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ABSTRACT

Introduction. There is an increasingly urgent need for knowledge of primary succession along
glacier forelands in order to improve our understanding of biodiversity changes at high )
elevations. Bryophytes play a key ecological role in primary succession, especially in the traits
early stages, but bryophyte colonisation on alpine glacier forelands is still poorly studied.

We investigated the first stages of bryophyte primary succession along a chronosequence

on a glacier foreland in the European Alps.

Methods. Bryophytes on the Sforzellina glacier (Central Italian Alps) were sampled during the
summer of 2022 in areas where the glacial front occurred in 1989, 2003, 2015 and 2019. At each

site, six plots of 1 m x 1 m (5 m apart from each other) were sampled. For the most frequent

species, plant and shoot size were measured to analyse growth trends throughout the
succession.

Key results and discussion. In total, 13 moss species and two liverwort species were found.

The mean number of species increased with the number of years since deglaciation,
following an ‘addition and persistence’ model. The first pioneer species, Pohlia filum
(Schimp.) Martensson and Ptychostomum sp., were present only 3 years after deglaciation;

the occurrence of bulbils may help the former colonise bare ground quickly. Sporophytes

had appeared 7 years after deglaciation. In P. filum, both shoot and plant size increased

during the first stages of succession but had decreased on 33-year-old substrates. This

pattern could be related to the fact that this species usually occurs on soils with very low

KEYWORDS
Biodiversity; pioneer; Pohlia
filum; primary succession;

organic matter content.

Introduction

As glacier retreat due to climate change accelerates,
there is an increasingly urgent need for knowledge of
primary succession along glacier forelands in order to
improve our understanding of the dynamics and future
development of high-elevation and high-latitude biodi-
versity (Erschbamer and Caccianiga 2016; Fickert 2017;
Cauvy-Fraunié and Dangles 2019; Hagvar et al. 2020).
Bryophytes play a key ecological role in glacial primary
succession (Hagvar et al. 2020). In northern Europe,
Hagvar and Pedersen (2015) and Flg and Hagvar (2013)
documented the effectiveness of mosses as early coloni-
sers, due to inblown moss fragments and diaspores.
Given their role as early colonisers, bryophytes constitute
an important food source for pioneer invertebrates living
close to glaciers, where vascular plants are often absent
(Hagvar and Pedersen 2015; Hagvar et al. 2020). Moss-
associated cyanobacteria (Arréniz-Crespo et al. 2014)
and the moss-associated microbiome in the soil (Klaren-
berg et al. 2023) play a key role in nitrogen fixation, an
important process for nutrient accumulation during
primary succession. In addition, mosses could facilitate

vascular plant colonisation by hosting plant seedlings
(Delach and Kimmerer 2002; Gavini et al. 2019).

Despite their ecological importance in primary suc-
cession, particularly during the early stages (Hagvar
et al. 2020), bryophyte colonisation on glacier fore-
lands is still poorly studied (Chernova et al. 2021).
Only a few reports have described floristic diversity
or primary succession of bryophytes on glacier fore-
lands worldwide (e.g. European Alps: Caccianiga et al.
2002; Scandinavia: Stork 1963; High Arctic: Wietrzyk-
Petka et al. 2021; Altai: Chernova et al. 2021; Canada:
Birks 1980, Jones and Greg 2003; Andes: Arréniz-
Crespo et al. 2014; Antarctica: Favero-Longo et al.
2012). In the European Alps, studies specifically addres-
sing moss primary succession on glacier forelands are
scarce, even considering local studies (e.g. Gartner
2010). In almost every study looking at plant primary
succession on glacier forelands, bryophytes are
reported only as total cover or occurrence, or else
only the most abundant species are reported (e.g.
Burga 1999; Raffl and Erschbamer 2003). Bryophytes
are not considered even in multitaxa studies obtained
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through DNA metabarcoding (e.g. Rosero et al. 2021; Fice-
tola et al. 2024). Interesting data can be retrieved from
bryophyte checklists compiled for high-elevation
environments thatinclude glacier forelands and moraines
(e.g. Pottier 1920; Valle et al. 2024), but they usually do not
take into account the successional stage at which the
species have been observed. Furthermore, many local
studies are not easily available for researchers to access.

In the present study, we aimed to provide a detailed
description of the first stages of bryophyte primary
succession along a glacier foreland of the European
Alps, recording the occurrence and abundance of
bryophyte species on sites with a known deglaciation
age, and covering a time span of 3-33 years, in order
to elucidate the colonisation process of the glacier
foreland with high temporal resolution.

Materials and methods
Study area

The study was performed on 21 July 2022 on the Sfor-
zellina glacier (Italian Alps, Lombardy; 46°20'55”N, 10°
30'50”E), located in the southeastern Alps, in the
Ortles-Cevedale group (Figure 1). The glacier covers
an elevation range between 2790 m and 3060 m (Smir-
aglia and Diolaiuti 2015) under the Corno Tre Signori
peak (3376 m a.s.l.), within the Stelvio National Park.
The substrate of the study site is characterised by micas-
chists, paragneiss and orthogneiss (Chiesa et al. 2011;
Montrasio et al. 2012) with poorly developed soil. The
climate in the Stelvio National Park is continental (pre-
cipitation at Forni glacier, 812 mm/year at 2100 m a.s.l.).

The Sforzellina glacier is one of the best-known gla-
ciers in Lombardy from a glaciological point of view:
information is available about the glacier front

dynamics from 1925 to the present day (Marta et al.
2021). Marta et al. (2021) identified the positions of
the glacial front at different phases after the Little Ice
Age (in 1850, 1920, 1954, 1989, 2003, 2006, 2012 and
2015). The study area considered in the current
research consists of the most recent portion of the
chronosequence, represented by the areas vacated
by the glacier after the end of the latest advance
phase, from 1989 to 2019, i.e. areas deglaciated 3-33
years before the sampling year.

Sampling design

Bryophytes were sampled on a transect running line-
arly through the areas where the glacial front occurred
in 1989 (SFO89), 2003 (SFO03), 2015 (SFO15) and 2019
(SFO19); the historical position of the glacier was
obtained from high-resolution data in Marta et al.
(2021) (see Figure 1). At each site, bryophytes were
sampled at six plots of 1 mx 1 m approximately 5 m
apart from each other. The plots were aligned with
the historical glacier position to place them on terrains
that had been deglaciated the same number of years
previously.

In the study area as a whole, the substrate consists of
glacial till with heterogeneous grain-size distribution,
ranging from chaotically arranged metric blocks to
glacial silt (Figures 1 and 2). The area is level (slope <
10°) but surrounded by steep slopes and occasionally
affected by meltwater from the nearby glacier and the
long-lasting snow cover (see Figure 2).

At each plot, all bryophytes were collected that were
distinguishable macroscopically or with the aid of a
hand lens, and all vascular plant species present were
recorded as presence/absence data. The overall cover

Figure 1. (A) Geographical position of the Sforzellina glacier in the Central Italian Alps. (B) Sampling sites (rep-
resented as a transect) along the glacier foreland (for site codes, see Sampling plan). (C) A general view of Sforzel-
lina young glacier foreland; the photograph was taken at the approximate location of site SFO03. Credits: A and C,
M. Caccianiga; B, Google Earth orthophoto.
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Figure 2. Examples of plots from each of the four different sites corresponding to the different deglaciation stages
surveyed. (A) SFO2019 (3 years since deglaciation). (B) SFO2015 (7 years since deglaciation). (C) SFO2003 (19 years
since deglaciation). (D) SFO1989 (33 years since deglaciation). E, F, G and H represent, respectively, Pohlia filum,
Ptychostomum sp., Polytrichum piliferum and Polytrichum juniperinum found on Sforzellina glacier foreland. Photo-

graphs: B. Valle.

value of bryophytes was visually evaluated with a resol-
ution of 5%; for cover values < 5%, additional values of
1% and < 1% were recorded. The collected samples
were stored in paper bags to allow them to be dehy-
drated and preserved until identification. Samples are
stored in the Herbarium Universitatis Mediolanensis
(HbMI Universita Degli Studi di Milano).

Species identification and data analysis

Species identification was carried out using a stereomi-
croscope and a transmission light microscope (Leitz
DM RD; Leica, Wetzlar, Germany), following the dichot-
omous keys of Smith (1978), Cortini Pedrotti (2001,
2005), Holyoak (2021) and Hugonnot and Chavoutier
(2021). For further verification, the identified moss

species were compared with entries in the illustrated
atlas by Lith (2019). Nomenclature follows Hodgetts
et al. (2020). Some taxa (i.e. Cephaloziella sp., cf. Gym-
nomitrion adustum, cf. Sanionia uncinata, Sciuro-
hypnum cf. glaciale) were present only as single,
small specimens lacking sporophytes and could not
be identified with certainty or to species level. For
the genus Ptychostomum, we based identification
mainly on spore diameter and papillosity (Smith
1973; Cortini Pedrotti 2001, 2005; Holyoak 2021);
identification at species level was thus possible only
when sporophytes were present, specimens lacking
ripe capsules being recorded as Ptychostomum sp.
For every site, the presence of vegetative diaspores
(e.g. bulbils) or sporophytes of each species was
reported. Species attributes (life form, sexual and
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vegetative reproduction) were obtained from Hill et al.
(2007). For sexual reproduction of Tortula spp. infor-
mation was obtained from Cortini Pedrotti (2001), as
it is not present in Hill et al. (2007).

Species trait measurement

Graph paper and a stereomicroscope were used to
measure the plant diameter and shoot size of the
most frequent species. These measurements were
then used to analyse growth trends throughout the
succession. Measurements were performed on Onco-
phorus integerrimus, Pohlia filum, Ptychostomum spp.
(including all three congeneric species found) and
Racomitrium canescens. Plant diameter was measured
by considering the diameter of the largest tuft for
each species in each plot. Shoot length was deter-
mined as the mean value of five shoots randomly
sampled without sporophytes (if possible) for each
plot, and measured with graph paper.

Data analysis

Differences in number of species, plant diameter and
shoot length among the different age classes were
tested using analysis of variance (ANOVA) and
Tukey's post hoc test, using the PAST software
version 4.03 (Hammer et al. 2001).

Results

In total, 13 species of mosses and two species of liver-
worts were found (Table 1, Appendix 1). Six species
had sporophytes (see Table 1). Pohlia filum (see
Figure 2E) developed sporophytes at sites that had
been deglaciated 7 (1 of 6 plots), 19 (3 of 6 plots)
and 33 (2 of 6 plots) years previously. Ptychostomum
spp. (see Figure 2F) had sporophytes only 7 and 19
years after deglaciation, and Tortula spp. had sporo-
phytes in the single plot where they were present.
Based on spore traits, we assessed the occurrence of
three species of Ptychostomum (spore diameter in par-
entheses): P. creberrimum (14-16 pm), P. pallescens
(18-22 pm) and P. inclinatum (25-30 um). The spore
surface was smooth in P. creberrimum and papillose
in P. pallescens and P. inclinatum.

The mean number of species increased with the
number of years since deglaciation for both bryo-
phytes and vascular plants. For both groups, the
increase was significant from 3 to 7 years, and from 7
to 19 vyears, after deglaciation (Figure 3). The first
pioneer species were observed 3 years after deglacia-
tion (see Table 1, Figure 3) for bryophytes represented
by the mosses Pohlia filum and Ptychostomum sp.
Three years after deglaciation, the mean number of
bryophyte species per plot was 0.5. The steepest
increase in the mean number of species along the

chronosequence occurred, for both bryophytes and
vascular plants, from 3 to 7 years after deglaciation
(from 0.5 to 2.8 and from 0.6 to 3.3 species per plot
for bryophytes and vascular plants, respectively). In
the following successional stages, the number of
species increased at a slower pace, particularly for
bryophytes, with no significant increase from 19 to
33 years after deglaciation (see Figure 3). Bryophytes
and vascular plants reached a mean of 5.1 and 7.6
species per plot, respectively (33 years after deglacia-
tion in both cases) and a maximum of 6 and 10
species per plot, respectively.

Cover values were low, reaching a maximum of 5% at
two plots 33 years after deglaciation, and remaining < 1%
atall the plots 3 years after deglaciation and at all but one
plot 7 years after deglaciation (see Appendix 1).

Most of the observed bryophytes share a ‘turf’ life
form, consisting of loosely or closely packed vertical
shoots with limited branching. The only exceptions
were Sciuro-hypnum cf. glaciale, with a ‘mat’ life form,
and cf. Sanionia uncinata, showing a ‘weft’ life form
with intertwining, branched layers. Ptychostomum pal-
lescens form tufts as a primary life form, but the turf life
form also occurs (Hill et al. 2007).

Relations between shoot length or plant diameter
and the number of years since deglaciation are shown
in Figure 4. Trends for shoot length differed among
the analysed species (see Figure 4A): although in Onco-
phorus integerrimus shoot length did not vary signifi-
cantly, for Pohlia filum it increased until 19 years after
deglaciation, after which it decreased, and the same
pattern was observed for plant diameter in P. filum
(see Figure 4B). All differences in both shoot length
and plant diameter in P. filum between one stage and
the next were significant. The results for Ptychostomum
sp. and Racomitrium canescens showed a general
decrease in shoot length; the decrease was significant
from 7 to 19 years after deglaciation for Pychostomum,
and from 19 to 33 years after deglaciation for Racomi-
trium (see Figure 4A). Oncophorus integerrimus and
P. filum showed a positive trend regarding plant diam-
eter in relation to number of years since deglaciation,
although in the oldest terrains P. filum tufts were of
decreased size (differences among sites were not sig-
nificant; see Figure 4B). Ptychostomum sp. showed
only isolated shoots in the first 3 years after deglacia-
tion; its peak plant diameter was reached on terrains
that had been deglaciated 7 years previously, and a sig-
nificant decrease was observed from 7 to 19 years after
deglaciation. The plant diameter results for R. canescens
showed no significant trends.

Discussion

On the Sforzellina glacier, bryophytes are able to colo-
nise deglaciated terrains at least 3 years after deglacia-
tion. A visual inspection of the immediate proximity of



JOURNAL OF BRYOLOGY e 5

Table 1. Species frequency at each sampling site (calculated as a percentage of plots in which the species was present for a total
of six at each site). Frequency value classes indicated by different colours and degrees of shading.

Deglaciation year (no. of years since
deglaciation)

Species (mode of reproduction, where known) 2019 (3) 2015(7) 2003 (19) 1989 (33)
Mosses
Pohlia filum (Schimp.)* Mértensson (D) 33% 100%° 100%° 100%°
Ptychostomum sp. (M) 17% 100% 83% 83%
Ptychostomum creberrimum (Taylor) J.R.Spence & 83%° 17%®
H.P.Ramsay
Ptychostomum inclinatum (Sw. ex Brid.) J.R.Spence 33%?°
Ptychostomum pallescens (Schleich. ex Schwaegr.) 33%p° 17%®
J.R.Spence
Oncophorus integerrimus Hedends (M) 17% 33% 67%
Racomitrium canescens (Hedw.) Brid. (D) 50% 50% 83%
Tortula mucronifolia Schwiagr. (A) 17%®
Tortula hoppeana (Schultz) Ochyra (A) 17%?°
Bryum sp. 33%
Polytrichum piliferum Hedw. (D) 83% 100%
Polytrichum juniperinum Hedw. (D) 33%
cf. Sanionia uncinata (Hedw.) Loeske (M) 17%
Sciuro-hypnum cf. glaciale (Schimp.) Ignatov & 17%
Huttunen (M)
Liverworts
Cephaloziella sp. 17%
cf. Gymnomitrion adustum Nees (M) 17%

A, autoicous; D, dioecious; M, monoecious.
*Bulbils present.
®Sample with sporophytes.

the glacier and of supraglacial debris did not reveal any
individuals, but tiny diaspores and propagules could
have been overlooked. Our finding is similar to the
findings of studies of Scandinavian glacier foreland,
where tiny pioneer mosses were observed 3-4 years
after deglaciation (Stork 1963; Hagvar et al. 2020).
The observed importance of vascular plants with
respect to bryophytes could represent a typical trait
of alpine early-successional stages; Caccianiga and
Andreis (2004) showed bulk cover values for bryo-
phytes that were systematically lower than those of
vascular plants, and always < 5%, on terrains younger
than 30 years, which was consistent with our
findings. This pattern has also been reported by Mat-
thews (1992 and references therein) for the European
Alps and for some sites in Scandinavia and Greenland.
Alpine glacier forelands are often characterised by a
coarse grain size of glacial deposits, due to the

overall steep topography. This pattern could represent
a limit to bryophyte establishment on flatter terrains
with fine grain size and higher humidity; indeed, pha-
nerogams are reported to occur as the main pioneer
on gravelly and stony till (Matthews 1992).

The first bryophytes found along Sforzellina glacier
foreland were Pohlia filum and Ptychostomum sp.
Pohlia filum was noteworthy for the occurrence of
bulbils, found on every collected sample, that could
help in quickly colonising bare ground through vege-
tative reproduction (Elven 1980; Hagvar and Pedersen
2015), while sporophytes were absent 3 years after
deglaciation and appear afterwards. The patterns of
both shoot length and plant diameter in P. filum
show a decrease after 30 years, probably because
this species is usually linked to soils with very low
organic matter content (Shaw 1981). In general,
Pohlia and Bryum genera seem to include important
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Figure 3. Mean number of bryophyte and vascular plant species in relation to number of years since
deglaciation. Error bars indicate standard error. For both bryophytes and vascular plants, the increase
was significant from 3 to 7 years, and from 7 to 19 years, after deglaciation (ANOVA and Tukey's post
hoc test, respectively, p < 0.005 and < 0.005 for bryophytes and p = 0.019 and 0.029 for vascular plants).

pioneer mosses in glacial areas (Stork 1963; Burga
1999; Hagvar and Pedersen 2015). However, to our
knowledge, the three species of Ptychostomum found
on the Sforzellina glacier, namely P. creberrimum,
P. inclinatum and P. pallescens, have not been reported
in previous work as pioneer species along glacier
forelands.

Bryophyte succession along the Sforzellina glacier
foreland follows an ‘addition and persistence’ model

A Oncophorus integerrimus Pohlia filum
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(Vater and Matthews 2015; Ficetola et al. 2021), prob-
ably because in such an extreme habitat, facilitation
prevails over competition (Callaway and Lawrence
1997). However, it is important to remember that the
present study focused on the first 30 years of succes-
sion, and pioneer species may disappear on older ter-
rains. The negative trends for shoot length and plant
diameter in pioneer species such as Pohlia filum on
33-year-old terrain could represent a trend in this

B Oncophorus integerrimus Pohlia filum
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Figure 4. (A) Shoot length of the four most frequent species in relation to number of years since deglaciation. For Onchophorus
integerrimus, Pohlia filum and Racomitrium canescens the trends are not significant (ANOVA test and Tukey’s post hoc test). Pty-
chostomum spp. trends are significant from 7 to 19 years after deglaciation (ANOVA test and Tukey’s post hoc test, p = 0.03). (B)
Plant diameter of the four most frequent species in relation to number of years since deglaciation. For P. filum all differences
between one stage and the next are significant (ANOVA and Tukey's post hoc test p < 0.005). Ptychostomum sp. and R. canescens
trends are significant from 7 to 19 years after deglaciation (ANOVA and Tukey’s post hoc test, p = 0.0038) and from 19 to 33 years
after deglaciation (ANOVA and Tukey’s post hoc test, p < 0.005), respectively.



direction, consistent with the disappearance of P. filum
47 years after deglaciation on the Morteratsch glacier
(Burga 1999).

The observed mosses are acrocarpous, with the
exception of cf. Sanionia uncinata and Sciuro-hypnum
cf. glaciale, which were recorded only in the older suc-
cessional stages; this confirms on a small scale what
has been observed by Birks (1980) along a Canadian
glacier foreland. Sanionia uncinata could represent a
dominant species in High-Arctic glacier foreland
(Uchida et al. 2002), while on the European Alps it
seems less abundant and linked to waterlogged sites
(Raffl and Erschbamer 2003).

The two liverworts, cf. Gymnomitrion adustum and
Cephaloziella sp., were found in the older stages. The
later occurrence of liverworts with respect to mosses
and vascular plants confirms the observations summar-
ised by Matthews (1992). Gymnomitrion adustum is cate-
gorised in the Red List of endangered species in
European countries as of Least Concern (LC), where it is
present (Gorski and Vana 2011; Hodgetts et al. 2019).
Its presence was recorded in ltaly only for Piedmont
(Aleffi and Schumacker 1995; Aleffi et al. 2023). The
moss Tortula mucronifolia is reported in the Italian
IUCN Red List as Vulnerable (VU; Puglisi et al. 2024),
and in the European Red List as Near Threatened (NT)
(Hodgetts et al. 2019), and its presence in Lombardy
was documented only by historical records (Aleffi et al.
2023). The occurrence of the moss Oncophorus integerri-
mus, recently separated from O. virens (Hedends 2017), is
to our knowledge the first record from Italy, although the
species has been recorded for the French Alps and
reported as certainly occurring also on the lItalian slope
(Hodgson 2022). The increase in competition and the
final disappearance of the glacier could constitute a
severe threat of local extinction for pioneer species
such as Pohlia filum and rare species such as Gymnomi-
trion adustum and Tortula mucronifolia, as hypothesised
for pioneer vascular plants by Losapio et al. (2021).
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