
Frontiers in Ecology and Evolution

OPEN ACCESS

EDITED BY

Pavel Kindlmann,
Charles University, Czechia

REVIEWED BY

Matthew Michalska-Smith,
University of Minnesota Twin Cities,
United States
Naven Narayanan Venkatanarayanan,
University of Minnesota Twin Cities,
United States

*CORRESPONDENCE

Xiaoming Shao

shaoxm@cau.edu.cn

†These authors have contributed
equally to this work and share
first authorship

RECEIVED 25 January 2024
ACCEPTED 15 July 2024

PUBLISHED 12 August 2024

CITATION

Gu J, Song X, Ye Y, Shao X, Liao Y and Shao X
(2024) Exploring the driving factors of
bryophyte assemblage distribution
patterns in Tibet.
Front. Ecol. Evol. 12:1376263.
doi: 10.3389/fevo.2024.1376263

COPYRIGHT

© 2024 Gu, Song, Ye, Shao, Liao and Shao.
This is an open-access article distributed under
the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

TYPE Original Research

PUBLISHED 12 August 2024

DOI 10.3389/fevo.2024.1376263
Exploring the driving factors of
bryophyte assemblage
distribution patterns in Tibet
Jiqi Gu1,2†, Xiaotong Song1,2†, Yanhui Ye3, Xiaohong Shao4,
Yujia Liao1,2 and Xiaoming Shao1,2,3*

1College of Resources and Environmental Sciences, China Agricultural University, Beijing, China,
2Beijing Key Laboratory of Biodiversity and Organic Farming, China Agricultural University,
Beijing, China, 3Resources and Environment College, Tibet Agriculture and Animal Husbandry
University, Nyingchi, China, 4School of Foreign Studies, Nanchang University, Nanchang,
Jiangxi, China
Plant communities are complex systems shaped by a combination of

deterministic and stochastic ecological processes. Bryophytes are an essential

component of plant diversity in natural ecosystems, yet our understanding of

their community ecology needs to catch up to that of other organisms. The

unique geological history, alpine climatic conditions, and high habitat

heterogeneity of Tibet provide suitable areas for bryophytes to survive in the

alpine regions. Therefore, field surveys were conducted across 184 plots in

forest, thicket, and herbaceous vegetation of Tibet to investigate the role of

deterministic processes such as biological interactions and abiotic effects, along

with stochastic processes, in shaping the distribution of bryophyte assemblages.

We employed various analytical methods, including mixed effects models, partial

least squares pathmodeling, null model analysis, and neutral community models.

The study showed that bryophyte richness was highest in forests. Bryophyte

assemblages showed greater segregation in forest and thicket environments

compared to herbaceous vegetation. As the influence of stochastic processes

increased, that of deterministic processes decreased from forests through

thickets to herbaceous vegetation. Deterministic processes were the main

driving forces for the bryophyte assemblage pattern. Soil properties and

climatic factors, particularly pH played a key role in determining bryophyte

patterns in Tibet. This study has deepened our comprehension of how

deterministic and stochastic ecological processes interplay and shape

bryophyte distribution patterns in Tibet.
KEYWORDS
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1 Introduction

Deterministic and stochastic processes play crucial roles in

describing the mechanisms that shape the distribution and

dynamics of species within ecosystems (Ovaskainen et al., 2017).

Deterministic processes refer to ecological phenomena that are

predictable and driven by consistent, deterministic factors. The

abiotic and biotic conditions of an ecosystem, such as climate,

competition and predation influence these processes. Deterministic

processes assume that species’ presence and abundance are

primarily governed by their adaptation to specific environmental

conditions and their interactions with other species (Ovaskainen

et al., 2017). In contrast, stochastic processes describe ecological

phenomena that are unpredictable and influenced by random

fluctuations or chance events. These processes include factors

such as random environmental disturbances, demographic

fluctuations, genetic drift, and colonization/extinction dynamics.

Stochastic processes acknowledge the inherent uncertainty and

variability in ecological systems and recognize that chance events

can have significant impacts on species distribution and community

dynamics (Maciel et al., 2017). The unified neutral theory of

biodiversity and biogeography, which integrates speciation and

ecological neutrality into MacArthur and Wilson’s theory, is an

extreme example of the stochastic theory (Hubbell, 2011). Both

deterministic and stochastic processes shape species distribution

(Romme et al., 2016; Liu et al., 2018), and understanding these

processes is essential for comprehending the current distribution of

plant species.

Significant advancements have been made in understanding the

assembly and distribution of seed plant communities (Nishizawa

et al., 2022), illuminating processes such as neutral dynamics

(Siefert et al., 2013), biotic, and environmental filtering (Jung

et al., 2010). These insights have greatly enriched our

understanding of plant community ecology. However, bryophytes,

representing some of the earliest diverging lineages of land plants,

exhibit unique ecological traits and life history strategies that may

cause them to respond differently to these well-established

processes. Unlike seed plants, bryophytes have a distinct

physiological makeup, such as their poikilohydric nature, which

allows them to survive in environments that would be hostile to

most vascular plants. This fundamental difference in physiology

and scale often results in different interactions with their

environment and other organisms, potentially leading to different

assembly and distribution patterns (Song et al., 2015). Despite their

crucial roles in ecosystem functions such as water balance

regulation and nutrient cycling (Ódor et al., 2013; Song et al.,

2015), bryophytes have been relatively understudied, partly due

to their small size and less conspicuous nature compared to

vascular plants (Stehn et al., 2010). Given these considerations,

our study aims to fill the substantial gap in our understanding of

bryophyte assemblage dynamics, thereby enhancing our broader

comprehension of plant community ecology and the unique

challenges and mechanisms influencing bryophyte communities.

Bryophytes live in various types of vegetation, such as forests,

thickets, and herbaceous vegetation (Scott, 1994). These vegetation

types provide different habitat conditions and resources, thus
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providing different growth environments for bryophytes. In forest

and thicket ecosystems, bryophytes can use the humidity and shade

of the environment to find suitable growth space on the soil under the

forest. Herbaceous vegetation is usually dominated by herbaceous

plants, forming an open ground cover. Bryophytes can live on the

surface of soil on grass or in symbiosis with herbaceous plants to form

diverse bryophytes (Szövényi et al., 2004). Bryophytes’ remarkable

adaptability allows them to thrive across diverse habitat conditions,

making them vital subjects for biodiversity research (Turner and

Pharo, 2005). Given their ecological significance, investigating these

organisms in a region as ecologically unique and diverse as Tibet

offers an exceptional opportunity to deepen our understanding of

their ecological dynamics.

Tibet is located in southwestern China and is the highest and

largest plateau on Earth. This unique geographical setting offers a

wide range of microclimates and diverse vegetation types, from

dense forests to sparse herbaceous cover. It is an exemplary natural

laboratory for studying ecological adaptability. The extreme

environmental conditions, coupled with variations in topography,

vegetation cover, and human activities, create diverse vegetation

types that are ideal for investigating how bryophytes adapt to both

standard and harsh conditions. This rich variety allows our study to

explore the dynamic patterns of local and regional bryophyte

assemblages formed under the influence of both deterministic and

stochastic processes. Based on these observations, we hypothesize

that (1) the diversity of bryophytes varies significantly across

different vegetation types due to distinct microclimatic conditions,

(2) deterministic processes play a more dominant role than

stochastic processes in shaping the spatial distribution of

bryophyte assemblages, and (3) climatic factors are the main

drivers of the assembly processes in bryophyte communities. Our

research aims to test these hypotheses by addressing critical

questions about bryophyte diversity and the factors influencing

their assemblage processes.
2 Materials and methods

2.1 Study area

Tibet, known as the “Roof of the World,” is a region located in

the high mountains of Asia. Its natural environment is

characterized by immense beauty, extreme altitudes, and unique

biodiversity, situated over 4,000 meters above sea level (Mo et al.,

2004). Regionally, the climate in the southeast is warm and humid,

and the climate in the northwest is cold and arid, with distinct dry

and wet seasons, which leads to spatial differentiation of vegetation

types (Yu and Xu, 2009). The primary ecosystem types in Tibet are

forest, thicket, desert, grassland, etc (Chang, 1981).
2.2 Sampling and identification

We conducted field surveys and collected bryophytes from July

to September in 2008, 2011, 2012, 2014, 2015, 2017, and 2019. We

selected a sample site every 100 meters in elevation, which allowed
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us to capture the ecosystem characteristics and bryophyte diversity

that change with the elevation gradient. We focused our study on

the arid, semi-arid, and humid regions of Tibet to encompass

various moisture gradients, which are crucial in shaping the

structure of bryophyte communities. To better understand the

distribution and diversity of bryophytes, we classified the areas

surveyed, according to their physical features, into three vegetation

types: forest, thickets, and herbaceous vegetation. This classification

helped us to have a comprehensive understanding of the growth of

bryophytes in these specific environments (Figure 1).

In forests, this included subtropical hardleaf evergreen broad-

leaved, subtropical monsoon evergreen broad-leaved, and

subtropical mountain coniferous forests. Thickets comprised

subtropical evergreen broad-leaved shrubs, subalpine evergreen

coniferous shrubs, subalpine hardleaf evergreen broad-leaved

shrubs, and subalpine deciduous broad-leaved shrubs. The

herbaceous vegetation included desert steppe with tufted dwarf

grasses in the temperate zone, typical steppe of temperate tufted

grasses, alpine sparse vegetation, alpine cushion vegetation, alpine

Carex steppe, and alpine Kobresia meadow. Therefore, the study

sites offered a wide range of growing environments, allowing for a

more comprehensive understanding of how specific conditions

under three types of vegetation influence the diversity of

bryophytes. In each sample plot, the bryophytes on the type of

soil substrate were generally investigated, and three quadrats were

used to collect bryophytes on soils. The 0.5 × 0.5 m sampling frame

with 100 grids was used to count and record species coverage. This

standardized sampling method helped to collect consistent and

comparable data. In total, 552 quadrats across 184 plots were used

to investigate soil bryophyte species, ensuring the study’s extensive

scope and large-scale sampling contributed to obtaining high-

quality, statistically significant data. There are 44 plots in the

forest, 48 plots in the thicket, and 92 plots in the herbaceous

vegetation. Bryophyte specimens were collected from the sites,
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air-dried, and identified in the herbarium of China Agricultural

University (BAU).
2.3 Environmental variables

Annual mean temperature, annual precipitation, mean diurnal

range of temperature and solar radiation were acquired from the

WorldClim dataset (Fick and Hijmans, 2017) with a spatial

resolution of 30 s (ca. 1 km) recorded. The potential evaporation

(PET) was available from the CGIAR-CSI figshare with a spatial

resolution of 30 s (ca. 1 km) recorded (Trabucco and Zomer, 2018).

Water content, sand content, pH, organic carbon, and total nitrogen

in soil were gained at http://openlandmap.org.

Solar radiation, potential evaporation, temperature, mean

diurnal range of temperature, precipitation, nitrogen, pH, sand

content, carbon, and water content on the soil of the 184 sample

plots were extracted in ArcGIS 10.5.
2.4 Data analyses

Bryophyte coverage was calculated spatially across different

plots. Coverage at each plot represents the total coverage summed

from all quadrats within that plot. Richness data, similarly, were

calculated based on the total number of species observed within

each plot. This approach ensures that our analysis captures spatial

variations in species coverage and richness across the study area,

prior to any further statistical analysis. The differences in bryophyte

diversity among forest, thicket, and herbaceous vegetation were

investigated through the utilization of analysis of variance

(ANOVA) and Fisher’s LSD test.

To avoid issues with collinearity, we analyzed the correlation

among selected environmental factors—solar radiation, potential
FIGURE 1

The site of 184 sample plots in Tibet.
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evaporation, temperature, mean diurnal range of temperature,

precipitation, nitrogen, pH, sand content, carbon, and water

content. We retained solar radiation, potential evaporation,

temperature, mean diurnal range of temperature, precipitation,

pH, sand content, and water content. We also ensured that all

pairwise Pearson correlation coefficients (R) were below 0.8

(Supplementary Figure 1). Further analysis using partial least

squares path modeling (PLSPM) revealed both direct and indirect

impacts of environmental drivers on bryophyte assemblage stability

(Figure 2; Supplementary Table 1).

Linear model was used to assess the environmental factors crucial

for bryophyte richness across 184 plots. We address this type of

collinearity problem by using glmm.hp. Through hierarchical

partitioning, we can isolate the independent contribution of each

predictor to the variation in the response variable. By implementing

this approach, we ensured that our model’s conclusions are robust

and accurately reflected the actual influences of each environmental

factor across different vegetation subgroups, enhancing both the

accuracy and interpretability of our findings. Environmental factors

encompassed temperature, precipitation, mean diurnal temperature

range, solar radiation, water content, sand content, pH, carbon, and

(Dray and Dufour, 2007; Schielzeth and Nakagawa, 2013; Bates et al.,

2014; Kuznetsova et al., 2015; Kassambara, 2022; Lai et al., 2022).

The Redundancy Analysis (RDA) was used to determine how

closely the variation in bryophyte composition, derived from a

species-plot-coverage matrix incorporating species coverage data

for each plot, is related to the environmental conditions (Oksanen

et al., 2013). The main purpose of conducting partial mantel

correlations was to determine the strength and significance of the

relationship between two sets of variables while accounting for the

potential influence of confounding factors. We used partial mantel

correlations (9,999 permutations) to determine the extent to which

environmental factors significantly influenced the observed patterns

in bryophyte assemblage composition (species-plot-coverage
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matrix) of forest, thicket, and herbaceous vegetation (Guillot and

Rousset, 2013; Legendre et al., 2015).

The partial least squares path modeling (PLS-PM) approach

was used to investigate the relationships between latent variables

and assessed the direct and indirect associations among “climate”,

“soil properties”, and “bryophyte assemblage stability” (Sanchez

et al., 2013). Climate variables included temperature, potential

evaporation, precipitation, and solar radiation. Soil properties

were represented by metrics such as water content, sand content,

and pH levels. Bryophyte assemblage stability was quantified using

the community stability index (ICV), defined as the ratio of the

mean relative coverage of all plant species in one particular plot to

the standard deviation of this mean coverage (Tilman, 1999). This

model assessed both the direct and indirect associations among

these constructs to elucidate the underlying ecological drivers of

bryophyte community dynamics. To assess the performance of

model performance, we used the goodness of fit index (GoF)

within the range of 0.40 to 1.00 (Wang et al., 2021).

In order to assess the clustering or overdispersion of bryophyte

assemblages, the null model is examined using the checkerboard

score (C-score) method (30,000 simulations) (Stone and Roberts,

1990); (Gotelli et al., 2015). We calculated the checkerboard score

(C-score) and Standardized Effect Size (SES) for each vegetation

type to determine patterns. The C-score is an ecological index

utilized to characterize co-occurrence patterns and is a valuable tool

for quantifying the tendency of interspecific repulsion among

bryophyte species. Standardized effect size (SES) was used to

standardize the C-score (Gotelli and McCabe, 2002). A higher

standardized effect size (SES) value indicates overdispersion, while

a lower SES value indicates underdispersion compared to the

expected null value (Swenson, 2014; Mo et al., 2021).

The analysis was spatially conducted within each assemblage

type, allowing us to evaluate community structure by comparing

observed species frequencies against the model’s predictions. One

thousand bootstrap replicates were generated, and the resulting

distribution of fitting statistics was used to calculate the 95%

confidence intervals. We partitioned the species within each

dataset into three groups based on their occurrence frequency

relative to the 95% confidence interval of the NCM predictions:

above partition (more frequent), below partition (less frequent), and

neutral partition (within the interval). The community connectivity

quantifies the potential for species dispersal within the bryophyte

assemblage, considering the geographical layout of the sampling

plots. We calculated the geographical distance between sampling

plots by using the latitude and longitude coordinates recorded.

Subsequently, we evaluated the connectivity of the bryophyte

assemblage by analyzing the degree to which individual plots

within the sampling grid are interconnected through potential

dispersal pathways (Yeh et al., 2015).

The Modified Stochasticity Ratio (MST) is a metric that

quantifies the influence of stochastic and deterministic processes

on bryophyte dynamics. We chose the MST over the standard

Normalized Stochasticity Ratio (NST) due to the latter’s occasional

calculation errors resulting in values outside the 0 to 1 range. Below

the 50% threshold, deterministic factors dominate with predictable

effects, while above the 50% threshold, stochastic factors become
FIGURE 2

The direct and indirect effects of soil and climate on the bryophyte
assemblage stability in the Tibet Plateau based on partial least
squares path modelling. Each oval represents a latent variable (e.g.,
climate). The path with arrowhead and coefficient indicates a
unidirectional cause-total effect between variables. Path coefficients
are reflected by the widths of the arrows and the numbers next to
the arrows. GOF, the goodness of fit.
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more influential, leading to species dynamics driven by

environmental uncertainty and randomness (Ning et al., 2019).

MST based on Bray-Curtis dissimilarity (MSTbray) was utilized to

quantify the level of stochasticity in the assembly of ecological

communities in the study. The code used for the analyses in this

paper can be found in Supplementary Data Sheet 1.
3 Results

3.1 Richness of bryophytes

This study recorded 324 bryophyte species through

investigation of sampling plots. The richness of bryophytes

gradually decreased along the forest, thicket, and herbaceous

vegetation (Figure 3). The highest richness of bryophytes was in

forest, which significantly higher than that of herbaceous

vegetation. It should also be noted that there was no significant

difference in bryophyte richness between the thicket and both the

herbaceous vegetation and the forest.

pH were the highest factors in explaining the bryophyte

diversity variation in Forest, Thicket, and Herbaceous vegetation

(Figure 4). The richness of bryophytes exhibited a negative

correlation with solar radiation, mean diurnal range of

temperature and pH, while showing a positive correlation with
Frontiers in Ecology and Evolution 05
longitude, potential evaporation, precipitation and water content

(Supplementary Figure 2).
3.2 Relationship between bryophyte
assemblages and environmental factors

The first two axes of Redundancy Analysis (RDA) accounted for

45.91% (28.84% + 17.07%) of the total variance (Figure 5). The

bryophyte assemblage of forests displayed a positive correlation

with high precipitation and water content levels. In contrast, the

bryophyte assemblage of herbaceous vegetation was associated with

elevated solar radiation, mean diurnal range of temperature, pH,

and sand content. In bryophyte assemblage of forest, significant

correlations were found between bryophyte assemblages and pH

(0.132), mean diurnal range (0.102), and potential evaporation

(0.076, Table 1). In bryophyte assemblage of thicket, significant

results were observed for solar radiation (0.232), potential

evaporation (0.197), pH (0.188), precipitation (0.131), mean

diurnal range (0.121), and temperature (0.112).

Further analysis using partial least squares path modeling

(PLSPM) revealed both direct and indirect impacts of

environmental drivers on bryophyte assemblage stability

(Figure 2, Supplementary Table 1). The stability of bryophyte

assemblage was influenced by climatic and soil factors (Figure 2),

as indicated by PLSPM, which explained a total effect of 0.512 and
FIGURE 3

The bryophyte diversity differences among different vegetation types. Lowercase letters indicate significant differences among vegetation types at
the 0.05 error probability level, as determined using Fisher’s LSD test. The boxes represent the range of values between the third and the first
quartile. Outliers are values that do not fall within 1.5 times the interquartile range of the first and third quartiles (indicated by the whiskers). In each
box, the horizontal black line represents the median, while the hollow point represents the mean value.
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0.226 on bryophyte assemblage stability in the climate and soil

(Table 1). Specifically, the climate had a total effect of 0.691 on soil

properties, leading to indirect changes in bryophyte assemblage

stability (0.226, Table 1). Additionally, soil properties directly and

positively affected bryophyte assemblage stability (0.324) (Figure 2)

as well.
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3.3 Bryophyte co-occurrence patterns

Bryophyte assemblages in forests (2.89%), thickets (1.48%), and

herbaceous vegetation (3.05%) exhibited a notable disparity

between the observed C-scores and values generated from

random simulations, indicating a significant difference in co-
B CA

FIGURE 4

Summary of linear mixed effects model analyzing the effects of environmental factors on the bryophyte diversity of (A) forest, (B) thicket, and
(C) herbaceous vegetation.
FIGURE 5

Relationship between bryophyte assemblage and environment based on dissimilarities among different vegetation types using RDA. The positions in
ordination space are shown for 184 plots and environmental factors. The ellipses were calculated around barycenters with a confidence level of 0.95.
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occurrence patterns among these vegetation types (p < 0.05).

Therefore, the co-occurrence patterns of bryophyte assemblages

in different vegetation types were non-random (Figure 6).
3.4 Deterministic and stochastic processes
affecting bryophyte assemblages

The neutral community model (NCM) provided a robust

estimation of a substantial portion of the association between

species occurrence frequency and their relative coverage

fluctuations. Specifically, the NCM explained 0.120, 0.492, and

0.595 of the variances observed in the bryophyte assemblages

within forest, thicket, and herbaceous vegetation, respectively. The

degree to which the bryophyte assemblages were affected by

stochastic processes increased gradually in the forest, thicket and

herbaceous vegetation (Figure 7). The connectivity of bryophyte

assemblages in herbaceous vegetation was considerably greater

compared to those in forest and thicket (Supplementary

Figure 3). The Modified Stochasticity Ratio based on the Bray-
Frontiers in Ecology and Evolution 07
Curtis dissimilarity (MSTbray) index increased along the forest,

thicket, and herbaceous vegetation (Figure 8). This indicated that

the extent to which bryophyte assemblages were affected by

deterministic processes decreases along forest, thicket, and

herbaceous vegetation environments.
4 Discussion

4.1 Environmental filtering

Bryophyte diversity and spatial distribution patterns are shaped

by environmental factors such as climate and soil properties. In

regions like Tibet, characterized by the world’s most robust solar

radiation, bryophyte energy inputs are significantly influenced

(Raabe et al., 2010). As poikilohydric organisms, bryophytes

require moist environments for growth and reproduction; rapid

evaporation of moisture in these regions makes it difficult for them

to thrive (Liu et al., 2021). Additionally, high solar radiation can

cause cellular damage, decreasing growth and reproduction rates.
TABLE 1 Relationships among bryophyte assemblages in forest, thicket, and herbaceous vegetation and their environment.

Environmental
factors

Forest
mantel’s r

Forest
mantel’s p

Thicket
mantel’s r

Thicket
mantel’s p

Herbaceous
vegetation
mantel’s r

Herbaceous
vegetation
mantel’s p

Solar radiation 0.059 0.074 0.232 0.001 0.020 0.383

Potential evaporation 0.076 0.044 0.197 0.003 0.048 0.226

Temperature 0.071 0.061 0.112 0.024 0.108 0.068

Mean diurnal range 0.102 0.013 0.121 0.025 −0.064 0.777

Precipitation 0.039 0.250 0.131 0.028 −0.012 0.534

pH 0.132 0.001 0.188 0.002 −0.083 0.867

Sand content 0.051 0.123 −0.023 0.639 0.106 0.083

Water content −0.017 0.663 −0.021 0.609 −0.031 0.823
B CA

FIGURE 6

Co-occurrence patterns shaping the bryophyte assemblage assembly of (A) forest, (B) thicket, and (C) herbaceous vegetation. C-score metric using
null models. The values of observed C-score (C-scoreobs) > simulated C-score (C-scoresim) indicate non-random co-occurrence patterns.
Standardized effect size < −2 and > 2 represent aggregation and segregation, respectively. The blue bars indicate the observed C-score (C-scoreobs)
and the simulated C-score (C-scoresim) for each type of vegetation. The red lines represent the standardized effect size (SES) of the C-scores.
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Bryophytes’ sensitivity to temperature fluctuation further

challenges their survival in such regions. The relationship

between mean daily temperature variation and bryophyte

diversity is intricate, as species require specific temperature

conditions (Király et al., 2013; Yeh et al., 2015). Tibet’s extreme

temperature fluctuations may surpass the optimal range for several

species, limiting their distribution and decreasing diversity (Aude

and Poulsen, 2000; Brunialti et al., 2010), resulting in reduced
Frontiers in Ecology and Evolution 08
richness in areas with higher mean diurnal temperature ranges

(Supplementary Figure 2).

Soil pH, as a pivotal abiotic factor, plays a significant role in

various bryophyte ecological processes, including nutrient

availability and metal toxicity (Concostrina-Zubiri et al., 2022).

Bryophytes, with their unique physiological characteristics of

directly absorbing nutrients and water through surface cells, are

particularly sensitive to changes in soil pH (Ren et al., 2021). This
FIGURE 8

Bryophyte assemblage process measurements by the dominance test. The Modified Stochasticity Ratio (MST) was developed based on Bray-Curtis
dissimilarity (MSTbray) with 50% as the boundary point between more deterministic (< 50%) and more stochastic (> 50%) assembly. Lowercase letters
indicate significant differences at 0.05 error probability levels among vegetation types. The boxes represent the range of values between the third
and the first quartile. Outliers are values that do not fall within 1.5 times the interquartile range of the first and third quartiles (indicated by the
whiskers). In each box, the horizontal black line represents the median, while the hollow point represents the mean value.
B CA

FIGURE 7

The fit of the neutral community model (NCM) of bryophyte assemblage. The predicted occurrence frequencies for (A) forest, (B) thicket, and
(C) herbaceous vegetation, and all representing bryophyte assemblage from the forest, thicket, and herbaceous vegetation, respectively. The solid
blue lines indicate the best fit to the NCM, and the dashed blue lines represent 95% confidence intervals around the model prediction. Species that
occur more or less frequently than predicted by the NCM are shown in different colours. R2 indicates the fit to this model.
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sensitivity is crucial in understanding how pH variations can impact

bryophyte growth and survival. High or low pH levels alter the

solubility of nutrients and toxins, which are directly absorbed and

can significantly affect metabolic processes in bryophytes (Tyler and

Olsson, 2016). Certain physiological traits of bryophytes make them

especially susceptible to, or capable of adapting to, these pH

changes. Research has indicated clear pH preferences for different

bryophyte species, underscoring the selective pressure exerted by

soil pH on community composition. Moreover, soil pH acts as an

environmental filter within bryophyte communities, shaping

community assembly by favoring species that can thrive within

specific pH ranges. This filtering effect leads to distinct community

dynamics, where only those species adapted to prevailing soil pH

conditions can establish and persist, highlighting the critical role of

soil pH in ecological processes and bryophyte richness in

Tibet (Figure 4).
4.2 Co-occurrence patterns

The co-occurrence patterns of bryophyte assemblages in different

vegetation types are non-random, and the co-occurrence patterns

tend to be less segregated from forests to herbaceous vegetation

(Figure 6). Several reasons might explain this finding. Bryophyte

species may have varying ecological preferences or tolerances to

environmental factors, leading to changes in their co-occurrence

patterns. Forests are generally more structurally complex than thicket

and herbaceous vegetation, providing a broader range of

microhabitats, potentially allowing for more niche partitioning

among bryophyte species and resulting in more segregated

co-occurrence patterns (Pócs, 1982). Furthermore, the strength and

type of interactions between bryophyte species may vary across

different vegetation types; in the forest, competition is more

intense, leading to more segregated patterns. Dispersal limitation

also plays a role, as the dispersal abilities of bryophyte species differ

across vegetation types due to variations in the surrounding

landscape, leading to non-random co-occurrence patterns. Lastly,

different vegetation types may experience distinct disturbance

regimes, such as fire, wind, or herbivory, which can impact

bryophyte species’ co-occurrence patterns (Maren et al., 2018).

Generally, disturbance can promote species coexistence by creating

opportunities for colonization and reducing competitive exclusion.
4.3 Deterministic processes and
stochastic processes

Deterministic processes in ecology refer to non-random events

and forces that shape assemblage composition and dynamics, such

as competition, predation, and environmental filtering. Bryophyte

assemblages in forests are typically influenced more by

deterministic processes compared to those in herbaceous

vegetation (Figure 8). In forests, which are typically found at

lower elevations, can be attributed to several factors associated

with bryophyte interactions and environmental filters, such as light,

water, and nutrients (Turetsky et al., 2012). The competition for
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resources can be particularly intense in the understory of dense

forest canopies, where bryophytes must compete with each other for

limited resources (Silva et al., 2014; Valente et al., 2017). Bryophyte

interactions with other members of the forest ecosystem, such as

soil microbes and decomposers, can also play a role in determining

assemblage composition and dynamics (Hamard et al., 2019).

Environmental filters in forest ecosystems can also strongly

influence bryophyte assemblage composition and dynamics

(Ovaskainen et al., 2017). For example, soil chemistry, moisture

levels, and light availability can all act as filters that limit the range

of bryophyte species that can successfully colonize a given area

(Fattorini and Halle, 2004). Because of the extreme environmental

conditions in Tibet, deterministic processes play a more important

role in bryophyte assemblages than stochastic ones (Figure 8).

Bryophyte species in these environments are constantly adapting

their adaptation strategies to survive the harsh climate and high

altitude (Proctor et al., 2007; He et al., 2016). These adaptations lead

to decisive processes that drive the composition and structure of

bryophyte assemblages.

The dispersal ability of bryophytes is critical in stochastic

processes, particularly since they tend to occupy spatially limited

patches of habitat. The widespread distribution of many bryophyte

species may result from frequent and sustained long-distance

dispersal, with spores being the primary mode of dispersal (Lewis

et al., 2017). In our study area, we also observed that the connectivity

of bryophyte assemblage is higher in herbaceous vegetation

compared to forests (Supplementary Figure 3). Studies indicate that

bryophyte spores typically disperse under dry conditions, a strategy

known as xerochastic dispersal, which is conducive to their

transmission over greater distances. Dry conditions facilitate better

airborne transportation of spores, especially in open areas such as

high-elevation herbaceous vegetations where wind effects are more

pronounced, thus enabling spores to travel further. Additionally, the

ultrastructural features of spores, such as sporoderm thickness and

plastid development, may also relate to their dispersal strategies

across different habitats (Medina and Estébanez, 2014).

Consequently, bryophytes could easily dispersal to other areas in

the herbaceous vegetation.

Consequently, deterministic and stochastic processes provide

insights into the factors that shape bryophyte assemblages in the

Tibet region. Deterministic processes emphasize biological

interactions as well as environmental filtering. In contrast, the

neutral theory of stochastic processes emphasizes the role of

dispersal and the importance of aspects of ecological stochastic

events. These perspectives suggest that a combination of

deterministic and stochastic processes influences bryophyte

assemblages in Tibet.
5 Conclusions

In this study, we used a combination of deterministic and

stochastic processes to investigate the key factors influencing the

diversity and assemblages of bryophytes in Tibet. Our results

showed that the richness of bryophytes gradually decreased along

the forest, thicket, and herbaceous vegetation, with the richness of
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bryophytes in forests being significantly higher than that in

herbaceous vegetation. The co-occurrence patterns of bryophyte

assemblages were more segregated in forests and thickets than in

herbaceous vegetation. Stochastic processes increasingly influenced

bryophyte assemblages within forest, thicket, and herbaceous

vegetation environments. In deterministic processes, climate and

soil properties were key factors in shaping the stability of bryophyte

assemblages. Climate directly impacted the stability of these

assemblages, while also indirectly influencing them by altering

soil properties. pH was considered as the primary drivers of

bryophyte diversity across all vegetation types. These findings

contribute to a better understanding of the ecological processes of

bryophytes in Tibet.
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