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Abstract  Sphagnum cultivation is a type of paludi-
culture and a way to use formerly drained peatlands 
productively but under wet and therefore climate-
friendly conditions. Where Sphagnum mosses are 
cultivated other plant species will also establish and 
possibly compete with the Sphagnum. The aim of this 
study was to determine which factors influence vas-
cular plant cover as well as plant species numbers at 
Sphagnum cultivation sites and to derive recommen-
dations for their management.  Two cultivation sites 
were studied in northwest Germany. One of these 
was established directly after peat extraction while 
the other was rewetted seven years prior to establish-
ment. Irrigation ditches for water management were 
installed at both sites. The cover of vascular plants 
and the number of plant species present were deter-
mined in systematically positioned plots. Six vari-
ables were tested for their influence on the assessed 
data by applying boosted regression tree models. The 
main factors influencing vascular plant cover at the 
two Sphagnum cultivation sites were the distance to 
an irrigation ditch (m), the site (location) and Sphag-
num cover (%). The number of species per plot was 
influenced mainly by Sphagnum cover (%), the dis-
tance to an irrigation ditch (m) and the donor species 

used for initiating the cultivation sites.  A sufficient 
supply of nutrient-poor water and optimal Sphag-
num growth can reduce vascular plant cover and the 
number of plant species potentially present at a site. 
Insufficient water distribution and uneven Sphagnum 
establishment lead to inhomogeneous site conditions 
and thus to a higher number of plant species. The 
number and cover of plant species at a cultivation 
site are influenced by the vegetation of the sites’ sur-
roundings and the selection of the donor site.

Keywords  Sphagnum farming · Paludiculture · 
Rewetting · Cut-over peatland · Reintroduction ·  
Site conditions

Introduction

The biomass of Sphagnum mosses can be used as a 
renewable alternative for fossil peat in horticultural 
growing media because they have nearly identi-
cal physical and chemical properties (Emmel 2008; 
Oberpaur et al. 2010; Jobin et al. 2014; Kumar 2017; 
Müller and Glatzel 2021). In addition, living Sphag-
num biomass can be introduced as donor material to 
rewetted peatlands for restoration (Quinty and Roche-
fort 2003). This aims to accelerate the development 
of characteristic Sphagnum-dominated vegetation and 
thus facilitate peat-formation (Campeau and Roche-
fort 1996; Robroek et al. 2009; González and Roche-
fort 2014; Karofeld et  al. 2016, 2017; Hugron et  al. 
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2020). For either case, Sphagnum biomass should not 
be collected on a large scale from natural peatlands, 
because they are very important carbon sinks and 
stores (Gorham 1991; Harenda et  al. 2018; Beaulne 
et  al. 2021; Loisel et  al. 2021). They also provide 
important habitats for specialised flora and fauna 
(Rydin and Jeglum 2006; Joosten et  al. 2017). An 
exception for collection in natural peatlands may be, 
when they are designated for peat extraction in coun-
tries with abundant peatlands (Quinty and Rochefort 
2003). In other countries, Sphagnum-rich peatlands 
might not be available for collecting Sphagnum bio-
mass at all because they have been destroyed by 
agricultural use, forestry or peat extraction (e.g. Ger-
many, Netherlands). They are often strictly protected 
(Joosten 2012) or even regulated by the EU Habitats 
Directive (92/43/EEC).

New approaches are therefore needed to obtain 
Sphagnum biomass. One way to establish a renewable 
source for Sphagnum biomass is the establishment of 
Sphagnum cultivation sites (also known as Sphagnum 
farming) where Sphagnum mosses are propagated 
(Money 1994; Pouliot et al. 2015; Gaudig et al. 2018; 
Hugron and Rochefort 2018). These Sphagnum culti-
vation sites can be established on rewetted former bog 
grassland (Gaudig et  al. 2014) or cut-over peatland 
(Pouliot et al. 2015; Gaudig et al. 2017; Grobe et al. 
2021). The cultivation of Sphagnum on rewetted peat-
lands is one type of paludiculture, which is defined 
as a sustainable, productive use of peatlands under 
wet and thus peat-preserving conditions (Wichtmann 
et  al. 2016). The raising of the water table required 
for this use can reduce high greenhouse gas emissions 
(Beyer and Höper 2015; Günther et  al. 2017; Oest-
mann et al. 2021) that occur in conventional drainage-
based peatland agriculture (Waddington and Price 
2000; Tiemeyer et al. 2020).

To establish a cultivation site for Sphagnum it is 
necessary to first create an even, bare peat surface 
crossed by ditches for irrigation. If a degraded, nutri-
ent-rich topsoil is present, such as on agriculturally 
used peatlands, it must be removed (Gaudig et  al. 
2018). Fragments of living Sphagnum mosses are 
then spread on the bare peat surface and covered with 
a protective material (most often straw) to protect the 
Sphagnum fragments from desiccation in the initial 
phase. As the final step the sites are rewetted. This 
procedure is similar to the “moss layer transfer tech-
nique” (MLTT) which is used for the restoration of 

peatlands by Sphagnum biomass introduction (Quinty 
and Rochefort 2003).

After the installation of a cultivation site, a closed 
Sphagnum carpet can develop which can be harvested 
every 3 to 5 years (Gaudig et  al. 2014; Krebs et  al. 
2018). For optimal growth of the Sphagnum a stable, 
near-surface water table throughout the year is essen-
tial (Hayward and Clymo 1983; Pouliot et  al. 2015; 
Gaudig et  al. 2020). Besides the water table several 
other factors influence the establishment of Sphag-
num when a cultivation site is being installed. These 
can be the layer thickness of the Sphagnum frag-
ments or the type of protective cover used to protect 
the Sphagnum from desiccation in the initial phase as 
well as the distance of the growing point to the near-
est irrigation ditch, which can influence the water 
availability (Gaudig et  al. 2017; Grobe et  al. 2021). 
Other factors such as the type and thickness of the 
residual peat layer, site management or the adjacent 
land use have been determined to influence the estab-
lishment of vegetation at restoration sites (Girard 
et al. 2002; Smolders et al. 2003; Laine et al. 2007; 
Triisberg et al. 2013; González and Rochefort 2014; 
Konvalinková and Prach 2014).

Similar factors might also influence the estab-
lishment of other plant species at cultivation sites. 
Those species are often also transferred, when liv-
ing Sphagnum biomass is introduced from donor 
sites (González and Rochefort 2014; Karofeld et  al. 
2016; Hugron et al. 2020). In addition, species from 
the surrounding area are likely to migrate to the cul-
tivation sites and establish there as well. Thus, the 
presence of plant species besides Sphagnum cannot 
be prevented entirely in in-situ cultivation. Espe-
cially vascular plants can become competition for 
the cultivated Sphagnum mosses, when their cover 
intercepts more than 50% of the photosynthetically 
active radiation (PAR) (Hayward and Clymo 1983). 
Vascular plants can also improve the growing con-
ditions of Sphagnum mosses by increasing relative 
humidity, balancing surface temperatures or provid-
ing mechanical support (Malmer et al. 1994; Tuittila 
et al. 2000; Pouliot et al. 2011). However, if the culti-
vated Sphagnum fibres are to be used as a constituent 
for horticultural growing media, they must be as clean 
and free of other fibres as possible (Kumar 2017). On 
the other hand, if the aim is to produce donor mate-
rial for restoration, the presence of other plant spe-
cies may be tolerable, as long as they do not impede 
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the growth of the target Sphagnum species, or even 
desirable if they are typical bog species. Plant spe-
cies establishing in addition to the Sphagnum target 
species increase species diversity at cultivation sites, 
which thus provide substitute habitats for bog typical 
or threatened species.

Regardless of whether or not a cover of vascular 
plants or the establishment of other plant species are 
tolerated at cultivation sites, it is necessary to deter-
mine the factors influencing the cover and establish-
ment of plant species besides Sphagnum (vascular 
plants, other bryophytes). Knowing these factors 
would allow to derive recommendations for their 
management at cultivation sites.

Following these considerations, the aim of this 
study was

•	 to determine which factors influence vascular 
plant cover and plant species numbers at Sphag-
num cultivation sites and.

•	 to derive recommendations for the management of 
vascular plants and plant species numbers at culti-
vation sites.

Methods

Study sites

Two Sphagnum cultivation sites were established 
as a practical trial on cut-over peatland near Twist 
in northwest Germany (Fig.  1a), called “Drenth” 
(DRT) (52° 41′ N, 07° 05′ E) and “Provinzialmoor” 
(PRM) (52° 40′ N, 07° 06′  E). This scientific study 
was built upon the existing trial. The local climate is 
oceanic with a mean annual temperature of 10 °C and 
a mean annual precipitation of 800 mm (1981–2010, 
meteorological station Lingen) (DWD 2022). At 
both sites peat had been extracted using the “milled 
peat” method. After peat extraction, an average peat 
layer thickness of 61 cm at DRT and 95 cm at PRM 
remained above the mineral soil. The residual peat 
layer contained highly decomposed black peat with 
an average degree of humification after von Post 
(1924) of H7–H8.

After peat extraction terminated, polders separated 
by peat bunds were created at both sites. The drain-
age ditches were filled with peat and the area within 
the polders was levelled but not stripped. This is a 

common approach to preparing peatlands for rewet-
ting after peat extraction in Germany (Blankenburg 
2004). The cultivation site PRM was established 
within a rewetted polder and had a rectangular shape 
(60 × 160 m, 1 ha study site) (Fig. 1b). PRM was sur-
rounded by 100 ha of rewetted cut-over peatland. The 
cultivation site DRT, on the other hand, was a narrow 
strip divided into three polders of 0.4 ha (25 × 160 m) 
each (total study site 1.2 ha) (Fig. 1c). DRT was sur-
rounded by about 50 ha of active and therefore drained 
peat extraction area. After construction of the pol-
ders they were rewetted through shallow inundation 
by excess rainfall in winter. While at PRM rewetting 
was implemented seven years prior to the establish-
ment of the cultivation site in 2008, DRT was rewet-
ted concurrently with the establishment of the culti-
vation site in 2015. When the establishment of both 
cultivation sites started in 2015, irrigation ditches 
were dug in the polders with an excavator (DRT) and 
by hand or small trenching machine (PRM). These 
were 0.3 m deep and 0.3–0.7 m wide. Because PRM 
had been inundated in the previous seven years, the 
water table had to be lowered first. Then, the already 
present sparse vegetation was removed. The irriga-
tion ditches were installed at PRM with a distance of 
40–60 m. At DRT the ditches were dug every 10 m, 
connecting to a perimeter ditch on both sides with a 
distance of about 23 m. The irrigation ditches allowed 
the active control of the water table at the cultivation 
sites. At PRM, water inflow was controlled manually 
with an elbow pipe (KG pipe) that connected the sur-
rounding polders, which were inundated with pre-
cipitation water, with the cultivation site. When these 
no longer carried sufficient water, water was pumped 
into the irrigation ditches from an adjacent ditch con-
taining drainage water from areas with ongoing peat 
extraction. At DRT, excess precipitation during the 
winter months was stored in two retention basins with 
a total volume of 6.000 m3. The water was pumped 
into the irrigation ditches during the summer months 
using an electrical pump. The retention basins were 
supplemented with groundwater when the collected 
precipitation water ran low, using another electrical 
pump. An overflow was installed at both sites to pre-
vent flooding.

Despite the efforts to maintain the water table 
close to the surface, fluctuations were high at both 
sites and relatively stable only in the winter months. 
At PRM the water table fluctuated between 13 above 
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Fig. 1   Schematic design of the cultivation sites with the study setup and the locations of the sample plots: a Location of the study 
sites in northwest Germany, b cultivation site PRM, c cultivation site DRT
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and 80 cm below peat surface (April 2016 to Novem-
ber 2018). This can be explained mainly by the drying 
out of the irrigation polders in the summer months 
and thus insufficient water supply. At DRT the fluctu-
ations were slightly lower, between 15 cm above and 
55 cm below peat surface (April 2016 to November 
2018). This was due to the additional use of ground-
water that was pumped into the irrigation ditches. The 
mean water table during the growing seasons (May 
to September) was 32 cm below peat surface at PRM 
and 11 cm below at DRT. The pH (mean ± SE) of the 
irrigation water was 4.2 ± 0.03 with an electrical con-
ductivity of (mean ± SE) 93 ± 3 µS cm−1 at PRM. Due 
to the additional use of groundwater at DRT higher 
values of pH 5.5 ± 0.15 and electrical conductiv-
ity 152 ± 7 µS cm−1 have occurred (details regarding 
water table and quality in Grobe et al. 2021 and Oest-
mann et al. 2021).

At both cultivation sites, the aim was to cultivate 
two Sphagnum species (S. papillosum and S. palus-
tre). Both species are in demand as donor material for 
restoration and have suitable fibres for horticultural 
growing media production (Emmel 2008). At DRT, 
the aim was to produce Sphagnum fibres for grow-
ing media and at PRM, donor material for restoration 
was cultivated. Sphagnum mosses were introduced to 
both cultivation sites using a manual adaptation of the 
“moss layer transfer technique” (MLTT). With this 
technique, fragments of Sphagnum mosses are col-
lected at a donor site and spread onto the bare peat 
surface at a rewetted peatland site (Quinty and Roche-
fort 2003). Donor material of two Sphagnum species 
was collected manually at two near-natural mires at 
60 and 200  km distances from the cultivation sites. 
In October 2015 (S. papillosum) and in March 2016 
(S. palustre), respectively, fragments of 5–10  cm 
were collected at the donor sites. Directly after the 
collection, the donor material was spread manually 
(application density 60–80% cover) on the bare peat 
at the cultivation sites. Each species was spread in a 
separate section at both sites but in the same way and 
at the same time for comparability (Fig.  1). To pro-
tect the Sphagnum fragments from desiccation in the 
initial phase, two different types of protective cover 
were tested. Parts of the study sites were covered with 
straw mulch (750–800  kg ha−1, application density 
80% cover) while other sections were covered with 
a geotextile (50% shade, made from UV-stable white 
polypropylene with a weight of 18 g m−2). At DRT, 

the geotextile was tested with both donor species 
while at PRM, it was only tested with S. papillosum. 
At both sites it was removed about six months after 
installation. To limit competition for the Sphagnum 
mosses, vascular plants at both sites were mown one 
to two times (spring, winter) per year using either a 
handheld petrol strimmer or a single-axle mower with 
a double-knife cutter bar. The study was conducted 
during the establishment phase of the cultivation sites 
and therefore Sphagnum mosses had not yet been har-
vested by the end of this study.

Data acquisition

Plant species numbers and cover were assessed 
at both study sites in September 2018 in plots of 
25 × 25  cm. 247 plots (DRT: 126, PRM: 121) were 
distributed systematically along transects. The tran-
sects were positioned with a distance of 10  m per-
pendicular to the irrigation ditches (Fig.  1). In each 
plot, the number of all present plant species (vascular 
plants, Sphagnum, other bryophytes) was recorded. 
The cover (%) of plant groups (total, vascular plants, 
Sphagnum, other bryophytes) as well as the cover of 
each individual plant species were estimated accord-
ing to the scale of Londo (1976).

The minimum distance of each plot to an irriga-
tion ditch (m) and the peat layer thickness (cm) were 
measured as possible influencing variables, as both 
could influence the supply of the irrigation water to 
the growing point. The thickness of the residual peat 
layer was measured with a metal rod, labelled with 
a scale, at 18 points at DRT and 10 points at PRM. 
Each plot was assigned with the peat layer thickness 
of the nearest measuring point.

Data analysis

All statistical analyses were performed with R soft-
ware (R version 4.0.3, R Development Core Team 
2020). First, normality and homogeneity of variance 
were tested using the Shapiro-Wilk Test (Shapiro 
and Wilk 1965) and the Levene Test (Levene 1960), 
respectively.

Differences between the study sites in the cover 
of plant groups (total, vascular plant, Sphagnum, 
other bryophytes) and the number of species per plot 
were tested with the non-parametric Wilcoxon Rank 
Sum Test (Mann-Whitney U test) (Wilcoxon 1945) 
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(significance level of p < 0.05) because the data was 
not normally distributed. The test was implemented 
using R package “ggpubr” (Kassambra 2020).

To determine which factors influence overall vas-
cular plant cover and plant species numbers, six vari-
ables were tested for their influence. Three categorical 
variables resulting from the installation of the cultiva-
tion sites were included in the analysis. First, the site 
(location) which represents different site conditions 
and rewetting history (DRT: establishment directly 
after peat extraction, PRM: rewetted seven years 
prior), second, the donor species (S. papillosum, S. 
palustre) that had been introduced to the cultivation 
sites, which includes different months of introduction 
and different time since introduction (S. papillosum: 
fall 2015, 36 months; S. palustre: spring 2016, 30 
months), and third the type of protective cover (straw, 
geotextile). In addition, three measured numerical 
variables representing environmental conditions at 
the sites were included: The Sphagnum cover (%), the 
thickness of the residual peat layer (cm) and the mini-
mum distance to an irrigation ditch (m).

For graphical presentation of the relationships 
between the variables and vascular plant cover as well 
as plant species numbers, all six possible influenc-
ing variables were plotted against the recorded over-
all vascular plant cover and number of species per 
plot determined at all 247 observations at both sites. 
Boxplots were used for the graphical presentation of 
the three categorical variables. Jitter point plots were 
used for the three numerical variables. Jitter plots 
are a variant of a scatter plot where overlapping data 
points are better visualised by slightly shifting the 
points along the axes. All plots were visualised with 
R package “ggplot2” (Wickham 2016).

To test the influence of the six variables on vas-
cular plant cover and the number of species per plot, 
boosted regression trees (BRTs) using the R packages 
“dismo” (Hijmans et al. 2017) and “gbm” (Greenwell 
et  al. 2019) were used. With this method, multiple 
regression models (regression trees) are calculated, 
and an adaptive method is applied to combine several 
simple models to improve the prediction performance 
(boosting) (Elith et  al. 2008). BRTs have no formal 
distributional assumptions. They can use non-para-
metric data, both categorical and numerical variables 
and fit complex nonlinear relationships. Approaches 
described in Bechtold et  al. (2014) were applied to 
avoid overfitting (monotonic slopes, dropping of 

correlated variables). The training models were per-
formed with all 274 observations and all six predictor 
variables, using the Gaussian distribution with tree 
complexity = 4, learning rate = 0.002 and bag frac-
tion = 0.5. Only the three most influential predictors 
(factors) were used for the final models.

Results

Plant cover and species numbers

The total plant cover was significantly higher at 
PRM (mean: 84%) compared to DRT (mean: 38%) 
(Table  1). This results from both higher vascular 
plant and Sphagnum cover at PRM. Vascular plant 
cover had a mean of 45% at PRM and 15% at DRT 
(Table 1; Fig. 2a). The dominant species were Erio-
phorum angustifolium, Erica tetralix, Molinia caeru-
lea and Rhynchospora alba (Table  2). They all had 
a high frequency in the plots but mostly a low cover 
(mean: 2–4%). Only two species, E. tetralix (mean: 
9%) and E. angustifolium (mean: 25%) had a higher 
cover at PRM. Of these the latter was the dominant 
vascular plant species at PRM. The Sphagnum car-
pet had a mean cover of 60% at PRM and 22% at 
DRT (Table  1). The dominant Sphagnum species at 
both sites were the target species S. papillosum and 
S. palustre. Additionally, S. cuspidatum had a high 
frequency in the plots at PRM (91 of n = 121) but 
only low cover (mean: 7%) (Table  2). The cover of 
bryophytes besides Sphagnum was low at both sites 
(mean: 1% at (PRM), 5% (DRT)), but some were 
rare and threatened typical bog species (e.g. Kurzia 
pauciflora).

In all plots, a total of 24 plant species at PRM (10 
vascular, 3 Sphagnum, 11 other bryophytes) and 27 
plant species at DRT (13 vascular, 4 Sphagnum, 10 
other bryophytes) were found. 20 of these species at 
each site were typical bog plant species, 14 species of 
which were threatened or near-threatened (Table 2).

The number of plant species per plot was signifi-
cantly higher at PRM (mean: 5.1) compared to DRT 
(mean: 3.7) (Table  1; Fig.  3a). Also, the number of 
vascular plant species in total, Sphagnum and other 
typical bog species per plot was higher at PRM. The 
number of bryophyte and bog tolerant species per plot 
was higher at DRT. While the number of threatened 
species per plot did not differ significantly between 
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the sites, the number of near-threatened species per 
plot was higher at PRM and the number of not threat-
ened species per plot was higher at DRT.

Factors influencing vascular plant cover

Vascular plant cover was higher at PRM (mean: 
45%) compared to DRT (mean: 15%) (Fig. 2a). Sec-
tions at PRM that were introduced with the donor 
species S. palustre had a higher vascular plant cover 
(mean: 52%) than S. papillosum (mean: 42%). At 
DRT sections with introduced S. papillosum (mean: 
18%) had a higher vascular plant cover than sections 
that were introduced with S. palustre (mean: 11%) 
(Fig. 2b). Regarding the used protective cover, vascu-
lar plant cover was highest at PRM in sections that 

were covered with straw (mean: 49%) and lowest in 
sections that were covered with geotextile at DRT 
(mean: 13%) (Fig. 2c).

Low vascular plant cover was associated with low 
Sphagnum cover. Higher values of vascular plant 
cover were often found when Sphagnum cover is also 
high (Fig. 2d). Peat layer thickness does not show a 
clear correlation with vascular plant cover. However, 
the distribution of the measured values showed that 
while at DRT peat layer thickness varied between 32 
and 100 cm, at PRM the residual peat layer thickness 
was 86–100  cm (Fig.  2e). Values of lower vascular 
plant cover are clustered with low distance to an irri-
gation ditch (Fig. 2f).

The BRT model for vascular plant cover was fitted 
with 1250 trees and reached a total explained devi-
ance of 0.41 as well as a Nash-Sutcliffe efficiency of 

Table 1   Summary table with mean values and ± standard deviation (SD) for the cover (%) of plant groups and the number of plant 
species per plot at the two cultivation sites

Differences between the sites were tested with the non-parametric Wilcoxon Rank Sum Test
For the complete list of plant species see Table  2. Habitat preference according to Ellenberg and Leuschner (2010), Jäger et  al. 
(2011) and Frahm and Frey (2004), bog typical = species with a strong habitat priority for raised bogs and a focus occurrence in 
raised bogs in Lower Saxony, bog tolerant = all other species
Red List status for Lower Saxony in Germany according to Garve (2004) for vascular plants and Koperski (2011) for bryophytes 
(threatened = category 3 (vulnerable) and category 2 (endangered), near-threatened = category V, not threatened = category * (least 
concern))
 n number of plots
Level of significance (p ≤ 0.05): ns (not significant, p > 0.05), *(p < 0.05), **(p < 0.01), ***(p < 0.001), ****(p < 0.0001)

Cultivation site DRT PRM
n 126 121 Wilcoxon p

Cover (%)
 Total 38 ± 29 84 ± 24 < 2e−16 ****
 Vascular plants 15 ± 22 45 ± 24 < 2e−16 ****
 Sphagnum 22 ± 23 60 ± 28 < 2e−16 ****
 Bryophytes 5 ± 10 1 ± 3 0.00083 ***

Number of species per plot
 All 3.7 ± 1.9 5.1 ± 1.4 6.2e−11 ****
 Vascular plants 2.1 ± 1.4 3.0 ± 1.1 3.3e−08 ****
 Sphagnum 1.0 ± 0.3 1.7 ± 0.4 < 2e−16 ****
 Bryophytes 0.6 ± 0.8 0.4 ± 0.7 0.01057 *
 Bog typical 3.4 ± 1.7 5.0 ± 1.4 4.0e−15 ****
 Bog tolerant 0.3 ± 0.5 0.1 ± 0.3 2.6e−05 ****
 Threatened 1.6 ± 1.3 1.5 ± 1.1 0.77724 ns
 Near-threatened 0.7 ± 0.9 2.5 ± 0.8 < 2e−16 ****
 Not threatened 1.4 ± 1.4 1.0 ± 0.9 0.02544 *

Total no. of species in all plots 27 24
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Table 2   The complete list of plant species found in the plots (25 × 25 cm) at the two cultivation sites DRT (126 plots) and PRM 
(121 plots)

Nomenclature follows Jäger et al. (2011) for vascular plants and Frahm & Frey (2004) for bryophytes. Mean cover (%) and frequency 
in plots are entered when the species was recorded in the plots at the site
The species are ordered in decreasing total frequency in the plots at both sites. Habitat preference according to Ellenberg and 
Leuschner (2010), Jäger et al. (2011) and Frahm and Frey (2004), (typ (bog typical) = species with a strong habitat priority for raised 
bogs and a focus occurrence in raised bogs in Lower Saxony, tol (bog tolerant) = all other species
Red List status for Lower Saxony in Germany according to Garve (2004) for vascular plants and Koperski (2011) for bryophytes 
(category 3: vulnerable, category 2: endangered, category V: near-threatened, category *: least concern)

Cultivation site DRT PRM

Species Mean cover (%) Frequency 
in plots

Mean cover (%) Frequency 
in plots

Habitat 
preference

Red list status

Sphagnum papillosum 15 80 37 93 typ 3
Eriophorum angustifolium 4 28 25 111 typ V
Erica tetralix 2 33 9 80 typ V
Molinia caerulea 4 52 4 49 typ *
Rhynchospora alba 4 63 4 37 typ 3
Sphagnum cuspidatum 0.2 9 7 91 typ V
Sphagnum palustre 9 42 15 27 typ *
Campylopus pyriformis 4 46 0.2 13 typ *
Drosera rotundifolia 0.1 20 0.1 25 typ 3
Drosera intermedia 1 24 0.2 15 typ 3
Vaccinium oxycoccos 0.04 9 0.06 15 typ 3
Calluna vulgaris – – 1 16 typ *
Juncus bulbosus 1 16 – – tol *
Callliergon stramineum 0.01 3 0.03 7 typ V
Juncus effusus 1 10 – – tol *
Odontoschisma sphagni 0.02 4 0.02 5 typ V
Cephalozia connivens 0.01 3 0.02 4 typ V
Eriophorum vaginatum – – 1 7 typ V
Campylopus introflexus 0.2 5 0.3 1 tol *
Hypnum cupressiforme – – 0.02 6 tol *
Betula pubescens 0.1 1 0.02 4 typ *
Kurzia pauciflora 0.2 3 0.01 2 typ 2
Aulacomnium palustre 0.02 4 – – typ V
Calypogeia fissa 0.004 1 0.01 3 typ *
Carex canescens 1 4 – – tol *
Bryum argenteum 0.01 2 – – tol *
Agrostis canina 0.1 1 – – tol *
Leucobryum glaucum – – 0.004 1 tol *
Pinus sylvestris 0.004 1 – – typ *
Pohlia nutans 0.004 1 – – tol *
Polytrichum commune – – 0.004 1 tol *
Polytrichum strictum – – 0.004 1 typ V
Sphagnum medium 0.004 1 – – typ 3
Total no. of species 27 24 
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0.28. The model indicates that the three most influ-
ential predictors (factors) for vascular plant cover 
were the distance to an irrigation ditch (m), the site 
(location) and Sphagnum cover (%). The factor with 
the highest relative influence on vascular plant cover 
was the distance to an irrigation ditch (41.4%). With 
a greater distance of the growing point to the near-
est irrigation ditch, the vascular plant cover also 
increased (Fig. 2g). However, after a distance of more 
than 10  m, vascular plant cover slightly decreases 
again. The factor site had a relative influence on vas-
cular plant cover of 32.5% (Fig.  2h). The site PRM 
was associated with a much higher vascular plant 
cover compared to DRT. The relative influence of the 
factor Sphagnum cover was 26.1% (Fig.  2i). Lower 
cover of Sphagnum (up to 40%) was associated with 
lower cover of vascular plants as well. Sphagnum 
cover above 40% positively influences vascular plant 
cover. However, if Sphagnum cover is above 90%, 
vascular plant cover shows lower values again.

Factors influencing plant species numbers

The number of plant species per plot was higher at 
PRM (mean: 5.1) than at DRT (mean: 3.7) (Fig. 3a). 
At DRT, the number of species per plot was higher 
in sections that were introduced with donor species 
S. papillosum (mean: 4.0) compared to S. palustre 
(mean: 3.2) (Fig. 3b). At PRM, it was similar between 
the sections with introduction of S. papillosum 
(mean: 5.1) and S. palustre (mean: 4.9). The highest 
number of species per plot was found at PRM in sec-
tions covered with geotextile (mean: 5.3), while the 
lowest numbers were found at DRT, when the same 
protective cover was used (mean: 3.1) (Fig. 3c).

High numbers of species per plot were found more 
often when Sphagnum cover was high (Fig.  3d). 
Above a Sphagnum cover of 30% the number of spe-
cies was rarely lower than 2.5 species per plot. A 
clear correlation between peat layer thickness and 
number of species per plot is not discernible (Fig. 3e). 
Where the distance to an irrigation ditch was greater 
than 5 m the number of species was never lower than 
2.5 per plot (Fig. 3f).

The BRT model for the number of plant species 
per plot was fitted with 1300 trees and reached a total 
explained deviance of 0.40 as well as a Nash-Sutcliffe 
efficiency of 0.27. The model identified the three 
most influential predictors (factors) for the number 

of species per plot as Sphagnum cover (%), the dis-
tance to an irrigation ditch (m) and the donor species. 
The highest relative influence was found with Sphag-
num cover (52.6%), which positively correlated with 
the number of species per plot (Fig.  3g). The factor 
distance to irrigation ditch had a relative influence of 
34.8% and the number of species per plot responds 
positively to a distance greater than 15 m (Fig.  3h). 
The donor species S. papillosum was associated with 
a higher number of species per plot than S. palustre 
and had a relative influence of 12.6% (Fig. 3i).

Discussion

Factors influencing vascular plant cover

Vascular plant cover was significantly higher at the 
cultivation site that was rewetted seven years prior 
to establishment (PRM, mean: 45%) than at the site 
that was rewetted concurrent with its establishment 
(DRT, mean: 15%). Accordingly, the site (location) 
was identified with the BRT model as a factor influ-
encing vascular plant cover. While no vascular plant 
species had a higher mean cover than 4% at DRT, 
Erica tetralix (9%) and especially Eriophorum angus-
tifolium (25%) had a comparatively high mean cover 
at PRM. E. angustifolium colonises rewetted peat-
lands quickly, because its seeds spread well with the 
wind (Salonen 1994; Campbell et  al. 2003; Lavoie 
et al. 2005). The colonisation potential of this species 
was high at PRM, because it had already established 
abundantly in the surroundings of the site during the 
previous seven years of rewetting (data not shown). 
At DRT, no vascular plant species were abundant in 
the surrounding areas that could have migrated to the 
cultivation site as these were mostly bare and active 
peat extraction sites. These results indicate the impor-
tance of considering the colonisation potential of 
other plant species from the site’s surroundings when 
selecting the location for a cultivation site.

The distance of the growing point to the nearest 
irrigation ditch had the greatest effect on vascular 
plant cover which increases with growing distance. 
This suggests irrigation water not sufficiently reach-
ing the centre of the sites, resulting in drier condi-
tions promoting vascular plant establishment. The 
insufficient water distribution can be explained by the 
low hydraulic conductivity of the highly decomposed 
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black peat (Liu and Lennartz 2019). Additionally, 
the water table dropped lower in summer at PRM 
(down to 80  cm below peat surface) than at DRT 
(down to 55 cm below) because irrigation water ran 
out during dry summers. This may also have pro-
moted higher vascular plant cover at PRM. Restora-
tion sites with unfavourable hydrological conditions 
(insufficient rewetting, water table fluctuations) are 

known to be colonised by vascular plants rather 
than Sphagnum (Lavoie and Rochefort 1996; Girard 
et al. 2002; Lavoie et al. 2003; Vasander et al. 2003; 
Lanta et al. 2004; Poulin et al. 2005). Therefore, suf-
ficient water supply (stable, near-surface water table 
throughout the year) will not only facilitate optimal 
Sphagnum growth. It may also reduce vascular plant 
cover, when a closed Sphagnum carpet with a cover 



Wetlands Ecol Manage	

1 3
Vol.: (0123456789)

greater than 90% is achieved and thus reduces com-
petition and the requirement for mowing. For this 
purpose, reserves should be provided for years with 
low precipitation and dry summers. Depending on 
the hydraulic conductivity of the peat, the spacing of 
irrigation structures should be designed for optimal 
distribution of irrigation water.

Near irrigation structures where water avail-
ability is good, Sphagnum mosses also show better 
growth rates (Gaudig et al. 2017; Grobe et al. 2021). 
The BRT model shows that low Sphagnum cover is 
associated with low vascular plant cover. Especially 
in concert with insufficient water supply, tempera-
ture fluctuations, high evaporation and wind erosion 
can render the conditions on bare peat difficult for 
plant establishment (Salonen 1994; Campeau and 
Rochefort 1996; Price 1996; Campbell et al. 2002). 
While Sphagnum cover above 40% has a positive 
effect on vascular plant cover initially, Sphagnum 
cover above 90% influences vascular plant cover 
negatively. In areas where Sphagnum grows well, 
vascular plant productivity is often reduced. Under 
optimal conditions Sphagnum can even overgrow 
vascular plants (Backéus 1985; Malmer et al. 1994; 
Rydin et al. 2006). Thus, where optimal Sphagnum 

growth is achieved, it is also likely that vascular 
plant cover will be reduced or kept low.

Factors influencing plant species numbers

The total number of plant species and the number of 
typical bog species per plot was significantly higher 
at PRM (mean: 5.1 & 5.0) compared to DRT (mean: 
3.7 & 3.4). The higher numbers at PRM could be 
explained by the migration of species from the rewet-
ted surroundings that established at the site in addi-
tion to the species transferred with the donor mate-
rial. Nevertheless, in the BRT model, the factor site 
(location) was not influencing the number of species 
per plot. The number of threatened species per plot 
(e.g. Vaccinium oxycoccos, Drosera rotundifolia) did 
not differ significantly between sites. Rhynchospora 
alba and Drosera intermedia were even more fre-
quent in the plots at DRT than at PRM. This can be 
explained by the low Sphagnum cover at DRT and the 
associated high bare peat cover (Grobe et  al. 2021), 
as both species like to colonise bare peat (Rybníček 
1970; Thum 1986). The number of bog tolerant spe-
cies per plot was low at both sites (PRM, mean: 0.1 
& DRT, mean: 0.3) which has also been found true 
for establishing vegetation at abandoned cut-over 
peatlands (Girard et al. 2002; Poulin et al. 2005). This 
indicates that the conditions were instead better suit-
able for typical bog species. Hence, non-typical spe-
cies are unlikely to establish with high frequency at 
the sites or may not survive there for long. The fre-
quent species that were present in more than ten plots 
were found at both sites. Exceptions to this are Cal-
luna vulgaris, which was only frequent at PRM, as 
well as Juncus bulbosus and J. effuses, which were 
only relatively frequent at DRT. The presence of Jun-
cus species that are tolerant to higher nutrient con-
centrations may be attributed to the additional use of 
groundwater at DRT with higher nutrient levels. This 
was also observed at another cultivation site by Tem-
mink et  al. (2017). Where dominant, Juncus species 
can reduce cover and numbers of other species (Ervin 
and Wetzel 2002). They could thus become competi-
tion for Sphagnum in more nutrient-rich conditions. 
Therefore, nutrient-poor water (rainwater) should be 
used to prevent the dominance of competitive, nutri-
ent-tolerant plant species.

The factor with the greatest positive influence on 
the number of plant species per plot determined by 

Fig. 2   Boxplots and jitter plots showing the cover of vas-
cular plants (%) in the plots at the two cultivation sites with 
the dependence on six variables which were used for the BRT 
model. Boxplots (categorical variables, a–c) are showing 
median (central thick lines), 25 and 75% quartile ranges around 
the median (box length), outliers (circles) and mean values 
(rhomb). n = number of plots. Jitter plots (numerical variables, 
d–f) show each measured value as a point, which were slightly 
shifted for better visualisation of overlapping data points. 
a  cultivation site (DRT, PRM), b  donor species (this vari-
ables includes different months of introduction and different 
time since introduction, S. papillosum: fall 2015, 36 months; 
S. palustre: spring 2016, 30 months), c type of protective cover 
(straw, geotextile), d Sphagnum cover (%), e  thickness of the 
residual peat layer (cm), f  the minimum distance to an irriga-
tion ditch (m). Boosted regression tree partial dependence plot 
showing the effect of the three most influential predictors (fac-
tors) on the cover of vascular plants (%) at the two cultivation 
sites DRT (n = 126) and PRM (n = 121). g distance to irrigation 
ditch (m), h the cultivation site and i Sphagnum cover (%). The 
fitted function is the difference between the actual y-axis value 
and the mean response value. The important predictor range is 
where the fitted function is above zero. The graphs show the 
effect of a particular variable on the response: positive fitted 
function values suggest that vascular plant cover responds 
favourably and low values suggest the opposite. The relative 
influence of each factor on vascular plant cover is shown in 
parentheses below each graph.

◂
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the BRT model was Sphagnum cover. This suggests 
that where the conditions at the cultivation sites were 
suitable for Sphagnum, they were also suitable for 
other, primarily typical bog plant species. However, 
when Sphagnum cover exceeds 90%, the number of 
species per plot decreased. Sphagnum mosses can 
suppress other species by keeping their habitat wet 
and acidic (Rydin et  al. 2006). At cultivation sites, 
the aim is to establish a closed Sphagnum carpet 

(Pouliot et al. 2015; Gaudig et al. 2018). If this aim is 
achieved, a lower number of species can be expected 
compared to sites where structural diversity results 
from uneven establishment of Sphagnum (as for the 
sites of this study).

A distance of more than 15  m of the growing 
point to the nearest irrigation ditch had a positive 
influence on the number of plant species per plot, 
as it did on vascular plant cover. Again, it can be 
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assumed that with greater distance and thus poorer 
water supply, additional species establish that 
are more tolerant to drier conditions. Thus, when 
homogeneous sites with good water supply are 
established, the number of species potentially pre-
sent at the site will be reduced.

The applied donor material was also a factor 
influencing the number of plant species per plot. 
In the areas where donor material with S. papil-
losum was used, a higher number of species per 
plot was found than in the areas where S. palus-
tre was introduced. A correlation between species 
composition at the recipient site and its donor site 
was also observed for restoration sites that were 
introduced with Sphagnum biomass (Karofeld 
et al. 2016; Hugron et al. 2020). However, for this 
study, it should be considered that the donor mate-
rial with S. papillosum was introduced about half a 
year earlier (October 2015) than S. palustre (March 
2016) and because of this, species had more time 
to establish. Nevertheless, the differing half-year 
was not part of the growing season. Following 
these considerations, the number and composition 

of species at a cultivation site can be influenced by 
the selection of the donor site.

Conclusion

Summarising, the main factors influencing vascu-
lar plant cover at the two Sphagnum cultivation sites 
were the distance to an irrigation ditch (m), the site 
(location, which represents the different site condi-
tions and rewetting history), and Sphagnum cover 
(%). The number of plant species per plot was influ-
enced mainly by Sphagnum cover (%), the distance to 
an irrigation ditch (m) and the donor species. Whether 
the reduction or mowing of vascular plants at cultiva-
tion sites is necessary depends on the end use of the 
cultivated Sphagnum biomass, the site conditions as 
well as the cover, the plant species, and the amount of 
litter it produces (Guêné-Nanchen et  al. 2017; Gau-
dig et al. 2017, 2018). The cover might also decrease 
with succession as observed by Guêné-Nanchen et al. 
(2017). It is therefore a case-by-case decision.

The results of this study and their interpretation 
apply to the study sites but may only be adopted to 
other sites to a limited extend, as true replications 
could not be realised due to the pre-existing site 
design. However, from the observations at the two 
cultivation sites of this study, the following conclu-
sions and recommendations for the management of 
vascular plant cover and plant species numbers at 
Sphagnum cultivation sites can be derived:

•	 The colonisation potential of other plant species 
from the site’s surroundings needs to be consid-
ered when selecting the location for a cultivation 
site.

•	 Sufficient water supply (stable, near-surface water 
table throughout the year) will not only facilitate 
optimal Sphagnum growth but may also reduce 
vascular plant cover and the number of plant spe-
cies potentially present at a site (e.g. species tol-
erant to drier conditions) and thus reduce com-
petition and the requirement for mowing. Water 
reserves should be provided for years with low 
precipitation and dry summers. The spacing of 
irrigation structures should be designed for opti-
mal distribution of irrigation water depending on 
the local hydraulic conductivity of the peat.

Fig. 3   Boxplots and jitter plots showing the number of plant 
species per plot at the two cultivation sites with the depend-
ence on six variables which were used for the BRT model. 
Boxplots (categorical variables, a–c) are showing median 
(central thick lines), 25 and 75% quartile ranges around 
the median (box length), outliers (circles) and mean values 
(rhomb). n = number of plots. Jitter plots (categorical vari-
ables, d–f) show each measured value as a point, which were 
slightly shifted for better visualisation of overlapping data 
points. a  cultivation site (DRT, PRM), b  donor species (this 
variable includes different months of introduction and different 
time since introduction, S. papillosum: fall 2015, 36 months; S. 
palustre: spring 2016, 30 months), c  type of protective cover 
(straw, geotextile), d Sphagnum cover (%), e  thickness of the 
residual peat layer (cm), f  the minimum distance to an irriga-
tion ditch (m). Boosted regression tree partial dependence plot 
showing the effect of the three most influential predictors (fac-
tors) on the number of species per plot at the two cultivation 
sites DRT (n = 126) and PRM (n = 121). g  Sphagnum cover 
(%), h  the minimum distance to an irrigation ditch and i  the 
donor species. The fitted function is the difference between the 
actual y-axis value and the mean response value. The impor-
tant predictor range is where the fitted function is above zero. 
The graphs show the effect of a particular variable on the 
response: positive fitted function values suggest that the num-
ber of species per plot responds favourably and low values sug-
gest the opposite. The relative influence of each factor on the 
number of species per plot is shown in parentheses below each 
graph.

◂
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•	 Nutrient-poor water (rainwater) should be used to 
prevent the dominance of competitive, nutrient-
tolerant plant species (e.g. Juncus species).

•	 When the conditions are suitable for Sphagnum, 
they are also suitable for other typical bog plant 
species and it is unlikely for non-typical species to 
establish permanently at the sites.

•	 When optimal Sphagnum growth and a closed 
Sphagnum carpet are achieved, vascular plant 
cover will be reduced or kept low and a lower 
number of plant species can be expected com-
pared to sites where structural diversity results 
from uneven establishment of Sphagnum.

•	 The number and composition of plant species at a 
cultivation site can be influenced by the selection 
of the donor site.
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