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Abstract

Toxic elements cause a serious threat to both the terrestrial and aquatic ecosys-
tems. They are released into the environment by anthropogenic activities like the
discharge of wastewaters viz. industrial effluents, home sewage, use of chemical
fertilizers, burning of fossil fuel, mining of different ores, use of radioactive
elements, and nuclear reactors which contribute to heavy metal influx into the
environment. Bryophytes include liverworts, hornworts, and mosses which have
a significant potential to absorb heavy metals, making them useful biomonitoring
tools. Because of the lack of an efficient vascular system, heavy metals deposition
has been seen in bryophytes. Bryophyte tissue is a potent ion exchanger with the
environment; hence, they accumulate heavy metals from the sources. Metal
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absorption is extremely noticeable in bryophytes, especially in samples from
contaminated streams. Mosses are the most important of the three groups of
bryophytes in terms of bioaccumulation of hazardous substances from the envi-
ronment. Moss species are more effective than vascular plant leaves for monitor-
ing air pollution produced by heavy metals in urban areas. Hence, bryophytes are
regarded as the best biomonitoring agent of environmental pollution. Currently,
Moss bag techniques have been used to give a low-cost, flexible, and dense
monitoring design that can show spatial and temporal trends but also vertical and
horizontal gradients for a number of inorganic and organic pollutants. The moss
bag approach will successfully overcome the issue of a lack of naturally grown
mosses, allowing homogeneous biomonitoring of gaseous pollutants across all
anthropogenically devastated areas. It has been utilized successfully for
biomonitoring of potentially hazardous elements such as rare earth elements
and persistent organic chemicals, primarily polycyclic aromatic hydrocarbons.
In this context, a more in-depth research is necessary from the forthcoming
researchers in this field.
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Abbreviations

Ag� Silver
Al� Aluminum
Ca� Calcium
Cd� Cadmium
CEC� Cation Exchange Capacity
CF� Contamination Factor
Co� Cobalt
Cr� Chromium
Cu� Copper
Fe� Iron
Hg� Mercury
HM� Heavy Metal
K� Potassium
Mg� Magnesium
Mn� Manganese
Mo� Molybdenum
Na� Sodium
Ni� Nickel
PAH� Polycyclic Aromatic Hydrocarbon
Pb� Lead
PTE� Potentially Toxic Trace Elements
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Se� Selenium
Sn� Tin
Zn� Zinc

1 Introduction

People are becoming more aware of the term “pollution” and are collecting harmful
substances from their surroundings. They have since learned about the dangerous sub-
stances’ negative effects on their health and the health of other living beings. Copper(Cu),
Iron(Fe), Molybdenum(Mo), Zinc(Zn), and, in some cases, Aluminium(Al), Nickel(Ni),
and Selenium(Se) are all tracemetals that organisms need asmicronutrients. However, in
certain circumstances, these same components may accumulate in high concentrations in
species, causing ecological devastation. Cadmium(Cd), Chromium(Cr), Cobalt(Co),
Copper(Cu), Iron(Fe), Lead(Pb), Mercury(Hg), Nickel(Ni), Silver(Ag), Tin(Sn) and
Zinc(Zn), as well as the lighter elements Aluminium(Al), Arsenic(As), and Selenium
(Se) are the most usually linked to environmental toxicity [22].

1.1 Sources of Hazardous and Toxic Materials in the Environment

Both aquatic and terrestrial ecosystems are threatened by toxic trace metals. Heavy
metals from various sources have poisoned both ecosystems. Heavy metals are one
of the most studied contaminants in the environment. Depending on the dose and
length of exposure, almost any heavy metal or metalloid could be hazardous to biota
[1]. Metals with a specific density of more than 5 gcm�3 are classified as heavy
metals [39]. Heavy metals discharged into the atmosphere through mining, smelting,
and other industrial activities eventually find their way back to the soil via dry and
wet deposition. Heavy metals are released into the environment by the discharge of
wastewaters such as industrial effluents and home sewage. Chemical fertilizers and
fossil fuel burning both contribute to anthropogenic heavy metal influx into the
environment. Phosphate fertilizers are particularly hazardous when it comes to heavy
metal levels in commercial chemical fertilizers [1]. Heavy metals harm to water and
soil because they are dumped into the water, moved down streams, and eventually
trapped in the water’s underlying bed; or they are washed away by overflow onto the
water surface [21]. The toxic effects of these metals are an issue for ecological,
evolutionary, nutritional, and environmental reasons [56]. The toxicity of persons
exposed is influenced by the dose, manner of exposure, chemical species, as well as
their age, gender, genetics, and nutritional status. Heavy metals are persistent in the
environment and can bioaccumulate in food systems. Cadmium, lead, and mercury
are examples of common air pollutants emitted mostly as a result of industrial
activities. They contribute to soil deposition and build-up despite the low air levels.
Cadmium has also been identified as a probable human carcinogen, capable of
causing lung cancer. Lead poisoning impairs the growth and neurobehavioral devel-
opment of fetuses, newborns, and toddlers as well as raises blood pressure in adults.
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Mercury is harmful in both its elemental and inorganic forms, but the organic
molecules, particularly methyl mercury, that accumulate in the food chain, that is,
in predatory fish in lakes and oceans, are the primary routes of human exposure.
Long-range transboundary, air pollution is only one source of exposure to these
metals, but due to their persistence and potential for global atmospheric transmis-
sion, atmospheric emissions have an impact on even the most remote places [40].

1.2 Most Hazardous Toxic Elements with Environmental Impact

Many elements are regarded as heavy metals; however, some are significant in terms
of the environment. Cr, Ni, Cu, Zn, Cd, Pb, Hg, and As are among the most
ecologically hazardous heavy metals and metalloids [1, 5]. Cr, Mn, Ni, Cu, Zn,
Cd, and Pb are the most prevalent heavy metal contaminants found in the environ-
ment [1, 42]. In 2009, China outlined four metals, that is, Cr, Cd, Pb, Hg, and the
metalloids, as the highest priority pollutants for monitoring in the “12th 5 year plan
for comprehensive prevention and control of heavy metals in the environment”
[1, 23]. These metallic elements are considered systemic toxicants that can trigger
organ damage even at low levels of exposure. They are also described as human
carcinogens by the US Environmental Protection Agency and the International
Agency for Research on Cancer [84].

2 Bryophytes and Toxic Elements

Because of their dispersion powers, bryophytes are more distributed widely than
other plants [57, 80]. From an evolutionary standpoint, these are represented by the
second most species-rich cluster of land-dwelling plants [37]. The mosses contain
approximately 8000 species, liverworts 6000 species, and hornworts 200 species
[31]. Bryophytes allocate important buffer structures for other groups of plants and
thus play a crucial part in perpetuating ecosystems [36]. Bryophytes are widely used
as touchstone species in air pollution, water pollution, and soil pollution. Besides,
they are also used in various fields, such as material for seed beds, fuel, medicines,
food, pesticides, moss gardening, treatment of waste, construction, genetic engineer-
ing, culturing, and soil conditioning [27, 65].

2.1 Sequestration of Toxic Elements by Bryophytes

A tolerant plant has a specific physiological system that enables it to work efficiently
even when exposed to excessive heavy metal concentrations [83]. Bryophytes have a
significant potential to absorb heavy metals, making them useful biomonitoring
tools. However, depending on the element and bryophyte species employed, this
capability may vary [4, 58]. Because of the lack of an efficient vascular system,
heavy metals deposition has been seen in mosses and other bryophytes. This is
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owing to the relatively unrestricted exchange of solutes between active plant tissues
and the atmosphere [30, 41]. Several investigations in the Goujiang Karst bauxite in
South Western China found that gemmiferous bryophyte communities tolerate high-
heavy metal substrates better than nongemmiferous communities, making
gemmiferous bryophyte communities valuable in heavy metal pollution monitoring
[80]. Pleurocarpous bryophytes are more susceptible to toxins than acrocarpous
bryophytes. This sensitivity might be due to variations in the growth forms’ water
conducting systems and soluble metal absorption [48, 64]. Elevated pollution and
poor water quality are likely to be problematic for aquatic bryophytes. The compo-
sition of bryophyte species is indicative of river hydromorphology in the assessment
of surface water quality, while the abundance of elements in bryophyte tissue depicts
water chemistry [25, 77].

Role of direct involvement of photochemical of bryophytes in the accumulation
of toxic element is not established yet, but it has been revealed by some studies that
the metal chelating properties involve in the sequestration of toxic elements by
bryophytes. For assessing the antioxidant capacity that retains metals that induce
lipid peroxidation, metal chelating activity is crucial. Chelating substances bind
transition metals in the body for this reason, which prevents radical production
[45]. Metal ion sequestration in the cell wall, vacuoles, and cytoplasm vesicles are
all known to be involved in heavy metal tolerance in bryophytes. Heavy metal
toxicity can be minimized by bryophytes by trapping toxic ions in internal and
external spaces. One of the most well-known sites of metal detoxification is the cell
wall [7, 8, 47]. According to some interpretations, heavy metal transport and
deposition in metal-treated pollen grains may be facilitated via cell membrane pits,
cytoplasm vesicles and multivesicular aggregates [20]. Herbarium moss samples
might have been useful in predicting patterns in Pb and Cu deposition [67].

2.2 Ion Exchange Characteristics of Bryophytes

Bryophyte tissue is a potent ion exchanger, which has been recognized for decades
[10, 74]. Metal tolerance in bryophyte is species-specific, although the mechanisms
for the diverse levels of tolerance are unclear. In the mosses, the data indicate a
hypothetic correlation between lamina cell shape and metal tolerance. Species with
long, thin lamina cells may withstand high metal levels better than those with
isodiametric cells [58]. In comparison to tracheophyte roots, bryophyte tissues
exhibit greater cell wall cation exchange capacities (CEC), which may be crucial
in the sequestration and protoplasmic absorption of crucial cations like Mg. The
CEC of epilithic and wooded soil bryophytes reduces when the preferred substra-
tum’s Ca concentration and pH decline. It is likely that a lower CEC avoids
excessive adsorption of the phytotoxicant AI, which becomes more readily accessi-
ble under acidic environments, although this concept is still not validated [9]. Cu2+,
Pb2+> Ni2+> Co2+> Zn2+,Mn2+ is the persistence ability order for heavy metal
ions in Hylocomium splendens [63, 73]. At ambient levels, retention efficiency in
Sphagnum falls in the order Fe3+ >Mg2+, Ca2+ > K+, Na+, as well as with cation
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exchange resins [10]. Unesterified polyuronic acids make up around 25% of the
tissue dry weight in Sphagnum acutifolium, and there is a strong link between the
quantity of these acids and the cation exchange capacity (CEC) of several Sphagnum
species [19, 73]. The tissue abundance of pectic compounds, particularly uronic
acid, is intrinsically linked to the cation exchange capacity (CEC) of Sphagnum [44].

3 Role of Bryophytes in Sequestration of Toxic Elements:
Recent Advances

As a method for determining the levels of environmental health and assessing the
harmful contaminants in the biosphere, bryo-monitoring is progressively gaining
popularity [50]. Tyler and his colleagues came up with the notion of using mosses to
quantify atmospheric heavy metal deposition in the late 1960s. The moss analysis
approach provides a proxy, time-integrated estimate of heavy metal deposition
patterns from the atmosphere to terrestrial systems [33]. As a result, many regions
of the world employ these agents in the current situation to monitor the different kind
of pollution [50] (listed in Table 1).

The European moss survey has been conducted every 5 years since 1990
[35]. The survey was conducted from 2000 to 2001 to investigate patterns of
variation in heavy metal concentrations in mosses across Europe, identify the most
contaminated places, create regional maps, and improve knowledge of long-range
transboundary contamination [33]. The European moss study collects data on
10 heavy metal concentrations (As, Cd, Cr, Cu, Fe, Hg, Ni, Pb, V, and Zn) in
naturally grown mosses, as well as the metals Al and Sb and nitrogen since 2005
[32, 34, 35, 71]. For 27 archival and native bryophyte specimens collected in
Guangzhou from 1932 to 2018, five heavy metals (As, Cd, Cu, Pb, and Zn) were
analyzed [81].

The Republic of Moldova’s deposition of potentially harmful substances was
assessed using the moss biomonitoring approach. The research was carried out under
the auspices of the International Cooperative Program on Effects of Air Pollution on
Natural Vegetation and Crops. In May 2020, samples of the moss Hypnum
cupressiforme Hedw. were gathered from 41 sampling locations spread over the
whole nation. Neutron activation analysis and atomic absorption spectrometry were
used to estimate the mass fractions of 35 elements, including Na, Mg, Al, Cl, K, Ca,
Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Br, Se, Rb, Sr, Sb, Cs, Ba, Cd, La, Ce, Sm,
Eu, Tb, Hf, Ta, Th, Pb, and U [85].

The total contents of eight elements (Cu, Zn, Fe, Mn, Ni, Pb, Cd, and Cr) as
determined by ICP-AES and Atomic Absorption Spectrophotometry (AAS)
methods were compared in four types of indigenous mosses (Brachythecium
plumosum, Eurhynchium laxirete, Taxiphyllum taxirameum, and Haplocladium
strictulum), which were collected from various sampling sites in the Chengdu city,
China. According to the study, T. taxirameum had a larger potential for metal
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Table 1 Name of the bryophytes that are involved in the accumulation of toxic elements

Sl.
No Name Family Habitat

Liverworts

1 Riccia fluitans L. Ricciaceae Aquatic

2 Aneura pinguis (L.) Dumort. Aneuraceae Terricolous

3 Pellia endiviifolia (Dicks.) Dumort. Peliaceae Terricolous

4 Solenostoma crenulatum Mitt. Jungermanniaceae Corticolous,
saxicolous

Mosses

5 Pleurochaete squarrosa (Brid.) Lindb. Pottiaceae Aquatic

6 Hypnum cupressiformeHedw. Hypnaceae Terricolous/
Saxicolous

7 Pseudoscleropodium purum (Hedw.)
M. Fleisch.

Brachytheciaceae Terricolous

8 Hylocomium splendens (Hedw.) Schimp. Hylocomiaceae Saxicolous

9 Bryum pseudotriquetrum (Hedw.)
Schwaegr.

Bryaceae Saxicolous

10 Bryum turbinatum (Hedw.) Turner Bryaceae Saxicolous

11 Chorisodontium aciphyllum (Hook. f. &
Wilson) Broth.

Dicranaceae Saxicolous

12 Racomitrium lanuginosum (Hedw.) Brid. Grimmiaceae Saxicolous

13 Rhizomnium punctatum (Hedw.) T.J. Kop. Mniaceae Terricolous

14 Taxiphyllum barbieri (Cardot & Copp.)
Z. Iwats.

Hypnaceae Aquatic

15 Pohlia nutans (Hedw.) Lindb. Bryaceae Terricolous

16 Leskea angustata Taylor Leskeaceae Terricolous

17 Fabronia ciliaris (Brid.) Brid. Fabroniaceae Saxicolous /
Corticolous

18 Polytrichastrum formosum (Hedw.)
G.L. Sm.

Polytrichaceae Terricolous /
saxicolous

19 Pleurozium schreberi (Willd. ex Brid.) Mitt. Hylocomiaceae Terricolous

20 Fontinalis antipyretica L. ex. Hedw. Fontinalaceae Aquatic

21 Philonotis fontana (Hedw.) Brid. Bartramiaceae Terricolous /
saxicolous

22 Pohlia flexuosa Harv. Bryaceae Saxicolous

23 Cinclidotus fontinaloides (Hedw.) P. Beauv. Cinclidotaceae Saxicolous

24 Dialytrichia mucronata (Brid.) Broth. Pottiaceae Corticolous/
saxicolous

25 Hygroamblystegium fluviatile (Hedw.)
Loeske

Amblystegiaceae Aquatic /
saxicolous

26 Hygroamblystegium tenax (Hedw.) Jenn. Amblystegiaceae Aquatic /
saxicolous

27 Platyhypnidium riparioides (Hedw.) Dixon Brachytheciaceae Aquatic

28 Leptodictyum riparium (Hedw.) Warnst. Amblystegiaceae Aquatic

29 Scorpiurium circinatum (Brid.) M. Fleisch.
& Loeske

Brachytheciaceae Saxicolous

(continued)
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accumulation than other species, and there were substantial inter- and intraspecies
variances in heavy metal concentrations [17].

In order to determine the effects of growth substrates, geographic elevation, and
moss species type on the accumulation characteristics of heavy metals as well as to
pinpoint heavy metal sources, concentrations of Cr, Co, Ni, Zn, Sr, Cd, Ba, and Pb in
various moss species from Mountain Gongga, China, were analyzed. The findings
revealed substantial differences in both the composition and geographical distribu-
tion of these components. The findings demonstrated that elevation has an impact on
the variance of heavy metals in moss. The kind of moss and growth substrate had
less of an impact on the metal concentration of the mosses studied for this investi-
gation. The PMF model’s findings showed that the majority of the Co, Cr, and Ni in
the mosses on Mountain Gongga came from substrate sources, while other elements
were predominantly linked to human activities, Pb and Cd might be ascribed to
atmospheric deposition [82].

After mineral exploitation, the restoration of natural vegetation in manganese
mining regions has become a crucial task. In mining regions of South western China,
bryophytes have a priceless impact on ecological restoration. The findings indicated
that Bryum atrovirens obtained from two different types of regions had a consider-
able capacity to accumulate Mn, with cumulants of 5588.00 g/g and 4283.41 g/g,
respectively. All mosses demonstrated a high capacity for Cd enrichment. It dem-
onstrated that mosses were very resistant to heavy metals [60].

In both polluted and uncontaminated sites in Villavicencio (Colombia) and its
surrounds, the presence and distribution of the bioaccumulation of lead in bryo-
phytes have been assessed. Fifty-two samples of bryophytes in total were gathered,
of which 43 came from locations spread around the city’s urban areas (homes,
businesses, and highways), while the remaining nine came from clean regions
located outside the city. Nitric and hydrochloric acids were used to treat the samples,
and the results were then analyzed using atomic absorption spectrometry. Pb con-
centrations were found to be between 1 and 6 times higher in the commercial sector

Table 1 (continued)

Sl.
No Name Family Habitat

30 Fontinalis hygrometrica (Hedw.) P. Syd. Fontinalaceae Aquatic

31 Fissidens bryoides Hedw. Fissidentaceae Terricolous

32 Cinclidotus aquaticus (Hedw.) Bruch &
Schimp.

Cinclidotaceae Aquatic

33 Cratoneuron filicinum (Hedw.) Spruce Amblystegiaceae Terricolous

34 Palustriella commutata (Hedw.) Ochyra Amblystegiaceae Aquatic

35 Ceratodon purpureus (Hedw.) Brid. Ditrichaceae Saxicolous

36 Sphagnum palustre L. Sphagnaceae Aquatic

37 Funaria hygrometrica Hedw. Funariaceae Terricolous

38 Brachythecium species Brachytheciaceae Terricolous

39 Eurhynchium species Brachytheciaceae Terricolous
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than in the residential and highway sectors. The regional variations in lead deposi-
tion are reflected in the spatial patterns of lead concentrations in bryophytes.
According to this study, mosses and liverworts can be used to detect pollution
hotspots in a city [72].

Over the course of 5 years, a research was conducted using Pleurozium schreberi
next to a national highway that crosses Poland from north to east in the vicinity of
Natura 2000 regions. Three places that were noticeably different were used to
harvest moss samples. The amount of Zn, Ni, Pb, Co, and Cd in moss was examined
in this study in relation to the effects of road transportation [59].

As markers of metal contamination, two moss species – Physcomitrium
cyathicarpum and Barbula constricta – growing in various parts of Delhi, India,
have been utilized. Using atomic absorption spectroscopy, the levels of significant
heavy metals including Cr, Co, Cd, Cu, Fe, Hg, Ni, and Pb have been estimated in
the tissues of both moss species, with Fe, Ni, Cu, and Cr having the greatest levels
followed by Co, Cd, Pb, and Hg. Fe, Co, Cu, and Cr concentrations were found to be
high in both species growing in the North Delhi zone, followed by South and West
Delhi, indicating that areas with an industrial belt, heavy traffic, and companies that
produce chemical effluents [76].

In order to assess the capability for heavy metal accumulation in mosses at several
sites in the Idukki District of Kerala, India, eighteen moss species and their soil
substrata were examined. Statistics revealed substantial interspecies variations in
metal concentrations (p ¼ 5%), where Campylopodium khasianum had a greater
capability for metal accumulation. In all five of the chosen sampling locations, the
substratum had the greatest Cr level, followed by Ni and Pb. Regardless of the
sample sites, all the mosses exhibited substantial Cr (III) accumulation relative to
other metals (Cd, Cu, Pb, and Ni). Campylopodium khasianum, one of 18 mosses,
was shown to gather the most Cr, Cd, Ni, and Pb, indicating that it may be used to
clean up soil polluted with these metals [75].

4 Several Bryophytes in the Deposition of Toxic Substances
from the Environment

Metal absorption is extremely noticeable in bryophytes, especially in samples from
contaminated streams [14]. Mosses are the most important of the three groups of
bryophytes in terms of bioaccumulation of hazardous substances from the environ-
ment. Moss species are more effective than vascular plant leaves for monitoring air
pollution produced by heavy metals in urban areas [18]. Mosses that can acquire
large levels of heavy metals from the environment have evolved a natural response to
these circumstances [13]. Moss proves to be a promising bioindicator for elements
notably Al, Cr, Sc, Th, Pb, Cd, Cu, V, and partially Zn deposition [15].

Bryophytes as an Accumulator of Toxic Elements from the Environment: Recent. . . 9



4.1 Liverworts

Pellia endiviifolia (Dicks.) Dumort.and Aneura pinguis (L.) Dumort.can be utilized
as reliable bioindicators of water quality [16]. Marchantia polymorpha L. may be
utilized as an adequate air pollution indicator. A combination of indices such as
chlorophyll, sugar, protein, catalase, and peroxidase in this species exposed for a
short amount of time can reliably reveal pollution levels in the air. It may be regarded
as a hyperaccumulator for lead since it demonstrated high levels of absorption. As a
result, it can be utilized as a bioindicator or bioaccumulator species and can be used
for indication or accumulation in various contaminated locations [66].

4.2 Mosses

Fontinalis antipyretica Hedw. can be utilized to detect zinc pollution in aquatic
systems [53]. It acquires pollutants like heavy metals and other trace elements,
making it a good indication of urban pollution in terms of the ecological threats
posed. It may also be used to collect inorganic and organic contaminants [24–26, 77–
79]. Pohlia flexuosa Harv. can tolerate large levels of hazardous metals without
showing any signs of harm in its growth and development. For these metals, it
possesses a tolerance and exclusion mechanism, notably for the nonessential ele-
ments As and Pb. As a result, its luxuriant and spontaneous development might be
exploited as a phytostabilization pioneer plant in the black shale outcrop, where
vascular plants are uncommon. Its ability to tolerate Cd toxicity may be due to the
control of K and Zn uptake. P. flexuosa Harv, in particular, can grow and function
properly in severely polluted soil (up to 486.0 mg kg� 1 Cd and 2220 mg kg� 1 Cu)
[83]. In a biomonitoring study in remote areas of Italy and Northern Victoria,
15 chemical elements were discovered in five epigean moss species: Hypnum
cupressiforme Hedw., Pseudoscleropodium purum (Hedw.) M. Fleisch.,
Hylocomium splendens (Hedw.)Schimp., Bryum pseudotriquetrum (Hedw.)
Schwaegr., and Chorisodontium aciphyllum (Hook. f. & Wilson) Broth [6]. In a
study conducted in Trieste, transplants of the mosses Hypnum cupressiforme Hedw.
and Pseudoscleropodium purum (Hedw.) M. Fleisch. were compared as active
biomonitors of some airborne trace elements (As, Cd, Cr, Cu, Fe, Hg, Mn, Pb,
Ti, V, Zn). Pseudoscleropodium purum (Hedw.) M. Fleisch. has a strong resistance
to heavy metals in the atmosphere, accumulating and losing practically all elements
at equal or greater rates, especially those connected to particulate, dry depositions.
The physical absorption of the coarse component of the dust by the P. purum (Hedw.)
M. Fleisch. transplants was the predominant mechanism of heavy metal accumula-
tion [51, 86]. Largescale patterns connected to moist depositions might be detected
using Hypnum cupressiforme Hedw. This species was shown to be capable of
removing metal ions (Co, Ni, Zn, Cd, Pb, and Cu) from aqueous solutions based
on biosorption studies. These two carpet-forming moss species were also used to
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investigate the atmospheric deposition of these components in Kosovo [13, 28, 54,
55]. Racomitrium lanuginosum (Hedw.) Brid. seems to have a wider potential for
monitoring long-range atmospheric transit for these harmful substances [61]. Instru-
mental neutron activation analysis was used to evaluate the content of a total of
36 elements in Brachythecium sp. and Eurhynchium sp. [2]. Taxiphyllum barbieri
(Cardot & Copp.) Z. Iwats., an aquatic moss, appears to be a good indicator species
for metal toxicity because it showed clear sensitivity at the microscopic level
[46]. Because it acquired significant levels of Cu and Ni, Pohlia nutans (Hedw.)
Lindb. was thought to be a pollutant-resistant species. It not only survives extreme
pollution, but also conquers severely polluted (barren) places in the absence of
nonferrous smelters. It produces asexual reproductive structures that are highly
specialized [68], which helps these species thrive in extremely polluted environ-
ments [48, 64, 73, 86]. Leskea angustata Taylor and Fabronia ciliaris (Brid.) Brid.
are two epiphytic moss species that may be used to assess environmental pollution
[49]. Bryum turbinatum (Hedw.) Turner and Rhizomnium punctatum (Hedw.)
T.J. Kop. have high CFs for a variety of heavy metals and can be used to analyzed
chemical contamination patterns [26]. Polytrichastrum formosum (Hedw.) G.L. Sm.
is a suitable bioindicator for a variety of chemical components [52]. Pleurozium
schreberi (Willd. ex Brid.) Mitt. is a sensitive bioindicator of heavy metal contam-
ination in the environment. In Poland, this species is suggested for biomonitoring.
They allow you to determine the degree of contamination, the source of contamina-
tion, and the direction of contamination spread [29, 43]. Metal accumulation by
aquatic bryophytes from polluted mine streams is highly recorded. Platyhypnidium
riparioides (Hedw.) Dixon, Dialytrichia mucronata (Brid.) Broth,
Hygroamblystegium fluviatile (Hedw.) Loeske, Hygroamblystegium tenax (Hedw.)
Jenn., and Cinclidotus fontinaloides (Hedw.) P. Beauv. could be used as trustworthy
water quality bioindicators. Metal levels are high in Philonotis fontana (Hedw.)
Brid. and Solenostoma crenulatum Mitt. (burton) [16, 77, 79]. Leptodictyum
riparium (Hedw.) Warnst. is capable of retaining large levels of trace elements and
has a high tolerance for human contamination [25]. Bioaccumulation in Scorpiurum
circinatum (Brid.) Fleisch. & Loeske revealed that moss cells resisted heavy metal
toxicity and immobilizing most harmful ions extracellularly, most likely in cell wall
binding sites, which are the primary site of metal detoxification [8]. Plagiomnium
affine (Blandow ex Funck) T.J. Kop.has been discovered to have a limited capacity
to collect specific elements such as Zn, Cl, and others [58]. Pb and Zn accumulation
is highest in the gametophyte and placenta of Fontinalis hygrometrica (Hedw.)
P. Syd [7] specially in their cell walls, vacuoles, nuclei, and plastids [8]. Sphagnum
palustre L. has proven to be a reliable bioindicator that may be used in biomonitoring
research [70]. Ceratodon purpureus is a pollution-tolerant species that has been
related to human influence [62]. Pleurochaete squarrosa (Brid.) Lindb. and Hypnum
cupressiforme Hedw. were used in several biomonitoring assessments of heavy
metal, nitrogen deposition, and δ 15 N signatures in a Mediterranean environment.
In comparison to other pleurocarpous mosses, it is a viable biomonitor [38].
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5 Perspective of Using Bryophytes in Accumulation of Toxic
Elements

Moss analysis is a time-integrated surrogate measurement of metal deposition from
the atmosphere to terrestrial systems. It is simpler and less expensive than traditional
precipitation analysis because it eliminates the need for large numbers of precipita-
tion collectors and a long-term program of sample collection and analysis. Because
mosses have larger trace element concentrations than rainwater, analysis is easier
and less prone to contamination. Although moss concentration measurements do not
give a direct quantitative assessment of deposition, they may be calculated using one
of many regression models that link moss survey findings to precipitation monitor-
ing data [12, 33, 34]. Metal(loid) detoxification processes in bryophytes are probably
worthy of further investigation. It is also worth noting that phytochelatin synthase
(PCS) and phytochelatins (PCn) have recently been discovered in various bryo-
phytes, indicating that PCn’s involvement in metal detoxification and homeostasis in
these plants might be important [11]. The moss bag approach successfully over-
comes the issue of a lack of naturally grown mosses, allowing homogeneous
biomonitoring of gaseous pollutants across all anthropogenically devastated areas.
It has been utilized successfully for biomonitoring of potentially hazardous elements
such as rare earth elements (PTEs) and persistent organic chemicals, primarily
polycyclic aromatic hydrocarbons (PAHs). Moss bag techniques will be able to
give a low-cost, flexible, and dense monitoring design that can show spatial and
temporal trends but also vertical and horizontal gradients for a number of inorganic
and organic pollutants. It might be used to monitor heavy metals in the air for a long
time [3, 69].

6 Conclusion

It has been revealed that the mosses are more relevant to accumulating toxic
elements than the other groups of bryophytes (Fig. 1). In terms of habitat, saxicolous
and corticolous mosses are more relevant (Fig. 2). The family Amblystegiaceae has
the potential in the tolerance of toxic metals from the environment followed by the
family Brachytheciaceae and Bryaceae (Fig. 3). More in-depth research on these
species, which play a significant role in phylogenesis, might uncover the presence of
additional critical detoxifying systems that have been lost through time and/or better
define the molecular processes underlying these plants’ remarkable resistance to
metal(loid)s. Understanding the present and developing successful solutions to meet
future difficulties can be aided by a closer look into the past [11].
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Fig. 1 Pie diagram showing rate of involvement of different groups of bryophytes in term of toxic
elements accumlation

Fig. 2 Pie diagram showing habitat-wise rate of involvement of bryophytes in context of toxic
elements
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