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ABSTRACT

Introduction. This article provides a detailed analysis of the spore morphology and
ultrastructure of Alophosia azorica (Renauld & Cardot) Cardot, a Macaronesian endemic moss
of the family Polytrichaceae, reviews its morphological characters, and clarifies its life strategy.
Methods. The specimens used in this study came mainly from the bryophyte sections of the
herbaria of the University of the Azores (AZU) and the University of Lisbon (LISU), with fresh
samples also collected in the field. Observations were made and measurements taken of the
stem, leaves, rhizoids, capsule and setae, for comparison with published reports.
Sporophytes from five specimens of Alophosia azorica were separated to study spore
morphology using light and scanning electron microscopy.

Key results and conclusions. The specimens investigated in this study exhibited the typical
characteristics assigned to the species in previous studies. The examined spores are
isomorphic monads, heteropolar with a subcircular amb, spheroidal in polar view, convex-
plane in equatorial view, with psilate exospore and presence of a perispore with
microechinate ornamentation, and are very small. Alophosia azorica is considered a colonist
sensu stricto due to its small, abundant spores, the production of sporophytes across two
seasons, and the presence of asexual propagules, indicating a moderate reproductive effort.
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Introduction

Alophosia azorica (Renauld & Cardot) Cardot, the single
species of the genus Alophosia Cardot (family Polytri-
chaceae), is a rare Macaronesian endemic moss, cur-
rently restricted to the Azores (Gabriel et al. 2010)
and Madeira archipelagos (Luisier 1937; Sérgio et al.
2008; Tropicos.org 2024). The characteristic hairy
calyptra, found in several members of the Polytri-
chales, is present in three distinct groups. The calyptra
of Alophosia exhibits both uniseriate and multiseriate
hairs, while in Dawsonia Hartt the hairs are exclusively
multiseriate. By contrast, Pogonatum P.Beauv. and
Polytrichum Hedw. feature uniseriate hairs (Hyvonen
et al. 2004).

The first description was provided by Renauld and
Cardot (1899) in a publication describing several new
moss species, where it was placed in the genus
Lyellia R.Br., section Alophosia, as Lyellia azorica
Renauld & Cardot (Tropicos.org 2024). Subsequent
studies by Cardot, addressing the bryoflora of the
islands of the Atlantic Ocean, recognised it as belong-
ing to a new genus, Alophosia, with a single species,
A. azorica (Cardot 1905). This careful work of char-
acterisation, including illustrations of the plant, con-
tributed to the advance of Polytrichaceae systematics

(see Engler 1925), highlighting the morphological simi-
larities of Alophosia and Bartramiopsis Kindberg and
Lyellia (Cardot 1905; Allorge 1949). These three
genera lack peristomes (Bell and Hyvénen 2008; Bell
et al. 2021) and have scattered and disjunct distri-
butions, representing divergent lineages, that can be
considered relicts within the class Polytrichopsida
(Bell et al. 2021). Subsequent studies on the mor-
phology (Smith 1971) and systematics (Hyvonen
et al. 1998; Bell and Hyvénen 2008; Bell and Hyvonen
2010; Bippus et al. 2017, 2018; Huttunen et al. 2018)
of A. azorica have further advanced knowledge of
this species. Despite its taxonomic placement being
relatively well established, the reproductive traits of
A. azorica remain insufficiently documented, particu-
larly at the spore level, where diagnostic features can
provide valuable insights into species delimitation
and ecological strategies. A detailed study of spore
morphology and ultrastructure therefore has the
potential not only to improve the knowledge of this
poorly studied moss but also to clarify aspects of its
life strategy and adaptation within Macaronesian
ecosystems.

Recently, van Zuijlen et al. (2023) compiled an
extensive dataset on the biology of European
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bryophytes, encompassing growth habits, modes of
sexual and vegetative reproduction, and ecological
characteristics such as substrate types, habitats and
bioclimatic variables. The findings of this study indi-
cate that 263 of the 1816 bryophyte species distribu-
ted across Europe, including six of the 31 species of
class Polytrichopsida, lack palynological data. Palyno-
logical studies of bryophytes have provided important
insights into taxonomy, biogeography, life strategies
(e.g. During 1979, 1992) and functional traits (Henri-
ques et al. 2017a; van Zuijlen et al. 2023). Spore mor-
phology and development are particularly relevant
for evaluating taxonomic relationships, phylogeny
and ecological adaptations in bryophytes (Mogensen
1981; Hyvonen 1989; Boros et al. 1993; Luizi-Ponzo
and Silva-e-Costa 2019; Sérgio et al. 2022).

Life strategies are ‘integrated sets of characters pre-
dicted to occur predominantly in a restricted number
of combinations and in response to particular sets of
ecological conditions’ (During 1992, 11). For bryo-
phytes, these strategies are based on factors such as
species’ potential lifespan, spore size and abundance,
and reproductive effort (During 1979, 1992). Using
this framework, During (1979) identified six life strat-
egies: three for plants with numerous small spores -
fugitives, colonists, perennial stayers, arranged in
order of increasing lifespan and decreasing reproduc-
tive effort; and three for plants with fewer, larger
spores — annual shuttles, short-lived shuttles and
long-lived shuttles, also ordered by increasing lifespan
and decreasing reproductive effort. These concepts
have been useful to describe the functional diversity
of different communities (e.g. Henriques et al.
2017b), but not all European bryophytes are thus cate-
gorised, in many cases because no information is avail-
able regarding spore size and frequency of
sporophytes (van Zuijlen et al. 2023). In particular,
this information is missing for four species of the 31
members of Polytrichaceae, including Alophosia
azorica (van Zuijlen et al. 2023).

The present study was carried out with the aims of
providing a detailed analysis of the morphology and
ultrastructure of the spores of Alophosia azorica,
reviewing the morphological characteristics of this
moss as documented in the literature, and clarifying
the species’ life strategy.

Materials and methods
Study area

Azores archipelago. The Azores archipelago is a Por-
tuguese autonomous region consisting of nine volca-
nic islands, organised in three groups: the eastern
group, namely Santa Maria and Sdo Miguel Islands;
the central group, comprising Terceira, Faial, Graciosa,
Pico and Séao Jorge Islands; and the western group,

consisting of Flores and Corvo Islands (Figure 1). The
archipelago is situated in the North Atlantic Ocean,
with coordinates approximately between 36°55'N
and 39°43'N latitude and 24°46'W and 31°16’'W longi-
tude, located approximately 1500 km from the
western coast of mainland Europe and around
3900 km from the Eastern coast of North America
(Forjaz 2004).

Owing to their geographical location, the Azores
have a predominantly maritime climate, characterised
by mild temperatures with a narrow thermal ampli-
tude, high relative humidity, and significant precipi-
tation during autumn and winter (Azevedo et al.
1999), with strong and constant wind and high precipi-
tation as the primary climatic factors influencing local
vegetation (Dias 1996).

Madeira archipelago. The Madeira Archipelago is
situated in the Atlantic Ocean, approximately 978 km
southwest of Lisbon and about 630 km from the Atlan-
tic coast of Morocco, spanning latitudes 33°10'-33°
20’'N and longitudes 16°10'-17°20'W. It includes two
inhabited Islands, Madeira and Porto Santo, and a
group of islets, the Selvagens. Madeira Island is the
largest island in the archipelago, covering an area of
approximately 728 km (Capelo et al. 2005) (see
Figure 1).

The altitude and topographical configuration of this
island create highly distinct climatic conditions,
ranging from dry inframediterranean regimes to
hyper-humid supratemperate conditions. The orien-
tation of the central massif relative to the prevailing
winds is a key factor in shaping these ecological con-
trasts, as it enhances rainfall and favours the frequent
formation of fog, promoting the occurrence of hori-
zontal precipitation (Prada 2001).

This archipelago is much older than the Azores, and
the oldest volcanic formations date to the Miocene,
approximately five to six million years ago (Capelo
et al. 2005). Both archipelagos are located within the
Macaronesia biogeographical region, and they host a
diverse array of fauna and flora, including both
endemic and native species (Borges et al. 2008,
2010). Madeira Island is credited with the world’s
largest continuous and best-preserved tract of Lauri-
silva forest (Fernandez-Palacios et al. 2011), while the
Azores include complex Juniperus formations.
However, human colonisation has led to a gradual
replacement of native forests with pastures and non-
indigenous forests, thereby threatening the popu-
lations of several endemic and native species (Elias
et al. 2016).

The Macaronesian species Alophosia azorica has
been recorded on seven islands of the Azorean archi-
pelago; however, it has no records for Graciosa and
Santa Maria islands (Frahm 2005; Gabriel et al. 2010;
PBA 2025) or Madeira Island (Sjogren et al. 2001;
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Figure 1. The Macaronesia biogeographical region. Location of the Azores archipelago in relation to Madeira, the

Canary Islands and the Cape Verde Islands.

Sérgio et al. 2008), where it is much less frequent than
in the Azores (Bell and Hyvonen 2010).

Examined material

The morphology of the spores and certain structural
aspects of Alophosia azorica from the Azores were
investigated. The specimens utilised in this study
were mostly from the bryophyte section of the Her-
baria of the University of the Azores (AZU) and
Lisboa University (LISU), but fresh samples were also
collected in the field (Table 1).

Laboratory procedures

Gametophytes. Observations were made and
measurements taken of the stem, leaves, rhizoids, cap-
sules and setae, using an optical microscope in con-
junction with the Leica LASX software (Leica, Wetzlar,
Germany) for comparison with existing literature. A
total of 28 samples were analysed, from the islands
of Pico (n=6) and Terceira (n=16), with 107 speci-
mens measured.

Sporophytes. Sporophytes from five specimens of
Alophosia azorica were separated to study spore mor-
phology using light microscopy (LM) and scanning

electron microscopy (SEM). The shoots were dissected
under a stereomicroscope to isolate the capsules con-
taining mature spores. For the LM analysis, spores were
prepared using the acetolysis and direct method
(Wodehouse 1935; Erdtman 1960) and subsequently
mounted on permanent slides for morphological
observations and measurements. These slides were
photomicrographed using an LM (Leica DM4B)
equipped with the Leica LASX software and a Leica
Flexacam C1 camera. The description of the external
surface was complemented with SEM observations.
SEM observations were always carried out on dehy-
drated mature tetrads, using a JSM 5200 LV (Jeol,
Tokyo, Japan) from FCUL (Faculty of Sciences of the
University of Lisbon).

Measurements were taken of the larger diameters
(in polar view), using a sample of 100 spores for the
standard specimens and 30 spores for the comparison
specimens. These spores were randomly selected from
four different slides. The strata of the sporoderm were
measured for 25 spores (polar view) from the standard
specimens and 10 spores for the comparison speci-
mens. In the equatorial view, both the largest and
smallest diameters were measured for 50 spores from
the standard specimens and 10 spores from the com-
parison specimens (Luizi-Ponzo and Melhem 2006). All
measurements were conducted on acetolysed slides.
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Table 1. Examined material of Alophosia azorica (Renauld & Cardot) Cardot from the bryophyte section of the Herbarium of the

University of the Azores (AZU), Azores, Portugal.

Date collected Elevation
Island (year) Collector no. Locality (mas.l) Longitude Latitude
Pico 1992 RG-2126 Cabeco do Felipe (cabego do Boi) 590 —28.310801 38.454659
RG-2155 Lajes do Pico — Vereda do Norte 560 —28.297508  38.448309
RG-2189 Lajes do Pico — Vereda do Norte 560 —28.297268  38.449619
RG-2195 Lajes do Pico — Norte do Farrobo 575 —28.277791  38.449833
RG-2243 Santa Luzia - Chamuscada 590 —28.393644  38.515197
Pico 2000 RG-20000626_P008-02 Mistério da Prainha — Chédo Verde 700 —28.272137 38.477001
RG-20000630_P096-01 Mistério da Prainha — Chao Verde 650 —28.274437 38.479373
RG-20000630_P103-01 Mistério da Prainha — Chao Verde 650 —28.274437 38.479382
Terceira 1990 RG-0925 Biscoitos — Caminho para Gruta do Chocolate 290 —27.243013  38.779825
1991 RG-1249 Biscoitos — Mistério do Pico do Fogo 530 —27.251522  38.743976
RG-1309 Biscoitos — Rocha do Chambre 630 —27.225836  38.750517
RG-1361 Porto Judeu - Lagoa do Ginjal 385 —27.158218  38.695116
RG-1597 Altares — Pico Rachado 560 —27.31713 38.7632
1992 RG-1567 Biscoitos — Serra do Labagal 600 —27.226723  38.750804
RG-1980 Sao Bartolomeu - Falca (Viveiros) 510 —27.280634  38.720326
RG-2640 Porto Judeu - Algar do Carvdao 570 —27.213638  38.727803
2003 RG-5849 Biscoitos — Acesso ao Chambre 530 —27.243233  38.739389
RG-5866 Biscoitos — Acesso ao Chambre 530 —27.243233  38.739389
RG-5991 Biscoitos — Acesso ao Chambre 530 —27.243233  38.739389
RG-6003 Biscoitos — Acesso ao Chambre 530 —27.243233 38.739389
RG-6048 Biscoitos — Acesso ao Chambre 530 —27.243233  38.739389
RG-6100 Biscoitos — Acesso ao Chambre 530 —27.243233  38.739389
RG-6314 Porto Judeu - Algar do Carvdo 540 —27.222794  38.727074
2024 RG-20240525_1a Pico da Bagacina 529 —27.249271 38.725309

The spores were described morphologically accord-
ing to the standards and terminology established by
Punt et al. (2007).

The arithmetic mean (%), standard deviation of the
mean (X + SDx), range of variation (Xyin — Xmax), and
coefficient of variation (CV) were calculated.

Results
Morphology of the species

Based on the examined specimens (Figures 2 and 3),
Alophosia azorica is a dioicous acrocarpous moss
characterised by erect stems averaging 25.78 mm in
length (£ 12.99; range, 8.72-77.85 mm; n=107) and
lanceolate leaves with an acuminate apex, measuring
approximately 4.7 mm in length (£ 0.29 mm), and
1.0 mm in width (= 0.1 mm; n =20). The leaf margins
have single unicellular teeth, while middle leaf cells
are  mammillose and relatively short, with a
maximum diameter of 10.2 um (+ 0.33 mm; n=10).
Cup-shaped receptacles were observed, containing
reproductive structures referred to as propagules (or
gemmae) (Figure 3J, L, N). Dark, reddish-brown rhi-
zoids are also present (Figure 30). The clavate anther-
idia measure about 0.52 mm in length (+ 0.08 mm; n=
5; Figure 3H), and the archegonia are approximately
0.81 mm in length (+ 0.08 mm; n =5; Figure 3M).

The capsule measures about 2.4 mm in length
(+ 0.24 mm) and 1.6 mm in width (= 0.1 mm; n=10;
Figure 2E), has clear stomata (Figure 3G), and is
covered by a calyptra composed of dense fibrous
tissue (Figure 2C). The operculum has a maximum

diameter of approximately 0.6 mm (+ 0.09 mm;
n=10), while the seta averages 13.61 mm in length
(£ 2.26 mm; n = 36).

Morphology of the spores

The examined spores are isomorphic monads, hetero-
polar with a subcircular amb, spheroidal in polar view
(Figure 4B), convex-plane in equatorial view (Figure
4Q), with a psilate exospore and the presence of a peri-
spore with microechinate ornamentation (< 1 pm).
They are very small in size (8.3-8.9 um). The sporoderm
stratum (perispore, exospore) has an average size of
0.65-0.72 um (Table 2), with a circular, subcircular or
elongated apertural region (Figure 4B). The spores
are microechinate with nanoechinae at the tip of the
microechinae (Figure 4F), the perispore irregular,
with the psilate exospore visible in SEM (Figure 4D,F).

The intine is present in spores treated using the
Wodehouse method (Wodehouse 1935); it is the inner-
most layer of the sporoderm and has a continuous and
homogeneous appearance (Figure 4A).

Life strategy of the species

Alophosia azorica is considered a colonist sensu stricto
due to its small abundant spores, the production of
sporophytes across two seasons, and the presence of
asexual propagules, indicating a moderate reproduc-
tive effort. Furthermore, the species has been consist-
ently observed at the same classic locations,
suggesting a potential lifespan of a few years. It does
not appear in the initial stages of colonisation, ruling
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Figure 2 Structures of Alophosia azorica (Renauld & Cardot) Cardot. (A, B) Plants in their natural habitat.
(C) Capsule with calyptra. (D) Capsule, without operculum. (E) Capsule. Photographs: A and B, Rosalina

Gabriel; C-E, Leila Nunes Morgado.

out a pioneer colonist classification, nor spend a sig-
nificant part of its lifecycle as spores, distinguishing it
from ephemeral colonists (During 1992).

Discussion

The specimens of Alophosia azorica investigated in the
present study exhibited the typical characteristics
assigned to the species by different authors (Cardot
1905; Allorge 1949; Edwards 1967; Smith 1971).
Although the measurements of the morphological

structures are within the range reported by different
authors, the maximum size of the measured shoots is
larger than previously known. Furthermore, some
structures, such as abundant rhizoids (Figure 30),
had not been documented.

The very small size (< 10 um) of the Alophosia
azorica spores is similar to that of other species of Poly-
trichaceae, such as Polytrichum commune Hedw.,
P. formosum Hedw., P. juniperinum Hedw., P. piliferum
Hedw. and P. strictum Brid. (Boros et al. 1993; Rocha
et al. 2008).
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0.5mm

0.21 mm

1 mm

Figure 3. Structures of Alophosia azorica (Renauld & Cardot) Cardot. (A1-3) Cross section of portion
(basal, A1; median, A2; apex, A3) of the leaf blade. (B) Leaf of perigonium 3. (C) Leaf of perichaetium
Q. (D) Serrated leaf margin, with a band of cells slightly recurved on the upper portion of the leaf. (E)
Acuminate apex of the male perigonial leaf. (F) Detail of the operculum margin. (G) Detail of the
stomata on the capsule wall surface. (H) Group of clavate antheridia. (I) Leaf cell with dorsal view. (J)
Receptacles with propagules in base of leaf. (L) Detail of receptacle with propagule. (M) Detail of para-
physis. (N) Detail of the receptacle without the propagule. (O) Detail of rhizoids. Scale bar = 0.01-1 mm.

Photographs: Leila Nunes Morgado.

In the present study, the perispore is identified as
the structure responsible for the surface ornamenta-
tion of the spores, characterised by small irregular
spines (microechinae). This type of ornamentation
has also been documented by Rocha et al. (2008) in
Polytrichum commune (ornamented spines). Addition-
ally, the psilate exospore has been described in

various species of Polytrichaceae (Smith 1974; Boros
et al. 1993; Rocha et al. 2008).

The size and quantity of spores produced within the
sporophytes (capsules) are key indicators of reproductive
strategy in bryophytes (Joenje and During 1977). In Alo-
phosia azorica the spores are very small (8.3-8.9 um),
consistent with a colonist, sensu stricto, strategy.
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Figure 4. Photomicrographs and scanning electron micrographs of spores from Alophosia azorica
(Renauld & Cardot) Cardot. (A) Spores prepared by the Wodehouse method. (B) Proximal polar
view, detail of apertural region. (C) Equatorial view, detail of exospore. (D) Detail of perispore.
(E) Detail of apertural region. (F) Distal polar view, detail of perispore ornamentation. Scale bar
= 10 pm. Photographs: A-C, Leila Nunes Morgado; D-F, Telmo Antunes.

Bryophytes producing small spores (< 20 um) typically
generate large numbers per capsule and achieve long-
distance dispersal ranges (During 1979; Patifo and
Vanderpoorten, 2018; Vanderpoorten et al. 2019),
aided by abiotic factors such as wind and precipitation
(During 1979; Longton and Schuster 1983; Sundberg
2005; Crandall and Gilbert 2017). These traits support
the hypothesis of a historically wider distribution for
this lineage (Bell and Hyvoénen 2010; Flores et al.
2020; Bell et al. 2021).

Different hypotheses may help to explain why Alo-
phosia azorica is currently restricted to northern Macar-
onesia (Luisier 1937; Sérgio et al. 2008; Gabriel et al.
2010; Tropicos.org 2024; PBA 2025). Although this
Near Threatened species (Hodgetts et al. 2019) pro-
duces large numbers of small diaspores, it remains
unclear whether these are all viable or capable of suc-
cessful germination. This uncertainty is critical, as the
persistence of many threatened bryophytes depends
on colonising new patches (Wiklund and Rydin 2004),
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a process that may be particularly constrained in
narrow endemics such as Alophosia azorica or Andoa
berthelotiana (Mont.) Ochyra (Martins et al. 2024),
another Macaronesian endemic that also produces
sporophytes frequently. Further studies assessing
spore viability (e.g. Stark and dos Santos 2024) and ger-
mination rates (Wiklund and Rydin 2004; Alfayate et al.
2013) are therefore essential to clarify whether disper-
sal limitation truly restricts these species.

At the same time, successful establishment is not
determined by propagule supply alone but also by
the availability of suitable habitats. If Alophosia
azorica relies on highly specific and stable microhabi-
tats, particularly sensitive to climate change and
anthropogenic pressures, the scarcity of these con-
ditions could strongly limit population persistence
and expansion. Indeed, modelling studies predict
that the environmental space available to Macarone-
sian endemic bryophytes will shrink under climate
change (Ferreira et al. 2016; Patifo et al. 2016).
Together, these constraints may explain the current
restricted distribution of A. azorica and its phyloge-
netic isolation, as a relict lineage with low diversity,
supporting the view that its range was historically
broader but contracted over time, leaving it confined
to restricted niches in the Azores and Madeira.

Conclusion

The present study provides a detailed description of
one of the most remarkable European mosses, the
Macaronesian endemic Alophosia azorica. Its life strat-
egy is closely tied to the Laurisilva forests of the
Azores and Madeira, an ecosystem characterised by
stable, humid environments, that are essential for its
survival and reproduction. Our results show that
A. azorica produces very small spores in large
numbers, consistent with a colonist sensu stricto strat-
egy, where dispersal is likely wind-assisted but success-
ful  establishment requires highly favourable
microhabitats.

The conservation of these habitats is therefore
crucial, as Alophosia azorica is particularly vulnerable
to climate change, invasive species and other anthro-
pogenic pressures, as is recognised by its [IUCN status
(Gabriel et al. 2019; Hodgetts et al. 2019).

By providing the first detailed description of its
spores, and clarifying its reproductive strategy, this
study contributes to a better understanding of the
ecology of Alophosia azorica and highlights the impor-
tance of safeguarding the unique habitats on which
this relict lineage depends.
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