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Abstract: Elevation has been a cornerstone of biodiversity research, and changes in the environmental
factors behind it influence biodiversity and community patterns. Exploring the potential reasons
behind liverwort community patterns has been a matter of multiplied interest for ecologists. In
the present study, we recorded the liverwort taxa of Sygera Mountain growing on decaying wood,
trees, soil, and rocks along an elevational gradient from 3100 m to 4500 m using complex field
surveys in 2017 and 2019; we investigated the effects of elevation and various climatic factors
on the liverworts’ diversity and community composition. Furthermore, we used mixed effect
modeling, NMDS, ANOSIM, and CCA to help us critically assess liverwort diversity with respect
to environmental variables. The results of the study showed a bimodal variation in the richness
of liverwort communities according to elevation, with peaks occurring at 3500 m and 4100 m,
respectively. The variation in elevation was significant, with communities at 4300 m being associated
with high mean diurnal range environments and those at 3100 m and 3300 m favoring areas of higher
solar radiation and the precipitation of the wettest month. Among the climatic factors, the variation
in the mean diurnal range was found to be the determinant of liverwort communities. The results
suggest that the mean diurnal range plays a crucial role in the distribution and community structure
formation of mountain liverwort. This study deepens our understanding of liverwort ecology and

emphasizes the importance of climatic variables in determining liverwort community composition.

Keywords: liverwort; richness; elevation; Sygera Mountain; Tibet

1. Introduction

Deciphering the patterns and drivers of biodiversity is one of the fundamental chal-
lenges in the fields of biogeography and ecology. Elevational gradients as natural lab-
oratories provide valuable insights into this field. The relationship between elevation
and diversity has been a focus of ecological research since Humboldt’s early 19th-century
observations of changes in Andean vegetation [1]. While early studies largely outlined
descriptive patterns, recent advances, supported by sophisticated field tools and math-
ematical statistical methods, have delved into the mechanistic underpinnings of these
patterns [2,3].
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Elevational gradients have long been used as natural laboratories for studying species
diversity and distribution [4]. Traditionally, mountainous areas have commonly shown
a pattern of declining species diversity as elevation increases, primarily due to climatic
limitations [5]. However, a number of studies have revealed that many mountain ranges
display puzzling peaks in intermediate elevation diversity and have challenged the classical
paradigm [6]. Several hypotheses—ranging from evolutionary dynamics and habitat het-
erogeneity to species interactions—have been posited to explain these intricate patterns [7].

Elevation reflects a series of interrelated biotic and abiotic determinants. As an eleva-
tion rises or falls, there are certain changes in climate, soil composition, and geographic
processes [8-10]. The role of climate in shaping biological processes is well known. As
elevation increases, decreases in temperature and pressure become pronounced, which
affect the physiological and metabolic activities of organisms [11]. Changes in diurnal
temperature differences, the frequency of frost events, and changes in precipitation patterns
across the elevation gradient determine species’ life strategies [12]. Parallel to climatic
influences, elevation significantly alters the soil profile of an area. From depth and texture
to nutrient content, soils change with elevation gradients [13]. Geology and topography
resulting from a variety of geographic processes further amplify the biological impacts of
elevation [14]. Processes such as erosion, glaciation, and tectonic activity can both create
barriers to species dispersal and open up new habitats [15]. The orientation of hillsides can
determine sunlight exposure, drainage patterns, and windbreaks, all of which can regulate
local microclimates and influence the life histories of species [16,17].

The diverse ecological niches presented by mountain ranges on different continents
create a rich tapestry of environments for bryophytes. This provides an unparalleled op-
portunity to study their adaptations and survival strategies under varying climatic and
geographical conditions [18-21]. This global perspective not only enriches our under-
standing of bryophytes’ role in ecological networks but also deepens our insights into
how environmental factors contribute to their diversity and distribution. Furthermore,
comparative studies across these mountain ranges present a compelling narrative on the
universality and specificity of ecological factors influencing bryophyte communities [22].
By examining the similarities and differences in bryophyte diversity across diverse moun-
tainous landscapes, these studies illuminate the complex interplay between local and global
ecological dynamics [23].

Liverworts, among the earliest groups of land plants, have an evolutionary history that
can be traced back according to periods ranging from 29.7 to 37.6 million years ago [24,25].
They are usually non-vascular bundles and lack the special tissue system found in more
evolved plants [26]. On the contrary, they have a simple structure that is either thalloid
(flat and banded) or leafy [27]. They mainly fix themselves on wet substrates, from soil
and rotten wood to rocks, usually in a cool or humid environment [28]. Some species have
even adapted to more challenging terrains, such as bare rocks or tree trunks. In liverworts,
rhizoids are recognized as slender, hair-like appendages primarily functioning to secure
the plant to its substrate. While they do assist in the absorption of water and nutrients,
this role is somewhat limited compared with the entire plant body [29,30]. Liverworts
show innumerable forms of adaptability to survive in different environments. Many
species are resistant to dehydration, can withstand drying, and then rehydrate when
water is available [31]. Others form a symbiotic relationship with fungi to promote nutrient
absorption [32]. They thrive in habitats such as forests, riverbanks, and moist meadows [33].
Furthermore, their adaptability enables them to settle in a range of habitats from tropical
rain forests to Arctic tundra [34,35].

Tibet is located in the western part of China, with an average elevation exceeding
4000 m. Its intricate geological and climatic history has shaped a diverse range of habi-
tats, barriers, and crossroads, with the southern regions being relatively humid and the
northern and western parts relatively dry [36]. Such a unique combination of climatic and
topographic features makes Tibet a significant reservoir of liverwort flora [16]. Studying
liverwort plants in this extreme environment offers insights into the resilience and diver-
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sity of plants in challenging habitats. Given their role as ecological indicators, liverworts
in Tibet can highlight subtle biome shifts and broader climatic changes, enhancing our
comprehension of biodiversity dynamics in alpine settings. Specifically, we chose Sygera
Mountain in Tibet, which lies at the transition point between semi-arid and humid zones
for our investigation into the elevational distribution of bryophytes. Thus, this study aims
to address the following questions: (1) How does the diversity of liverwort change along
the significant elevational gradient in Tibet? (2) What are the main factors that drive or
limit liverwort diversity? (3) Which environmental variables play a crucial role in shaping
the liverwort community patterns?

2. Materials and Methods
2.1. Study Area

Sygera Mountain is situated in the southern region of the Qinghai-Tibet plateau and
is characterized by its rugged and varied topography, spanning from 29°30’ to 29°50’ N,
latitude, to 94°30’ to 94°54’ E, longitude. The elevation here varies greatly, from steep cliffs
to gentle aspects and from deep valleys to towering ridges, and forms a series of habitats.
The complex topography has created a large number of microhabitats, each of which has
its own unique niche. The vegetation of Sygera Mountain reflects the transitional nature
of the southern Qinghai-Tibet plateau. At low elevations, forests are mainly composed of
deciduous species; with the increase in elevation, forests gradually transition to coniferous
ones. In alpine areas, there are meadows and bushes. There are two aspects of Sygera
Mountain. The southern aspect is warmer with more direct sunlight, whereas the northern
aspect is cooler and wetter with less direct sunlight [37]. The northern aspect is more
shaded, receives less direct sunlight, and is cooler and wetter. The climate of Sygera
Mountain is affected by its elevation gradient and the position of the southeastern edge of
the Qinghai-Tibet plateau. Generally speaking, it belongs to subalpine and alpine climates.
Summer is relatively mild, with more precipitation. The winter is cold, and there is a large
amount of snow in high elevation areas. The unique climatic conditions of the region,
coupled with changes in topography, form different temperature and humidity regions,
each with its own special flora and fauna.

2.2. Sampling and Identification

In August 2017, systematic field investigations targeting liverworts were conducted
on Sygera Mountain. Sampling efforts were strategically dispersed across eight distinct
elevational zones, spanning elevations of approximately 3100 m to 4500 m at intervals
of 200 m. Within each of these elevation brackets, multiple substrates were sampled to
provide a holistic understanding of liverwort ecology in the region. Specifically, from each
aspect, liverworts were sourced from three individual trees, three distinct rock formations,
three decaying logs, and two soil sample plots.

For the tree quadrats, we conducted our sampling at various locations along the
trunk, precisely at 0 m, 0.5 m, 1.0 m, and 1.5 m. At each of these locations, we collected
samples from the four cardinal directions—east, south, west, and north—with each quadrat
spanning an area of 0.1 m x 0.1 m. Regarding the decaying log quadrats, we meticulously
selected a total of 16 quadrats, maintaining the dimensions of each at 0.1 m x 0.1 m. For
the soil and rock quadrats, we standardized the size of each quadrat to 0.5 m x 0.5 m,
ensuring consistency across all samples. Additionally, each sample quadrat box consisted
of one hundred grids; we counted these grids to calculate the species coverage. At the same
time, pieces of information such as longitude, latitude, and elevation were recorded. This
rigorous sampling strategy ensured an encompassing representation of liverwort diversity
across these elevational gradients. A total of 38 plots were set up. All procured specimens
have been archived at the Herbarium of China Agricultural University (BAU) for future
study.
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2.3. Environmental Variables

Environmental parameters serve as a fundamental framework to understand the
intricate interactions and feedback mechanisms within ecosystems. Therefore, we sourced
high-resolution datasets from globally recognized repositories. Specifically, we extracted
metrics for solar radiation, water vapor pressure, wind, temperature, mean diurnal range,
temperature, isothermality, and the precipitation of the wettest month from the WorldClim
database, which shows a resolution of approximately 1 km [38]. Additionally, the aridity
index and potential evapotranspiration were procured from the CGIAR-CSI repository
through Figshare and presented at an analogous spatial granularity of 30 s (circa 1 km) [39].

Concurrently, we used R language (R 4.2.3 version) to extract and synthesize the envi-
ronmental parameters for each plot. To reduce the impact of multicollinearity, we retained
only one variable from a pair of environmental variables with an absolute correlation
coefficient greater than 0.7 (Ir| > 0.7) (Figure 1) (Origin 2022 version). Finally, we selected
solar radiation, mean diurnal range in temperature, isothermality, and the precipitation of
the wettest month for subsequent analysis.

Solar Radiation ‘ . . ' ‘
Water Vapor Pressure 0.92 . . . ‘
Wind | -096 -0.98 . ‘ .

*

Aridity | -0.92 -0.83 0.90

Potential Evapotranspiration 0.96 0.98 -0.99 -0.92

Temperature 0.94 1.00 -0.99 -0.88 1.00

*

Mean Diumal Range -0.20 2013 1 )23 2016 2015

Isothermality 0.64 0.66 -0.68 -0.74 0.72 0.69 0.42 =
—0.6
Precipitation 0.65 0.87 -0.78 -0.45 0.76 0.82 0.40 ‘
—0.8
Precipitation of Wettest Month 0.47 0.73 -0.62 -0.24 0.60 0.67 0.27 0.96
=1,
X o 0 ) G N o5 W (O &\\
S g W e & QC&\ W > \\e“‘\%\ d\é‘\%\\ s@‘\oo
5 S : N &
o q «° » & <@ SRS e &
5 N & o
«{ PR W &
g Ao
° R

Figure 1. Correlations between environmental variables. The figure depicts pairwise comparisons
among environmental factors, employing a color gradient to visualize Pearson’s correlation coefficient.
Significance levels are indicated as follows: *, 0.01 <p < 0.05.

2.4. Data Analyses

In order to delineate the role of environmental determinants on liverwort diversity,
the generalized mixed effect model was used [40]. Specifically, elevation, aspect, solar
radiation, mean diurnal range in temperature, isothermality, the precipitation of the wettest
month, and matrix were incorporated as fixed effects. Crucially, to account for inherent
variability and site-specific deviations, location was integrated as a random effect in the
model [41-45].

In our effort to understand the differences in liverwort community composition at
various elevations, we used non-metric multidimensional scaling (NMDS). Subsequent to
this, a Hellinger transformation was applied to the species-location matrix, which enhanced
the analytical robustness. By calculating a 95% confidence ellipse around the centroid, we
were able to define a representation for a “typical” elevation sample [46]. Moreover, to test
distinctions across elevation, orientation, and liverwort species communities, an analysis
of similarity (ANOSIM) was conducted using 999 permutations based on Bray—Curtis
distances [47].
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To thoroughly examine the relationship between liverwort community patterns and
environmental factors, we conducted canonical correspondence analysis (CCA) [47]. The
community data analysis utilizes a species-plot coverage matrix. The environmental
variables selected for this study include elevation, solar radiation, mean diurnal range in
temperature, isothermality, and precipitation of wettest month. Pairwise distances for each
environmental variable were meticulously computed. Leveraging partial Mantel tests with
9999 permutations, we delineated the intricate associations between liverwort community
composition and the environmental parameters under investigation.

3. Results
3.1. Variation in Liverwort Diversity with Elevation and Aspect

There are a total of 103 species of liverworts in our sample area from 42 genera in
8 families (Supplementary Materials, File S1). The richness of liverworts exhibited a bimodal
distribution with elevation, varying significantly across different elevations (Figure 2A). At
lower elevations (3100 m), species richness was moderately high. As elevation increased to
3500 m, an increase in species richness was observed, reaching the first peak. At 4100 m
of elevation, there was a notable increase in richness, reaching a peak that signifies the
highest species richness amongst the studied elevations. The richness declined steeply
from elevations of 4100 m to 4300 m and then maintained a low richness.

®B)

25 -

204

w
1

Richness

o
1

T T
3100 m 3300 m 3500m 3700 m 3900 m 4100 m 4300 m 4500 m East West

Elevation Aspect

Figure 2. The liverwort richness in different elevations and aspects of (A) elevation and (B) aspect.
Large square box in the graph represents the interquartile range (IQR) that encompasses the values
between the first and third quartiles. Outliers are values that fall outside the range of 1.5 times the
IQR, as denoted through the solid diamonds. Within each box, the horizontal black line represents
the median, while the mean value is indicated through a hollow square.

When we compared the mountains’ aspects, liverwort richness exhibited a difference
between the east and west aspects (Figure 2B). The eastern aspect demonstrated a lower
median species richness compared with the western, which displayed higher variability in
richness.

The mixed-effect model analysis identified several key environmental predictors of
liverwort species richness. The most influential fixed effect was elevation, and that alone
accounted for a substantial portion of model variance (individual effect size = 0.335),
highlighting its dominant role in shaping liverwort distribution patterns (Figure 3). This
was followed by matrix complexity, which had an individual effect size of 0.196, indicating
its importance in liverwort habitat heterogeneity. Other environmental variables, which
included mean diurnal temperature range, solar radiation, aspect, the precipitation of the
wettest month, and isothermality, also contributed to explaining the richness of liverworts,
albeit to a lesser extent. Their individual effect sizes ranged from 0.071 for the mean diurnal
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range to 0.020 for isothermality, demonstrating that these factors, while relevant, were less
critical than elevation and matrix structure.
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Figure 3. Effects of environmental variables on liverwort richness. The model used variables like
elevation, aspect, solar radiation, mean diurnal range in temperature, isothermality, precipitation
of the wettest month, and matrix as the fixed effects. Site variations were considered random
effects. R2m denotes the determination coefficient for fixed effects, whereas R2c reflects the combined
determination coefficient for both fixed and random effects.

The fixed effects of the model (R?m) accounted for 0.749 of the variance in liverwort
richness, which suggested that most of the variability can be explained through the envi-
ronmental variables included in the model. The combined determination coefficient (R%c),
which encompasses both fixed and random effects, was slightly higher at 0.788. It indicated
that site factors also play a small role in shaping the richness patterns observed.

3.2. Relationship between Liverwort Communities and Environmental Factors

Non-metric multidimensional scaling (NMDS) analyses revealed distinct structuring
of liverwort communities across different elevational bands (Figure 4A). The stress value of
0.109 indicates a reliable two-dimensional representation of the community dissimilarities.
There was a separation between communities at different elevations. The ANOSIM analysis,
using the Bray—Curtis similarity metric, substantiated the observed elevational variation
in liverwort community composition. It revealed a significant R value of 0.135 (p = 0.019)
that denoted compositional differences across elevations despite some overlap (Figure 4B).
Notably, the shift in community composition was most pronounced when transitioning
from 3100 m to 3300 m. The spread and range of the data increased with elevation, which
suggested a higher community variability at higher elevations.

Canonical Correspondence Analysis (CCA) elucidated that the first two axes account
for 50.6% of the total variance in the intricate relationships between liverwort communities
and environmental gradients across varying elevations (Figure 5A). Communities situated
at the highest surveyed elevations (4300 m) exhibited a strong affiliation with regions
of the elevated mean diurnal range. In stark contrast, those residing at lower elevations
(3100 m and 3300 m) were predominantly associated with locales characterized by enhanced
solar radiation and increased precipitation of the wettest month. This distribution pattern
suggests a discernible partitioning of liverwort niches along the environmental axes of
solar radiation and moisture availability.
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Figure 5. Liverwort community interaction with environmental factors. (A) CCA illustrates the
disparities between various elevations. Ellipses were formed around the barycenters and were
significant at a 0.05 level of confidence. (B) A visual comparison of environment-related aspects is
mapped, with varying hues indicating Pearson’s correlation values. Boundary tint signifies the level
of statistical relevance. Edge thickness represents mantel’s r.

Notably, the variance in mean diurnal range emerged as the most influential envi-
ronmental determinant, which suggested that daily temperature fluctuations may play a
pivotal role in shaping the structure of these communities. The CCA plots further sub-
stantiate these findings, revealing a conspicuous stratification of community structure
along the gradient of the mean diurnal temperature range. This stratification elucidates
the nuanced interplay between biotic assemblages and the abiotic factors that define their
niches, reinforcing the preeminence of temperature variability as a cardinal driver of eco-
logical zonation within high-elevation liverwort communities. Meanwhile, the elevation,
the precipitation of the wettest month, and solar radiation also had significant effects on
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liverwort communities. In contrast, factors such as isothermality, despite their recognized
ecological significance, did not register as significant influences within the context of our
liverwort datasets (Figure 5B).

4. Discussion
4.1. The Influence of Elevation on Liverwort Diversity and Community Composition

Liverwort richness thrives on Sygera Mountain, and our study underscores the nu-
anced relationship between elevation and biodiversity. The bimodal pattern of liverwort
richness observed across the sampled elevations unravels the intricate ecological nuances
of this mountainous region. Specifically, two prominent peaks in liverwort richness at
elevations of 3500 m and 4100 m indicate two distinct zones favoring liverwort diversity.

The peak at 3500 m may coincide with a vegetative transition zone characterized by
an amalgamation of coniferous and broad-leaved forests with mild climatic conditions.
This creates a unique interplay between low and high elevation conditions and promotes a
range of microhabitats, thereby enriching liverwort diversity. Furthermore, the presence
of a richness peak at mid-elevations can be attributed to several biologically plausible
processes that result in hump-shaped elevational patterns. This pattern is primarily driven
by the accumulation of species at mid-elevations that migrate from both lower and higher
elevations. This phenomenon, as explained through previous research [39,40], can be
attributed to the overlap zone created by either non-self-sustaining sink populations or a
more permanent overlap of different floras [48,49]. Considering the significant ecological
variations that occur within short geographical distances in mountainous regions, liverwort
community composition undergoes substantial changes along the elevation gradient [50,51].
Therefore, the observed peak in liverwort richness at mid-elevation is likely the result of
an overlap in species ranges, whereby species from lower elevations mix with those from
higher elevations on Sygera Mountain. This finding aligns with previous research on
liverworts in Colombia [52].

The 4100 m peak appears to be a bastion of high ecological diversity for liverworts on
Sygera Mountain [16]. Our winter field surveys revealed a significant presence of snow that,
despite not being perennial, tends to melt later in the season. This delayed melting of snow
provides a consistent moisture source for the liverworts, and the insulating properties of the
snow could offer some thermal protection [53,54]. However, richness starts to decline above
4100 m, plunging at 4300 m. This suggests the constraining factors of high elevation are as
follows: diminished atmospheric pressure, colder temperatures, limited liquid water due
to freezing conditions, and potentially hostile soil conditions that can restrict the diversity
of liverworts.

Although the area gradually decreases from low to high elevation, which affects the
richness of liverworts, transitional zones exist at mid-elevations. In these zones, forests,
including community transition areas at moderate elevations, play a significant role in
liverwort richness, which lead to a bimodal state [55-57]. In our study of liverwort richness
on Sygera Mountain, the bimodal distribution pattern strikingly mirrors similar findings
in diverse mountainous regions such as La Réunion [58], suggesting that mid-elevation
zones often act as crucial ecological refuges. Integrating these dimensions into our eco-
logical analysis promises to deepen our understanding of liverwort distribution patterns,
contributing meaningfully to biogeographical and ecological conservation studies. This
holistic approach, especially pertinent in island ecosystems, is instrumental in dissecting
the intricate ways in which varied environmental factors orchestrate species diversity
across different elevational gradients [59], thereby offering invaluable insights for effective
biodiversity conservation and ecosystem management strategies in complex mountain
ecosystems.

4.2. The Impact of Climatic Factors on the Community Structure of Liverworts

Climate will also have an important impact on the community structure of liverworts.
Our study finds that the most significant determinants for liverwort communities are the
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mean diurnal range, elevation, the precipitation of the wettest month, and solar radiation.
Mountainous regions often have complex topographies, which can create a multitude of
microclimates within a relatively small area [60].

The diversity and community of liverworts on Sygera Mountain are also intricately
linked to the richness and variability of the climate created by these elevation gradients.
Some places in Sygera Mountain show obvious daily temperature fluctuations. Such diurnal
variability, potentially more impactful on liverwort ecology than previously estimated
and influencing processes like evaporation and condensation on liverwort surfaces, is
modulated by the region’s vegetation [61,62]. Dense canopies act as buffers, mitigating
extreme temperatures and providing a protective umbrella for the liverwort beneath [63].
Conversely, in areas with sparser vegetation at high elevations, liverworts face the full
brunt of these temperature fluctuations, possibly amplifying their adaptive strategies to
navigate these daily thermal challenges. This suggests that temperature fluctuations are a
major ecological filter influencing which liverwort species can survive and thrive at these
elevations. The stratification of community structure along the mean diurnal temperature
range gradient discerned from our CCA plots (Figure 5B) lends further weight to the
argument that daily thermal variation is a critical determinant of species distribution
within montane ecosystems.

Furthermore, an essential aspect of this ecological complexity is the gradient of light
conditions, particularly solar radiation, which significantly impacts liverwort communi-
ties. Solar radiation influences various physiological processes in liverworts, including
photosynthesis, desiccation, and temperature regulation [64]. In areas with intense solar ra-
diation, liverworts may experience increased stress, which leads to adaptations like higher
desiccation tolerance or the development of protective pigments [65]. The stratification of
liverwort community structure along the solar radiation gradient is evident (Figure 5A),
which indicates that light conditions play a pivotal role in determining species distribution
in these mountainous ecosystems (Figure 5B).

Mountains, due to their imposing topography, play a pivotal role in influencing local
precipitation patterns. Influenced by the Indian Ocean monsoon, the windward side
(southern aspect) of the mountain range typically receives more precipitation than the
leeward side (northern aspect), which results in the rain shadow effect [66]. This leads to
variations in annual average precipitation within the same range. However, in such terrains,
the rainfall can be intermittent and often unpredictable, which leads to sporadic hydration
episodes for liverworts. The increased moisture not only facilitates the hydration necessary
for liverwort metabolic activity but also influences the microhabitat structure and resource
availability, setting a foundation for the seasonal dynamics of these communities [33,67].
This pattern illustrates the importance of climatic variability and water-centric conservation
to liverwort survival and community richness.

5. Conclusions

Our research on Sygera Mountain has detailed the complex interactions between
environmental factors and the diversity and community composition of liverworts. The
main findings of this study highlight the unique bimodal pattern of liverwort richness along
the elevational gradient, with two significant peaks at 3500 m and 4100 m, respectively. We
identified the critical role of climatic factors, especially the mean diurnal range, in shaping
bryophyte community composition. The diversity and distribution of liverworts on Sygera
Mountain is evidence of the complex and layered interactions between organisms and their
environment.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/f15010048 /s1, File S1. Liverwort Species List and Richness on
Sygera Mountain.
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