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ABSTRACT
This study investigated the impact of abiotic factors (elevation and precipitation) on the functional diversity and 
composition of Fissidens in the Brazilian Atlantic Forest. Fissidentaceae has significant morphological and functional 
diversity, making it an ideal model for understanding biodiversity and ecosystem functioning. The research was conducted 
in the biogeographic region of ‘Serra do Mar’ in the Atlantic Forest, Southern Brazil, using 24 randomly selected plots. 
The functional strategies of each Fissidens species were described based on six traits, including sex segregation, presence 
and distribution of limbidium on the leaf and the vaginant lamina, and climate data were obtained from CRU-TS 4.06 and 
WorldClim 2.1 datasets. Our findings showed that precipitation led to greater functional richness, as higher precipitation 
levels supported a broader range of functional traits, thereby expanding the community’s functional space. Elevation, on 
the other hand, increased functional dispersion, reflecting a wider range of viable morphological traits. This pattern was 
likely driven by the combined effects of temperature and moisture, which vary predictably along the elevational gradient. 
Future research, including experimental approaches, should explore the influence of ecological and evolutionary factors 
on functional traits in this diverse and ecologically important group of mosses.
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Introduction
Elucidating how multiple factors regulate the spatial 

variation of biodiversity is a central topic in ecology 
and biogeography (Machac et al., 2011). In the research 
agenda for bryology (liverworts, mosses, and hornworts), 
the question “What are the main drivers of taxonomic, 
phylogenetic, and functional diversity in bryophytes?” has 
been recently pointed as the third of the 50 issues that are 
critical in advancing the discipline (Patiño et al., 2022). 
Several studies have addressed this question; however, the 
taxonomic facet of diversity has received desproportionately 
more attention (Amorim et al., 2017; Peñaloza-Bojacá et 
al., 2018; Batista et al., 2021; Araújo et al., 2022) compared 
to functional (Pardow et al., 2010; Ah-Peng et al., 2014; 
Henriques et al., 2017; Asplund et al., 2022; Souza et al., 
2020), and phylogenetic (Heinrichs et al., 2009; Cox et al., 
2010) diversity, with the latter being particularly scarcer. 
Most authors agree with the idea that bryophyte diversity 
(regardless of the facet addressed) is based on environmental 
filtering. Environmental filters act on bryophyte assembly 
both at regional (e.g. disturbance, climate, or elevation; Pharo 
& Zartman, 2007; Santos & Costa, 2010; Amorim et al., 
2017) and local scales (e.g. physical-chemical characteristics 
of the substrate, microhabitat, or microclimate; Patiño & 
González-Mancebo, 2011; Silva et al., 2014; de Oliveira & ter 
Steege, 2015; Batista et al., 2021). This can be attributed to 
the poikilohydric ecophysiology of bryophytes: since most of 
the species are desiccation-tolerant ( Proctor, 2000; Oliver, 
2005; Proctor et al., 2007), their distribution is generally 
deterministic (niche-based), and driven by environmental 
filters (Mota De Oliveira et al., 2009).

Especially in the Neotropics, the diversity of bryophytes 
is dependent on habitat heterogeneity, mainly related to 
disturbance, vegetation type, climate, and/or elevation 
(Holz et al., 2002; Batista & Santos, 2016; Rodríguez-Quiel 
et al., 2022), suggesting that species coexist because they 
specialize in different parts of the niche or share common 
morphological traits that confer tolerance to abiotic 
conditions/disturbances (Mota De Oliveira et al., 2009). In 
this context, functional diversity is an interesting metric for 
the characterization of communities and phytogeographic 
domains and their respective vegetation types (Mason et 
al., 2005) because it allows for a comprehensive analysis 
of species composition and distribution in the ecosystem, 
providing a more complete understanding of its complexity 
and biological richness. Functional diversity includes four 
main parameters: functional richness, which is the total 
number of functions performed by species in a community; 
functional dispersion, which measures the distribution 
of these functions among species; functional divergence, 
which reflects the differences in functions between species; 
and functional evenness, which assesses the equity in the 
distribution of functions (Schleuter et al. 2010). These 

parameters are crucial for understanding the resilience 
and stability of ecosystems (Mason et al., 2005). On the 
other hand, functional composition patterns refer to the 
variety and abundance of functional traits of organisms 
within a community and how these traits influence the 
functioning of the ecosystem (Schleuter et al. 2010). This 
concept is crucial for understanding how plants interact with 
their environment and how their biological characteristics 
influence ecosystem dynamics (Cornwell & Ackerly, 2009). 
Such morphological trait-based approaches to elucidate 
functional diversity become more relevant in highly diverse 
and threatened ecosystems, such as the Atlantic Forest. 
In the tropics, the Atlantic Forest stands out as the most 
diverse and threatened Brazilian phytogeographic domain 
(INPE, 2001) and is classified as a biodiversity hotspot 
(Sloan et al., 2014). Regarding bryophytes, the Atlantic 
Forest is the most species-rich phytogeographic domain in 
Brazil (Alvarenga & Pôrto, 2007; Silva & Pôrto, 2010; dos 
Santos et al., 2011), primarily due to the heterogeneity of 
habitats and wide altitudinal and latitudinal ranges (Perrigo 
et al., 2020).

The genus Fissidens belongs to the monotypic moss 
family Fissidentaceae and is one of the largest and most 
diverse in the world, with approximately 450 species 
currently recognized (Bordin & Yano, 2013). These 
species are primarily found in tropical and subtropical 
regions (Pursell, 2007). In Brazil, Fissidentaceae stands 
out as the second richest family of mosses, occurring in 
all phytogeographic domains, but predominantly in the 
Atlantic Forest (Bordin & Yano, 2013). Currently, 55 species 
of Fissidens are reported for the Atlantic Forest, which 
corresponds to 7% of the total taxa of mosses occurring 
in the country (Flora e Funga do Brasil, 2023). Fissidens 
exhibits an unparalleled morphological diversity among 
bryophytes, encompassing a wide range of characteristics 
(Pursell, 2007; Bordin & Yano, 2013). For instance, all 
Fissidens species have a vaginant lamina that consists of an 
“expanded lamina at the base of the leaf which clasps the 
stem and the base of the leaf above it” (Magill, 1990). This 
trait, including the presence of limbidium (a differentiated 
leaf border), is highly variable. Studies by Pursell (Pursell & 
Vital, 1986; Pursell, 1990, 2007) suggest a strong correlation 
with environmental factors, particularly elevation. However, 
this relationship remains untested empirically. Thus, a wide 
range of morphological traits in different species of Fissidens 
is expected. Additionally, Fissidens exhibits a high diversity 
of sexual systems (Santos et al., 2023a; b), with different 
levels of gametangia segregation (sexual functions separated 
or together), but the relation between the presence and 
frequency of sexual systems and environmental factors 
is also still an open field for research. Such diversity of 
morphological and reproductive traits makes Fissidens a 
useful group capable of providing valuable insights into 
the relationship between plant functional traits and the 
environment (Pursell, 2007; Bordin & Yano, 2013).
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Building on this knowledge, we used a regional scale to 
assess the role of abiotic (elevation and precipitation) factors 
on the functional diversity and composition of Fissidens 
assemblages in the Atlantic Forest. We hypothesized that 
environmental filtering — via abiotic factors — drives 
functional diversity and composition patterns. Considering 
that previous studies demonstrate how elevation and 
precipitation influence niche selection (Gabriel & Bates, 
2005; Alvarenga & Pôrto, 2007) and community assembly 
patterns in bryophytes, it is crucial to understand how 
these variables interact. Generally, as elevation increases, 
temperature decreases, which can lead to higher relative 
humidity and varying precipitation regimes (Gazol et al., 
2017). This variation in humidity and temperature can 
create conditions that favor the functional diversity of 
Fissidens, as different species may specialize in responding 
to these conditions. Furthermore, precipitation plays a 
critical role in the availability of water essential for the sexual 
reproduction of bryophytes; in areas with low precipitation, 
the frequency of sexual segregation may be reduced due to 
the limited availability of water necessary for reproduction. 
Consequently, we hypothesized that the interplay of lower 
temperatures due to increasing elevation and higher water 
availability would function as an environmental filter, 
enhancing the functional diversity of Fissidens across 
the Atlantic Forest at a regional scale. We anticipated 
that distinct functional strategies would emerge along 
environmental gradients, with leaf traits related to water 
conservation—such as the presence of papillae, limbidium 
on all laminae, and larger vaginant laminae—becoming more 
prevalent at higher elevations and in areas with reduced 
precipitation (Watson, 1914). Additionally, since sexual 
reproduction relies on water availability, we anticipate that 
the relative frequency of species with segregated sexual 
systems (i.e., where the sexes are separate) will be lower 
in areas with low precipitation levels.

Material and Methods

Target taxon
Fissidentaceae is a family of mosses widely distributed 

throughout the world except for Antarctica (Pursell, 2007; 
Bordin & Yano, 2013) with only one genus, Fissidens (Pursell, 
2007; Bordin & Yano, 2013). The small and delicate plants 
of Fissidens are primarily found in humid habitats such 
as tropical and temperate forests (Pursell, 2007; Suzuki 
et al., 2018), but they also exhibit remarkable diversity in 
arid environments such as deserts and dry tropical forests 
(Bastos et al., 1998; McCleary, 1959), forming dense and 
compact tufts on rocks, soil or tree trunks, playing an 
essential role in the ecology of these environments. These 
dense and compact tufts, commonly found on rocks, soil, 
or tree trunks, play an essential role in the ecology of these 
environments by aiding in water retention and providing 

microhabitats for microinvertebrates that thrive within 
bryophyte colonies (Glime, 2017).

Fissidentaceae stands out as the most diverse and 
variable family of mosses in terms of morphological and 
functional traits (Pursell, 2007). The wide variety of traits 
such as leaf shape and structure, presence of limbidium, 
papillae, and others (Iwatsuki & Pursell, 1980; Bordin et al., 
2011; Bordin & Yano, 2013; Guerra et al., 2021) (Figure 1) 
is thought to be in some cases a response to environmental 
factors and is so significant that it can even be considered 
a distinctive taxonomic characteristic of the group. For 
instance, in Fissidens wallisii Müll. Hal., specimens from 
higher elevations in the Atlantic Forest usually have clearly 
visible marginal teeth on the leaves and larger teeth at the 
apex of the leaves and the vaginant lamina. Also, epixylic 
samples of Fissidens weirii Mitt. var. weirii collected at high 
elevations usually have oblong-lanceolate leaves with acute 
and gradually long acuminate apex and bistratose limbidia 
(Bordin & Yano, 2013). This remarkable diversity makes the 
study of the Fissidentaceae family essential for a deeper 
understanding of the biodiversity in the ecosystems where 
these mosses occur. Investigating the morphological and 
functional traits of members of Fissidentaceae may provide 
valuable insights into their adaptations to the environment, 
ecological interactions, and importance for ecosystem 
functioning.

Study site and data sampling
This study was conducted with a dataset collected in 

the ‘Serra do Mar’ biogeographic region of the Atlantic 
Forest in Southern Brazil (Table 1). The ‘Serra do Mar’ is 
an extensive mountain range that stretches over 1000 km 
along the south and southern coast of Brazil, spanning from 
the state of Espírito Santo to the northern part of Paraná 
(Almeida & Carneiro, 1998) and is extremely important 
from the geographical and environmental perspectives. 
Its distinctive features and substantial contribution to 
biodiversity and geological processes make it a remarkable 
formation within the coastal landscape (Almeida & Carneiro, 
1998; Tabarelli et al., 2005; Carlucci et al., 2021). The ‘Serra 
do Mar’ is important for the conservation of the Atlantic 
Forest because it encompasses the largest refuge of this 
ecosystem (Vieira & Gramani, 2015). A significant portion 
of ‘Serra do Mar’ is found within environmental protected 
areas, which play a fundamental role in the protection of 
biodiversity and maintenance of ecosystem services.

Sampling was conducted in 24 plots (100 m² each) 
distributed over a linear distance of 173.7 km and distant 
at least 11.9 km from each other (Figure 2). A summary of 
the main environmental conditions in each plot is given in 
Table 1. A random sampling method was adopted to ensure 
representativeness and impartiality in the collections (Santi 
et al., 2016). The use of random collections contributes to 
obtaining more comprehensive and reliable data for analysis. 
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Figure 1. Map of Brazil with a zoomed-in view of the state of São Paulo, showing the collection sites marked in red. Samples were 
collected from various locations across the state, representing the geographic distribution of the studied populations.

The samples were carefully stored in paper bags and properly 
labeled with information on sampling plot, geographic 
coordinates, and relevant ecological observations aspects 
according to the literature. In the laboratory, the samples 
were identified using specialized literature. The identified 
material was deposited in the herbarium of the Instituto 
de Pesquisa Ambiental de São Paulo, and the voucher codes 
can be found in (Table S1).

Elevation, mean annual temperature, and mean annual 
precipitation were obtained from the CRU-TS 4.06 climate 
dataset (Harris et al., 2020), downscaled with WorldClim 
2.1 (Fick & Hijmans, 2017) with the resolution of 30s in 
the software QGis 3.32.0 (QGIS Development Team, 2023), 
using ‘Point Sampling Tools’ for each plot. The functional 
strategy of each Fissidens species was described using six 
traits, following specialized literature (Table 2), computed 
as binary variables: 1 indicated presence and 0 absence. The 

costa, which plays a fundamental role in water absorption, 
was categorized as “ending at the leaf apex” or “ending below 
the leaf apex”. In this classification, species with costa ending 
at the leaf apex have a greater water absorption capacity. 
Limbidia were classified into “present on all laminae” or 
“restricted to the vaginant lamina”. Additionally, papillae, 
which play a role in optimizing osmotic water uptake and 
regulation, were classified into “present” or “absent,” and 
vaginant laminae were classified into “reaching > ½ of the 
length of the leaf” or “reaching < ½ of the length of the 
leaf”. Regarding sexual systems, monoicous/rhizautoicous 
and dioicous species were considered to present sex 
segregation because the male and female gametangia are 
spatially separated, and monoicous/gonioautoicous and 
monoicous/cladautoicous species were considered to be 
cosexual, due to the greater proximity between male and 
female gametangia (Figure 1).

https://creativecommons.org/licenses/by/4.0/deed.en
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Table 1. Location and environmental data of the studied plots in the biogeographic region ‘Serra do Mar’, southeastern Atlantic Forest.

Plot Location Mean Annual Precipitation 
(mm)

Mean Annual Temperature 
(ºC) Elevation (m)

Pedro de Toledo 1 24°14’05.7”S 47°13’41.3”W 153.59 21.45 152.04

Pedro de Toledo 2 24°10’46.7”S 47°06’34.8”W 166.53 20.00 383.21

Pedro de Toledo 3 24°14’29.6”S 47°11’51.7”W 156.79 20.49 231.32

Pedro de Toledo 4 24°15’20.2”S 47°13’20.8”W 161.28 20.99 308.68

Peruíbe 1 24°24’04.3”S 47°08’48.8”W 170.85 21.84 62.84

Peruíbe 2 24°23’38.1”S 47°08’01.3”W 173.58 21.39 136.53

Peruíbe 3 24°23’31.8”S 47°07’09.6”W 172.02 21.69 88.08

Peruíbe 4 24°24’54.7”S 47°07’03.7”W 172.59 22.1 98.10

São Vicente 1 23°59’03.2”S 46°23’27.8”W 220.58 22.09 110.00

São Vicente 2 23°59’06.4”S 46°23’26.6”W 220.58 22.09 110.00

São Vicente 3 23°59’01.0”S 46°23’00.9”W 216.54 22.30 74.07

São Vicente 4 23°58’06.0”S 46°22’35.0”W 219.10 22.25 108.04

São Sebastião 1 23°45’59.2”S 45°36’23.4”W 202.12 21.11 188.68

São Sebastião 2 23°44’25.5”S 45°37’14.2”W 202.46 21.12 177.25

São Sebastião 3 23°44’28.5”S 45°37’17.6”W 203.58 24.40 149.00

São Sebastião 4 23°44’23.4”S 45°37’11.0”W 201.69 24.14 196.58

Parque das Neblinas 1 23°44’28.9”S 46°08’35.6”W 245.49 17.95 735.77

Parque das Neblinas 2 23°44’38.5”S 46°07’56.2”W 205.33 17.95 738.11

Parque das Neblinas 3 23°44’39.2”S 46°07’55.7”W 205.67 18.01 729.00

Parque das Neblinas 4 23°44’38.9”S 46°07’55.3”W 205.67 18.01 729.00

Bertioga 1 23°48’06.9”S 46°07’45.6”W 263.71 22.3 10.28

Bertioga 2 23°47’54.3”S 46°07’51.3”W 384.00 22.17 28.00

Bertioga 3 23°43’55.4”S 45°55’55.4”W 247.80 21.97 60.53

Bertioga 4 23°51’39.6”S 46°08’31.8”W 248.71 22.13 46.05

Table 2. Traits used in the analyses of functional diversity and composition of Fissidens, with associated functions. 

Traits Function Reference

Costa Rapid water absorption and transport (Proctor, 1979; Frahm, 1985)

Limbidium present on all laminae Reduction of evapotranspiration (Henriques et al., 2017)

Limbidium restricted to the vaginant 
lamina Reduction of evapotranspiration (Henriques et al., 2017)

Papillae Optimization of osmotic water intake and 
regulation

(Proctor, 1979)

Sex segregation Different in the chances of female gamete 
fecundation 

(Stark & Brinda, 2013; dos Santos et al., 2020)

Size of the vaginant lamina Reduction of evapotranspiration (Henriques et al., 2017)

https://creativecommons.org/licenses/by/4.0/deed.en
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Figure 2. Traits used to measure functional diversity: position of the costa on the leaf (costa ending at the leaf apex or costa ending 
below the leaf apex); presence of limbidium on laminae (limbidium present on all laminae or limbidium restricted to the vaginant 
lamina); presence of absence of papillose cells; size of the vaginant lamina (reaching > ½ of the length of the leaf or reaching < ½ of 
the length of the leaf); type of sexual system: cosexual (male and female structures in the same shoot) or segregated (male and female 
reproductive structures in separate shoots). The red arrow indicates the direction in which the distance between the sexes increases 
across sexual systems.

https://creativecommons.org/licenses/by/4.0/deed.en
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Data analysis
Sampling sufficiency in each plot was calculated through 

sample coverage based on inventory completeness using 
the ‘iNEXT’ function of the iNEXT package (Chao & Jost, 
2012) in the RStudio (RStudio Team, 2021). We applied the 
Abundance-based Coverage Estimator (ACE) to estimate 
the total species richness in each plot (Chao, 1984) and 
compared it with the observed species richness through a 
Chi-squared (X2) test.

Collinearity among environmental variables and 
morphological traits was tested with the Spearman 
correlation test (Zuur et al., 2010). There was a strong 
correlation between temperature and elevation (rs = 
-0.99; p < 0.0001). Based on this relationship and several 
studies that demonstrated the influence of elevation on 
the composition and diversity of bryophytes communities 
(e.g., dos Santos & Costa, 2010; Araújo et al., 2022), we 
prioritized elevation as a primary parameter in our analyses. 
The correlation value found for environmental variables 
was low (rs = -0.14; p = 0.51), and thus, we assumed that 
our predictors were not collinear and included them in 
the subsequent analysis (Neter et al., 1990; Table S1). 
Regarding the morphological traits, only limbidium present 
on all laminae and limbidium restricted to the vaginant 
lamina were significantly correlated (rs = 0.56; p = 0.0148); 
however, we decided to include both traits in the analysis 
given their ecological significance. A species that has the 
limbidium restricted to the vaginant lamina and limbidium 
present on all laminae may show a greater reduction in 
evapotranspiration than a species that has only one of 
these traits (Henriques et al., 2017).

Functional diversity along environmental gradients was 
evaluated per plot using four indices to describe the distance 
and the distribution of the species in the multidimensional 
niche space. This was made through the function ‘dbFD’ of 
the package FD (Laliberté et al., 2014): FRic, FDiv, FEve, and 
FDis. Functional richness (FRic) is measured as the number 
of unique trait value combinations in a community (in our 
study, the term community corresponds to the set of all 
species in each plot); Functional divergence (FDiv) expresses 
the distance of the species frequencies from the center 
of the functional space (Villéger et al., 2008); Functional 
evenness (FEve) describes the equity of distribution of traits 
in the functional space; and Functional dispersion (FDis) is 
the variance in a species’ traits and where they are located 
in trait space, using both the relative abundances of the 
species and the pairwise functional differences to summarize 
functional diversity (Schleuter et al., 2010). The relationship 
between functional diversity indices and abiotic variables 
was evaluated at the regional scale using generalized linear 
models GLM (Bates et al., 2009; Marschner 2011). The 
functional indices were the response variable and the models 
were fit using the Gaussian family error distribution.

We performed a non-metric multidimensional scaling 
(NMDS) with the morphological traits of the species to 

identify the main trait differences in the community. The 
NMDS was based on the Gower distance using the ‘metaMDS’ 
function of the vegan package (Oksanen et al., 2019). The 
‘envfit’ function of the same package was used to identify 
significant functional traits that differentiate the species. 
Additionally, to graphically display the representativeness 
of each trait along the environmental parameters, we used 
a scatterplot matrix containing the scatter plots of the 
relative frequency of the traits and the environmental 
variables using the ggplot2 package (Kassambara, 2013). 
Additionally, we performed a GLM (lme4 package; Bates et 
al., 2015) following the same methodology for the functional 
indices to investigate the relationship between the relative 
frequency of each trait and the environmental variables. All 
analyses were performed in R 4.3.1 (RStudio Team, 2021).

Results
The database had 18 Fissidens species (Table 3). The 

most frequent species was F. pseudoplurisetus (occurrences 
= 241; 18 plots) followed by F. weirii (occurrences = 218; 
19 plots). In contrast, F. goyazensis and F. guianensis had 
only two occurrences, restricted to one plot each. The 
species number in the plots varied from 1 to 10. Based on 
the effective species richness (q = 0), all plots presented a 
robust sample coverage, exceeding 90% (see Table S1). The 
observed species richness did not differ significantly from 
the total species richness estimated by ACE (X2= 168, df = 
144, p-value = 0.0836).

Functional diversity varied significantly along the 
environmental gradients. Functional richness was positively 
related to the mean annual precipitation, while functional 
dispersion was positively related to the altitudinal gradient 
(Table 4). The Functional divergence and Functional 
evenness indices showed no relation with environmental 
gradients.

The NMDS showed one main trade-off among the most 
representative traits, observed between the presence of 
sex segregation (r2 = 0.8335, p = 0.001), costa ending at 
the leaf apex (r2 = 0.7663, p = 0.001), limbidium restricted 
to the vaginant lamina (r2 = 0.7207, p = 0.001), limbidium 
present on all laminae (r2 = 0.6313, p = 0.001), and the 
absence of these traits (Figure 3). Only the traits papillae 
(r2 = 0.2813, p = 0.098) and vaginant laminae reaching > 
½ of the length of the leaf (r2 = 0.1630, p = 0.275) showed 
no significant trade-offs.

Overall, the traits analyzed in Fissidens showed opposing 
trends along elevation and mean annual precipitation 
gradients (Figure 4). Although not statistically significant, 
limbidium present on all laminae showed a trend toward a 
positive relationship with the altitudinal gradient; limbidium 
restricted to the vaginant lamina, papillae, and vaginant 
laminae < ½ of the length of the leaf displayed a trend 
toward a negative relation with the altitudinal gradient; 
and the costa showed no trend in this gradient. All traits 
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Table 4. Effects of mean annual precipitation (MAP) and elevation on functional diversity indices of Fissidens communities according 
to the generalized linear regression analysis. FRic = Functional richness; FDiv = Functional divergence; FEve = Functional evenness; 
FDis = Functional dispersion.

FRIc Estimate t P

(Intercept) 0.001 4.55 < 0.001

MAP < 0.001 2.11 < 0.05

Elevation < 0.001 0.56 0.60

FDiv

(Intercept) < 0.001 11.49 < 0.001

MAP < 0.001 0.81 0.50

Elevation < 0.001 0.33 0.75

FEve

(Intercept) 0.590 4.33 < 0.001

MAP 0.001 0.32 0.75 

Elevation 0.001 1.47 0.15

FDis

(Intercept) < 0.001 2.30 < 0.05

MAP < 0.001 0.28 0.78

Elevation < 0.001 2.01 < 0.05

Table 3. Species of Fissidens collected in the Brazilian Atlantic Forest during this study, along with their respective functional traits.

Species Costa Limbidium present 
on all laminae

Limbidium restricted to 
the vaginant lamina Papillae Size of the 

vaginant lamina
Sexual 

segregation

Fissidens anguste-limbatus Mitt. 1 1 1 0 1 1

Fissidens asplenioides Hedw. 0 0 0 0 1 1

Fissidens elegans Brid. 1 0 1 1 1 0

Fissidens flaccidus Mitt. 0 1 1 0 1 1

Fissidens goyazensis Broth. 1 1 1 1 1 1

Fissidens guianensis Mont. 0 0 1 1 1 0

Fissidens hornschuchii Mont. 0 0 1 1 0 1

Fissidens inaequalis Mitt. 0 0 0 0 0 0

Fissidens neglectus H.A. Crum 0 0 1 1 1 1

Fissidens oblongifolius 
Hook. f. & Wilson 0 0 0 0 1 1

Fissidens pellucidus Hornsch. 0 0 0 0 0 0

Fissidens psedoplurisetus 
Bordin, Pursell & O.Yano 1 0 0 1 1 0

Fissidens ramicola Broth. 1 0 1 1 1 1

Fissidens scariosus Mitt. 0 1 1 0 1 1

Fissidens serratus Müll. Hal. 1 0 0 0 1 0

Fissidens submarginatus Bruch 1 1 1 1 1 0

Fissidens weirii Mitt. 1 1 1 1 0 0

Fissidens zollingeri Mont. 1 1 1 0 1 1
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exhibited a trend toward a positive relation with the mean 
annual precipitation gradient, with the exception of sex 
segregation, which showed no trend. The GLM showed no 
relation between the relative frequency of the traits and 
the environmental variables (Table S1).

Discussion
This study examined a segment of the Serra do Mar, 

providing a case study that reflects the responses of the 
Fissidens community to environmental gradients within 
this specific region. We acknowledge that the Serra do 
Mar can exceed 2200 m in elevation and recognize that 
broader elevational gradients may reveal additional 
ecological patterns and conditions that could further 
influence the functional diversity and composition of this 
group. Functional traits of organisms are linked to their 
performance in the environment and to the overall structure, 
function, and diversity of ecosystems (Patiño et al., 2022). 
Therefore, understanding how the composition of functional 

traits in the community changes with the environment is 
key to understanding the role of climate in ecology (Wang 
et al., 2019). The functional diversity and composition 
of the Fissidens community in the southeastern Atlantic 
Forest exhibited contrasting responses to environmental 
gradients. On one hand, functional diversity showed 
significant variations along these gradients, with positive 
associations between functional richness and the mean 
annual precipitation gradient and between functional 
dispersion and the altitudinal gradient. On the other 
hand, no relationship was observed between the relative 
frequency of traits and the environmental variables; 
however, general patterns of increased frequency with 
higher precipitation and decreased frequency with higher 
elevation were identifiable for most traits. These results 
highlight the importance of understanding the functional 
diversity and functional composition of bryophytes along 
environmental gradients, especially in highly diverse and 
endangered vegetation domains such as the Brazilian 
Atlantic Forest. This knowledge can help us to predict 

Figure 3. Non-metric multidimensional scaling (NMDS) plot showing the distribution of Fissidens species and their traits in the ‘Serra 
do Mar’ Atlantic Forest, Southeastern Brazil. Stress = 0.0891, indicating a highly reliable representation of the data’s dissimilarity. F_ang 
= F. anguste-limbatus; F_asp = F. asplenioides; F_ele = F. elegans; F_fla = F. flaccidus; F_goy = F. goyazensis; F_gui = F. guianensis; F_hor = 
F. hornschuchii; F_ina = F. inaequalis; F_neg = F. neglectus; F_obl = F. oblongifolius; F_pel = F. pellucidus; F_pse = F. psedoplurisetus; F_ram 
= F. ramicola; F_sca = F. scariosus; F_ser = F. serratus; F_sub = F. submarginatus; F_wei = F. weirii; F_zol = F. zollingeri.
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Figure 4. Relationship between the relative frequency values of Fissidens traits and the altitudinal gradient (A) and mean annual precipitation (MAP; B) in the study area.
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how bryophytes will respond to climate change and other 
environmental stressors, identify the bryophyte species that 
are most important for ecosystem functioning, and develop 
management strategies for conserving bryophyte diversity.

In accordance with the findings of Bordin & Yano (2013), 
who observed morphological variations in some species 
associated with higher elevations, our study provides support 
for the assumption that more favorable environmental 
conditions for bryophytes contribute to increased functional 
diversity in Fissidens within the southeastern Atlantic Forest. 
This is evident from the trend toward a positive relationship 
we observed between functional richness and precipitation 
and between functional dispersion and the altitudinal 
gradient. Functional richness represents the amount of 
functional space filled by the community, indicating resource 
use, and is considered a robust index underlying community 
assembly rules (Wang et al., 2019). In our study, the increase 
in functional richness with precipitation reflects an increase 
in the functional space occupied by the community of 
Fissidens influenced by precipitation. In fact, in plots with 
high precipitation levels, there was a wide range of traits 
in the community. In a single community, we found species 
without papillae, with limbidium present on all laminae, 
limbidium restricted to the vaginant lamina, and sexual 
system with sex segregation such as F. anguste-limbatus; 
species with papillae, without limbidium, and with a cosexual 
sexual system such as F. pseudoplurisetus; and species with 
a myriad of trait combinations varying between these two 
configurations. These trait variations expand the volume 
of the functional space, indicating higher niche availability 
for Fissidens in the study area. Similar results were found 
by Henriques et al. (2017) in the Azores archipelago, where 
functional richness increased with elevation.

The wide functional space occupied by the Fissidens 
community was also reflected in the functional dispersion. 
This index describes optimal plant strategies because it 
captures how abiotic and biotic factors influence the 
community structure (Daniel & Rooney, 2022). In our study, 
higher elevations were associated with high functional 
dispersion, indicating an increase in viable morphological 
traits and strategies under the environmentally favorable 
conditions provided by factors associated with elevation, 
such as low temperature. In other words, our results 
suggest that the niche space increases with the availability 
of resources at high elevations, leading to higher trait 
dispersion (Rabosky & Hurlbert, 2015). In a precipitation 
gradient in California studied by Cornwell & Ackerly (2009) 
and in altitudinal transects in a high-elevation region of 
western Himalaya studied by Thakur & Chawla (2019), the 
same directionality was observed in functional diversity. 
Elevation is recognized as a pivotal factor in the distribution 
and richness of bryophytes in tropical ecosystems (Amorim 
et al., 2017; Araújo et al., 2022; Batista et al., 2021; dos 
Santos & Costa, 2010; Thakur & Chawla, 2019). The present 
study indicates that elevation drives the functional diversity 
of Fissidens in the southeastern Atlantic Forest.

The trends in the functional diversity of Fissidens suggest 
that functionally more diverse species should co-exist 
(divergence in plant functioning) at higher elevations and 
precipitation levels. Considering that functionally diverse 
communities are more stable and functional diversity 
decreases along gradients of climatic stress (Cornwell 
& Ackerly, 2009; Gazol et al., 2017; Thakur & Chawla, 
2019), the present data have implications for biodiversity 
conservation and can be used to evaluate the impact of 
climate change on communities. Climate change may affect 
the functional diversity of Fissidens communities in highly 
threatened environments such as the Atlantic Forest. The 
Atlantic Forest has an intricate network of ecosystems and 
unique species, making it highly susceptible to climatic 
change, including rising temperatures, shifts in rainfall 
patterns, and extreme weather events (Buytaert et al., 2011). 
The interconnection between plant functional diversity and 
ecosystem stability is pivotal for the resilience of the Atlantic 
Forest. Understanding the implications of functional 
diversity trends for ecosystem functioning is fundamental 
for environmental conservation and management strategies. 
In the face of escalating climatic pressures, the adoption of 
proactive approaches is imperative to preserve ecosystems 
as precious as the Atlantic Forest (Taylor, 2008). Exploratory 
research of plant functional diversity not only deepens our 
understanding of complex ecological processes but also 
empowers us to anticipate and mitigate the adverse effects 
of climate change. By merging scientific knowledge and 
conservation efforts, we contribute to safeguarding the 
biological uniqueness of the Atlantic Forest and ensure a 
sustainable future for this region.

Regarding functional composition, the most 
representative traits of the community were sex segregation, 
costa ending at the leaf apex, limbidium restricted to the 
vaginant lamina, and limbidium present on all laminae. All 
these traits exhibited a trend toward a positive relation, 
although not statistically significant, with precipitation, 
with the exception of sex segregation, which showed no 
trend. However, sexual segregation has been previously 
reported as a key trait due to its strong phylogenetic signal 
(Suzuki et al., 2018, Budke et al., 2022). It is important to 
note that while sex segregation did not show a trend in 
relation to precipitation, its phylogenetic relevance makes 
it a distinguishing feature of the community. On the other 
hand, only limbidium present on all laminae showed a trend 
toward a positive relation with the altitudinal gradient. We 
found that the sexual system is not related to precipitation. 
Moisture is crucial for fertilization in mosses, particularly 
in dioicous species, because sperm have to swim to reach 
the female gametophytes and accomplish fecundation 
(Maciel-Silva & Pôrto, 2014). Our results indicate that 
the relative frequency of sexual systems in Fissidens from 
the southeastern Atlantic Forest is not related to moisture, 
making it a feature with a strong phylogenetic signal. The 
sexual system is an efficient character for distinguishing 
subgenera and sections within the Fissidentaceae (Suzuki et 
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al., 2018), and its phylogenetic signal was reported by Budke 
et al. (2022), using comparative phylogenetic inferences.

Most Fissidens sampled in our study are at one of the 
two ends of the spectrum for limbidium morphology: 
either they presented limbidia on the laminae and the 
vaginant laminae or presented elimbate laminae. Special 
border cells are rare among tracheophytes, suggesting that 
their presence in bryophytes has a function that is not 
useful in tracheophytes (Glime, 2017). Functionally, the 
limbidium may be involved in the structural support of the 
leaf (Lowell, 1998), water storage (Daniels, 1998), and/or 
water movement (Glime, 2017). In Fissidens, the absence 
of limbidium is reconstructed as the ancestral condition 
for Fissidentaceae (Budke et al., 2022; Suzuki et al., 2018) 
, and it has been reported that species with limbidium 
throughout the laminae are associated with a wider niche 
breadth (Budke et al., 2022). One potential interpretation 
for our findings is that more extensive limbidia enable 
the species to survive across the wide variety of habitats 
provided by the altitudinal gradient, and be, therefore, more 
flexible in their niche choice (Budke et al., 2022). However, 
morphological traits in Fissidens and their functional roles 
have not been explored experimentally, and thus, further 
exploration in the context of taxonomy, functional ecology, 
and evolution is needed.

This study analyzed the influence of precipitation 
and elevation on the functional diversity of the genus 
Fissidens in the southeastern Atlantic Forest of Brazil. 
The results revealed that precipitation and elevation act 
in conjunction to define the functional diversity of these 
mosses. Furthermore, sexual segregation stood out as the 
most explanatory trait in the community. Surprisingly, 
although a trend toward positive relationships of functional 
traits was more frequently observed with precipitation 
than with elevation, none of the traits showed significant 
relationships with the studied environmental gradients. 
This finding may indicate that these traits are primarily 
influenced by genetic factors and do not depend entirely on 
the local environment (Henriques et al., 2017; Souza et al., 
2020; Suzuki et al., 2018). Future experimental studies are 
essential for a better understanding of functional diversity 
patterns and the evolution of Fissidens. Investigating 
different environmental contexts will help identify the key 
ecological and evolutionary forces shaping their functional 
traits. Based on the findings of this study, we emphasize 
the importance of considering both environmental and 
genetic factors when assessing the functional diversity 
of Fissidens. Only with an integrated approach, we will be 
able to reach a more comprehensive understanding of the 
ecology and evolution of these organisms, which is crucial 
for the structure and maintenance of biodiversity in the 
Atlantic Forest. 
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