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Abstract: In a natural regeneration process, a community dominated by birch and aspen forms in the
site 35 years after a bilberry-type spruce stand is logged down. The newly formed ecotone complex
consists of four zones, each characterized by certain features of the ground vegetation and epiphytic
vegetation structure. The transitional zones and the mature bilberry-type spruce forest feature a clear
dominance of boreal dwarf shrubs (bilberry and cowberry). Another feature of the transitional zone
is a greater role of hygrophytic mosses of the genera Polytrichum and Sphagnum. Meanwhile, the
true mosses Pleurozium schreberi and Hylocomium splendens dominate under spruce forest canopy, and
the moss cover in the young deciduous stand is virtually nonexistent. The structure of epiphytic
vegetation depends on the habitat conditions—the surface of tree trunks in the transitional zone
is better lit and drier than inside the tree stand, which results in a higher abundance of epiphytic
lichens of the genus Cladonia. The deciduous–coniferous fine root biomass ratio is dependent on
the tree stand structure and is unrelated to ecotone zones. Overall, studies have demonstrated that
transitional zones have certain characteristic ecological and community features, which persist for a
long time after tree stand removal.

Keywords: ecotone complex; bilberry-type spruce forest; deciduous stand; clear-cut; edge effect;
ground vegetation; epiphytes; tree fine root biomass

1. Introduction

Russia contains half of all the world’s boreal forests, and their significance for maintain-
ing the climate, supplying people with timber products, and performing other ecosystem
services is significant [1–5]. The cutting practice regulations [6] adopted in Russia rather
strictly limit the size of sites to be clear-cut as well as the cutting cycle (the period after
which the site immediately adjoining a previously clear-cut site can be clear-cut). Allowable
clear-cut site areas in mature and over-mature stands in exploitable forests of European
Russia cannot exceed 50 hectares irrespective of the tree species composition, and the corre-
sponding cutting cycle is 5–6 years for coniferous stands and 2–4 years for soft-wooded
deciduous stands. These restrictions are meant to ensure that natural regeneration can
proceed, on the one hand, and that fragments of the forest environment and, hence, the
biological diversity are preserved, on the other [7]. As a result, large areas form from
transitional forest to clear-cut sites of different ages (Figure 1). The interest in the ecotone
complexes forming after clear-cutting (forest—transitional zone—clear-cut site) is explained
not only by their wide occurrence, but also by the transformation of the environment and
the processes of vegetation regeneration in the transitional zone [8–10]. The characteristics
of transitional states over space and time in relation to phytosociology and sylviculture have
been drawing researchers’ attention since the early 20th century [11–13]. Trees immediately
neighboring clear-cut sites generate the conditions for mother tree species regeneration,
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reducing reforestation costs [14–18]. The spatial extent to which the forest edge influences
the microclimate and plant community parameters both into the intact forest site and into
the clear-cut site has been estimated differently by different authors depending on the
climatic belt, type of forest, and period since clear-cutting [19–21]. A suggested assumption
is that the forest edge effect extends to a distance equaling tree height [22]. In boreal
forests, the transitional zone width varies from 5 to 20 m depending on the period since
cutting [23–27]. In Russian forestry practice, a regulation for alternate strip cutting is that
the cut strip width must not exceed one and a half times the height of trees [6], implying
that the extent of the forest edge effect is thought to be less than one tree height. Our
previous studies [27] suggest that the forest edge effect does not extend beyond half of the
tree height.
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As a rule, the objects in edge-effect studies are plant communities in early regenera-
tion stages, within one decade since tree stand removal [19,23,27]. Changes taking place 
in the contact zone between two communities decades after the disturbances are consid-
ered less frequently [28–31]. Meanwhile, these studies can elucidate important issues such 
as the effect of the forest edge on woody species regeneration. It is not only the amount of 
regenerating woody saplings and their survival in the early stage of clear-cut regeneration 
that matters but also the tree layer formed in the ecotone complex (EC). The EC is a tran-
sition between two adjacent plant communities. Our focus here is the structure of the herb-
dwarf-shrub, moss-lichen, and epiphytic vegetation. 

Our preliminary studies have demonstrated that all EC zones have certain character-
istic features of the ground vegetation structure, which persist for a long time [26,27]. 
What are the causes of the differences? Some papers [32,33] talk about the connection be-
tween ground vegetation and the biomass of tree fine roots and the distribution of the 
latter across the soil profile. The question has therefore been raised regarding the role of 
fine roots, which provide trees with water and nutrients [34,35], in the making of commu-
nities in different ecotone zones. Knowledge about fine root growth and development 
processes is poor [36], and studies on the distribution of roots in ecotone complexes are 
all but missing. 

Another little-studied matter is the formation of epiphytic vegetation in boreal for-
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community age [37–39]. Perspectives that are discussed less often include the composition 
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Figure 1. Forest vegetation fragmentation—a mosaic of varying-age clear-cut sites in the study area.
Image borrowed from www.bing.com (accessed on 3 February 2022). The original image is on the left;
the image on the right has the boundaries between communities in different stages of post-logging
regeneration “highlighted”.

As a rule, the objects in edge-effect studies are plant communities in early regeneration
stages, within one decade since tree stand removal [19,23,27]. Changes taking place in
the contact zone between two communities decades after the disturbances are considered
less frequently [28–31]. Meanwhile, these studies can elucidate important issues such as
the effect of the forest edge on woody species regeneration. It is not only the amount of
regenerating woody saplings and their survival in the early stage of clear-cut regeneration
that matters but also the tree layer formed in the ecotone complex (EC). The EC is a
transition between two adjacent plant communities. Our focus here is the structure of the
herb-dwarf-shrub, moss-lichen, and epiphytic vegetation.

Our preliminary studies have demonstrated that all EC zones have certain characteris-
tic features of the ground vegetation structure, which persist for a long time [26,27]. What
are the causes of the differences? Some papers [32,33] talk about the connection between
ground vegetation and the biomass of tree fine roots and the distribution of the latter across
the soil profile. The question has therefore been raised regarding the role of fine roots,
which provide trees with water and nutrients [34,35], in the making of communities in
different ecotone zones. Knowledge about fine root growth and development processes is
poor [36], and studies on the distribution of roots in ecotone complexes are all but missing.

Another little-studied matter is the formation of epiphytic vegetation in boreal forests.
Epiphytes are commonly researched as an indicator of environmental quality and com-
munity age [37–39]. Perspectives that are discussed less often include the composition
and structure of epiphytic vegetation in communities forming in logged sites [40]. The
response of epiphytic vegetation to logging can be indirectly judged from its structure in
the forest communities adjoining mire sites, logged sites, and farmland [41–46]. At the same
time, there is hardly any information available on the structure of epiphytic vegetation
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several decades after cutting, when the forest no longer borders open space but neighbors
a community with fundamentally different tree-layer composition and structure [47].

Relying on our own previous data [26,27] and facts from the literature as background,
we set out to answer two main questions in this study:

1. Do the distinct transitional zones on the clear-cut side as well as on the forest side
persist 35 years after the clear-cutting of a bilberry-type spruce forest?

2. If the distinct transitional zones between the mature coniferous forest and the de-
ciduous stand do persist, what are the characteristic features of their plant commu-
nity structure?

2. Materials and Methods
2.1. Study Area

The studies were carried out in 2019–2020 in Pryazhinsky District, Republic of Karelia
(61.85◦ N 33.92◦ E) (Figure 2). The area belongs to the boreal biome. According to the
geobotanic zonation adopted in Russia [48], the study area belongs to the middle taiga
subzone. Absolute elevations in the study area vary between 80–150 m a.s.l.; mean annual
air temperature (over the past 10 years) is +2.5 ◦C, and mean annual precipitation is
600–650 mm. The coldest month is January (−10.7 ◦C). The warmest month is July
(+16.3 ◦C). The snow-covered period lasts from early November through April, and the
duration of the growing season is about 140 days—from mid-May through September
(Pryazha weather archives (www.rp5.ru, accessed on 28 July 2022)). The most common
types of forests in the study area are bilberry spruce and pine stands on sandy loam and
sandy soils, respectively. There are also areas of Sphagnum spruce and pine stands. Pristine
spruce- and pine-dominated coniferous forests used to prevail until the late 20th century.
As of now, areas of secondary mixed forest dominated by birch and aspen have become
widespread instead of the coniferous stands.
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Figure 2. Location of sampling plots: (a) geographic location of the study area; (b) locations of
sampling sites and plots; (c) photo from sampling site 2 (deciduous stand on the left, mature bilberry-
type spruce forest on the right).

2.2. Objects

Surveys were carried out in 2018 and 2020 in two sampling sites. Each site consisted of
two sampling plots representing adjacent forest communities: (A) 90-year-old bilberry-type
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spruce forests and (B) 35-year-old deciduous stands occupying the sites where bilberry-type
spruce forest had been clear-cut (Figure 2).

Apart from spruce, the tree stand in mature spruce (Picea abies (L.) H. Karst.) forests
(1A and 2A) was comprised of birch (Betula pubescens Ehrh.) and aspen (Populus tremula L.)
(Table 1). The ground vegetation was dominated by bilberry (Vaccinium myrtillus L.),
cowberry (V. vitis-idaea L.), and true mosses (Table 2). Their deciduous counterparts were
an aspen stand (1B) and a birch stand (2B), both of the forbs type, 35 years old, emerging
after forest clear-cutting in 1983. The ground vegetation dominants were species of forbs,
true mosses, and haircap mosses (Table 2).

Table 1. Inventory characteristics of tree stands in the sampling plots.

Site Plot Age, Years Composition
by Volume, %

Density,
103 Trees/ha

Average Volume,
m3/ha

Basal Area,
m2/haDiameter, cm Height, m

Site 1

1A 90

62 Spruce 1 16.7 17.2 251 26
15 Birch 0.2 18.4 20 62 6.2

15 Aspen 0.09 30.4 23.7 61 7.2
8 Pine 0.02 40.2 23.8 30 2.8

1B 35
57 Aspen 1.56 10.3 14.9 92 12.7
28 Birch 1.2 5.7 8.4 46 6.2

15 Spruce 3.2 2 2.7 24 5.3

Site 2

2A 90

77 Spruce 1.43 16.6 16.8 285 31.1
12 Birch 0.25 16 19 46 5
6 Aspen 0.04 25.4 24 22 2
5 Pine 0.02 34 24.5 20 1.8

2B 35
73 Birch 2.8 10.4 14.7 187 23.8

19 Spruce 1.07 9.6 9.8 48 7.7
8 Aspen 0.47 9.4 10 21 3.2

The 90-year-old bilberry-type spruce forest, 35-year-old deciduous stand formed
after clear-cutting, and the transitional zone between them constitute an ecotone complex
(Figure 3). We conventionally subdivide the ecotone complex into four zones: bilberry-type
spruce forest (or coniferous forest, CF), transitional zone on the forest side (or coniferous
forest edge, CFE), transitional zone on the deciduous stand side (or deciduous forest edge,
DFE), deciduous forest (DF).
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Surveys in bilberry-type spruce forests (1A and 2A) included mapping and complete
enumeration of trees in 0.1 ha areas (30 × 30 m2, 25 × 40 m2) with measurement of their
height and diameter at 1.3 m height. Trunk volumes (V) were determined by the formula
suggested by N. I. Kazimirov [49] applied to the conditions of Karelia:

V = (H + 2)/2.2 × (0.02 + 0.073 × D + 0.0695 × D2),
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where H is the average tree height in the diameter class, m; D is the diameter class, cm.

Table 2. Composition and average percentage covers of plants in ecotone complex zones.

Species

Average Percentage Cover, %

Site 1 Site 2

CF CFE DFE DF CF CFE DFE DF

Vascular plants:

Angelica sylvestris - - - - - - - 0.01
Athyrium felix-femina - - - 0.70 - - - -

Calamagrostis arundinacea 0.20 1.09 1.02 2.22 0.44 0.43 0.91 2.78
Convallaria majalis - - - - - - - 0.49

Deschampsia flexuosa 0.20 0.18 0.65 0.46 0.15 0.18 0.65 0.49
Dryopteris carthusiana 0.05 0.03 0.01 5.24 - - - -
Geranium sylvaticum - - - - - - - 0.01

Goodyera repens - - - - 0.01 - - -
Gymnocarpium dryopteris - - - 0.94 - - - -

Linnaea borealis 0.48 0.32 0.56 - - - - -
Luzula pilosa 0.04 0.02 0.38 0.22 0.04 0.05 0.27 0.09

Lycopodium annotinum 0.27 0.10 - - - - - -
Maianthemum bifolium 0.52 0.25 0.46 1.27 4.71 0.75 0.17 0.45

Melampyrum sp. 0.15 0.17 0.27 0.39 0.09 0.29 0.26 0.61
Orthilia secunda 0.26 0.04 0.16 0.05 - - - -
Oxalis acetosella 2.16 0.01 - 0.36 - - - -
Potentilla erecta - - - 0.02 - - - -
Rubus saxatilis - - - 0.59 0.09 - - 2.35

Solidago virgaurea 0.05 - 0.52 1.71 0.05 - 0.07 0.66
Trientalis europaea 0.21 0.10 0.44 0.47 0.07 - - 0.20

Vaccinium myrtillus 12.30 18.27 22.23 1.78 8.72 20.52 16.20 0.74
Vaccinium vitis-idaea 2.22 7.47 6.33 0.46 1.49 8.53 4.93 0.16
Veronica chamaedrys - - - 0.02 - - - -

Total number of vascular plant species: 14 13 12 17 11 7 8 13

Mean number of vascular plant species per 50 × 50 cm2 subplot 7.7 6.4 8.4 10.9 4.7 4.4 5.8 8.0

Pielou’s evenness index 0.50 0.38 0.46 0.80 0.49 0.44 0.46 0.77

Mosses:

Pleurozium schreberi 3.00 1.29 2.01 0.33 7.64 9.77 6.57 2.20
Hylocomium splendens 4.98 4.85 5.00 0.82 13.06 7.89 2.88 0.20

D. scoparium 3.45 1.28 3.51 1.42 1.22 7.51 2.23 0.89
D. polysetum 0.22 0.09 0.79 0.03 0.38 5.31 8.85 0.10

Polytr. commune 0.06 0.45 10.94 3.13 0.01 0.00 0.53 0.24
Sphagnum girgensohnii 0.18 0.44 2.92 0.25 0.00 0.00 0.00 0.00

Rhytidiadelphus triquetrus 0.02 0.13 0.00 0.00 1.58 0.00 0.00 0.00
Aulacomium palustre 0.01 0.02 0.33 0.02 0.00 0.00 0.00 0.00
Rhodobrium roseum 0.02 0.01 0.02 0.06 0.03 0.00 0.00 0.12

Plagiomnium 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01

Total number of moss species: 9 9 8 8 7 4 5 7

Mean number of moss species per subplot 3.7 3.9 4.9 2.7 3.3 3.4 3.7 2.1

Total number of higher plant species in the ground layer: 23 22 20 25 18 11 13 20

Note: CF—coniferous forest, CFE—coniferous forest edge, DFE—deciduous forest edge, DF—deciduous forest.

Total timber volume in the sample plot (m3) was found by multiplying trunk volumes
by the number of trees in the respective classes and then summing up the products. The
resultant total volume was converted to per hectare value. The composition of the stand
was estimated in percentages showing the volume contributions of each tree species to the
total volume.



Forests 2022, 13, 1468 6 of 16

The procedure for deciduous stands was different because of high stand density.
To map the tree stand characteristics of the deciduous communities, we established two
transects 2 m wide and 25 m long. Trees large enough to be inventoried (DBH ≥ 4 cm)
were registered along the transects. Trees with smaller diameters were regarded as tree
regeneration and analyzed separately. The inventory characteristics of the tree stands are
given in Table 1.

2.3. Methods

The structure of the forest communities was studied in transects (three at each sam-
pling site) running from spruce forest into deciduous forest. The transects were 50 m long
(25 m on each side of the interface of the forest communities). The transects were split
into 50 × 50 cm2 sampling subplots in which the percentage covers of species in the moss-
lichen and the herb-dwarf-shrub layers were estimated. There were 100 subplots in each
transect. In addition, the average shoot height of dwarf-shrubs (bilberry and cowberry)
was measured in each subplot.

We have demonstrated previously [26,50] that in terms of the ground vegetation and
tree regeneration characteristics, the transitional zones are approximately 8 m wide in each
direction both in a clear-cut site younger than 10 years and in the settings investigated here
(Figure 4). Thus, the transect along which forest community characteristics were studied
was conventionally split into EC zones of varying extent: CF—17 m, CFE—8 m, DFE—8 m,
DF—17 m. The interface between plots (spruce stand and deciduous stand) was 30 to
40 m wide.
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the aspen forest (in meters); dashed line is the interface of the communities (quoted from: [26]).

The species composition of vascular plants was determined for each EC zone. The
vascular species dominance structure in different EC zones was estimated by Pielou’s
evenness index, which takes values from 0 to 1, where 1 means that all species are repre-
sented in equal numbers. Pielou’s index is a variant of the Shannon index [51]: H/logN,
where H is the Shennon index and N is the species number. The measure of similarity
of the vascular plant species composition between EC zones was the Jaccard index [52]
Kj = c/(a + b − c), where a is the number of species in the first plot, b is the number of
species in the second plot, and c is the number of species shared by the first and the second
plots. The Jaccard index takes values from 0 (no shared species) to 1 (total similarity of the
species compositions). The similarity of the ground vegetation structure between EC zones
was examined by cluster analysis (Euclidian distance, Ward’s method).

Trunk-base epiphytic vegetation was described by recording the linear dimensions of
clumps of each species in the vertical projection for the four cardinal directions [53]. The
parameters recorded for each species were the height at which the species started growing
(bottom of the clump) and the height corresponding to the top of the clump. Only solid
covers were taken into account; solo plants potentially occurring at greater heights were
disregarded. Species’ names are given according to [54] with some modifications [55,56].
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Since epiphytic vegetation in 35-year-old communities was not yet fully formed and
comparison to the mature community was irrelevant, we studied it only in 90-year-old
spruce forests on spruce and aspen trees growing at different distances from the border
with the deciduous stand. The selection of the trees from which epiphytes were sampled
differed between the sites because of differences in the tree stand composition. The sample
set in site 1 was eight aspen trunks, on which the span of Hylocomium splendens (Hedw.)
Bruch et al. clumps was measured. In site 2, we examined 40 spruce trees, measuring
the clump sizes of Cladonia spp., crustose lichens, and bryophytes. Data from site 2 were
grouped into subsets equal intervals of distance from the forest communities’ interface with
5 m step (0 to 5 m, 5 to 10 m, etc.). The arithmetic mean and standard error of the mean were
determined for each subset. In addition, the relationship between changes in the abundance
of epiphytic species with distance from the interface of the two forest communities into the
spruce forest was investigated by correlation analysis (non-parametric Spearman’s rank
correlation coefficient).

To determine fine root biomass, 10 × 10 × 20 cm soil monoliths were sampled along
the transect running from spruce forest into deciduous forest in five to seven replications
for each EC zone (a total of 20–28 samples for each sampling plot). The monolith depth
was made 20 cm, considering that this soil layer contains 80%–90% of fine roots according
to different sources [36,57]. The monoliths were packed in plastic bags. After delivering the
monolith to the laboratory, tree roots (coniferous and deciduous separately, distinguished
by morphological traits: color and texture) up to 2 mm in diameter were picked out, oven
dried at 105 ◦C, and weighted using OHAUS PX224 analytical balance.

The data were checked for normality. Due to data inconsistency with the normal
distribution, data subsets were compared by the analysis of variance (one-way ANOVA,
non-parametric Kruskal–Wallis test).

3. Results
3.1. Ground Vegetation

Overall, the species diversity in the surveyed sites was quite low. The ground layer
contained a total of 23 vascular plant species. Deciduous communities (DF), however,
generally harbored a greater number of plant species than the mature spruce forest and the
transitional zones (Table 2). The average number of species per transect subplots was also
reliably higher in deciduous communities compared to other EC zones (p-value < 0.05).

Comparison of the species checklists of vascular plants growing in different EC zones
using the Jaccard index revealed no patterns (Table 3) except for the deciduous commu-
nities showing the lowest coefficients of similarity with other EC zones. A very different
picture appears when the species compositions are compared with regard to the percent-
age covers (Figure 5). In this case, the eight zones of the two sites formed four clusters
based on the abundance of vascular plants (Figure 5) paired by EC zone types, not sites,
although the young deciduous stands differed from each other in the tree stand and ground
vegetation composition.

Table 3. Similarity of vascular plant species compositions between ecotone complex zones in the two
plots (Jaccard index).

1CF 1CFE 1DFE 1DF 2CF 2CFE 2DFE 2DF

1CF 1 0.93 0.86 0.63 0.56 0.50 0.57 0.50
1CFE 1 0.79 0.58 0.50 0.54 0.50 0.44
1DFE 1 0.61 0.64 0.58 0.67 0.56
1DF 1 0.56 0.41 0.47 0.50
2CF 1 0.64 0.73 0.71

2CFE 1 0.88 0.54
2DFE 1 0.62
2DF 1

Note: CF—coniferous forest, CFE—coniferous forest edge, DFE—deciduous forest edge, DF—deciduous forest.
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The spruce forest and the transitional zones showed relatively low Pielou’s index
values (Table 2) because of the dominance of bilberry and cowberry in the ground layer,
and the values were the lowest in the transitional zone. Deciduous forest featured high
values of this index (0.78 on average) due to the higher species diversity and absence of
obvious dominants.

All vascular plant species in all EC zones can be conventionally split into three groups:
boreal dwarf shrubs, grasses, and forbs. The prevalent group in the spruce forest and the
transitional zone was dwarf shrubs, whereas the contribution of forbs and grasses was
minor. The abundance of dwarf shrubs in the transitional zone was much higher than in
the forest. Deciduous forest had the lowest total percentage cover because of a thick tree
layer, and the role of boreal dwarf shrubs in this zone was minimal, whereas grasses and
forbs prevailed (Figure 6).
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Bilberry and cowberry in transitional zones were noted both for greater percentage
covers and for 1.5–2.5 times greater shoot heights compared to plants growing under spruce
forest canopy and in the deciduous community (Table 4).
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Table 4. Mean percentage cover and shoot height values for bilberry and cowberry in the ecotone complex.

Site 1 Site 2

EC Zone EC Zone

CF CFE DFE DF CF CFE DFE DF

Height of bilberry shoots

M ±m 13.3 ± 0.3 a 19.1 ± 1.2 b 23.7 ± 1.2 c 11.6 ± 0.6 a 9.5 ± 0.3 a 13.4 ± 1.0 b 13.3 ± 1.2 b 6.0 ± 0.3 c

relative to
the value

in CF
1.0 1.4 1.8 0.9 1.0 1.4 1.4 0.6

Height of cowberry shoots

M ±m 11.1 ± 0.5 a 14.8 ± 1.2 b 14.6 ± 1.0 b 8.2 ± 0.6 c 10.1 ± 0.5 a 13.7 ± 0.9 b 9.3 ± 0.8 a 6.2 ± 0.6 c

relative to
the value

in CF
1.0 1.3 1.3 0.7 1.0 1.4 0.9 0.6

Note: letter indexes refer to significant differences (Kruskal–Wallis test, p < 0.05) in dwarf shrub shoot height
among EC zones in each plot. Zones: CF—coniferous forest, CFE—coniferous forest edge, DFE—deciduous forest
edge, DF—deciduous forest.

The moss layer also varied among EC zones. The percentage cover of the typical
boreal species Pleurozium schreberi (Brid.) Mitt. and Hylocomium splendens declined from CF
towards DF. Mosses associated with moist habitats (Polytrichum commune Hedw., Sphag-
num girgensohnii Russow) were the most abundant in the DFE zone (Figure 7).
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ordinate. Note: CF—coniferous forest, CFE—coniferous forest edge, DFE—deciduous forest edge,
DF—deciduous forest.
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3.2. Epiphytic Vegetation

Surveys of the plots detected a total of 20 species of epiphytic bryophytes. Of these,
nine species occurred on spruce (Brachythecium salebrosum (F. Weber & D. Mohr), Bruch et al.;
Dicranum fuscescens, Turner; Dicranum scoparium, Hedw; Plagiomnium cuspidatum, Plagiothe-
cium rossicum (Hedw.), T. J. Kop; Pleurozium schreberi, Ptilidium pulcherrimum (Weber), Vain.;
Sciuro-hypnum reflexum (Starke), Ignatov et Huttunen; Sciuro-hypnum starkei (Brid.), Ignatov
et Huttunen); 17 species grew on aspen (Brachythecium salebrosum, Campylidium sommerfeltii
(Myrin), Ochyra; Chiloscyphus profundus (Nees), J. J. Engel et R. M. Schust.; Dicranum sco-
parium, Hedw.; Hylocomium splendens, Hypnum cupressiforme Hedw.; Lewinskya elegans
(Schwägr. ex Hook. and Grev.); F. Lara, Garilleti and Goffinet, Nyholmiella obtusifolia (Brid.),
Holmen and E. Warncke; Plagiomnium cuspidatum (Hedw.), T. J. Kop; Ptilidium pulcherrimum
(Weber), Vain.; Pylaisia polyantha (Hedw.), Bruch et al.; Radula complanata (L.), Dumort.;
Rhodobryum roseum (Hedw.), Limpr.; Sanionia uncinata (Hedw.), Loeske; Sciuro-hypnum
reflexum (Starke), Ignatov et Huttunen; Sciuro-hypnum starkei (Brid.), Ignatov et Huttunen;
Seproleskea subtilis (Hedw.), Loeske).

Some species of terricolous mosses can also grow on living tree trunks. One of these,
Hylocomium splendens, dominated both in the ground layer and at the base of aspen trunks.
In site 1, the occurrence and vertical span of Hylocomium splendens clumps on aspen trunks
was found to correlate positively with the phorophyte’s distance from the interface between
the two forest communities (r = 0.76, p-value = 0.045). Right at the spruce forest and
deciduous stand interface, H. splendens was either totally absent from aspen trunks, or the
vertical span of its clumps was minimal (1–2 cm). The span of moss clumps on aspen trunks
increased further away from the interface, reaching a maximum of 60 cm at 30 m distance.

The vertical span of all epiphytic organisms on trunks in site 2 remained almost
invariable from the spruce forest outer edge into the forest (p-value > 0.5), being some
15 cm (Figure 8).
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As we moved away from the interface of the communities, the vertical span of epi-
phytic Cladonia spp. declined from 13.5 cm at the forest outer edge to 6.5 cm in the forest
interior (p-value < 0.001). Linear dimensions of crustose lichen clumps, on the contrary,
increased towards the forest interior, reaching a maximum (6.2 cm along the trunk) 15–20 m
away from the forest outer edge (p-value < 0.001). The clump length of all bryophytes
also increased into the forest, with a maximum 15–20 m away from the forest outer edge
(p-value < 0.003).
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3.3. Fine Root Biomass

In site 1, the total biomass of fine roots of tree species (spruce and deciduous) varied
significantly between zones (Table 5). Spruce root biomass declined steadily (p < 0.01) in the
bilberry-type spruce forest—transitional zone—deciduous stand sequence. The saturation
of the top layer of soil with deciduous roots showed no significant variation between EC
zones (except for the DFE zone, where their biomass was notably lower).

Table 5. Biomass of tree roots (diameter ≤ 2 mm) in the top 20 cm of soil.

Site 1 Site 2

Ecotone Complex Zone Ecotone Complex Zone

CF CFE DFE DF CF CFE DFE DF

Spruce roots, tons/ha 2.10 ± 0.2 a 1.75 ± 0.4 a 1.02 ± 0.16 b 0.61 ± 0.1 b 3.08 ± 0.9 a 2.39 ± 0.6 a 1.66 ± 0.13 ab 0.50 ± 0.08 b

Deciduous roots, tons/ha 1.25 ± 0.3 ab 1.78 ± 0.2 a 0.70 ± 0.2 b 1.56 ± 0.2 a 0.88 ± 0.07 a 0.74 ± 0.21 a 1.55 ± 0.4 a 3.05 ± 0.3 b

Roots of all species, tons/ha 3.35 ± 0.4 a 3.53 ± 0.5 a 1.72 ± 0.1 b 2.17 ± 0.1 b 3.96 ± 0.9 a 3.14 ± 0.5 a 3.11 ± 0.4 a 3.56 ± 0.3 a

Note: letter indexes refer to reliable (p < 0.05) differences in the amount of fine roots between ecotone complex
zones (one-way ANOVA, non-parametric Kruskal–Wallis test). Zones: CF—coniferous forest, CFE—coniferous
forest edge, DFE—deciduous forest edge, DF—deciduous forest.

In site 2, there was significant variation of the total (spruce and deciduous) biomass
of fine roots among zones (Table 5). The amount of spruce roots was greater in the spruce
forest, declining towards the young deciduous stand (p < 0.05). The biomass of deciduous
fine roots, on the contrary, increased in this direction (p < 0.01).

Importantly, differences between the CF and CFE zones in deciduous-root and spruce-
root biomass were insignificant in both sites.

4. Discussion

A mature stand adjoining middle-aged bilberry-type spruce forest was clear-cut
35 years ago. The ecotone complex forming as a result consisted of four zones: bilberry-type
spruce forest, transitional zone on the forest side, transitional zone on the clear-cut side,
and clear-cut site. After 35 years of natural community dynamics, these zones persisted
although the spruce forest reached maturity and the clear-cut was occupied by naturally
forming deciduous communities dominated by birch and aspen.

4.1. Ground Vegetation

Differences between EC zones in our study appeared in the number of vascular plant
species, the structure of the herb-dwarf-shrub and moss-lichen layers, and in the abundance
of epiphytic species.

The number of herb-dwarf-shrub-layer species was the greatest in the DF zone. Eleva-
tion of the species diversity in logging-transformed boreal forest communities has been
reported in many studies [29,58–60]. In fact, overstorey removal and emergence of many
vegetation-free microhabitats triggers a sharp rise in the species diversity, but a year or two
later, a system with 2–3 dominant species is established—in bilberry-type spruce forests,
these are usually boreal grasses and fireweed. As the tree layer regenerates, the abundance
of clear-cut dominants declines, but they do not “leave” altogether. In the relatively rich
conditions of young deciduous stands, a mosaic community with many species forms. The
mosaic is determined by the tree layer structure and the microtopography. The ground
layer in the community we studied was abundant (in addition to grasses) in forest ferns
and species typical of young deciduous stands: Melampyrum pratense, Oxalis acetosella,
Rubus saxatilis, and Solidago virgaurea. This structure explains the high value of Pielou’s
index. The dominant in both transitional zones (CFE, DFE) was bilberry, and in CF, cow-
berry co-dominated together with bilberry. The presence of clear dominants in combination
with a smaller total number of species results in a lower value of Pielou’s index. Similar
patterns in the ground vegetation structure have been observed in studies of boreal forest
dynamics [58,61,62]. The greatest divergence of DF from all other zones of the ecotone
complex is corroborated by Jaccard similarity index values.
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The analysis of similarity between EC zones regarding the percentage covers of vas-
cular plants proved they clustered together based on belongingness to a certain type of
zone rather than certain plot. As mentioned above, the herb-dwarf shrub layer responds to
changes in the tree layer, so similarity between the matching EC zones in different plots is
not surprising.

There is another result of practical significance that has to be emphasized. Transitional
zones of the EC show a rise in the percentage cover and average height of forest dwarf
shrubs. This means that the transitional zone both on the clear-cut side and on the forest
side proved to be more favorable for the growth of both bilberry and cowberry compared
to mature forest and, especially, compared to deciduous stand, where the abundance of
both dwarf shrubs was rather low. The reasons are the somewhat better illumination of
the transitional zone compared to spruce forest, on the one hand [63,64], and the lower
abundance of grasses and forbs than in deciduous forest, on the other [59,65].

Our results provide further evidence that terricolous mosses can act as indicator
species [66]. The abundance of forest mosses (Pleurozium schreberi, Hylocomium splendens)
was found to decline steadily from coniferous forest to deciduous stand. The latter had the
lowest percentage covers of true mosses, likely as a result of plentiful leaf fall [61]. At the
same time, the abundance of forest mosses associated with moist habitats—Polytrichum com-
mune, Sphagnum girgensohnii—was the highest in the DFE zone. Its elevated moisture can be
explained by the tree layer effect. The transitional zone between DF and CF is shaded but
lacks thick deciduous regeneration that could actively absorb moisture from the soil [67].

4.2. Epiphytic Vegetation

The fact that the structure of epiphytic vegetation depends on distance from the forest
edge is explained by the changing ecological conditions. For example, a study of light
conditions in an ecotone between a spruce forest site and a 10-year-old deciduous stand [50]
showed that illumination was the lowest in the spruce forest (CF) (2.5 kLx on average) and
increased (up to 10-fold) depending on aspects in transitional zones (CFE or DFE). The
forest edge is better lit and better “ventilated” than the forest, due to which tree trunks are
in a drier condition [42]. Further away from the forest edge, the vertical span of relatively
xerophytic epiphytes Cladonia spp. declined [47], whereas the total linear dimensions of
hygrophytic bryophytes [68] and crustose lichens increased.

4.3. Fine Root Biomass

Fine root biomass is a highly variable parameter influenced by multiple factors: soil
properties, tree species composition of the stand, its age, ecological and weather conditions,
and so on [35,69]. The similar values of both spruce- and deciduous fine root biomasses
in the CF and CFE zones in both plots are probably due to the relatively homogeneous
ecological conditions. The prevalence of spruce roots in the total tree root biomass in the
coniferous forest is explained by the dominance of the species in the tree stand, as illustrated
by stemwood standing stock and basal area values. The lowest biomass of spruce roots
was found in DF.

Deciduous species are pioneers that actively colonize territories vacated after clear-
cutting. As the root system of deciduous trees grows and develops, they turn into strong
competitors of spruce for nutrients [70,71]. In such stands, spruce occupies a subordinated
position. This is especially explicit in the DF zone of site 1, where the diameter and height
of spruce trees are much lower than those of the dominant deciduous species. Thus, the
high biomass of deciduous fine roots in the DF zone of both plots is a consequence of the
dominance of deciduous species above the ground.

The total biomass of tree roots in site 2 in general did not vary among zones. The
situation in site 1 was different: the total biomass of tree roots in zones DF and DFE was
significantly lower than in CF and CFE. Differences in fine root biomass corresponded
to differences in the basal areas of the respective stands (Table 1), which, as a number of
studies have demonstrated [72–74], is related to root biomass.
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Our study has demonstrated that the biomass of tree fine roots in ecotone zones is
largely dependent on the composition and inventory characteristics of the tree stands. Thus,
there is no obvious correlation between topsoil root saturation and alteration of ground
vegetation characteristics.

5. Conclusions

Thirty-five years after the clear-cutting of a bilberry-type spruce stand, a community
dominated by birch and aspen formed in the site through natural regeneration. Our studies
show that a transitional zone composed of 8 m-wide strips on the clear-cut side and the
forest side each persisted between the original spruce forest community and the secondary
deciduous stand. Thus, the newly formed ecotone complex consists of four zones (bilberry-
type spruce forest, transitional zone on the coniferous forest side, transitional zone on the
deciduous stand side, and deciduous forest), each with its characteristic features of the
ground vegetation and epiphytic vegetation structure.

The transitional zones are more favorable for the growth of the boreal dwarf shrubs
bilberry and cowberry: their percentage cover and shoot height in these zones are roughly
twice greater than in the mature spruce forest or the deciduous stand. The transitional
zone on the deciduous forest side features a relatively high abundance of the hygrophytic
mosses Polytrichum commune and Sphagnum girgensohnii. Boreal true mosses, on the other
hand, sharply decline in abundance from the bilberry-type spruce forest towards the
deciduous stand.

The structure of epiphytic vegetation was studied only in the bilberry-type spruce
forest, since its formation in the deciduous stand was not yet completed. The most abundant
group of epiphytic vegetation in the spruce forest edge zone was Cladonia spp., whereas
dominance in the forest interior belonged to true mosses. The most plausible explanation
for this pattern is the higher illuminance and drier surface of tree trunks at the forest edge.

Previous studies have not corroborated the hypothesis about the effect of tree root
systems on the structure of the ground vegetation. The total biomass of fine roots did
not depend on the ecotone zone. Differences in the spruce–deciduous roots ratio are
explained by the structure and characteristics of the tree layer. This aspect, however,
requires further study.

Overall, the study of the vegetation structure in two ECs of the same age but differing
in the tree species composition of the deciduous stand showed that matching zones of dif-
ferent plots correlated more closely with each other than with other zones in the same plot.
This pattern may indicate that the zones of transition from mature forest to transformed
communities have some special properties. These properties are not of purely scientific
interest but have practical implications as potentially optimal conditions for regeneration
of the mother tree species and growth of commercially significant species [27,60].
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