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Abstract

Fen bryophytes are an important component of natural
fens and should be included in fen restoration projects.
The goal of this study was to examine the regeneration ca-
pabilities of nine bryophytes common to moderate-rich
and poor fens in North America. A greenhouse experi-
ment was carried out to examine the limitations and
optima for the regeneration of fen bryophytes under dif-
ferent light and water regimes. A field experiment tested
these same bryophytes in the presence of three potential
nurse-plants. In the greenhouse experiment, the presence

of shade increased regeneration success for eight out of
nine species. A high water level was ideal for the regener-
ation of the majority of species tested. In the field experi-
ment, Sphagnum species had the highest regeneration,
and all species had higher regeneration under a dense can-
opy of herbaceous plants. Fen bryophytes show good
potential for use in restoration projects because the tested
bryophytes regenerated well from fragments.

Key words: brown mosses, moderate-rich fen, peatland,
plant reintroduction, poor fen, Sphagnum mosses.

Introduction

Fen restoration is a good example of the subjectivity inher-
ent in restoration (Higgs 2003). Vascular plants have
largely been given priority (Pfadenhauer & Grootjans 1999;
Cooper & MacDonald 2000; Kotowski et al. 2001; Lamers
et al. 2002), even though bryophytes are an equally impor-
tant element of fen vegetation (Mitsch & Gosselink 2000).
Incorporating bryophytes in fen restoration projects will
increase species richness and vertical diversity, creating
a vegetation structure closer to undisturbed fens. Addition-
ally, bryophytes are important to the ecosystem functioning
of fens. They play an important role in water balance,
energy flow, nutrient cycling, and the creation and modifi-
cation of habitats occupied by other organisms (Longton
1984). Bryophytes have also been shown to produce more
biomass and decompose more slowly than vascular plants
in fen systems, contributing greatly to carbon storage (Vitt
2000). Fen bryophytes play an important role in the species
composition and function of fen systems and deserve more
attention in fen restoration research.

Many articles have been published on the regeneration
capacities of Sphagnum mosses common to bogs (Roche-
fort et al. 1995; Campeau & Rochefort 1996; Bugnon et al.
1997; Buttler et al. 1998); however, few articles have been
published on the regeneration capacities of fen bryo-
phytes. Two studies (Poschlod & Schrag 1990; Li & Vitt
1994) recognized that fen bryophytes were capable of veg-

etative reproduction. However, these articles do not exam-
ine the effect of water level or the presence of a protective
cover on the regeneration of mosses, factors that are cru-
cial to the success of bryophyte regeneration in the context
of restoration (Rochefort et al. 2003). Mälson and Rydin
(2007) examined regeneration capabilities of rich fen bryo-
phytes for fen restoration and found that a protective
cover increased recolonization success and that even small
changes in hydrology had an effect on biomass growth.
Currently, no information exists on the regeneration of
bryophytes for the restoration of poorer types of fen.

The microclimatic conditions of fen restoration sites can
vary greatly depending on the prior land use and the
amount of time since abandonment. On one extreme, res-
toration sites can be several hundred hectares of bare peat,
as is the case for cutaway peatlands (Sliva & Pfadenhauer
1999; Cobbaert et al. 2004). The bare peat surface of an
abandoned peatland is an extremely harsh environment,
where water levels and temperature fluctuate greatly (Price
et al. 2003). However, if these cutaway peatlands have
been abandoned for several years, they are often spontane-
ously colonized by pioneer vegetation (Famous et al. 1991;
Salonen et al. 1992), creating a more stable microclimate.
On the other extreme, fen restoration is also carried out on
former agricultural land, where reintroduced mosses will
have to compete with a dense herbaceous layer (Kotowski
et al. 2001; Lamers et al. 2002). The ideal reintroduction
time minimizes the mortality due to adverse abiotic factors
while minimizing mortality due to competition with spon-
taneously established species (Prach et al. 2001).

Microclimatic conditions have had a big impact on
the success of moss regeneration in bog restoration. The
protection of a straw mulch layer is essential to the re-
generation of Sphagnum mosses (Rochefort et al. 2003).
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Moreover, the presence of the pioneer moss, Polytrichum
strictum, which stabilizes the substrate and the microcli-
mate, significantly improves the regeneration success of
Sphagnum bryophytes (Groeneveld et al. 2007). The
improved establishment of one plant through the presence
of a nurse-plant, which is usually a pioneer species, has
been observed in a variety of harsh environments (Bruno
et al. 2003). Because cutaway peatlands with minerotrophic
residual peat are quickly colonized by spontaneous vegeta-
tion (Graf et al. 2008), the nurse-plant effect could have
a considerable impact on reintroduced vegetation.

In this study, we examined the regeneration capabilities
of nine fen bryophytes common to North American poor
and moderate-rich fens. Our goals were to examine the
environmental conditions that enable vegetative regenera-
tion and to study the effect of microclimate on the bryo-
phyte regeneration. Greenhouse and field experiments were
carried out in order to respond to the following questions:

(1) What are the optimum and limiting conditions
(water level and shading) for the regeneration of nine
bryophytes common to North American poor and
moderate-rich fens?

(2) Are there differences in the abilities of these species
to regenerate vegetatively?

(3) What effect do nurse-plants have on the regeneration
success of the tested bryophytes?

Methods

Study Species

The nine fen bryophytes chosen are common in moderate-
rich and poor fens of boreal North America and represent
different realized niches. Tomenthypnum nitens (Hedw.)
Loeske and Sphagnum centrale C. Jens. in Arnell & C.
Jens. are found in the dry areas (hummocks) of fens (Andrus
1986; Gignac et al. 1991). Polytrichum strictum Brid.,
Dicranum polysetum Sw., and Pleurozium schreberi
(Brid.) Mitt are common to hummocks or dry parts of
both fens and bogs (Gauthier 1980; Gignac et al. 1991).
Dicranum polysetum is found in similar abundance as D.
undulatum Schrad. ex Brid. in peatlands of Eastern
Canada, and because of their similar structure, only
D. polysetum was tested (Rochefort, unpublished data;
Poulin et al. 1999). Sphagnum fallax (Klinggr.) Klinggr. is
common in wet parts (lawns and hollows) of poor fens and
moderate-rich fens (Andrus 1986). Warnstorfia exannulata
(Schimp. in B.S.G.) Loeske inhabits the wettest areas of
poor fens (Vitt & Chee 1990). Aulacomnium palustre
(Hedw.) Schwaegr. and S. warnstorfii Russ. are present
over a wide range of pH and hydrological conditions
(Gignac et al. 1991).

Greenhouse Experiment

The regeneration capabilities of the above-described
bryophytes were assessed in a factorial greenhouse experi-

ment testing four water levels (at 0, 210, 220, and 240
cm), both with and without shade over a 6-month period.
Shade was created using shade nets that blocked 50%
of the light (Industries Harnois, St.-Thomas-de-Joliette,
Québec, Canada). Fifty percent shade corresponds to the
average total vegetation cover of abandoned fens in North
America (see also Table 3; Graf et al. 2008). The experi-
mental design was a complete randomized block design
with four blocks. Each plastic container (61 3 47 3 50.8
cm) was divided into nine subplots, and one small portion
was left bare for taking abiotic measurements. Water level
was controlled via plastic cylinder (6 3 3 3 51 cm) inserted
into the peat, which was perforated with small holes. One-
centimeter holes were drilled into the outside wall of the
chamber at a specified height to allow the containers to
drain to the appropriate water level after watering.

Bryophytes were collected from natural fens 3 weeks
prior to experimental setup and were kept at 4�C. Moss
species were randomly assigned to subplots of each con-
tainer, and 25 fragments, each 3 cm in length (including
the capitula for Sphagna), were evenly distributed. Each
container was watered 20 mm/week (spread evenly over
three waterings per week), which corresponds to the aver-
age weekly precipitation during the vegetation season in
southern Québec. We used distilled water supplemented
with a modified Rudolf solution (Faubert & Rochefort
2002) 5-fold diluted to simulate field conditions (rain-
water). The temperature was set to 20�C for the 14-hour
photoperiod and 15�C at night. The relative humidity was
80% and was adjusted to 50% after 2 months to control
cyanobacteria development. Artificial light was supple-
mented when the natural light was below 300 watts/m2.

To assess the water availability, the soil water potential
(at 22 cm) and volumetric water content were measured
weekly for each container. Soil water potential was mea-
sured using a tensiometer (Soil Measurement Systems,
Tucson, AZ, U.S.A.) and water content using a WET sen-
sor (Model 1.2 Delta-T Devices Ltd., Cambridge, U.K.)
connected to a moisture meter type HH2 (Model 3.0,
Delta-T Devices Ltd.). The temperature of two containers
from each block, one with a shade net and the other with-
out, was measured hourly for 60 days during the experi-
ment using StowAway data loggers (Onset Computer
Corporation, Pocasset, MA, U.S.A.). The relative humid-
ity of the air 1 cm from the surface of the same containers
was measured using a humidity and temperature meter
Model 4465CF (Extech Instruments, Melrose, MA, U.S.A.)
on three occasions during the experiment.

Peat samples were taken from each block (samples
from each container were pooled). The samples were ana-
lyzed for pH, electrical conductivity, and concentrations
of sodium (Na), iron (Fe), calcium (Ca), magnesium (Mg),
total phosphorus (P), and nitrogen (N-NO �

3 and N-
NH1

4 ). An Acumet Model 10 probe was used to measure
pH (Fisher Scientific, Pittsburgh, PA, U.S.A.). Electrical
conductivity was measured with an Orion Model 122 con-
ductivity meter (Thermo Electron Corporation, Waltham,
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MA, U.S.A.), adjusted to 20�C, and corrected for hydrogen
ions (Sjörs 1952). These measures were carried out using
a 4:1 mixture of bidistilled water and peat. The P was
extracted using the Bray 1 method (Bray & Kurtz 1945),
and the extract was analyzed using flow injection analysis
(Bogren & Hofer 2001). An inductively coupled argon
plasma spectrophotometer (ICP-OES Optima 4300DV;
Perkin Elmer, Waltham, MA, U.S.A.) was used to deter-
mine Na, Fe, Ca, and Mg concentrations (Mehlich 1984).
The N content was determined following the Kjeldahl
method (Bremner & Mulvaney 1982). The peat chemistry
(Table 1) is characteristic of poor fen peat (Vitt & Chee
1990) and is representative of residual minerotrophic peat
from cutaway peatlands in North America (Wind-Mulder &
Vitt 2000; Graf et al. in press). The pH and conductivity
were tested again at the end of the experiment and had not
significantly changed.

Regeneration was estimated by assessing the percent liv-
ing cover of each moss species after 6 months. For the acro-
carpous mosses, all living bryophytes were the result of new
regeneration because the fragment of the main stem served
as the foundation of the new growth but rapidly died. How-
ever, the fragments of Sphagnum species and the pleurocar-
pous bryophytes could continue to grow. Therefore, it was
difficult to distinguish new growth. Due to the inherent dif-
ferences in the morphological growing habits of the bryo-
phytes, each moss species was analyzed separately using
analysis of variance (ANOVA) and calculated by the gen-
eralized linear model (GLM) procedure of SAS and a priori
polynomial contrasts (SAS Statistical System software, ver-
sion 9.1; SAS Institute, Inc., Cary, NC, U.S.A.).

Field Experiment

The field experiment was carried out over 2 years (2005
and 2006) on a cutaway peatland in southern Québec (lat
47� 459N, long 69� 309W). This site is part of a large com-
plex of ombrotrophic bogs interspersed with Alnus
swamps (Gauthier & Grandtner 1975) and has been classi-
fied as a low boreal peatland (National Wetlands Working
Group 1988). The regional climate is characterized by cold
winters and warm summers with January and July mean
temperatures of 213 and 18�C, respectively. The mean
annual precipitation is 963 mm, of which 72% falls as rain
(Environment Canada 2002). The peat characteristics
(same methodology as above) of the residual minerotro-
phic peat layer can be seen in Table 1.

The field experiment was a randomized block, split-plot
design with nurse-plant treatments as the main factor and
the bryophytes species as the subplot factor. The nurse-
plant treatments were as follows: (1) Scirpus cyperinus
(L.) Kunth; (2) Equisetum arvense L.; (3) Polytrichum
strictum; (4) straw mulch cover; and (5) control. The first
three treatments are plants that frequently spontaneously
colonize cutaway minerotrophic peatlands in Canada
(Graf et al. 2008). These plants additionally represent
three distinct vegetation structures: S. cyperinus exhibits
a large, tussock-forming structure, E. arvense is a small,
early-successional plant, and P. strictum is a pioneer moss
species. The nurse-plant treatments were repeated five
times for a total of 25 plots, measuring 5 3 6 m with a 2-m
buffer between plots.

The nurse-plant treatments were established prior to
experiment start (2004). The experimental areas were
scraped and leveled to homogenize the surface and remove
any vegetation. In June, monocultures of S. cyperinus, E.
arvense, and P. strictum were established. Mature Scirpus
tussocks (circa 1.5 m high) were transplanted to the desig-
nated plots from on-site colonies. Equisetum was trans-
planted using rhizomes also collected on site. Polytrichum
strictum plots were created by introducing moss fragments
in a 1:5 donor to recipient ratio. The P. strictum plots
were covered with straw to improve their regeneration
(Groeneveld & Rochefort 2005), and all nurse-plant plots
were lightly fertilized with rock phosphate (15 g/m2) to aid
establishment (Rochefort et al. 2003).

The following year, fragments of the study species,
excluding P. strictum, were introduced in a 1:10 donor to
recipient ratio onto eight subplots of 1.5 3 1.5 m. The sub-
plots were located in the center of the main plots with
a buffer zone of at least 1 m to the edge of the main plot
to ensure similar treatments. The soil water potential was
measured on 10 plots at 22 cm every 2 weeks during the
growing season of 2005. Temperature and volumetric
water content were measured from late June to mid-
August 2005 (same instruments as above).

The regeneration of each moss was assessed by estimat-
ing the percent cover of each moss (using two 25 3 25–cm
quadrats per subplot) at the end of each growing season.
At the same time, the percent cover of the nurse-plant
treatments, spontaneous vegetation, and total vegetation
present was assessed (16 quadrats of 50 3 50 cm per main
plot). This information was used to assess the success of
each nurse-plant’s establishment. Three outliers, main

Table 1. The means (± SE) of chemical properties of the peat from the greenhouse and field regeneration experiments show that the peat used

for the experiments was a type of poor fen peat.

Ca
(mg/g)

Mg
(mg/g)

Fe
(mg/g)

Na
(mg/g)

P
(mg/g)

N-NO �
3

(mg/g)
N-NH 1

4
(mg/g)

Conductivity
(lS/cm) pH

Greenhouse 3.8 (± 0.1) 1.15 (± 0.02) 0.5 (± 0.03) 0.82 (± 0.01) 44.4 (± 0.9) 3.4 (± 0.4) 148.7 (± 7) 30.0 (± 4.8) 4.64 (± 0.02)
Field 5.6 (± 0.4) 1.16 (± 0.2) ND 0.31 (± 0.08) 28.0 (± 9.0) ND ND 23.9 (± 2.5) 4.97 (± 0.07)

ND, data not available.
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plots that had an exceptionally low or high percent cover
(> or < M ± SD) of the nurse-plant or spontaneous vegeta-
tion, were eliminated from the analyses. The regeneration
(% cover) of the bryophytes was compared among moss
species and among nurse-plant treatment. For the field
experiment, the regeneration of the moss species could be
compared because the mosses were reintroduced using
the same donor to recipient ratio, not a specific number of
fragments, and because fewer factors were being tested.
The analysis was carried out using the MIXED (recom-
mended for split-plot designs) and least significant differ-
ence (LSD) procedures of SAS (SAS Statistical System
software, version 9.1).

Additionally, a regression analysis was carried out in
order to detect a possible relationship between the regener-
ation of the introduced bryophytes and the vegetation
cover. The average cover of all introduced bryophytes was
compared with both the cover of the total vascular plants
and the cover of each nurse-plant by itself. The average
cover of all introduced mosses was used because of the
great variation between the regeneration of bryophyte spe-
cies. For this analysis, the outliers were included because
the variation between treatments was accounted for. The
soil water potential and the volumetric water content for
each main treatment were compared using an ANOVA
and protected LSD procedure of the SAS version 9.1.

Results

Greenhouse Experiment

All bryophytes were capable of regenerating vegetatively;
however, some had more specific requirement than others.
All species, except Polytrichum strictum, showed signifi-
cantly higher regeneration under shade (Table 2; Fig. 1).
Most species, except P. strictum, had the highest cover for
the wettest treatments (Table 2). Water levels did not signif-
icantly affect the regeneration success of two species, Warn-
storfia exannulata and Sphagnum centrale (Table 2; Fig. 1).

Although almost all species had a higher regeneration
cover under shade, Pleurozium schreberi and Warnstorfia
exannulata strictly required shade for regeneration; their
covers were close to 0 for all treatments in full light. Aula-
comnium palustre also showed a much higher percent cover
for the shaded, wet treatments (0 and 210 cm water levels).
However, unlike P. schreberi and W. exannulata, A. palustre
did successfully regenerate in full-light conditions, even if the
percentages were lower (Fig. 1). Two species, Dicranum poly-
setum and Tomenthypnum nitens, were capable of regenerat-
ing in a variety of conditions but, at the end of 6 months, had
relatively low covers, especially for dry treatments.

The Sphagnum species were the most successful in
regeneration; each had covers close to 100% for the
shaded treatments with water levels at 0 and 210 cm
(Fig. 1). Even in full-light conditions, S. centrale had an
exceptionally high cover (42%) even for the harshest
treatment (full light with 240 cm water level).

The temperatures of the treatments in full light were
higher than those under shade nets. Fifty percent of the
time, the daily maximum temperature was equal to or
greater than 27�C for the shaded treatments compared to
31�C for the full-light treatments. There was also a clear
difference between the air humidity underneath shade
nets (72% ± 3) and full light (65% ± 3). The higher regen-
eration for the wetter treatments was indeed due to
greater water availability. The water potentials (± SE)
were 24.3 (± 0.3), 28.6 (± 0.5), 216.4 (± 0.7), and 233.7
(± 0.9) for the water levels 0, 210, 220, and 240 cm,
respectively. Volumetric water content showed no differ-
ence in the 0 and 210 cm water levels (both were 74%).
Probably, the difference was smaller than measurement
errors. The 220 cm corresponded to 65% volumetric
water content and 240 cm to 44%.

Field Experiment

Nurse-Plant Establishment. After two growing seasons,
Scirpus showed the highest percent cover (circa 50%) fol-
lowed by Equisetum and Polytrichum (20 and 9%, respec-
tively; Table 3). The control plots experienced the highest
invasion by spontaneous vegetation (Table 3). The Equise-
tum and Polytrichum treatments showed comparable cov-
ers for spontaneous vegetation, whereas the Scirpus and
straw treatments were less colonized by spontaneous vege-
tation. The spontaneous vegetation was dominated by
Euthamia graminifolia (L.) Nuttall, Agrostis scabra Willd.,
Epilobium angustifolium L., and Betula populifolia Marsh.

Moss Regeneration. After one growing season, the moss
covers were modest (2%); however, the bryophytes grew
considerably during the second season bringing the aver-
age cover to 8%. After two growing seasons, there was
significantly higher moss regeneration under the canopy
of Scirpus than other treatments (Fig. 2A). There was no
difference in moss cover among the straw, control, Polytri-
chum, or Equisetum treatments.

The difference between the percent covers of the different
moss species was highly significant after two growing seasons
(Fig. 2B). Sphagnum warnstorfii and Tomenthypnum nitens
had the highest cover (circa 15%; Fig. 2B). Sphagnum cen-
trale, Dicranum polysetum, and Aulacomnium palustre were
slightly less successful with cover of circa 10%. Sphagnum
fallax had a relatively low cover (circa 5%), and two species,
Pleurozium schreberi and Warnstorfia exannulata, had
extremely low covers of 2 and 3%, respectively (Fig. 2B).

A regression analysis was carried out in order to see
whether the higher moss regeneration under a Scirpus
canopy was due to simply higher vascular plant cover or
specifically the structure of Scirpus. There was no relation-
ship (r2 ¼ 0.05) between the cover of the introduced bryo-
phytes and the total cover of vegetation, which included
the nurse-plants and the spontaneous vegetation. How-
ever, when we examined the relationship between the
introduced moss species and the percent cover of Scirpus
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cover alone, the correlation was much stronger (r2 ¼
0.50). The other nurse-plant treatments, Equisetum and
Polytrichum, showed no relationship between their covers
and the moss covers (r2 ¼ 0.0004 and r2 ¼ 0.004,
respectively).

Environmental Variables. The overall low regeneration
rates of the bryophytes are likely due to the harsh condi-
tions of the first growing season. The soil water potential
dipped during a dry period in August 2005 from 250 to
2170 mbar. Price and Whitehead (2001) found that even
short periods of conditions where the water potential is
below 2100 mbar result in poor Sphagnum establishment.
The volumetric water content also showed a difference

between the average June reading of 63% (± 0.01) and the
average mid-August reading of 36% (± 0.009). There was
no significant difference in the soil water potential or the
volumetric water content among the nurse-plant treat-
ments. There was, however, a marked difference in the
temperatures measured for each treatment. The control
plot showed the highest daily maximum temperatures.
Most of the time, the control plots were 5�C warmer than
straw and Equisetum treatments and 10�C warmer than
Scirpus and Polytrichum treatments. Although the cover
of Polytrichum was not as high as the Scirpus cover
(Table 3), straw mulch was added during the Polytrichum
establishment, greatly increasing the protective cover of
this treatment.

Table 2. ANOVAs and a priori polynomial contrasts compared the regeneration success (% cover) of treatments from a factorial design, which

tested the effects of shade (no shade and 50% shade) and four water levels (WL), 0, 210, 220, and 240 cm, for nine fen bryophytes in a green-

house experiment.

Source df

Aulacomnium
palustre

Polytrichum
strictum

Dicranum polysetum
(log (x 1 1))

Tomenthypnum
nitens

Pleurozium
schreberi (log (x 1 1))

F p F p F p F p F p

Blocks 3
WL 3 8.82 0.0006 7.55 0.001 18.61 <0.0001 5.22 0.008 10.10 0.0003
Shade 1 29.34 <0.0001 0.69 0.42 7.73 0.01 14.45 0.001 14.19 0.001
WL 3 shade 3 5.59 0.006 2.37 0.10 0.70 0.56 2.32 0.10 2.82 0.06

Error 21
Total 31
Contrasts

Linear effect
(WL)

1 14.62 0.001 0.00 0.99 55.72 <0.0001 15.65 0.0007 24.03 <0.0001

Quadratic effect
(WL)

1 0.00 0.99 20.16 0.13 0.09 0.77 0.02 0.90 1.21 0.28

Cubic effect (WL) 1 11.84 0.002 2.48 0.44 0.01 0.94 0.00 0.97 5.05 0.04
Linear effect

(WL) 3 shade
1 8.98 0.007 4.60 0.87 0.77 0.39 6.91 0.02 6.96 0.02

Quadratic effect
(WL) 3 shade

1 1.24 0.27 0.03 0.13 0.52 0.48 0.01 0.93 0.07 0.79

Cubic effect
(WL) 3 shade

1 6.55 0.02 2.48 0.81 0.38 0.03 0.87 1.44 0.24

Source df

Warnstorfia
exannulata

Sphagnum warnstorfii
(log (x 1 1))

S. fallax
(log (x 1 1)) S. centrale

F p F p F p F p

Blocks 3
WL 3 2.89 0.06 25.86 <0.0001 23.16 <0.0001 2.32 0.10
Shade 1 30.60 <0.0001 12.83 0.0018 18.22 0.0003 11.12 0.003
WL 3 shade 3 2.79 0.07 0.96 0.43 0.72 0.55 0.62 0.61

Error 21
Total 31
Contrasts

Linear effect (WL) 1 0.50 0.49 73.91 <0.0001 59.43 <0.0001 2.07 0.16
Quadratic effect (WL) 1 7.23 0.014 2.67 0.12 6.58 0.018 3.92 0.06
Cubic effect (WL) 1 0.93 0.35 1.02 0.33 3.47 0.08 0.97 0.34
Linear effect (WL) 3 shade 1 0.01 0.94 0.01 0.92 0.38 0.55 0.16 0.69
Quadratic effect (WL) 3 shade 1 3.16 0.09 0.30 0.59 0.02 0.88 0.01 0.93
Cubic effect (WL) 3 shade 1 5.20 0.03 2.57 0.12 1.78 0.20 1.70 0.21

Significant p values (<0.05) are in bold.

Regeneration of Fen Mosses

JANUARY 2010 Restoration Ecology 125



Discussion

The Effect of Shading

This experiment showed that all bryophytes (with the
exception of Polytrichum strictum) had significantly higher
regeneration under dense shade either through shade nets
in the greenhouse experiment or under large herbaceous
plants (Scirpus) in the field. The ability of the moss species
to regenerate better under shade is not solely due to pho-
toinhibition (Murray et al. 1993) but also to a moderate
microclimate and moister substrate conditions. The pres-

ence of a protective cover has been shown to improve the
moisture content of the substrate (Groeneveld et al. 2007).

The regression analysis showed that the presence and
density of Scirpus were strongly related to successful moss
regeneration. One confounding factor is that, due to Scir-
pus’ large tussocks, the introduced mosses were applied in
a greater density to the areas between tussocks on these
plots. However, we believe that the higher regeneration is
indeed due to the microclimate created by Scirpus because
the difference between treatments was only detected after
the second growing season. If the higher fragment density

Figure 1. The regeneration (% cover) of the nine fen bryophytes tested in a greenhouse experiment. The factorial design tested four water levels

in full-light and shade conditions (50% shade).
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had created a bias, it would have been evident after the first
growing season. Similarly, in calcareous grasslands, the
water-holding capacity of herbaceous litter allowed for
higher growth of bryophytes (Rincon 1988). Shade improved
regeneration (except for P. strictum) even for the wettest
greenhouse treatments, where water was not a limiting fac-
tor. Perhaps this is an indication that air humidity is more
important to moss growth than substrate humidity.

Apart from a higher regeneration of fen bryophytes
under the Scirpus canopy, there was no difference in the
bryophytes’ regeneration among other nurse-plant treat-
ments. It is odd that the control treatment showed similar
regeneration rates as the other treatments, considering the
temperatures were much higher. This could be explained
by spontaneous revegetation. The temperatures were mea-
sured early in the first experimental season when there was
little spontaneous regeneration. However, by the end of the
second year, the total vascular plants’ cover on plots where
no nurse-plants were reintroduced was similar to the other
treatments where nurse-plants had been reintroduced.
Therefore, the conditions of the control plots were similar
to the other treatments during the second growing season.
On the other hand, the low daily maximum temperature
measured on the Polytrichum plots should have translated
to higher moss regeneration. In similar studies for bog res-
toration, Polytrichum indeed improved moss regeneration
(Groeneveld et al. 2007). It seems that the tall, dense struc-
ture of Scirpus creates a more humid microclimate than the
small Polytrichum moss. Possibly, relative humidity would
have been a better parameter to characterize the microcli-
mate for moss regeneration than temperature.

Regeneration in Relation to Water Availability

This study confirmed that optimal water content for moss
growth is generally lower than saturation values, as was also
observed by Busby and Whitfield (1977). In the greenhouse
experiment, the highest regeneration for bryophytes was
often observed at a water level of 210 cm (water potential
of 28.6 and volumetric water content of 74%). Sphagnum
species, for example, are subject to cyanobacteria contami-

nation when constantly saturated (L. Rochefort 2007, Senior
Chair holder of the Industrial Research Chair in Peatland
Management, personal observations), as we observed in our
greenhouse experiment. In the field, lengthy flooding
inhibited the growth of bryophytes mainly due to physical
disturbance, such as erosion and sedimentation (Quinty &
Rochefort 2000). Therefore, fen restoration sites where the
water level is just below the surface should show the highest
moss regeneration, at least for nonaquatic bryophytes.

Regeneration Capabilities of Tested Species

In both the greenhouse and the field experiments, the
Sphagnum species were among the most successful species
in regenerating. Sphagnum mosses are better competitors
and generally more productive than most nonsphagnous
species when relative humidity at the air–peat surface is
not limiting (Vitt 1990; Gignac 1992).

Polytrichum strictum showed different regeneration
preferences than other tested mosses. This comes as no
surprise because it is one of the most ‘‘developed’’ bryo-
phytes with a water-conducting system that allows it to
direct water under dry conditions (Bayfield 1973). Its
leaves are also sun leaves, adapted for photosynthesis
under drier conditions and greater light intensities than
other bryophytes (Clayton-Greene et al. 1985).

Pleurozium schreberi had minimal regeneration success
in the field and in all full-light greenhouse treatments,
even though it inhabits dry areas and is an aggressive com-
petitor in forest environments (Frego 1994). Pleurozium
schreberi has a narrow fundamental niche and prefers
shaded areas (Busby & Whitfield 1977; Mulligan &
Gignac 2001). This study showed that shade is indeed cru-
cial for regeneration of this species. Because this species is
dominant in boreal forest, this could prove an important
consideration for forest restoration after clear-cutting.

Conclusions

If the emphasis of fen restoration is the return of the peat-
accumulating function, Sphagnum species that tolerate

Table 3. Percent covers of the nurse-plant treatments, spontaneous, and total vascular plant for first and second growing season.

Nurse-Plant
Treatments

First Growing Season Second Growing Season

Nurse-Plant
% (± SE)

Spontaneous
Vegetation
% (± SE)

Total
Vascular Plant

% (± SE)
Nurse-Plant

% (± SE)

Spontaneous
Vegetation
% (± SE)

Total
Vascular Plant

% (± SE)

Control N/A 12 (± 3) 12 (± 3) N/A 48 (± 3) 48 (± 8)
Equisetum 5 (± 2) 21 (± 5) 23 (± 5) 23 (± 2) 32 (± 3) 54 (± 6)
Polytrichum 6 (± 1) 7 (± 2) 12 (± 2) 9 (± 0.7)a 36 (± 6) 47 (± 9)
Scirpus 16 (± 4) 5 (± 1) 19 (± 2) 48 (± 2)b 18 (± 2) 64 (± 7)
Straw N/A 8 (± 4) 8 (± 4) N/A 20 (± 3)c 20 (± 3)

The total vascular plant is the nurse-plant and the spontaneous vegetation cover (not including the reintroduced bryophytes), which is not entirely the sum of the two
due to superimposition. The outliers have been removed from the values for second growing season. N/A, not applicable.
a Mean before the outliers were removed is 16 (± 2).
b Mean before the outliers were removed is 42 (± 2).
c Mean before the outliers were removed is 27 (± 3).
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slightly minerotrophic conditions should be favored to
jump-start succession toward a bog (Wind-Mulder & Vitt
2000). Sphagnum species are considered the keystone of
bog restoration due to their ability to alter chemistry and
hydrology of their environment as well as the great capac-
ity to accumulate peat (Rochefort 2000). Some studies
have suggested that even nonsphagnous bryophytes, such
as Tomenthypnum nitens, Drepanocladus revolvens, and
Campylium stellatum, also have the ability to acidify their
environment and likely influence peatland succession

(Glime et al. 1982; Karlin & Bliss 1984). If fen bryophytes
are capable of altering their environment should they
be considered the keystone species of fen restoration?
A great amount of research has been carried out on the
functional role of bryophytes in bogs (Clymo & Hayward
1982); however, little is known about their function in
fens. More research on the functional roles of vascular
plants and bryophytes in fen systems would enable fen res-
toration projects to focus on a few keystone vegetation
groups.

Figure 2. The regeneration of eight fen bryophytes in a field experiment is shown. An ANOVA, using the GLM procedure of SAS and a priori

polynomial contrasts, showed no significant interaction between the nurse-plant treatments (main plots) and the species (subplot) allowing the

data to be summarized with two graphs. (A) The moss regeneration of all introduced moss species for five treatments (canopy of three nurse-

plants, straw, and control) is shown. (B) Additionally, the average percent cover of each bryophyte for all treatments confounded is shown after

two growing seasons.
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Implications for Practice

This study demonstrates that fen bryophytes show good
potential for use in fen restoration projects because all
tested bryophytes were capable of vegetative regenera-
tion. However, marked differences between the regener-
ation of the tested species were observed. Specifically,
the following conditions improved regeneration:

d Most species showed the best regeneration with
a water level just at or under the surface (0 to 210
cm that corresponds to a soil water potential between
24.3 and 28.6 and volumetric water content of 74%)
in a controlled environment. All species, except Poly-
trichum strictum, had higher regeneration success
under shade.

d The Sphagnum species showed the highest regenera-
tion in both the field and the greenhouse experi-
ments.

d The regeneration success of the bryophytes would
benefit from the canopy of tall herbaceous plants,
which create a protected microclimate. Therefore,
restoration strategies, which include the reintroduc-
tion of large, tussock-forming vascular plants, such as
plants from the Cyperaceae family, would comple-
ment the reintroduction of fen bryophytes.
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