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A B S T R A C T

Fast-growing hybrid aspen has been widely planted on former agricultural lands in Northern and Eastern Europe 
to produce pulpwood and sequester carbon into woody biomass. The biodiversity of mature hybrid aspen 
plantations has so far been rarely analysed. Moreover, the potential of hybrid aspen plantations to host flora 
typical of European aspen stands – recognised as biodiversity hotspots in Eurasian boreal forests – has not been 
evaluated. This study focused on two organism groups with contrasting habitat preferences – ground-dwelling 
herbs and epiphytic lichens. We sought to clarify how environmental and landscape factors influenced the di
versity of herbs, lichens, and species characteristic of European aspen stands (EA species). Data were collected 
across 42 study plots within 20 hybrid aspen plantations in Estonia. Altogether, 162 herb species and 65 lichens 
were recorded, including 92 species also found in European aspen stands. The proportion of EA species was 
higher among lichens (86.2 %) than among herbs (22.2 %), reflecting a stronger legacy effect of former agri
cultural land-use on ground-dwelling species than on epiphytes. Responses of herb and lichen diversity to 
environmental variables differed. Richness of herbs was related to litter and stand characteristics. Compositional 
analyses also highlighted the role of soil-litter variables and stand structure in herb composition. Lichens 
responded to landscape-related variables. A greater extent of older forests around the study plots increased the 
richness of EA species. In conclusion, mature hybrid aspen plantations are relatively species-rich and can 
enhance landscape connectivity for forest species, particularly epiphytes, in agricultural landscapes.

1. Introduction

Plantation forests play an important role in global wood production 
(Mishra et al., 2021), contributing significantly to the supply of indus
trial roundwood (FAO, 2022). In 2020, the worldwide area of inten
sively managed plantation forests was 158 million ha (FAO, 2025). To 
meet the future demand for wood products, the area of plantations is 
expected to increase by 20–40 million ha by 2050 (FAO, 2022). While 
the importance of plantations in timber production is immense (McEwan 
et al., 2020), intensively managed plantation forests are less appreciated 
as habitats for forest flora (Brockerhoff et al., 2008), especially when 
plantations comprise exotic species (Stephens and Wagner, 2007; 
Bremer and Farley, 2010; Wang et al., 2021). Although the overall 
species richness of plantations may be quite high (Carnus et al., 2006; 

Randrimananjara et al., 2025), they often host generalist and ruderal 
species and lack forest specialists (Archaux et al., 2010; Rédei et al., 
2020). The low number of forest specialists in plantations may be related 
to land-use history, e.g., when trees are planted on former agricultural 
land, the formation of the forest understorey is hampered by the legacy 
effects of previous land use (Randrimananjara et al., 2023), expressed in 
altered soil conditions (Blondeel et al., 2019; Manpoong et al., 2025) 
and dispersal and recruitment limitations (Bergès and Dupouey, 2019). 
Other contributing factors may include competition from more vigor
ously growing, light-demanding species (Randrimananjara et al., 2025), 
and the uniform structure of plantations (Pedersen et al., 2025), as forest 
specialists benefit from the heterogeneous forest structure (Smyčková 
et al., 2024). Forest species in plantations are also affected by man
agement practices (Spake et al., 2019) and plantation age (Wang et al., 
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2021). Thinnings promote light-demanding generalist species over 
specialist species (Haughian and Frego, 2016; Haughian, 2018), and the 
compositional similarity to natural forests increases when plantations 
mature (Tudge et al., 2023), with forest species becoming more abun
dant, especially in the proximity to old woodlands (Coote et al., 2013).

Hybrid aspen (Populus tremula L. × P. tremuloides Michx. = P. ×
wettsteinii Hämet-Ahti), an artificial cross between two phylogenetically 
close species (Cervera et al., 2005) – European aspen (P. tremula) and 
quaking aspen (P. tremuloides), has been extensively planted on former 
agricultural lands in Northern and Eastern Europe to produce pulpwood, 
logs, and energy wood in short rotations (Jansons et al., 2017; Hytönen, 
2018; Fahlvik et al., 2021). At the age of 20–30 years, mature hybrid 
aspen plantations are clear-cut. After this, hybrid aspens regenerate 
vegetatively from stumps and root sprouts, and second-generation 
plantations can be managed either with very short rotations (< 5 
years) or longer rotations (25 years) (Tullus et al., 2012; Hepner et al., 
2021). As the initial planting density of hybrid aspen is quite low 
(1100–1600 trees ha-1) and thinning practices are usually carried out in 
midterm plantations (Tullus et al., 2012), the amount of understorey 
reaching sunlight is high even in mature (age > 20 years) 
first-generation plantations (Tullus et al., 2025). Therefore, it may be 
expected that light-demanding herbs persist in the understorey of 
mature hybrid aspen plantations, and a tendency observed in the herb 
layer of young and mid-term plantations, where species typical to open 
communities prevailed and the proportion of forest species was low, 
continues (Weih et al., 2003; Soo et al., 2009; Tullus et al., 2015). 
Regarding epiphytic biodiversity, a study compiled in 16–17-year-old 
hybrid aspen plantations (Randlane et al., 2017) concluded that 
depending on the landscape structure, hybrid aspen trees may host a 
significant number of lichen-forming fungi consisting mainly of 
light-preferring sexually reproducing crustose species. At the same time, 
the diversity of herbs and lichens in plantations is associated with 
various environmental factors. In addition to light conditions and 
landscape structure, soil and litter conditions, stand attributes, and 
microhabitat availability also play an important role in shaping herb and 
lichen communities (Coote et al., 2008; Berg et al., 2013; Norden et al., 
2021; Tullus et al., 2022a; Randrimananjara et al., 2023; Corli et al., 
2025). However, herbs are mainly ground-dwelling, while lichens 
inhabiting the ground are out-competed by more vigorously growing 
vascular plants and bryophytes; for that reason, they can be found 
mainly on trunks and branches of trees in plantations (Randrimananjara 
et al., 2023; Randlane et al., 2017). Therefore, the diversity of herbs and 
lichens in plantations may be related to different environmental factors.

So far, biodiversity studies in mature first-generation hybrid aspen 
plantations have been scarce (Tullus et al., 2025), and no study has 
evaluated whether these plantations offer habitat for herb and lichen 
species characteristic of European aspen forests. In general, European 
aspen stands are considered biodiversity hotspots in Eurasian boreal 
forests, harbouring a high number of understorey and epiphytic species, 
including numerous aspen-associated species (Kivinen et al., 2020; 
Rogers et al., 2020). If hybrid aspen plantations provide habitat for the 
flora typical of European aspen stands, they could enhance landscape 
connectivity between forest patches and thereby foster aspen-associated 
biodiversity. Although the role of tree plantations in harbouring native 
forest flora has been repeatedly evaluated before (e.g., Coote et al., 
2012; Calviño-Cancela et al., 2013), these studies have not included 
hybrid aspen plantations, with the exception of one study on soil fungi 
(Rähn et al., 2024).

This study focused on ground-dwelling herbs and epiphytic lichens in 
mature hybrid aspen plantations on former agricultural land, being the 
first to analyse such plantations in terms of fostering aspen-associated 
biodiversity and enhancing landscape connectivity. We aimed to 1. 
identify the main environmental and landscape factors that affect the 
diversity of herbs and lichens in mature plantations, and 2. evaluate the 
potential of hybrid aspen plantations to host species typical of European 
aspen stands. We hypothesised firstly that the responses of ground- 

dwelling herbs and epiphytic lichens to environmental variables were 
somewhat different, i.e., the diversity of herbs was related to soil and 
litter conditions while the diversity of lichens was associated with the 
surrounding landscape, and both organism groups responded to stand 
structural attributes. Secondly, we expected to see that the diversity of 
species characteristic of European aspen stands was higher in planta
tions that were located in the proximity of existing older forest patches. 
We also hypothesised that lichen communities in hybrid aspen planta
tions hosted more species characteristic of European aspen stands than 
herb communities because understorey communities bear a strong 
imprint of agricultural land use, which is less evident in epiphytic 
communities.

2. Materials and methods

2.1. Study area

The study area comprised 20 hybrid aspen plantations, established in 
1999 and 2000 with one-year-old micropropagated plants on former 
agricultural land in the continental part of Estonia (Fig. 1). The size of 
plantations varied from 1 to 34 ha. Study sites, each 0.1 ha in size, were 
established in each plantation between 2003 and 2004 to monitor tree 
growth and assess the effects of short-rotation forestry on soil properties 
(Tullus et al., 2007). As microrelief and soil types vary within larger 
plantations, sometimes divided into scattered parts by small roads, 2 to 5 
study sites were established within larger plantations. In total, 42 study 
sites in mature (age 22− 26 years) hybrid aspen plantations were 
monitored for the current study.

2.2. Data collection

A 10 × 10 m study plot was established in the centre of each study 
site. Data on woody and herbaceous vascular plants and epiphytic li
chens from tree trunks up to 2 m from the ground were collected on 
these plots (n = 42). The lists of vascular plants and lichens were 
compiled for every plot, and the abundance of each species was visually 
estimated, following a scale of 1–5 (1 – 1–5 % cover, 2 – 6–20 % cover, 3 
– 21–50 % cover, 4 – 51–75 % cover, 5 – 76–100 % cover). For species 
covering less than 1 %, an estimate of 0.5 was applied. Vascular plant 
inventories were conducted in the middle of the vegetation period from 
2021 to 2023, while lichen inventories were carried out in autumn and 
spring from 2021 to 2024. Vascular plant nomenclature follows Leht 
(2010), and lichen nomenclature follows Randlane et al. (2024b). Spe
cies categorised as near-threatened, vulnerable, and endangered ac
cording to the IUCN Red List of Estonia (Kull et al., 2018; Randlane et al., 
2024a), protected species (Decree of the Estonian Government no. 195, 
2004; Decree of the Estonian Minister of Environment no. 51, 2004), and 
indicator species of woodland key habitats (Decree of the Estonian 
Minister of Environment no. 36, 2017) were considered conservation
ally valuable in the study.

Soil samples were collected from a depth of 0–10 cm and from eight 
different locations at each study plot. The samples were analysed at the 
Centre of Estonian Rural Research and Knowledge for pHKCl from a 1 M 
KCl suspension, available potassium (K, mg kg − 1), and phosphorus (P, 
mg kg − 1) using the Mehlich III method. Total nitrogen (N, %, Kjeldahl 
method) of soil samples was determined at the Laboratory of the 
Department of Soil Sciences and Agrochemistry of the Estonian Uni
versity of Life Sciences. Litter samples (including leaves and branches) 
were collected by hand from the same locations as soil samples, using a 
20 × 20 cm metal frame, dried at 70 ◦C to constant weight, weighed, and 
converted to the hectare scale (t ha-1). Hemispherical photos were taken 
from four different locations at each study plot from above the herb 
layer using Sigma’s 8 mm F3.5 EX DG Circular Fisheye lens attached to a 
Canon EOS 6D Mark II digital camera. Canopy-transmitted solar radia
tion (mol m− 2 d− 1) was analysed from the hemispherical photos using 
Gap Light Analyzer 2.0 (Frazer et al., 1999). The growing season was 
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defined from April 22 to October 28, based on the long-term monitoring 
(Kollo et al., 2023). Soil, litter, and light condition data were collected 
simultaneously with the vascular plant inventories. Averaged values of 
soil and litter samples and hemispherical photos were used for further 
data analysis.

Tree layer characteristics (number of trees, stem diameter at breast 
height) were measured on a 0.1 ha plot surrounding the 100 m2 study 
plot in each plantation in 2021. Basal area of hybrid aspen (m2 ha-1) was 
estimated as the sum of the basal areas of individual trees growing on a 
0.1 ha plot multiplied by 10. If other tree species besides hybrid aspen 
(birch, spruce, alder, pine, lime, willow with diameter ≥ 5 cm) were 
present on a plot, the basal area of other tree species (m2 ha-1) was 
calculated as well.

To characterise the surrounding landscape around study plots, 
orthophotos and spatial data from the Geoportal of the Land Board and 
the National Forest Register were used. The percentage of area covered 
by fields, grasslands, and forests was estimated within a radius of 300 m 
around each study plot following Márialigeti et al. (2016). A similar 
spatial scale has been found to be appropriate when analysing plant 
diversity in heterogeneous landscapes (Kumar et al., 2006; Liccari et al., 
2022). Fields and grasslands were combined into the category „agri
cultural land-use“. Forests were categorised based on stand age into two 
groups: young forests (age ≤ 20 years) and older forests (age > 20 
years).

2.3. Data analysis

To determine the herb species characteristic of European aspen 
stands, a species list of herbaceous vascular plants from hybrid aspen 
plantations was compared to a species list from a study compiled in 20 
European aspen stands in southeastern Estonia, following similar in
ventory methods as the current study (Tullus et al., 2022b). Addition
ally, the list of European forest species (Heineken et al., 2022) was 
checked, and if a hybrid aspen plantation hosted a forest specialist 
species restricted to closed forests, it was also marked. To determine 
lichen species characteristic of European aspen stands, the following 
publications were used: Tullus et al. (2022b) and Jüriado et al. (2003). If 
a species found in hybrid aspen plantations was not listed in these 
publications, lichen samples from the PlutoF database (plutof.ut.ee) 
were checked, and species recorded on European aspen were deter
mined. The schematic overview of species classification is presented in 
Supplementary Fig. S1.

All statistical analyses were carried out with R version 4.5.1 (R Core 

Team, 2025). To describe the diversity of woody species, herbs, lichens, 
and species typical of European aspen stands on study plots, Shannon 
diversity indices were calculated based on the abundance data using the 
„vegan“ package. As the majority of woody species grew in the shrub 
layer of the studied plantations, „the diversity of woody species“ is 
henceforth referred to as „the diversity of shrub layer“ and is used as a 
variable characterising stand structure in further data analysis.

The impact of environmental variables (amount of litter, soil pH, soil 
P, soil K, soil N, canopy transmitted solar radiation, basal area of hybrid 
aspen, basal area of other tree species, diversity of the shrub layer, area 
of agricultural land-use, and young and older forests) on the species 
richness and diversity of herbs, lichens, and aspen-associated species 
was evaluated with linear mixed models (LMM, function „lmer“). 
Plantation was added as a random factor in LMMs due to the hierarchical 
sampling design (2 to 5 study plots were monitored within larger 
plantations). The final models were created using backward stepwise 
model selection. The significance of the final LMMs was evaluated based 
on comparison with intercept-only models using the chi-square test. 
Possible multicollinearity among the predictor variables was checked 
based on the variance inflation factor (VIF). Estimates of species richness 
were square-root transformed, and values of litter, soil pH, soil P, soil K, 
soil N, canopy transmitted solar radiation, basal area of hybrid aspen, 
and basal area of other tree species were log-transformed before statis
tical analyses to meet the assumption of normality.

To analyse patterns in herb and lichen assemblages, Nonmetric 
Multidimensional Scaling (NMDS) was performed with the function 
„metaMDS“ from package „vegan“ using Bray-Curtis dissimilarity. 
Environmental variables were fitted onto ordination graphs using the 
function „envfit“.

To partition the variation in herb and lichen communities by envi
ronmental variables, the „varpart“ function in „vegan“ was applied, and 
redundancy analysis ordination was carried out. Three different 
explanatory matrices were used to describe the variation in the response 
table: 1. soil-litter matrix containing values of litter, soil pH, P, K, and N, 
2. matrix consisting of stand structure variables (basal area of hybrid 
aspen, basal area of other tree species, diversity of the shrub layer, and 
canopy transmitted solar radiation), and 3. landscape-related matrix 
(including the percentage area of agricultural land-use and young and 
older forests around study plots and the geographic location of study 
plots expressed in X and Y coordinates).

Fig. 1. Locations of hybrid aspen plantations.
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3. Results

3.1. Environmental variables

Although the age of the tree layer was similar among hybrid aspen 
plantations, environmental variables varied considerably between study 
plots (Table 1). The median value for litter was 2.9 t/ha, while the 
maximum value of litter was four times higher. Soil pH ranged from 
strongly acidic (4.1) to alkaline (7.3) according to the Estonian pHKCl 
scale for soils (Astover et al., 2012), and the amount of soil available 
phosphorus differed more than 30 times between study plots. Variables 
characterising stand structure (basal area of hybrid aspens, basal area of 
other tree species, canopy transmitted solar radiation, diversity of the 
shrub layer) and landscape structure (area of agricultural land-use and 
forests around study plots) also varied substantially (Table 1).

3.2. Species richness and diversity

3.2.1. Herbaceous species
Altogether, 162 herbaceous vascular plant species were recorded at 

42 study plots (Supplementary Table S1). In addition, specimens from 
12 genera were recorded at the genus level due to juvenility or vege
tative state. The most frequent herb species in hybrid aspen plantations 
were Dactylis glomerata (present at 92.9 % of plots) and Elymus repens 
(88.1 %).

A total of 22.2 % of herbaceous species recorded in hybrid aspen 
plantations have also been found in European aspen stands, e.g. Veronica 
chamaedrys (present at 83.3 % of study plots in hybrid aspen planta
tions), Dryopteris carthusiana (57.1 %) and Aegopodium podagraria (52.4 
%). Concerning conservationally valuable herb species, protected or
chids (specimens of either genus Dactylorhiza, Epipactis, Orchis, or Pla
tanthera) were recorded at 16 study plots, and Gentiana cruciata (an 
endangered species on the Red List) was found at one study plot. Out of 
these species, Platanthera chlorantha also grows in European aspen 

stands.
The species richness of herbs per study plot varied between 14 and 

51 species, with an average of 29 species. Species richness and diversity 
of herbs responded to the diversity of the shrub layer (a positive cor
relation, see Table 2), as well as to the amount of litter and the basal area 
of hybrid aspen (both negative correlations).

3.2.2. Lichens
Altogether, 65 species of lichenised fungi were found at 42 study 

plots (Supplementary Table S1). Out of these species, 86.2 % of lichens 
have also been recorded as epiphytes on European aspen. The most 
frequent lichens at the study plots included Physcia adscendens (present 
at 100 % of study plots), Xanthoria parietina (100 %), Lecania naegelii 
(97.6 %), Gyalolechia flavorubescens (95.2 %), Lecanora chlarotera (95.2 
%) and Lecidella euphorea (95.2 %), all of which also grow on European 
aspen. Conservationally valuable lichens were present at 34 study plots, 
namely Acrocordia cavata (recorded at 1 plot), Arthonia apatetica (4), 
Melanelixia glabratula (3), Normandina agroglypta (1), Phaeophyscia cil
iata (31), and Pseudosagedia aenea (2). Of these, one lichen species, 
Acrocordia cavata, is an indicator of woodland key habitat, while the 
others represent near-threatened or vulnerable taxa in the national Red 
List. With the exception of Pseudosagedia aenea, the other five species 
have also been found on European aspen.

The species richness of lichens per study plot varied between 14 and 
37 species, with an average value of 26 species. Lichen richness corre
lated positively with the area of older forests around study plots (see 
Table 2). A similar trend was observed also for the diversity index of 
lichens; however, this relationship was insignificant (p = 0.058).

3.2.3. Shared species of hybrid aspen plantations and European aspen 
stands

Altogether 92 species (56 lichens and 36 herbs) that grow in Euro
pean aspen stands (EA species) were also found in hybrid aspen plan
tations (Supplementary Table S1, Supplementary Fig. S1). The richness 
and diversity of EA species were associated with the area of forests 
around the study plots (a positive effect was observed for the area of 
older forests and a negative effect for the area of young forests, Table 2).

3.3. Environmental variables shaping species composition

According to NMDS ordination, the main gradients shaping herb 
communities were canopy transmitted total radiation, diversity of shrub 
layer, amount of litter, and soil properties (Table 3, Fig. 2). On the 
ordination scheme, the vector indicating an increase in light pointed 
towards light-demanding grassland species (e.g., Alopecurus pratensis, 
Deschampsia cespitosa, and Phalaris arundinacea), while species typical of 
closed-canopy forests (e.g., Athyrium filix-femina, Dryopteris filix-mas, 
Dryopteris carthusiana, and Pyrola minor) were found on the opposite 
side of the ordination graph. The location of the study plot also affected 
the composition of herbs as in some cases study plots from the same 
plantation were situated in close proximity in the ordination space (e.g., 
study plots from Mooste, Maltsi, and Sikka plantations, Fig. 2b). A 
similar tendency was also observed for lichens, which responded to the 
location of the study plot as well as landscape variables such as the area 
of agricultural land-use and area of young forests around the study plots 
(Fig. 2c-d).

Variation partitioning also revealed the importance of landscape 
structure for lichens. Altogether, landscape, soil-litter, and stand vari
ables explained approximately 20 % of the variation in lichen commu
nities (Fig. 3b). Landscape variables explained 13.7 %, soil-litter 
variables 6.1 %, and their shared contribution accounted for 3.4 %. 
The unique contribution of stand-related variables remained less than 0. 
Meanwhile, soil-litter, stand, and landscape variables described 15 % of 
the total variation in herb communities (Fig. 3a). The unique contri
bution of soil-litter variables explained 4.5 % of the variation, followed 
by stand variables (3.0 %) and landscape variables (< 1 %). The 

Table 1 
Characterisation of environmental variables at study plots (n = 42).

Environmental 
variable

Mean Median Minimum Maximum Std. 
dev.

Var. 
coef., 
%

Leaf and branch 
litter (t ha-1)

3.9 2.9 0.7 12.6 2.6 66.6

soil pHKCl 5.6 5.5 4.1 7.3 0.9 15.2
soil P (mg kg-1) 96.7 77.0 7.3 254.0 63.3 65.5
soil K (mg kg-1) 148.4 131.5 66.5 534.2 77.6 52.3
soil N (%) 0.2 0.1 0.1 0.5 0.1 49.3
Basal area of 

hybrid aspen 
(m2 ha-1)

17.8 17.7 7.0 32.1 6.7 37.7

Basal area of 
other tree 
species (m2 

ha-1)

0.7 0 0 7.1 1.5 205.8

Canopy 
transmitted 
total radiation 
(mol m− 2 d− 1)

7.6 7.2 2.9 16.5 3.3 43.6

Diversity of 
shrub layer

1.5 1.6 0 2.6 0.7 46.6

Area of 
agricultural 
land-use 
around study 
plot (%)

26.2 25.4 2.9 52.8 14.8 56.6

Area of young 
forests around 
study plot (%)

10.6 6.8 0 30.1 9.8 91.8

Area of older 
forests around 
study plot (%)

19.2 14.9 0 46.5 15.5 80.9
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remaining portion was explained by combinations of different compo
nents, for example, the shared fraction of soil-litter and landscape var
iables accounted for 5.8 %. A relatively high proportion of the variation 
remained unexplained for the herb (84.9 %) and lichen (79.3 %) 
communities.

4. Discussion

The present study reports, for the first time, the results of extensive 
biodiversity monitoring in mature hybrid aspen plantations in the 
hemiboreal region. Our results showed that herb and lichen commu
nities of mature hybrid aspen plantations were relatively diverse, as we 
recorded a total of 162 herb species and 65 lichenised fungi species at 42 
study plots (averaging 29 herbs and 26 lichens per plot). As herbs and 
lichens typically inhabit different growth substrates (ground vs. trees) in 
plantations, we hypothesised that their diversity responses to environ
mental variables may differ, and the results supported this expectation. 
Species richness and diversity of herbs in hybrid aspen plantations 
responded to the amount of litter on the ground and to stand charac
teristics (diversity of shrub layer and basal area of hybrid aspens), while 
the species richness of lichens was influenced by the area of older forests 
in the vicinity of study plots (Table 2). The positive effect of a diverse 
shrub layer on herb species richness has been observed previously 
(Bartels and Chen, 2013; Kermavnar et al., 2021), explained by toler
ance or facilitation between shrub and herb layer species (Bartels and 
Chen, 2013), as well as by the structural heterogeneity created by shrubs 
(Koorem and Moora, 2010). This heterogeneity provides habitats for 
herb species with varying ecological requirements and supports diverse 
ecological niches (Tripathi et al., 2026). Additionally, we observed a 
negative effect of higher basal area on the undestorey vegetation di
versity, as noted by Ampoorter et al. (2020). We also found a negative 
effect of litter on herb diversity, consistent with the findings of Wulf and 
Naaf (2009) in beech forests. In general, the effects of litter on herbs can 

vary significantly depending on litter type, litter quantity (Xiong and 
Nilsson, 1999), and the rate of litter decomposition which is influenced 
by environmental and climatic conditions (Singh et al., 2025).

Contrary to our hypothesis, we did not observe the effect of soil 
properties on herb richness; however soil pH, P, K, and N influenced the 
compositional patterns of the herb layer, consistent with earlier studies 
(Härdtle et al., 2005; Wulf and Naaf, 2009; Kermavnar et al., 2021; 
Zarfos et al., 2019). In addition to soil properties, herb layer composition 
was influenced by the shrub layer and light conditions. This result was 
expected, as light availability is a significant determinant of herb species 
composition in forests (Márialigeti et al., 2016; Tinya and Ódor, 2016). 
The importance of soil-litter variables and stand structural attributes to 
the herb layer was also confirmed by variance partitioning analysis.

The only environmental variables that affected either the species 
richness or species composition of lichen communities were landscape- 
related variables and the location of study plots (Tables 2 and 3). In 
earlier studies, the impact of various tree-related variables such as 
phorophyte species, bark pH (Jüriado and Paal, 2019), bark structure 
(Ellis, 2012), and tree age (Jüriado et al., 2009; Tullus et al., 2022b) has 
been observed on epiphytic lichen communities. In our study, individual 
tree-related factors were not recorded, while the effect of attributes 
characterising stand structure (basal area of hybrid aspen and canopy 
transmitted total radiation) on lichen communities was not found. It can 
be speculated that the stand level attributes in mature plantations were 
also affected by thinning practices between midterm and mature age, 
and therefore, their effect on lichen diversity was not expressed. The 
positive effect of a larger area of older forests (here: age > 20 years) in 
the vicinity of study sites on the lichen species richness is reasonable, as 
nearby forests evidently act as a pool of lichen propagules. Low con
nectivity among fragmented forest stands is proposed as an essential 
limiting factor for cryptogamic epiphytes (Snäll et al., 2005).

Of the 227 species recorded in hybrid aspen plantations, 92 have also 
been found in European aspen stands. Lichens showed a much higher 
proportion of these species (86.2 %) compared to herbs (22.2 %), con
firming our hypothesis that lichen communities in hybrid aspen plan
tations host more species characteristic of European aspen stands than 
herb communities. The hybrid aspen plantations in this study were 
established in 1999 or 2000 on agricultural sites that had been aban
doned during the 1990s, using either whole-area plowing or strip-tillage 
for site preparation. Therefore, the colonisation period for forest species 
has spanned approximately 20–25 years, which is evidently too short a 
period for the recovery of the herb layer typical of natural forests on 
previous agricultural land (Naaf and Kolk, 2015; Berges and Dupouey, 
2019; Brunet et al., 2021). Another factor influencing the recovery of 
forest species is thinning. It has been carried out in the majority of 
hybrid aspen plantations and tends to favor light-demanding ruderals or 
generalists over less competitive forest specialists (Haughian and Frego, 
2016). The colonisation of epiphytic lichens in plantations, however, is 
not hindered by competitive species persisting from former agricultural 
land use. Dispersal and local establishment of lichens are generally 
limited by their symbiotic nature and depend on their reproduction 
strategy (Tripp et al., 2016; Trindade et al., 2021), as sexual species 
usually disperse over longer distances but depend on the availability of a 

Table 2 
The effects (standardised regression coefficients based on LMMs) of environmental variables on the richness (S) and diversity (H) of herbs, lichens, and species typical 
of European aspen stands (final models after backward selection of independent variables).

Environmental variable S_herbs H_herbs S_lichens H_lichens S_aspen species H_aspen species

Litter − 0.46** − 0.42** ​ ​ ​ ​
Basal area of hybrid aspen − 0.32* − 0.32* ​ ​ ​ ​
Diversity of shrub layer 0.69*** 0.66*** ​ ​ ​ ​
Young forests ​ ​ ​ ​ − 0.35* − 0.32*
Older forests ​ ​ 0.36* ​ 0.45** 0.38*
Model significance *** *** * ns ** *
Max VIF 1.3 1.3 - - 1.0 1.0

ns - p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001.

Table 3 
Correlations between environmental variables and ordination scores of herbs 
and lichens (NMDS ordination, Fig. 2). P-values in bold are significant.

Environmental variable Herbs Lichens

r2 p- 
value

r2 p- 
value

Leaf and branch litter 0.16 0.036 0.06 0.273
soil pHKCl 0.23 0.008 0.01 0.848
soil P content 0.15 0.043 0.09 0.173
soil K content 0.29 0.003 0.08 0.211
soil N content 0.53 0.001 0.06 0.289
Basal area of hybrid aspen 0.12 0.080 0.01 0.878
Basal area of other tree species 0.04 0.449 <0.01 0.963
Canopy transmitted total radiation 0.30 0.001 <0.01 0.927
Diversity of shrub layer 0.23 0.011 <0.01 0.940
Area of young forests around study plot 0.01 0.837 0.38 0.001
Area of older forests around study plot 0.06 0.285 0.12 0.068
Area of agricultural land-use around study 

plot
0.04 0.410 0.16 0.026

Location of study plot 0.77 0.001 0.71 0.001
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suitable photobiont at the settled location to establish, whereas asexual 
species have usually heavier diaspores dispersing closer while they do 
not depend on such association (Yahr et al., 2006; Belinchón et al., 
2015). The proportion of sexual lichen species has grown in mature 
hybrid aspen plantations (73.8 %; Supplementary Table S1) compared to 

the mid-term plantations (56.8 %; Randlane et al., 2017), indicating that 
the lichen species richness is related to the presence of suitable lichen 
habitats in the surrounding areas of plantations, and that a longer period 
contributes to the establishment of a greater number of species. The 
richness and diversity of forest species increased along with the extent of 

Fig. 2. NMDS ordination of herbs (A-B, stress 0.239) and lichens (C-D, stress, 0.211). Only species present in at least 10 % of the study plots are shown on graphs. 
Environmental variables that significantly (p < 0.05, Table 3) affect ordination scores are shown as vectors. Dots mark study plots and colours mark different 
plantations. Abbreviations of species names are presented in Supplementary Table S1.

Fig. 3. Variation partitioning of herb (A) and lichen (B) communities based on three explanatory matrices: 1. soil-litter matrix (containing values of litter, soil pH, P, 
K, and N), 2. stand structure matrix (basal area of hybrid aspen, basal area of other tree species, diversity of shrub layer, and canopy transmitted solar radiation), and 
3. landscape matrix (the percentage area of agricultural land-use and young and older forests around study plots and the geographic location of study plots). Values 
(adjusted R2) represent unique and shared fractions of matrices in explained variance, residual variation is also presented.

T. Tullus et al.                                                                                                                                                                                                                                   Trees, Forests and People 23 (2026) 101161 

6 



older forests near plantations. This finding aligns with previous research 
emphasising the importance of propagule sources and connectivity in 
restoring forest vegetation (De Frenne et al., 2011; Kolk et al., 2017; 
Brunet et al., 2021).

Only seven epiphytic lichen species found in hybrid aspen planta
tions have not been recorded on European aspen in Estonia so far 
(Supplementary Table S1). These species occurred in studied plantations 
rarely (in 1–4 study plots), with the only exception of Scoliciosporum 
sarothamni (recorded in 19 plots). The taxon is a sterile microlichen that 
may have been unrecorded in earlier studies.

We recorded conservationally valuable herbs, mainly orchids, on 38 
% of the studied plots and conservationally valuable lichens on 81 % of 
the plots. Several earlier publications have reported occasional, and 
sometimes frequent, occurrences of orchids in hybrid aspen and poplar 
plantations (Adamowski and Conti, 1991; Tullus et al., 2015; Süveges 
et al., 2022). The high percentage of study plots with conservationally 
valuable lichens is due to the frequent occurrence of one lichen species, 
Phaeophyscia ciliata, which belongs to the alliance Xanthorion parietinae 
and exclusively inhabits aspen bark in hemiboreal forests. The species 
was not recorded in midterm hybrid aspen plantations (16- to 17-year-
old) (Randlane et al., 2017); it has been categorised as being sensitive to 
the even-aged forest management (Lõhmus and Lõhmus, 2019), mainly 
recorded in older stands (Tullus et al., 2022b), and evaluated as 
near-threatened species in Estonia (Randlane et al., 2024a). Its occur
rence in 31 study plots of mature (22- to 26-year-old) hybrid aspen 
plantations was surprising. Other lichens considered conservationally 
valuable were recorded infrequently, altogether in eleven study plots.

To conclude, mature hybrid aspen plantations are relatively species- 
rich and support taxa characteristic of European aspen stands, including 
conservationally valuable species, thereby enhancing connectivity and 
providing stepping-stones for forest species in agricultural landscapes. 
However, in the next few years, the planned clear-cutting of plantations 
is expected to strongly affect the observed biodiversity patterns. To 
preserve habitats for epiphytic lichens after clear-cutting, it is advisable 
to leave some mature trees for retention. In this case, the planted stands 
may act not only as sink habitats that the species can colonise and where 
they can survive until felling, but also as surviving points after cutting 
the majority of trees and from where the species can disperse further 
from the plantation area (Randlane et al., 2017). Lastly, although hybrid 
aspen plantations can enhance connectivity for forest species, they 
should be regarded as complementary, not as substitutes for the con
servation of natural European aspen stands.
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Roosaluste, E., Sádlo, J., Schaminée, J.H.J., Tyler, T., Verheyen, K., Wulf, M., 
Vanneste, T., 2022. The European Forest Plant Species List (EuForPlant): concept 
and applications. J. Veg. Sci. 33, 1–16. https://doi.org/10.1111/jvs.13132.

Hepner, H., Lukason, O., Lutter, R., Padari, A., Tullus, A., 2021. The value of hybrid 
aspen coppice investment under different discount rate, price and management 
scenarios: a case study of Estonia. Forests 12 (10), 1332.

Hytönen, J., 2018. Biomass, nutrient content and energy yield of short-rotation hybrid 
aspen (P. tremula x P. tremuloides) coppice. For. Ecol. Manag. 413, 21–31.
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