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Abstract: Reproductive biology patterns are crucial for understanding the dynamics and
evolution of plants. This is particularly relevant in bryophytes, where sex expression and re-
productive success can vary significantly with environmental conditions. Islands, with their
isolated and diverse environments, provide natural laboratories to explore these dynamics.
In this study, we investigate sex expression, the phenotypic sex ratio, and sporophyte pro-
duction in one moss (Exsertotheca intermedia) and three liverwort species (Frullania polysticta,
Frullania teneriffae, Porella canariensis) across their entire distribution range. Depending
on the species, the geographic range includes the Canary Islands, Madeira, the Azores,
the Iberian Peninsula, the British Isles, and the Faroe Islands. For the non-Macaronesian
endemic species (F. teneriffae, P. canariensis) higher levels of sex expression and males
were found in the Macaronesian archipelagos. In leafy liverworts, females appear to be
correlated with lower temperatures and higher precipitation levels, while males seem to
be associated with higher temperatures and relatively lower precipitation levels. In this
study, we demonstrated that bryophyte populations from Macaronesia exhibited higher
levels of sex expression compared to their continental counterparts, suggesting that the
distinct environmental conditions of these islands play a crucial role in shaping their
reproductive patterns.

Keywords: unisexual species; sex expression; sex ratio; Macaronesia; pleurocarpous mosses;
leafy liverworts

1. Introduction

Island biotas, with their isolation and environmental diversity, have long fascinated
biologists [1]. While the comparison of island and continental plant populations offer
tremendous potential for studying ecological and evolutionary patterns [2-4], comparative
research on these geological settings remains less developed in plants compared to the
vast body of literature on animal groups such as birds [5,6], insects [7], lizards [8], and
mammals [9]. Investigating the reproductive biology of plants is crucial for understanding
their population dynamics and the evolutionary processes that shape their diversity [10].

Bryophytes provide an excellent model for studying ecological and evolutionary
patterns across island and continental regions, as their sexual expression and reproductive
success are highly sensitive to environmental conditions [11-13]. These reproductive
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variations lead to significant differences in life history traits (LHTs) between oceanic islands
and mainland regions [14]. For example, the increased production of specialized asexual
diaspores and reduced sporophyte production on islands suggest a reduction in long-
distance dispersal (LDD) ability, highlighting how typical island syndromes, such as the
mentioned loss of dispersal power, could shape bryophyte floras on oceanic islands [14].

It is, however, noteworthy that unisexual bryophyte species often face challenges in
reproducing sexually [15], as this process requires the presence of both male and female ga-
metophytes nearby for successful fertilization [16]. This is particularly interesting because
the requirement for both sexes is crucial to understanding reproductive success in isolated
island environments. Consequently, asexual reproduction strategies, such as the production
of specialized asexual diaspores, propagation, and clonal fragmentation, become crucial for
their survival [15,17]. These dispersal mechanisms promote local population expansion
over relatively short distances [14,18], playing a vital role in population persistence and
reinforcement in isolated or fragmented habitats with low migration rates [15,17]. There
is also evidence that asexual reproduction and the production of vegetative propagules
contribute significantly to LDD, helping preserve well-adapted phenotypes in environmen-
tally stable habitats [19]. In contrast, sexual reproduction recombines genetic variability,
increasing the population’s chances of survival in new colonizing areas or during periods
of environmental change [20].

In contrast to flowering plants, most unisexual bryophytes exhibit a female bias among
sex-expressing individuals [21-23] and a significant proportion of unisexual species are
found on islands [14]. Several hypotheses have been proposed to explain skewed sex
ratios towards the female sex. Among these, some studies have observed that the female
bias increases in warmer and wetter environments, which could be due to higher resource
demands for sporophyte production in females or higher male sensitivity to wetness [13,18].
Additionally, higher rates of female clonal growth in the juvenile stage [18,22] may con-
tribute to these skewed ratios. Other studies indicate that the female bias stems from the
lower costs of producing sexual organs for female individuals compared to the prezygotic
reproductive effort experienced by male individuals due to the greater allocation of biomass
to sexual organs [12,16,24,25], which could compromise their survival and growth rates,
further contributing to this female bias [18].

In this study, we explored patterns of sex expression and sex ratio variation in four uni-
sexual bryophyte species to understand their implications for effective sexual reproduction.
Our investigation focused on two threatened species endemics to Macaronesia: a pleuro-
carpous moss (Exsertotheca intermedia (Brid.) S.Olsson, Enroth & D.Quandt) and a leafy
liverwort (Frullania polysticta Lindenb.). Additionally, we examined two leafy liverworts
primarily restricted to Macaronesia and the European Atlantic fringe (Frullania teneriffae
(E.Weber) Nees, Porella canariensis (F Weber) Underw.). By studying these species across their
entire range, we aimed to address the following questions: (1) How do sex expression and
sex ratio in unisexual bryophyte species differ between island and continental populations?
Given the distinct environmental conditions on islands, such as differences in temperature,
precipitation and elevation [26,27] that can affect sex expression and sex ratio (e.g., [28,29]),
we expect different patterns of sex expression and the sex ratio between oceanic islands
and continental areas (Hla). Furthermore, we hypothesize that environmental factors
(e.g., temperature, precipitation, and elevation) play significant roles in determining sex
expression and sex ratio patterns (H1b). (2) Is there a correlation between the availability
of male gametophytes and sporophyte production in the studied species, assuming that
the populations are female-biased? Since the relationship between male gametophytes and
sporophyte production can vary among species and environments [11-13], we investigated
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whether the male gametophytes represent a limitation for sporophyte production in the
studied species (H2).

2. Results
2.1. Sex Expression and Phenotypic Sex Ratio

The highest values of SE were observed in F. polysticta (84% SE, with 382 nonexpressed
shoots and 2052 expressed shoots), followed by F. teneriffac (66% SE, with 2607 nonexpressed
shoots and 5126 expressed shoots), P. canariensis (59% SE, with 3348 nonexpressed shoots
and 4788 expressed shoots), and E. intermedia (30% SE, with 1465 nonexpressed shoots
and 628 expressed shoots). Regarding Macaronesia endemic species at the regional level,
the pleurocarpous moss E. intermedia displayed higher average values of SE in the Azores
(59%), followed by the Canary Islands (43%), and Madeira (24%) (Figure 1A).
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Figure 1. (A,B) Box plots with Kruskal-Wallis and Wilcoxon tests, displaying sex expression (SE)
results for each species and region. Horizontal black lines denote median values, and the mean value
is represented by a black dot the respective number displayed on the left. (C,D) Bean plots with
Kruskal-Wallis and Wilcoxon tests, displaying phenotypic sex ratio (PSR) results for each species and
region (*** p < 0.001, ** p < 0.01, * p < 0.05, ns indicates a non-significant difference). N, number of
samples analyzed per locality. (A,C) Exsertotheca intermedia. (B,D) Frullania polysticta.

The leafy liverwort F. polysticta had an average of 83% SE in Madeira and 69% in
the Canary Islands (Figure 1B). The PSR of E. intermedia (Figure 1C, Table S1) exhibited
a strong female bias in the Canary Islands (81%, x? = 73.4, p < 2.2 x 10~ '¢) and Madeira
(77%, x> = 111.1, p < 2.2 x 10716). In the Azores, a balanced PSR was observed (42% PSR,
x? = 1.6, p = 0.211). The overall PSR of E. intermedia exhibited a female bias (75%, x? = 131.6,
p <22 x 1071). Frullania polysticta showed a female-biased PSR (Figure 1D, Table S5)
in Madeira (85%, x> = 608.9, p < 2.2 x 1071%) and the Canary Islands (77%, x? = 247.5,
p<22x10716)
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The non-Macaronesian endemic species F. teneriffae exhibited an average of 76% SE on
oceanic islands and 34% in continental areas (Figrues 2A and S1A). Similarly, P. canariensis
showed an average SE of 62% on oceanic islands and 30% in continental areas (Figrues 2B
and S1B).
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Figure 2. (A,B) Box plots with Wilcoxon tests, displaying sex expression (SE) results for each species
and region (**** p < 0.0001, ns indicates a non-significant difference). Horizontal black lines denote
median values, and the mean value is represented by a black dot the respective number displayed on
the left. (C,D) Bean plots with Kruskal-Wallis and Wilcoxon tests, displaying phenotypic sex ratio
(PSR) results for each species and region (**** p < 0.0001, ns indicates a non-significant difference). N,
number of samples analyzed per locality. (A,C) Frullania teneriffae. (B,D) Porella canariensis.

Frullania teneriffae exhibited a balanced PSR on oceanic islands (50%, x> =0.5,p =0.479),
(Figure 2C; Table S5) and a female-biased PSR (Figure 2C, Table S5) in the continental areas
(80%, x? = 481.96; p < 2.2 x 10716). Overall, the PSR of F. teneriffac was female-biased
(57%, x> = 99.6, p<22Xx 10716y, (Figure S1C; Table S1). A significant difference in the
PSR was observed between oceanic islands and continental areas (Figure 2C). P. canariensis
demonstrated a female-biased PSR (Figure 2D, Table S5) on oceanic islands (57%, x2=90.9,
p <22 x 1071%), and continental areas (61%, x> = 104.5, p < 2.2 x 10~!6). Notably, a bal-
anced PSR was observed in the Canary Islands (48% PSR, x2=2.5, p = 0.116) (Figure S1D;
Table S5).

Concerning the relationship between SE and the PSR&" (Figures 2 and 3), there were
significant positive correlations for E. intermedia (Spearman’s rho = 0.316, p = 3.431 x 107°),
E. teneriffae (Spearman’s tho = 0.515, p < 2.2 x 1071¢ and P. canarienis (Spearman’s rho = 0.436,
p =3.362 x 1071). SE and the PSR were not significantly correlated for F. polysticta
(Spearman’s rho = —0.036, p = 0.675).
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Figure 3. Forest plot depicting the effect of elevation, temperature and precipitation (coefficient, with
95% confidence interval) on sex expression (SE) and phenotypic female-to-male sex ratio (PSR? and
PSR&) for each species, derived from Generalized Linear Mixed Models (GLMMs) (*** p < 0.001,
* p < 0.05, ns indicates a non-significant difference).

2.2. Effects of Environment Factors on Sex Expression and Phenotypic Sex Ratio

Temperature and precipitation emerged as the most important factors, significantly
affecting SE and PSR patterns (Figure 3, Table S2). Temperature had a positive effect on the
SE of F. teneriffae and P. canariensis, as well as on the PSRQ of E. intermedia and the PSR&" of
FE. teneriffae. In contrast, it had a negative effect on the SE of E. intermedia and the PSRQ of
F. polysticta, F. teneriffae, and P. canariensis (Figure 3, Table S2). Precipitation had a positive
effect on the SE of P. canariensis and PSRQ of F. teneriffae and P. canariensis. In contrast, it
exhibited a negative effect on the SE of E. intermedia (Figure 3, Table S2).

Elevation showed a positive effect on the SE of P. canariensis, as well as on the PSRd" of
F. teneriffae. It also had a negative effect on the SE of E. intermedia (Figure 3, Table S2).

2.3. Relationship Between Phenotypic Male Sex Ratio and Frequency of Sporophytes

For the moss E. intermedia, 48 (23%) samples were found with sporophytes (9 (15%) in
the Canary Islands, 35 (30%) in Madeira, and 4 (15%) in the Azores). In the Canary Islands
and Azores, shoots with sporophytes were only found in populations with a PSRg" = 0. In
Madeira, 77% of samples with sporophytes were found in populations with a PSR&" = 0 and
94% with a PSRo® < 0.5 (Figure 4A). The PSRo™ and FSP were not significantly correlated
for E. intermedia (Spearman’s rho = —0.013, p = 0.064), although there was a tendency for a
negative correlation.



Plants 2025, 14, 573

FSP

0.8

FSP
0.6

0.4

0.2

0.0

0.4

0.2 0.3

0.1

0.0

& E. intermedia [ u BoreF polysticta
- 2
] | |
o ©
A wo |
] - n i °
N
| 3
l m [
m s - e
n ® [ - m
n
o me = § = mEmm A 2 ‘emoomen En®He o om [
T T T T T T T T T T T T
0.0 02 04 06 0.8 1.0 0.0 02 04 06 08 1.0
PSR & PSR &
Do —
F. teneriffae ° 2 4 ®m P canarienis
o
o |
e )
o | ® m = °
oo -
- o . [ " oo o . n
: o ! Sn - °
a R mm_g o © -
n © “A ém B m a4 N ‘.0.. ‘.
s W . ~ iz -2
n °
: —.‘?* ‘I_ml-‘- ? S | Eunaalfieo c0 mm I...J N NG GODE IED omx:
T T T T T T
0.0 02 04 06 08 1.0 0.0 02 04 06 038 1.0
PSR & PSR 3

A Azores
Iberian Peninsula

British Isles and the Faroe
Islands

e Canary Islands

m Madeira

Figure 4. A binomial plot showing the phenotypic male sex ratio (PSRd") of each studied species
across regions and the frequency of sporophytes (FSP). The red line separates the samples with
PSR lower or higher than 0.5. (A) Exsertotheca intermedia. (B) Frullania polysticta. (C) Frullania
teneriffae. (D) Porella canariensis.

The liverwort F. polysticta showed 18 (13%) of samples with sporophytes (11 (22%) in
the Canary Islands, 7 (8%) in Madeira). In the Canary Islands and Madeira, 82% and 57%
of samples with sporophytes were found in populations with a PSRe® < 0.5, respectively
(Figure 4B). However, the PSRa" and FSP were significantly positively correlated (Spear-
man’s rtho = 0.283, p < 0.001). F. teneriffae revealed 42 (11%) of samples with sporophytes
(18 (22%) in the Canary Islands, 15 (20%) in Madeira, 2 (4%) in the Azores, 7 (5%) in
the British Isles and the Faroe Islands). In the Canary Islands, Madeira, the Azores, the
British Isles and the Faroe Islands, 83%, 80%, 100% and 100% of samples with sporophytes
were observed in populations with a PSRa® < 0.5, respectively. No sporophyte shoots
were observed in the Iberian Peninsula samples (Figure 4C). The PSRd" and FSP were not
significantly correlated for F. teneriffae (Spearman’s rho = 0.068, p = 0.191).

Finally, in the liverwort P. canariensis, 105 (33%) samples were found with sporophytes
(30 (24%) in the Canary Islands, 70 (58%) in Madeira, and 5 (11%) in the Iberian Peninsula).
In the Canary Islands, Madeira and the Iberian Peninsula, 57%, 84% and 100% of samples
producing sporophytes were observed in populations with a PSR < 0.5, respectively
(Figure 4D). No sporophyte shoots were found in the Azores samples (Figure 4D). The
PSRo" and FSP were not significantly correlated for P. canariensis (Spearman’s rho = 0.044,
p = 0.430).

3. Materials and Methods
3.1. Study Area and Floristic Affinities

The present study was conducted in Macaronesia and the European Atlantic fringe
(Figure 5).
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Figure 5. Maps showing the location of the samples of our studied species (yellow circle: Exsertotheca
intermedia, green triangle: Frullania polysticta, pink triangle: Frullania teneriffae, blue square: Porella
canariensis) across the five regions. (A) An overall view of the sampling area, including the Macarone-
sia (Oceanic islands), which contains (B) the Canary Islands; (C) Madeira Island; (D) and the Azores
archipelago, as well as the European Atlantic fringe (continental areas): (E) the Iberian Peninsula;
(F) the British Isles; and the Faroe Islands.

Macaronesia, comprising the Canary Islands, Madeira, Azores, and Cape Verde
archipelagos [30], is part of the 12 biodiversity hotspots identified by Conservation In-
ternational in 2005 [31]. The flora of Macaronesia exhibits diverse affinities and levels of
connectivity, primarily based on three distinct floristic components shared between the
Macaronesian core (Madeira and the Canary Islands) and the outermost archipelagos (the
Azores and Cape Verde) [30]. One significant component is the Palaeotropical Tethyan
Geoflora, which was once widespread across Europe and North Africa but is now confined
to the northern archipelagos (the Azores, Madeira, and the Canary Islands). Another
important component is the African Rand Flora [30,32], which persists along the coastal
margins of Africa and Arabia, influencing the southern archipelagos of Madeira, the Canary
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Islands, and Cape Verde. Additionally, the Macaronesian Neoendemic Flora [33] spans
all archipelagos and arises from the allopatric diversification of Mediterranean ancestors,
resulting in unique evolutionary pathways in response to varying island environments and
geographic isolation [30].

The European Atlantic fringe encompasses coastal regions along the Atlantic Ocean,
stretching from the northern coasts of Iberian Peninsula to the British Isles, Ireland, and
the Faroe Islands [34,35]. Floristically, the European Atlantic fringe is characterized by a
distinctive set of plants that form the Atlantic element, primarily associated with coastal
ecosystems and heathlands [35].

3.2. Study Species

The pleurocarpous moss Exsertotheca intermedia is a Macaronesian endemic species
(Figure 1), found across all the archipelagos. It is a threatened species classified as Vulner-
able on the European Red List of Bryophytes [36] due to threats such as climate change,
intensified fires, and invasive species. This species can grow as an epiphyte, on humid
rocks, and along stream banks in the natural laurel forest mainly between 50 m and 1900 m
(a.s.l.) [36,37]. Sexual reproduction is frequent [38].

The leafy liverwort Frullania polysticta is endemic to the archipelagos of Madeira
and the Canary Islands (Figure 1). Frullania polysticta is a threatened species classified
as Vulnerable on the European Red List of Bryophytes due to habitat destruction caused
by urbanization and tourism, climate change, and fire [36,39]. This species mainly grows
on tree bark and shaded rocks in well-preserved laurel forest areas. It is typically found
between 500 m and 1200 m (a.s.l.), with the highest frequency above 800 m (a.s.l.). Asexual
reproduction is unknown [39,40].

Frullania teneriffae is a hyperoceanic southern-temperate leafy liverwort, mainly re-
stricted to Macaronesia and the European Atlantic fringe, recorded from western Britain,
Ireland, the Faroe Islands, Portugal, France, Spain, Macaronesia, and Turkey [41-43]. It is
classified as Least Concern on the European Red List of Bryophytes [36]. In this study, only
samples from Turkey were not analyzed. This species inhabits dry siliceous rocks near the
sea in western Scotland and Ireland (0-500 m a.s.l.), thrives in humid and shaded forests in
the Iberian Peninsula, and is often found in the laurel forests of Macaronesia (900-1300 m
a.s.l.) [40,43,44]. Asexual reproduction is unknown [40].

The leafy liverwort Porella canariensis is restricted to Macaronesia and the European
Atlantic fringe, occurring in all Macaronesia archipelagos, the Iberian Peninsula, and
France [41]. It is classified as Least Concern on the European Red List of Bryophytes [36].
In this study, only samples from France were not analyzed. In Macaronesia, P. canariensis
commonly grows as epiphyte on rocks and slopes in sheltered habitats up to 1400 m (a.s.l).
In the Iberian Peninsula, it occurs similarly in habitats within coastal mountainous regions
at medium altitudes. Sexual reproduction is frequent, and vegetative propagation may
occur [45,46].

3.3. Sampling Design and Data Collection

Fieldwork was conducted on the islands of Madeira and Tenerife, as well as on the
Sintra mountain (mainland Portugal), between October and December 2022 (Table S3). A
total of 37 sampling sites were randomly selected based on the distribution ranges of the
four species (18 Madeira, 15 Tenerife, and 4 Sintra). The sampling sites were separated by a
minimum distance of 100 m. At each site, we established a circular plot of 314 m? (radius
10 m) and selected five trees (per species) where the targeted species were present. For each
site, we recorded the geographical position to an accuracy of 5-8 m with a GPS (latitude
and longitude) and elevation (m a.s.l.). From each of the five selected trees, a sample was
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collected within a 5 x 5 cm plot. In total, 125 samples of E. intermedia (85 from Madeira
and 40 from Tenerife), 75 samples of F. polysticta (55 from Madeira and 20 from Tenerife),
70 samples of F. teneriffae (30 from Madeira, 30 from Tenerife, and 10 from Sintra), and
155 samples of P. canariensis (85 from Madeira, 60 from Tenerife, and 10 from Sintra) were
collected. The samples were individually placed in glassine bags, dried, and stored at room
temperature until further treatment in the laboratory. A voucher of each species collected
was deposited in the LISU herbarium (Museu Nacional de Histéria Natural e da Ciéncia,
Universidade de Lisboa).

Additionally, to enhance our study and encompass the entire range of species
(Figure 1), we also examined herbarium material (Lund Botanical Museum (LD), Museu
Nacional de Histéria Natural e da Ciéncia, Universidade de Lisboa (LISU), Royal Botanic
Garden Edinburgh (E), Universidade dos Acores (AZU), Universidad de La Laguna (TFC),
Universitat de Valencia (VAL), and the University of Copenhagen (C)), applying the same
5 x 5 cm plot method used for the field samples. Thus, the study area encompasses five
regions (see Figure 1), ranging latitudinally from the Canary Islands to the British Isles and
the Faroe Islands, namely, the Canary Islands, Madeira Island, Azores archipelago, Iberian
Peninsula (mainland Portugal and Spain, including France), British Isles and Faroe Islands
(comprising Ireland, Great Britain, and the Faroe Islands). Duplicate specimens and multi-
ple collections from the same locality were discarded. The specimens with complete label
information were prioritized, including details such as location, geographic coordinates,
and elevation. Specimens lacking geographical coordinates were georeferenced following
the Guide to Best Practices for Georeferencing [47] and utilizing Google Earth Pro 7.3.3. For
E. intermedia, 83 samples were additionally studied (27 the Azores, 24 the Canaries, and
32 Madeira Island), as well as 63 samples of F. polysticta (30 the Canaries and 33 Madeira
Island). We also examined 302 herbarium samples of F. teneriffae (48 the Azores, 51 the
Canaries, 46 Madeira Island, 17 mainland Portugal, 1 mainland Spain, 1 France, 45 Ireland,
80 Great Britain, and 13 Faroe Islands), as well as 163 herbarium samples of P. canariensis
(27 the Azores, 61 the Canaries, 39 Madeira Island, 33 mainland Portugal, and 3 mainland
Spain). Although E. intermedia and P. canariensis occur in Cape Verde, this region was not
included in the study due to the insufficient availability of specimens.

3.4. Sex Determination

The samples obtained from both fieldwork and herbarium collections (1036) samples of
E. intermedia (208: 64 the Canary Islands, 117 Madeira Island, and 27 the Azores), F. polysticta
(138: 50 the Canary Islands and 88 Madeira Island), F. teneriffac (372: 81 the Canary Islands,
86 Madeira Island, 48 the Azores, 19 the Iberian Peninsula, and 138 the British Isles and the
Faroe Islands), and P. canariensis (318: 121 the Canary Islands, 124 Madeira Island, 27 the
Azores, and 46 the Iberian Peninsula, respectively) were observed in order to estimate
the proportions of expressed male, female, and non-expressing shoots. All shoots within
a 5 x 5 cm plot were carefully examined using a stereoscopic microscope (Olympus
5740, Olympus Corporation; Lisbon, Portugal) and light microscopy (Olympus BX51,
Olympus Corporation; Lisbon, Portugal). For the herbarium specimens, we examined the
shoots found within the same 5 x 5 cm plot area. A total of 20,396 shoots were analyzed,
distributed as follows: 2093 shoots of E. intermedia (an average of 11 shoots per sample),
2434 shoots of F. polysticta (an average of 18 shoots per sample), 8136 shoots of F. teneriffac
(an average of 22 shoots per sample), and 7733 shoots of P. canariensis (an average of
24 shoots per sample). All shoots were categorized as sexually expressed males or females
if they bore perigonia or perichaetia, respectively, while those lacking such features were
classified as non-expressing shoots (see Figure S2).
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The level of sex expression (SE) for all samples was determined by calculating the
observed proportion of expressed shoots (the number of expressed shoots/the total number
of shoots). The phenotypic female sex ratio (PSR?) and the phenotypic male sex ratio
(PSRc) were calculated as the proportion of expressed shoots of either sex (the number of
females or males/the sum of females and males). The frequency of sporophytes (FSP) was
also analyzed, estimated as the number of shoots with well-developed sporophytes over
the total number of detected female gametophyte shoots.

3.5. Data Analyses

Since the patterns of SE, the PSR? and the PSRd” were consistent between herbarium
samples and fieldwork samples, both datasets were combined (Table S4). Differences
between the two sample types were tested using the Mann-Whitney—Wilcoxon test, and
the significance levels were adjusted for multiple comparisons using Bonferroni corrections.
Furthermore, we ensured that the sampling was evenly distributed across the seasons,
with 43% of the samples collected in Spring and Summer and 57% in Autumn and Winter
(Table S3). We used a Shapiro-Wilk normality test (Table S5) to assess whether the data
followed a normal distribution or not, using the “stats” R package [48]. Additionally, for the
fieldwork samples, we investigated whether the type of phorophyte (tree species) affected
the patterns of SE, the PSR? and the PSRo". The Kruskal-Wallis test from the “stats” R
package [48] was used, but no such effect was observed (Table S6).

To determine significant differences in median SE, PSR@ and PSR values across the
studied geographic regions, including the oceanic islands of Macaronesia (the Canary
Islands, Madeira, and Azores), as well as the European Atlantic fringe (continental areas)
(H1), Kruskal-Wallis tests and Wilcoxon tests were computed using the “rstatix” R pack-
age [49]. The Wilcoxon test was employed specifically for its ability to compare paired
groups. Generalized Linear Models (GLMs) with binomial error distribution and logit link
functions were computed (Table S1), using the “stats” R package [48], to test whether the
number of samples per region (i.e., variation in sampling effort across regions) influences
the SE, PSR? and PSRJ". The binomial model is well suited for proportion data, where
the dependent variables represent the number of successes relative to the total number
of independent observations [50]. Additionally, for each species and region, we tested
whether sex ratios differed from an expected unbiased sex ratio (0.5) with Pearson’s x?
tests. We also searched for a significant association between SE and the PSRd, using the
Spearman rank correlation coefficient, using the “stats” R package [48].

To evaluate whether elevation, precipitation, and temperature affected the SE, PSR?,
PSR&, and FSP for each species (H2), we first extracted from CHELSA v. 2.1 [51] the mean
annual precipitation and temperature at a 30-arc-second (~1 km) resolution. The values
for each sample location were extracted using the ArcGIS 10.7 [52]. Then, we computed
Pearson correlation coefficients among each pair of variables (elevation, precipitation, and
temperature). The highest correlation coefficient was observed between precipitation and
temperature (0.54), and there was no need to exclude any variables due to multicollinearity.
Generalized Linear Mixed Models (GLMMSs) with binomial error distribution and logit
link functions were employed, using the “Ime4” R package [53]. SE, the PSR?, and the
PSRo were treated as response variables, with elevation, precipitation, and temperature
designated as fixed predictors. The geographic region was considered a random effect.
Model selection, including the evaluation of the null model, was based on the Akaike
Information Criterion (AIC). The direction of the effect was assessed based on the sign of
standardized coefficients (Table S2).
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To explore significant associations between the PSR and FSP (H3), the Spearman
rank correlation coefficient was used, using the “stats” R package [48]. All analyses were
performed in R version 4.1.3 [48].

4. Discussion

Our results reveal that the island population of the species studied exhibits greater
sexual expression compared to the continental populations, with a predominantly female-
biased phenotypic sex ratio. Temperature and precipitation were key factors influencing
this pattern, suggesting that sex-specific differences in environmental tolerance have shaped
the geographic distribution of phenotypic sex ratios. Similar relationships between envi-
ronmental factors and sex ratios have been observed in other bryophyte species [13,18] and
in flowering plants [54], where environmental factors such as climate have been shown to
drive shifts in sex ratios. Island species often exhibit altered reproductive strategies, such
as biased sex ratios or increased sexual expression, as a response to island-specific selective
pressures, including limited gene flow, small population sizes, and unique environmental
constraints [55-58]. Our study adds to this growing body of literature by highlighting how
insular bryophyte populations may be subjected to similar evolutionary pressures, leading
to distinct reproductive adaptations.

4.1. Patterns of Sex Expression and Sex Ratio

In line with the initial expectations (H1a), different patterns of sex expression and
sex ratio emerged between oceanic islands and continental areas. The non-Macaronesia
endemic species (F. teneriffae and P. canariensis) exhibited heightened levels of SE in the
northern Macaronesia archipelagos (the Canary Islands, Madeira, and Azores). Notably, a
positive correlation between SE and the PSRd" was observed in both species. The northern
Macaronesia archipelagos are characterized by a predominantly subtropical Mediterranean
to oceanic temperate climate, influenced by mid-Atlantic oceanic conditions that result in
moderate precipitation and stable temperatures year round [59]. In contrast, the European
Atlantic fringe, located at higher latitudes with distinct atmospheric circulation patterns,
experiences greater climatic variability and higher precipitation, particularly during winter
months [60]. The stable climatic conditions characteristic of the northern Macaronesia
archipelagos may enable these species to allocate more energy to sexual reproduction, as
reproductive costs in plants are known to increase under conditions of water scarcity [61]
and elevated temperatures [62]. Furthermore, bryophytes rely on a continuous film of water
for sperm to swim to eggs, making sexual reproduction highly dependent on adequate
moisture levels [16,63].

The observed female-biased of F. teneriffae and P. canariensis, increased in the continen-
tal areas, a trend that can be attributed to the more fluctuating environmental conditions in
these regions [35,60]. In contrast, male gametophytes are more dependent on stable envi-
ronmental conditions [22,29,64—68], such as those found on the laurel forests. These forests
are characterized by consistently high humidity levels year round, minimal temperature
fluctuations, and increased microhabitat complexity [69,70], making them favorable envi-
ronments for male gametophytes. In contrast, female gametophytes demonstrate greater
flexibility and tolerance to environmental variability [29]. Interestingly, similar patterns
can be seen in flowering plants, where male-biased sex ratios predominate in stable natural
habitats [71]. This highlights the broader ecological trend where male reproductive lineages
seem to be more dependent on favorable and stable conditions, while female reproductive
structures exhibit greater resilience to environmental instability.

Regarding the Macaronesian endemic species, the leafy liverwort F. polysticta exhibited
higher levels of SE on Madeira Island compared to the Canary Islands, while the pleuro-
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carpous moss E. intermedia demonstrated higher levels of SE in the Azores. The higher
levels of annual precipitation and reduced fluctuations in the Azores and Madeira, along
with their lower mean annual temperatures compared to the Canary Islands [72], may
provide more stable environments for these species, allowing them to allocate more energy
towards sexual reproduction. F. polysticta maintained a female-biased sex ratio throughout
its distribution, whereas E. intermedia exhibited the highest female bias in the Canary Is-
lands, with a balanced sex ratio recorded in the Azores. However, no statistically significant
differences in the PSR were detected among the Macaronesian archipelagos for these two
endemic species. These patterns align with previous findings in several bryophyte species,
which indicate that the female bias in the population sex ratio is significantly lower in areas
recolonized after the Last Glacial Maximum compared to glacial refugia, suggesting that
more recent populations tend to decrease skewed sex ratios [13,18,73,74].

4.2. Environmental Factors of Sex Expression and Sex Ratio

The SE reported in many bryophyte taxa and vascular plants in general may be asso-
ciated with environmental restrictions, such as temperature, water availability [61,75-77]
and light availability [78-80].

Consistent with our hypothesis H1b, temperature and precipitation emerged as influ-
ential factors affecting SE and PSR patterns. Temperature had a positive effect on the SE of
FE. teneriffae and P. canariensis but a negative effect on the SE of E. intermedia. Precipitation
had a positive effect on the SE of P. canariensis and a negative effect on the SE of E. intermedia.
The cooler temperatures in the Azores favor the SE of E. intermedia, while the higher tem-
peratures in the Canary Islands influence the SE of F. teneriffae. Additionally, P. canariensis
exhibits higher levels of SE in Madeira, which has higher precipitation compared to the
Canary Islands [81,82]. The dynamics of temperature and precipitation effects on SE are
crucial for predicting how these species might respond to climate change, as such variations
can significantly impact their sex expression and, consequently, their reproductive success.

Temperature also had a positive effect on the PSR? of E. intermedia, as well as on
the PSRS of F. teneriffae, and a negative effect on the PSRQ of F. polysticta, F. teneriffae
and P. canariensis. Precipitation showed a positive effect on the PSR of both F. teneriffae
and P. canariensis. The PSRQ in the leafy liverworts appears to be correlated with lower
temperatures and higher precipitation levels, while the PSRc" seems to be associated with
higher temperatures and lower precipitation levels.

Elevation showed a positive effect on the SE of P. canariensis, as well as on the PSRd" of
F. teneriffae, contrary to Racomitrium lanuginosum (Hedw.) Brid. where the number of male
shoots decreased with elevation [29]. This pattern is opposite to that observed in Juniperus
spp- (Cupressaceae) in Southeastern Spain, where the number of males increased with
elevation [83]. Additionally, elevation also had a negative effect on the SE of E. intermedia.
This suggests species-specific responses to altitude-related environmental gradients, which
is particularly relevant for island populations.

Our findings highlight the complex interactions between environmental factors, sex-
ual expression, and phenotypic sex ratios in bryophyte species. The observed variations
emphasize the importance of considering regional differences and environmental contexts
when studying reproductive strategies in bryophytes [13,74,84]. Understanding the mecha-
nisms driving SE and PSR dynamics in unisexual bryophytes, especially threatened and
endemic species, can provide valuable insights into their genetic variability, ecological adap-
tations, and responses to changing environmental conditions, with potential implications
for biodiversity conservation and ecosystem management.
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4.3. Influence of Expressed Sexual Ratios on Sexual Reproduction

Remarkably, in accordance with our hypothesis (H2), the relationship between male
gametophytes and sporophyte production varies among species and environments [11-13].
In general, the probability of sexual reproduction was higher in populations with a
PSRa* < 0.5. Although no significant correlation was found between the PSRd" and FSP
in F. teneriffae and P. canariensis, E. intermedia showed no significant correlation, with a
tendency toward a negative correlation between the PSRd" and FSP. Specifically, for E. in-
termedia in the Canary Islands and the Azores, sporophyte production was exclusively
associated with populations with a PSRo" = 0. It is, however, probable that male shoots were
present and ensured the fertilization of female shoots. Alternatively, this could also result
from the differing distances of fertilization at which the antheridia were located relative
to the archegonia [85] in each of the sampled locations. This finding is consistent with
previous studies [12,18], which have reported a negative relationship between the male
sex ratio and sporophyte formation in the mosses Ceratodon purpureus (Hedw.) Brid. [12]
and Pseudoscleropodium purum (Hedw.) M. Fleisch. [18]. The authors suggested that fe-
males might delay sporophyte production until they have outcompeted males in terms
of clonal growth and reached a size threshold for sporophyte production. This indicates
that stronger female-biased sex ratios could lead to greater female vegetative growth and a
higher probability of successful sexual reproduction [18].

In contrast, the Macaronesian endemic leafy liverwort F. polysticta exhibited a positive
correlation between the PSR and FSP, suggesting that as the proportion of sexually
reproductive males increased, the frequency of sporophytes also increased. The reduced
sporophyte production in strongly female-biased populations was also reported in other
species (e.g., Drepanocladus lycopodioides (Brid.) Warnst. [13] and Frullania tamarisci (L.)
Dumort [11]. Sporophyte production imposes a significant reproductive cost for the female
plant [86], which has been demonstrated to lead to reduced female performance and
potentially elevated female mortality [87,88]. For instance, a modeling approach applied
to the pleurocarpous moss Hylocomium splendens (Hedw.) Schimp. [89] suggests that a
female-skewed sex ratio could persist if sporophyte production occurs infrequently.

Our results indicate that for the non-Macaronesian endemic species (F. teneriffae and
P. canariensis) and the Macaronesian endemic species (E. infermedia), the probability of
sporophyte production is higher in female-dominated populations. In contrast, the less
widespread endemic species F. polysticta exhibits fewer sporophytes in strongly female-
biased populations. These findings suggest that the relationship between male gameto-
phytes and sporophyte production varies among species and environments, influenced by
differing ecological and evolutionary factors [11,13,18,25].

5. Conclusions

Our findings on the four studied bryophyte species reveal distinct patterns of inter-
action between environmental factors, sexual expression, and phenotypic sex ratios in
Macaronesian island populations compared to their continental counterparts. We observed
that in the Macaronesian islands, there was an increase in sexual expression, suggesting that
the distinct environmental conditions of these islands play a crucial role in shaping their
reproductive patterns. Recognizing patterns in sex expression and phenotypic sex ratios
in bryophytes is crucial for developing effective management strategies and conservation
measures in line with the International Union for Conservation of Nature (IUCN) guide-
lines, which emphasize habitat preservation and genetic diversity. Additionally, future
research anticipating the impacts of climate change on sex distribution in these plants is
essential. Such studies will provide critical insights for developing proactive conservation
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efforts to protect vulnerable species, such as E. intermedia and F. polysticta from potential
reproductive shifts and demographic changes driven by climate change.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/plants14040573/s1, Table S1: Number of studied samples, per
species and region, the total SE and PSR. Table S2: Summary of the best Generalized Linear Mixed
Models (GLMM). Table S3: Information for each sample, including location (longitude/latitude),
source (herbarium or fieldwork), collection date, elevation, host tree, SE, PSR, and FSP. Table S4: The
mean SE and PSR, per species and region for both herbarium and fieldwork samples. Table S5: Results
of the Shapiro-Wilk normality test to determine whether the data follow a normal distribution or not.
Table S6: Results of the Kruskal-Wallis test used to investigate whether the type of phorophyte (tree
species) affected SE and PSR in the fieldwork samples. Figure S1: Box plots and bean plots showing SE
and PSR for each species and region. (A,C) Frullania teneriffae; (B,D) Porella canariensis. Figure S2: Male
and female shoots of the study species, illustrating their distinct morphological characteristics.

Author Contributions: Conceptualization, A.M. and J.P.; methodology, A.M., ].P. and M.S.-S.; formal
analysis, A.M.; data curation, A.M. and M.S.-S.; writing—original draft preparation, A.M., ].P. and
M.S.-S.; writing—review and editing, A.M., ].P. and M.S.-S.; supervision, J.P. and M.S.-S. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by Fundagao para a Ciéncia e Tecnologia (A.M. was funded
through the individual research grant 2020.06119.BD), the Spanish Ministry of Science and Innovation
(J.P. was funded through projects RYC-2016-20506 and ASTERALIEN-PID2019-110538GA-100) and
the Ministry of Science, Innovation and Universities (J.P. was funded through project Decod Adapt-
PID2023-147122NB-100).

Data Availability Statement: The original data presented in this study are included in the article and
its Supplementary Materials. Further inquiries can be directed to the corresponding authors.

Acknowledgments: We thank the Regional Secretariat for Environment, Natural Resources, and
Climate Change of Madeira and the Cabildo of Tenerife for granting permits to collect plant material
(O5/IFCN 12022-FLO MAD; 2022-00702). We are also grateful to the AZU, C, LD, LISU, E, TFC,
and VAL herbaria for providing material for the development of this work. Special thanks to Carlos
Lobo, Gregorio Freitas, Susana Fontinha, Javier Morent, and Antonio Pérez Delgado for providing
fieldwork assistance. We extend our appreciation to Rosalina Gabriel and Paulo Borges for their
assistance in bringing the samples from the AZU herbarium, Lesley Scott and David Long for their
support and availability during the stay at the E herbarium, Felisa Puche for her assistance in
providing and capturing photos of material from the VAL herbarium, Nick Hodgetts for collecting
samples of F. teneriffae on Sky Island, and Palmira Carvalho for her assistance in image acquisition. A
special acknowledgment to Ana Losada-Lima for her support during the stay at the TFC herbarium
and her valuable comments on this work. Finally, we thank the anonymous reviewers for their
helpful comments.

Conflicts of Interest: The authors declare no conflicts of interest.

1.  Matthews, T.J.; Triantis, K. Island biogeography. Curr. Biol. 2021, 31, R1201-R1207. [CrossRef]
2. Biddick, M.; Hendriks, A.; Burns, K.C. Plants obey (and disobey) the island rule. Proc. Natl. Acad. Sci. USA 2019, 116, 17632-17634.

[CrossRef]

3. Burns, K.C. Evolution in Isolation: The Search for an Island Syndrome in Plants; Cambridge University Press: Cambridge, UK, 2019.

4. Niurk, N.M.; Atchison, G.W.; Hughes, C.E. Island woodiness underpins accelerated disparification in plant radiations. New Phytol.
2019, 224, 518-531. [CrossRef] [PubMed]

5. Covas, R. Evolution of reproductive life histories in island birds worldwide. Proc. R. Soc. B 2012, 279, 1531-1537. [CrossRef]

6. Jezierski, M.T.; Smith, WJ.; Clegg, S.M. The island syndrome in birds. . Biogeogr. 2023, 51, 1607-1622. [CrossRef]

7. Leihy, R.I; Chown, S.L. Wind plays a major but not exclusive role in the prevalence of insect flight loss on remote islands: Insect
flight loss on islands. Proc. R. Soc. B 2020, 287, 20202121. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/plants14040573/s1
https://www.mdpi.com/article/10.3390/plants14040573/s1
https://doi.org/10.1016/j.cub.2021.07.033
https://doi.org/10.1073/pnas.1907424116
https://doi.org/10.1111/nph.15797
https://www.ncbi.nlm.nih.gov/pubmed/30883788
https://doi.org/10.1098/rspb.2011.1785
https://doi.org/10.1111/jbi.14720
https://doi.org/10.1098/rspb.2020.2121
https://www.ncbi.nlm.nih.gov/pubmed/33290676

Plants 2025, 14, 573 15 of 17

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.
21.

22.
23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

Novosolov, M.; Raia, P; Meiri, S. The island syndrome in lizards. Glob. Ecol. Biogeogr. 2013, 22, 184-191. [CrossRef]

Lomolino, M.V,; Van der Geer, A.A,; Lyras, G.A.; Palombo, M.R;; Sax, D.F.; Rozzi, R. Of mice and mammoths: Generality and
antiquity of the island rule. |. Biogeogr. 2013, 40, 1427-1439. [CrossRef]

Singh, P; Gargi, B.; Semwal, P.; Mishra, J.; Thapliyal, A. Global research trends, publication characteristics and knowledge
domains of plant reproductive biology: A bibliometric and knowledge mapping analysis of 50 years. Ecol. Front. 2024, 44, 451-458.
[CrossRef]

Blackstock, T.H. Sex expression and sporophyte frequency in Frullania tamarisci (L.) Dumort. J. Bryol. 2015, 37, 202-208. [CrossRef]
Eppley, S.M.; Rosenstiel, T.N.; Chmielewski, M.W.; Woll, S.C.; Shaw, Z.M.; Shortlidge, E.E. Rapid population sex-ratio changes in
the moss Ceratodon purpureus. Am. |. Bot. 2018, 105, 1232-1238. [CrossRef]

Bisang, I.; Ehrlén, ].; Hedends, L. Sex expression and genotypic sex ratio vary with region and environment in the wetland moss
Drepanocladus lycopodioides. Bot. ]. Linn. Soc. 2020, 192, 421-434. [CrossRef]

Patifio, J.; Bisang, I.; Hedends, L.; Dirkse, G.; Bjarnason, AH,; Ah-Peng, C.; Vanderpoorten, A. Baker’s law and the island
syndromes in bryophytes. J. Ecol. 2013, 101, 1245-1255. [CrossRef]

Patifio, J.; Vanderpoorten, A. Bryophyte Biogeography. Crit. Rev. Plant Sci. 2018, 37, 175-209. [CrossRef]

Haig, D. Living together and living apart: The sexual lives of bryophytes. Philos. Trans. R. Soc. B 2016, 371, 20150535. [CrossRef]
[PubMed]

Cronberg, N. Colonization dynamics of the clonal moss Hylocomium splendens on islands in a Baltic land uplift area: Reproduction,
genet distribution and genetic variation. J. Ecol. 2002, 90, 925-935. [CrossRef]

Boquete, M.T.; Varela, Z.; Ferndndez, J.A.; Calleja, J.A.; Branquinho, C.; Chila, A.; Cronberg, N.; de Carvalho, R.C.; Aleixo, C.;
Estébanez-Pérez, B.; et al. Current and historical factors drive variation of reproductive traits in unisexual mosses in Europe: A
case study. J. Syst. Evol. 2023, 61, 213-226. [CrossRef]

Laenen, B.; Machac, A.; Gradstein, S.R.; Shaw, B.; Patifio, J.; Désamoré, A.; Goffinet, B.; Cox, C.J.; Shaw, J.; Vanderpoorten, A.
Geographical range in liverworts: Does sex really matter? J. Biogeogr. 2016, 43, 627—635. [CrossRef]

Niklas, K.J.; Cobb, E.D. The evolutionary ecology (evo-eco) of plant asexual reproduction. Evol. Ecol. 2017, 31, 317-332. [CrossRef]
Longton, R.E.; Schuster, R M. Reproductive biology. In New Manual of Bryology; The Hattori Botanical Laboratory: Nichinan,
Japan, 1983; pp. 386—462.

Bisang, I.; Hedends, L. Sex ratio patterns in dioicous bryophytes revisited. J. Bryol. 2005, 27, 207-219. [CrossRef]

Bisang, I.; Ehrlén, J.; Korpelainen, H.; Hedenés, L. No evidence of sexual niche partitioning in a dioecious moss with rare sexual
reproduction. Ann. Bot. 2015, 116, 771-779. [CrossRef] [PubMed]

Stark, L.R.; Mishler, B.D.; Mcletchie, D.N. The cost of realized sexual reproduction: Assessing patterns of reproductive allocation
and sporophyte abortion in a desert moss. Am. J. Bot. 2000, 87, 1599-1608. [CrossRef] [PubMed]

Bisang, I.; Ehrlén, J.; Persson, C.; Hedends, L. Family affiliation, sex ratio and sporophyte frequency in unisexual mosses. Bot. ].
Linn. Soc. 2014, 174, 163-172. [CrossRef]

Kalmar, A.; Currie, D.J. A global model of island biogeography. Glob. Ecol. Biogeogr. 2006, 15, 72-81. [CrossRef]

Weigelt, P; Jetz, W.; Kreft, H. Bioclimatic and physical characterization of the world’s islands. Proc. Natl. Acad. Sci. USA 2013, 110,
15307-15312. [CrossRef]

Maciel-Silva, A.S.; Gaspar, E.P,; da Conceigao, F.P; Dias Dos Santos, N.; Pinheiro da Costa, D. Reproductive biology of Syzygiella
rubricaulis (Nees) Steph. (Adelanthaceae, Marchantiophyta), a liverwort disjunctly distributed in high-altitude Neotropical
mountains. Plant Biol. 2016, 18, 601-608. [CrossRef]

Maruo, F; Imura, S. Restriction of sexual reproduction in the moss Racomitrium lanuginosum along an elevational gradient. Ecol.
Evol. 2020, 10, 10066—-10075. [CrossRef]

Fernandez-Palacios, ].M.; Otto, R.; Capelo, J.; Caujapé-Castells, J.; de Nascimento, L.; Duarte, M.C.; Elias, R.B.; Garcia-Verdugo,
C.; de Sequeira, M.M.; Médalil, F,; et al. In defence of the entity of Macaronesia as a biogeographical region. Biol. Rev. 2024, 99,
2060-2081. [CrossRef] [PubMed]

Myers, N.; Mittermeier, R.A.; Mittermeier, C.G.; da Fonseca, G.A.B.; Kent, ]J. Biodiversity hotspots for conservation priorities.
Nature 2000, 403, 853-858. [CrossRef]

Rodrigues, A.S.B.; Martins, A.; Garcia, C.A.; Sérgio, C.; Porley, R.; Fontinha, S.; Gonzalez-Mancebo, ].; Gabriel, R.; Phephu, N.; Van
Rooy, J.; et al. Climate-driven vicariance and long-distance dispersal explain the Rand Flora pattern in the liverwort Exormotheca
pustulosa (Marchantiophyta). Biol. ]. Linn. Soc. 2020, 130, 480-496. [CrossRef]

Price, J.P; Otto, R.; de Sequeira, M.M.; Kueffer, C.; Schaefer, H.; Caujapé-Castells, J.; Ferndndez-Palacios, ].M. Colonization and
diversification shape species—area relationships in three Macaronesian archipelagos. . Biogeogr. 2018, 45, 2027-2039. [CrossRef]
Rivas-Martinez, S.; Penas, A.; Diaz, T.E. Biogeographic Map of Europe: Scale 1:16 mill. In Cartographic Service; University of Leon:
Leon, Spain, 2001.

Loidi, J. The European Atlantic biogeographic province: Flora, vegetation and historical aspects. Ber. Reinhold-Tiixen-Ges. 2018, 20,
191-204.


https://doi.org/10.1111/j.1466-8238.2012.00791.x
https://doi.org/10.1111/jbi.12096
https://doi.org/10.1016/j.chnaes.2023.08.010
https://doi.org/10.1179/1743282015Y.0000000018
https://doi.org/10.1002/ajb2.1128
https://doi.org/10.1093/botlinnean/boz063
https://doi.org/10.1111/1365-2745.12136
https://doi.org/10.1080/07352689.2018.1482444
https://doi.org/10.1098/rstb.2015.0535
https://www.ncbi.nlm.nih.gov/pubmed/27619699
https://doi.org/10.1046/j.1365-2745.2002.00723.x
https://doi.org/10.1111/jse.12897
https://doi.org/10.1111/jbi.12661
https://doi.org/10.1007/s10682-016-9828-5
https://doi.org/10.1179/174328205X69959
https://doi.org/10.1093/aob/mcv133
https://www.ncbi.nlm.nih.gov/pubmed/26359424
https://doi.org/10.2307/2656736
https://www.ncbi.nlm.nih.gov/pubmed/11080110
https://doi.org/10.1111/boj.12135
https://doi.org/10.1111/j.1466-822X.2006.00205.x
https://doi.org/10.1073/pnas.1306309110
https://doi.org/10.1111/plb.12446
https://doi.org/10.1002/ece3.6666
https://doi.org/10.1111/brv.13112
https://www.ncbi.nlm.nih.gov/pubmed/38888215
https://doi.org/10.1038/35002501
https://doi.org/10.1093/biolinnean/blaa071
https://doi.org/10.1111/jbi.13396

Plants 2025, 14, 573 16 of 17

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.
48.

49.

50.
51.

52.
53.
54.
55.
56.
57.
58.

59.
60.

61.

62.

63.

64.

65.
66.

Hodgetts, N.; Célix, M.; Englefield, E.; Fettes, N.; Criado, M.G.; Patin, L.; Nieto, A.; Bergamini, A.; Bisang, I.; Baisheva, E.; et al. A
Miniature World in Decline: European Red List of Mosses, Liverworts and Hornworts; IUCN: International Union for Conservation of
Nature: Gland, Switzerland, 2019. [CrossRef]

Sim-Sim, M. Exsertotheca intermedia. In The IUCN Red List of Threatened Species 2019; E.T87467257A87714896;, IUCN: Gland,
Switzerland, 2019. [CrossRef]

Hedends, L.; Bisang, I. Sex expression and sex ratios in dwarf male-producing pleurocarpous mosses—Have we missed something?
Plant Ecol. Divers. 2012, 5, 387-393. [CrossRef]

Sim-Sim, M.; Hodgetts, N.; Martins, A. Frullania polysticta. In The IUCN Red List of Threatened Species 2019; E.T39193A87713320;
IUCN: Gland, Switzerland, 2019. [CrossRef]

Sim-Sim, M. The genus Frullania Raddi (Hepaticae) in Portugal and Madeira. Cryptogam. Bryol. 1999, 20, 83-144. [CrossRef]
Ros, RM.; Mazimpaka, V.; Abou-Salama, U.; Aleffi, M.; Blockeel, T.L.; Brugues, M.; Cano, M.].; Cros, R.M.; Dia, M.G.; Dirkse,
G.M,; et al. Hepatics and anthocerotes of the Mediterranean, an annotated checklist. Cryptogam. Bryol. 2007, 28, 351-437.

Ellis, L.T.; Alatas, M.; Asthana, A K.; Rawat, K.K,; Sahu, V,; Srivastava, A.; Bakalin, V.A.; Batan, N.; Bednarek-Ochyra, H.; Bester,
S.P; et al. New national and regional bryophyte records, 47. J. Bryol. 2016, 38, 151-167. [CrossRef]

Infante, M.; Pimentel, M.; Rodriguez-Santos, E.; Sahuquillo, E.; Heras, P. A new area for Frullania teneriffae (F Weber) Nees in the
Iberian Peninsula. Bol. Soc. Esp. Briol. 2022, 56, 13-17. [CrossRef]

Hodgetts, N. Frullania teneriffae (Europe assessment). In The ILUCN Red List of Threatened Species 2019; E.T87543119A87794896;
IUCN: Gland, Switzerland, 2019.

Fontinha, S.; Sim-Sim, M.; Sérgio, C. The genus Porella (Porellaceae, Marchantiophyta) in Madeira Archipelago: Ecological and
morphological approaches. Nova Hedwig. 2010, 138, 297-310.

Sim-Sim, M.; Garcia, C.; Garilleti, R.; Infante, M.; Porley, R.D.; Sérgio, C. Porella canariensis. In The ILUCN Red List of Threatened
Species 2019; E.T87543585A87715354; IUCN: Gland, Switzerland, 2019.

Chapman, A.D.; Wieczorek, ].R. Georeferencing Best Practices; GBIF Secretariat: Copenhagen, Denmark, 2020. [CrossRef]

R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Aus-
tria, 2023.

Kassambra, A. Package “Rstatix”: Pipe-Friendly Framework for Basic Statistical Tests. 2023. Available online: https:/ /rpkgs.
datanovia.com/rstatix/ (accessed on 1 July 2024).

Dunn, PK.; Smyth, G.K. Generalized Linear Models with Examples in R, 2nd ed.; Springer: New York, NY, USA, 2018.

Karger, D.N.; Conrad, O.; Béhner, J.; Kawohl, T.; Kreft, H.; Soria-Auza, RW.; Zimmermann, N.E.; Linder, H.P,; Kessler, M.
Climatologies at high resolution for the earth’s land surface areas. Sci. Data 2017, 4, 170122. [CrossRef] [PubMed]

ESRI. ArcGIS Desktop: Release 10.7; ESRI: Redlands, CA, USA, 2021.

Bates, D.; Méchler, M.; Bolker, B.; Walker, S. Fitting Linear Mixed-Effects Models Using Ime4. . Stat. Softw 2015, 67, 48. [CrossRef]
Zinn, K.E.; Tunc-Ozdemir, M.; Harper, ].F. Temperature stress and plant sexual reproduction: Uncovering the weakest links.
J. Exp. Bot. 2010, 61, 1959-1968. [CrossRef] [PubMed]

Traveset, A. Reproductive ecology of Cneorum tricoccon L. (Cneoraceae) in the Balearic Islands. Bot. J. Linn. Soc. 1995, 117, 221-232.
[CrossRef]

Barrett, S.C.H. The reproductive biology and genetics of island plants. Philos. Trans. R. Soc. B 1996, 351, 725-733. [CrossRef]
Frankham, R. Relationship of Genetic Variation to Population Size in Wildlife. Conserv. Biol. 1996, 10, 1500-1508. [CrossRef]
Field, D.L.; Pickup, M.; Barrett, S.C. Ecological context and metapopulation dynamics affect sex-ratio variation among dioecious
plant populations. Ann. Bot. 2013, 111, 917-923. [CrossRef] [PubMed]

Del Arco, M.].; Rodriguez-Delgado, O. Vegetation of the Canary Islands; Springer: Berlin, Germany, 2018.

Pendergrass, A.G.; Knutti, R.; Lehner, E; Deser, C.; Sanderson, B.M. Precipitation variability increases in a warmer climate. Sci.
Rep. 2017, 7, 17966. [CrossRef] [PubMed]

Euler, T.V,; Agren, J.; Ehrlén, J. Floral display and habitat quality affect cost of reproduction in Primula farinosa. Oikos 2012, 121,
1400-1407. [CrossRef]

Lambrecht, S.C.; Loik, M.; Inouye, D.; Harte, J. Reproductive and physiological responses to simulated climate warming for four
subalpine species. New Phytol. 2007, 173, 121-134. [CrossRef]

Cronberg, N.; Natcheva, R.; Hedlund, K. Microarthropods mediate sperm transfer in mosses. Science 2006, 313, 1255. [CrossRef]
[PubMed]

Newton, M. Sex ratio differences in Mnium hornum Hedw. and M. undulatum Sw. in relation to spore germination and vegetative
regeneration. Ann. Bot. 1972, 36, 163-178. [CrossRef]

Longton, R. Biology of Polar Bryophytes and Lichens; Cambridge University Press: Cambridge, UK, 1988.

Cameron, R.G.; Wyatt, R. Spatial Patterns and Sex Ratios in Dioecious and Monoecious Mosses of the Genus Splachnum. Bryologist
1990, 93, 161. [CrossRef]


https://doi.org/10.2305/iucn.ch.2019.erl.2.en
https://doi.org/10.2305/IUCN.UK.2019-2.RLTS.T87467257A87714896.en
https://doi.org/10.1080/17550874.2012.733038
https://doi.org/10.2305/IUCN.UK.2019-2.RLTS.T39193A87713320.en
https://doi.org/10.1016/S1290-0796(99)80010-8
https://doi.org/10.1080/03736687.2016.1171453
https://doi.org/10.58469/bseb.2022.50.52.002
https://doi.org/10.15468/doc-gg7h-s853
https://rpkgs.datanovia.com/rstatix/
https://rpkgs.datanovia.com/rstatix/
https://doi.org/10.1038/sdata.2017.122
https://www.ncbi.nlm.nih.gov/pubmed/28872642
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1093/jxb/erq053
https://www.ncbi.nlm.nih.gov/pubmed/20351019
https://doi.org/10.1111/j.1095-8339.1995.tb00453.x
https://doi.org/10.1098/rstb.1996.0067
https://doi.org/10.1046/j.1523-1739.1996.10061500.x
https://doi.org/10.1093/aob/mct040
https://www.ncbi.nlm.nih.gov/pubmed/23444124
https://doi.org/10.1038/s41598-017-17966-y
https://www.ncbi.nlm.nih.gov/pubmed/29269737
https://doi.org/10.1111/j.1600-0706.2012.20433.x
https://doi.org/10.1111/j.1469-8137.2006.01892.x
https://doi.org/10.1126/science.1128707
https://www.ncbi.nlm.nih.gov/pubmed/16946062
https://doi.org/10.1093/oxfordjournals.aob.a084569
https://doi.org/10.2307/3243620

Plants 2025, 14, 573 17 of 17

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.

77.

78.

79.

80.

81.

82.

83.

84.

85.
86.

87.

88.
89.

Mishler, B.D.; Oliver, M.]. Gametophytic phenology of Tortula ruralis, a desiccation-tolerant moss, in the Organ Mountains of
southern New Mexico. Bryologist 1991, 94, 143-153. [CrossRef]

Stark, L.R.; McLetchie, D.N.; Eppley, S.M. Sex ratios and the shy male hypothesis in the moss Bryum argenteum (Bryaceae).
Bryologist 2010, 113, 788-797. [CrossRef]

Sim-Sim, M.; Ruas, S.; Fontinha, S.; Hedends, L.; Sérgio, C.; Lobo, C. Bryophyte conservation on a North Atlantic hotspot:
Threatened bryophytes in Madeira and Selvagens Archipelagos (Portugal). Syst. Biodivers. 2014, 12, 315-330. [CrossRef]

Boch, S.; Martins, A.; Ruas, S.; Fontinha, S.; Carvalho, P; Reis, F.; Bergamini, A.; Sim-Sim, M. Bryophyte and macrolichen diversity
show contrasting elevation relationships and are negatively affected by disturbances in laurel forests of Madeira island. J. Veg.
Sci. 2019, 30, 1122-1133. [CrossRef]

Munné-Bosch, S. Sex ratios in dioecious plants in the framework of global change. Environ. Exp. Bot. 2015, 109, 99-102. [CrossRef]
Cropper, T.E.; Hanna, E. An analysis of the climate of Macaronesia, 1865-2012. Int. ]. Climatol. 2014, 34, 604-622. [CrossRef]
Alonso-Garcfa, M.; Villarreal, A.].C.; McFarland, K.; Goffinet, B. Population Genomics and Phylogeography of a Clonal Bryophyte
With Spatially Separated Sexes and Extreme Sex Ratios. Front. Plant Sci. 2020, 11, 495. [CrossRef] [PubMed]

Bisang, I.; Ehrlén, J.; Hedends, L. Life-history characteristics and historical factors are important to explain regional variation in
reproductive traits and genetic diversity in perennial mosses. Ann. Bot. 2023, 132, 29-42. [CrossRef]

Chopra, R.N. Environmental factors affecting gametangial induction in bryophytes. J. Hattori Bot. Lab. 1984, 55, 99-104.
Bowker, M.A; Stark, L.R.; McLetchie, D.N.; Mishler, B.D. Sex expression, skewed sex ratios, and microhabitat distribution in the
dioecious desert moss Syntrichia caninervis (Pottiaceae). Am. J. Bot. 2000, 87, 517-526. [CrossRef] [PubMed]

Stark, L.R.; McLetchie, D.N.; Mishler, B.D. Sex expression, plant size, and spatial segregation of the sexes across a stress gradient
in the desert moss Syntrichia caninervis. Bryologist 2005, 108, 183-193. [CrossRef]

Jacquemyn, H.; Brys, R.; Jongejans, E. Size-dependent flowering and costs of reproduction affect population dynamics in a
tuberous perennial woodland orchid. J. Ecol. 2010, 98, 1204-1215. [CrossRef]

Awasthi, V.; Asthana, A K.; Nath, V. In vitro study on the reproductive behavior of the endemic and threatened Indian liverwort:
Cryptomitrium himalayense Kashyap (Aytoniaceae). Cryptogam. Bryol. 2013, 34, 313-323. [CrossRef]

Castetter, R.C.; McLetchie, D.N.; Eppley, S.M.; Stark, L.R. Sex ratio and sex expression in an urban population of the silver moss,
Bryum argenteum Hedw. . Bryol. 2019, 41, 227-235. [CrossRef]

Garcia-Herrera, R.; Gallego, D.; Hernandez, E.; Gimeno, L.; Ribera, P.; Calvo, N. Precipitation trends in the Canary Islands. Int. .
Climatol. 2003, 23, 235-241. [CrossRef]

Prada, S.; Menezes de Sequeira, M.; Figueira, C.; da Silva, M.O. Fog precipitation and rainfall interception in the natural forests of
Madeira Island (Portugal). Agric. For. Meteorol. 2009, 149, 1179-1187. [CrossRef]

Ortiz, PL.; Arista, M.; Talavera, S. Sex ratio and reproductive effort in the dioecious Juniperus communis subsp. alpina (Suter)
Celak. (Cupressaceae) along an altitudinal gradient. Ann. Bot. 2002, 89, 205-211. [CrossRef] [PubMed]

Hedenis, L.; Bisang, I. Infraspecific diversity in a spore-dispersed species with limited distribution range. Syst. Biodivers. 2015, 13,
17-27. [CrossRef]

Bisang, I.; Ehrlén, J.; Hedends, L. Mate-limited reproductive success in two dioicous mosses. Oikos 2004, 104, 291-298. [CrossRef]
Ehrlén, ].; Bisang, I.; Hedends, L. Costs of Sporophyte Production in the Moss, Dicranum polysetum. Plant Ecol. 2000, 149, 207-217.
[CrossRef]

Bisang, I.; Ehrlén, ]J. Reproductive effort and cost of sexual reproduction in female Dicranum polysetum. Bryologist 2002, 105,
384-397. [CrossRef]

Obeso, J. The costs of reproduction in plants. New Phytol. 2002, 155, 321-348. [CrossRef] [PubMed]

Rydgren, K.; Halvorsen, R.; Cronberg, N. Infrequent sporophyte production maintains a female-biased sex ratio in the unisexual
clonal moss Hylocomium splendens. |. Ecol. 2010, 98, 1224-1231. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.2307/3243689
https://doi.org/10.1639/0007-2745-113.4.788
https://doi.org/10.1080/14772000.2014.918063
https://doi.org/10.1111/jvs.12802
https://doi.org/10.1016/j.envexpbot.2014.08.007
https://doi.org/10.1002/joc.3710
https://doi.org/10.3389/fpls.2020.00495
https://www.ncbi.nlm.nih.gov/pubmed/32457772
https://doi.org/10.1093/aob/mcad045
https://doi.org/10.2307/2656595
https://www.ncbi.nlm.nih.gov/pubmed/10766723
https://doi.org/10.1639/0007-2745(2005)108[0183:SEPSAS]2.0.CO;2
https://doi.org/10.1111/j.1365-2745.2010.01697.x
https://doi.org/10.7872/cryb.v34.iss3.2013.313
https://doi.org/10.1080/03736687.2019.1610617
https://doi.org/10.1002/joc.870
https://doi.org/10.1016/j.agrformet.2009.02.010
https://doi.org/10.1093/aob/mcf028
https://www.ncbi.nlm.nih.gov/pubmed/12099351
https://doi.org/10.1080/14772000.2014.968234
https://doi.org/10.1111/j.0030-1299.2004.12853.x
https://doi.org/10.1023/A:1026531122302
https://doi.org/10.1639/0007-2745(2002)105[0384:REACOS]2.0.CO;2
https://doi.org/10.1046/j.1469-8137.2002.00477.x
https://www.ncbi.nlm.nih.gov/pubmed/33873312
https://doi.org/10.1111/j.1365-2745.2010.01639.x

	Introduction 
	Results 
	Sex Expression and Phenotypic Sex Ratio 
	Effects of Environment Factors on Sex Expression and Phenotypic Sex Ratio 
	Relationship Between Phenotypic Male Sex Ratio and Frequency of Sporophytes 

	Materials and Methods 
	Study Area and Floristic Affinities 
	Study Species 
	Sampling Design and Data Collection 
	Sex Determination 
	Data Analyses 

	Discussion 
	Patterns of Sex Expression and Sex Ratio 
	Environmental Factors of Sex Expression and Sex Ratio 
	Influence of Expressed Sexual Ratios on Sexual Reproduction 

	Conclusions 
	References

