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ABSTRACT

This study investigates the reproductive and vegetative development of Bryum argen-
teurn in two contrasting tropical environments: the Seasonal Tropical Dry Forest
(SDTF) and the Brazilian Atlantic Forest (BAF). By comparing ecotypes from these
regions, we aimed to understand how environmental variation influences sex-specific
traits, reproductive strategies and potential trade-offs between sexual and asexual
reproduction.

We conducted temporal analyses of protonema growth, shoot production, sex expres-
sion, bulbil formation and gametangia development in laboratory-grown samples
representing male and female ecotypes from both environments.

Significant differences were found between ecotypes and sexes. Male BAF ecotypes
showed lower protonema growth and delayed shoot production compared to other
groups. SDTF males exhibited the highest sex expression at Week 8. A negative rela-
tionship between sex expression and bulbil production was detected only in SDTF
males. Gametangia development also varied, with male BAF ecotypes requiring more
time to initiate sexual expression and mature phases revealing further distinctions.

The observed differences across ecotypes and sexes reflect adaptive strategies shaped by
the ecological conditions of each habitat. In particular, the delayed or reduced repro-
ductive investment in male BAF ecotypes and the trade-offs in females suggest
context-dependent allocation of resources. These patterns highlight the complex inter-
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INTRODUCTION

Reproduction stands as one of the most crucial features in the
life cycle of plants, ensuring the maintenance of populations in
ecosystems (Oli & Coulson 2016). Typically, plants reproduce
sexually when the male gamete fertilizes the female gamete, yet
asexual reproduction can also occur when clones are formed by
vegetative propagules produced by the plant (Glime &
Bisang 2017). These two reproductive modes play fundamental
roles in the maintenance and structure of populations (Frey &
Kiirschner 2011).

The production of vegetative propagules can differ between
sexes in dioecious plant species (dos Santos et al. 2024). This
disparity stems from the reproductive cost associated with each
sex (Obeso 2002), a consequence of substantial resource alloca-
tion in sexual reproduction (dos Santos et al. 2024). As sexes
display different patterns of reproductive allocation, this leads
to varying effects on other reproductive characteristics of plants
(Ashman 1994; Bazzaz et al. 2005; Bisang et al. 2006). Concern-
ing the reproductive mode of plants, some studies have
shown resource competition between sexual and asexual repro-
duction, and this competition varies according to sex
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play between environment, sex and reproductive timing in tropical mosses.

(Kimmerer 1991; Laaka-Lindberg 2001; Fuselier & Mcletchie
2002; Van Drunen & Dorken 2012).

Differences between sexes in reproduction rate, vegetative
propagule production and phenological development can sig-
nificantly impact population parameters such as sex expression,
sex ratio and population dynamics (Horsley et al. 2011; Eppley
et al. 2018). For instance, species expressing only one sex might
allocate more resources towards vegetative propagule produc-
tion, increasing the likelihood of biasing the sex ratio towards
that specific sex (McLetchie 1992; McLetchie & Puter-
baugh 2000). Several studies have demonstrated that variations
in development and reproduction can lead to changes in popu-
lation structure, from sex distribution to genetic makeup
(Wang et al. 2012; Bona et al. 2019; Yin et al. 2019). Moreover,
these sex differences can vary on a geographical scale, charac-
terizing populations according to the environment they inhabit
(Bowker et al. 2000; Cascante et al. 2002; Castetter et al. 2019;
Yin et al. 2019; Boquete et al. 2023).

Geographical distance influences microhabitat divergence
due to varying environmental conditions, directly affecting the
phenology and reproductive biology of species (Bisang
et al. 2020; Boquete et al. 2023). When comparing two
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geographically distinct areas, factors such as latitude, altitude,
climate and environmental conditions can vary considerably
(Maciel-Silva et al. 2012; Boquete et al. 2023). These environ-
mental variations can result in diverse phenological schedules,
including stages of flowering, fruiting and leaf fall (Satake
et al. 2022). Additionally, these environmental variations can
impact population demographics, including sex ratios, unveil-
ing notable phenological and biological diversity among dis-
tinct regions (Boquete et al. 2023). Therefore, geographical
distance can influence plant phenology, causing temporal vari-
ations in growth and reproductive phases across different areas.
For example, in species where sex differences exist, such as in
the case of Syntrichia caninervis Mitt., male and female plants
express their sexes under different environmental conditions
(Bowker et al. 2000). Thus, understanding the relationship
between the environment and an organism’s biology is crucial
for comprehending how these organisms adapt to diverse con-
ditions (Leimu & Fischer 2008).

Plants are suitable organisms for studying the impact of con-
trasting environmental conditions on the biology of organisms.
Due to their sessile nature, plants offer greater ease of handling
during experiments (Szczepaniak & Biziuk 2003). Among terres-
trial plants, bryophytes, a monophyletic group encompassing
mosses, liverworts and hornworts (Harris et al. 2020), have been
considered more advantageous as ecological models compared
to vascular plants. Primarily, this preference stems from their
reproductive cycle, characterized by an alternation between hap-
loid generations (gametophyte, where male — antheridia — and
female — archegonia — gametes form) and diploid generations
(sporophyte), where the gametophyte dominates and the sporo-
phyte relies on the gametophyte for development. Secondly, by
being morphologically simple and smaller compared to angio-
sperms, bryophytes small, exhibit high regenerative capacity and
possess broad geographical distribution (McLetchie 1992; Bisang
& Ehrlén 2002; Moore et al. 2016).

Species with broad geographical distributions provide valu-
able opportunities to explore the life-history traits in response
to environmental differences (Pannell er al. 2014; Boquete
et al. 2023). The silver moss, B. argenteurn Hedw., serves as a
typical example within the moss family Bryaceae (Shaw &
Albright 1990). This species is cosmopolitan, found across all
continents and within diverse ecosystems (Longton 1981;
Porto et al. 2017; Gabriel et al. 2019; Yugqing et al. 2021). Fur-
thermore, B. argenteum possesses a dioicous sexual system,
rendering it particularly suitable for comparative analyses
between sexes. In this study, we employed B. argenteum to
investigate differences in development, ontogeny and
life-history traits associated with sexes (male and female) and
two different ecotypes present in two contrasting environ-
ments. The first forest is the Brazilian Atlantic Forest (BAF),
renowned for its low seasonality climate and high precipita-
tion levels. On the other hand, the second forest is the Sea-
sonal Dry Tropical Forest (SDTF), characterized by highly
seasonal conditions and low rainfall (Alvares et al. 2013). We
investigate the following questions:

1 Are there variations in protonema growth rate and shoot
production between sexes and distinct ecotypes?

2 Does the timing of protonema development, shoot emer-
gence and sexual expression differ between sexes and eco-
types of B. argenteum?
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3 Are there variations in sex expression among the analysed
sexes and distinct ecotypes?

4 Does a trade-off exist between sexual reproduction (gam-
etangia production) and asexual reproduction (bulbil
production)?

5 Are there disparities in gametangia development between
sexes and studied ecotypes?

MATERIAL AND METHODS
Studied species

Bryum argenteum 1is characterized by the silver colour when
dry, caused by the absence of chloroplasts in the leaves’ upper
region, making them hyaline (Beever 1992). Being a dioicous
species, the production of male and female gametangia occurs
in separate plants (Liang et al. 2010). Antheridia (male gam-
etangia) are found at the tip of the male shoot, and archegonia
(female gametangia) at the base of the female shoot, mostly
(Liang et al. 2010). Bulbil (asexual reproduction) is also com-
monly found in shoots. In Brazil, B. argenteum is found in all
ecosystems, from the driest and hottest to the wettest and cold-
est (Costa & Peralta 2015). B. argenteum has a long history in
terms of biology, related to the reproductive biology (Chopra
& Rawat 1977; Horsley et al. 2011; Porto et al. 2017), tolerance
to desiccation (Proctor et al. 2007; Stark et al. 2016; Yuqing
et al. 2021) and high-temperature tolerance (Zhuo et al. 2020).
This is because the species is favourable to the stabilization and
growth of colonies in the laboratory, favouring the perfor-
mance of experiments.

Study site, sample and growth

We sampled B. argenteurm in two contrasting Neotropical
biomes. The first was the Seasonal Dry Tropical Forest (SDTF
or Caatinga; Fig. 1), an exclusively Brazilian biome with vegeta-
tion adapted to xeric conditions (de Souza et al. 2015). SDTF
climates show 300-1000 mm of annual rainfall concentrated in
3-5months and temperatures of 25-30°C (de Queiroz
et al. 2018). Samples were collected in two Pernambuco
reserves: RPPN Pedra do Cachorro (Sao Caitano; 8°14'12.8" S,
36°11’33.2” W) and RPPN Brejo da Madre de Deus
(8°08’40.2" S, 36°21’42.9” W). The second biome was the Bra-
zilian Atlantic Forest (BAF), one of the most species-rich
biomes in the country (Costa & Peralta 2015). We sampled at
Parque das Neblinas (Mogi das Cruzes and Bertioga;
23°44’13.0” S, 46°10'37.7" W), where rainfall averages 2400
mm year-round and temperatures range from 16 to 18°C
(Onofre et al. 2010). In total, 10 populations were sampled, five
per biome. From each population, one male and one female
shoot expressing sexual organs were selected, clonally propa-
gated once to standardize environmental history and then used
to generate five clonal replicates per sex per ecotype (100 Petri
dishes).

Colonies of approximately 100 cm” were sampled from each
population. The populations were collected with a minimum
distance of 100 m separation. This distance was established
based on the observation that several sporophytic colonies con-
taining male shoots did not influence the fertilization of female
shoots in colonies expressing sexual characteristics when they
were located at distances <10 m. Therefore, we assumed that
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Fig. 1. (A) Brazilian map with points collected in SDTF and BAF. (B) View of Private Natural Heritage Reserve Pedra do Cachorro (SDTF) and (C) view of Parque

das Neblinas (BAF).

this distance would ensure the presence of shoots with distinct
ecotypes. The samples were preserved in paper bags and kept at
room temperature (approx. 20 °C). Species identity was con-
firmed following Canestraro & Peralta (2022). After specimens’
confirmation, shoots that expressed sex (i.e., shoots that had
perigonia and perichaetia) were identified and separated. Thus,
one male and female were selected for each population and
accuminated separately to be clonally propagated. Then, all the
material used for the cultivation was prepared. The sand was
collected in Las Vegas, NV, USA, near Red Rock Canyon
National Conservation Area, sieved through a 350 pm mesh
and autoclaved for 60 min at 121 °C. The use of sterilized sand
as a growth substrate follows established protocols successfully
applied in previous studies with B. argenteum and other moss
species (Horsley et al. 2011; Stark & Brinda 2013). This inert
and homogeneous substrate allows for standardized growing
conditions across replicates, eliminating the variability in phys-
icochemical properties often found in native soils. Conse-
quently, this approach facilitates the isolation of biological
responses from environmental influences, ensuring reproduc-
ibility and comparability across experiments. As well as the
sand, all materials used for the cultivation were autoclaved.
After autoclaving, approximately three scoops of sand were
placed in 20 Petri dishes of 35 mm diameter. Then they were
hydrated with about 12-15 drops of water.

After the Petri dish preparation, the separated shoots were
prepared for cultivation. First, with a stereomicroscope and
fine-tipped tweezers, the shoot was analysed and cleaned in
water on a slide, removing all dirt and soil residue. In each new
washing of the shoot, the tweezers were cleaned with 70% alco-
hol. Once cleaned, the tip was separated from the shoot and
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cleaned again in water. Subsequently, the tip was washed for 5s
in a 2% sodium hypochlorite solution (conventional bleach).
After 5's, the tip was placed in the centre of the Petri dish previ-
ously prepared with sand and water. Each Petri dish was identi-
fied with adhesive tape at the bottom and a permanent marker
at the top. Once the Petri dishes were all composed of the tips,
they were placed in a germination chamber at a temperature of
20°C and constant light with an intensity of 100 to 410
pumol m 2s™' photosynthetically active radiation. The Petri
dishes were hydrated with water twice a week, and samples
were changed in position in the growth chamber.

After 2 months of culture, when all dishes had developed
shoots, each ecotype was clonally propagated five times (in
other words, each ecotype was replicated five times). Thus,
totalling 100 Petri dishes, 25 for each sex (male and female) of
each ecotype (SDTF and BAF). All tips placed to regenerate
were washed for 5s in a 2% sodium hypochlorite solution. All
dishes were placed in a germination chamber at a temperature
of 20°C and constant light with an intensity of 100 to
410 pmol m?s™" photosynthetic active radiation. Each Petri
dish was hydrated twice a week, and once a week, each plate
was photographed to follow the regeneration development. In
the first month, the dishes were hydrated with distilled water.
After the first month, hydration was alternated weekly between
distilled water and 30% Hoagland solution.

Phenological observations

Protonema growth and shoot production
With photos taken weekly, the area occupied by the protonema
and the number of shoots produced was quantified for 8 weeks.
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Post mature
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Immature

Fig. 2. Male and female gametangia with their respective phenophases analysed in this study. (A) male perigonia mature (yellowish antheridia) and immature
(green antheridia); (B) post-mature perigonium (antheridia opened and brownish); (C) immature perichaetium (archegonia green and closed); (D) Perichaetia
mature (open archegonia with colours yellowish and green) and post-mature (open archegonia with brownish colour).

After 8 weeks, quantifying all shoots became problematic, as
the larger shoots covered the smaller ones and thus made exact
quantification impossible. Therefore, we quantified shoot pro-
duction only until Week 8. After Week 8, only the shoots that
expressed sex were quantified. For the growth of the proto-
nema, in the first 2 weeks, pictures were taken under a stereo-
microscope at 40X magnification. From the third week
onwards, the photos were taken at 6.3X magnification, as the
area produced by the protonema exceeded the visual limit of
40x magnification. The photos were captured with a Nikon
DSLR camera, model D780, attached to a Leica trinocular
stereomicroscope.

Furthermore, with the lowest available magnification of
6.3%, it was possible to take a picture of the entire area of the
Petri dish. The ImageJ software (Rueden et al. 2017) was used
to quantify the area occupied by the protonema and the pro-
duction of shoots. Photos of scales in mm were taken at each
magnification photographed, which were later used for soft-
ware calibration to calculate the area of protonema produced.
Using the Image] software’s Freehand selection tool, after the
scale calibration, the area occupied by the protonema in the
Petri dish was delimited, followed by the quantification of the
protonema area. Finally, the day the protonema began to grow
for each Petri dish was noted.

We used the Image] software particle analyser tool to quan-
tify the production of shoots. The photos were edited, and
image parameters such as contrast, lighting and shading were
adjusted to leave the shoots with a more distinct colour from
the soil and protonema. These images were transformed into
eight bits and adjusted to black and white so that the shoots
were highlighted, forming black points. With the black points
(apex of each shoot), they were analysed and quantified by the
particle analysis tool. For each Petri dish, the day the shoots
began to be produced was noted.

Growth rate of protonema and shoot production
The protonema growth rate and shoot production were calcu-
lated for each colony wusing the following formula;

weekly growth
rate of growth (RG) = —%ﬁmber’;fg Weeks) ,

average weekly growth over the course of the weeks. For proto-
nemal growth, the area grown by the protonema was quantified
each week. For shoot production, the number of shoots pro-
duced per week was counted. The obtained values were then
divided by 8.

which represents the

4

Sex expression

Weekly, sex expression was quantified in absolute terms (num-
ber of shoots that expressed sex per dish) and relative terms
(proportion of shoots that expressed sex per dish). Relative sex
expression was quantified up to 8 weeks since, after that time,
it was not possible to quantify all shoots without sex expression
due to population density. At the end of the observation
period, we quantified the time for the beginning of protonema
development, shoot production and sex expression for each
dish separately. Absolute sex expression was quantified until
Week 10.

Sexual reproduction versus bulbil production

Since the number of bulbils varied between ecotypes, we inves-
tigated possible trade-offs between sexual and asexual repro-
duction. For this, we quantified the bulbils produced for each
dish and the number of shoots that expressed the sex. Only the
bulbils that were detached from the shoots were quantified. To
quantify the bulbils, we hydrated the plates and then quantified
them. This was done because, when hydrated, the bulbils float,
facilitating their quantification. The bulbils were quantified in
Week 8, as this was the week in which it was possible to quan-
tify all the shoots (both expressed and unexpressed), making it
possible to investigate a potential trade-off between sexual
reproduction and bulbil production.

Gametangia development

Regarding the development of gametangia, we classified and
quantified the phenophases of gametoecia in three phases,
namely: (i) immature — when the gametangia are intact and
green, that is, closed apex; (ii) mature — when the male gam-
etangia are yellowish and/or not releasing sperm and the female
gametangia with one or more open and receptive apex; and
(iii) post-mature — when the gametangia are brownish and
withered (Fig. 2). Weekly, for 10 weeks, the number of shoots
that expressed sex and their respective phenophases were quan-
tified, to monitor the development time of reproductive
structures.

Statistical analysis

Protonema growth and shoot production

To investigate our first question regarding potential differences
in protonemal growth and shoot production, we employed
Kruskal-Wallis analysis. For each analysis, protonemal growth
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and shoot production were used as dependent variables, while
sex and ecosystem were included as explanatory variables. Ini-
tially, we assessed the normality and homoscedasticity of the
data to determine the suitability of applying Analysis of Vari-
ance (ANOVA). However, as the data did not exhibit normal
distributions even after transformations, we opted for Kruskal—
Wallis to compare protonemal growth and shoot production
across different sexes and ecosystems. For subsequent compari-
son, we applied Dunn’s test with Bonferroni correction. The
Dunn test was chosen because it is the appropriate post hoc
procedure for non-parametric analyses, allowing pairwise com-
parisons while controlling for Type I error when adjusted with
Bonferroni (Dinno & Dinno 2017).

Beginning of protonema, shoot and sex expression

To investigate our second question, we employed the General-
ized Linear Model (GLM) to compare the onset of protonema
production, shoot production and sexual expression between
the sexes and ecotypes under study. We created three models,
utilizing ecotypes and sexes as predictor variables and the
weeks of protonema initiation, shoot production and sex
expression as response variables. The interactions of predictor
variables were tested in all models. Each model was then com-
pared using the chi-square test against the equivalent null
model (with the same response variable). Both the complete
and null models were specified with the Poisson error family
and the log-link function. Subsequently, we checked the data
dispersion and observed that all models showed a dispersion
inconsistent with the model. Therefore, we adjusted the test
family to quasipoisson. We performed the Sidak test for post
hoc analysis, setting an alpha level of 0.05. We assessed model
assumptions by examining diagnostic plots, including residuals
versus fitted values, normal Q-Q plots, scale-location plots and
residuals versus leverage. These visual inspections did not reveal
evidence of heteroscedasticity, deviations from residual nor-
mality or influential outliers. Thus, we considered the assump-
tions of the quasipoisson models to be reasonably met (see
File S1).

Final absolute and relative sex expression rate

To address our third question, we compared Absolute sex
expression at Week 8, Relative sex expression at Week 8 and
Absolute sex expression at Week 10, each treated as a response
variable. The predictor variable was the sex concatenated with
ecotype (female BAF, male BAF, female SDTF, male SDTF).
Because none of the response variables met the assumptions of
normality, even after data transformations, we used the
Kruskal-Wallis test to evaluate differences among the four
groups. When the test was significant, we applied a Dunn test
with Bonferroni correction.

Sex expression versus bulbil production

To address our fourth question, we analysed bulbil production
(response variable) as a function of absolute and relative
sex-expression biomass (predictor variables), while also
accounting for the four sex—ecotype groups: male BAF, female
BAF, male SDTF and female SDTF. We fitted two negative
binomial generalized linear models: (i) a model in which abso-
lute sex expression at Week 8 and the four-level sex variable
were used as predictors, and (ii) a model in which relative sex
expression at Week 8 and the four-level sex variable served as
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predictors. For both analyses, we compared the full models
against their respective null models using likelihood-ratio tests.
Model assumptions were evaluated through standard diagnos-
tic plots. These checks indicated no problematic residual pat-
terns, no signs of overdispersion and an appropriate
mean-variance structure under the negative binomial
distribution.

Gametangia development

To address the fifth question regarding possible differences in
the development of gametangia, we chose to use the Kruskal—
Wallis test due to the absence of a normal distribution in the
data. In this analysis, the response variables were the week of
first occurrence and the peak week of each phenophase (imma-
ture and mature), and the explanatory variable was the com-
bined sex—ecotype group (male BAF, female BAF, male SDTF
and female SDTF). In this context, we quantified the week of
initial occurrence and the peak week (representing the moment
when the highest quantity of the respective phenophase
occurred) for both immature and mature phases within each
group. To handle zero values, they were treated as missing data.
This approach was adopted to avoid distortions in the tempo-
ral analysis since assigning a value of 0 would imply that the
phenophase occurred instantly. By replacing missing values
with the mean, we could more accurately represent the occur-
rence of the phenophase and its peak week without
compromising the integrity of the data. After the Kruskal-
Wallis analysis, the Dunn test was used for post hoc compari-
sons between groups, adjusted with Bonferroni correction to
eliminate Type I error. The post-maturation phase was
excluded due to limited observations, with our analysis focused
on the early stages of phenological development.

All statistical analyses were conducted using R version 4.2.1
(RStudio Team 2021). For data visualization and post hoc test-
ing, we used the ggplot2 package version 3.5.1 (Wickham
et al. 2016), the plotrix package version 3.8.2 (Lemon
et al. 2009) and the dunn.test package version 1.3.5 (Dinno &
Dinno 2017). Image analysis was performed using Image]2
software version 2.9.0/1.53t (Rueden et al. 2017), which was
used for protonema area measurements and shoot quantifica-
tion. These specific software versions are reported to ensure
reproducibility and account for possible variation in functions
across updates.

RESULTS
Protonema and shoot growth

The Kruskal-Wallis analysis regarding the protonemal growth
rate revealed a highly significant result (Kruskal-Wallis test,

= 18.87, df =3, P < 0.001). In pairwise comparisons, female
plants from BAF exhibited a significantly higher mean than
female plants from SDTF. Additionally, the mean of female
plants from BAF was greater compared to male plants from the
same region. These higher means in the groups indicate that
they grew more weekly (Fig. 3). The remaining groups did not
show significant differences between their means. The Kruskal—
Wallis analysis applied to compare shoot production rate also
demonstrated a highly significant value (Kruskal-Wallis test,
X2 =44.38, df =3, P < 0.001). In pairwise comparisons, male
plants from BAF displayed a significantly lower mean
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Fig. 3. Scatterplots arranged in two rows: the first row displays the protonema area growth (mm-2) over time (weeks), while the second row represents shoot
production (n) over time (weeks). The columns show sexes per forest. Points on the plot represent colonies cultured in the laboratory, while the drawn line
depicts the growth trend. Coral colour represents the female sex, and green colour represents the male sex.

compared to the other groups: female plants from BAF and
SDTF, and male plants from SDTF. These latter ones, in turn,
did not show significant differences among themselves (Fig. 3).

Beginning of protonema, shoot and sex expression

The beginning of protonema production did not differ between
the ecotypes and sexes studied (GLM, df=3, Dev=1.37,
P=0.71) (Fig. 4). However, shoot production exhibited a sig-
nificant difference only in the interactions between predictor
variables, not in the isolated predictor variables (GLM, df = 3,
Dev = 14.80, P < 0.001). In this sense, the BAF male ecotype
showed a significantly longer time for the start of shoot pro-
duction when compared to the other sexes and ecotypes
(Fig. 4). The beginning of sex expression differed between eco-
types (GLM, df =3, Dev=14.95, P < 0.01); male and female
ecotypes from the SDTF had a shorter time for sex expression
and did not differ from each other. The female BAF and SDTF
ecotypes did not differ in time for the sex expression. However,
the female BAF ecotypes had a significantly longer time to
begin the sex expression when compared to the male SDTF
ecotypes. The male ecotypes from the SDTF exhibited the lon-
gest duration of sex expression, distinguishing this ecotype
from all the others under investigation (Fig. 4).

Final absolute and relative sex expression rate

Regarding the absolute sex expression rate at Week 8, the ana-
lyses showed significant differences between the sexes
(Kruskal-Wallis test, y* =49.27, df =3, P < 0.001). Absolute
sex expression at Week 8 was higher in SDTF males, while
female shoots (SDTF and BAF) did not differ (Fig. 5). The male
shoots from the BAF had the lowest average, differing from all
ecotypes of SDTF and BAF females (Fig. 5). The analysis of

6

relative sex expression (Week 8) also showed significant differ-
ences (Kruskal-Wallis test, Xz =47.38, df =3, P < 0.001), with
male shoots from the SDTF having the highest average com-
pared to the other categories. The female shoots (BAF and
SDTF) did not differ. BAF male shoots differed from all sexes
(Fig. 5). Finally, absolute sex expression at Week 10 showed a
significant difference (Kruskal-Wallis test, Xz =52.61, df =3,
P < 0.001). The difference followed the same pattern observed
in comparing the sexes about relative sex expression (Fig. 5).

Sex expression versus bulbil production

The negative binomial model using absolute sex expression as
the predictor showed that the full model provided a signifi-
cantly better fit than the null model (y* = 18.15, P =0.001).
However, absolute sex-expression biomass itself was only mar-
ginally non-significant, indicating a weak negative trend
between absolute sex expression and bulbil production
(Estimate = —0.0026, P =0.06). Within this model, most
sex-group contrasts were not significant. The only group show-
ing a clear tendency was SDTF males, which produced fewer
bulbils compared to the reference category (Estimate = —0.713,
P =0.05), although this effect was marginal. Female BAF and
female SDTF shoots did not differ significantly from the refer-
ence group. Diagnostic checks showed no overdispersion or
residual problems, confirming good model fit (see File S2). The
negative binomial model using relative sex expression also out-
performed the null model (X2 =15.67, P=0.001), but relative
sex expression did not predict bulbil production (Estimate =
—0.0064, P =0.48). In this model, the only significant predic-
tor was the SDTF male group, which produced substantially
fewer bulbils than the reference category (Estimate = —1.0227,
P < 0.01). All other contrasts, including both female groups
and BAF males, were non-significant. As in the previous
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Fig. 4. Boxplot displays the onset of development (time taken to initiate
development of these traits) of protonema, shoots and sex expression for
male and female colonies of BAF and SDTF varieties. The legend below the
plot indicates the significance parameter between the groups, based on the
post hoc test result of the generalized linear model (GLM). The coral colour
represents female, and the green colour represents male.

analysis, model diagnostics indicated no overdispersion and no
problematic residual structure.

Gametangia development

The initial stage of gametangia development (immature pheno-
phase) exhibited noticeable variations among the examined
sexes and ecotypes (Kruskal-Wallis test, x*=37.27, df=3,
P < 0.001). Males from the BAF group had a significantly lon-
ger mean time for initial sex expression compared to males and
females from the SDTF and females from the BAF. However,
there was no significant difference between males and females
from the SDTF, as well as females from the BAF. Regarding the
peak of the immature phenophase, significant differences were
found among the compared groups (Kruskal-Wallis test,
x> =27.50, df=3, P <0.001). Shoots from the male BAF
group significantly differed with a longer mean time compared
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Fig. 5. Boxplot displays: (A) absolute sex expression at Week 8; (B) relative
sex expression at Week 8; (C) absolute sex expression at Week 10, for male
and female cultures of BAF and SDTF varieties. The legend below the plot
represents the significance parameters generated by the post hoc test of the
generalized linear model (GLM). The coral colour represents female, and the
green colour represents male.

to shoots from the female BAF and male SDTF groups. Addi-
tionally, shoots from the male SDTF group differed signifi-
cantly from shoots from the female SDTF group. No
significant differences were observed among the remaining
groups.

In relation to the mature phenophase, the test revealed a sig-
nificant difference in the results (Kruskal-Wallis test, X2 =23.9,
df =3, P <0.001). Male shoots from the BAF group had a lon-
ger mean time compared to female shoots from the BAF group,
as well as both male and female shoots from the SDTF group.
Additionally, there was a significant difference between male
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and female shoots from the SDTF group, with males from this
group exhibiting a shorter mean time. No significant differ-
ences were found among the other groups. The test also indi-
cated a significant difference in the results for the peak of the
mature phenophase (Kruskal-Wallis test, y*>=13.58, df=3,
P <0.001). Male shoots from the BAF group exhibited a
shorter mean time compared to female shoots from the BAF
group, as well as both male and female shoots from the SDTF
group. There was no significant difference between female
shoots from the BAF group and the other groups (Fig. 6).

DISCUSSION

The ecotypes show differences in growth parameters and
suggest competitiveness between the sexes

Growth parameters of B. argenteumn varied among the differ-
ent sexes and ecotypes (Fig. 3). However, male shoots from
the BAF tended to present low protonema growth and shoot
production. These results show that shoot regeneration in B.
argenteum is inconsistent and sex-dependent, with distinct
responses within the same species. For instance, Horsley
et al. (2011) found differences in the rate of protonema
growth and shoot production in some populations of B.
argenteum collected in distinct environments, while other eco-
types did not differ in such traits. In the dioicous moss Pleur-
ozium schreberi (Willd. ex Brid.) Mitt, Longton &
Greene (1979) reported no sex differences in several reproduc-
tive traits, including vegetative growth rate, a pattern consis-
tent with our SDTF results. Other species show clear sex-
specific contrasts: in Polytrichum commune Hedw., males pro-
duce more shoots than females (Wyatt & Darda 1997). In
contrast, females have the advantage in Pogonatum dentatum
(Brid.) Brid. (Hassel et al. 2005) and S. caninervis, where
female shoots regenerate faster (Stark et al. 2005; Stark &

Female
-~ Male

Observations transformed intoLog(x+1)

1 2 3 4 5 6 7 8 9 10

dos Santos, Medina-Ramos, Greenwood, Porto, Pinheiro & Stark

McLetchie 2006). Likewise, female shoots of Weissia jamaicen-
sis (Mitt.) Grout produce more axes (dos Santos et al. 2022b).

This faster development in female shoots is strongly related
to the reproductive cost of the plants (Obeso 2002; Karlsson &
Méndez 2005). Considering the pattern of reproductive alloca-
tion in bryophytes (greater allocation in male functions in rhi-
zautoicous and dioicous systems at the prezygotic level), this
generates a limitation of resources in male shoots to other vital
functions of shoots (McLetchie & Puterbaugh 2000; Stark
et al. 2000; Hedderson & Longton 2008; Horsley et al. 2011;
Stark & Brinda 2013; dos Santos et al. 2018; dos Santos et al.
2022a; dos Santos et al. 2024). In B. argenteum, the prezygotic
reproductive allocation is significantly higher in males com-
pared to females reported by Horsley et al. (2011). This favour-
able reproductive allocation to male function entails the
reproductive cost. Thus, a good development for female shoots
is expected at the prezygotic level. Still, our findings indicate
that populations of B. argenteum behave differently according
to the environment where they are found. Indeed, several
growth parameters differ between ecotypes of SDTF and BAF
(Fig. 4). For example, the male shoots from the SDTF pre-
sented a faster development than the female SDTF. In contrast,
the male shoots from the BAF had the opposite observed.

In SDTF, our results suggest an advantage for female shoots.
For protonema growth in the BAF ecotype, females had a lower
T-med (3.85) than males (4.56), indicating greater protonemal
area at that time and, likely, higher competitiveness. For shoot
production in BAF, however, the pattern reversed, with females
showing a higher T-med. Regardless, the higher shoot carrying
capacity (K) in females suggests greater competitiveness. When
male and female plants grow together, females may initially
occupy more protonemal area, restricting male development
and promoting female-biased populations, a pattern also
reported for Ceratodon purpureus (Hedw.) Brid. (Eppley
et al. 2018). Sex-based competitiveness in bryophytes remains

1 2 3 4 5 6 7 8 9 10

Week

Fig. 6. Point plot representing the immature and mature phenophases for male and female cultures of both studied ecotypes (SDTF and BAF). The y-axis repre-
sents the total observations made each week, as depicted on the x-axis. The data has been transformed using a log(x + 1) for better observation.
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little studied, but existing work consistently shows female bias:
Sphaerocarpos texanus Aust. (McLetchie 1992), C. purpureus
(Shaw et al. 1999), Marchantia inflexa Nees & Mont.
(McLetchie & Puterbaugh 2000) and W. jamaicensis (dos San-
tos et al. 2022b) all exhibit greater female performance. In
Hylocomium splendens (Hedw.) Schimp., sporophytic shoots
grow less than sterile ones, reflecting reproductive costs (Rydg-
ren & Qkland 2002). Together, these patterns show that sex
and environment shape life-history variation in B. argenteum.
These patterns indicate that local conditions influence repro-
ductive strategies in B. argenteun. We found consistent
ecotype- and sex-specific differences in life-history traits, with
BAF and SDTF shoots showing distinct profiles. The faster
growth and stronger sexual investment of SDTF shoots may
also contribute to the female-biased patterns reported in natu-
ral populations (Glime & Bisang 2017).

Sex expression is more evident in cultures of SDTF ecotype
and differs from what is observed in the field

Absolute and relative sex expression were highest in SDTF males
(Fig. 5), a surprising result given that male sex expression is rarely
observed in the field (Pérto et al. 2017; Castetter et al. 2019). We
expected low expression in males, as seen in the BAF ecotype.
One explanation involves sex-specific reproductive costs. In S.
caninervis, Stark et al. (2000) showed that males allocate more to
reproduction, supporting the idea that the more costly sex
expresses less, a pattern also found in W. jamaicensis by Santos
et al. (2022). However, Bisang et al. (2006) reported the opposite
in Pseudocalliergon trifarium, indicating that this relationship is
not universal. Our results similarly suggest that reproductive cost
and sex-expression patterns vary with environment, even within
a single species.

Another key point is the trade-off between sex expression and
bulbil production. Sexual and asexual reproduction contribute
differently to colonization: spores support long-distance dis-
persal, while vegetative propagules favour local establishment
(Glime & Bisang 2017; Vigalondo et al. 2019). Vegetative propa-
gules can also outperform spores in both occupied and uncolo-
nized areas (Newton & Mishler 1994). Because these modes
differ in dispersal and establishment, populations in distinct eco-
systems may show contrasting demographic and genetic patterns.
This link between reproduction and genetic structure has been
demonstrated in other bryophytes. Wang et al. (2012), for exam-
ple, found higher genetic diversity in island populations of the
mainly asexual Hypnum plumaeforme Wilson., whereas the pre-
dominantly sexual Pogonatum inflexum (Lindb.) Sande Lac.
showed similar diversity across habitats. These cases illustrate
how reproductive mode shapes genetic variation, suggesting that
SDTF and BAF ecotypes of B. argenteurn may also differ geneti-
cally given their contrasting reliance on sexual reproduction.

The difference in the development of gametangia may indicate
adaptation in the studied ecotypes

The timing of male and female phenophases differed between
ecotypes. In SDTF, males initiated gametangia development ear-
lier than females, whereas in BAF the pattern was reversed. At
maturity, both ecotypes showed protogyny, but BAF shoots
reached this stage about a week later than SDTF. These
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differences likely reflect ecological adaptation: SDTF plants must
complete reproduction within a 4-5-month window, while BAF
plants have year-round moisture to support longer reproductive
periods. More broadly, our findings align with patterns in bryo-
phytes from tropical regions, where gametangia typically develop
faster than in temperate species (Glime 2017). In the United
Kingdom, for example, B. argenteum develops its male gametan-
gia (from sex expression to maturation) over 6-8 months com-
pared to 2-3 months for females (Miles et al. 1989). In Brazil,
although no phenological studies have been carried out with B.
argenteum, climate patterns suggest that reproduction is faster
compared to the findings of Miles et al. (1989) since the limiting
factor for the reproduction of tropical species is the rain which in
several Brazilian ecosystems are strongly seasonal (Maciel-Silva &
De Oliveira 2016). Of the species studied phenologically from the
tropics, all developed over shorter periods (Miles et al. 1989;
Fotoba 1998; Oliveira & Porto 2001; Porto & de Oliveira 2002;
Maciel-Silva et al. 2012; dos Santos et al. 2020). On the other
hand, species from temperate and polar regions present the
development of gametangia for a long time. For example, in
some species of Ptychomitrium in Japan, Deguchi and Takeda
(1986) showed that antheridia typically required 9 months,
whereas archegonia only needed 1 month to develop. We can
interpret that species from the tropical region are adapted to
develop more quickly, and consequently, this pattern can vary
between the ecotypes found in different tropical ecosystems,
which can be affected by geographical distance.

CONCLUSION

This study shows that B. argenteum ecotypes differ in
life-history traits across ecosystems. SDTF plants developed fas-
ter and expressed sex more often, while BAF plants showed
slower dynamics, consistent with adaptation to contrasting sea-
sonal pressures. We also detected a trade-off between sexual
and asexual reproduction, with possible consequences for
genetic structure. Although based on a single case, the results
highlight the importance of ecotype—environment interactions.
Broader sampling and tests of stress tolerance, genetic structure
and vegetative traits are needed to clarify how environment
shapes this species.

AUTHOR CONTRIBUTIONS

WLdAS, WL, and FP conceived the study and developed the
research questions. WLdS, JG and AM-R conducted the experi-
ments and collected the data. WLAS performed the statistical
analyses and wrote the first draft of the manuscript. WLdS, FP,
KCP and LRS contributed to data interpretation and critically
revised the manuscript. All authors read and approved the final
version of the manuscript.

ACKNOWLEDGEMENTS

This work was supported by the Coordenacio de Aper-
feicoamento de Pessoal de Nivel Superior — Brazil (CAPES) —
Funding Code 001, and by the Conselho Nacional de Desenvolvi-
mento Cientifico e Tecnologico (CNPq). I also thank the Ameri-
can Bryological and Lichenological Society for financial support,
and the Sdo Paulo Research Foundation (FAPESP) for grants

© 2026 The Author(s). Plant Biology published by John Wiley & Sons Ltd on behalf of German Society for Plant Sciences, Royal Botanical Society of the Netherlands.

25UB017 SUOWILLIOD SA1IEB10 3|ed1 e aU Ag PoLBAOB 918 IR YO 85N JO S9N 10} AXeiq 1 SUIIUO AB]UM UO (SUOPUOD-PUE-SUWLBYWOD™ A3 1 ARRAq 16U |U0//SANL) SUONIPUOD P S 1 3 39S *[920Z/80/2T] U0 ArIgiT8u1Iu0 Ao|1m euidwed 8a ENpeis3 AISAIN Ad 00202 dId/TTTT OT/10p/w00 s |im AReiq jou|uo//Sdny WoJy pepeojumoq ‘0 *2/988ErT



Bryum argenteum: tropical traits study

(2021/09506-0), (2018/24397-0), (2021/10639-5) and (2020/
02150-3). Finally, I am grateful to Editor Carlos Lara Romero
and the two anonymous reviewers, whose insightful suggestions
greatly contributed to improving the quality of this work. The
Article Processing Charge for the publication of this research was
funded by the Coordenagdo de Aperfeicoamento de Pessoal de
Nivel Superior - Brasil (CAPES) (ROR identifier: 00x0ma614).
The Article Processing Charge for the publication of this research
was funded by the Coordenag¢do de Aperfeicoamento de Pessoal
de Nivel Superior - Brasil (CAPES) (ROR identifier:
00x0ma614).

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are
openly available in Files Manuscript: Ecological divergence

dos Santos, Medina-Ramos, Greenwood, Porto, Pinheiro & Stark

in the silver moss B at https://figshare.
com/account/articles/28610258, reference number https://doi.
0rg/10.6084/m9.figshare.28610258.

SUPPORTING INFORMATION

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

File S1. Results of generalized linear models (GLMs) testing
the effects of sex and ecosystem on protonemal growth, shoot
production and sexual expression.

File S2. Binomial negative residuals graphics of relationship
between bulbil production and sexual expression in Bryum
argenteum. Each section corresponds to a specific response var-
iable modelled in the study.

REFERENCES

Alvares C.A., Stape J.L., Sentelhas P.C., De Moraes
Gongalves J.L., Sparovek G. (2013) Képpen’s climate
classification map for Brazil. Meteorologische Zeits-
chrift, 22, 711-728.

Ashman T.-L. (1994) Reproductive allocation in her-
maphrodite and female plants of Sidalcea oregana
SSP. spicata (Malvaceae) using four currencies.
American Journal of Botany, 81, 433-438.

Bazzaz F.A., Ackerly D.D., Reekie E.G. (2005) Repro-
ductive allocation in plants. In: Fenner M. (Ed),
Seeds: the ecology of regeneration in plant communi-
ties, 1st edition. CABI Publisher, Wallingford, UK.

Beever J.E. (1992) Taxonomic notes on two New Zeal-
and mosses: Bryobartlettia costata Buck (Fabronia-
ceae) and Calliergon laxirete Zant. et Bartlett
(Amblystegiaceae). New Zealand Journal of Botany,
30, 205-206.

Bisang 1., Ehrlén J. (2002) Reproductive effort and cost
of sexual reproduction in female Dicranum polyse-
tum. The Bryologist, 105, 384-397.

Bisang I., Ehrlén J., Hedends L. (2006) Reproductive
effort and costs of reproduction do not explain
female-biased sex ratios in the moss Pseudocalliergon
trifarium (Amblystegiaceae). American Journal of
Botany, 93, 1313-1319.

Bisang I., Ehrlén J., Hedenis L. (2020) Sex expression
and genotypic sex ratio vary with region and envi-
ronment in the wetland moss Drepanocladus lycopo-
dioides. Botanical Journal of the Linnean Society, 192,
421-434.

Bona A., Kulesza U., Jadwiszczak K.A. (2019) Clonal
diversity, gene flow and seed production in endan-
gered populations of Betula humilis Schrk. Tree
Genetics & Genomes, 15, 50.

Boquete M.T., Varela Z., Fernindez J.A., Calleja J.A.,
Branquinho C., Chila A., Cronberg N., de Cruz Car-
valho R., Aleixo C., Estébanez-Pérez B., Fernandez-
Gonzilez V., Baselga A., Gémez-Rodriguez C.,
Gonzalez-Mancebo J.M., Leblond S., Martinez-
Abaigar J., Medina N.G., Nuifiez-Olivera E., Patifio
J., Retuerto R., Vazquez-Arias A., Vanderpoorten A.,
Zechmeister H.G., Aboal J.R. (2023) Current and
historical factors drive variation of reproductive
traits in unisexual mosses in Europe: a case study.
Journal of Systematics and Evolution, 61, 213-226.

Bowker M.A., Stark L.R., McLetchie D.N., Mishler
B.D. (2000) Sex expression, skewed sex ratios, and
microhabitat distribution in the dioecious desert

10

moss Syntrichia caninervis (Pottiaceae). American
Journal of Botany, 87, 517-526.

Canestraro B.K., Peralta D.F. (2022) Synopsis of Anom-
obryum and Bryum (Bryaceae, Bryophyta) in Brazil.
Acta  Botdnica  Brasilica, 36, €2021abb0283.
https://doi.org/10.1590/0102-33062021abb0283

Cascante A., Quesada M., Lobo ].J., Fuchs E. (2002)
Effects of dry tropical forest fragmentation on the
reproductive success and genetic structure of the tree
Samanea saman. Conservation Biology, 16, 137-147.

Castetter R.C., McLetchie D.N., Eppley S.M., Stark L.R.
(2019) Sex ratio and sex expression in an urban pop-
ulation of the silver moss, Bryum argenteurn Hedw.
Journal of Bryology, 41, 227-235.

Chopra R., Rawat M. (1977) Studies on production
and behavior of Protonemal Gemmae in some Brya-
ceae. Bryologist, 80, 655-661.

Costa D.P., Peralta D.F. (2015) Bryophytes diversity in
Brazil. Rodriguésia, 66, 1063-1071.

Deguchi H., Takeda Y. (1986) Reproductive phenology
of four species of Ptychomitrium. Proceedings of the
Bryological Society of Japan, 4, 73-78.

de Queiroz L.P., Cardoso D., Fernandes M.F., Moro
M.F. (2018) Diversity and evolution of flowering
plants of the Caatinga domain. In: da Silva J.M.C,,
Leal LR,, Tabarelli M. (Eds). Springer International
Publishing, Cham.

de Souza B.I, Artigas R.C., de Lima E.R.V. (2015) Caa-
tinga e desertificagdo. Mercator — Revista de Geogra-
fia da UFC, 14, 131-150. https://doi.org/10.
4215/RM2015.1401.0009

Dinno A., Dinno M.A. (2017) Package ‘dunn. test’.
CRAN Repos 10:1-7.

dos Santos W.L., Alvarenga L.D.P., Porto K.C. (2018)
Sexual dimorphism, vegetative growth and repro-
ductive investment in the Rhizautoicous Moss Fissi-
dens  flaccidus  (Fissidentaceae,  Bryopsida).
Cryptogamie, Bryologie, 39, 271-281.

dos Santos W.L., Bordin J., Pérto K.C., Pinheiro F.
(2022a) Life-history traits and density dependence
in metapopulations of a tropical moss: a monoi-
cous species that is almost dioicous. Oecologia. 199,
747-760. https://doi.org/10.1007/s00442-022-
05303-8

dos Santos W.L., Maciel-Silva A.S., Porto K.C. (2020)
How do sexual expression, reproductive phenology
and reproductive success relate to sexual systems in
Fissidens Hedw. (Fissidentaceae)? A case study com-
paring two different sexual systems in mosses. Plant
Biology, 22, 573-581.

dos Santos W.L., Porto K.C., Pinheiro F. (2022b) Sex-
specific differences in reproductive life-history traits
of the moss Weissia jamaicensis. American Journal of
Botany, 109, 645-654.

dos Santos W.L., Porto K.C., Pinheiro F. (2024) An
overview of reproductive allocation and reproduc-
tive costs in bryophytes: challenges and prospects.
Botanical Review, 90, 395-372. https://doi.org/10.
1007/512229-024-09301-8

Eppley S.M., Rosenstiel T.N., Chmielewski M.W.,
Woll S.C., Shaw Z.M., Shortlidge E.E. (2018)
Rapid population sex-ratio changes in the moss
Ceratodon purpureus. American Journal of Botany,
105, 1232-1238.

Fotoba P.O. (1998) Reproductive phenology of three
selected tropical mosses. Nigerian Journal of Botany,
11, 25-33.

Frey W., Kiirschner H. (2011) Asexual reproduction,
habitat colonization and habitat maintenance in.
Flora, 206, 173-184.

Fuselier L., Mcletchie N. (2002) Maintenance of sexu-
ally dimorphic preadult traits in Marchantia inflexa
(Marchantiacae). American Journal of Botany, 89,
592-601.

Gabriel R., Pimentel C., Claro D., Brito M., Diaz-
Castillo J., Sérgio C., Sim-Sim M., Borges P. (2019)
Biota of coastal wetlands of Praia da Vitéria (Ter-
ceira Island, Azores): part 2 - bryophytes. Biodiver-
sity Data Journal. e34621. https://bdj.pensoft.net/
article/34621/, 7.

Glime J.M. (2017) Adaptive strategies: phenology, it’s
all in the timing. In: Glime J.M. (Ed), Bryophyte
Ecology.  Michigan  Technological — University,
Houghton, MI, USA. https://digitalcommons.mtu.
edu/bryo-ecol-subchapters/1014

Glime J.M., Bisang I. (2017) Sexuality: sexual strategies.
In: Glime J.M. (Ed), Bryophyte Ecology. Michigan
Technological University, Houghton, MI, USA,
pp 1-54 wupdated 30 March 2023 https:/
digitalcommons.mtu.edu/cgi/viewcontent.cgi?
article=1009&context=bryo-ecol-subchapters

Harris B.J., Harrison C.J., Hetherington A.M., Wil-
liams T.A. (2020) Phylogenomic evidence for the
Monophyly of bryophytes and the reductive evo-
lution of stomata. Current Biology, 30, 2001-
2012.e2.

Hassel K., Pedersen B., Soderstréom L. (2005) Age and
size at maturity in mountain and lowland popula-
tions of the expanding moss Pogonatum dentatum.
Plant Ecology, 179, 207-216.

Plant Biology

© 2026 The Author(s). Plant Biology published by John Wiley & Sons Ltd on behalf of German Society for Plant Sciences, Royal Botanical Society of the Netherlands.

25UB017 SUOWILLIOD SA1IEB10 3|ed1 e aU Ag PoLBAOB 918 IR YO 85N JO S9N 10} AXeiq 1 SUIIUO AB]UM UO (SUOPUOD-PUE-SUWLBYWOD™ A3 1 ARRAq 16U |U0//SANL) SUONIPUOD P S 1 3 39S *[920Z/80/2T] U0 ArIgiT8u1Iu0 Ao|1m euidwed 8a ENpeis3 AISAIN Ad 00202 dId/TTTT OT/10p/w00 s |im AReiq jou|uo//Sdny WoJy pepeojumoq ‘0 *2/988ErT


https://figshare.com/account/articles/28610258
https://figshare.com/account/articles/28610258
https://doi.org/10.6084/m9.figshare.28610258
https://doi.org/10.6084/m9.figshare.28610258
https://doi.org/10.1590/0102-33062021abb0283
https://doi.org/10.4215/RM2015.1401.0009
https://doi.org/10.4215/RM2015.1401.0009
https://doi.org/10.1007/s00442-022-05303-8
https://doi.org/10.1007/s00442-022-05303-8
https://doi.org/10.1007/s00442-022-05303-8
https://doi.org/10.1007/s00442-022-05303-8
https://doi.org/10.1007/s00442-022-05303-8
https://doi.org/10.1007/s00442-022-05303-8
https://doi.org/10.1007/s00442-022-05303-8
https://doi.org/10.1007/s00442-022-05303-8
https://doi.org/10.1007/s12229-024-09301-8
https://doi.org/10.1007/s12229-024-09301-8
https://doi.org/10.1007/s12229-024-09301-8
https://doi.org/10.1007/s12229-024-09301-8
https://doi.org/10.1007/s12229-024-09301-8
https://doi.org/10.1007/s12229-024-09301-8
https://doi.org/10.1007/s12229-024-09301-8
https://doi.org/10.1007/s12229-024-09301-8
https://bdj.pensoft.net/article/34621/
https://bdj.pensoft.net/article/34621/
https://digitalcommons.mtu.edu/bryo-ecol-subchapters/1014
https://digitalcommons.mtu.edu/bryo-ecol-subchapters/1014
https://digitalcommons.mtu.edu/cgi/viewcontent.cgi?article=1009&amp;context=bryo-ecol-subchapters
https://digitalcommons.mtu.edu/cgi/viewcontent.cgi?article=1009&amp;context=bryo-ecol-subchapters
https://digitalcommons.mtu.edu/cgi/viewcontent.cgi?article=1009&amp;context=bryo-ecol-subchapters
https://digitalcommons.mtu.edu/cgi/viewcontent.cgi?article=1009&amp;context=bryo-ecol-subchapters

dos Santos, Medina-Ramos, Greenwood, Porto, Pinheiro & Stark

Hedderson T.A., Longton R.E. (2008) Local adaptation
in moss life histories: population-level variation and
a reciprocal transplant experiment. Journal of Bryol-
ogy, 30, 1-11.

Horsley K., Stark L.R., McLetchie D.N. (2011) Does
the silver moss Bryum argenteum exhibit sex-specific
patterns in vegetative growth rate, asexual fitness or
prezygotic reproductive investment? Annals of Bot-
any, 107, 897-907.

Karlsson P.S., Méndez M. (2005) The resource econ-
omy of plant reproduction. In: Reekie E.G., Bazzaz
F.A. (Eds), Reproductive Allocation in Plants. Elsevier
Academic Press, San Diego, CA, USA, pp 1-49.

Kimmerer RW. (1991) Reproductive ecology of
Tetraphis pellucida. 1I. Differential success of sex-
ual and asexual propagules. Bryologist, 94, 284—
288.

Laaka-Lindberg S. (2001) Biomass allocation to sex-
ual and asexual reproduction in a leafy hepatic
Lophozia silvicola Buch. Journal of Bryology, 23, 3—
8.

Leimu R., Fischer M. (2008) A meta-analysis of local
adaptation in plants (A. Buckling, Ed.). PLoS One, 3,
e4010.

Lemon J., Bolker B., Oom §., Klein E., Rowlingson B.,
Wickham H., Tyagi A., Eterradossi O., Grothendieck
G., Toews M., Kane J., Cheetham M., Turner R.,
Witthoft C., Stander J., Petzoldt T., Duursma R,
Biancotto E., Maintainer O.L. (2009) Package “plo-
trix” title various plotting functions.

Liang S.F., Sun Y., Zhu R.L. (2010) In vitro micropro-
pagation of Bryum argenteum Hedw. Cryptogamie
Bryologie, 31, 233-239.

Longton R.E. (1981) Inter-population variation in
morphology and physiology in the cosmopolitan
moss Bryum argenteurn Hedw. Journal of Bryology,
11, 501-520.

Longton R.E., Greene S.W. (1979) Experimental stud-
ies of growth and reproduction in the moss Pleuro-
zium schreberi (Brid.) Mitt. Journal of Bryology, 10,
321-338.

Maciel-Silva A.S., De Oliveira M.P. (2016) How tropi-
cal Moss sporophytes respond to seasonality: exam-
ples from a semi-deciduous ecosystem in Brazil.
Cryptogamie Bryologie, 37, 227-239.

Maciel-Silva A.S., Valio LE.M., Rydin H. (2012) Alti-
tude affects the reproductive performance in
monoicous and dioicous bryophytes: examples
from a Brazilian Atlantic rainforest. AoB Plants, 12,
1-14.

Maciel-Silva A.S., Vilio LE.M., Rydin H. (2012) Dia-
spore bank of bryophytes in tropical rain forests: the
importance of breeding system, phylum and micro-
habitat. Oecologia, 168, 321-333.

McLetchie D.N. (1992) Sex ratio from germination
through maturity and its reproductive consequences
in the liverwort Sphaerocarpos texanus. Oecologia, 92,
273-278.

McLetchie D.N., Puterbaugh M.N. (2000) Population
sex ratios, sex-specific clonal traits and tradeoffs
among these traits in the liverwort Marchantia
inflexa. Oikos, 90, 227-237.

Plant Biology

Miles C.J., Odu E.A., Longton R.E. (1989) Phenological
studies on British mosses. Journal of Bryology, 15,
607-621.

Moore J.D., Kollar L.M., McLetchie D.N. (2016)
Does selection for gamete dispersal and capture
lead to a sex difference in clump water-holding
capacity? American Journal of Botany, 103, 1449—
1457.

Newton A., Mishler B.D. (1994) The evolutionary sig-
nificance of asexual reproduction in mosses. The
Journal of the Hattori Botanical Laboratory, 76, 127—
145.

Obeso J.R.R. (2002) The costs of reproduction in
plants. New Phytologist, 155, 321-348.

Oli M.K., Coulson T. (2016) Life history, what is? In:
Kliman R.M. (Ed), Encyclopedia of Evolutionary Biol-
ogy. Elsevier, Oxford, UK, pp 394-399. http://
linkinghub.elsevier.com/retrieve/pii/B978012800049
6000834 (accessed 8 March 2023).

Onofre F.F., Engel V.L., Cassola H. (2010) Regenerag¢do
natural de espécies da Mata Atlantica em sub-bosque
de Eucalyptus saligna Smith. em uma antiga unidade
de produgdo florestal no Parque das Neblinas, Ber-
tioga, SP. Scientia Forestalis/Forest Sciences, 38, 39—
52.

Pannell J.R., Eppley S.M., Dorken M.E., Berjano R.
(2014) Regional variation in sex ratios and sex allo-
cation in androdioecious Mercurialis annua. Journal
of Evolutionary Biology, 27, 1467-1477.

Porto K.C., Cavalcanti e Silva I.C., dos Reis L.C,
Maciel-Silva A.S. (2017) Sex ratios and sporophyte
production in the moss Bryum argenteurn Hedw. on
a rock outcrop, north-eastern Brazil. Journal of Bry-
ology, 39, 194-198.

Porto K.C., de Oliveira S.M. (2002) Reproductive phe-
nology of Octoblepharum albidum (Bryopsida, Leu-
cobryaceae) in a tropical lowland forest of north-
eastern Brazil. Journal of Bryology, 24, 291-294.

Proctor M.C.F., Oliver M.J., Wood AlJ., Alpert P.,
Stark L.R., Cleavitt N.L., Mishler B.D. (2007)
Desiccation-tolerance in bryophytes: a review. Bryol-
ogist, 110, 595-621.

RStudio Team (2021) RStudio: integrated development
environment for R.
(accessed 10 April 2023)

Rueden C.T., Schindelin J., Hiner M.C., DeZonia B.E.,
Walter A.E., Arena E.T., Eliceiri KW. (2017) Ima-
geJ2: Image] for the next generation of scientific
image data. BMC Bioinformatics, 18, 1-26.

Rydgren K., @kland R.H. (2002) Ultimate costs of spo-
rophyte production in the clonal moss Hylocomium
splendens. Ecology, 83, 1573-1579.

Satake A., Nagahama A., Sasaki E. (2022) A cross-scale
approach to unravel the molecular basis of plant

http://www.rstudio.com/

phenology in temperate and tropical climates. New
Phytologist, 233, 2340-2353.

Shaw A.J., Albright D.L. (1990) Potential for the evolu-
tion of heavy metal tolerance in Bryum argenteum, a
Moss. II. Generalized tolerances among diverse
populations. Bryologist, 93, 187.

Shaw J., Beer S.C., Shaw A.]., Beer S.C. (1999) Life his-
tory variation in gametophyte populations of the

Bryum argenteum: tropical traits study

moss Ceratodon purpureus (Ditrichaceae). American
Journal of Botany, 86, 512-521.

Stark L.R., Brinda J.C. (2013) An experimental demon-
stration of rhizautoicy, self-incompatibility, and
reproductive investment in Aloina bifrons (Pottia-
ceae). Bryologist, 116, 43-52.

Stark L.R., McLetchie D.N. (2006) Gender-specific
heat-shock tolerance of hydrated leaves in the desert
moss Syntrichia caninervis. Physiologia Plantarum,
126, 187-195.

Stark L.R., McLetchie D.N., Greenwood J.L., Eppley
S.M. (2016) Moss antheridia are desiccation toler-
ant: rehydration dynamics influence sperm release in
Bryum argenteum. American Journal of Botany, 103,
856-864.

Stark L.R., Mishler B.D., McLetchie D.N. (2000) The
cost of realized sexual reproduction: assessing pat-
terns of reproductive allocation and sporophyte
abortion in a desert Moss. American Journal of Bot-
any, 87, 1599-1608.

Stark L.R., Nichols I.I.L., McLetchie D.N., Bonine M.L.
(2005) Do the sexes of the desert Moss Syntrichia
caninervis differ in desiccation tolerance? A leaf
regeneration assay. International Journal of Plant Sci-
ences, 166, 21-29.

Szczepaniak K., Biziuk M. (2003) Aspects of the bio-
monitoring studies using mosses and lichens as indi-
cators of metal pollution. Environmental Research,
93, 221-230.

Van Drunen W.E., Dorken M.E. (2012) Trade-offs
between clonal and sexual reproduction in Sagit-
taria latifolia (Alismataceae) scale up to affect the
fitness of entire clones. New Phytologist, 196, 606—
616.

Vigalondo B., Garilleti R., Vanderpoorten A., Patifio J.,
Draper L, Calleja J.A. (2019) Do mosses really
exhibit larger distribution ranges than angiosperms?
Insights from the study of the Lewinskya affinis com-
plex (Orthotrichaceae, Bryophyta). Molecular Phylo-
genetics and Evolution, 140, 106598.

Wang Y., Zhu Y., Wang Y. (2012) Differences in spatial
genetic structure and diversity in two mosses with
different dispersal strategies in a fragmented land-
scape. Journal of Bryology, 34, 9-16.

Wickham H., Chang W., Wickham M.H. (2016) Pack-
age ‘ggplot2.” Create elegant data visualisations using
the grammar of graphics Version 2:1-189.

Wryatt R., Darda G.S. (1997) Population biology of the
Polytrichaceae. Advances in Bryology, 6, 265-295.

Yin B, Lin L., Lou A., Zhang Y., Zhang T., Lin L., Lou
A. (2019) Dispersal and genetic differentiation of
Syntrichia caninervis populations across different
desert regions in China. Plant Biology, 21, 706—714.

Yugqing L., Xiaoshuang L., Jing Z., Lu Z., Xiaojie L.,
Ruirui Y., Daoyuan Z. (2021) Dehydration rates
impact physiological, biochemical and molecular
responses in desert moss Bryum argenteum. Environ-
mental and Experimental Botany, 183, 104346.

Zhuo L., Liang Y.q., Yang H.L, Li X.s., Zhang Y., Zhang
Y.g., Guan K.y., Zhang D.y. (2020) Thermal toler-
ance of dried shoots of the moss Bryum argenteum.
Journal of Thermal Biology, 89, 102469.

1

© 2026 The Author(s). Plant Biology published by John Wiley & Sons Ltd on behalf of German Society for Plant Sciences, Royal Botanical Society of the Netherlands.

25UB017 SUOWILLIOD SA1IEB10 3|ed1 e aU Ag PoLBAOB 918 IR YO 85N JO S9N 10} AXeiq 1 SUIIUO AB]UM UO (SUOPUOD-PUE-SUWLBYWOD™ A3 1 ARRAq 16U |U0//SANL) SUONIPUOD P S 1 3 39S *[920Z/80/2T] U0 ArIgiT8u1Iu0 Ao|1m euidwed 8a ENpeis3 AISAIN Ad 00202 dId/TTTT OT/10p/w00 s |im AReiq jou|uo//Sdny WoJy pepeojumoq ‘0 *2/988ErT


http://linkinghub.elsevier.com/retrieve/pii/B9780128000496000834
http://linkinghub.elsevier.com/retrieve/pii/B9780128000496000834
http://linkinghub.elsevier.com/retrieve/pii/B9780128000496000834
http://www.rstudio.com/

	Ecological divergence in the silver moss Bryum argenteum: developmental, ontogenetic and life-history trait variations across contrasting tropical ecosystems
	 Abstract
	 INTRODUCTION
	 MATERIAL AND METHODS
	 Studied species
	 Study site, sample and growth
	 Phenological observations
	 Protonema growth and shoot production
	 Growth rate of protonema and shoot production
	 Sex expression
	 Sexual reproduction versus bulbil production
	 Gametangia development

	 Statistical analysis
	 Protonema growth and shoot production
	 Beginning of protonema, shoot and sex expression
	 Final absolute and relative sex expression rate
	 Sex expression versus bulbil production
	 Gametangia development


	 RESULTS
	 Protonema and shoot growth
	 Beginning of protonema, shoot and sex expression
	 Final absolute and relative sex expression rate
	 Sex expression versus bulbil production
	 Gametangia development

	 DISCUSSION
	 The ecotypes show differences in growth parameters and suggest competitiveness between the sexes
	 Sex expression is more evident in cultures of SDTF ecotype and differs from what is observed in the field
	 The difference in the development of gametangia may indicate adaptation in the studied ecotypes

	 CONCLUSION
	 AUTHOR CONTRIBUTIONS
	 ACKNOWLEDGEMENTS
	 DATA AVAILABILITY STATEMENT
	Supporting Information
	 REFERENCES


