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Abstract: The increase in carbon levels in the environment, especially in the form of carbon dioxide (CO,), is largely driven by human activities
such as burning fossil fuels, deforestation, and industrial processes. The rise in carbon dioxide levels has a profound environmental impact,
leading to global warming, higher temperatures, melting ice caps, and an increase in extreme weather events like flooding. Areas covered by
bryophytes are essential in absorbing atmospheric carbon, playing a significant role in carbon cycling, particularly in sequestration and storage
within ecosystems. The ability of bryophytes to sequester carbon is shaped by various factors, including environmental conditions and their
biological traits. Moreover, bryophyte communities are often more responsive to environmental changes than vascular plants, suggesting
possible shifts in ecosystem structure and function. This review provides a detailed examination of the role bryophytes play in carbon cycling
and their potential to mitigate climate change, highlighting their importance in the global carbon cycle and their adaptability to changing

environmental conditions.
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The increase in carbon levels in the environment,
particularly in the form of carbon dioxide (CO.), is largely
driven by human activities such as fossil fuel combustion,
deforestation, and industrial processes (Zukauskiene 2023,
Kalashnikova et al., 2019, Sarkodie and Owusu 2016,
Alsarhan et al., 2021, Ye et al., 2019). Fossil fuel combustion
is a major contributor to rising atmospheric CO. levels
(Kalashnikova et al., 2019), while deforestation disrupts the
natural carbon cycle by reducing the Earth's capacity to
absorb CO. (Zukauskiene 2023). Additionally, industrial
activities, particularly those related to energy production and
transportation, are key sources of CO. emissions
(Kalashnikova et al., 2019, Sarkodie and Owusu 2016).

The environmental impacts of increasing CO: levels are
significant, leading to global warming, rising temperatures,
melting ice caps, and more frequent extreme weather events
such as flooding (Zhang 2023). The connection between
atmospheric CO. and Earth's temperature is well-documented,
with CO. serving as a primary factor regulating the planet's
temperature. Although the greenhouse effect of CO. has been
understood for over a century, research continues to refine our
understanding of its role in climate dynamics (Zukauskiene
2023). In response, various strategies, including carbon
capture and utilization technologies, have been explored to
mitigate the impact of CO. emissions (Zhou et al., 2015,
Kadarukmi 2023, Li and He 2023).

Bryophytes, particularly mosses, are crucial for storing
organic carbon in peatland ecosystems, playing a significant

role in the terrestrial carbon cycle (Weston et al., 2014).
Areas covered by bryophytes are key in absorbing
atmospheric carbon, with Sphagnum mosses being major
contributors to carbon sequestration and essential players in
the global carbon cycle (Silvan and Jokinen 2016). Unlike
vascular plants, bryophytes lack lignin in their cell walls,
resulting in a unique structural composition (Liu et al., 2018).
Due to their minimal or absent cuticle, they rely on moist
environments to avoid desiccation, which also enhances
their capacity to absorb atmospheric contaminants (Kosonen
and Meier 2021). Sphagnum mosses help maintain wet,
oxygen-poor, and acidic conditions that slow decomposition,
leading to greater organic matter accumulation and improved
carbon storage in peatlands (Sytiuk etal., 2022).

Bryophytes are crucial for capturing CO:. through
photosynthesis, reducing greenhouse gas levels, and
mitigating global warming. They thrive in environments
where vascular plants struggle, covering forest floors, fields,
and even growing on tree trunks and rocks (Shi et al., 2021,
Kasimir et al., 2021). For instance, Polytrichum species, or
haircap moss, significantly contribute to carbon
sequestration by forming organic-rich soil layers in habitats
like forest floors, open fields, and tundra regions (Coxson and
Marsh 2001). Similarly, Marchantia polymorpha, or common
Liverwort, aids in soil formation and stabilization, thereby
enhancing carbon sequestration. Although liverworts are
generally less effective than mosses in sequestering carbon,
they play a vital role in increasing soil carbon content by
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colonizing disturbed or bare soils, initiating ecological
succession, stabilizing soil, and boosting carbon retention in
environments such as forest floors, rocks, and damp soils
(Bowman et al., 2017). Furthermore, bryophytes interact with
other plants and respond to environmental changes,
underscoring their ecological importance for carbon
sequestration and nutrient cycling (Swarnkar et al., 2024).
This review explores how bryophytes sequester carbon, their
role in carbon storage across various ecosystems, and their
potential in mitigating climate change.
BRYOPHYTES ROLE IN CARBON SEQUESTRATION
Photosynthesis and Carbon Fixation

Bryophytes, like other plants, absorb carbon dioxide from
the atmosphere through photosynthesis and convert it into
organic carbon compounds essential for their growth and
development. Their unique photosynthetic characteristics,
such as the saturation of photosynthesis at relatively low light
levels, have been well-documented in scientific literature. For
example, bryophytes, including mosses and liverworts,
display light-response curves indicating that photosynthesis
saturates at low irradiances (Marschall and Proctor 2004).
Additionally, anatomical features of bryophytes, such as their
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Fig. 1. Bryophyte's contribution to mitigating CO. emissions
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influence on non-stomatal diffusion conductance,
significantly affect their photosynthetic efficiency,
underscoring their adaptations to specific environmental
conditions (Dangar 2024). Different bryophyte species
exhibit variations in photosynthetic capacity and functional
traits, with erect species allocating more nitrogen to
chloroplast pigments, thereby enhancing their light-
harvesting abilities compared to prostrate species (Lang et
al., 2009). Bryophytes also form associations with nitrogen-
fixing cyanobacteria, act as thermal insulators for the soil,
and produce resistant litter. Together, these factors influence
net primary productivity and heterotrophic respiration,
thereby contributing to carbon fixation (Lindo et al., 2013).
Their unique morphological and eco-physiological traits,
such as their ability to retain moisture and withstand extreme
environments, enable bryophytes to thrive in regions where
most vascular plants cannot, allowing for significant carbon
fixation in boreal and tropical areas (Jassey et al., 2022).
Peat Formation

Sphagnum mosses play a critical role in the
biogeochemical processes of peatlands by establishing
hyperacidic, waterlogged, and anoxic conditions. These
environmental factors are essential for reducing the rate of
organic matter decomposition and promoting the formation of
peat, a key component in long-term carbon sequestration
and ecosystem regulation (Healey et al., 2023, Sytiuk et al.,
2022). The accumulation of peat is facilitated by the slowed
breakdown of organic material, resulting in substantial
carbon storage that can persist for thousands of years.
Additionally, Sphagnum-derived phenolic compounds
contribute to this carbon storage by being more resistant to
microbial degradation than the litter of vascular bog plants,
thereby enhancing the longevity of carbon sequestration in
peatlands (Berendse et al.,, 2001). Sphagnum mosses
outcompete vascular plants and microbial decomposers by
promoting their own growth while suppressing others, which
reduces litter decomposition and significantly contributes to
the high carbon storage capacity of peat bogs (Fudyma et al.,
2019). Peatlands, which hold about one-third of the Earth's
soil carbon, benefit from conditions such as high acidity,
nutrient-poor environments, cold temperatures, water
saturation, and anoxic conditions, all of which limit
decomposition (Kostka et al., 2016). Globally, peatlands
store approximately 600 gigatonnes of carbon, accumulated
since the last glacial maximum, making them a persistent
carbon sink throughout the Holocene (Charman et al., 2012).
BRYOPHYTES ROLE IN CARBON STORAGE
Slow Decomposition Rates

The unique chemical composition of bryophyte cell walls,
particularly in Sphagnum mosses, significantly contributes to
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Fig. 2. Overview of the different bryophytic processes in
carbon sequestration

their resistance to microbial breakdown (Hajek et al., 2010).
The polysaccharides in these cell walls actively inhibit
decomposition, which helps maintain the mosses' structural
integrity. Additionally, high concentrations of osmolytes and
the enhanced cation exchange capacity of moss cell walls
increase their tolerance to environmental stressors, such as
soil salinity (Lobachevska et al., 2019). In peatlands, the
waterlogged conditions influence interactions between
plants and microbial communities. Sphagnum mosses, in
particular, are associated with diazotrophic methanotrophs
that play essential roles in nitrogen fixation and methane
oxidation, crucial processes for nutrient cycling in these
ecosystems (Kox et al., 2020, Kolton et al., 2022). Peatlands

are recognized as significant carbon sinks, with the rate of
carbon accumulation expected to decrease gradually over
millennia due to the balance between reduced net carbon
accumulation in existing peatlands and the formation of new
peatlands (Gorham et al., 2012).

Carbon Storage in Biomass

Bryophytes contribute significantly to carbon storage not
only through peat formation but also within their own tissues
(Kiebacher et al., 2023). Their unique tissue organization
differentiates them from vascular plants, leading to distinct
functional traits that may not align with patterns observed in
vascular plant leaves or canopies (Rice et al., 2008). The
poikilohydric properties of bryophytes, which allow them to
retain water in varying environmental conditions, further
highlight their role in ecosystem functioning and water
storage. However, climate warming poses a threat to
bryophytes, potentially causing severe damage to these
organisms (Oishi 2018). Additionally, bryophytes are crucial
for substrate revitalization, as they can accumulate carbon
and mineral nutrients, supporting ecosystem health and
function (Kyyak et al., 2020).

ROLE OF BRYOPHYTES INECOSYSTEM DYNAMICS
Bryophytes as Bioindicators in Ecosystem

The anatomical features of bryophytes make them to
accumulate heavy metals such as cadmium and lead as a
function of the pollution levels at both terrestrial and aquatic
ecosystems (Desai et al., 2025). Bryophytes are
poikilohydric organisms that quickly react on environmental
variations. Altered growth, reproduction, and tissue
chemistry constitute early signs of ecological stress resulting
from the exposure to pollutants (Gosselin et al., 2024).
Strongly linked to pollution gradients, especially in urban and
industrial areas, the species distribution of bryophyte species
is strongly linked to pollution gradients (Sinha et al., 2021).
This aligns with the further use of some species like Tortella
tortuosa as targeted indicators, as they are tolerant to heavy
metals (Zuijlen et al., 2024). Moreover, bryophyte
communities changes can indicate nutrient enrichment and
eutrophication in natural waters (Fernandez-Martinez et al.,
2020). Itis shown in studies on Scopelophila cataractae, that
this adaptation allows the ability of this alga to accumulate
copper in the cell wall pectin, this adaptation constitutes a
response to available metal levels, but also from metal
stressed conditions (Sheng et al., 2023).

The metallophyte bryophytes such as Mielichhoferia
elongata have been observed to live in metal rich soils,
indicative of the broader category of the metallophyte
bryophytes that inhabit adverse environmental situations.
Fontinalis and Brachythecium rivulare, an indication of certain
class of environmental conditions includes the presence of
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iron oxides within its habitat (Glime 2024). Polytrichum and
Sphagnum have also shown the extraordinary ability to
bioaccumulate various mineral such as iron (Oestmann et al.,
2024). For instance, Sphagnum mosses can change the
surrounding pH to conditions promoting the precipitation of
the iron minerals (Oestmann etal., 2024).

In the particular situation with forest ecosystems,
bryophytes are precious indicators of microhabitat conditions
which particular inestimable flora and fauna. They are good
bioindicators, because of their sensitivity to environmental
changes, for assessing ecosystem health and the nature of
recovery to disturbances such as deforestation or climate
change (Slate etal., 2024). The firstis that bryophytes greatly
affect the water economy or forest ecosystems. In becoming
natural water reservoirs and frequently maintaining moisture
levels in the forest floor they play an impact within the
hydrological cycle. For example, the ability of these
bryophytes to retain water, not only helps with their
propagation, but also prolongs the hydration completed by
the surrounding flora. In addition, epiphytic bryophytes can
improve moisture retention to extend dispersion of rainfall
and fog driven water to the forest floor, which may benefit
seedling survival rates, promote understory biodiversity
(Desai et al., 2025). This interplay illustrates the importance
of bryophytes in keeping microhabitat environments normal.
Soil Stabilization and Erosion Prevention

Bryophytes, play a crucial role in stabilizing soil and
preventing erosion in various ecosystems, such as forest
floors, alpine regions, and along water bodies. Research
indicates that bryophyte-dominated crusts enhance water
infiltration, reduce runoff, and mitigate soil erosion (Seitz et
al., 2017). Mosses have been shown to reduce surface runoff
by up to 91% and soil erosion by nearly 100%, while
increasing percolated water by 85% compared to bare soils.
In temperate forests, bryophyte covers act as protective
agents against soil erosion by stabilizing soil surfaces (Gall et
al., 2022). Additionally, the rhizoids of bryophytes root-like
structures that anchor the plants play a critical role in binding
soil particles together and interweaving with adjacent plants,
forming compact cushions that are resistant to detachment
from the soil. This interwoven structure of bryophytes helps
trap soil particles, preventing them from being carried away
by water during floods (Datta et al., 2011). In particular,
bryophytes such as Barbula unguiculata (Pottiales) and
Bryum dichotomum (Bryales) are stress-tolerant species
commonly found in areas with abundant bare soil cover.
These species are typical of ground pioneer communities
that are adapted to areas with strong sea aerosols and winds,
characterized by their ability to colonize challenging
environments (Marignani et al., 2020). Mosses like
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Ceratodon purpureus play a vital role in stabilizing extensive
sand dune systems along coastlines by retaining moisture
and preventing erosion. Their resilience is evident as they
can survive even when covered by sand, highlighting their
adaptation to harsh conditions (Moreno-Casasola 1986). In
coastal dune systems, the presence of mosses such as
Ceratodon purpureus contributes significantly to overall
vegetation cover, which is crucial for stabilizing dunes and
preventing their movement (Camprubi et al., 2010).
Currently, mosses like Polytrichum, Atrichum and Ceratodon
are being cultivated around fruit trees, such as apples and
pears, to combat soil erosion (Groeneveld and Rochefort
2005). Riccia species are forming mat in terrestrial
ecosystems where they apparently help to stabilize soil and
control erosion as the role is still unconfirmed by any more
empirical studies. This persistence under these desiccation
stress conditions makes them candidate species for
ecosystem restoration (Rzepczynska et al., 2022).

Water Retention and Microclimate Regulation

Bryophytes develop specialized water retention and
nutrient absorption systems because their lack of vascular
tissues assigns limits to their height (Rodriguez-Lopez et al.,
2021). Bryophytes absorb water and nutrients directly from
their environment due to their basic tissue structure. The
root-like structures occurring in bryophytes called rhizoids
are involved in water and nutrient absorption. Bryophytes
survive in diverse environments primarily by means of
capillary action, diffusion and ion exchange. The rhizoids
bring about the passive movement of liquid water into the
bryophyte through -capillary action. The thin-walled
structures maximize surface area and water contact in order
to be effective absorbers. In addition to gas exchange,
diffusion is important for nutrients uptake, as the minerals are
diffused into rhizoid cells in concentrations gradients (Proctor
and Tuba 2002). Funaria hygrometrica are of utmost
importance for their growth under varying hydration levels,
and can accommodate well to unfavorable hydration
conditions only when they are in their case. Leaf shape, cell
arrangement and surface modifications such as papillosity
aid in water capture and minimize loss under fluctuating
moisture conditions typically, unistratose leaves are the
characteristic of bryophytes (Malo et al., 2025).

This water retention capability is crucial for their function
and is influenced by factors such as colony structure and
shoot morphology (Elumeeva etal., 2011). The water storage
capacity of bryophytes varies among species and is linked to
specific functional traits. For instance, deeper bryophyte
layers generally exhibit a greater capacity for water storage
compared to thinner layers. This enhanced water-holding
capacity contributes to cooler soils and improved
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temperature insulation in ecosystems where bryophytes are
present (Bjorkman et al., 2019). Moss species such as
Amblystegium serpens and Oxyrrhynchium hians are noted
for their higher water storage capacity compared to other
moss species (Thielen et al., 2021). These traits are
particularly important for both bryophyte layers and biocrust
bryophytes, underscoring their role in increasing water
content in substrates and supporting overall ecosystem
health (Slate 2024). Among the remarkable ecosystem
services provided by Riccia species, and in particular by
Riccia fluitans, are cyclic supply of nutrients and purification
of water. R. fluitans is found in freshwater habitats and
absorbs excess nitrogen and phosphorus to stop or limit
eutrophication and improve water quality (Deilmann et al.,
2024). The regulation of this nutrient supports life aquatic
biodiversity by ensuring better developed aquatic habitats.
FACTORS INFLUENCING CARBON SEQUESTRATION
Species and Functional Traits

Mosses, are integral to carbon sequestration due to their
unique functional traits and species-specific characteristics.
Peat mosses, such as Sphagnum spp., are especially
proficient at carbon sequestration owing to their rapid growth
rates and their capacity to accumulate and preserve organic
matter in peatlands (Rice et al., 2008). The functional traits of
bryophytes, which are influenced by factors such as plant-
soil interactions and vegetation composition, play a
significant role in soil carbon sequestration amid global
changes (De Deyn et al., 2008). Bryophytes form symbiotic
relationships with nitrogen-fixing cyanobacteria, act as
thermal insulators for the soil, and produce recalcitrant litter,
all of which impact net primary productivity and heterotrophic
respiration (Lindo et al., 2013). Bryophyte's presence can
establish a microhabitat that allows for supporting more
diverse microbial communities and interactions that thrive
soil fertility. For example, bryophytes can change such
processes as nitrogen fixation in soil, by their association with
soil bacteria and fungi (Yang et al., 2022). Overall productivity
can be improved by these microorganisms because they can
improve nutrient availability to bryophytes and other
surrounding vascular plants (Glime, 2024). In addition, there
are some bryophytes that form symbiotic relationship with
mycorrhizal fungi, so it also facilitates nutrient uptake in
bryophytes and other plants around (Glime 2024). In terms of
facilitating higher plant growth, bryophytes may positively
influence the soil microclimate. They help regulate moisture
levels, temperature, and nutrient retention through their
structural features. For example, dense bryophyte cover can
reduce soil erosion, maintain humidity, and mitigate
temperature fluctuations, which are beneficial for the
germination and establishment of vascular plant seedlings
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(Heetal., 2016).

Although bryophytes are often categorized into functional
groups due to difficulties in species identification, this
approach may obscure the contributions of individual species
to carbon sequestration (Lett et al., 2021). Research
indicates that intraspecific variation is significant for vascular
plants and lichens, while species turnover is a primary driver
of trait variation in bryophytes (Zuijlen et al., 2021).
Functional trait diversity is a crucial determinant of soil
organic carbon sequestration across different successional
trajectories (Satdichanh etal., 2023).

Water Availability

To understand the impact of drought conditions on carbon
sequestration in bryophytes, it is essential to examine their
reliance on water for physiological processes, growth, and
photosynthesis. Bryophytes, including mosses, exhibit a
range of water retention traits crucial for their adaptation and
survival across different habitats (Proctor and Tuba 2002).
Size, shape and aggregation of shoot morphology are of
paramount importance in desiccation tolerance (DT),
because of a microclimate effect granting an advantageous
microclimate, which decreases the dehydration rates
(Noualhaguet et al., 2023). Trapping and retaining water are
one of these cushion forming colonie's pretenions to the
drought or other sudden environmental changes (Elumeeva
et al., 2011). Additionally, the motion of bryophytes to
environmental cues, for example, leaf reorientation and
shape change depending on the light intensity, allows to
promote photosynthetic efficiency while minimising water
loss (Kuttimetal., 2019).

Some examples of bryophyte species are mentioned
below.

1. Sphagnum palustre are highly adapted for water
retention, and what allows them to survive in saturated
environments (Oestmann etal., 2024).

2. Such species as Polytrichum commune use their large
number of rhizoids to attach to organic substratum and
even to take out the moisture from ephemeral water
sources to survive in different habitats (Botroh et al.,
2023).

3. Thalloid form of Marchantia polymorpha can absorb
water directly and allow gas exchange across its surface
and is well adapted to moist habitats (Noualhaguet et al.,
2023).

4. Bryum argentum form colonies can be extensive,
important in trapping moisture, and have ecological
functions (Deilmann etal., 2024).

5. Those species such as Isopterygium muelleri that grow
in shady locations have larger leaves for tapping as
much light as possible (Rzepczynska et al., 2022).
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6. Riccia fluitans is known to modify its morphology in
response to water levels and light intensity, and it often
resides in temporary water bodies, where its survival is
enabled through changes of morphology (Wang et al.,
2022).

7. Furthermore, bryophytes play a role in regulating
nitrogen inputs in boreal forests, which can impact forest
productivity and the overall carbon sequestration
response to environmental changes (Gundale et al.,
2011). The water balance of bryophytes, influenced by
factors such as colony structure and shoot morphology,
is crucial for their habitat selection and physiological
functions. This highlights the complex interplay between
water availability and bryophyte ecology (Elumeeva et
al., 2011).

Temperature

Temperature exerts a profound influence on bryophyte
metabolism, growth rates, and the decomposition of organic
matter, all of which impact their carbon sequestration
capacity. Optimal temperature ranges facilitate higher growth
rates and enhanced carbon sequestration in bryophytes,
whereas extreme temperatures-both high and low-can stress
these organisms and diminish their effectiveness in carbon
sequestration (Rzepczynska et al., 2022). The temperature
is a pivotal factor in shaping the carbon sequestration
capacity of ecosystems. For instance, in the Picea
schrenkiana forests of the Tianshan Mountains, China,
temperature variations account for a significant portion of
long-term changes in carbon sequestration capacity, with
minimum temperatures playing a particularly critical role

(Zhou et al., 2021). Bryophytes exhibit diverse responses to

temperature fluctuations, with different species

demonstrating variable growth and nitrogen fixation rates in
response to temperature changes (Rzepczynska et al.,

2022). Additionally, bryophytes are essential in regulating soil

surface temperature and humidity, influencing organic matter

decomposition, and fixing atmospheric carbon through
photosynthesis, which contributes to carbon deposition in the
soil. This underscores the complex relationship between
temperature, bryophyte ecology, and carbon dynamics
(Chen et al., 2022). Extreme temperatures, including those
encountered during droughts or winter cold stress, can
profoundly affect bryophyte physiology and carbon
sequestration processes. During winter, when temperatures
approach or fall below freezing, bryophytes experience cold
stress that impairs their metabolic activities and growth

(Peters et al., 2019). Temperature fluctuations can also

modify soil temperature regimes, thereby influencing soil

carbon and nutrient turnover. In Polar Regions, where
bryophytes are pivotal in regulating soil temperature, these
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temperature changes can significantly impact ecosystem
dynamics (Soudzilovskaia etal., 2013).
Light Availability

Light availability is a crucial determinant of the
photosynthetic capacity, growth, and carbon capture of
bryophytes. As photosynthetic organisms, bryophytes
depend on light for energy production. In shaded
environments, their photosynthetic efficiency can be limited,
while areas with adequate light promote robust growth and
enhanced carbon sequestration (Niinemets 2010). The
availability of light is essential in shaping bryophyte
communities, affecting species occurrence and abundance
(Dyderski and Jagodzinski 2020). The light availability
directly impacts the photosynthetic activity of bryophytes,
with different species demonstrating varied responses to
lightintensity (Wang et al., 2015). Bryophytes exhibit specific
structural adaptations to environmental conditions, including
light intensity and water availability, which influence their
photosynthetic capacity and growth patterns (Wang et al.,
2015). Furthermore, light availability not only affects
photosynthesis but also has indirect effects on moisture
levels and humidity within forest ecosystems, which in turn
impacts bryophyte physiology and broader ecosystem
processes (Shaoetal., 2023).
Nutrient Availability

Nutrient levels in soil and water have a significant impact
on bryophyte growth. While some bryophytes are well-
adapted to nutrient-poor environments, others benefit from
moderate nutrient availability, which can enhance their
growth and carbon sequestration potential. Bryophytes also
play a crucial role in influencing soil nutrient availability
through various mechanisms. For example, Koranda and
Michelsen (2020) examined how bryophytes affect microbial
decomposition processes and soil nutrient availability in a
subarctic birch forest. The dead biomass of bryophytes
provides to the organic matter pool and hence microbial
growth and nutrient availability of surrounding plants. Hence,
relatedly, there are bryophytes, including Hylocomium
splendens, that can slow soil nutrient turnover due to their
acidic litter, which alters the interactions of soil microbial
communities with soil nutrients (Yang et al., 2022). Their
study underscores the importance of bryophytes in
regulating soil nutrient dynamics and supporting overall
ecosystem function.
pH and Soil Conditions

Soils with more acidic pH levels and lower macronutrient
concentrations generally support greater bryophyte
coverage (Rola et al., 2021). In Hemiboreal Scots pine
forests in Estonia, soil pH at the studied sites ranged from 2.1
to 3.3, reflecting highly acidic conditions. Consequently, sites



Role of Bryophytes in Carbon Sequestration and Ecology

with higher pH levels tend to exhibit greater plant group
richness, consistent with findings from previous research
(Orumaa et al., 2022). Additionally, an increase in soil carbon,
nitrogen, and organic matter content, coupled with a lower
pH, has been linked to the establishment of bryophyte cover
(Ortiz et al., 2023). Hylocomium splendens, a dominant
boreal forest moss, pulls water soluble nutrients from the soil
and accumulates rich, nitrate rich, organic matter of low pH.
The moss's capacity to take up mineral nutrients from the
environment, plus the decomposition that is derived from it,
primarily contributes to soil acidity, which is this natural
process more enhanced (Jaroszynska et al., 2023). More
specifically, Sphagnum species are known for having cation
exchange processes wherein proton release occurs into the
soil which then decreases the pH (Oestmann et al., 2024).
Soils and land managed by bryophytes have tended to
accumulate organic matter in the form of soil organic carbon.
The study specifically highlights that higher density of
biomass of bryophyte species augments soil organic matter
accumulation. In particular, bryophyte species differ in the
degree to which they are capable of coping with different
moisture and nutrient conditions, which improve their overall
contribution to content of soil organic carbon (Rainford et al.,
2022).
Disturbance and Land Use Changes

Disturbances and land use changes have a profound
impact on bryophyte communities and their diversity.
Research indicates that disturbances, such as treefall, can
enhance bryophyte diversity in boreal forests by creating new
colonization opportunities, increasing habitat heterogeneity,
and facilitating the establishment of bryophyte diaspores
(Jonsson and Esseen 1990). Conversely, land use changes,
particularly intensified agricultural practices, can adversely
affect bryophytes. For instance, Muller et al. (2012)
demonstrated that fertilizer application promotes the growth
of vascular plants, which compete with and suppress
bryophyte populations. Fertilizers can significantly reduce
bryophyte species richness, as many bryophyte species are
intolerant of high nitrogen levels, which favor the growth of
taller grasses and herbs and increase light competition on the
forest floor. Additionally, nutrient enrichment from agricultural
runoff further disrupts bryophyte habitats, posing a major
threat to their communities. Hejcman et al. (2009) observed
that long-term fertilizer uses results in a negative correlation
between the biomass of vascular plants and bryophytes in
grassland ecosystems. This suggests that increased nutrient
levels favor vascular plants at the expense of bryophytes.
Intensified land use can exacerbate this trend by decreasing
bryophyte diversity through multiple mechanisms. These
include direct mechanical impacts such as grazing and
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mowing, toxic effects from high nitrogen applications, and
indirect effects from increased productivity that intensify
competition from taller plant species (Mulleretal., 2012).
Diversity and Composition of Bryophytes

The diversity and composition of bryophyte communities
have a profound impact on their overall carbon sequestration
capacity. Diverse bryophyte communities often exhibit
complementary traits that enhance ecosystem functioning
and carbon storage. The variety and composition of
bryophyte species are crucial for carbon assimilation and
productivity on the forest floor (DelLucia et al., 2003).
Environmental factors, such as soil drainage, significantly
influence bryophyte distribution and net primary productivity
(NPP) (Bisbee et al., 2001). Bryophytes affect organic matter
decomposition by regulating soil surface temperature and
humidity, carbon fixation via photosynthesis, and carbon
depositioninthe soil (Chen etal., 2022).

Particularly, Sphagnum mosses are key ecosystem
engineers in northern peatlands, where they store
substantial amounts of carbon (Rice et al.,, 2008). These
mosses form associations with nitrogen-fixing
cyanobacteria, act as thermal insulators for the soil, and
produce recalcitrant litter, all of which impact net primary
productivity and heterotrophic respiration (Lindo et al., 2013).
Additionally, the colonization of bryophytes is influenced by
the diversity and composition of vascular plant species,
highlighting the intricate interactions between different plant
groups (Fergus et al., 2017). The factors affecting carbon
sequestration in bryophytes are interconnected, involving a
combination of biological interactions, environmental
conditions, and land management practices.

IMPACTS OF CHANGING CLIMATE ON BRYOPHYTES

Bryophyte communities have been found to be more
responsive to environmental changes than vascular plants,
suggesting potential shifts in ecosystem structure and
function (Post and Pedersen 2008, Oishi 2018).

Changes in Distribution and Habitat Range

As temperatures rise due to climate change, bryophytes
are projected to shift their ranges towards higher elevations
or poleward locations. Research shows that bryophyte
diversity and distribution are influenced by elevation,
temperature, and precipitation. This range shift could lead to
a reduction in suitable habitats, particularly for species
specialized to specific climates or microhabitats (Sun et al.,
2013, Marschall 2017, Coelho et al., 2023). Warming
temperatures and altered precipitation patterns present
significant threats to bryophyte habitats, especially in alpine
regions, boreal forests, and peatlands, where they play
critical ecological roles. Studies have demonstrated that
bryophyte cover and richness can decline in response to
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experimental warming, with noticeable reductions observed
in many species in Alpine Sweden (Sun etal., 2013).
Physiological Stress

Bryophytes, owing to their poikilohydric nature, are
particularly sensitive to temperature changes because they
cannot independently regulate their internal water content.
This sensitivity heightens their vulnerability to desiccation
and diminished photosynthetic activity under elevated
temperatures. Additionally, the increase in UV-B radiation
associated with climate change poses further risks to
bryophytes by affecting their growth and reproduction. Due to
their lack of protective cuticle layers and differentiated
leaves, bryophytes are especially susceptible to UV-B
radiation. Such exposure can cause DNA damage and
physiological disturbances, exacerbating stress under
increased UV-B conditions (Oishi 2018, Soudzilovskaia et
al., 2013, Lappalainen et al., 2007). Some bryophytes, like
Bryum argenteum, and Marchantia polymorpha have gone to
great lengths to deal with dehydration. Gao et al. (2017)
showed that desiccation tolerant bryophytes mount a
successful recovery response to dehydration following
transcriptional and translational controls, including the
accumulation of specific proteins that stabilize cellular
structures and metabolic processes during and after
dehydration. Similarly, Marchantia polymorpha have the
potential to osmoregulate during salt stress conditions
where, it lacks specialized physiological mechanism
halophytes and still maintain cell turgor and osmosis balance
by effective water retention strategies (Lobachevska et al.,
2019). It takes place by osmoregulation with accumulation of
osmoprotectants such as proline, reducing osmotic potential
and protection of cells. According to Ghosh et al. (2021)
Physcomitrella patens and Marchantia polymorpha both
respond to drought conditions with increased ABA levels
correlating with increased stress resilience. For bryophytes,
this adaptation is critical because the soil moisture and
availability of water is highly variable.
Hydrological Changes

Changes in precipitation patterns, including increased
drought frequency and alterations in snowmelt timing, can
significantly impact bryophytes, which rely heavily on surface
water for hydration. Reduced water availability may lead to
decreased growth and potential mortality in certain bryophyte
species. Despite their desiccation tolerance mechanisms,
where cells can transition between full turgidity and
desiccation to suspend metabolism during water scarcity
(Proctor and Tuba 2002, Marschall 2017) bryophytes remain
highly dependent on external water sources. Their water
content diminishes rapidly with rising temperatures and
decreased humidity (Oishi, 2018). Unlike vascular plants,
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bryophytes absorb water directly through their stems and
leaves from rain, fog, or dew, highlighting their reliance on
atmospheric precipitation (Coelho et al., 2023, Song et al.,
2021). Peatlands, particularly in the northern hemisphere,
act as crucial carbon sinks but face significant challenges
due to climate change-induced factors such as warming
temperatures and increased drought frequency. These
conditions contribute to gradual drying and extreme weather
events, which can adversely affect peatland ecosystem
functions and diminish their carbon storage capacity (Kang et
al., 2018, Yanetal., 2022, Koster 2023).

Changes in Carbon Dynamics

In peatlands and other ecosystems dominated by
bryophytes, the impacts of climate change are deeply
interconnected. Warming temperatures can accelerate
decomposition processes in peatlands, potentially releasing
significant amounts of stored carbon and further
exacerbating climate change. As critical carbon sinks,
peatlands are increasingly vulnerable to climate change-
related factors such as rising temperatures and prolonged
droughts, which can severely impair their capacity to function
as carbon reservoirs (Larmola et al., 2014, Norby et al.,
2019).

Bryophytes play a crucial role in these dynamics. In
boreal forests, they help mitigate the effects of anthropogenic
nitrogen inputs, which can otherwise create detrimental
feedback loops in carbon cycling. Variations in bryophyte
biomass influence soil temperatures, which in turn affect
carbon mineralization rates and carbon sequestration in soils
(Gundale et al., 2011). For instance, increased bryophyte
biomass can provide insulation to the soil, thereby slowing
decomposition processes and enhancing carbon storage.
Moreover, the contribution of bryophytes to ecosystem CO.
exchange is highly sensitive to rapid climate changes due to
their reliance on water availability and the depth of the water
table (DeLucia etal., 2003). Alterations in hydrological cycles
induced by climate change can significantly impact
bryophytes' ability to regulate CO. exchange. As ecosystems
globally adapt to climate changes, the distribution of
bryophyte-influenced biomes is anticipated to shift, which
will, in turn, influence their contributions to global ecosystem
functions (Slate 2024). The changing distribution and
functionality of bryophytes across various ecosystems will be
a crucial factor in future carbon dynamics and the overall
health of these ecosystems.

Species Interactions and Competition

Climate change, exacerbated by factors such as pollution
and habitat loss, intensifies the threats posed to bryophytes
by invasive species (Lianah et al., 2021). Shifts in climate
conditions can create more favorable environments for
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invasive species, thereby increasing pressure on native
bryophytes (Soudzilovskaia et al., 2013). Invasive species
often assert dominance through mechanisms such as
competition and displacement (Cheng et al., 2008).
Research has shown that invasive species can negatively
impact native bryophyte communities. For example, invasive
species can impede the germination of native species in
grassland remnants where bryophyte mats obstruct their
establishment (Morgan 2006). Moreover, the spread of
invasive species can alter the abundance and diversity of
native bryophytes, thereby affecting overall ecosystem
dynamics (Marignani et al., 2020). Species diversity of
bryophytes may increase interactions within microbial
community increasing substrates for microbial activity which
is needed for the decomposition of organic substances and
stabilization of SOC (Rainford et al., 2022).

Climate-induced changes in ecosystem structure and
function can significantly influence the role of bryophytes
within these systems, affecting their interactions with
vascular plants, fungi, and microorganisms. These
interactions are crucial for nutrient uptake and cycling.
Climate changes, such as elevated CO: levels and warming,
can impact these interactions, potentially altering nutrient
availability and plant growth (Compantetal., 2010).
Resilience and Adaptation

Some bryophyte species may exhibit physiological or
genetic changes in response to climate change, potentially
allowing them to adapt to new environmental conditions.
However, the rate and extent of these adaptations are likely
to vary among species and ecosystems, reflecting the
diverse ecological niches occupied by bryophytes (Slate
2024). For example, intercontinental gene flow and shared
ancestral polymorphism have been identified as factors
shaping the genetic structure of bryophyte populations,
highlighting the complex dynamics of adaptation in these
organisms (Szovenyi et al., 2008). Bryophytes, due to their
sensitivity to environmental conditions, can benefit from
microhabitats that offer more stable temperatures and
moisture levels. Microhabitats such as tree hollows and leaf
litter have been identified as crucial refuges that can help
mitigate the impacts of extreme climate events on bryophyte
communities (Keppel et al., 2017). These refuges provide
essential conditions that support bryophyte persistence
amidst changing climates

CONCLUSION
The bryophytes play a crucial role in carbon cycling and
climate change mitigation, acting as natural carbon sinks
through their ability to sequester and store carbon in
ecosystems. Their responsiveness to environmental
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changes, coupled with their widespread presence in various
habitats, underscores their significance in the global carbon
cycle. As climate change progresses, understanding and
harnessing the carbon-sequestering potential of bryophytes
will be essential for future conservation and ecosystem
management strategies. Future advancements in this field
could include more refined models of bryophyte carbon
dynamics, increased focus on their restoration in degraded
ecosystems, and deeper exploration of their interactions with
other ecological processes. These advancements hold
promise for enhancing our ability to mitigate climate change
and sustain ecosystem health in a rapidly changing world.

REFERENCES

Alsarhan LM, Alayyar AS, Algahtani NB and Khdary NH 2021.
Circular Carbon Economy (CCE): A way to invest CO, and
protect the environment, a review. Sustainability 13(21): 11625.

Sarkodie AS and Owusu PA 2016. Carbon dioxide emissions, GDP,
energy use, and population growth: A multivariate and causality
analysis for Ghana, 1971-2013. Environmental Science and
Pollution Research 23(13): 13508-13520.

Berendse F, Van Breemen N, Rydin H, Buttler A, Heijmans M,
Hoosbeek MR, Lee JA, Mitchell E, Saarinen T, Vasander H and
Wallen B 2001. Raised atmospheric CO, levels and increased N
deposition cause shifts in plant species composition and
production in Sphagnum bogs. Global Change Biology 7(5):
591-598.

Bisbee KE, Gower ST, Norman JM and Nordheim EV 2001.
Environmental controls on ground cover species composition
and productivity in a boreal black spruce forest. Oecologia
129(2): 261-270.

Bjorkman AD, Garcia Criado M, Myers-Smith IH, Ravolainen V,
Jonsdottir IS, Westergaard KB, Lawler JP, Aronsson M, Bennett,
B, Gardfjell H, Heiomarsson S, Stewart L and Normand S 2019.
Status and trends in Arctic vegetation: Evidence from
experimental warming and long-term monitoring. Ambio 49.
https://doi.org/10.1007/s13280-019-01161-6

Botroh AM, Pare D, Cavard X, Fenton N, Valeria O, Marchand P and
Bergeron Y 2023. Nine-years effect of harvesting and
mechanical site preparation on bryophyte decomposition and
carbon stocks in a boreal forested peatland. Forest Ecology and
Management 540: 121020-121020.

Bowman JL, Kohchi T, Yamato KT, Jenkins J, Shu S, Ishizaki K,
Yamaoka S, Nishihama R, Nakamura Y, Berger F, Adam C, Aki S
S, Althoff F, Araki T, Arteaga-Vazquez MA, Balasubrmanian S,
Barry K, Bauer D, Boehm CR and Briginshaw L (2017). Insights
into Land Plant Evolution Garnered from the Marchantia
polymorpha Genome. Cell171(2): 287-304.e15.

Camprubi A, Calvet C, Cabot P, Pitet M and Estaun V 2010.
Arbuscular mycorrhizal fungi associated with psammophilic
vegetation in Mediterranean coastal sand dunes. Spanish
Journal of Agricultural Research 8(S1): 96.

Charman DJ, Beilman DW, Blaauw M, Booth R, Brewer S, Chambers
F M, Christen JA, Gallego-Sala AV, Harrison SP, Hughes PA,
Jackson SP, Korhola A, Mauquoy D, Mitchell FJG, Prentice IC,
Van, Vleeschouwer FD, Yu Z, Aim J and Bauer IE 2012. Climate-
related changes in peatland carbon accumulation during the last
millennium. Biogeosciences Discussions 9: 14327-14362.

Chen D, Cai M, Li D, Yang S and Wu J 2022. Response of Soil
Organic Carbon Stock to Bryophyte Removal Is Regulated by
Forest Types in Southwest China. Forests 13(12): 2125.

Cheng X, Xie P, Cheng F, Xu R and Xie B 2008. Competitive
displacement of the native species Bursaphelenchus
mucronatus by an alien species Bursaphelenchus xylophilus



470 Swarnkar et al

(Nematoda: Aphelenchida: Aphelenchoididae): A case of
successful invasion. Biological Invasions 11(2): 205-213.

Coelho M, Gabriel R and Ah-Peng C 2023. Seasonal hydration
status of common bryophyte species in azorean native
vegetation. Plants 12(16): 2931.

Compant S, Van Der Heijden MGA and Sessitsch A 2010. Climate
change effects on beneficial plant-microorganism interactions.
FEMS Microbiology Ecology 73(2): 197-214.

Coxson DS and Marsh J 2001. Lichen chronosequences (postfire
and postharvest) in lodgepole pine (Pinus contorta) forests of
northern interior British Columbia. Canadian Journal of Botany
79(12): 1449-1464.

Dangar BV, Pratikkumar Chavada, Bhatt PJ and Rajesh Raviya
2024. Reviewing bryophyte-microorganism association:
insights into environmental optimization. Frontiers in
Microbiology 15: https://doi.org/10.3389/fmicb.2024.1407391

Datta S, Kim CM, Pernas M, Pires ND, Proust H, Tam, T, Vijayakumar
P and Dolan L 2011. Root hairs: development, growth and
evolution at the plant-soil interface. Plant and Soil 346(1-2): 1-14.

De Deyn GB, Cornelissen JHC and Bardgett RD 2008. Plant
functional traits and soil carbon sequestration in contrasting
biomes. Ecology Letters 11(5): 516-531.

Deilmann TJ, Christiansen DM, Criado MG, Mdller T, Schule M and
Tauber A 2024. Early Career Researchers advocate for raising
the profile of bryophyte ecological research. Basic and Applied
Ecology 81:106-111.

Delucia EH, Turnbull MH, Walcroft AS, Griffin KL, Tissue DT, Glenny
D, McSeveny TM and Whitehead D 2003. The contribution of
bryophytes to the carbon exchange for a temperate rainforest.
Global Change Biology 9(8): 1158-1170.

Desai H, Nambiar A, Kallem P and Hapani U 2025. Bryophytes as a
biomonitors, bioindicators, and bioremediation tools for water
pollution. Biotechnologies for Wastewater Treatment and
Resource Recovery203-210.

Dyderski MK and Jagodzinski AM 2020. Impacts of alien tree species
on the abundance and diversity of terricolous bryophytes. Folia
Geobotanica 55(4): 351-363.

Elumeeva TG, Soudzilovskaia NA, During HJ and Cornelissen JHC
2011. The importance of colony structure versus shoot
morphology for the water balance of 22 subarctic bryophyte
species. Journal of Vegetation Science 22(1): 152-164.

Fergus AJ, Gerighausen U and Roscher C 2017. Vascular plant
diversity structures bryophyte colonization in experimental
grassland. Journal of Vegetation Science 28(5): 903-914.

Fernandez-Martinez M, Corbera J, Domene X, Sayol F, Sabater F
and Preece C 2020. Nitrate pollution reduces bryophyte diversity
in Mediterranean springs. Science of the Total Environment 705:
135823.

Fudyma JD, Lyon J, AminiTabrizi R, Gieschen H, Chu RK, Hoyt DW,
Kyle JE, Toyoda J, Tolic N, Heyman HM, Hess NJ, Metz TO and
Tfaily MM 2019. Untargeted metabolomic profiling of Sphagnum
fallax reveals novel antimicrobial metabolites. Plant Direct 3(11).
https://doi.org/10.1002/pld3.179

Gall C, Nebel M, Quandt D, Scholten T and Seitz S 2022. Pioneer
biocrust communities prevent soil erosion in temperate forests
after disturbances. Biogeosciences 19(13): 3225-3245.

Gao B, Li X, Zhang D, Liang Y, Yang H, Chen M, Zhang Y, Zhang J
and Wood AJ 2017. Desiccation tolerance in bryophytes: The
dehydration and rehydration transcriptomes in the desiccation-
tolerant bryophyte Bryum argenteum. Scientific Reports 7(1).
https://doi.org/10.1038/s41598-017-07297-3

Ghosh TK, Tompa NH, Rahman Md M, Mohi-Ud-Din M, Al-Meraj
SMZ, Biswas Md S and Mostofa MG 2021. Acclimation of
liverwort Marchantia polymorpha to physiological drought
reveals important roles of antioxidant enzymes, proline and
abscisic acid in land plant adaptation to osmotic stress. Peer J9:
e12419.

Glime JM 2024. Roles of bryophytes in forest sustainability: Positive

or negative? Sustainability 16(6): 2359.

Gorham E, Lehman C, Dyke A, Clymo D and Janssens J 2012. Long-
term carbon sequestration in North American peatlands.
Quaternary Science Reviews 58: 77-82.

Gosselin M, Dumas Y, Cadet S, Cateau E, Paillet Y and Gosselin F
2024. Macroclimate modulates the positive dead-wood
influence on bryophyte diversity in managed and unmanaged
temperate lowland forests. Journal of Environmental
Management 367: 121840-121840.

Groeneveld E and Rochefort L 2005. Polytrichum strictum as a
solution to frost heaving in disturbed ecosystems: a case study
with milled peatlands. Restoration Ecology 13(1): 74-82.

Gundale MJ, Deluca TH and Nordin A 2011. Bryophytes attenuate
anthropogenic nitrogen inputs in boreal forests. Global Change
Biology 17(8): 2743-2753.

Hajek T, Ballance S, Limpens J, Zijlstra M and Verhoeven JTA 2010.
Cell-wall polysaccharides play an important role in decay
resistance of Sphagnum and actively depress decomposition in
vitro. Biogeochemistry 103(1-3): 45-57.

He X, He KS and Hyvonen J 2016. Will bryophytes survive in a
warming world? Perspectives in Plant Ecology, Evolution and
Systematics 19: 49-60.

Healey AL, Piatkowski B, Lovell JT, Sreedasyam A, Carey SB,
Mamidi S, Shu S, Plott C, Jenkins J, Lawrence T, Aguero B,
Carrell AA, Nieto-Lugilde M, Talag J, Duffy A, Jawdy S, Carter
KR, Boston LB, Jones T and Jaramillo-Chico J 2023. Newly
identified sex chromosomes in the Sphagnum (peat moss)
genome alter carbon sequestration and ecosystem dynamics.
Nature Plants 9(2): 238-254.

Hejcman M, Szakova J, Schellberg J, Srek P, Tlustos P and Balik J
2009. The rengen grassland experiment: bryophytes biomass
and element concentrations after 65 years of fertilizer
application. Environmental Monitoring and Assessment 166(1-
4):653-662.

Jaroszynska F, Althuizen |, Halbritter AH, Klanderud K, Lee H, Telford
RJ and Vandvik V 2023. Bryophytes dominate plant regulation of
soil microclimate in alpine grasslands. Oikos 2023(12).
https://doi.org/10.1111/0ik.10091

Jassey VEJ, Hamard S, Lepere C, Cereghino R, Corbara B, Kuttim
M, Leflaive J, Leroy C and Carrias JF 2022. Photosynthetic
microorganisms effectively contribute to bryophyte CO2 fixation
in boreal and tropical regions. ISME Communications 2(1).
https://doi.org/10.1038/s43705-022-00149-w

Jonsson BG and Esseen PA 1990. Treefall disturbance maintains
high bryophyte diversity in a boreal spruce forest. The Journal of
Ecology 78(4): 924-936.

Kadarukmi MER 2023. Carbon tax and its effect on the economy,
taxes, and environment. Awang Long Law Review 6(1): 237-
244.

Kalashnikova E, Kalashnikov D, Pugachuk A and Kosoy A 2019.
Integration of liquid transportation fuel production into airless
injection gas-steam cycle. E3S Web of Conferences 114: 06003.

Kang X, YanL, Cuil, Zhang X, Hao Y, Wu H, ZhangY, Li W, Zhang K,
Yan Z, LiY and Wang J 2018. Reduced carbon dioxide sink and
methane source under extreme drought conditions in an alpine
peatland. Sustainability 10(11): 4285.

Kasimir A, He H, Jansson PE, Lohila A and Minkkinen K 2021.
Mosses are important for soil carbon sequestration in forested
peatlands. Frontiers in Environmental Science 9.
https://doi.org/10.3389/fenvs.2021.680430

Keppel G, Anderson S, Williams C, Kleindorfer S and O'Connell C
2017. Microhabitats and canopy cover moderate high summer
temperatures in a fragmented Mediterranean landscape. PLOS
ONE12(8):e0183106.

Kiebacher T, Meier M, Kipfer T and Roth T 2023. Thermophilisation of
communities differs between land plant lineages, land use types,
and elevation. Scientific Reports 13(1). https://doi.org/10.1038/s
41598-023-38195-6



Role of Bryophytes in Carbon Sequestration and Ecology 471

Kolton M, Weston DJ, Mayali X, Weber PK, McFarlane KJ, Pett-
Ridge J, Somoza MM, Lietard J, Glass JB, Lilleskov EA, Shaw
AJ, Tringe S, Hanson PJ and Kostka JE 2022. Defining the
Sphagnum core microbiome across the north American
continentreveals a central role for diazotrophic methanotrophs in
the nitrogen and carbon cycles of boreal peatland ecosystems.
MBio 13(1). https://doi.org/10.1128/mbio.03714-21

Koranda M and Michelsen A 2020. Mosses reduce soil nitrogen
availability in a subarctic birch forest via effects on soil thermal
regime and sequestration of deposited nitrogen. Journal of
Ecology. https://doi.org/10.1111/1365-2745.13567

Kosonen Z and Meier M 2021. Estimating background values of
potentially toxic elements accumulated in moss: A case study
from Switzerland. Atmosphere 12(2): 177.

Koster E, Barel JM, Korrensalo A, Laine AM, Vasander HT and
Tuittila ES 2023. Water level drawdown makes boreal peatland
vegetation more responsive to weather conditions. Global
Change Biology, 29(19): 5691-5705.

Kostka JE, Weston DJ, Glass JB, Lilleskov EA, Shaw AJ and
Turetsky MR 2016. The Sphagnum microbiome: New insights
from an ancient plantlineage. New Phytologist211(1): 57-64.

Kox MAR, van den Elzen E, Lamers LPM, Jetten MSM and van
Kessel MAHJ 2020. Microbial nitrogen fixation and methane
oxidation are strongly enhanced by light in Sphagnum mosses.
AMB Express 10(1). https://doi.org/10.1186/s13568-020-
00994-9

Kuttim M, Laine AM, Kuttim L, llomets M and Robroek BJM 2019.
Winter climate change increases physiological stress in
calcareous fen bryophytes. Science of the Total Environment
695: 133867.

Kyyak NY, Lobachevska OV, Rabyk IV and Kyyak VH 2020. Role of
the bryophytes in substrate revitalization on a post-technogenic
salinized territory. Biosystems Diversity 28(4): 419-425.

Lang SI, Cornelissen JHC, Klahn T, van Logtestijn RSP, Broekman
R, Schweikert W and Aerts R 2009. An experimental comparison
of chemical traits and litter decomposition rates in a diverse
range of subarctic bryophyte, lichen and vascular plant species.
Journal of Ecology 97(5): 886-900.

Lappalainen NM, Huttunen S and Suokanerva H 2007. Acclimation
of a pleurocarpous moss Pleurozium schreberi (Britt.) Mitt. to
enhanced ultraviolet radiation in situ. Global Change Biology
14(2): 321-333.

Larmola T, Leppanen SM, Tuittila ES, Aarva M, Merila P, Fritze H and
Tiirola M 2014. Methanotrophy induces nitrogen fixation during
peatland development. Proceedings of the National Academy of
Sciences 111(2): 734-739.

Lett S, Jonsdottir IS, Becker-Scarpitta A, Christiansen CT, During H,
Ekelund F, Henry GHR, Lang S, Michelsen A, Rousk K, Alatalo J,
Betway KR, Busca S, Callaghan T, Carbognani M, Cooper EJ,
Cornelissen JHC, Dorrepaal E, Egelkraut D and Elumeeva TG
2021. Can bryophyte groups increase functional resolution in
tundra ecosystems? Arctic Science. https://doi.org/10.1139/as-
2020-0057

Li R and He J 2023. Impacts of environmental policy uncertainty on
urban environmental pollutant emissions in China: A study
based on textual analysis. Frontiers in Environmental Science
11. https://doi.org/10.3389/fenvs.2023.1203318

Lianah L, Kusumarini N, Rochmah F, Orsida F, Mukhlisi M, Ahmad M
U and Nadhifah A 2021. Bryophyte diversity in Mount Prau,
Blumah Village, Central Java. Journal Biodata 6(1): 23-35.

Lindo Z, Nilsson MC and Gundale MJ 2013. Bryophyte-
cyanobacteria associations as regulators of the northern latitude
carbon balance in response to global change. Global Change
Biology 19(7): 2022-2035.

Liu Q, Luo L and Zheng L 2018. Lignins: Biosynthesis and biological
functions in plants. International Journal of Molecular Sciences
19(2): 335.

Lobachevska OV, Kyyak NY and Rabyk | 2019. Ecological and

physiological peculiarities of bryophytes on a post-technogenic
salinized territory. Biosystems Diversity 27(4): 342-348.

Malo S, Lamothe C, Laforest-Lapointe I, Roy S and Bellenger JP
2025. Evaluation of the potential of bryophytes to support
seedlings development on waste rocks: A mesocosm study.
Canadian Journal of Soil Science 105: 1-13.

Marignani M, Lussu M, Murru V, Bacaro G and Cogoni A 2020. Effect
of invasive alien species on the co-occurrence patterns of
bryophytes and vascular plant species-The case of a
Mediterranean disturbed sandy coast. Diversity12(4): 160.

Marschall M 2017. Ecophysiology of bryophytes in a changing
environment. Acta Biologica Plantarum Agriensis 5(2): 61-70.

Marschall M and Proctor MCF 2004. Are Bryophytes Shade Plants?
Photosynthetic Light Responses and Proportions of Chlorophyll
a, Chlorophyll b and Total Carotenoids. Annals of Botany 94(4):
593-603.

Menand B, Yi K, Jouannic S, Hoffmann L, Ryan E, Linstead P,
Schaefer DG and Dolan L 2007. An ancient mechanism controls
the development of cells with a rooting function in land plants.
Science 316(5830): 1477-1480.

Moreno-Casasola P 1986. Sand movement as a factor in the
distribution of plant communities in a coastal dune system.
Vegetatio 65(2): 67-76.

Morgan JW 2006. Bryophyte mats inhibit germination of non-native
species in burnt temperate native grassland remnants.
Biological Invasions 8(2): 159-168.

Muller J, Klaus VH, Kleinebecker T, Prati D, Holzel N and Fischer M
2012. Impact of land-use intensity and productivity on bryophyte
diversity in agricultural grasslands. PLoS ONE 7(12): €51520.

Niinemets U 2010. A review of light interception in plant stands from
leaf to canopy in different plant functional types and in species
with varying shade tolerance. Ecological Research 25(4): 693-
714.

Norby RJ, Childs J, Hanson PJ and Warren JM 2019. Rapid loss of
an ecosystem engineer: Sphagnum decline in an experimentally
warmed bog. Ecology and Evolution 9(22): 12571-12585.

Noualhaguet M, Work TT, Soubeyrand M and Fenton NJ 2023.
Bryophyte community responses 20 years after forest
management in boreal mixedwood forest. Forest Ecology and
Management 531: 120804—120804.

Oestmann J, Piayda A, Duvel D and Tiemeyer B 2024. Short-term
carbon cycling at a Sphagnum farming site under drought stress.
Soil Biology and Biochemistry 191: 109346-109346.

OishiY 2018. Evaluation of the water-storage capacity of bryophytes
along an altitudinal gradient from temperate forests to the alpine
zone. Forests 9(7): 433.

Ortiz RJ, Garrido-Benavent |, Heiomarsson S and Rios ADL 2023.
Moss and liverwort covers structure soil bacterial and fungal
communities differently in the Icelandic highlands. Microbial
Ecology 86(3): 1893-1908.

Orumaa A, Koster E, Tullus A, Tullus T and Metslaid M 2022. Forest
fires have long-term effects on the composition of vascular
plants and bryophytes in Scots pine forests of hemiboreal
Estonia. Silva Fennica 56(1). https://doi.org/10.14214/sf.10598

Peters K, Treutler H, D6ll S, Kindt A, Hankemeier T and Neumann S
2019. Chemical diversity and classification of secondary
metabolites in nine bryophyte species. Metabolites 9(10): 222.

Post E and Pedersen C 2008. Opposing plant community responses
to warming with and without herbivores. Proceedings of the
National Academy of Sciences 105(34): 12353-12358.

Proctor MC and Tuba Z 2002. Poikilohydry and homoihydry:
antithesis or spectrum of possibilities? New Phytologist 156(3):
327-349.

Rainford SK, Mortensen D, Brooks RP, Armando BBJ and Drohan PJ
2022. Bryophyte diversity and soil organic carbon content in
contrasting Northern Appalachian vernal pools. CATENA 213:
106133.



472

Rice SK, Aclander L and Hanson DT 2008. Do bryophyte shoot
systems function like vascular plant leaves or canopies?
Functional trait relationships in Sphagnum mosses
(Sphagnaceae). American Journal of Botany 95(11): 1366-1374.

Rodriguez-Lopez JP, Barron E, Peyrot D and Hughes GB 2021.
Deadly oasis: Recurrent annihilation of Cretaceous desert
bryophyte colonies; the role of solar, climate and lithospheric
forcing. Geoscience Frontiers12(1): 1-12.

Rola K, Plasek V, Rozek K and Zubek S 2021. Effect of tree species
identity and related habitat parameters on understorey
bryophytes - interrelationships between bryophyte, soil and tree
factors in a 50-year-old experimental forest. Plant and Soil
466(1-2): 613-630.

Rzepczynska AM, Michelsen A, Anne M and Lett S 2022. Bryophyte
species differ widely in their growth and N,-fixation responses to
temperature. Arctic Science 8(4): 1236-1251.

Satdichanh M, Dossa GGO, Yan K, Tomlinson KW, Barton KE, Crow
SE, Winowiecki L, Vagen T, Xu J and Harrison RD 2023. Drivers
of soil organic carbon stock during tropical forest succession.
Journal of Ecology 111(8): 1722-1734.

Seitz S, Nebel M, Goebes P, Kappeler K, Schmidt K, Shi X, Song Z,
Webber CL, Weber B and Scholten T 2017. Bryophyte-
dominated biological soil crusts mitigate soil erosion in an early
successional Chinese subtropical forest. Biogeosciences
14(24):5775-5788.

Shao Y, Wang S, Li Y, Chen Y, Zhao H, Wang J, Liu F and Yuan Z
2023. Importance of Bark Physicochemical Properties in an
Epiphytic Bryophyte Community within a Temperate Deciduous
Broadleaf Forest. Diversity 15(5): 688-688.

Sheng, X, Qiying C, Shifeng S, YizhenL, Bicai G, LanW and Gang G
2023. The trait co-variation regulates the response of bryophytes

to nitrogen deposition: A meta-analysis. Environmental Pollution
339:122739.

Shi X, Ricciuto DM, Thornton PE, XuX, Yuan, F, Norby RJ, Walker
AP, Warren JM, Mao J, Hanson PJ, Meng L, Weston D and
Griffiths NA 2021. Extending a land-surface model with
Sphagnum moss to simulate responses of a northern temperate
bog to whole ecosystem warming and elevated CO2.
Biogeosciences18(2): 467-486.

Silvan N and Jokinen K 2016. Early snowmelt enhances the carbon
sequestration of Hummock-forming Sphagnum Mosses on
Boreal Wetlands. Open Journal of Ecology 6(3): 103-112.

Sinha S, Singh A, Sinha D and Chatterjee R 202). A Review on
Bryophytes as Key Bio-indicators to Monitor Heavy Metals in the
Atmosphere. International Journal of Plant and Environment
7(01):49-62.

Slate ML, Antoninka A, Bailey L, Berdugo MB, Callaghan DA,
Cardenas M, Chmielewski MW, Fenton NJ, Holland-Moritz H,
Hopkins S, Jean M, Bier M, Kraichak E, Lindo Z, Merced A, Oke
T, Stanton D, Stuart J, Tucker D and Coe KK 2024. Impact of
changing climate on bryophyte contributions to terrestrial water,
carbon, and nitrogen cycles. New Phytologist 242(6).
https://doi.org/10.1111/nph.19772

Song X, Fang W, Chi X, Shao X and Wang Q 2021. Geographic
Pattern of Bryophyte Species Richness in China: The Influence
of Environment and Evolutionary History. Frontiers in Ecology
and Evolution 9. https://doi.org/10.3389/fevo.2021.680318

Soudzilovskaia N, Bodegom P and Cornelissen J 2013. Dominant
bryophyte control over high-latitude soil temperature
fluctuations predicted by heat transfer traits, field moisture
regime and laws of thermal insulation. Functional Ecology 27(6):
1442-1454.

Sun S, Wu YH, Wang GX, Zhou J, Yu D, Bing HJ and Luo J 2013.
Bryophyte species richness and composition along an altitudinal
gradientin Gongga Mountain, China. PLoS ONE 8(3): €58131.

Swarnkar P, Gore S, Rathore KS and Singh S 2024. Advancement of
bryophytes from traditional uses to pharmaceutical applications:
Areview. Environment Conservation Journal 25(2): 628-639.

Swarnkar et al

Sytiuk A, Cereghino R, Hamard S, Delarue F, Dorrepaal E, Kittim M,
Lamentowicz M, Pourrut B, Robroek BJM, Tuittila E and Jassey
VEJ 2022. Biochemical traits enhance the trait concept in
Sphagnum ecology. Oikos 2022(4). https://doi.org/10.11
11/0ik.09119

Szovenyi P, Terracciano S, Ricca M, Giordano S and Shaw AJ 2008.
Recent divergence, intercontinental dispersal and shared
polymorphism are shaping the genetic structure of amphi-
Atlantic peatmoss populations. Molecular Ecology 17(24): 5364-
5377.

Thielen SM, Gall C, Ebner M, Nebel M, Scholten T and Seitz S 2021.
Water's path from moss to soil: A multi-methodological study on
water absorption and evaporation of soil-moss combinations.
Journal of Hydrology and Hydromechanics 69(4): 421-435.

Wang Z, Feng D, Liu X, Hu B and Bao W 2022. Biogeographical
patterns of community-level content of N and P and their
stoichiometric ratios in subtropical forest floor bryophytes.
Ecological Indicators 143: 109369-109369.

Wang Z, Liu X and Bao W 2015. Higher photosynthetic capacity and
different functional trait scaling relationships in erect bryophytes
compared with prostrate species. Oecologia 180(2): 359-369.
Weston DJ, Timm CM, Walker AP, Gu L, Muchero W, Schmutz J,
Shaw AJ, Tuskan GA, Warren JM and Waullschleger SD 2014.
Sphagnum physiology in the context of changing climate:
Emergent influences of genomics, modelling and host-
microbiome interactions on understanding ecosystem function.
Plant, Cell & Environment 38(9): 1737-1751.

Yan Z, Kang E, Zhang K, Hao Y, Wang X, Li Y, Li M, Wu H, Zhang X,
Yan L, Zhang W, Li J, Yang A, Niu Y and Kang X 2022.
Asynchronous responses of microbial CAZymes genes and the
net CO, exchange in alpine peatland following 5 years of
continuous extreme drought events. ISME Communications
2(1). https://doi.org/10.1038/s43705-022-00200-w

Yang T, Chen Q, Yang M, Wang G, Zheng C, Zhou J, Jia M, and Peng
X 2022. Soil microbial community under bryophytes in different
substrates and its potential to degraded karst ecosystem
restoration. International Biodeterioration & Biodegradation175:
105493-105493.

Ye R, Ding J, Gong W, Argyle MD, Zhong Q, Wang Y, Russell CK, Xu
Z,RussellAG, LiQ, FanM and Yao YG 2019. CO, hydrogenation
to high-value products via heterogeneous catalysis. Nature
Communications 10(1): 5698.

Zhang W, Li Y, Tian Y, Tang D and Zhao Z 2023. Liquid metal
interfacial engineering strategy to synthesize all-carbon-linked
porous aromatic frameworks for the cycloaddition of C,, with
epoxides. ACS Applied Materials & Interfaces 16(1).
https://doi.org/10.1021/acsami.3c15912

Zhou H, Chen Y, Zhu C, Chen Y, Yang Y, Li W and Chen S 2021.
Warming increases the carbon sequestration capacity of Picea
schrenkiana in the Tianshan Mountains, China. Forests 12(8):
1066-1066.

Zhou Z, He C, Xiu J, Yang L and Duan C 2015. Metal-organic
polymers containing discrete single-walled nanotube as a
heterogeneous catalyst for the cycloaddition of carbon dioxide to
epoxides. Journal of the American Chemical Society 137(48):
15066-15069.

Zuijlen K van, Bisang I, Nobis MP and Bergamini A 2024. Extinction
risk of European bryophytes predicted by bioclimate and traits.
Biological Conservation293: 110584-110584.

Zuijlen K, Klanderud K, Dahle OS, Hasvik A, Knutsen MS, Olsen SL,
Sundsbo S and Asplund J 2021. Community-level functional
traits of alpine vascular plants, bryophytes, and lichens after
long-term experimental warming. Arctic Science 8(3): 1-15.

Zukauskiene J, Snieska V and Navickas V 2023. Panel data analysis
of the creation of green economy in the Baltic States. Zeszyty
Naukowe Politechniki Czestochowskiej Zarzadzanie 52(1): 193-
202.

Received 12 March, 2025; Accepted 31 May, 2025



