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ABSTRACT

Heathlands are highly threatened ecosystems with high conservation value. Montane heathlands have suffered
from widespread habitat loss due to land-use abandonment and afforestation. The aim of our study was to
analyse the long-term effects of montane heathland restoration, nine to ten years after restoration, on vegetation
in the Rothaar Mountains (Central Germany). We compared vegetation composition in four vegetation types: (i)
early-successional heathland stages on sod cut sites or ski pistes (hereafter referred to as EARLY), (ii) late-
successional (old-growth) heathland stages (LATE), (iii) restored heathlands on former spruce forests where
seed transfer by hydroseeding or the application of chopper material (crushed aboveground biomass from donor
heathland site including seeds) had been applied (RESTORED) and (iv) windthrows with salvage logging
(WIND). In every vegetation type, ten vegetation relevés were carried out and the cover of all vascular plant,
bryophyte and terricolous lichen species were analysed. Furthermore, soil samples were taken in every relevé
and measured with respect to soil acidity as well as carbon, nitrogen, phosphate and potassium contents.

Our study demonstrated that the restoration plots were characterised by chemical soil conditions comparable
to those of existing heathland communities. RESTORED was the hotspot of phytodiversity. Species richness of
vascular plants, threatened vascular plants and target species peaked on RESTORED, followed by EARLY.
Additionally, EARLY was characterised by the highest number of terricolous lichen species and threatened
bryophyte species.

The applied restoration measures were successful in establishing montane-heathland and acidic-grassland
vegetation on former spruce forests. However, two usually dominant species of montane heathlands, Vacci-
nium myrtillus and Vaccinium vitis-idaea, had hardly established. Both species are slow colonisers and require
specific microsites characterised by high moisture and organic content of the soil for generative reproduction.
Additionally, the study demonstrated that early- to mid-successional stages of montane heathlands play a vital
role for the conservation of cryptogams and low-competitive plant species.

1. Introduction

traditional low-intensive management and are characterised by
nutrient-poor soil conditions play an important role for biodiversity

Habitat loss and degradation are among the most important drivers
of biodiversity decline (IPBES, 2019; Cardoso et al., 2020; Gongcalves-
Souza et al., 2020). In Europe, land-use intensification, abandonment
and afforestation have caused a severe loss of semi-natural habitats —
especially during the 20th century (Symes and Day, 2003; Loffler et al.,
2020; Ridding et al., 2020). Semi-natural habitats which evolved by
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conservation throughout Europe as they harbour high species diversity
and many threatened species (Symes and Day, 2003; van Swaay et al.,
2006; Feurdean et al., 2018). However, due to their rarity and vulner-
ability towards environmental change (especially land-use intensifica-
tion and eutrophication), semi-natural habitats represent highly
threatened ecosystems (Finck et al., 2017).
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Recently, habitat restoration by creating suitable site conditions (e.g.
by clearing of shrubs or the removal of nutrient-rich topsoil) has become
an important tool for increasing the availability and connectivity of
semi-natural habitats and, thus, preventing biodiversity loss (Maron
et al., 2012; Poniatowski et al., 2020; Resch et al., 2021). However,
natural regeneration (i.e. self-greening) is rarely an option for support-
ing the development of target plant species communities at restoration
sites. The establishment of target plant species is usually hampered at
restoration sites by low diaspore availability due to impoverished soil
seed banks (seed limitation) or to limited dispersal ability in our frag-
mented landscapes (dispersal limitation) (Bakker and Berendse, 1999;
Miinzbergova and Herben, 2005; Diacon-Bolli et al., 2013; Godefroid
et al., 2017). Therefore, the active introduction of diaspores is necessary
for overcoming seed and dispersal limitation (Kiehl et al., 2010). Besides
the application of seed mixtures, the transfer of diaspore-rich plant
substrates (e.g. hay material) from donor sites of the target community
has become popular in habitat restoration. This method has been tested
for several types of semi-natural habitats, such as species-rich grasslands
(Sullivan et al., 2019; Harvolk-Schoning et al., 2020; Wagner et al.,
2020) or heathlands (Pywell et al., 1996; Borchard et al., 2013).

Heathlands are ecosystems dominated by ericaceous dwarf shrubs. In
Central Europe, most heathlands are of anthropogenic origin and have
evolved by deforestation with subsequent land-use activities, such as
grazing, burning or sod cutting, causing depletion of soil nutrients
(Hiippe, 1993; Hardtle et al., 2009). They are of high value for nature
conservation as they harbour a high invertebrate diversity and many
threatened plant and animal species (e.g. Usher, 1992; Schirmel et al.,
2011; Schirmel and Fartmann, 2014; Borchard et al., 2017). In lowlands,
most heathlands have been converted to agricultural land, while in
mountain ranges land-use abandonment and afforestation have caused a
widespread decline of heathlands (Gimingham, 1992; Schubert et al.,
2008). Due to their importance for nature conservation, they are pro-
tected under the EU Habitats Directive (Ssymank et al., 1998).

Montane heathlands grow within mountainous regions with a cold
and wet climate. In contrast to lowland dry heathlands, which are
mainly dominated by C. vulgaris, two further ericaceous species — Vac-
cinium myrtillus and Vaccinium vitis-idaea — are predominant within
montane heathlands in Central Europe (Geringhoff and Daniéls, 2003).
Moreover, a high number of arctic-alpine and boreal species is typical
for this ecosystem (Thompson and MacDonald, 1995).

Central European montane heathlands are typically managed by
grazing. In addition, sod cutting (removal of biomass, the O-layer and
parts of the mineral soil) or choppering (only removal of biomass and
the O-layer) are carried out for the rejuvenation of montane heathlands
in Central Europe (Schubert et al., 2008; Fartmann et al., 2015). In
contrast to upland heathlands in the UK (e.g. Littlewood et al., 2006;
Ghorbani et al., 2007), our knowledge on the long-term effects of
management and restoration of Central European montane heathlands
on biodiversity is still poor (Borchard et al., 2017). However, there are
detailed findings on the short-term effects of montane heathland resto-
ration on biodiversity. Extensive restoration of montane heathlands was
undertaken by the application of seed material from donor sites on
former spruce forests in the years 2008/2009 within a Central German
low-mountain range, the Rothaar Mountains, which is one of the most
important strongholds of montane heathlands in Central Europe
(Borchard and Fartmann, 2014). The short-term effects of restoration
were analysed after four to five years of restoration with respect to
vegetation and arthropod diversity (Borchard et al., 2013, 2014, 2017;
Borchard and Fartmann, 2014). In terms of phytodiversity, the measures
were successful for the establishment of Calluna vulgaris — a target spe-
cies of montane heathlands; nonetheless, vegetation composition of the
restoration sites still differed from heathland control sites as they had
strong floristic similarities with clear-cut sites (Borchard et al., 2017).

The aim of our study was to analyse the long-term effects of montane
heathland restoration, nine to ten years after restoration, on vegetation.
Our study took place in the Rothaar Mountains in Central Germany. In
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contrast to Borchard et al. (2017), we did not only study vascular plants
but also bryophytes and lichens. We compared vegetation composition
of four different vegetation types. These contained heathland restoration
sites on former spruce forests as well as late-successional stages of
montane heathlands. Furthermore, we included windthrows of spruce
forests with salvage logging within our study as a reference for vegeta-
tion development without seed transfer and for analysing whether
restoration sites still had floristic similarities with windthrow sites. Also
differing from Borchard et al. (2017), we additionally included early-
successional stages of heathland succession found on sod cut sites and
ski pistes within our analysis as knowledge on the importance of these
stages for phytodiversity is still scarce. We addressed the following
questions:

e How do early and late stages of montane heathlands, restored
heathlands and windthrows differ in soil and habitat-structure
characteristics? As the vegetation types differed strongly in land
use we expected significant differences among the vegetation types
in terms of soil and habitat structure characteristics.

e What were the effects of restoration measures on the diversity of
vascular plants, bryophytes and lichens after nine to ten years of
restoration, and how does phytodiversity differ between the four
vegetation types?

e What management recommendations can be derived from our find-
ings for restoration of montane heathlands and for promoting phy-
todiversity in this ecosystem?

2. Material and methods
2.1. Study area

The study area is situated in the Rothaar Mountains, a low-mountain
range at the border of North Rhine-Westphalia and Hesse (51°28'N,
7°33'E). Elevation ranges from 540 to 830 m a.s.l. The area is charac-
terised by a montane climate with a mean annual temperature of 5 °C, an
annual precipitation of around 1450 mm and a prolonged snow cover of
100 d/a (German Meteorological Service, pers. comm.). The dominating
soils are nutrient-poor cambisols on acidic bedrock (Geologisches
Landesamt NRW, 1998). Intensive forestry is characteristic for the study
area. Non-native spruce (Picea abies) forests are the dominant habitat
type. Remnants of montane heathlands are widespread within the study
area. However, heathland area has declined dramatically during the past
century (Schubert et al., 2008).

In 2008/2009 heathland restoration was carried out in three areas
for expanding existing heathlands (Borchard et al., 2013). Therefore,
spruce forests on former heathlands adjacent to existing heathland
remnants were deforested and cleared of remaining branches. Due to
intensive disturbance by heavy machinery, patches of mineral soil were
exposed. Afterwards, seed material from a nearby nature reserve
(“Neuer Hagen”) with representative montane heathland vegetation was
transferred to the restoration sites either by hydroseeding (even distri-
bution of a homogeneous suspension composed of threshed montane
heathland species mixed with water and erosion control agents) or the
application of chopper material, which was harvested by a specifically
designed machine which removes biomass and the O-layer (for more
information on the restoration methods see Borchard et al., 2013).

2.2. Vegetation and soil sampling

For vegetation analysis, we selected a total of nine study sites with a
minimum size of 4.6 ha. Among them were two of the three sites where
restoration measures had been conducted. The third site was excluded
from analysis, as it was characterised by a massive spread of the com-
mon broom (Cytisus scoparius) and a poor establishment of ericaceous
dwarf shrubs due to high nutrient levels (see Borchard et al., 2017).
Altogether we considered four vegetation types. In addition to the
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restored heathlands (hereafter referred to as RESTORED), we analysed
early-successional stages of heathlands (EARLY) which included either
heathlands where sod cutting (removal of biomass, the O-layer and parts
of the mineral soil) had been applied 10 to 20 years ago or heathland
vegetation on ski pistes. Due to regular disturbance by skiing, the
nutrient-poor ski pistes were characterised by early-successional stages
of heathland vegetation very similar to those of the sod-cutting sites.
Typical for EARLY was a dominance of Calluna vulgaris and short-
growing vegetation. Furthermore, we analysed late-successional stages
of montane heathlands, where no rejuvenation measures were carried
out during the past 30 years and Vaccinium species (V. myrtillus, V. vitis-
idaea) were dominant (LATE). This stage dominates within most of the
existing heathland remnants of the study area (Borchard et al., 2013).
All study sites were managed by grazing. As a reference for natural
vegetation development without seed transfer, we analysed windthrows
adjacent to heathland remnants, which were caused by the storm ‘Kyrill’
in 2007 and were, except subsequent salvage logging, unmanaged
(WIND).

For every vegetation type, ten vegetation relevés (plots) were
randomly distributed among the nine study sites (number of study sites
where plots of the different vegetation types were distributed: EARLY
N =6, RESTORED N =2, LATE N=7, WIND N = 3). Each relevé had a
size of 4 m x 4 m. Sampling took place in July/August 2018. All species
of vascular plants were identified per relevé by using Oberdorfer (2001)
and Jager (2017). Nomenclature of vascular plants followed Metzing
et al. (2018). Furthermore, all ground-dwelling bryophyte species and
all species of terricolous lichens (species growing on soil or raw humus
according to Biiltmann, 2006) were identified by using Paton (1999) and
Smith (2004) (bryophytes) as well as Ahti et al. (2013) and Wirth et al.
(2013) (lichens). Nomenclature of bryophytes and lichens followed
Caspari et al. (2018) and Wirth et al. (2011), respectively. Cover of all
species was estimated by using the Wilmanns scale (Wilmanns, 1998).
For statistics, the categories were converted into the following
percentage-cover values: r=0.1%, +=0.5%, 1=1%, 2m=2.5%,
2a=10%, 2b=20.5%, 3=38%, 4=63% and 5=88%. Additionally,
the cover of each of the three Ericaceae species, Calluna vulgaris, Vac-
cinium myrtillus, V. vitis-idaea, was estimated in steps of 5% (and with
steps of 1% when the cover was below 5%). Moreover, we analysed
habitat structure, which included vegetation cover and height. The
estimation of vegetation cover comprised the following layers: shrub
layer (woody species with heights >0.5m), herb layer (total cover of
herbs, grasses, Ericaceae and woody species with heights <0.5m),
herbs, grasses, total cover of Ericaceae, bryophytes, lichens, bare soil
and stones/gravel (Table 1). The parameters were estimated using the
same steps mentioned above for the three Ericaceae species. The mean
herb-layer height and height of ericaceous species were determined by
measuring the maximum height at five randomly selected locations
within the relevé. Height of Ericaceae was only measured within the
three heathland vegetation types as this group of plants was not present
in most of the WIND plots.

Soil samples were taken to a depth of 10cm at three randomly
selected locations within every relevé. The three samples were mixed
(resulting in one soil sample per relevé, N = 40) and, after air-drying and
sieving, they were analysed for soil reaction (CaCly; WTW Multi 3430,
pH electrode SenTrix 940-3), mineralized nitrogen (water-soluble
ammonium and nitrate; ion chromatography, Metrohm 761 Compact
IC), calcium-acetate-lactate-soluble phosphate (spectrophotometer,
Biochrom Libra S11) and potassium (flame photometer, BWB Technol-
ogies BWB XP), and total carbon (Elementar Vario EL III).

2.3. Phytodiversity

As biodiversity parameters, we analysed the total number of species
and the number of threatened species for each plot, separately for
vascular plants, bryophytes and lichens. Threatened species included all
species which were classified as ‘critically endangered’, ‘endangered’,

Ecological Engineering 169 (2021) 106294

Table 1

Mean values (£ SE) of soil and habitat-structure characteristics in the four
different vegetation types. N =10 per group. Comparison between groups was
done by Tukey contrasts, see materials and methods for details. Vegetation types
without consistent letters indicate significant differences (P < 0.05). ** P < 0.01,
*#% P < 0.001.

Parameter EARLY RESTORED  LATE WIND P
Soil characteristics
pH (CaCly) 3.740.1° 37401  3.0+0.1° 31+01>
C (%) 5.6 + 0.6 9.6+1.0°  209+21° 19.2426° ***
Npmin (mg/100g) 0.4+ 0.0° 1.0£0.3"  1.1+0.1° 23+06°  **x
PO3™ (mg/100g)  0.140.0° 0.4+0.1°>  0.6+01> 05+£01> =
K (mg/100 g) 7.0+ 1.0° 11.64+0.8° 21.5+£28° 1214£22° #xx
Habitat structure
Cover [%]
Shrub layer 0.0 +£0.0° 0.0+0.0° 2.0+£20% 17.0+3.3°
Herb layer 55.5+4.7° 91.5+1.3° 89.8+17° 845+3.2°
Grasses 140+3.6° 535+95" 62+1.5"  60.5+7.3>
Herbs 5.9+1.0° 165425 3.14+09°  30.0+£7.5° #xx
Ericaceae 445+42° 450+9.3° 87.0+21° 241468
Bryophytes 30.94+10.0° 57.0+£7.2° 68.0+£3.3° 157+3.0%
Lichens 11.4+4.4°  044+02° 02+01°> 01+£01> =
Bare soil 5.0 +2.4° 0.7+05°  0.0+0.0" 03+02°  **
Stones/gravel  9.1+3.8% 0.1+0.1%>  0.0+0.0" 01+£01>
Height [cm]
Herb layer 15.74+2.0°  31.3+22" 31.74+25° 31.7+£21>
Ericaceae 147 +2.1° 241+24% 324+3.0° - b

‘vulnerable’ and ‘near threatened’ (red-list categories: 1, 2, 3 and V) in
Hesse, North Rhine-Westphalia or Germany (vascular plants: HMULV,
2008; Raabe et al., 2011; Metzing et al., 2018; bryophytes: HMUELV,
2013; Schmidt, 2011; Caspari et al., 2018; lichens: Scholler, 1996;
Biiltmann et al., 2011; Wirth et al., 2011). Furthermore, we analysed the
number of target species for every plot. Target species comprised all
character species of the phytosociological class Nardo-Callunetea
(heathlands and acidic grasslands) and its lower units mentioned in
Peppler (1992), Peppler-Lisbach and Petersen (2001) and Oberdorfer
(2001) (Appendix A).

2.4. Statistical analysis

Plots where either of the two restoration procedures (hydroseeding,
application of chopper material; see section Study area) had been
applied and of the two types of early-successional stages of heathlands
(ski pistes, sod-cutting sites) did not differ in chemical soil characteristic
or in the composition of plant species. Accordingly, we did not differ-
entiate the subtypes in the statistical analyses.

For detecting significant differences between the vegetation types,
(generalised) linear mixed-effect models (GLMM; LMM) were applied (R
package lme4; Bates et al., 2020) with study site as a random factor.
Vegetation type served as a nominal fixed factor and the analysed pa-
rameters were used as dependent variables. Depending on the distri-
bution of the variables, either proportional binomial (percentage data),
Poisson or linear (for normally distributed and square-root- or log-
transformed variables with normal distribution) models were applied.
For reducing overdispersion within the models (binomial/Poisson),
observation-level random effects were added as a random factor (Har-
rison, 2014, 2015). The overall effect of the dependent variables on
vegetation type was analysed by comparing the full models with reduced
models without vegetation type as the fixed factor and applying
likelihood-ratio tests. Pairwise differences between the vegetation types
were detected by applying Tukey contrasts (glht function, R package
multcomp; Hothorn et al., 2020).

An indicator-species analysis (ISA, Dufrene and Legendre, 1997) was
carried out to identify significant indicator species for the different
vegetation types. Vegetation composition was analysed by non-metric
multidimensional scaling (NMDS; metaMDS function, R package
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vegan; Oksanen et al., 2019) with the Bray-Curtis distance as a distance
measure and a maximum number of 100 random starts in searching for a
stable solution. All species groups (vascular plans, bryophytes, lichens)
were included within the NMDS. Species which occurred less than three
times within the data set were excluded from the analysis. Only envi-
ronmental variables (soil parameters and habitat-structure characteris-
tics) which were non-intercorrelated (Spearman-correlation coefficient |
r5| < 0.6) among each other were included for the overlay of environ-
mental variables (envfit function, R Package vegan; Oksanen et al.,
2019). The following variables were included in NMDS: soil reaction,
mineralized-nitrogen content, shrub, herb layer, Ericaceae and bryo-
phytes. All other variables were intercorrelated (Spearman-correlation
coefficient |rs| > 0.6) with one or more of these variables (see Appendix
B) and excluded from analysis.

The analyses were carried out using R 3.4.2 statistical package
(LMM; GLMM; NMDS) (R Core Team, 2020) and PCORD 5 (ISA).
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3. Results
3.1. Soil conditions

Chemical soil conditions differed considerably among the vegetation
types und usually followed a gradient from EARLY over RESTORED to
LATE and WIND (Table 1). In EARLY and RESTORED, pH values were
significantly higher compared to LATE and WIND. Carbon content was
significantly lowest in EARLY, intermediate in RESTORED and highest
in LATE and WIND. Mineral nitrogen concentration was also lowest in
EARLY significantly differing from LATE and WIND. Additionally, in
RESTORED, it was significantly lower compared to WIND. In compari-
son to the three other vegetation types, soils in EARLY were charac-
terised by significantly lower phosphate concentrations. Potassium
concentrations were also significantly lowest in EARLY, intermediate in
RESTORED and WIND and highest in LATE.
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Fig. 1. Mean (+ SE) species richness of vascular plants, bryophytes and lichens in the four different vegetation types. N =10 per group. Comparison between groups
was done by Tukey contrasts, see materials and methods for details. Vegetation types without consistent letters indicate significant differences (P < 0.05). ***

P <0.001, n.s. = not significant.
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3.2. Habitat structure

Habitat structure also differed substantially among the vegetation
types (Table 1). A distinct shrub layer was only present in WIND. Herb-
layer cover and height were lowest in EARLY significantly differing from
the three other vegetation types. The cover of grasses and herbs was
significantly lower in EARLY and LATE compared to RESTORED and
WIND. In contrast, the cover of Ericaceae increased significantly in the
order WIND, EARLY and RESTORED to LATE. In LATE, Ericaceae plants
were significantly higher compared to EARLY and RESTORED. Bryo-
phyte cover was significantly lower in EARLY and WIND compared to
RESTORED and LATE. In contrast, the cover of terricolous lichens, bare
soil and stones/gravel was significantly higher in EARLY in comparison
to the three other vegetation types.

3.3. Phytodiversity and species community

In total, we detected 110 vascular plant, 43 bryophyte and 15
terricolous lichen species. The number of species differed between the
vegetation types (Fig. 1). Species richness of vascular plants was
significantly highest in RESTORED, intermediate in EARLY and WIND
and lowest in LATE. The number of threatened vascular plants decreased
significantly from RESTORED over LATE to WIND; in EARLY, it was
intermediate and only differed significantly from WIND. There were no
significant differences in the number of bryophyte species between the
vegetation types. In contrast, species richness of threatened bryophyte
species was highest in EARLY significantly differing from WIND;
RESTORED and LATE had an intermediate position. The number of
terricolous lichen species was also highest in EARLY, significantly
differing from LATE and WIND; RESTORED had an intermediate posi-
tion. Furthermore, EARLY had the highest thumber of threatened lichen
species significantly differing from WIND. The number of target species
was significantly highest in RESTORED, intermediate in EARLY and
LATE and lowest in WIND (Fig. 2).

The cover of each of the three Ericaceae species differed significantly
between the vegetation types (Fig. 3). Calluna vulgaris had a lower cover
in WIND compared to the other three vegetation types. By contrast, the
cover of V. myrtillus was highest in LATE, intermediate in WIND and
lowest in EARLY and RESTORED. Vaccinium vitis-idaea also had the
highest cover in LATE significantly differing from the three other
vegetation types.

For every vegetation type we detected several indicator species
(Table 2). EARLY was characterised by three characteristic species
among vascular plants (one threatened species: Lycopodium clavatum),
four among bryophytes (two threatened species: Polytrichum commune
var. perigoniale, Ditrichum heteromallum) and two among lichens (one
threatened species: Dibaeis baeomyces). Two of these species (Carex
pilulifera, L. clavatum) were considered target species. EARLY was the
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Fig. 2. Mean (+ SE) number of target species in the four different vegetation
types. N=10 per group. Comparison between groups was done by Tukey
contrasts, see materials and methods for details. P < 0.001.
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Fig. 3. Mean (& SE) cover of Calluna vulgaris, Vaccinium myrtillus and V. vitis-
idaea in the four different vegetation types. N=10 per group. Comparison
between groups was done by Tukey contrasts, see materials and methods for
details. Vegetation types without consistent letter indicate significant differ-
ences (P < 0.05). *** P <0.001.

only vegetation type where lichens in general and, additionally, where
threatened bryophyte and lichen species had been identified as indicator
species. RESTORED had the highest number of indicator species. Alto-
gether 23 vascular plants, among them four threatened species (Genista
germanica, Lathyrus linifolius, Lotus corniculatus, Nardus stricta), and two
bryophyte species were detected as indicator species. Additionally,
among the indicator species of RESTORED were seven species which
were considered target species (C. vulgaris, G. germanica, Hypericum
maculatum, L. linifolius, Luzula campestris, N. stricta, Veronica officinalis).
This was by far the highest number of target species among the indicator
species of a certain vegetation type. LATE had the lowest number of
indicator species. Solely two vascular-plant (V. myrtillus, V. vitis-idaea
[threatened species]) and two bryophyte indicator species were identi-
fied. However, three of these species (Pleurozium schreberi, V. myrtillus,
V. vitis-idaea) were target species. By contrast, WIND was rich in indi-
cator species (eleven vascular-plant and three bryophyte species).
However, none of the species was threatened and only one species was a
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Table 2

Results of ISA (Dufréne and Legendre, 1997) for the four vegetation types. N = 10 per group. TaS = target species, ThS = threatened species. The
maximum indicator values for significant indicator species are shown. Grey shaded values: Species are indicator species for this vegetation type. * P <
0.05, ** P < 0.01, *** P < 0.001.

Species TaS ThS Vegetation type r
EARLY RESTORED LATE WIND
Vascular plants
Lycopodium clavatum X X 70 . . . rofx
Pinus sylvestris . . 60 . . . ook
Carex pilulifera X . 56.6 . . . *
Veronica officinalis X . . 68.5 . . ok
Agrostis capillaris . . . 66 . . ok
Cerastinm holosteoides . . . 63.6 . . ok
Liugula campestris X . . 60.1 . . ok
Taraxacum sect. Ruderalia . . . 60 . . ook
Lotus corniculatus . X . 60 . . Hokok
Festuea rubra agg. . . . 54.8 . . ok
Genista germanica X X . 50 *k
Hypericum maculatnm X . . 50 . . ok
Rumex: acetosella . . . 50 . . *k
Festuca ovina agg. . . . 49.1 *
Calluna vulgaris X . . 40.3 *
Nardus stricta X X . 38.3 *
Aunthoxanthum odoratum . . . 38.1 *
Salix caprea . . . 30.6 *
Gnaphalium sylvaticum . . . 30.5 *
Epilobium tetragonum . . . 30 *
Lathyrus linifolins X X . 30 *
Ranuncunlus repens . . . 30 *
Senecio jacobaea . . . 30 *
Trifolinm pratense . . . 30 *
Trifolinm repens . . . 30 *
Veronica chamaedrys . . . 30 . *
Vaccininm myrtillus X . . . 74.9 . ok
Vaccinium vitis-idaea X X . . 74.4 . ok
Rubus idaens . . . . . 98 ok
Dryopteris dilatata . . . . . 90 ook
Picea abies . . . . . 85.6 ok
Deschampsia flexcnosa . . . . . 76.3 otk
Galeopsis tetrabit . . . . . 68.7 ok
Galium saxatile X . . . . 64.8 Fok
Senecio ovatus . . . . . 61.7 Fk
Digitalis purpurea . . . . . 59.6 ok
Liugula lnznloides . . . . . 58.3 *k
Epilobinm angustifolinm . . . . . 37.2
Mocehringia trinervia . . . . . 30
Bryophytes
Pobytrichum commune var. perigoniale . X 58.9 . . . ook
Campylopus introflexcus . . 43 . . . ok
Dicranella heteromalla . . 30
Ditrichum heteromallun . X 30 . . .
Ribytidiadelphus squarrosus . . . 56.6 . . ok
Plagiomminm affine . . . 40 . . Fk
Lophocolea bidentata . . . . 58.2 . ok
Pleurozinm schreberi X . . . 51.7 . *k
Kindbergia praelonga . . . . . 434 *
Brachythecium salebrosum . . . . . 41.2 *k
Scinro-hypnum spec.» . . 37.6 *
Lichens .
Dibaceis baeomyces . X 70 . . . Aokok
Placynthiella icmalea . . 38.2 . . . *

# Includes Sciuro-hypnum curtum and S. starkei.
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Fig. 4. NMDS ordination with plots of the four vegetation types (N = 40) and environmental variables as overlay (P < 0.05). Four dimensions, stress: 0.09. Herb-layer

cover was not significant.

target species (Galium saxatile).

Species composition of the four vegetation types was clearly distin-
guished by NMDS (Fig. 4). Along the first axis, WIND was clearly
separated from the three types of heathland vegetation (EARLY,
RESTORED, LATE) and correlated with nitrogen content and cover of
shrubs. The second axis separated the three types of heathland vegeta-
tion by reflecting a gradient from LATE to EARLY and RESTORED
(Fig. 4). In contrast to WIND, all three types were correlated with cover
of bryophytes and Ericaceae species. Additionally, EARLY and
RESTORED were associated with higher pH values compared to WIND
and LATE.

4. Discussion

Our study demonstrated that nine to ten years after heathland
restoration, the restoration plots were characterised by chemical soil
conditions comparable to those of existing heathland communities.
RESTORED was the hotspot of phytodiversity. Species richness of
vascular plants, threatened vascular plants and target species peaked on
RESTORED, followed by EARLY. Additionally, EARLY was characterised
by the highest number of terricolous lichen species and threatened
bryophyte and lichen species.

Soil conditions often constrain successful habitat restoration in
heathlands (e.g. Walker et al., 2004, 2007). That was the reason why we
excluded the most nutrient-rich of the three restoration sites studied by
Borchard et al. (2017) from our analysis (see section Study area). By
contrast, in the present study, RESTORED was characterised by chemical
soil conditions lying in the range of those of EARLY and LATE. As a
result, soil properties were hardly a limiting factor for the success of
heathland restoration. They usually changed along a gradient from
EARLY over RESTORED to LATE and WIND. The carbon, nitrogen,
phosphate and potassium concentrations increased across this gradient.
Additionally, corresponding with the low concentrations of organic
matter, EARLY and RESTORED had slightly higher pH values compared
to LATE and WIND. We assume that intensity of soil disturbance was the
major driver of this pattern as soil disturbance decreased along the
gradient according to land use (highest soil disturbance in EARLY by sod
cutting or regular disturbance by skiing, intermediate disturbance in
RESTORED by superficial clearing and low disturbance in LATE/WIND)
and, thus, the accumulation of organic matter and the thickness of the A-
horizon increased (see section Study area). The A-horizon is known to
represent a huge nutrient storage within lowland heathlands (Hardtle
et al., 2006).

Due to the long cover with forest (> 50 years) before the restoration
measures had been conducted and the short seed viability in most spe-
cies, it was very unlikely that target species would establish from the soil

seed bank (cf. Borchard et al., 2017). Accordingly, to overcome a po-
tential seed and dispersal limitation (Miinzbergova and Herben, 2005),
seed material was transferred to the restoration sites. Overall, the
techniques used for seed transfer (hydroseeding; application of chopper
material) were suitable for the restoration of montane heathland vege-
tation. Seed transfer by heather clipping was also used for restoring
lowland heathlands (Pywell et al., 1996). In our study, species richness
of vascular plants, threatened vascular plants and target species was
highest on RESTORED. Additionally, a total of seven target species,
including C. vulgaris, were even identified as indicator species of
RESTORED. By contrast, for each of the three other vegetation types
only one to three target species were determined as indicator species.

However, two usually dominant species of montane heathlands,
V. myrtillus and V. vitis-idaea, hardly established on RESTORED. Most
plant species depend on very specific microsites for establishment
(Miinzbergova and Herben, 2005). Consequently, microsite limitation is
another important factor hampering restoration success. Calluna vulgaris
mainly reproduces by seeds (Gimingham, 1960), and seedling estab-
lishment is especially successful on mineral soils (Watt, 1955). At the
start of the restoration measures, open mineral soil was largely available
on RESTORED for the transferred Calluna seeds (see section Study area),
and the species vigorously germinated. By contrast, the establishment of
the two Vaccinium species mainly depends on clonal growth; seedlings
rarely occur in nature (Ritchie, 1955, 1956). Generative reproduction
requires microsites characterised by high moisture and organic content
of the soil (cf. Eriksson and Froborg, 1996). Moreover, Ranwala and
Naylor (2004) discovered that germination of V. myrtillus only occurs
over a temperature range of 15 to 24 °C with most germination at 21 °C.
Furthermore, viability of the transient seeds is progressively reduced
under moist conditions and hardly retained after about ten months. This
explains the rarity of seedlings in Scotland where temperatures are low
during the period of seed dispersal in late August and September
(Ranwala and Naylor, 2004). Both Vaccinium species were identified as
indicator species of LATE, corroborating that they are slow colonisers
and that a high organic content of the soil may favour their
establishment.

Besides heathland species, species of acidic grasslands such as
Agrostis capillaris, Anthoxanthum odoratum, Festuca ovina agg., Festuca
rubra agg., Hypericum maculatum, Lathyrus linifolius, Luzula campestris,
Nardus stricta and Veronica officinalis (Peppler, 1992; Peppler-Lisbach
and Petersen, 2001) also successfully established on RESTORED and
were even identified as indicator species for this vegetation type. As a
result, RESTORED had a higher cover of grasses and herbs than the two
heathland vegetation types.

In contrast to RESTORED, on WIND, where no seed transfer had been
applied, plants of heathlands and acidic grasslands were hardly
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established. The number of target species was lowest, and among the
indicator species, plants characteristic of clear cuts (Digitalis purpurea,
Epilobium angustifolium, Galeopsis tetrahit, Rubus idaeus and Senecio ova-
tus) and forests (Dryopteris dilatata, Luzula luzuloides, Moehringia tri-
nervia, Picea abies) dominated (cf. Oberdorfer, 2001). As shown by
NMDS, species composition of WIND was clearly separated from the
heathland vegetation types.

From a nature-conservation point of view, EARLY was the second
most important vegetation type. It had the second highest number of
threatened vascular plant species as well as the highest number of
terricolous lichen and threatened bryophyte and lichen species. Due to
the most intensive management and disturbance (see above), the habitat
structure was even more open than those of RESTORED. EARLY was
characterised by a sparse, low-growing herb layer, an intermediate
cover of ericaceous dwarf shrubs and a high cover of bare ground and
stones/gravel. Such microsites favour less-competitive and often
threatened plants depending on a high availability of light for germi-
nation (Fleischer et al., 2013; Streitberger et al., 2017).

For lowland heathlands, Schellenberg and Bergmeier (2020) under-
lined the importance of early- to mid-successional stages for the con-
servation of plant species richness. Our study demonstrated that this also
holds true for the phytodiversity of montane heathland ecosystems.
Early- and mid-successional stages of heathlands are not only important
habitats for low-competitive vascular plants and cryptogams, they are
also vital for insects (e.g. grasshoppers) and threatened bird species such
as the meadow pipit (Anthus pratensis) and woodlark (Lullula arborea)
(Borchard et al., 2013; Fartmann et al., 2015).

In conclusion, the applied restoration measures were successful in
establishing montane heathland and acidic-grassland vegetation on
former spruce forests. However, the usually dominant species of
montane heathlands, V. myrtillus and V. vitis-idaea, had hardly estab-
lished. Both Vaccinium species are slow colonisers and require specific
microsites characterised by high moisture and organic content of the soil
for generative reproduction. Additionally, our study demonstrated that
early- to mid-successional stages of montane heathlands play a vital role
for the conservation of cryptogams and low-competitive plant species.

5. Implications for conservation

Based on the results of our study, we recommend the transfer of
autochthonous seed material (e.g. by application of chopper material or
hydroseeding) as a suitable tool for the restoration of montane heath-
land and acidic grassland vegetation. However, suitable abiotic condi-
tions are essential for successful heathland restoration. Pywell et al.
(2011) tested different methods for restoration of lowland heathlands.
They observed that the incorporation of heathland topsoil for the
restoration of lowland heathland resulted in low similarity to the target
species community in the long run as species that were rare within the
target community (e.g. Ulex minor) dominated at the restoration site,
which was most likely caused by abiotic constraints. In cases of high
nutrient values, intensive site preparation (e.g. by topsoil removal) is
essential for montane heathland restoration for avoiding the dominance
of non-target species such as Cytisus scoparius (Borchard et al., 2017). In
such cases, the addition of seed material is indispensable to overcome
seed limitation due to the removal of the soil seed bank (Allison and
Ausden, 2006).
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However, our study showed that the restoration measures were
insufficient for the establishment of V. myrtillus and V. vitis-idaea as these
species poorly reproduce by seed. Therefore, alternative measures are
necessary to promote the two Vaccinium species in the long run. One
suitable measure could be the translocation of sods from Vaccinium-rich
donor sites. First experiments within our study region showed that the
species successfully established within translocated heathland sods
(Borchard et al., 2017). However, it is unclear whether this method
supports the dispersal of the species into the surrounding. Similar
findings were made for lowland heathlands. The translocation of low-
land heathland turfs also proved to be successful for the long-term
establishment of Calluna vulgaris on restoration sites and this method
was beneficial for promoting lowland heathland species communities
(Pywell et al., 2011). However, the translocation of sods is expensive
and, thus, only recommended for habitat rescue (Pywell et al., 2011).
Therefore, the application of seed-rich material cut from heathland
donor sites is regarded as the most sustainable and practical method for
overcoming seed limitation in the restoration of lowland Calluna
heathlands (Pywell et al., 1996, 2011).

Additionally, our study highlighted the importance of early- and
mid-successional stages with a high proportion of bare ground for
conserving lichen and bryophyte diversity as well as threatened vascular
plant species, such as L. clavatum, within heathland ecosystems.
Therefore, it is essential to preserve such successional stages in montane
heathlands by specific measures such as sod cutting or choppering
(Fartmann et al., 2015; Gheza et al., 2020). These measures will favour
not only the flora but also insects (e.g. grasshoppers) and threatened
bird species (Borchard et al., 2013; Fartmann et al., 2015). To conserve
species diversity in montane heathlands, we recommend to create mo-
saics of different successional stages (Fartmann et al., 2015).
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Overview of Spearmann correlation coefficients (r;) among environmental data. All correlations with |rs| > 0.6 are significant (P < 0.001). Bold

variables were included in NMDS.

pH C Nmin P03~ K Shrub Herb Grasses Herbs  Ericaceaea  Bryophytes  Lichens Bare Stones/
layer layer soil gravel
Herb-layer -0.35 0.59 0.64 0.64 0.54 0.19 0.66 0.32 0.22 -0.01 0.10 -0.57 -0.61 -0.67
height
Stones/gravel 0.35 -0.66 -0.65 -0.68 -0.59 -0.24 -0.69 -0.35 -0.26 -0.10 -0.38 0.70 0.79 /
Bare soil 0.38 -0.59 -0.64 -0.65 -0.47 -0.17 -0.57 -0.27 -0.19 -0.07 -0.28 0.57 /
Lichens 0.33 -0.61 -0.66 -0.54 -0.41 -0.38 -0.53 -0.37 -0.19 0.07 -0.18 /
Bryophytes -0.08 0.10 -0.03 0.35 0.38 -0.42 0.33 -0.32 -0.21 0.56 /
Ericaceaea -0.26 0.19 -0.19 0.24 0.34 -0.36 0.08 -0.73 -0.61 /
Herbs 0.21 -0.04 0.26 0.02 -0.19 0.31 0.37 0.72 /
Grasses 0.19 0.05 0.35 0.03 -0.18 0.41 0.31 /
Herb layer -0.17 0.34 0.35 0.51 0.33 -0.01 /
Shrub layer -0.43  0.53 0.54 0.14 0.02 /
K -0.53 0.69 0.60 0.81 /
P03~ 061 078 069 /
Nmin -0.60 0.83 /
C -0.83 /
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