented in tables 1 and 2.

In each of the selected stands, there were randomly es-
tablished 5 circular research plots consisting of concentric
measurement circles: ‘stand’ — with a radius of 10 m and the
area of 314 m?, where the stand characteristics were evaluat-
ed and ‘regeneration’ — with a radius of 2 or 3 m (depending
on regeneration density), where the biometric features of 5
trees (Norway spruce saplings), randomly selected along the
north-south transect, were assessed.

Within the ‘stand’ plots, the diameter at breast height
(DBH) of all trees, with the thickness of > 7 cm was meas-
ured (by species). Based on the cross-sectional area (calcu-
lated per 1 ha), the species’ composition of the stand and the
canopy type were determined.

Within the ‘regeneration’ plots, the following were de-
termined: regeneration coverage, regeneration quality (1 —

Figure 1. Localization of the investigated regions, with marking
(dashed line) of the approximate south-western border of the
natural range of Norway spruce in the lowland

Explanation of symbols: K — Kaszuby Lake District, Z — West-Pomerania
Lake District, W — Warmia, A — Augustéw Forest

unsatisfactory, 2 — satisfactory, 3 — good), the height and the
most recent height increment, as well as additional lower
height increments: stem diameter near the ground (basal di-
ameter) and at the height 1.3 m, the number of whorls on the
stem up to 1.3 m height and the length of two branches in the
last whorl. After cutting the trees, the rings were counted on
the cross-section at the ground level, in order to determine
the age of trees.

Within the ‘regeneration’ circular plots, the photosyntheti-
cally active radiation (PAR) was measured in units [pmol-m-
2-g1], using the Basic Quantum Meter (BQM, Spectrum
Technologies Inc.). The measurements were performed in 5
points: the centre of the circle and its circumference (N, W,
S and E). The measurement results were averaged for each
plot included for the biometric assessments.

Based on the measurements of sapling biometric fea-
tures, there were determined the following: age and height
of the natural regeneration, the age when 1.3 m height was
accomplished, the number of saplings per 1 m?, regeneration
quality (estimated), the stem diameter at root collar (basal
diameter), DBH, the radius of the last whorl and the current
height increment.

On the basis of the results of the measurements, the
synthetic regeneration indicators were calculated: the cur-
rent height increment in the years 1996-2000, average tree
height and basal diameter increments, light factor, slender-
ness coefficient and the average increment of the radius of
the last whorl.

The value of the light factor was calculated as the quo-
tient of the height increment in the most recent year and the
mean length of the lateral shoot in last whorl, and the value
of the slenderness index — as the quotient of tree height [m]
and tree basal diameter [cm].

Independent statistical analysis (relative light intensity
and regeneration age), as well as all the measured and cal-
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Table 1. Characteristics of investigated sample plots in Kaszuby Lake District (K), West-Pomerania Lake District (Z), Warmia (W) and
Augustow Forest (A), in terms of localization (forest district, forest inspectorate, forest compartment), type of forest site (TSL), type of soil

(BR — cambisol, RD — brunic arenosol) and stand composition

Forest district (forest inspectorate), Type of

Region forest compartment forest site Soil type Composition and age of stands
K Kartuzy (1), 52 m LMS$w BR 8Sw821,1S0821,1Brz661
Kartuzy (3), 63 b LMsw RD 8Sw971,280971
K Kartuzy (3), 28 g BMsw RD 6Sw821,3S01011,1Sw6l1
K Kartuzy (1), 208 b Lsw BR 9Sw821,1Bk821
z Potczyn (1), 452 i Léw BR 78w901,1S0901, 1Bk901,1Js901
V4 Polanéow (1), 507 ¢ LMsw RD 58w601,3S0601,1Brz601,1 Db 601
z Polanow (1), 117 f LMs$w RD 6S0571,2Md571,2 8w 571
Z Potczyn (1),392d Lsw BR 8Sw 651, 1Bk 651, 1 Brz 651
W Gorowo IL(1), 241 a LMsw BR 4Db901,48Sw901,1S0901, 18w 1201
% Goérowo IL.(1), 206 b LMsw RD 3Db801,1Sw801,3S0801,28w601,1Db1001
W Wichrowo (1), 82 d BMsw RD 8Sw901,2Sw701
W Gorowo It. (1), 292 f LMs$w BR 6Sw 651,3Brz651,1S0 1001
A Szczebra (1), 210 a BMsw BR 8S01081,2Sw 781
A Szczebra (1), 211 f BMsw RD 1:9S01781, 1 Sw 1181, 11: 6 Sw 88 1,4 So 88 1
A Szczebra (1), (98 ¢ BMsw RD 9S0881,1Sw781
A Szczebra (1), 277 b LMs$w BR 8Sw881,1S0881,1Brz881

Gorowo It. = Gérowo Itaweckie

Explanation: LM$w- fresh mixed deciduous forest, BM$w — fresh mixed coniferous forest, Lsw — fresh mixed decidous forest; Sw — Norway spruce, So —

Scots pine, Brz — birch, Bk — beech, Db — oak.

Table 2. Average annual temperature and sum of annual precipitation for the investigated plots in each region

Independent variables Unit of Kaszuby Lake West-Pomerania Lake Warmia [W] Augustéw Forest
in regions measure District [K] District [Z] [A]
Annual temperature °C 7.4 8.7 7.6 6.9
Annual precipitation mm 705 716 609 571

culated dependent variables were analysed statistically to
determine differences between the regions studied.

Most of the analysed features, both directly measured and
calculated (indicator values), showed a normal distribution
of variables, taken into account in further statistical analy-
ses. The values of the regeneration features: the age when the
height of 1.3 m is reached, the radius of the last whorl, and
the current annual increment required logarithmic transfor-
mation (log x) to make data conform to the normal distribu-
tion. The feature ‘number of trees per unit area’ [specimens/
m?] was adjusted to normal distribution after transformation
into the cyclometric function arcus cotangent (Acot).

For all the variables, the basic descriptive statistics were
calculated: the mean, range, standard deviation and coeffi-
cient of variation. The normality of distribution was deter-
mined using the Shapiro-Wilk test. In order to compare the
features of the examined Norway spruce stands and Nor-
way spruce natural regeneration in the regions under the
study, ANOVA and post-hoc Tukey’s test were performed,
preceded by the Levene’s test for homogeneity of vari-
ances. In a given region, if variables indicated populations
with not normal distribution or not homogenous variances,
the nonparametric Kruskal-Wallis test was used to compare
variables. The Pearson’s ‘r’ coefficient or Spearman’s rank
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coefficient was used to determine relationships between
the regeneration features. In order to establish the set of
the regeneration features that differentiated the regions, the
discriminant analysis was carried out (Dobosz 2001). All
the calculations were performed using the statistical pack-
age Statistica Eng. v. 12.

3. Results

Even though differences were observed in species com-
position of tree stands on the study plots (Table 1), the
mean values of the relative light intensity in the lower
forest layer (Table 3) did not differ statistically in the
regions (Q-W test, p = 0.1430).

The lowest values of the relative light intensity were ob-
served on the plots in the Augustow Forest and the Warmia
region (3.2% and 3.5%, respectively). The highest values
were recorded in the West-Pomerania Lake District (80.8%)
and the Augustow Forest (83.3%) — where this feature was
characterized by the highest coefficient of variation (88.0%
and 94.1%, respectively).

In the regions studied, the average regeneration age dif-
fered only by 0.7 year (statistically not significant differen-
ce). The age of measured trees ranged from 10 to 26 years;
standard deviation: 1.8-2.5 years, coefficient of variation
11.1%—-15.3%. Also, in this respect, the examined regions
were analogous.

Significant relationships were found between the soil-site
and climate conditions, and the biometric features of natural
Norway spruce regeneration (in the material treated jointly).
Noteworthy is the significant correlation between precipita-
tion and the basal diameter, r = 0.56, and with the radius of
the last whorl, r = 0.55 (in both cases p <0.01).

The average values obtained for the examined features
of Norway spruce natural regeneration under the canopy in
the studied regions, broken down into the features obtained
from direct measurement and features derived from calcu-
lations — are summarized in Table 4 (items 1-7) and Table
5 (items 8-15).

In the examined regions, the most diversified feature
of Norway spruce natural regeneration was the number of
trees/1 m?: coefficient of variation: from 17.9% (the West-
Pomerania Lake District) to 53.0% (the Augustéw Forest).
Other diversified features were: the diameter of trees at the
height of 1.3 m (coefficient of variation: from 65.4% in
the Kaszuby Lakeland to 171.8% in the Augustéw Forest)
and light factor (coefficient of variation from 33.8% in the
West-Pomerania Lake District to 67.8% in the Augustow
Forest).

The most stable features of Norway spruce natural rege-
neration were: the age of reaching 1.3 m height (coefficient
of variation: from 14.4% in the Augustow Forest to 16.5%
in the Warmia region) and the average increase in the radius
of the last whorl (coefficient of variation: from 21.1% in
the West-Pomerania Lake District to 34.1% in the Kaszuby
Lake District).

The number of trees per 1 m? was on average from 0.96
to 8.64 specimens/m’. The most frequently observed
regeneration density was 1-2 specimens/m?* (42.5%) and
2-3 specimens/m? (37.5%). Overall, 80% of trees grew
at the density 1-3 specimens/m?.

Correlations calculated for the seven measured rege-
neration features showed the strongest, statistically si-
gnificant, relationships between: the regeneration height
and the basal diameter as well as the diameter at h = 1.3
m (features 2, 5 and 6 — Table 6); the most recent
height increment and the radius of the highest whorl
(features 3 and 4 — Table 6) and also — the basal
diameter and the diameter at the height 1.3 m (features
5 and 6 — Table 6). The correlations between the seven
features measured are summarized in Table 6.

The Kaszuby Lake District significantly differed from
all other regions under the study as regards: the height of
Norway spruce regeneration (K—W: H =39.46, p < 0.001),
DBH (K-W: H=41.97, p < 0.001), average height incre-
ment (K-W: H =35.47, p < 0.001) and the current height
increment during the 5-year period (1996-2000) (F 23.17,
p<0.001) (Fig. 2 A, B, C, D).

Table 3. Relative light intensity (% of full light) on investigated plots in different regions

Light intensity Unit of Kas‘zut?y Lake West—Pf)mf:rania Lake Warmia [W] Augustow Forest
measure District [K] District [Z] [A]
Mean % 17.9 18.4 13.5 18.4
Range » 5.543.2 7.0-80.8 3.5-30.2 3.2-83.3
SD; v%* » 10.9; 60.6 16.2; 88.0 6.9; 51.1 17.3; 94.1

*SD — standard deviation; (v%) coefficient of variation: 0-20% weak feature differentiation, 20-40% — moderate feature differentiation, 40-60% — strong

feature differentiation, over 60% — very strong feature differentiation
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Table 4. Average values of regeneration features, obtained from direct measurements on investigated plots in four regions

No. Dependent variables of Unit of Kaszuby Lake West-Pomerania Lake Warmia Augustow Forest
regeneration in regions measure District [K] District [Z] [W] [A]
1 Age years
Men 16.7 16.2 16.9 16.3
Range 12.0-23.0 11.0-22.0 11.0-26.0 10.0-21.0
SD; v%" 1.9;11.4 1.8; 11.1 2.2;13.0 2.5;15.3
2 Height m
Mean 1.9 1.4 1.4 1.1
Range 0.5-3.7 0.6-2.8 0.4-3.3 0.5-2.1
SD; v%* 0.6;32.8 0.4;29.5 0.5; 36.1 0.4;35.6
3 Last height increment cm
Mean 14.2 13.3 144 5.3
Range 2.0-46.0 2.0-39.0 2.0-37.0 1.0-21.0
SD; v%* 7.7, 54.5 7.8;58.4 7.7, 53.6 3.8;70.7
4 Radius of heighest whorl cm
Mean 12.8 11.6 12.2 6.2
Range 6.0-22.5 4.5-23.0 5.0-23.0 0.0-13.5
SD; v%" 4.0;31.0 4.5;39.0 3.7;30.3 2.5;40.1
5 Basal diameter cm
Mean 3.4 2.9 25 1.9
Range 1.3-5.9 1.3-5.4 1.0-5.7 0.8-3.5
SD; v%* 1.0; 30.8 0.9;29.4 0.8;32.3 0.7; 35.9
6 Breast-height diameter cm
Mean 1.4 0.9 0.7 0.3
Range 0.0-3.7 0.0-3.0 0.0-3.5 0.0-1.8
SD; v%* 0.9; 65.4 0.8;83.8 0.7; 103.8 0.5;171.8
7 Quality -
Mean 24 2.5 23 22
Range 2.0-3.0 2.0-3.0 1.5-3.0 1.0-3.0
SD; v%" 0.4;16.4 0.4;16.8 0.5;19.2 0.5;22.2

*SD — standard deviation; (v%) coefficient of variation of the feature: 0-20% weak feature differentiation, 20-40% — moderate feature differentiation, 40-60%
— strong feature differentiation, over 60% — very strong feature differentiation
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Table 5. Average values of regeneration features, obtained from calculations, for investigated plots in four regions

No. Dependent variables of Unit of Kaszuby Lake West-Pomerania Lake Warmia Augustow Forest
regeneration in regions measure District [K] District [Z] [W] [A]
8  Number of trees ind:;zi d/
Mean 2.0 1.9 2.1 3.7
Range 1.0-3.4 1.4-2.5 1.4-3.5 1.1-8.6
SD; v%" 0.6;32.2 0.3;17.9 0.6; 29.5 2.0; 53.0
9  Ageofreaching h=1.3 m years
Mean 12.6 13.3 14.3 14.7
Range 8.0-17.0 8.0-19.0 9.0-22.0 10.0-18.0
SD; v%" 2.1;16.3 2.0;15.4 2.4;16.5 2.1; 144
10 Current height increment om
in 5-years (1996-2000)
Mean 94.1 72.6 72.8 45.5
Range 19.0-198.0 20.0-188.0 15.0-195.0 14.0-93.0
SD; v%" 34.9;37.1 27.9;38.5 32.7;44.9 19.7;43.3
11 Mean height increment cm
Mean 11.7 9.4 8.8 7.0
Range 3.8-22.4 3.5-17.3 2.6-19.2 3.7-13.5
SD; v%" 3.4;293 2.6;28.0 3.0; 34.6 1.9;27.9
12 Mean basal diameter increment mm
Mean 2.0 1.8 1.5 1.2
Range 0.9-3.7 0.8-3.3 0.6-3.0 0.6-1.9
SD; v%* 0.5;27.0 0.5;26.6 0.4;29.4 0.3;27.3
3 Mean radius increment of the last cmlyear
whorl
Mean 0.7 0.8 0.7 0.7
Range 0.5-1.2 0.5-1.2 0.4-1.1 0.4-1.1
SD; v%" 0.2; 34.1 0.2;21.1 0.2;22.5 0.2;22.5
14  Slenderness m/cm
Mean 0.6 0.5 0.6 0.6
Range 0.3-0.9 0.3-0.7 0.3-1.0 0.3-0.8
SD; v%" 0.1;22.2 0.1; 16.4 0.1;21.3 0.1; 18.8
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No. Dependent variables of Unit of Kaszuby Lake West-Pomerania Lake Warmia Augustow Forest
regeneration in regions measure District [K] District [Z] [W] [A]
15  Light faktor cm/cm
Mean 1.1 1.1 1.1 0.8
Range 0.3-2.1 03-2.2 0.2-2.0 0.1-4.5
SD; v%* 0.4;33.9 0.4;33.8 0.4;34.0 0.6; 67.8

*SD — standard deviation; (v%) coefficient of variation of the feature: 0-20% weak feature differentiation, 20-40% — moderate feature differentiation, 40-60%

— strong feature differentiation, over 60% — very strong feature differentiation

The average height of Norway spruce natural regenera-
tion in the regions ranged from 1.9 m in the Kaszuby Lake
District (SD = 0.6 m) to 1.1-1.4 m in other regions. The
Kaszuby Lake District was also characterized by the largest
difference between the minimum and maximum height of
individual trees, that is, 3.2 m. In other regions, the differen-
ces were considerably smaller: 2 m in the West-Pomerania
Lake District and 2.9 m in the Warmia region. The smallest
difference between the minimum and maximum height of
individual trees was characteristic for the Augustow Forest
— 1.6 m. In all the regions, even if large height differentiation
was observed, the coefficient of variation of this feature was
moderate (from 29.5% in the West-Pomerania Lake District
to 36.1% in Warmia).

An important aspect analysed was the growth dynamics
of Norway spruce natural regeneration. The rich empirical
material collected allowed the use of a growth model for the
natural regeneration of Norway spruce (Assmann 1968 in
Dobrowolska 1999), described by the function:

X 2
y_(ax+b)

where:

y —tree height (cm),

x — age of the tree (years),
a, b — equation coefficients.

Equation coefficients for all the examined trees were de-
termined in accordance with the Levenberg-Marquart algo-
rithm (modification of the Gauss—Newton algorithm used
to solve non-linear least squares problems). For individual
regions, coefficients a and b are respectively:

» Kaszuby Lake District (K) a=0.0235,5=0.8370

*  West-Pomerania Lake District (Z) a=0.0359, 5= 0.8436

*  Warmia (W) a=0.0399,h=0.8432

* Augustow Forest (A) a=0.0298,b=1.0771

Figures 3A, 3B, 3C and 3D show the relationship be-
tween the height of Norway spruce natural regeneration and
its age in the studied regions.

Table 6. Mutual correlations of measured regeneration’s features in
the four studied regions (numbering of features according to table
4); * —significance level p < 0.05; ** — significance level p < 0.01)

Feature 1 2 3 4 5 6
2 -0.03

3 **.0.39 **0.46

4 **.0.31 **0.36 **0.84

5 0.04  **0.77 **0.51 **0.53

6 -0.09  **0.90 **0.55 **0.52 **0.86

7 -0.18 0.16  **0.48 **0.64 *0.27 *0.26

Table 4 and Figure 3 show that Norway spruce natural
regeneration (trees at analogous age, growing under simi-
lar site-stand conditions) in the region of the Kaszuby Lake
District is characterized by the highest dynamics, manife-
sted both by the greater number of trees and their more dy-
namic growth in height.

The age of reaching the height of 50 cm slightly differed,
depending on the region, and it was on average 8 years in the
Kaszuby Lake District, the West — Pomerania Lake District
and Warmia. In the Augustow Forest, the period needed to
reach the height of 50 cm was the longest — 10 years.

The height h = 130 cm was reached comparatively the so-
onest by Norway spruce trees naturally regenerating in the Ka-
szuby Lake District: at the age of 14, whereas in the Augustow
Forest — at the age of 19 years (when compared to other regions
— the longest period of time needed to reach the height 1.3 m).

When 400 cm high, the highest average height incre-
ment would be observed in the region of the Kaszuby Lake
District (12.1 cm/year) and in the Augustéw Forest (7.4 cm/
year). In the case of the West-Pomerania Lake District and
Warmia, the height increment would be: 6.7 cm /year and
4.8 cm/year, respectively.
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Simulation of growth and increase in the average height
of Norway spruce natural regeneration in the period of 1-51
years is illustrated in figure 4.

According to the analysed growth model, the culmination
of the increase in the average height of Norway spruce natu-
ral regeneration is:

+ the earliest, in the Warmia region — tree age range:
18-25 years (on average 21.5 years), height increment: 7.4
cm/year — the lowest among the regions under the study,

* next in order, in the West-Pomerania Lake District —
age range: of 22-25 years (on average 23.5 years), height
increment: 8.3 cm/year,

+ the latest, in the regions of the Kaszuby Lake District
and the Augustow Forest, where the peak of the
average height increment occurs at almost the same
time: 3141 years, (on average 36 years) and 32-42
years (on average 37 years), respectively. The average
height increment values
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Figure 2. Features of the regeneration distinguishing significantly
Kaszuby Lake District from other regions: A — height, B — breast-
height diameter, C — mean height increment, D — current height in-
crement in the period 1996-2000. Symbols of regions as in table 1.

Marks: ~ Mean, D Mean=SD, I Min-Max

in the two regions differed significantly and were: 12.7 cm/
year in the Kaszuby Lake District (the highest in the studied
regions) and 7.8 cm/year (similar to the region of Warmia
and West-Pomerania Lake District) in the Augustow Forest.

In all the regions examined, the culmination of the cur-
rent height increment took place before the average growth
of Norway spruce culminated (Fig. 5). The current height
increment (on average 16 cm) reached its peak comparati-
vely the earliest in the West-Pomerania Lake District — at the
average regeneration age of 12 years. In the Kaszuby Lake
District, the peak of the current height increment (on avera-
ge 20 cm) occurred in Norway spruce natural regeneration
at the average age of 13 years, in the Augustow Forest — at
15 years (11 cm), and in the Warmia region at the age of 19
years (the average current height increment — 17 cm).
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Figure 3. The dependence of the height of natural regeneration on
its age in regions: A — West-Pomerania Lake District, B — Kaszuby
Lake District, C — Warmia, D — Augustow Forest
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Figure 4. Growth in height and mean height increment of regener-
ation for the regions Z, K, W, A

Tukey’s HSD (honest significant difference) test showed
that (p <0.1):

+ among the regions examined, Norway spruce natural
regeneration in the Kaszuby Lake District and in the Augu-
stow Forest differed between each other with respect to the
current height increment, the last whorl radius, slenderness,
the number of trees per unit area, the light factor, regenera-
tion quality and the average annual growth of the last whorl;

+ the populations observed in Warmia and the Augustow
Forest differed with respect to the age of reaching the height
of 1.3 m, the basal diameter and its average increase;

* tree slenderness was the only feature that distinguished
Norway spruce natural regeneration in the Kaszuby Lake
District from that in the West Pomerania-Lake District.

In order to establish a set of features significantly differen-
tiating natural regeneration observed in the regions studied,
the discriminant analysis was performed with the use of the
mean results from circular research plots concerning all the
features of Norway spruce natural regeneration: 7 directly
assessed and 8 calculated (index values) (Table 4 and 5).

The analysed features (excluding: average regeneration
age, regeneration quality and light factor, as well as environ-
ment/stand characteristics, such as: the soil type and light
intensity) had a statistically significant (p < 0.01) effects on
differences between the regions.

The discriminant analysis of all the regeneration features
under the study, treated jointly, exposed 4 features (Table
7) that strongly differentiated the regions studied.

The first discriminant function (height) explains over
47.7% of the inter-group variance, and the second (basal dia-
meter) — 38.5%. Overall, both discriminant functions expla-
in over 86.2% of the inter-group variance. Both functions
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Figure 5. Current height increment of regeneration in the regions
Z,K, W, A

are significant (chi-square test 199.63 and 113.32, p <0.001
in both cases). The first discriminant function distinguished
primarily the region of the Augustow Forest and the Kaszuby
Lake District from other regions, while the second discrimi-
nated the region of Warmia, the Kaszuby Lake District and
the Augustow Forest (descending order). Both the first and
the second function did not distinguish the region of the
West-Pomerania Lake District from other regions. The
spatial distribution of the regions determined on the basis
of the first and second discriminant function and using
the discussed variables is illustrated in Figure 6.

The Kaszuby Lake District and the Augustow Forest are
clearly distinct regions, in terms of the average values of all
the examined regeneration features, in contrast to other two
regions studied, where those are analogous and none of the
regions can be definitely distinguished. On the other hand,
Warmia and the West-Pomerania Lake District taken to-
gether, differ from the region of the Kaszuby Lake District,
as well as from the Augustow Forest.

4. Discussion

The study addressed the issue of the influence of geo-
graphical location on the features of Norway spruce natu-
ral regeneration in Poland’s northern regions. Site soil and
climatic factors are directly associated with the geographi-
cal location. Seeing that the obtained results demonstrated
regional diversity in the studied features of Norway spruce
natural regeneration, it can be presumed that climate had a
decisive effect on the natural regeneration, as soil conditions
on the study plots established in the regions were analogous.

The study areas were located in 2 natural-forest regions:
the Baltic Region (I) (study plots established in the West Po-
merania Lake District, the Kaszuby Lake District, and a con-
siderable part of Warmia) and the Mazury-Podlasie Region
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Table 7. The features of regeneration most of all differentiating the regions (standardized variables)

Feature of regeneration Wilks’ Partial Wilks’ F to remove value Tolerance I-Tolerance
& Lambda Lambda P (R-sqr.)
Height 0.0756 0.7637 6.4968 <0.001 0.0113 0.9887
Basal diameter 0.0726 0.7955 5.3973 0.002 0.0129 0.9871
Mean height increment 0.0838 0.6887 9.4927 <0.001 0.0092 0.9908
Mean basal diameter increment 0.0856 0.6748 10.1213 <0.001 0.0135 0.9865
(IT) (study plots established in the eastern part of Warmia s Function 1vs Function 2
and the Augustow Forest). 4
The Baltic Region is characteristic of the comparatively x 3
higher sum of annual precipitation (including the growing :; 2
season), which affects clearly better conditions for the gro- < é A
wth of Norway spruce natural regeneration, in contrast to 5,
the Mazury-Podlasie Region, with significantly lower ) S
annual precipitation and mean temperature. Not without 3w
significance is also the fact that the Baltic Region is located A ek
at a higher altitude (the Kaszuby Lake District spreads at ®e 4 2 0 2 4 6

200-300 m above sea level), and its soil-site conditions are
similar to those in the areas within the lower montane zone
located in southern Poland, where Norway spruce has
optimal growth conditions (Modrzynski 1999).

Our results showed that the Augustow Forest differed the
most from other regions studied, and the majority of Norway
spruce features examined here showed the lowest values.
Also, the Kaszuby Lake District was different, and here, the
majority of Norway spruce biometric features showed the
highest values. In comparison with the latter, significantly
lower values were obtained for Norway spruce natural rege-
neration located towards the west and the east (the West-Po-
merania Lake District, Warmia, respectively). These results
are only partly consistent with the statements of other au-
thors that better growth of Norway spruce stands is observed
in the areas located west of the border of Norway spruce
range (Karpinski 1971, Zybura 1990, 1993).

Among others, the fact that research was carried out at
the time when in the Augustow Forest, the harvesting age for
Norway spruce was raised that could possibly have the di-
sadvantageous effects on the natural regeneration of Norway
spruce. The impediment of the increment of the regeneration
height and a decrease of its quality could be due to neglec-
ting opening-up cuttings for some time.

Our research also shows that in terms of the local po-
pulation of Norway spruce, the Kaszuby Lake District is a
largely separate region. This may indicate an advanced pro-
cess of adaptation of Norway spruce population to the spe-
cific conditions of this region, as according to Kowalski and

Function 1-47.7%

Figure 6. Discrimination of the regions carried out based on means
from all features of the regeneration

Wioczewski (1972) and Modrzynski (1989, 1995), Norway
spruce has a great potential for ecological adaptation. It is
also a confirmation of the insular presence hypothesis of
Norway spruce (most likely the north-eastern provenance)
in this region.

Genetic studies carried out by the Institute of Dendrology
of the Polish Academy of Sciences in Kornik (Lewandow-
ski et al. 2012a, 2012b, 2014), with regard to the origin of
Norway spruce in the northern parts of Poland (including
the Kaszuby Lake District) show that in contemporary forest
stands, there occur Norway spruces of north-eastern, Carpa-
thian and Alpine origins (with diverse percentage shares).
A characteristic feature of this phenomenon in Pomerania
is the fact that the share of Norway spruce of north-eastern
origin decreases towards the west. In the stands located to
the west of the Kaszuby Lake District, no more than Norway
spruces of Carpathian or Alpine origin were found — except
for the natural occurrence of Norway spruces from the north
-eastern range observed in the Forest District Karnieszewice,
near Koszalin (Latatowa, van der Knaap 2006; Lewandow-
ski 2016 — personal communication).

In the area of, for example, the Forest District Kartuzy,
the shares of Norway spruce of different origins were: Alpi-
ne — 59%, Carpathian — 30%, and north-eastern — 11% (Le-
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wandowski et al. 2014). Potentially, Norway spruce could
naturally enter this area, though its densities were somewhat
low or else it occurred in patches.

Adaptation of Norway spruce population from the Ka-
szuby Lake District to local conditions is also confirmed by
the results of the genetic evaluation of the value of Norway
spruce from the areas beyond the accepted natural range in
Poland, carried out by Giertych (2000). As said by this au-
thor, Norway spruce populations from the areas of Polczyn
Zdréj and Szczecinek (West Pomeranian Lake District) are
flexible and generally grow well outside the areas of their
origin. On the other hand, the population from the area aro-
und Kartuzy usually grows much worse outside the region
of the Kaszuby Lake District, which is also confirmed by the
results of research conducted by Matras (2002).

5. Conclusions

Based on the results obtained and their discussion, the
following review and conclusions were formulated:

1. The diversification of the regions studied was influen-
ced the most by the following features of Norway spruce
natural regeneration: height, basal diameter, average height
increment and average basal diameter increase.

2. In northern Poland, the biometric features of Norway
spruce natural regeneration with the strongest effects on regio-
nal differences change along the east-west axis, and generally,
these changes show increasing trends in the west. However,
this is mainly due to the clear superiority of the Kaszuby Lake
District region. The values of the regeneration features exami-
ned in the West-Pomerania Lake District are evidently lower
than those in the Kaszuby Lake District; however, they are hi-
gher than those observed in Warmia and the Augustow Forest

3. In comparison with other studied regions, the natural
regeneration of Norway spruce in the Kaszuby Lake District
was characterized by the highest trees with the greatest
DBH, as well as the highest average height increment and
the average current height increment. The regeneration qu-
ality was alike in all the regions under the study.

4. The natural regeneration of Norway spruce in the Ka-
szuby Lake District clearly differed from other regions. The
distinction of Norway spruce population in the Kaszuby Lake
District, notwithstanding internal genetic variability due to
Norway spruce origins, deserves to be emphasized, as it in-
dicates that this population has undergone a process of ecolo-
gical adaptation to local conditions. This fact should be taken
into account for the Norway spruce cultivating in this region.

5. Due to high dynamics and good quality, Norway spru-
ce spontaneous natural regeneration in the Kaszuby Lake
District should be supported by forest management activities
appropriate for this species.
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