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Abstract: This study investigated growth performances of black locust (Robinia pseudoacacia L.) tree
species in various soil and agro-climatic conditions in Poland. Implementing of research was based
on monoculture black locust stands in which it was possible to carry out dendrometric tests allowing
us to learn about their volume. These stands were located on marginal soils. In the sample plots
selected for the study, the parameters of stands (main and secondary) were determined, such as
number and social structure of trees, average tree height, average diameter at breast height (DBH),
and volume. The volume was determined with division into trunks and branches and wood thickness
classes (0.0-1.0 cm, 1.1-5.0 cm, 5.1-10.0 cm and then every 5 cm). During the research, it was found
that sunlight and moisture conditions mainly affect the volume. It has been noticed that the content
of nutrients in the soil plays a minor role because black locust grows very well in poorly fertile soils,
often subject to erosion processes. Black locust grows well on damp, shaded slopes with northern
exposures. In such areas, the stand volume was the highest (353.8 m3 ha~!), exceeding the average
volume of the remaining 35-year-old stands on sandy soils by 60%. Along with the increase in the
age of stands, the share of trunk wood increased with the wood of branches. The share of wood
up to 5.0 cm was small in older stands, at most a dozen or so percent. However, in young stands
(4- and 8-year-old), the share of the thickness class up to 5 cm was even 65% of the stand volume.
In 35-year-old stands, wood fractions of 15.1-20.0 cm were dominant. In the oldest, 64-year-old stand,
over 30 cm thick wood constituted 44% of the stand volume. However, statistical analysis showed,
with p = 0.1644, no differences existed between the thickness of the individual thickness classes.

Keywords: tree growth; tree biomass; volume forest stand; thickness classes

1. Introduction

The black locust (Robinia pseudoacacia L.) in Europe is an introduced species from
North America [1]. It was initially used for ornament purpose in parklands or as mellif-
erous [2,3]. Later the species has been grown for economic uses specially woods (venial
wood, utility wood, mine wood, and firewood) [4-8] and environmental conservation (soil
erosion control) [9-17]. Recently, there has been an increase in interest in this species for
cultivation in short rotation energy crops [18-24]. This approach is to reduce the use of for-
est wood for energy purposes [25,26]. In line with the concept of sustainable development,
the possibility of establishing plantations in degraded, erosion-endangered, and unsuitable
areas for agriculture should be increased [27,28]. In depth knowledge on the species growth
performances under different soil and agroclimatic conditions would help policy decision
makes, tree growers, and farmers to make right decision of growing and managing the
tree species.

The results of these studies indicate that the production and properties of wood
depend on the habitat conditions and coexistence of trees in the group. Black locust grows
best on moisture, fertile, calcareous clay soils [1]. Also optimum for black locust is tufted
and brown soils: plump, airy, fresh, rich in calcium, with a pH in the range of 4.6-8.2,
but also grows well on others (except marshland), including on stony, non-cariogenic, sand
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and dry ones [2—4,11,13]. Additionally, studies by Mantovani et al. [29,30] indicate that
this species is not from the group of water-savers, and with its abundance it corresponds
to an increase in weight gain—most intensively in August. In addition to the habitat,
the productivity and structure of forest stand classes is affected by coexistence in the
context of tree competition. These studies indicate that, along with the deterioration of the
biosocial position of trees in the stand, in the shade under the canopy of the main trees,
the annual growth rate of wood decreases [31-35].

In research on the productivity of black locust stands relating to the habitat and
biosocial position of trees, there is often no reference to their impact on the structure
of individual wood thickness classes. Much attention in the literature is devoted to the
creation of mathematical models to estimate the abundance of stands [35-43]. The most
popular method of creating biomass models is combining the biomass data of a tree or its
components, such as stems, branches, leaves or roots, with one or more easily measurable
dendrometric variables, e.g., breast height diameter, wood thickness. Therefore, under
the conditions of the Polish agroclimatic, it was decided to conduct research updating the
knowledge on the thickness of the black locust stands. Taking into account also factors
such as moisture and soil fertility. It is also important to what extent age cause changes in
the thickness of individual classes of wood biomass. Such data should supplement the pool
of information forming the basis for the development of mathematical models estimating
the amount of biomass produced.

The study aimed to assess the productivity and quantitative structure in individual
thickness classes of the black locust wood biomass obtained in 14 stands of different age
and habitat conditions of marginal soils.

2. Materials and Methods
2.1. Study Sites

The research was carried out based on monoculture black locust stands in six sites
(including single or groups of stands) in the Matopolska Kraina (according to the nature and
forest regionalization of Poland [44])—Figure 1. Monoculture stands guided the selection
of sites with an area and number of trees enabling separation of representative sample
areas and collection of representative sample trees, and the existence of source materials
enabling the reconstruction of the history of stands.

Upland areas dominate in the Matopolska Kraina (VI), but there are also significant
areas of valley bottoms and terraces with dunes. The climate is relatively diversified due to
the diversification of the topography, with the features of continentalism increasing to the
east. The average annual air temperature in the western and southern parts of the region
ranges from 8.0 to 8.5 °C, and in the eastern part—Up to 7.5 °C. In most areas, the growing
season lasts 200210 days, and the average annual rainfall amounts to 650 mm [44].

Due to the diversity of the topography, soil formation, and moisture in the Matopolska
Kraina, there is a large diversity of stands. The subcontinental oak—-hornbeam forests are
characteristic for this land—i.e., linden, oak, and hornbeam forests, mainly in the Lesser
Poland variety. They are located in half of the area of this region. Mixed forests are more
numerous in its western part. Forests are mainly found in upland areas and wet and marshy
areas. The forest cover in the region is 24.9%. At the same time, in the mesoregions, it ranges
from 2%—4% in Podgorze Rzeszowskie (V1.34) and the Lower San River Valley (V1.30) to
60% in the Swietokrzyski Forest (V1.23) and 65% in Solski Forest (V1.13). The average stand
volume is 239 m® ha~!. In mesoregions, it ranges from 166 m> ha~! in Gérny Slask to
287 m® ha~! in the West-Lublin Upland mesoregion. In the Matopolska Kraina, protective
forests (mainly water-proof, damaged, and around towns) constitute over 63% of the forest
area of the State Forests (SF). Damaged forests are over 80% of the SF areas in mesoregions
with well-developed industries, including Gérny Slask (VI.16) [44].



Forests 2021, 12, 470

30f17

2
5

Figure 1. Location of the Matopolska Kraina (VI) on the territory of Poland with marked mesoregions

(Arabic numerals) and research stands (red dots). Important markings mesoregion: 4—West-Lublin
Upland, 5—East-Lublin Upland, 27—Chmielnicko-Staszowski, 28—Opatowski, 29—Vistula Lowland.
Prepared on the basis of [44].

The research sites were located in several mesoregions of the natural and forest
districts marked with the numbers V1.4, VL5, V1.27, V1.28, and VI. 29 (Figure 1), differing
in the natural conditions of forest production.

The Debno site is located in the West-Lublin Upland mesoregion (V1.4). The forest
cover is small and amounts to 16%. The forests form small and medium-sized complexes;
they occupy about 516 km?, 45% of which is on the Regional Directorate of State Forests
(RDSF) board in Lublin. Snopkéw and Lublin sites are located in the East-Lublin Upland
mesoregion (VL.5)—Figure 1. It is distinguished by fertile soils made of loess and “loess-
like” dusts and, therefore, the lowest forest cover amounting to 14%. The forests form
small complexes; they occupy about 291 km?, of which over 73% is managed by RDSF in
Lublin [44].

The Skrzypaczowice and Zawidza sites are located in the Opatowski (VI.28) and
Chmielnicko-Staszowski (VI.27) mesoregions. The Opatéw area is covered with loess,
which is the dominant geological formation. In the southern part of the mesoregion,
there are Pleistocene tills, sands, and glacial gravels of the South Polish Glaciation, and
occasionally—Cambrian deposits, on small areas mainly sandstones, claystones, conglom-
erates, and duststones. The mesoregion is dominated almost exclusively by broadleaf vege-
tation with the participation of luminous oak trees. The forest cover is very low, amounting
to 4%. Forests in the form of very small complexes cover about 52 km?, of which RDSF
Radom manages 51%. However, the Chmielnik-Staszéw area is covered with Pleistocene
tills, sands, and glacial gravels of the South Polish Glaciation. Much smaller areas are
occupied by the formations of the Neogene period—Organo-detritus and sulfur-bearing
limestones, gravel, sandstone, and gypsum. Besides, eolian sands—Ilocally in the dunes
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and loess—occur sporadically. The forest cover is average and amounts to 30%. The forests
form small and medium-sized complexes; the largest are located in the eastern part of the
mesoregion. The forests cover approximately 476 km?, of which 67% is managed by the
RDSF in Radom.

Piaseczno site is located in the Vistula Lowland mesoregion (V1.29). There are defi-
nitely Holocene geological formations—sands, gravels, river bogs, peat, and dust. The dom-
inant vegetation landscape in this area is the ash and riparian elm forests. The mesoregion’s
forest cover is low and amounts to 6%. About 93 km? area covered by forests, 39% of which
is managed by the State Forests. The mesoregion is narrow and elongated, and within its
borders, there is a small area of RDSF in Radom [42]. However, it should be noted that the
Piaseczno site is an artificial structure—an external dump of the sulfur mine in Piaseczno,
40 m high, and slope inclination 60%-80%, built of various formations and with a large
variety of habitats [11,45].

In each of the sites, tree stands with one or more features influencing wood production’s
natural and economic conditions were selected: habitat factors, age, origin, the intensity of
care, and breeding treatments. Fourteen stands were distinguished, including;:

> five on sands (loose sands)—No. 1-5—All in the Piaseczno site, derived from planting,
at the age of 35, on the slopes of the dump with various exposures (N—Surfaces No. 1
and 2 located in the upper and lower parts of the slope, respectively, SE—No. 3 and
4—The upper and lower part of the slope, S—No. 5—The upper part of the slope),
without felling (without harvesting);

> three in the clay—No. 6-8—two in the Piaseczno site, derived from planting, at the
age of 35, (located in the upper parts of the slopes, No. 6—N exposure, and No. 7—S
exposure) under development conditions such as stands No. 1-5, and one in the
Zawidza site (No. 8) in the managed forest (with intermediate cutting—Breeding
cuts), at the age of 41, in the plain;

> six on dust formations (loess and loess-like)—In the sites: Debno (No. 9, the lower
part of the valley slope, with S exposure and 40% slope)—33-year-old stand from
self-seeding, systematically cut; Skrzypaczowice (No. 10)—A 64-year-old commercial
stand, planted, located in the central part of the eroded slope with an SE exposure
and a 15% slope; Lublin (No. 11)—4-year self-seeding trees located on a plain area;
Snopkow (No. 12-14)—3-row mid-field, 8-year-old plantings, No. 12 and 13 located
in a flat area, and No. 14 in the upper part of the valley slope, with S exposure and a
15% slope.

Detailed characteristics of the Piaseczno site and the history of tree stands are pro-
vided in the publications of Ziemnicki et al. [45], Wegorek [34], and Kraszkiewicz and
Wegorek [46]. Developing tree stands in the Snopkow site are described by Orlik et al. [39]
and Wegorek and Kraszkiewicz [40]. The data on stands in the Zawidza and Skrzypaczow-
ice sites were given according to the source materials of the Zawidza forestry in the Debno
site—according to information from the farm owner, and in the Lublin site—based on own
observations.

2.2. Biomass Sampling

In the black locust stands selected for research to assess fertility, the following was
determined:
(a). Stand parameters—By the method of sample plots of 500 m? (20 x 25 m?) in stands
No. 1-11 and 400 m? in stands No. 12-14 (rows of trees 80 m long and 5 m wide):

> the number and social structure of trees according to the tree biological classi-
fication of Kraft, considering the main and secondary stands;
> average height of trees (in main and secondary stands)—as the arithmetic

mean of DBH measured with the SUUNTO altimeter with an accuracy of
0.25m;
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> mean DBH (in main and secondary stands)—as the arithmetic mean of DBH
measured with a precision HAGLOF caliper with an accuracy of 0.5 cm;

(b). Volume with division into trunks and branches and wood thickness classes (0.0-1.0 cm,
1.1-5.0 cm, 5.1-10.0 cm and then every 5 cm)—using the sample tree’s method. One
tree of average height and DBH each and average conformation from each sample
plot (main and secondary stands) [47]; a conductor was considered as a trunk from
the point of cut (5-10 cm above the ground) to a diameter of 5 cm in the bark (in the
upper end); the remaining, thinner part (top) was classified as a branch; the sample
trees were cut with a chainsaw at the end of December:

> trunk volume in the bark—sectional method (section length 1 m);
> branch volume in the bark—using the xylometric method.

2.3. Statistical Analysis

The obtained results, were subjected to analysis of variance (ANOVA) analysis for
factorial systems. The qualitative factors were the age of the stands as well as the individual
thickness classes. Statistical analyzes verifying differences in wood volume in individual
thickness classes were carried out individually within a single age group (where there
was an appropriate amount of data—only stands at the age of 8 and 35), as well as in the
following groups: all together; 4 and 8; 35 and 41; 33 and 35; 33, 35, and 41 as well as 33,
35, 41 and 64. Additionally, the probability of differences between the volume of wood
in all stands between the following pairs of thickness classes was determined: 0.0-1.0 cm
and 1.1-5.0 cm; 1.1-5.0 cm and 5.1-10.0 cm; etc. Prior to these analyses, the consistency of
results with the normal distribution was verified using the Shapiro-Wilk method, and the
homogeneity of variance was estimated using the Brown—-Forsyth test. The observed
differences were considered statistically significant at the significance level of p-value < 0.05.
Additionally, for the distribution of wood volume in individual stands with division into
thickness classes, trend lines were determined, which were described with a second-degree
polynomial and the coefficient of determination R?.

3. Results
3.1. Characteristics of Soils

Table 1 shows the surface coverage by layers of vegetation (covering plant layers) and
the soil profiles’ basic features under the stands.

Table 1. Covering plant layers and selected soil characteristics.

Surface Coverage (%)

Forest Stand/Area Number Soil Litter (cm) Humus Layer
Trees Shrubs  Undergrowth (cm)
1 80 60 30 2 4
2 80 60 30 2 2
3 sand 80 20 70 4 5
4 80 20 70 5 7
5 80 20 100 5 8
6 70 50 30 1 5
7 clay 80 30 70 2 6
8 50 50 80 3 10
9 80 20 80 3 8
10 50 50 60 5 10
11 — 70 90 1 20
12 dust 90 60 90 1 2
13 90 60 90 1 24
14 90 60 90 1 22

The layer of trees was generally characterized by good compactness. The most com-
mon surface coverage was 80%, and in the stands in the Snopkoéw site (No. 12-14)—90%.
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It should be noted, however, that the compactness in stands No. 12-14 was so high only
in the rows of trees, and there was full access of sunlight on both sides of the rows. The
lowest coverage (50%) of the tree layer was in stands used for pole-cuts (No. 8 and 10).
The shrubs (as an under-emergent layer) cover from 20% to 60% of the area, and the ground
cover—30%-100%. In the four-year-old stand in the Lublin site (No. 11), the layer of
trees has not yet developed—from the viewpoint of the height achieved by black locust
trees—and they constituted a shrub layer (Table 1).

The litter was 1-5 cm thick, depending on the site in the relief, species composition,
and the degree of surface coverage by plant layers (Table 1). The humus layer of the soil
under very young tree stands established on agricultural land exceeded 20 cm, in old
stands (No. 8 and 10), it was 10 cm, and in stands in the wasteland (depending on the
site)—2-8 cm (Table 1).

Table 2 shows the abundance of soils determined based on the average content of basic
nutrients in a layer of 0-50 cm. The nitrogen volume was determined by the Kowalkowski
method [48] and the phosphorus and potassium content according to the scale provided by
Baule and Fricker [49].

Table 2. Content of nutrients and soil abundance.

Content of Nutrients (g-kg—1)

Forest Stand/Area Number and Soil Abundance CN
Ntotal P K Corganic
0.36 0.004 0.021
! insufficient insufficient insufficient 2.09 581
0.38 0.005 0.027
2 insufficient insufficient insufficient 259 6.82
0.24 0.004 0.024
3 insufficient insufficient insufficient 221 921
0.57 0.004 0.023
! insufficient insufficient insufficient 271 475
041 0.005 0.024
> insufficient insufficient insufficient 290 7.07
6 e oo 0142 6.60 8.57
medium medium good
0.84 0.004 0.030
7 medium insufficient insufficient 432 514
0.78 0.007 0.025
5 medium insufficient insufficient 6.05 7.76
9 X X « < <
10 - 0.01> _ 0028 6.79 5.52
medium medium insufficient
0.43 0.059 0.063
n insufficient medium medium 3.62 842
good good good
13 1.34 0.101 0.126 574 650
good good good
0.57 0.109 0.087
1 insufficient good medium 418 7.33

Abbreviations: x—Was not done.

On the sand slopes of the sulfur mine dump (tree stands No. 1-5), the soil abundance
in nutrients was insufficient, and the organic carbon content was very low, ranging from
slightly over 2 to almost 3 g kg~ !. In clay formations, only nitrogen supply was at an
average level, and there was twice as much carbon as in sand formations. Forest stands
on agricultural land with soils made of dusty formations (No. 12-14) were supplied with
nutrients, usually at a good level (others at an average level), with a soil carbon content
of about 4 to over 10 g kg_1 (Table 2). The ratio of carbon to nitrogen (C:N) was low
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(below 10—Table 2), which indicates the rapid mineralization of organic matter [50], and
the insufficient nitrogen content in the soil indicates this element was incorporated quickly
into the stand production process.

3.2. Characteristics of Forest Stands

Table 3 presents the characteristics of the tree stands influencing their volume.

Table 3. Number of trees per 1 ha and average tree dimensions in stands.

Number of Trees (Pcs. ha—1) Average Height (m) Average Diameter at

Forest Stand/Area Number &: i:s) Breast Height (cm)
Main Secondary Main Secondary Main Secondary

1 35 919 588 16.5 12.5 19.0 9.5
2 35 1029 882 18.0 13.0 19.5 10.0
3 35 750 1525 15.5 11.0 17.5 8.5
4 35 580 1440 17.0 11.5 23.5 8.5
5 35 943 1057 15.5 10.0 16.0 8.5
6 35 650 575 19.0 12.0 21.0 9.0
7 35 870 1111 18.0 11.5 18.0 9.0
8 41 410 - 245 - 26.5 -
9 33 1840 - 11.5 - 11.0 -
10 64 320 - 24.0 - 38.5 -
11 4 1720 - 2.0 - 4.5 -
12 8 1905 - 7.5 - 12.0 -
13 8 1828 - 8.0 - 11.5 -
14 8 1715 - 7.5 - 12.0 -

In the 35-year-old stands No. 1-7 (Piaseczno), where no compacting treatments were
performed (no felling was performed), under the canopy of trees forming the main stands
(under the conditions of the research, these were trees belonging to biological class II and
III), secondary tree stands formed composed of captured, jammed and dead trees (IV and
V biological classes). The number of trees in the main stands ranged from 580 to 1029, and
in the secondary stands—575-1525 pcs. ha~!. In more than half of the stands, the numbers
of trees in the secondary stands were greater than in the main stands, and in stands No. 3
and 4, they constituted 67% and 71% of the total number of trees, respectively. The average
height of the main stands was 15.5-19.0 m. The trees reached the highest heights on clay
soils (stands No. 6 and 7). Average tree heights in the secondary stands were 4-7 m lower
than in the main stands. The average DBH in the main stands ranged from 16.0 cm on the
sand slope with southern exposure (stand No. 5) to 23.5 cm on the lower part of the sand
embankment with the south-eastern exposure. The mean DBH in the secondary stands
was even—=8.5-10.0 cm (Table 3).

In stands No. 8-14, there were no secondary stands due to intensive thinning (stands
No. 8 and 10), the ongoing removal of mastered trees (stand No. 9), or too young age
(stands No. 11-14). In these stands, as in stands No. 1-7 in the Piaseczno site, there
were no towering trees (biological class I) and dominant trees (biological class II) with a
small share of co-dominant trees (biological class III). The stands No. 8 and 10 (41- and
64-year-old) were characterized by a minimal number of trees per 1 ha; they reached similar
heights (24.5 and 24.0 m), and the average DBH was 26.5 and 38.5 cm, respectively (Table 3).
The tree stand No. 9 (33-year-old) was characterized by very many trees—1840 pcs. ha~!
(all in the main stand), and therefore, compared to 35-year-old stands (No. 1-7), it was
characterized by a small DBH but also a small height (Table 3). The 4-year-old stand
(No. 11) had a small population—There were fewer trees per 1 ha than in the 33-year-old
stand. For this reason, the average height of the trees was small (2.0 m), and they were
heavily branched. Row stands No. 12-14 (8-year-old) occupied 5 m wide strips of land,
and therefore, after calculating the number of trees per 1 ha, they were characterized by
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a small density—1715-1905 pcs. ha~!, comparable to stand No. 9 (33-year-old). Average
dimensions of the trees were even and amounted to 11.5-12.0 cm DBH; 7.5-8.0 m high.

3.3. Characteristics Volume of Forest Stand

The volume of forest stands (main and secondary stands together), including the
volume of trunks and branches, as shown in Figure 2—Full numerical data with the
breakdown of the volume of trunks and branches (in m>® ha™!) into thickness classes are
given in Table A1l (Appendix A).

600 -
550 -

Obranch

500 111.4 O trunk

450

400

350 -+
44.7

300

250 1489

34.9 453
200 - 309 62.5 55.2

132.2

Volume of forest stand (m3ha)

150 - B09.1 40.7

1p20.9 64.91164.5|50.8
100 180.4 [179.6 P04 3.4 P g

= 1 137.9 188
75.5 5.1 [81.7][79.2| [81.9
| |

0 T T T
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Figure 2. Volume of forest stand.

The research was carried out in tree stands of different ages and origins, in very
different habitats, and with different intensities of breeding treatments (loosening cuts).
For this reason, the volumes of stands are very diverse. In stands where no breeding
treatments were performed, and due to their age, thinning should be performed several
times—stands No. 1-7. The volume is ‘overstated’ relating to stands where intensive cuts
were made—stands No. 8 and 10.

With such a high variability of the factors determining the volume, this parameter
can be compared within stands No. 1-7 and No. 12-14, while within the remaining stands
with the probability of making significant errors, despite considering the differences in age
and intensity of breeding treatments. The stands No. 1-7 (35-year-old) had a volume of
about 180 to 355 (on average almost 250 m® ha~!, including the volume of the branches
ranging from about 31 to 62 m3 ha~! (Figure 2). Tree stand No. 2, occupying a lower
part of the sand slope with northern exposure, with the highest soil moisture, had the
largest volume—354 m? ha~! (142% of the average volume of stands No. 1-7). The lowest
volume was found in stand No. 5, located in the upper part of the sand slope with southern
exposure, with the lowest soil moisture—179 m3 ha=! (72% of the average volume).

In the 8-year-old stands (No. 12-14), the volume was relatively even—133-147 m3 ha!,
with the average being 141 m® ha~!. It results from excellent habitat conditions, and slight
differences in the volume may result from the diverse tree density (Table 3). The branch
volume ranged from 51 to 65 m3 ha~!.

Stand No. 9 (33-year-old) had a surprisingly low volume—Only 98 m® ha~! (Figure 2).
This stand grew on a slope with soils formed from dust deposits. It was only two years



Forests 2021, 12, 470

9of 17

younger than stands in a sulfur mine dump (stands No. 1-7), and despite this, its volume
accounted for less than 40% of the average volume of stands No. 1-7. The reason was very
poor or lack of nursing procedures in youth and destitute breeding procedures. Despite
the currently conducted clearing cuts and removal of mastered trees (therefore the lack of a
secondary tree stand), the tree density in the main stand was very high—1840 pcs. ha™!
(Table 3). This forest stand was created from a very dense self-seeding, and competition for
food caused the increments of trees to be very small—as evidenced by the average height
and DBH (Table 3), which directly translated into the stand volume.

In stand No. 8 (41-year-old), the volume—256 m> ha~!—Was almost the same as the
average volume of 35-year-old stands (No. 1-7), amounting to 250 m® ha~'. However,
it should be noted that the volume mentioned above of 35-year-old stands includes the
main and secondary stands, while the volume of the main stands themselves is on average
206 m> ha~!. After considering age differences (between stands No. 1-7 and 8), it can be
considered comparable with the volume of a 41-year-old stand.

The volume of the tree stand No. 10 (64-year-old)—544 m3 ha™! (Figure 2)—was more
than twice (112%) higher than that of No. 8 (41-year-old). Considering that both stands
grew on good soils, had the same density, both exceeded the age of peak growth, and the
age of stand No. 10 was only 50% higher than that of stand No. 8, the volume of stand
No. 10 should be considered high.

The youngest (four-year-old), stand No. 11, had very low fertility, despite good
habitat conditions. It was almost six times smaller than the volume of eight-year-old stands
(no. 12-14)—Figure 2. To a large extent, these differences result from a minimal tree density
relating to the age of stand No. 11 (Table 3). Due to the loose density, in the four-year-
old stand, sections of conductors over 5 cm thick (trunks) in the amount of slightly over
5m3 ha~! have developed (Figure 2).

The shares of branches and trunks in the volume of stands in the bark, expressed as a
percentage, are presented in Figure 3.

O trunk

10— —1 11— e —

o0 4|18]|13||15 14 18

Obranch

23|20
| | | 44 || 45
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60 A 79 |

87|85 86
40 4|82 2 || 77 -7 |82

30 A 62
20 A |
10 21

Share of trunks and branches in the
volume of tree (%)
()]
=3
1

1 2 3 4 5 6 7 8 g 10 11 12 13 14

No. forest stand
Figure 3. Share of trunks and branches in the volume of forest stands.

In the youngest (four- and eight-year-old) tree stands, the share of branches in their
volume was very large. In the four-year-old stand (No. 11), the volume of branches reached
80% of that of the entire stand. In the 8-year-old stands (No. 12-14), the share of branches
was 38%—45%. In older stands (33—64 years old), the share of branches was much smaller
and accounted for 13%-26% of their total volume. The very large volume of branches
relating to the volume of trunks in a four-year-old stand (3.7:1.0) results partly from loose
compactness and partly from the principle adopted in this paper—related to the purpose
of the study—that sections of trunks with a thickness of less than 5.1 cm are included in
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the branches. There was a significant amount of thinner stem sections in a specific stand
(No. 11), with an average DBH of 4.5 cm (Table 3). The relatively large share of branches in
the mass of eight-year-old stands (No. 12-14) is the effect of crown expansion due to the
lack of lateral cover—these are row plantings. The ratio of the volume of branches to the
volume of trunks was 0.6-0.8:1. In older stands, the proportions were 0.15-0.35:1 (Figure 3).

3.4. Stand Thickness Classes

Table A1 shows the wood volume in the bark according to thickness classes, and Figure 4
shows the share of wood of individual thickness classes in the volume of stands.

In older stands (33-64-year-old), the share of the 0.0-1.0 cm class was small and amounted
to 1%—4% of the stand volume, and in the 1.1-5.0 cm class—7%-20%. However, in the young
(four- and eight-year-old) stands, the share of the thickness class 0.0-1.0 cm was higher and
amounted to 8%-16%, and in class 1.1-5.0 cm—18%—-65% of the stand volume.

Considering the thickness structure of the main stands No. 1-7 (excluding the sec-
ondary ones)—Table A1—The share of the class 15.1-20.0 cm was 32%-61%, and the share
of the class 20.1-25.0 cm—9%—29%. In the 41-year-old stand (No. 8), almost one-third of
the volume was in the classes 15.1-20.0 and 20.1-25.0 cm, and 11% of the volume was
25.1-30.0 cm thick. The significant share of wood with a thickness of 5.1-15.0 cm (17% in
total) was because more than half of the volume of these fractions were branches (Table A1).
In the oldest, a 64-year-old stand (No. 10), the stems of the trunks exceeded the thickness
of 40 cm (the share of the 40.1-45.0 cm class was 4%), and the timber over 30 cm thick
accounts for 44% of the stand volume (Figure 4). The branches (limbs) were over 20 cm
thick, and their share in the thickness of the fraction 20.1-25.0 cm, was over 40% (Table A1).
Stand No. 9 differed from the general tendency to expand the range of wood with the age
of the stand, in which, for the reasons described above, the thickness of the trunks in the
butt part (thickest) did not exceed 15 cm, although the stand was 33 years old.

When analyzing the volume of the stands, it can be concluded that the productivity of
black locust is mainly affected by sunlight and moisture conditions. For this species, the
abundance of nutrients plays a less important role, while black locust grows well on poorly
abundant soils, often subject to erosion processes. Studies in equate-age stands located
on the same soils with slight differences in the nutrient content (stands No. 1-5, Table 2)
indicated sunlight and moisture conditions as factors determining the growth of stands.
Black locust grows well on damp, shaded slopes with northern exposure, an example
of which is the volume of the stand No. 2 growing in the lower part of the slope (good
moisture conditions) with northern exposure (Figure 2). The stand volume in this area
was the highest—354 m® ha~!, exceeding the average volume of the remaining 35-year-old
stands on sandy soils (No. 1 and 3-5) by 60%. In stand No. 1, growing in similar sunlight
conditions, but in the upper part of the slope (worse moisture conditions), the volume was
lower, amounting to 270 m® ha~!, and higher than the average (by 20%). The same trends
in the differentiation of stand volume depending on the location on the slope (at the same
exposure) were found in stands No. 3 and 4 (Figure 2).

The performed statistical analysis confirmed differences in the volume between stands.
Also, this analysis showed the significance of differences between the volume of individual
thickness classes in stands of the same age with the probability of p = 0.0000. However,
when comparing the wood volume between all of them individual thickness classes,
regardless of age, no significant differences were found at the level of p = 0.1644. On the
other hand, in the group of stands aged 33, 35, 41, and 64 years, the probability was
p = 0.1226. In groups 33, 35, and 41—p = 0.3719. In the group of stands aged 35 and 41,
p = 0.2198, while in the group of 33 and 35—p = 0.6289. The highest probability was in the
group of 4 and 8 years—p = 0.80331. Probability (p) of differences in wood volume in all
stands between the following pairs of thickness classes: 0.0-1.0 and 1.1-5.0; 1.1-5.0 and 5.1-
10.0; etc. were respectively: 0.8048; 0.5165; 0.1004; 0.2265; 0.2760 and further in the next four
pairs below 0.05. The wood volume distributions in individual thickness classes for each
of the analyzed stands showed a second-degree polynomial trend with the coefficient of
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determination from slightly over 30% (stand 6) to 100% (stand 11). The resulting equations
of the trend line are presented in Table 4.

1 2
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Figure 4. Share of thickness classes in the volume of forest stands (numbers from 1-14 correspond to the numbering of
forest stands).
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Table 4. Trendline equations of the volume distribution in individual thickness classes.
Forest Stand/Area Number (;: g:s) Soil Trendline Equation Dectz:;f;;l::ilzgflzz

1 35 y = —6.2696x> + 55.296x — 57.73 0.4264
2 35 y = —6.6857x> + 62.937x — 66.98 0.3563
3 35 sand y = —3.7768x* + 33.055x — 34.01 0.4516
4 35 y = —1.9679x% + 21.644x — 14.04 0.8575
5 35 y = —3.7571x% + 32.223x — 26.68 0.6532
6 35 y =-3.5107x? + 37.035x — 39.66 0.3206
7 35 clay y = —3.3x% + 31.66x — 21.04 0.5409
8 41 y = —2.8286x2 + 31.457x — 32.743 0.4643
9 33 y = —8.575x? + 53.505x — 44.925 0.8645
10 64 y = —1.9674x? + 28.404x — 26.117 0.3982
11 4 dust y = —11.45x2 + 46.75x — 32.1 1

12 8 y=—25x%+18.4x +9.4 0.775
13 8 y = 3.425x% — 3.635x + 19.325 0.4789
14 8 y = —0.225x + 11.215x + 6.825 0.9203

Abbreviations: x—variable wood thickness, y—correlation equation, wood volume depending on its thickness.

4. Discussion

The research was conducted in 14 stands of different ages (from 4 to 64 years old) and
different origins, in very different soils and with different intensities of nursery treatments
(loosening cuts). Under the conditions of the research, the volume of tree stands in the
discussed areas varied. The number of trees in the main stands ranged from 580 to 1029 and
in the secondary—575-1525 pcs. ha~!. The main stands’ average height was 15.5-19.0 m,
while the average DBH in the main stands ranged from 16.0 cm on the sand slope with
southern exposure (stand No. 5) to 23.5 cm on the lower part of the sand embankment
with the south-eastern exposure.

During the study, it was found that sunlight and moisture conditions mainly influ-
enced the volume of stands. The black locust grows remarkably in less fertile soils, often
subject to erosion processes. The studies in stands of equal age located on the same soils
with slight differences in the content of nutrients (stands No. 1-5, Table 2) indicated light
and moisture conditions as factors determining the growth of stands. Black locust grows
well on damp, shaded slopes with northern exposure, an example of which is the volume
of the stand No. 2 growing in the lower part of the slope (good moisture conditions) with
northern exposure. The stand volume in this area was the highest—353.8 m?3 ha—1, exceed-
ing the average volume of the remaining 35-year-old stands on sandy soils (No. 1 and 3-5)
by 60%. In stand No. 1, growing in similar light conditions, but in the upper part of
the slope (worse moisture conditions), the volume was lower, amounting to 270 m3ha~ 1,
and higher than the average (by 20%). The same trends in the differentiation of the volume
of stands depending on the location on the slope (at the same exposure) were found in
stands No. 3 and 4. The same dependencies in terms of location on the slope and soil
moisture were observed by Ziemnicki et al. [45] and Wegorek [11]. Their research was
carried out on the same stands, but they were carried out in the earlier years of growth.
Montovani et al. [29,30] write extensively about the demand for water when the black
locust grows in their works. However, excessive soil moisture is not advisable. Huntley
and Pacyniak indicate poor tolerance of black locust to heavy and wet soils. The fact
that this species performs very well in marginal soils was shown in their research by
Ziemnicki et al. [45] and Gilewska [10].

The volume of the analyzed stands, due to their different age, was very diversified
and ranged from less than 30 (No. 11, 4-year-old stand) to less than 550 m3 ha~! (No.
10, 64-year-old stand). However, the values observed were comparable to those reported
in the literature. According to research by Huntley [1], 126 m® of wood per 1 ha in the
USA are obtained from 27-year-old plantations. In the study by Andrasev [3] carried
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out in 15 stands of black locust in predominant age of 2143 years, located in Vojvodina
(Serbia) on the chernozem subtype (A), the minimum volume was 160 m>® ha~! and the
highest 459 m® ha~—!. However, on the chernozem subtype (B), the smallest thickness was
145 m3 ha! and the highest 368 m® ha=!. According to the research by Pacyniak [4],
the volume of 50-year-old tree stands (in forest habitats in Poland) amounted to slightly
over 292 m3 ha~!.

Among woody plants used for energy, willows and poplars are the most widespread
in Poland [51-54]. Hence, an attempt was made to relate the research results to the relevant
yields of wood obtained from energy plantations of these plants given in the literature.
However, these comparisons should be considered approximate, especially in assessing
black locust productivity under the conditions of own research, due to the different nature
of the habitats, production conditions, and production cycle. In Poland, a significant yield
of bush willows was obtained by Szczukowski et al. [51] in the experiments carried out
on the wheat complex’s brown soil, where the average dry matter yield of shrub willow
wood in the four-year production cycle was 79.31 Mg ha~!. Zajaczkowski et al. [52] and
Niemczyk et al. [53] indicate that the average dry matter yield of willow wood in two
three-year production cycles on the soil made of lightweight clay was 30.92-42.48 Mg ha™!,
and the dry weight yield of poplar wood (in three-year cycles) 43.45-50.11 Mg ha~!, while
for poplars in the five-year cutting cycle, it was from 10 to 40 Mg ha~!. These results
indicate, however, that the black locust under the research conditions is a species with
lower productivity.

Own research shows that as the age of stands increased, the share of trunk wood
relating to the wood of branches increased. The share of wood up to 5.0 cm was small in
older stands, at most a dozen or so percent. However, in young stands (4 and 8 years old),
the share of the thickness class up to 5 cm was even 65% of the stand volume. In 35-year-old
stands, wood fractions of 15.1-20.0 cm were dominant. In the oldest, the 64-year-old stand,
over 30 cm thick wood constituted 44% of the stand volume. It is not easy to compare these
results with the works of other researchers in terms of the wealth identified and assessed in
individual classes. The results of the studies by Cui et al. [36] as cited by Dimobe [55] and
Junior et al. [56] indicate that the amount of biomass in terms of thickness, e.g. branches
and trunks, is very dependent on the age of the trees. Additionally, Dong et al. [57] showed
that the share of trunks and branches is very dependent on the DBH. On the other hand,
Riofrio et al. [58] show that different soils and age of stands influence the differentiation of
the share of biomass in each element of trees. Own research shows that between the same
classes repeated in stands of different ages, the variation in the amount of wood in m® ha™!
was statistically insignificant with p = 0.1644. The strongest relationship was between
the two smallest classes with p = 0.8048. The designated trend lines and the equations
describing them indicate a polynomial distribution of the second degree of wood volume
in individual thickness classes. The matching coefficients take values over 50%, only in
some cases they were values close to 30%.

5. Conclusions

The black locust grows well in degraded habitats subject to erosion processes.
The biomass volume from such stands was comparable to that of forest habitats. Im-
portantly, these tests made it possible to show the share of thickness in individual classes
of wood thickness. The results of the research indicate that between individual stands,
different habitats and age, the individual thickness of the individual classes did not differ
statistically significantly. The smallest differences in volume were noted for stands aged 4
and 8 years, as well as between thicknesses classes 0.0-1.0 cm and 1.1-5.0 cm. Additionally,
the distribution of wood thickness in individual thickness classes for the stands in question
was described by the trend line equations.

Considering the habitat conditions, competition for agricultural production space,
using marginal soils, and the intensity of breeding energy plantations of willow and poplar
faced with the growth conditions of the stands based on which the research was carried
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out, it seems that black locust can be recommended for establishing tree stands and energy
crops on various forms of wasteland to obtain medium-sized timber. This species does
better than other similar purpose species in these site conditions.

It would be advisable to extend the research to other types of wastelands and to
determine the optimal felling age (length of the production cycle) and the method of
renewing black locust plantations (stem suckers, root suckers), which would verify the
dendrometric measurements made and increase the accuracy of the developed models for
estimating the biomass volume as a function of wood thickness.
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Appendix A

Table Al. Abundance of forest stand bark (m3 ha—1).

Thickness Main Forest Stand Secondary Forest Stand Total Forest Stand
No. Forest Stand

Classes (cm) Trunk Branch z Trunk Branch ¥ Trunk Branch z

0.0-1.0 - 31 31 - 0.7 0.7 - 3.8 3.8

1.1-5.0 - 17.7 17.7 - 2.0 2.0 - 19.7 19.7

5.1-10.0 13.8 254 39.2 19.5 - 19.5 33.3 254 58.7

1 10.1-15.0 432 - 43.2 3.3 - 33 46.5 - 46.5
15.1-20.0 120.8 - 120.8 - - - 120.8 - 120.8

20.1-25.0 20.3 - 20.3 - - - 20.3 - 20.3
b 198.1 46.2 2443 22.8 2.7 255 220.9 489 269.8

0.0-1.0 - 7.5 7.5 - 24 24 - 9.9 9.9

1.1-5.0 - 24. 9 249 - 9.9 9.9 - 34.8 348

5.1-10.0 17.7 17.7 21.6 - 21.6 39.3 - 39.3

2 10.1-15.0 70.9 - 70.9 8.5 - 8.5 79.4 - 79.4
15.1-20.0 164.1 - 164.1 - - - 164.1 - 164.1

20.1-25.0 26.3 - 26.3 - - - 26.3 - 26.3
by 279.0 324 311.4 30.1 12.3 424 309.1 447 353.8

0.0-1.0 - 4.1 4.1 - 3.1 3.1 - 7.2 7.2

1.1-5.0 - 10.4 10.4 - 7.9 7.9 - 18.3 18.3

5.1-10.0 9.2 5.4 14.6 44.8 - 44.8 54.0 54 59.4

3 10.1-15.0 38.7 - 38.7 9.3 - 9.3 48.0 - 48.0
15.1-20.0 66.9 - 66.9 - - - 66.9 - 66.9

20.1-25.0 11.7 - 11.7 - - - 11.7 - 11.7
b 126.5 19.9 146.4 54.1 11.0 65.1 180.6 30.9 211.5

0.0-1.0 - 3.3 3.3 - 5.7 5.7 - 9.0 9.0

1.1-5.0 - 29.4 294 - 9.9 9.9 - 39.3 39.3

5.1-10.0 11.9 14.2 26.1 353 - 353 47.2 14.2 61.4

4 10.1-15.0 375 - 375 - - - 37.5 - 375
15.1-20.0 52.9 - 529 - - - 529 - 52.9

20.1-25.0 420 - 42.0 - - - 42.0 - 42.0
by 144.3 46.9 191.2 35.3 15.6 50.9 179.6 62.5 242.1

0.0-1.0 - 4.1 4.1 - 1.0 1.0 - 5.1 5.1

1.1-5.0 - 22.8 22.8 - 2.5 2.5 - 25.3 25.3

5 5.1-10.0 11.8 10.3 22.1 31.8 - 31.8 43.6 10.3 53.9
10.1-15.0 60.8 - 60.8 - - - 60.8 - 60.8

15.1-20.0 335 - 33.5 - - - 33.5 - 33.5
2 106.1 37.2 143.3 31.8 35 35.3 137.9 40.7 178.6
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Table A1. Cont.

Thickness Main Forest Stand Secondary Forest Stand Total Forest Stand
No. Forest Stand cl
asses (cm) Trunk Branch X Trunk Branch z Trunk Branch X
0.0-1.0 - 4.3 4.3 - 0.7 0.7 - 5.0 5.0
1.1-5.0 - 20.3 20.3 - 5.8 5.8 - 26.1 26.1
5.1-10.0 6.3 3.8 10.1 16.4 - 16.4 22.7 3.8 26.5
6 10.1-15.0 37.6 - 37.6 1.3 - 1.3 38.9 - 38.9
15.1-20.0 124.5 - 124.5 - - - 124.5 - 124.5
20.1-25.0 23.5 - 23.5 - - - 235 - 23.5
z 191.9 28.4 220.3 17.7 6. 24.2 209.6 349 244.5
0.0-1.0 - 49 49 - 1.7 1.7 - 6.6 6.6
1.1-5.0 - 425 425 - 6.1 6.1 - 48.6 48.6
7 5.1-10.0 18.5 - 18.5 425 - 425 61.0 - 61.0
10.1-15.0 73.7 - 73.7 - - - 73.7 - 73.7
15.1-20.0 48.6 - 48.6 - - - 48.6 - 48.6
z 140.8 474 188.2 425 7.8 50.3 183.3 55.2 238.5
0.0-1.0 - 4.7 4.7 - - - - 4.7 4.7
1.1-5.0 - 18.2 18.2 - - - - 18.2 18.2
5.1-10.0 115 14.8 26.3 - - - 11.5 14.8 26.3
8 10.1-15.0 8.4 7.6 16.0 - - - 8.4 7.6 16.0
15.1-20.0 829 - 82.9 - - - 82.9 - 82.9
20.1-25.0 81.4 - 81.4 - - - 81.4 - 81.4
25.1-30.0 26.1 - 26.1 - - - 26.1 - 26.1
% 210.3 45.3 255.6 - - - 210.3 45.3 255.6
0.0-1.0 - 2.6 2.6 - - - - 2.6 2.6
1.1-5.0 - 20.0 20.0 - - - - 20.0 20.0
9 5.1-10.0 46.2 - 46.2 - - - 46.2 - 46.2
10.1-15.0 29.3 - 29.3 - - - 29.3 - 29.3
z 75.5 22.6 98.1 - - - 75.5 22.6 98.1
0.0-1.0 - 3.4 3.4 - - - - 3.4 3.4
1.1-5.0 - 36.7 36.7 - - - - 36.7 36.7
5.1-10.0 4.2 29.9 34.1 - - - 4.2 299 34.1
10.1-15.0 57.0 10.8 67.8 - - - 57.0 10.8 67.8
15.1-20.0 8.2 11.4 19.6 - - - 8.2 11.4 19.6
10 20.1-25.0 26.6 19.2 45.8 - - - 26.6 19.2 45.8
25.1-30.0 95.7 - 95.7 - - - 95.7 - 95.7
30.1-35.0 131.2 - 131.2 - - - 131.2 - 131.2
35.1-40.0 87.9 - 87.9 - - - 87.9 - 87.9
40.1-45.0 214 - 214 - - - 21.4 - 214
z 432.2 111.4 543.6 - - - 432.2 111.4 543.6
0.0-1.0 - 3.2 3.2 - - - - 3.2 3.2
1 1.1-5.0 - 15.6 15.6 - - - - 15.6 15.6
5.1-10.0 5.1 - 5.1 - - - 5.1 - 5.1
z 5.1 18.8 23.9 - - - 5.1 18.8 239
0.0-1.0 - 23.6 23.6 - - - - 23.6 23.6
1.1-5.0 - 413 413 - - - - 413 413
12 5.1-10.0 37.0 - 37.0 - - - 37.0 - 37.0
10.1-15.0 44.7 - 44.7 - - - 44.7 - 447
z 81.7 64.9 146.6 - - - 81.7 64.9 146.6
0.0-1.0 - 119 11.9 - - - - 11.9 11.9
1.1-5.0 - 47.4 47.4 - - - - 47.4 47.4
13 5.1-10.0 124 5.2 17.6 - - - 124 5.2 17.6
10.1-15.0 66.8 - 66.8 - - - 66.8 - 66.8
z 79.2 64.5 143.7 - - - 79.2 64.5 143.7
0.0-1.0 - 19.3 19.3 - - - - 19.3 19.3
1.1-5.0 - 239 239 - - - - 23.9 23.9
14 5.1-10.0 35.3 7.6 429 - - - 35.3 7.6 42.9
10.1-15.0 46.6 - 46.6 - - - 46.6 - 46.6
Y 81.9 50.8 132.7 - - - 81.9 50.8 132.7
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