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Abstract: Forest plantations, which have a simplified structure and composition, are becoming more
frequent, raising concerns regarding their contribution to biological diversity in highly managed
landscapes. The biological value of a stand has been related to stand age, although stand properties,
which are often intercorrelated with it, yet are manageable, might be of primary importance. The
relationships between stand properties (age, structure and composition) and ground cover vegetation,
as a proxy for biological value, were assessed in Norway spruce stands with contrasting land use
history (low-density plantations on former agricultural land, unmanaged and old-growth stands) in
Latvia. The ground flora differed according to land use history of the stands. The principal gradients
of ground cover vegetation were related to the degree of deciduous admixture in the tree stand,
stand vertical heterogeneity (multi-layer; density and height of the understorey), light, age and site
fertility. However, the plantations were more species-rich and diverse, appearing as promising in
terms of biological diversity in intensively managed sites (especially periurban forests). The observed
relationships between ground cover vegetation and stand characteristics suggest that diversification
of the stand structures in plantations might reduce the recovery time of ground cover vegetation,
contributing to the ecosystem services provided under intensifying management and disturbances.

Keywords: ground flora; management; land use; environmental indicators; stand structures;
species richness

1. Introduction

Over the past three decades, the increasing demand for timber has accelerated the
expansion of forest plantations, thus contributing to the productive capacity of conventional
forestry [1-4]. Hence, the share of plantation forestry in the world’s roundwood produc-
tions has reached about 33% and continues to increase [5]. In northeastern Europe, both
economically and ecologically important Norway spruce (Picea abies H. Karst.) is projected
to decrease in abundance due to biotic and abiotic disturbances [6-9]. To mitigate such
effects, shortening the rotation period is suggested [10], thus increasing the importance of
plantation forestry [2,5]. The efficiency and intensity of plantation forest management can
contribute to reductions in the cost of climate change mitigation efforts [11,12].

Due to intensive management, plantation forests can notably differ from natural
forests in terms of species composition and ecosystem dynamics [13,14]. In Europe, forest
plantations are mainly short-rotation monocultures, hence stands with a simplified compo-
sition and structure [5] contrasting with the structural diversity of old-growth forests [15].
This affects biodiversity and ecosystem services [16,17]; hence, mimicking the features
associated with diversity via conventional management is essential in a highly managed
forest landscape [18,19]. Due to productivity, intensive plantation forestry can compete for
land with traditional forestry; however, productive plantations can also alleviate natural
forests from the burden of timber production [2].
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The biological value of a stand is largely determined by the composition and structure
of the canopy/overstorey, hence the stand forming trees [20,21], deadwood of different
decay stages [22,23] and veteran trees [24,25], which are essential for a set of taxa of trophic
chains [19]. In this regard, the canopy composition and stand vertical structures, which
are manageable stand properties [26], are considered the principal differences between
intensively managed and conservancy old-growth forests [27-29]. The high biodiver-
sity value of old-growth forests, however, has mostly been related to bryophytes and
fungi [30,31], particularly the protected and rare ones [32]. In contrast, vascular ground
cover vegetation favours disturbance; hence, it is richer and more diverse in younger stands,
which are recovering from stand-replacing disturbance [18,29,33,34].

Ground cover vegetation is a vital habitat for invertebrates [35,36]; it also channels
nutrient cycling [37], affecting stand productivity [38] and succession [39,40]. Ground cover
is directly affected both by natural disturbance and management, acting as an indicator of
ecosystem responses [19,41], although its succession carries the legacy effects of land use
history [33,42,43]. Hence, the succession stages and ground cover vegetation of same-age
stands with diverse land use history may differ [14]. Accordingly, ground cover vegetation
can vary regionally and locally [44]; hence, local sampling is necessary.

Plantation forestry facilitates the advancement of vascular plants, especially weeds [45],
similarly to severe wind disturbances [46,47]. The intensification of forest management
suggests biologically rich sites, regardless of species composition, as essential in terms of
both timber production and ecosystem services [48,49]. Hence, plantations providing rich
and diverse ground cover vegetation can contribute to ecological networks, facilitating
habitat connectivity in a fragmented landscape [50]. Furthermore, overgrown plantations
(exceeding productivity optimum) can naturalise promptly and provide valuable habitats
even for rare and endangered species [33,45].

The aim of the study was to assess the principal stand properties (age, structure and
composition) affecting ground cover vegetation in Norway spruce stands with contrast-
ing land use history (low-density plantations on former agricultural land, unmanaged
and old-growth stands) in Latvia. Hence, the subordinate objective was to assess the
potential of adaptive management in facilitating the biological diversity of intensively
managed stands. We hypothesised that the composition and dimensions of the dominant
(i.e., canopy/overstorey) trees were the principal drivers of ground cover vegetation, with
land use having a secondary effect.

2. Materials and Methods
2.1. Study Area and Stand Selection

The relationships between the dimensions and structural diversity of the tree stand
and ground cover vegetation in four plantations (PL), seven unmanaged (UM) and nine
old-growth (OG) forest stands dominated by Norway spruce in Latvia (N 55°40'-58°05’,
E 20°58'-28°14") were studied (Figure 1). The study region is situated in a hemiboreal forest
zone, where mixed stands of coniferous and broadleaved trees are typical [51,52]. Norway
spruce is the second most economically important species after Scots pine (Pinus sylvestris L.),
covering 19% of the total forest area (10.1% of the territory of Latvia).

The study region is situated in lowland conditions (less than 250 m above the mean
sea level) with a flat topography. Forests are largely (40% of the total area) growing on post-
glacial mesotrophic mineral podzolic soils (sandy and silty). The climatic conditions can be
described as moist continental [53], though with explicit coastal features resulting from the
proximity of the Baltic Sea. According to the National Weather Service (www.meteo.lv),
the mean annual temperature was +6.5 °C (ranging from 5.7 °C in the more continental
eastern part to 7.9 °C in the coastal areas), with February being the coldest (mean —3.1 °C)
and July (mean 17.8 °C) the warmest month, respectively. The mean annual precipita-
tion was 686 mm. The highest monthly precipitation fell during the vegetation period
(May-September; ca. 75 mm/month); yet, April was the driest month (36 mm). The main
climatic changes manifest as warming during the dormant period, which extends the
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vegetation period, with increasing variability in the moisture regime during the growing
period [54].
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Figure 1. Location of the studied sampling plots of plantations, unmanaged and old-growth stands
of Norway spruce in Latvia.

The studied PL were low-density Norway spruce monocultures established on for-
mer agricultural land with planting distances of 5 x 5 (400 trees ha~!; two plantations),
5 x 7 (286 trees ha=!) and 2 x 8 m (625 trees ha™'). The age of the PL ranged from
26 to 62 years (mean 45 years), and the area of the PL ranged from 1.2 to 4.6 ha (Table 1).
The studied UM stands were located in a protected area under coastal conditions in the
northwestern part of Latvia (Slitere National Park; Figure 1). The stands were selected from
the oldest reserve part of the national park, where no management has been performed
since 1923, including the stand-replacing windthrow of 1969, which caused canopy loss of
90-95% [55]. Before the storm, Norway spruce, Scots pine and birch (Betula pendula Roth.
and Betula pubescens Ehrh.) were the dominant tree species [55,56]. After the wind dis-
turbance, the canopy/overstorey recovered with Norway spruce and birch, but the un-
derstorey and the advanced regeneration mostly consisted of spruce [55,56]. The criteria
for selection were spruce as the dominating species in >50% of the stand basal area and
an area of >0.5 ha. The canopy species composition was verified during direct surveys
before sampling.

OG stands dominated by Norway spruce were selected from the forest inventory
database according to the criteria of the age of the dominant cohort > 160 years, area
of >0.5 ha, distance from villages (or larger settlements) and roads of >5 and 1 km, respec-
tively, and no recent record of management (thinning). Spatially stratified (even) selection
was implemented. Actual compliance with the pre-selected criteria was checked before
sampling; the dominant cohort trees were cored to verify the age. In case of signs of recent
(less than 40-50 years) management (stumps, sawn surfaces of logs, etc.), stands were
omitted. The verified age of the surveyed OG stands ranged from 172 to 194 (mean 186)
years. The studied OG stands were admixed with wych elm (Ulmus glabra Huds.) and
small-leaved lime (Tilia cordata Mill.) (Table 1).
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Table 1. Description and characteristics of plantations, unmanaged and old-growth stands of Norway
spruce in Latvia. For stand characteristics, mean values + standard error and differences by letters
are shown; means with different letters are significantly (p < 0.05) different.

Plantations Unmanaged Old-Growth Total
No. of stands 4 7 9 20
No. of forest inventory and
Vegetation plots (grids) 15 28 24 67
Stand age (mean, years) 2662 (45) (53) 172-194 (186)
Total DBH (cm) 336+15a 15.6 £ 05b 16.7 £ 0.8b
Canopy DBH (cm) 386+ 13a 21.1+05b 362+ 14a
Total H (m) 208+ 15a 172+ 03b 149+ 0.6 ¢
Canopy H (m) 233+09a 229+07a 26.8+0.7b
Total density (trees ha=1) 2733+ 196 a 1879.3 £ 116.1b 970.0 + 72.2 ¢
Canopy density (trees ha=1) 2227 +£15.7a 825.0 £359b 2325+ 194 a
Standing volume (m3 ha=1) 264.8 +253a 4280+18.1b 371.84+29.1b
Deadwood volume (m> ha—1) 594+33a 4344+9.0b 621 +87c
Proportion of spruce (%) 987+ 09a 623 +349b 528 +6.2Db

2.2. Measurements

In each stand, depending on the size, two to four circular plots with an area of
500 m? were established (Figure 2); accordingly, 15, 28 and 24 plots in the PL, UM and OG
stands were set up, respectively. Within each plot, the dimensions (height and diameter at
breast height) and positions of all trees (living and dead) with the diameter at breast height
(DBH) exceeding 6 cm were measured. The dimensions of undergrowth and advanced
growth with DBH of 2.1-6.0 cm were measured in a 90° segment of a 100 m? subplot (with a
common centre; Figure 2). For the lying deadwood thicker than 6 cm (thick end), the length
and diameter at the thin and thick end within the margins of the sample plot (intersected
by the plot) were measured. The surveys and sampling were conducted from 2020 to 2023.

Area = 500 m?
R=12.62m

Area =25 m?
R=5.64m

Area =1 m?

% a=1m

Figure 2. The scheme of the sample plot (tree stand), sector of the subplot (undergrowth) and grid
plots used for vegetation sampling in the studied plantations, unmanaged and old-growth stands
dominated by Norway spruce in Latvia.

For vegetation sampling, within each plot, a grid of 12 grid plots with dimensions
of 1 X 1 m arranged regularly according to the four cardinal directions with a spacing
of 1 m around the common centre was established (Figure 2). In each grid plot, the
relative projective cover of ground cover vegetation, separately for vascular, woody plant
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(at herbaceous layer) and bryophyte layer, by species in each plot, was recorded. The
projective cover was averaged for plots pooling the three layers; thus, the total projective
cover was allowed to exceed 100%. Additionally, the projective cover of wood debris and
forest litter was also recorded. Vegetation was surveyed in June-July 2022 for PL, 2019 for
UM and 2021 for OG stands.

2.3. Data Analysis

Stand characteristics (density, basal area and standing stock) based on measurements
of tree dimensions were calculated for each plot. Local volume equations [57] were used
for the estimates. For the lying deadwood, volume was calculated as for the truncated cone.
The structural diversity of tree dimensions was described by the interquartile difference
between DBH and H (iqrD and iqrH, respectively). Compositional diversity was charac-
terised by the share of deciduous trees, as well as the relative abundance of each species in
the canopy and understorey in terms of the basal area and count, respectively.

For quantification of ground cover vegetation, species richness, occurrence, total cover,
Ellenberg indicator values for vascular plants and Diill indicator values for bryophytes, as
well as the Shannon-Wiener diversity index (H'), were calculated [58]. The overall similarity
of ground cover vegetation among the PL, UM and OG stands was assessed using the
Analysis of Similarity (ANOSIM; [59]). Jaccard dissimilarity over 5000 permutations was
evaluated. To assess the main environmental gradients affecting ground cover vegetation in
the studied stands, detrended correspondence analysis (DCA, detrending with 26 segments
and downweighing rare species; [60]), which is an indirect assessment of ecological gradient,
was based on sample plot data. The DCA was supplemented with a matrix of site properties
(73 variables in total, among which 55 reflected the tree stand) to test for correlation with
the principal two gradients in ground cover vegetation. The site properties tested were
the derivatives of the measurements of tree stand and the composition of ground cover
vegetation of the plots. Linear multiple mixed regression was used to estimate the principal
environmental drivers related to the first two estimated ground cover vegetation gradients
from those showing significant correlations. To account for dependencies in the data arising
from sampling design, the stand was used as the random effect. An arbitrary selection
principle was implemented for the selection of fixed effects. Collinearity of the predictors
was evaluated using the variance inflation factor; the compliance of the models with
statistical assumptions was evaluated using diagnostic plots. Data analysis was conducted
in R v. 4.2.3 [61] using the packages “Ime4” [62] and “vegan” [63].

3. Results

The studied stands differed in structure, with the UM and OG stands having stratified
diverse canopy as opposed to PL, which had a more simplistic structure with single-layer
canopy. Accordingly, the differences in the mean values of the canopy and overall DBH and
H were higher in UM, and particularly OG stands. Nevertheless, the dimensions of canopy
trees were similar among the PL, UM and OG stands (Table 1). The standing volume of
UM and OG stands (mean =+ standard error of 428.0 + 18.1 and 371.8 + 29.1 m® ha™!,
respectively) was twice as high as in PL (264.8 + 25.3 m® ha~!), although in OG, it ranged
more widely (82.8-608.4 m> ha~!). The density of UM stands was seven times denser than
that of PL (1879.3 + 116.1 and 273.3 + 19.6 trees ha~!) and two times denser than that of
OG (970.0 + 72.2 trees ha—1). The PL had little deadwood, while UM and OG stands were
quite rich in deadwood (5.9, 43.4 & 9.0 and 62.1 & 8.7 m3 ha~!, respectively); however, in
OG stands, most of the deadwood was lying (42.9 + 5.7 m>® ha~!) (Table 1).

The canopy of PL stands was formed by a single species (222.7+ 15.7 trees ha~!;
Table 1); nevertheless, a slight silver birch and goat willow (Salix caprea L.) admixture (single
trees per plot) recruited the canopy between planted spruces. Considering natural regener-
ation, the UM stands (canopy and undergrowth trees) were composed of nine species; their
canopy was mixed and mostly dominated by spruce (ca. 331 trees ha~!), co-dominated by
common aspen (Populus tremula L.) (ca. 315 trees ha~1), silver birch (ca. 247 trees ha=1) and
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with an admixture of Norway maple (Acer platanoides L.) (ca. 50 trees ha=1). The composi-
tion of OG stands was even more diverse, with 18 species; yet, their canopy was formed
by spruce (ca. 170 trees ha~!) and pine (ca. 84 trees ha~!), with an admixture of common
aspen (ca. 30 trees ha~!) and silver birch (ca. 28 trees ha~!). Accordingly, the admixture of
deciduous species in the canopy in PL was only 1%, while in UM and OG stands, it was
more than one-third (38 and 43%, respectively, Table 1).

The second canopy storey in the PL stands was scarce, formed by the slower growing
spruce trees (16 trees ha~!) and a few naturally recruiting birch and goat willows. In the
UM and OG stands, the second canopy storey was explicit. In the UM stands, it consisted
mostly of spruce (61%), but in the OG, the second canopy storey was diverse, formed by
spruce (27%) and deciduous species, among which small-leaved lime, wych elm (both
16%) and black alder (Alnus glutinosa (L.) Gaertn.) were the most common. In the PL
stands, the undergrowth was formed only by scarce spruces (29 trees ha~!); in the UM,
the undergrowth had a density of 184 axes ha~!, dominated by rowan (Sorbus aucuparia L.)
(48%), hazel (Corylus avellana L.) (32%) and spruce (18%), but a relatively denser and
richer understorey was found in OG stands (487 axes ha~!, 14 species, particularly hazel
and spruce).

The total projective cover of ground cover vegetation exceeded 100% only in PL,
indicating an overlap of the layers, while in UM and OG, it was smaller by almost half,
while ranging widely in UM stands (Table 2). The lowest cover of litter was found in
PL (16.8 £ 6.3%, p-value < 0.001), while UM and OG stands were rich in litter, which
covered approximately half of the sample plot area (47.6 &= 6.2%). In general, bryophytes
were the most abundant; vascular plants were slightly less frequent; and woody plants
were scarce. The overall richness of ground cover vegetation of the studied stands was
generally intermediate, with 152 ground cover species counted in total. Among these,
107, 22 and 23 were vascular plants, woody plants and bryophytes, respectively. Nev-
ertheless, total species richness, as well as that of vascular plants, was higher in PL and
OG compared to UM (Table 2). The richness of bryophytes was similar, irrespectively
of management type. The distribution of ground cover species, as indicated by H', was
intermediate. Nevertheless, the H' was higher for vascular plants in the PL stands; yet,
in UM and OG stands, the lower values implied that vascular vegetation had an explicit
dominance structure.

Table 2. General description of ground cover vegetation in the studied spruce plantations (PL),
unmanaged (UM) and old-growth (OG) stands in the hemiboreal forest zone, Latvia. Mean value
+95% confidence interval (CI) are shown. Different letters (a b c) indicate significance between
management types; means with different letters are significantly (p < 0.05) different.

Management Ground Flora Vascular Woody Bryophyte
Type Mean + CI Mean + CI Mean =+ CI Mean + CI
PL 313+1.1a 213+12a 22+14a 77+12a
Number of species UM 178 +12b 82+13b 24+13a 72+11a
oG 235+11c 129+ 12c 36+12Db 69+12a
PL 1347 +14.1a 548 £10.2a 1l6+18a 784 +169a
Relative projective cover (%) UM 40.4 £51.2ab 128 £239b 08+41a 26.8 £41.3a
oG 879+139b 346+93Db 21+17a 5230 £155a
PL 28+02a 26+02a 1.1£02a 09+02a
Shannon-Wiener index UM 25+0.1b 1.7+£02b 14+0.1b 08+02a
oG 26+0.1ab 20+02c 1.2+0.2ab 08+02a

The composition of ground cover vegetation in the studied stands differed, as evi-
denced by the dissimilarity estimate R = 0.64 (p = 0.001). Separate dissimilarity estimates
for bryophytes and vascular plants were somewhat lower (R = 0.58 and R = 0.52, respec-
tively). The main dissimilarities were related to the occurrence of species characteristic
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of meadows, scrublands and open forests, dominated by, e.g., Anthoxanthum odoratum,
Veronica chamaedrys and Dactylis glomerata (Table 3), which were abundant in PL stands. The
generalist forest species, e.g., Oxalis acetosella, Vaccinium myrtillus, Calamagrostis arundinacea,
Hylocomium splendens and Pleurozium schreberi, were more common in the ground cover
vegetation of UM and OG stands (Table 3).

Table 3. Occurrence and mean projective cover of most common species in the Norway spruce
plantations, unmanaged and old-growth stands (plots).

Plantation Unmanaged Old-Growth
Species Cover Occurrence Species Cover Occurrence Species Cover Occurrence
Vascular
Anthoxanthum 4 g7 66.67 Vaccinium 6.56 82.14 Oxalis acetosells 10,64 91.67
odoratum myrtillus
Veronica 8.74 93.33 Oxalis acetosella 5.02 89.29 Vaccinium 6.84 58.33
chamaedrys myrtillus
Oxalis acetosells ~ 7.63 60.00 Calamagrostis 357 64.29 Calamagrostis 521 75.00
arundinacea arundinacea
Melampyrum 7.54 93.33 Maianthermuum 2.16 89.29 Anemone 426 45.83
pratense bifolium nemorosa
Equisetum 6.58 53.33 Deschampsia 155 2500 Mercurquzs 290 2917
pratense flexuosa perennis
Poa nemoralis 6.31 60.00 Carex digitata 0.97 35.71 G”;Z;’fj;f”" 2.80 58.33
Dactylis 492 73.33 Dryopteris 0.89 46.43 Dryopteris 2.69 70.83
glomerata carthusiana carthusiana
Mycelis muralis 2.32 66.67 Luzula pilosa 0.83 32.14 Luzula pilosa 2.39 83.33
Hypericun 2.07 66.67 Equisctum 0.65 39.29 Vacciniunm 2.03 33.33
perforatum sylvaticum vitis-idaea
. Trientalis .
Galium mollugo 1.99 73.33 0.56 35.71 Carex digitata 1.98 54.17
europaea
Solidago 1.99 80.00 Gymnocarpirm 0.53 25.00 Maianthentim 1.84 70.83
virgaurea dryopteris bifolium
Woody
Picea abies 3.43 60.00 Picea abies 1.21 75.00 Corylus avellana 5.54 37.50
Sorbus aucuparia 0.57 26.67 Populus tremula 0.84 60.71 Sorbus aucuparia 1.95 79.17
Frangula alnus 0.47 33.33 Sorbus aucuparia 0.84 46.43 Picea abies 1.18 29.17
Acer platanoides 0.40 40.00 Acer platanoides 0.18 14.29 Ribes rubrum 1.10 37.50
Corylus avellana 0.37 26.67 Fraxinus 0.11 7.14 Populus tremula 0.67 29.17
excelsior
Bryophytes
Rhytidiadelphus 43.49 100.00 Hylocomium 12.07 96.43 Hylocomium 19.00 79.17
squarrosus splendens splendens
Pleurozium 2758 86.67 Cirriphyllum 9.47 100.00 Eurhynchisim 15.45 75.00
schreberi piliferum angustirete
Hylocomium 23.20 86.67 Rhytz‘dmdelphus 8.29 8214 Pleurozzum 8.89 58.33
splendens triquetrus schreberi
Cirriphyllum 22,62 80.00 Pleurozium 8.05 7857 Rhytidiadelphus 8.13 58.33
piliferum schreberi triquetrus
Riytidiadelphus 4 50 46.67 Dicranuimn 425 100.00 Plagiochila 7.11 7083
triquetrus polysetum asplenioides
Plagiomnium 512 5333 Plagiochila 356 6071 Sphagnum 598 25.00
undulatum asplenioides angustifolium
Polytrichum 448 20.00 Polytrichum 3.13 57.14 Sphagntim 446 12.50
commune commune girgensohnii
Plaglomnzum 338 73.33 Aulacomnium 158 35.71 Dicranum 2.77 45.83
affine androgynum polysetum
Plagiomnium 2.49 16.67 Dicranum majus 1.4 28.57 Polytrichum 245 37.50
ellipticum commune
Dicranii 2.40 60.00 Plagiomniim 0.82 28,57 Plagiomnim 2.40 45.83
polysetum undulatum ellipticum

Based on the projective cover of ground cover vegetation, two continuous principal
gradients were estimated using the DCA (Figure 3a,b). According to these gradients, the
UM and OG stands largely overlapped, while OG stands showed a wider range of scores,
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indicating a higher diversity of site conditions. The PL stands formed a distinct group with
a slightly wider range than UM, especially regarding the primary gradient.
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Figure 3. DCA ordination of ground cover vegetation species (a) and sample plots (b) according
to their projective (relative) cover in plantations, unmanaged and old-growth stands of Norway
spruce in Latvia. Species” acronyms (eight letters) are used according to [64]. Vectors show the cor-
relation between the principal two gradients represented by the scores of DCA and site properties.
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Abbreviations of vector names: L—light, K—continentality, F—moisture, T—temperature,
N—nitrogen, H'_total—Shannon-Wiener diversity index of all species, H'_vascular—Shannon—
Wiener diversity index of vascular species, Rich_woody—richness of woody species,
Cover_moss—cover of bryophyte layer, Cover_dw—cover of deadwood on ground,
DBH_canopy—diameter at breast height of canopy tree, Height canopy—canopy height,
Height_IlI—understorey height, Density_III—understorey density, Density_coniferous—density
of coniferous trees, Density_undergrowth—density of undergrowth, G_III—basal area of un-
dergrowth, Deciduous_%—proportion of deciduous trees, Spruce_%—proportion of spruce,
Spruce_I_%—proportion of spruce in canopy, Spruce_II_%—proportion of spruce in second canopy
layer, Age—stand age. Note that scales differ between the panels.

The primary gradient represented by DCA1 was related to tree stand composition
(the proportion of spruce and deciduous species) and light conditions, as indicated by the
strongest correlations with the proportion of spruce (also separate spruce in the canopy)
and the Ellenberg light indicator values. These factors (Figure 3b) were also positively
intercorrelated with continentality, humidity, temperature and cover of bryophytes. The
multiple regression indicated that the first gradient was complex, yet explicitly (high R?)
represented the light, temperature, height of the understorey and deadwood cover (on the
ground) (Table 4), as well as the proportion of spruce in the canopy, which were not collinear.
The analysis showed that the dimensions of canopy trees’ DBH, H and density were not
decisive for ground cover vegetation in this study. Species’ ordinations supported the
diversity and complexity of environmental variables related to the first gradient (Figure 3a).
Light-demanding species, such as Melampyrum pratense, Stellaria graminea and Tragopogon
pratensis, represented the high light part of the gradient, which corresponded to sites
with a lower proportion of deciduous trees (Figure 3a,b). Species typical for semi-open
coniferous forests, e.g., Vaccinium myrtillus, Pleurozium schreberi and Hylocomium splendens,
represented the mid-part, but full-shade species, such as Oxalis acetosella and Mercurialis
perennis, represented the low light part of the gradient. Most of the accounted ground cover
species were associated with medium light conditions (Figure 3b), while the high light
conditions were related to a smaller set of ground cover species—hence, a higher cover of
bryophytes. The low light part of the gradient consisted of sites with a higher admixture of
deciduous trees, favouring shade-tolerant species (Mercurialis perennis, Athyrium filix-femina,
Galeobdolon luteum) and higher evenness of ground flora (higher H').

Table 4. The relationships between the first two gradients of ground cover vegetation in the studied
plantations, unmanaged and old-growth stands and stand properties.

DCA1
Fixed effects
X2 p-value
Proportion of spruce in stand 7.4 0.007
Light 19.7 <0.001
Temperature 14.2 <0.001
Height of understorey 7.8 0.005
Cover of deadwood (on the ground) 17.5 <0.001
Model performance
R?, marginal 0.78
R?, conditional 0.92
DCA2
Fixed effects
X2 p-value
Nitrogen 10.5 0.001
Stand age 9.6 0.001
Model performance
R?, marginal 0.23

R?, conditional 0.64
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The second gradient of ground cover vegetation of the studied stands was shorter and
related to the age and fertility of stands, as indicated by the correlations with stand proper-
ties (age, N; Figure 3a,b), while showing a marginal correlation with DBH of canopy trees
and the proportion of spruce in the second canopy layer (Figure 3a,b). The gradient showed
a correlation with richness (ground flora, vascular plants, bryophytes), evenness (ground
flora, vascular plants, bryophytes) and the cover of vascular and woody species (Figure 3b),
which were related to the fertile parts of the gradient and the larger diameter canopy trees.
Stand age, which was considered the main factor of biodiversity, was intercorrelated with
the height of the canopy, density, height and standing volume of the understorey, as well as
the cover of deadwood, all of which are stand structure elements typical for older forests.
Nevertheless, the multiple regression indicated the nitrogen estimate and stand age as
the principal drivers of the secondary gradient, the effects of which were considerably
weaker, indicating a subordinate role in ground cover vegetation (Table 4). The strongest
correlation with the second gradient was observed for Mycelis muralis, Cirsium oleraceum,
understorey shrub species, e.g., Padus avium, Viburnum opulus, and bryophytes, such as
Thuidium tamariscinum and Atrichum undulatum.

4. Discussion

The studied PL of Norway spruce appeared promising for the provision of ground
cover of similar richness compared to OG and UM stands, despite the differences in age
and stand history. Although the ground flora species’ composition differed between the
management types, their composition was still typical for mesotrophic hemiboreal forests
on mineral soils within the Baltic region [65,66]. The compositional differences between
the PL and UM/OG stands obviously highlighted the land use and diverse stages of
forest succession, which led to differences in the stand structure and composition. PL
stands contained species characteristic for meadow-edge, scrublands and open forests,
e.g., Anthoxanthum odoratum, Poa nemoralis, Veronica chamaedrys, Dactylis glomerata and
Rhytidiadelphus squarrosus (Table 3), indicating recent disturbance, corresponding to forests
on former agricultural land and forests at early stages of succession [67-70]. Although UM
stands experienced a large-scale (stand-replacing) wind disturbance half a century ago, the
estimated continuous gradients of ground cover vegetation (Figure 3a,b) indicated that
the conditions in UM and OG stands have reached equilibrium [33] while continuing to
diversify locally [52].

In the OG and UM stands, ground cover species characteristic for the stable succes-
sional stage of development, e.g., Vaccinium myrtillus, Hylocomium splendens and Pleurozium
schreberi (Table 3), were the most common [67,71-73]. This suggested a rapid recovery of
ground cover vegetation after wind disturbance in unmanaged forests due to sufficient
propagules sheltered by residues of a previous stand [68,72], which was not the focus of
this study but gives us an opportunity to discuss the development of stands of similar
age in forest and non-forest lands. Consequently, in the PL, weeds and meadow-edge
species characteristic for former agricultural land were widely represented, but typical
forest species were absent. Therefore, a succession of ground cover vegetation is specific to
the site and stand history [14]. Hence, the efforts to mimic and/or accelerate the natural
regeneration of climax species have been considered from challenging to impossible, as
the principal gradients might be altered [74,75]. Accordingly, a similar study in PL on
agricultural and forest land must be highlighted in future research.

The ordination of sample plots (Figure 3b) showed that management type was sig-
nificant for ground cover vegetation, as grouping was visible. The close grouping of the
UM plots may also be due to the close location of stands (Figures 1 and 3b), hence the
similar site conditions, while the estimated dissimilarities within OG stands could likely be
attributed to differences in microsite conditions and fertility gradient (N, Figure 3b), which
favoured ferns and forbs, such as Anemone nemorosa, Hepatica nobilis and Asarum europeaum
(Figure 3a; [76,77]). The separate and relatively close group of PL plots could be related to
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the homogeneous stand age, composition, structure and land use history characteristic for
the PL [29].

Ground cover vegetation was related to stand properties, suggesting linkage with
management and stand history [18,21,78], as indicated by the correlations of the main
identified gradients (Figure 3a,b). The proportion of deciduous/broadleaved canopy
trees, light conditions, fertility and structural diversity of the understorey, which deter-
mines the microclimate [79], appeared to be the main drivers of ground cover vegetation
(Figure 3a,b; Table 4). However, light was intercorrelated with continentality, temperature,
humidity and the proportion of spruce (as opposed to the proportion of broadleaved trees;
Figure 3b), indicating the complex effects of stand structure [21]. In this case, the admixture
of broadleaved trees and the multi-layer structure (Table 4) apparently had a positive effect
on habitat quality (specific species characteristic for the habitat), rather than the richness of
ground cover vegetation alone [80].

The stand density of coniferous trees (the layer and understorey; Figure 3b; Table 1),
which affects light availability, has been positively related to ground cover species’ richness
in low-density PL stands, likely favouring herbs [20,67,81], especially on former agricultural
land [68]. This supports the crucial role of light climate in ground cover flora, which
interacts with decreased litter under conifers (~17%), thus facilitating the establishment of
herbs [29]. In UM and OG stands, a high occurrence of feather mosses and dwarf shrubs
was observed, which could outcompete other ground cover vegetation lifeforms [33,82].
However, higher ground cover and its richness in monospecies PL (Table 2) contradicted
the correlation between canopy and ground cover richness [20,83], suggesting the persistent
biological value of low-density stands [84,85]. Nevertheless, the studied PL were still too
young for the formation of peaty forest floor and coarse humus with an acidic reaction [33],
which inhibits vascular plants [86-88]. The cover of lying deadwood, which is related to
the diversity of invertebrate and epiphyte communities [89,90], had a significant effect on
ground cover vegetation, particularly in OG and UM stands (Table 4). All of the stand
variables mentioned above, which improve the conditions for growth of ground cover
species, are manageable [91], suggesting explicit positive effects of broadleaved admixture
and slower growing understorey regarding the biological value of PL.

The second estimated gradient for ground cover vegetation (DCAZ2 in Figure 3a,b) was
related to stand age and fertility (Table 4). However, stand age, which is mostly considered
to be the key indicator for the biodiversity of forest ground vegetation [19,92], was subor-
dinate to stand structures (canopy composition, species’ proportion, understorey density
and height, etc.). This suggests the potential for intensive adaptive forest management to
facilitate biodiversity of commercial stands by reducing the time necessary for recovery
of vegetation, and hence, related communities. This is also promising for shortening the
rotation periods, allowing the mitigation of climatic risks [93]. The most fertile conditions
were observed under closed canopies of more mixed tree stands, where light is limited
(which can be correlated with N concentrations; [20,81]). The relatively high fertility in
UM stands was expected as nitrate leaching that is characteristic after wind disturbance
reached pre-storm levels during the fifth/sixth years in spruce stands [94]. Furthermore,
the highest richness, cover and evenness (H') of ground cover vegetation was observed
in the younger PL stands, indicating the potential of management-facilitated biological
diversity and ecological connectivity of habitats in managed stands [95]. On the other hand,
these relationships might be an artefact of disturbances [80], which were explicit in UM
and PL stands, but in most cases, they were not an indicator of the quality and functioning
of the ecosystem [92].

This study confirms that PL are more species-rich (especially of vascular plants) than
UM and OG stands (Table 2; [80]), but this is mostly based on the high diversity of vascular
plants, which is not the case for bryophytes (Table 2; [28]). The establishment of PL was
comparable to large-scale and high-intensity disturbance of recultivation favoured by
light-demanding vascular plants (Table 3; [33,34]), while the DCA analysis (Figure 3a,b)
indicated that the dominant species of UM and OG stands favoured semi-open conditions
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(mid-part of the light gradient in Figure 3a,b; [96-98]) formed as a result of forest self-
thinning. Some older sites with clearer vertical structures contained more shade-tolerant
late successional species, such as Oxalis acetosella [99] and Mercurialis perennis (Figure 3a,b).
Accordingly, the PL were more species-rich until some quality aspect of the species was
introduced. However, with the gradual introduction of forest species, the PL become
naturalised, and hence similar to UM and OG forests in terms of structure, composition
and even habitat [33,45,100]. Under the conditions of increasing forestry intensity, PL,
as species-rich sites, provide habitats for a wide range of native forest plants, animals
and fungi [45]), promote connectivity and provide buffering edge effects, being useful
components in urban forestry, open (rides) and degraded habitats, such as sanitary landfills,
wind farms, etc. [48,101,102].

5. Conclusions

The comparable effect of stand structural characteristics and stand age on ground
cover vegetation indicated that specific management might be an effective way to sustain
the biodiversity of middle-aged low-density commercial stands. This would contribute
to connectivity. Considering higher floristic indicators (richness, cover, evenness) in plan-
tation stands, they can be used as a promoter of biological diversity in intensively man-
aged/disturbed sites (especially periurban forests), but in forest landscapes, more attention
should be paid to species’ composition and their quality. Moreover, the origin of plantations
on former agricultural land absent of the origin material for forest-specific species should
be considered.

The unmanaged stands were able to maintain and restore their floristic condition
relatively quickly (the same age as plantations) after a strong wind storm, becoming
conditionally stable, thus performing the functions required by other taxonomic groups.
Accordingly, promoting stand composition (mixed with deciduous species) and structural
(height, diameter) and vertical (multi-layer) diversity in low-density plantations, which
mimics natural forest dynamics, can be effective in areas, which are essential for connectivity
under intensive management, sustaining forest multi-functionality.
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