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Abstract: Wetlands are viable sinks for nitrate and have also been identified as a source of nitrous
oxide, a product of two microbially regulated processes: nitrification and denitrification. Anthro-
pogenic expansion of nitrogen is a leading cause of the eutrophication of water bodies and may
also contribute to the deterioration of the ozone layer in the stratosphere. Wetlands ameliorate the
quality of water percolating through them, by retaining nutrients and sequestering carbon, and
simultaneously enhancing the flora and fauna diversity of these landscapes. Among the many
services these wetlands provide, they also alleviate nitrate pollution by attenuating reactive nitrogen
from agricultural drainage and ensure the effective reclamation of the wastewater. The literature
regarding the viability of wetlands suggests a linear relationship between the removal of nitrogen
and its loading rate, thereby suggesting a potential loss of nitrogen removal capacity due to the loss
of wetland area. This review discusses the nitrogen removal mechanisms in existing wetlands along
with the environmental variables affecting the optimum performance and management of these wet-
lands, in terms of greenhouse gas retention and biodiversity. Conservation of these wetlands should
be contemplated to maintain the world-wide nitrogen cycle and diminish the negative repercussions
of surplus nitrogen loading.
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1. Introduction

Various aquatic ecosystems have encountered a deterioration of water quality due
to surplus nutrients stacking, from both point and nonpoint sources. Since 2008, sani-
tation concerns have imperiled the existence of about 2.5 billion individuals across the
globe, through water contamination or direct contact [1]. To optimize pollutant removal,
numerous natural wetlands that have recently operated as wastewater disposal sites are ex-
peditiously being altered for agricultural and infrastructure advancement, and considering
the upstream treatment of wastewaters utilizing constructed wetlands is an alternative that
can be exploited to establish a sustainable supply of cleansed water. Compared to conven-
tional mechanical treatment systems, constructed wetlands productively incorporate the
treatment of wastewater, as well as resource enhancement, at a cost-effective rate (60–95%).

Point source pollution alludes to pollutants that come from a definite, traceable source.
Whereas, nonpoint source pollutants may appear in untraceable runoff from agriculture,
mining, oil, and gas operations, and are laborious to evaluate as they originate from diverse
landscapes and various diffuse sources. Pollutants deriving from agricultural runoff
introduce dissolved organic carbon, nitrogen, phosphorus, pesticides, salts, sediments, and
trace elements into the ecosystem [2]. It has long been established that an abundance of
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nitrogen, along with phosphorous, is responsible for the eutrophication of coastal waters,
estuaries, and inland waters [3,4]. Nitrogen is applied to arable land as inorganic fertilizers,
manure, and urea, however, in tile drainage nitrate-N is the major nitrogen form, whereas
all other forms are transformed into nitrate-N via hydrolysis and nitrification.

Powlson and Addiscott [5] indicated urea as the most frequently used nitrogen fer-
tilizer. After application, urea is hydrolyzed to ammonia-N within a few days, and if
not absorbed by plants, ammonia-N is nitrified to nitrate-N within a month. Nitrate is a
chemically inert form of nitrogen and can effortlessly be leached off from the soil profile [6].
Tillage practices have been proclaimed to affect nitrate leaching to a great magnitude. This
nitrate leaching effect is distinctively variable, and the consequences are the highest when
tillage takes place just before a high-water recharge. Wetlands act as biofilters that help
eliminate particulate matter, as sinks collecting nutrients, and also as transformers turning
these nutrients into various gaseous forms of nitrogen [7]. The ability of natural wetlands
to retain nitrogen was first reported in the 1970s [8]. Acreman [9] evaluated the accessible
results from 54 natural wetlands in Africa, Asia, Australia, Europe, and North America and
estimated that 80% of these wetlands removed an average of 67% nitrogen. The significant
processes accountable for retaining nitrogen are denitrification, nitrogen uptake by plants
followed by nitrogen amassing in the plant biomass, sedimentation, and volatilization.

Over the 20th century, wetlands have been broadly viewed as biological filters, provid-
ing security to water resources, such as estuaries, groundwater, lakes, and streams. Even
though natural wetlands have served as ecological buffers, the research and development
of wetland treatment technology is a fairly recent phenomenon, as very little information
has been obtained about their biological principles and underlying ecological functioning.
Nevertheless, the expanded demands on wastewater treatment effectiveness and the rising
cost of traditional treatment systems correspondingly required a better comprehension of
wetland treatment operations. Hence, in 1974 the emergence of the first operative hori-
zontal subsurface flow constructed wetland led to the commencement of studies of the
viability of employing wetlands for wastewater treatment during the 1950s in Germany.
This review highlights the potential and basic mechanism of wetland systems to reduce
nitrogen loadings to water bodies, and their impact on species diversity. The significant
variables that are supposed to alter the proper functioning and effectiveness of wetlands
are also assessed in order to identify the decisive practices for nitrogen management.

2. Method

The search for literature was carried out on the internet and relevant electronic
databases. No specific document type, duration, or language restraints were enforced. All
the retrieved documents were screened by one author according to abstract and title stan-
dard. The subsets of forty documents were further screened by other authors to monitor
the coherence and compliance of the screening, according to the accepted inclusion and
exclusion criteria. After screening, the remaining relevant data were analytically assessed
and assigned to three quality grades, the data were derived from two of them.

3. What Are Wetlands?

Cowardin et al. [10] put forth a systematic definition of wetlands as “terrains where
the nature of soil development and the communities of animals and plants thriving in
it and on its surface are determined by the saturation level of water”. The USEPA [11]
stated wetlands as “those lands that are immersed with ground or surface water at an
adequate recurrence and span to support prevalent vegetation generally suitable to live
in saturated soil environment under normal circumstances. Wetlands typically include
bogs, marshes, swamps, and related areas.” Wetlands are occasionally located in brackish,
freshwater, and saline environments, within abandoned ditches, estuaries, lakes, and rivers,
on slopes where water erupts from the ground as a seep or spring, stream channels, and
other similar areas.
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Wetlands are the territories where the water table is at, or near, the ground surface and
gravel and rocks are inundated in water sporadically or the whole growing season. Water
tolerant plant species, known as hydrophytes, are accustomed to flourish in the hydric
region of wetlands. Naturally, wetlands occur in our environment, but they can also be
established to prompt the functions and operations of natural wetlands. Natural wetlands
are defined as transitional regions that occur amid aquatic and terrestrial ecosystems [12].

3.1. Classification of Wetlands

Wetlands have been classified as water reservoirs that are perennial and are con-
structed by underground water sources or potential rainfall [13]. Therefore, wetlands are
boggy lands filled with stagnant or flowing fresh or saline water representing arable lands,
boggy areas, flood plains, lagoons, plains, ponds, and water storage areas. Natural wet-
lands consist of bogs, lakes, marshes, rivers, streams, and swamps; whereas, anthropogenic
wetlands comprise canals, fish farms, paddy fields, ponds, etc. These wetlands blanket
approximately 6% of the earth’s surface area, and exist in almost every state, from tropical
regions to tundra [14].

According to Kadlec and Knight [15], the hydrologic conditions of wetlands are a
significant factor that determine the biodiversity, geomorphology, habitat quality, and
water quality. The EPA categorized wetlands into four common types in the US, i.e., bogs,
fens, marshes, and swamps [16]. The aforementioned types are described as:

Marshes are frequently saturated with water, providing optimum conditions for the
growth of herbaceous plants. Based on their location, they are further categorized into tidal
marshes that exist near coastlines and are affected by tides and seldom by freshwater from
rivers and runoff. Meanwhile, herbaceous species dominate the non-tidal marshes situated
in poorly drained depressions and shallow water regions near the edges of various lakes
and rivers.

Swamps contain stagnant water, and are covered with shrubs and woody trees. They
occur in both freshwater and saltwater floodplains and are distinguished for having wet
soil conditions during the growing season and stagnant water at specific times annu-
ally. Depending upon the vegetation type, they are termed as forested, mangrove, and
shrub. Forested swamps receive freshwater from neighboring streams and rivers. Man-
grove swamps are found along with the coastal areas and are identified for salt-tolerant
shrubs and trees that grow in brackish to saline waters. Whereas, shrub swamps are
related to forested swamps but are dominated by shrubby plants, such as buttonbush and
swamp rose.

Bogs accommodate freshwater blanketed with spongy peat deposits and sphagnum
moss, along with growing shrubs and evergreen trees. They hold acidic water with low
nutrient levels and therefore are not suited for proper plant growth. Bogs are classified as
northern bogs and pocosins, based on their location.

Fens are peat composing wetlands that are periodically fed with groundwater. They
have high a nutrient content and are less acidic than bogs. Larger communities of animals
and plants, such as grasses, sedges, and wildflowers, dominate these wetlands.

3.2. Functions of Wetlands

Wetlands are valuable for supporting habitats for both aquatic and terrestrial animals
and plants, as well as providing nests for migrating bird species. They absorb and slow
down floodwaters and hence keep flooding in check. They are also utilized for recreation
purposes, such as bird watching, canoeing, fishing, and hiking. Wetland systems are
employed in wastewater treatment, as they can absorb nutrients, pollutants, and sediments.
Wetlands can be established to provide the above-mentioned benefits; for example, con-
structed aquaculture wetlands, constructed flood control wetlands, constructed habitat
wetlands, and constructed wastewater treatment wetlands [12]. Constructed wetlands are
manufactured for optimum performance for a specific operation, therefore, these wetlands
are much more dynamic than natural wetlands.
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Wetlands also sequester carbon and contain the maximum C density among various
terrestrial ecosystems due to elevated organic matter deposition and decreased rates of
decomposition. Even though wetlands emit about 40 percent of the total global methane,
soil C in wetland systems is still acknowledged as the substantial constituent of global
C budgets. It is noted that terrestrial environments, along with wetlands, can sequester
up to 5 to 10 Gt C yr−1, which is about 2 Gt C yr−1 at present [17]. Wetlands are not only
garnering attention for attenuating contaminants and conserving biodiversity, but are also
protected for their increased potential to sequester C beyond the present levels.

4. Constructed Wetlands and Nitrogen Cycling

Constructed wetlands, also termed reedbeds, are engineered systems particularly
designed to galvanize a natural wetland for the treatment of wastewater. Constructed
wetland technology was founded by two German scientists, namely Dr. Käthe Seidel
and Dr. Reinhold Kickuth. The research in this field gained momentum after the second
international conference on constructed wetlands in 1990, at Cambridge, UK.

Among different nitrogenous species, dissolved inorganic nitrogen groups such as
ammonia, ammonium, nitrite, or nitrate greatly influence the aquatic systems, as they are
readily available for uptake by aquatic microorganisms rather than other particulate organic
nitrogen species. Specific treatment operations, like combined nitrification–denitrification,
and sedimentation specifically at the sediment–water and water–plant interfaces, are
exploited to discard various nitrogenous species. Optimization of nitrogen attenuation is
a critical subject, as nitrogen-rich discharges into recipient aquatic systems are the major
cause of ecosystem damage. Thus far, activated sludges along with biofilm processes are
being used for biological nitrogen attenuation. These configurations have been established
for biological wastewater treatment to attain desired effluent standards.

Biofilm processes are utilized for biological carbon, nitrogen, and phosphorous re-
moval and are expensive, especially when used in small and medium communities. Con-
trarily, a wetland is cost-effective, as it employs natural treatment routes that consume less
electricity and labor and also have lower construction and maintenance expenses for chem-
icals, fuels, and plant operation. Furthermore, constructed wetlands are potent for nitrogen
removal; however, on account of the observed inadequacy of nitrogen transformation and
removal mechanisms, they have proven inconsistent.

Constructed wetlands can minimize biological oxygen demand, and coliform bacte-
ria, nitrogen, phosphorous, and suspended solid concentrations by up to 98 percent. If
these wetlands are constructed on an appropriate topography, they can treat waste from
small communities and rural sites, because of their simple design, small energy input,
and scalability.

4.1. Limitations

Constructed wetlands are comparatively more tolerant to fluctuating pollutant load
and have a less restricted design life period than a wastewater treatment plant. However,
they also show some limitations, as their performance is highly impacted by usage and
climate conditions. Constructed wetlands often require a large land area, and a long
duration for vegetation growth to attain effective treatment capacity. Moreover, the large
ground area holding stagnant water can also become a breeding abode for mosquitoes and
various insect species. Moreover, steep topography and high-water table localities affect
the construction of these wetlands.

4.2. Types

Constructed wetlands are designed such in a way that the lining does not affect the
groundwater, and the duration for which these wetlands retain the water is defined as
the hydraulic residence time. Hydraulic loading rate, i.e., loading on a water volume
per unit area basis, is a significant factor in wetland construction. Precipitation, storage,
and wastewater are the wetland’s inputs, while evapotranspiration, effluent removal, and
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transpiration are lost from wetlands. Based on hydraulic water flow, constructed wetlands
have two main types:

4.2.1. Surface Flow System

In surface flow regimes, the water depth varies between 4 to 6 inches and they
accommodate dense vegetation. For wastewater treatment, continuous-marsh and marsh–
pond–marsh configurations of surface flow constructed wetlands are given preference in
the United States. The base of these wetlands is slightly permeable, as it allows water
exfiltration, passing above the supporting medium, chiefly between the plants’ stems and
surface debris. Sunlight enters through a water basin into the system, which promotes
active photosynthesis, as well as the growth of algae. Surface flow wetlands are cost-
effective, but they show comparatively lower contaminant attenuation efficacy than SSF
wetlands. A recent attempt has been made to boost nitrogen attenuation efficacy by
establishing an open-water zone without any vegetation.

4.2.2. Sub-Surface Flow System

Constructed wetland systems are widely popular globally for biological wastewater
treatment. However, variable climatic circumstances, particularly in frigid environments,
often obstructs their efficient performance, as these climates influence the microbial activity
and metabolic rate of plants. To overcome this limitation, subsurface flow regimes are
preferred in temperate regions, such as in Africa and Europe.

SSF systems broadly comprise a ditch that contains media to aid plant growth. The
presence of a media layer consisting of rock and gravel above the water level increases its
waste removal efficiency, as the rocks used in this media make it perforated, which enables
the microbes to freely interact with wastewater. SSF wetland systems are chiefly known
for the active removal of pathogens, along with BOD, COD, nitrogen, phosphorous, and
SS metals.

At present, new and advanced wetland systems are being developed by hybridizing
characteristics of various wetland types, so that the highest potential to eliminate pollutants
can be achieved. For instance, by prompting tidal flow, or equipping the wetland with
a modified flow–shift module to increase organic matter decomposition with the help of
microorganisms.

4.2.3. Partially Saturated Vertical Flow Constructed Wetland: A Hybrid System

The technique of partially saturated vertically constructed wetlands is an innovative
method for upgrading the nitrogen attenuation from wastewater and has mainly been
employed in Europe. Partially saturated vertically constructed wetlands are verified as
more dynamic than free-flow vertically constructed wetlands, due to an increased nitro-
gen removal rate of about 20 to 30 percent. The system is known to attenuate the same
number of contaminants, while occupying less space than is achieved in both vertical
and horizontal subsurface flow constructed wetlands combined. Moreover, the presence
of emergent species, such as Canna hybrids and Zantedeschia aethiopica, in partially sat-
urated vertically constructed wetlands increases the percentage of dissolved oxygen in
the wetland system, whilst assisting with the removal of ammonium and phosphorus
compounds, and furthermore increases the aesthetic value of the wetland system. Recently,
lignocellulosic residues have been employed in partially saturated vertical wetlands to
boost total nitrogen removal.

5. Nitrogen Dynamics in Wetland Systems
5.1. Mineralization

Mineralization, also termed ammonification, is the first step in the nitrogen attenuation
process, in which the organic N is mineralized to ammonia by various microbes that derive
their energy from organic carbon. The ammonification process is either aerobic or anaerobic,
i.e., facilitated by aerobic bacteria, facultatively anaerobic bacteria, or obligate anaerobic
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bacteria (Figure 1). Larger organic nitrogenous molecules such as amino acids and proteins
are transformed into smaller dissolved and particulate organic molecules and eventually
to ammonium, which is either taken up by plants or soil microorganisms or gets dissolved
in soil or water.
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Certain geochemical conditions, i.e., the available nutrients in the wetland system,
pH, soil structure, soil texture, temperature, and the carbon to nitrogen ratio of the residue
impact the rate of mineralization. In saturated soils, pH is buffered around 6.5 to 8.5
(neutral), but in well-drained soils, the production of protons and nitrate accumulation
acidifies the soil. Temperature particularly influences the aerobic ammonification process,
but the presence of facultative bacteria enables efficient treatment over the temperature
range from 5 to 20 ◦C. Since these oxidation processes are catalyzed by a diverse group
of microorganisms, they do not limit the nitrogen attenuation process under various
geochemical circumstances [15]. Hence, ammonification is never a rate-limiting process,
and is not reviewed in-depth for designing a typical wetland, but is considered to gauge
the efficacy of the constructed wetland.

5.2. Nitrification

The biological oxidation of ammonia to nitrite (nitritation) by ammonium oxidizers
or nitrate (nitratation) by nitrite oxidizers under aerobic conditions is a decisive chemoau-
totrophic reaction in the nitrogen cycle and for amelioration of water quality of the aquatic
ecosystem. Nitratation is an exergonic process that yields plentiful energy for the synthesis
of new cells. To achieve effective treatment, nitrification is optimized by the distinctive
groups of bacteria belonging to family Nitrobacteriaceae that work in a series to oxi-
dize inorganic nitrogen. Primarily, the oxidation of ammonium to nitrate is catalyzed by
chemolithotrophic ammonium oxidizers of the genera, Nitrosococcus, Nitrosolobus, Nitro-
somonas, Nitrosopira, and Nitrosovibrio. Then, facultative chemolithotrophs, including
Nitrobacter, Nitrococcus, Nitrocystis, Nitrospina, and Nitrospira, regulate the oxidation
of nitrite into nitrate. Generally, these bacteria efficiently lower ammonium and nitrite
concentrations but are highly sensitive and grow at a very slow pace. These attributes are
due to specific substrates used for metabolism, so analysis of processes for carbon fixation,
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electron donation, and energy production will facilitate ways to improve their habitats
for growth.

Although nitrification is an anoxic process, research has shown that ammonia oxidizers
are capable of oxidizing ammonia in anoxic environments. Apart from actinomycetes and
planctomycetes, certain algae and fungi are also capable of nitrification. Nitrification takes
place in root zones, the soil–water interface, and specific aerobic zones of the water column,
where the required oxygen is provided by diffusion from the atmosphere or exposure of
macrophyte roots. Investigations have also revealed that dissolved oxygen levels below
1 to 2 mg/L in water decrease nitrification to a greater extent. It was reported that in
pilot-scale downflow wetlands, about 73% to 93% NH4 + -N was removed with varying
filter media, and the existence of plants, i.e., P. australis, was not at all substantial [18]. For
the improvement of nitrification, strategies involving aeration, effluent recirculation, and
rapid low-volume dosing showed that enhanced oxygen transfer resulted in improved
nitrification, along with 40 to 90 percent attenuation of ammonium [19].

5.3. Denitrification

Denitrification is an enzymatic anoxic reduction reaction, in which chemoorgan-
otrophic bacteria, lithoautotrophic bacteria, or phototrophic bacteria reduce nitrite and
nitrate to molecular or gaseous nitrogen. Tiedje [20] stated that facultative anaerobic bac-
teria, such as Alcaligenes, Bacillus, Flavobacterium, Paracoccus, and Pseudomonas, use
nitrate irreversibly in the electron transport chain as a terminal electron acceptor. The
denitrification process is favored by high carbon content and low redox potential. In situ
production of ammonium ion from mineralization and nitrate ion supply through diffusion
from aquatic bodies drives the denitrification process.

Woodward et al. [21] reported the microbe-mediated processes of denitrification and
biological uptake as the most significant sinks for nitrate removal. Upon decomposition of
biomass, the nitrogen assimilated by microorganisms and plants is diffused back into the
system. Lin et al. [22] indicated that 4 to 11 percent of nitrogen was attenuated by wetland
vegetation, while the remaining 89 to 96 percent removal was due to the process of denitri-
fication. Mayo and Bigambo [23] investigated the nitrogen transformation mechanisms in
wetland systems and disclosed that a maximum removal of nitrogen (29.9 percent) was
contributed by denitrification, followed by plant uptake (10.2 percent) and sedimentation
(8.2 percent). Therefore, quantifying denitrification potential is crucial. The typical tech-
niques that are used for this quantification include: the acetylene inhibition technique,
mass balance, membrane inlet mass spectrometry, and N tracers. The magnitude of denitri-
fication can also be estimated by the radical N2O accumulation, known as denitrification
enzyme assay (DEA).

5.3.1. Measurement of Denitrification

As the calibration of the product of denitrification, i.e., nitrogen against atmospheric
nitrogen (78%), is challenging, therefore, measuring denitrification is arduous as well. Be-
sides, the calibration methods also alter the physical environment, including the availability
of oxygen and moisture content, as well as varying the soil structure and concentration of
substrate. Furthermore, soils are exceptionally heterogeneous, so scaling assays executed
on limited soil samples to the entire ecosystem is a difficult task.

5.3.2. Acetylene Inhibition Method

The acetylene inhibition method depends on the linear accumulation of nitrous oxide
emitted during soil incubation, to which acetylene is added to restrict bacterial activity to
transform nitrous oxide into gaseous nitrogen [24]. During the process of denitrification,
nitrous oxide is accumulated as an intermediate product, which can be calculated accurately
by sensitive nitrous oxide detectors, as the atmospheric content of N2O is extremely low.

The acetylene present in this technique is far from calculating an actual rate of denitri-
fication, because the soil samples are homogenized and are placed under optimal anaerobic



Nitrogen 2021, 2 203

circumstances that may not occur in nature. Moreover, it also blocks the production of
nitrate via nitrification, which may lead to an aberration in the denitrification process as the
substrate source is removed. Therefore, at a very low concentration of nitrate, this could
become a serious problem.

On the other hand, the process can be proved valuable, as various samples can be run
simultaneously across different sites, the carbon and nitrogen limitation can be overcome,
and under controlled laboratory conditions of carbon and nitrogen, a comparison of limiting
factors of the denitrification process can be made in various sites.

5.4. Volatilization

In wastewater treatment wetlands, if the pH is less than 7.5, loss of ammonia via
volatilization is insignificant compared to nitrification and denitrification. However, if pH
is more than 7.5, the concentration of the unionized form of ammonia gets relatively high,
and NH3 is discharged into the atmosphere. The volatilization process is not considered as
an important factor for nitrogen cycling in many wetland systems, but in poorly buffered
waters it can lead to significant nitrogen losses because of the rise in pH due to the increased
photosynthetic activity of various algae, as well as free-floating and submerged macrophytes.

5.5. Sedimentation

Sedimentation attenuates most of the particulate organic nitrogen in many constructed
wetlands, which may adhere to the stem of plants or may settle on the floor of wetlands.
Various microbes and plants utilize the decomposed matter, like TN, TP, and low molecular
weight organic compounds. In wastewater treatment, for the amelioration of nitrogen and
phosphorous, an improved sedimentation technique has recently been established that
uses magnesium-ammonium-phosphate as a precipitation reagent and has the potential to
be implemented in constructed wetlands.

5.6. Plant Uptake and Matrix Adsorption

In a wetland system, the uptake by plants and matrix adsorption is also involved
in the regulation of nitrogen. However, the wetland is supposed to have a finite storage
capacity, and the nitrogen stored can undergo remineralization or desorption, hence this
mechanism provides a temporary solution. In plants, nutrients are very much needed for
growth and reproduction, and are fundamentally taken up by roots in macrophytes. Plants’
net productivity and nutrient accumulation in plant tissues tend to limit the potential
of these macrophytes to absorb nutrients. Thus, a moderate volume of nutrients can be
discarded from the wetland system via plant biomass harvesting based on the macrophyte
consumed. In tropical wetlands, the quantity of nutrients attenuated through plant uptake
and storage is about 25 to 89 percent, contrary to the insignificant amount evacuated by
plant harvesting. Harvesting is chiefly significant for the removal of phosphorous, rather
than nitrogen, because it is non-volatile. In reduced form, due to variations in ammonium–
nitrogen content of the water, sequential loading and unloading of the sorption sites start
to occur, and as a result, the wetland systems charged with wastewater remove NH4-N via
adsorption mechanisms.

6. Role of Faunal Communities in Wetlands

Aquatic invertebrates play a crucial role in the food chains of freshwater wetlands by
creating a linkage between the detrital supply of wetlands and higher-level consumers.
Aquatic macrophytes add detritus into the systems, which is colonized by microorganisms
as soon as it infiltrates the water column. These litter particles, along with their related
microbes, are then grazed upon by shredders and grazers, such as snails and amphipods.
These scrappers actually reduce the size of litter particles, so they become available for
various consumers. According to Nelson and Kadlec [25], the transportation of these
fine litter particles is the most significant variable that influences invertebrate assemblage
in wetlands. Filter feeders collect minute particles from the water stream, whereas the
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fine particulate organic matter descended on the surface of substrate is accumulated by
collectors. The Chironomidae is considered one of the most dominant invertebrate class
of wetland systems, and represents both collectors and scrappers. Moreover, vertebrates
including muskrats adversely affect the vegetation of wetlands, contrary to the smaller
feeding invertebrate groups that mainly depend upon algal communities. These inverte-
brates are preyed upon by vertebrate consumers as food, for instance, waterfowl feeding
on invertebrates and breeding ducks feeding on snails to meet their amino acid and high
calcium requirements for gonadal development and egg-shell formation, respectively [26].

The composition of invertebrate communities of various wetland types exhibit rich
species diversity and productivity. The peatlands of arctic and boreal zones of Asia, Europe,
and North America provide a habitat for large communities of invertebrates. Usually, small
insects of the order Lepidoptera represent the Northern peatlands, whereas ant species
of the family Formicidae are particularly endemic to bog mats. The coastal wetlands of
the Great Lakes of North America also support a vast diversity of benthic invertebrates,
with more than 500 species likely to inhabit them. Alternatively, the amphipods of the
genera Crangonyx, Gammarus, and Hyallela, along with the Isopods of the genera Lirceus
and Caecidotea, are the most conspicuous inhabitants of the floodplain wetlands. Although,
wetland fauna communities are diverse and productive, they still face severe threats posed
by abiotic environments in the wetlands.

7. Impact of Vegetation on Nitrification and Denitrification

Nutrient absorption and oxygen input through plant roots are hypersensitive to air
and water content balance in the soil [27]. High air-content in the root area favors the
growth of aerobic microorganisms, like Nitrobacter and Nitrosomonas, which transform
ammonium into nitrate ions for plant uptake, while, low air-content benefits the growth
of facultative microbes involved in denitrification, which transform nitrate into nitrite or
gaseous nitrogen. Studies on constructed wetlands have claimed that in up-flow wetlands,
nitrogen uptake by plants accounts for the bulk ammonium removal [28]. Nevertheless, it
has been reported that planted wetlands remove larger volumes of nitrate than those of
unplanted wetlands [22].

The vegetation impacts both nitrifying and denitrifying bacteria in various ways, as
organic carbon is generally provided by the vegetation in the wetlands. Heterotrophic
bacteria, mainly denitrifying bacteria, utilize organic matter as a source of carbon and
energy, which is associated with the lignin and nitrogen composition in the plants [29]. The
vegetation effect on denitrification also depends on the plant litter quality and quantity. Fur-
thermore, free-floating, as well as submerged, plants usually have lower lignin to nitrogen
ratio than that of emergent plants, hence the organic matter obtained from the submersed
plant species is more readily available for decay, and eventually for denitrification, than
the organic matter obtained from emergent plant species [30]. Therefore, for emergent
macrophytes, the net primary production is higher and their organic matter lasts a for
longer period of decomposition than submersed plants. Besides, the seasonal pattern of
debris inflation may also significantly influence the accessibility of organic matter, as well
as the redox circumstances in the sediments.

Investigations have revealed that dead leaves remain attached to the stem axis of P.
australis till late fall and only afterward become detached and drop to their littoral stand,
where they become available to the microbes. In another study on G. maxima, it was
disclosed that the loose litter quantity not linked to dead shoots rose to a maximum in
November to March, and later reduced to a minimum at a faster pace in May. In addition,
the amount of debris in the sediment layers may inhibit the diffusion of oxygen to the
lower layers of sediment, which favors the denitrification process but is unfavorable for
nitrifying bacteria. Moreover, plant tissues yield a large surface area for the growth of
microorganisms. In the aquatic environment, attached bacteria tends to be more active
and abundant than free-living microbes [31]. These microbes attached to submersed solid
surfaces, like sediment and macrophytes, form biofilms. For surfaces in the aquatic systems



Nitrogen 2021, 2 205

to which bacteria tend to adhere, having a higher concentration of oxygen and ammonium
would encourage nitrification. However, it has not yet been established whether or not
some surface structures in wetland systems are more suitable than others for various
nitrogen transformations.

Eriksson and Andersson [32] reported that the litter of various emergent macrophytes
differed in quality with varying habitats for nitrifiers, and that they exhibited more extreme
ammonium and nitrate oxidation in the litter of Carex rostrata and Scirpus sylvaticus than in
the litter of Equisetum fluviatile and Typha latifolia. Sediments are the most common sites
known for denitrification, but recent investigations have revealed that the denitrification
process in periphytic associations on submerged macrophytes can contribute considerably
to overall denitrification in a wetland system. Likewise, submersed macrophytes release
oxygen via photosynthesis into the water, whilst in emergent macrophytes transportation
of oxygen occurs from stem aerenchyma to the rhizome and root, following its diffusion to
the sediment and water [33]. Thus, living and dead vegetation in the wetland system can
impact the microbial activity of both nitrifying and denitrifying bacteria in various ways.
However, the vegetation type within a wetland system that best supports nitrification and
denitrification is yet to be established.

Recently, the use of ornamental plants for wastewater treatment has been established
in 21 countries of the world, and favors oxygenation and growth of aerobic bacteria pop-
ulations. Emergent plants are most commonly employed as ornamentals in constructed
wetlands, including Acorus gramineus, Agapanthus africanus, Canna indica, Canna gener-
alis, Heliconia sp., Iris pseudacorus, Strelitzia reginae, Typha angustifolia, and Zantedeschia
aethiopica [34]. Zhang et al. [34] noted that the presence of ornamental species was signifi-
cant for the attenuation of total nitrogen (TN) in wetlands. Chiefly, Acorus gramineus and
Iris pseudacorus displayed the stronger total nitrogen (TN) reduction capacity among other
ornamental species, such as Acorus calamus, Alilsma orientale, Lythrum salicaria and Reineckra
carnea. Zurita et al. [35] examined five ornamentals, namely Anthurium andreanum, Canna
hybrids, Hemerocallis dumortieri, Strelitzia reginae, and Zantedeschia aethiopica in laboratory-
scale SSF constructed wetlands and observed the quality standard of the effluents and
better development of the plants.

8. Oxygen Transport

Green et al. [36] observed a maximum aeration capacity for a nitrification potential of
65.7 milligrams per liter in a vertical downflow wetland, where oxygen was transported
in the system by a siphon effect harvested from flooding and drainage in the soil column.
Lahav et al. [37] also examined the oxygen transfer efficiency of a vertical downflow
system and stated that it is directly proportional to a particular surface area but is inversely
related to the hydraulic loading rate. Sun and Austin noted that vertical flow systems
regulated oxygen saturation throughout the columns during the time of nitrification and
total nitrogen discharge [38]. Whereas, in up-flow wetland systems, oxygen transport has
not been reported. It is noted that the oxygen stoichiometric demand for nitrification is
about 1.86 mol O2/mol NH4 + -N, which may enter the system through the advection
generated via soil–gas-pressure-induced flow, diffusion of gas from the surface, effusion
from macrophytes roots, and wastewater.

9. Other Ecological Factors Influencing Nitrogen Removal Efficiency

In constructed wetlands, certain pollutants are degraded employing various biological
and physicochemical processes, so diverse ecological variables can impact the removal of
nitrogen in many ways. The principle factors are climate, features of microbial commu-
nities, distribution of wastewater, hydraulic residence time, temperature, and vegetation
density and type. Therefore, to improve the efficiency of nitrogen removal and ameliorate
water quality in wetland systems, variables that stimulate the growth of macrophytes
and certain microbes, including the concentration of dissolved oxygen, harvesting of the
hydrophytes, hydraulic residence time (HRT), optimization of pH and temperature, as well
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as planting depth, must be scrutinized. Two major variables are temperature and hydraulic
residence time.

9.1. Temperature

Temperature is a fundamental factor that is significant for the denitrification poten-
tial and the proper activity of nitrifying bacteria in treatment wetlands. In constructed
wetland systems, both microbial activity and rate of diffusion of oxygen are influenced
by temperature, and the nitrogen is removed most efficiently at 20 to 25 ◦C. At below
15 ◦C or a 30 ◦C temperature, the activity of microbes associated with nitrification and
denitrification reduces significantly. Moreover, almost all microbial communities related to
nitrogen attenuation function properly at above 15 ◦C.

Several investigations have reported that the performance of denitrifying bacteria
in the sediments of constructed wetlands is more potent in spring and summer months
than in the fall and winter. Additionally, the nitrate removal rate is highest in summer,
whereas denitrification generally ceases at temperatures lower than 5 ◦C. The optimum
temperature reported for nitrification in soils is about 30 to 40 ◦C, while for ammonification
the optimum temperature range is 40 to 60 ◦C. While, the optimum pH for ammonification
ranges from 6.5 to 8.5. However, at low temperatures, nitrification is inadequate to prevent
a net rise in the concentration of ammonia due to ammonification.

9.2. Hydraulic Residence Time

HRT also plays a decisive role in nitrogen removal efficiency. Huang et al. [39] demon-
strated that by increasing wastewater residence time, the concentration of ammonium
and total Kjeldahl nitrogen reduced remarkably in treated effluents. In many wetlands,
a comparatively longer HRT is required for nitrogen attenuation than BOD and COD
removal. Nitrogen removal efficiency also differs with flow circumstances and residence
time. Akratos and Tshihrintzis observed an optimum 8-day HRT at a temperature above
15 ◦C in an SSF wetland system.

9.3. Vegetation Type

To enhance the treatment performance, as well as to optimize the layout of constructed
wetlands, it is necessary to discern the competence of diverse plant species, the specific
traits of microbes, and the association between biogenic materials and specific components
in contaminants. Helophytes play a vital role in wastewater treatment systems, as they can
withstand severe ecological circumstances because of their growth physiology. Wissing [40]
stated three basic systems of natural wetlands, namely an aquaculture system, a hydro-
botanical system, and lastly a soil system that provides nutrients to plants and microbial
films. In a horizontal flow system, these helophytes are involved in oxygen transportation
to the soil.

Macrophytes that are adjusted to anoxic rhizospheres can withdraw oxygen from the
atmosphere, which can subsequently be used for respiration. An oxidative protective film
is also developed on the root surface, mainly due to oxygen release. Many studies have
reported that the redox potential of the plant rhizosphere has a crucial effect on the rate of
oxygen release through helophyte roots. Furthermore, microphytes also significantly treat
wastewater via nutrient uptake and surface bed stabilization.

In constructed wetlands, water-tolerant macrophytes, e.g., bulrush (Scirpus spp.),
cattail (Typha spp.), and reed (Phragmites australis), have a greater impact on nitrogen
attenuation than the removal of organic material. Nutrient removal through emergent
plants is carried out by two main mechanisms: absorption by the plant, and microbial
activity near the rhizome. Reed dead matter concentrated in the soils increases the BOD
of freshwater in treatment systems and is also a cause of eutrophication. Therefore, to
control the CO2 gas influx and re-discharge of nutrients into the recipient water, the plants’
harvesting must be supervised properly and at an appropriate time.
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Numerous operational variables, including uneven bed surfaces, water depth, and
water level, can be utilized to manage colonization and vegetation populations. Ham-
mer [41] identified that an ideal plant species in constructed wetlands shows these salient
features: an autogenous species suited for the regional climate and soil, fast growth, easy
production, being a habitat to wildlife, being perennial, and pollutant resistance. Breen
observed that regular plant harvesting may improve the potential for nutrient removal.
However, Kadlec and Knight [15] reported that although plant uptake is an important route
for removing nitrogen from wetlands, efficient plant harvesting from treatment systems has
not been proven favorable in extensive operations, because the process is expensive and
less sustainable. Thus, more research must be done on the optimal volume and appropriate
time of plant harvesting to boost treatment performance.

10. Wetland Nutrient Retention

The statistics of 37 wetlands from all around the world were reviewed, and it was
noted that wetlands impact the nutrient loadings by increasing the loading of soluble
nitrogen species, and thereby potentially boost aquatic eutrophication (Table 1). It was
also reported that swamps and marshes were slightly more effective at nutrient reduction
than riparian zones. These attributes must be considered when operating wetlands for
nutrient reduction, as their astute use will be a significant strategy to meet water framework
directive requirements for aquatic entities.

Table 1. List of references recording nutrient retention in wetlands. N = several N species, NO2 = nitrite, NO3 = nitrate,
NH4 = ammonium, P = several P species, TN = total or Kjeldahl nitrogen, TP = total phosphorous, and TPN = total
particulate nitrogen.

Ref No. Year Author(s) Wetland Name Wetland Type Nutrient
Retention Country

[42] 2004 Axler et al. Unknown Constructed N, TN Duloth,
Minnesota

[43] 1995 Baker and Maltby
Kismeldon

Meadows and
Bradford Mill

Riparian NO3, NO4 UK

[44] 1998 Bridgham et al. Unknown Stream N, P Minnesota

[45] 1998 Burt et al. R.Leach
floodplain Floodplain NO3 UK

[46] 2002 Busse and Gunkel Unknown Riparian alder
fen N, P Berlin,

Germany

[47] 1998 Chauvelon Rhone river delta Riverin delta N, P UK

[48] 1990 Cooper Scotsman Valley,
NZ Riparian NO3 New Zealand

[49] 1996 Daniel and Gilliam Cecil soil area Riparian N, P USA

[50] 1994 Dorge Rabis Baek Peatland NO3 Denmark

[51] 1993 Fleischer et al. Unknown Ponds N Sweden

[52] 1983 Gersberg et al. Unknown Constructed N, P Santhe, CA

[53] 1993 Green and Upton Unknown Constructed N, P UK

[54] 2005 Hanson et al. Unknown Constructed N, P Southern
Sweden

[55] 1994 Hanson et al. nr Kingston Riparian NO3 USA

[56] 1993 Haycock and Burt R.Leach
floodplain Floodplain NO3 UK
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Table 1. Cont.

Ref No. Year Author(s) Wetland Name Wetland Type Nutrient
Retention Country

[57] 1994 Hey et al. Des Plains River
Wetlands Riparian NO3, P Chicago Illinois,

USA

[58] 1994 Jansson et al. River Raan
catchment Stream N Southern

Sweden

[59] 1984 Johnston et al. nr White Clay Lake Marsh/swamp N, P USA

[60] 1993 Jordan et al. Chester River
Catchment Floodplain NO3, TP USA

[61] 2003 Jordan et al. Kent Island Marsh/swamp TN, TP USA

[15] 1996 Kadlec and Knight Unknown Constructed N, P North America

[62] 2014 Kim et al. Unknown

Partially
saturated

vertical flow
wetland

NO3, TKN France

[63] 1994 Leonardson et al. Unknown Constructed N, NO3, NH4 Sweden

[64] 1995 Maltby et al. Floodplains in
Devon Floodplain N UK

[65] 1997 Mander et al. Poriji River
catchment Riparian N, P Estonia

[66] 2019 Nakase et al. Unknown

Partially
saturated

vertical flow
wetland

NO3, TN Mexico

[67] 2000 Newman et al. Unknown Constructed N, TN, P Connecticut

[68] 1994 Patruno and Russel Yamba wetland Marsh/swamp N, P Australia

[69] 1996 Peterson and Teal Unknown Constructed N New England

[70] 1994 Phipps and
Grumpton Unknown Constructed N, P USA

[71] 1998 Prior R.Lambourn
floodplain Floodplain N, P UK

[72] 1995 Raisin and Mitchell Humphrey’s
wetland Marsh/swamp TPN Australia

[73] 2017 Saeed and Sun Unknown

Partially
saturated

vertical flow
wetland

TN Bangladesh

[74] 2019 Sandoval et al. Unknown

Partially
saturated

vertical flow
wetland

NO3 Mexico

[75] 2000 Schipper and
Vojvodic’ Vukovic Unknown Constructed NO3 New Zealand

[76] 1989 Schwer and
Clausen nr Charlotte Riparian TP, TN USA

[77] 1986 Verhoeven Unknown Peatmires/fens/bogs N, P US and Europe
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11. Operation and Management of Wetlands for Efficient Nitrogen Attenuation

To optimize the process of nitrogen removal, the most suitable viable factors that create
maximum efficiency must be recognized. Many investigations have been made to decode
species and morphology of microbes by conventional microbe cultivation techniques, along
with biogenetical approaches to upgrade the process of nitrogen removal. The biogeneti-
cal techniques employing 16S rDNA-based molecular techniques such as clone libraries,
fluorescent in situ hybridization, PCR-denaturing gradient gel-electrophoresis, and termi-
nal restriction fragment length polymorphisms are the most suitable for monitoring the
dynamics and associations of microorganisms in wastewater treatment systems.

While managing constructed wetlands, the most common problems encountered by
the operator include: clogging by sludge sediment accumulation, depletion of oxygen,
destruction of wetland layers, and short-circuit flow, etc. To resolve these constraints,
aeration devices are set up to supply oxygen, along with efficient media development,
exceptional sludge-extracting apparatus, and a pre-flow circuit, setting up another pipeline
at both inflow and outflow.

Wetland performance chiefly relies on the operation and maintenance of the wetland,
its design, and the growth of the macrophytes. Better maintenance extends the lifetime of
the constructed wetlands, whereas flow rate and water level are improved to affect the
performance of treatment wetlands. The water level usually influences the diffusion of
atmospheric oxygen, hydraulic residence time, and diversity of plants. During the summer
season, the water level decreases to its lowest value, and as a result, the temperature of the
water rises, which increases plant productivity, as well as oxygen diffusion rates. On the
other hand, flow rates impact the hydraulic loading and contaminant loading, but can be
managed by pretreatment.

Preserving the desired plant density is also a prime objective of operation and man-
agement, where a monoculture of plants successfully optimizes the nutrient removal rates,
a diverse culture may create a “buffer” against changing local circumstances, which al-
lows the vegetation community to acclimatize more readily. In a practical environment,
wetlands collect different wastewater loadings, as well as irregular inputs of energy and
moisture. Undesirable mixing of these inputs may result in constant rate estimation errors.
Lately, many tracer examinations have been performed for treatment wetlands, while
tracer techniques have occasionally been utilized in wetland data analysis. As a substitute,
a constant-flow modification of the first-order model has been universally accepted in
data analysis and in constructing wetland designs. It is therefore required to establish
verification techniques for tracer-designed wetland systems.

12. Role of Wetlands in Biodiversity Enhancement

Wetlands are globally significant, as they support a high diversity of plants and
animals, especially birds, and also serve as transitional zones between water and land,
and guard against storm upsurges and excessive flooding. Therefore, wetland security
has become a priority internationally and is advocated by international conventions, like
the International Convention of Biological Diversity and the Ramsar Convention. Besides
acting as sinks of carbon dioxide, lacustrine and riverine wetlands frequently support a
spawning habitat and yield juvenile fish species to adjoining aquatic systems.

Wetlands cover a total of 6 to 8 percent of the land on earth, and accommodate the
20 to 40 percent of flora and fauna species that are dependent on wetland ecosystems to
complete their life cycles. Wetland loss results in droughts, flooding, soil erosion, loss of
agricultural productivity, and biodiversity reduction, while about 37 percent of mammals,
21 percent of birds, 20 percent of freshwater fishes, and almost one third of amphibians
are lost [78]. Decline in wetlands will influence the related systems, as loss of nursery
habitat could destroy fisheries, or wetland reduction on a flyway could disturb migration
of waterfowl, threatening the fertility rate of birds and their ultimate survival. Wetlands
are also rich in geographically dispersed genetic resources, which ensures the adaptation
of individuals to altering ecological conditions, i.e., global warming, and maintenance of
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distinctiveness of animal and plant species. Thus, wetland reduction endangers genetic
resources, which is particularly significant for the evolution of numerous species.

There has been an extensive argument in the ecological literature regarding the as-
sociation of animal, microbe, and plant diversity and ecosystem functioning, since the
1990s [79]. In a grassland study, a directly proportional relationship between the number
of plant species and ecosystem functions such as decomposition and primary production
was indicated. In a broader pattern of ecosystem types, investigations have revealed that
diversity of vegetation can establish circumstances for exceptionally disparate trophic food
webs and decomposer communities, which provide important ecosystem services [80]. The
existence of functional redundancy likewise protects the ecosystem from losing its viability
under severe circumstances.

In wetlands, variations in topography and hydrology impact the colonization of
dominant vegetation that appears in a particular zonation pattern in tidal situations or
forms a complex mosaic pattern of plant communities across the gradient. Reed [81] listed
about 6728 species in the US National List of plant species that occur in wetlands. The
plant species richness in various wetlands and their flower, fruits, and seedlings establish
a great variety of animal species. However, most of the plant biomass does not enter the
food chain, for instance in mangrove swamps, 10 percent of leaves are grazed by snails and
small insects, while 90 percent fall off as leaf litter into the water. In riverine and estuarine
wetlands, the debris constituting dead leaves, flowers, and twigs accounts for 17 tons per
hectare per year, which supports a great diversity of related invertebrates [82].

Wetlands also provide a breeding habit for diverse bird species. Bacon [83] reported
about 104 species in the Black River Morass, Jamaica, which comprised about 49 forest
birds, 36 waterfowl, 11 seabirds, 7 prey birds, and a kingfisher, whilst about 251 bird
species were found in the Cache River Basin, Illinois, USA. Various wetlands serve as
resting and sustaining sites for migratory fauna, such as shorebirds and waders, who
profit from the diverse food species and enhance the biodiversity of these wetlands. In a
regional case study, it was put forth that twenty-four thousand hectares of the Cache River
Basin in North America supported nearly two hundred thousand Canada Geese (Branta
canadensis), thirty-five thousand Snow Geese (Anser caerulescens), and twenty-six thousand
ducks during the winter yearly [84].

Based on the latest insights, one would speculate that wetlands having greater biodi-
versity will operate better and would show greater primary production, as well as nutrient
retention; however, very little knowledge is available to test the said hypothesis. In various
field experiments, species diversity was associated with different ecosystem functions by
establishing wetland mesocosms having more variable plant functional types than number
of species. In a comparative analysis of four variable plant functional types, isolated or
combined, three major activities were reported that included: denitrification, methane emis-
sion, and primary production [85]. It was stated that an increase in plant functional types
had a decreasing effect on methane emission but denitrification and primary production
were not affected.

In another investigation, in 18 real-scale wetland experiments, free-development wet-
lands were correlated with wetlands cultivated with three emergent and three submerged
species. It was seen that after four years, the number of plant species in the uncultivated
and submerged vegetation wetland had increased but remained substantially lower in
emergent vegetation wetlands. Nonetheless, the nitrogen attenuation was considerably
higher in the emergent vegetation wetlands than in the others. This research pointed out
that the performance of ecosystems does not necessarily depend on greater species diversity,
instead the species identity and their traits are more significant in nitrogen removal [86].

Moreover, the addition of nutrients results in a possible biodiversity loss due to the
alterations in functioning. Species-rich environs have been demonstrated to be fairly
nutrient-rich and disclosed to transitional levels of disruption [87]. Natural wetlands
accommodating diverse plant species are frequently mesotrophic and susceptible to eu-
trophication. Thus, adding nutrients will induce a rise in primary production along with
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biodiversity loss, because the competing species will replace the vegetation easily. Hence,
such species-rich wetlands are not recommended for retaining nutrients, as the enhance-
ment of water quality will harm the wetland’s biodiversity.

From the current literature on the subject, the critical loading values for Nitrogen and
Phosphorus identified for mesotrophic wetlands and natural wetlands are 4.0 g N m−2 y−1,
0.5 g P m−2 y−1 and 50 g N m−2 y−1, 4.0 g P m−2 y−1, respectively [88–90]. It should
also be noted that to counter eutrophication effects, only one of these elements ought to
be restricting the primary production in wetlands. Nitrogen to phosphorous ratios often
vary from 10–20, which is similar to that in living matter. In the case of high nitrogen
loading, i.e., 900 g N m−2 y−1, severe eutrophication of the wetland can be countered, only
if phosphorous loading is less than 4.0 g N m−2 y−1 [91].

Wetland ecosystems may also function as traps for nutrients moving from land to
fresh water, and eventually to marine ecosystems. According to Hansson et al. [54] a more
complex shoreline, larger surface area, and shallow depth of a wetland system support a
greater diversity of benthic invertebrates, birds, and macrophytes, and are highly likely to
retain high nitrogen contents. On the other hand, a small and deep wetland is supposedly
more proficient in retaining phosphorous but is less substantial in terms of biodiversity. In
another investigation, the plant species richness and flood frequency among 16 wetlands
sites on a coastal island in Southeast Alaska were correlated. The data obtained also
followed the Michael Huston dynamic-equilibrium model of species diversity, and it was
noted that species-rich locations had low to intermediate productivity levels and average
flood frequencies, that but species-poor locations exhibited low productivity but above
average flood frequencies [92].

In southern Sweden, 220 wetlands have been established for nutrient retention from
water streaming down a tile drainage before entering the water channel. Among these,
36 constructed wetlands were monitored for macroinvertebrate diversity and nitrogen
removal, which was about 10% [93]. The investigation revealed that these five-year-old
wetlands gathered a great number of species complementary to the “mature” ponds. It
was evident from the high alpha diversity (i.e., thirty-two species, 70 percent of the beta
component, which indicated a considerable difference in species composition between the
36 wetlands and gamma component (120 species), and indicating the richness of species
in these wetlands) that the fauna colonized these wetlands at a much faster pace [94].
Therefore, the constructed wetlands absolutely strengthened the regional biodiversity.

In Western Europe, the deposition of atmospheric contaminants has driven a drastic
change in the composition of wetland communities. The dominant peat-forming Sphagnum
cuspidatum, which were once prevalent in ombrotrophic peat bogs, are now diminished,
and followed by an elevated level of nitrogen deposition in tissues. In a case study, five
Sphagnum species were transplanted from an uncontaminated area to a polluted area,
which showed an absolute increase of nitrogen of about 5.3 mg/g in tissue in Sphagnum
capillifolium and 17.7 mg/g in Sphagnum recurvum, which were above the standard level
of 10 mg/g [95]. In Netherlands, the correlation between the biodiversity, biomass, and
chemical features of soil was demonstrated in various fens and grassland communities.
It was observed that species were rich in number at the wetlands where the standing
biomass varied from 400 to 500 g m−2. The pervasiveness of certain species is linked with
eutrophic environment at the higher end of the biomass scale, along with unfavorable
growth conditions at the lower end.

In the fens of Great Britain, it was observed that species were densely populated, i.e.,
12 per 0.25 m2, where standing crops were fewer than 1000 g m−2, and less populated,
i.e., 3 per 0.25 m2, if standing crop exceeded 4000 g m−2 [96]. Deviations from this state-
ment were observed in the sites where the accumulation of surface litter was reduced
by mowing and harvesting of vegetation in wetlands. Research has been carried out to
indicate the nitrogen control measures on community structure. However, it is a compli-
cated phenomenon, as nitrogen eutrophication has many direct and indirect effects on
species diversity. For instance, acidification caused by SO4

2−, NO, or NH4
+ deposition can
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reduce the feasible dissolved CO2 in water, leading to the eradication of submerged plant
species. Deposition of NO3

− and SO4
2− creates alkaline conditions, whereas nitrification of

NH4
+ produces acidity. These biological conversions are mediated by algae, bacteria, and

macrophytes and can substantially alter the nitrogen budgets and eventually transform the
community structure of wetlands.

The relationship between the acidification, growth, and nitrogen supply of seven
wetland plants was explored, and it was showed that all wetland species employed NO3

−

and NH4
+ as a source of nitrogen, excluding Sphagnum flexuosum, as it did not incorporate

NO3
−. It was observed that in alkaline waters, NO3

− was the predominant form of
nutrition, i.e., 63 to 73 percent in plants, contrary to the acidic waters, where NH4

+ strongly
influenced the nutrition by up to 85 to 90 percent. These species differed in their sites of
uptake, mainly leaves or roots. In this area, however, the acidification resulting from high
NH4

+ and SO4
2− deposition was inducing the development of acid tolerant nitrophilous

species [97]. It has not been found yet whether these patterns would be applicable for
other biota such as flora and waterfowl, but it is valid that wetland vegetation is also partly
responsible for the richness of biodiversity and habitat in the agricultural landscape. In
another wetland investigation, it was observed that waterfowl along with grassland birds
exclusively utilized the riparian zones of Maryland, USA, for breeding and foraging [98].

Almost 14 percent of the listed endangered species, with an additional 284 species
that are considered potentially threatened, in the United States chiefly inhabit wetland
ecosystems. Numerous endangered species, for instance green pitcher plants, are estab-
lished in infertile habitats like ombrotrophic bogs, however, these species will not prevail
if exogenous nitrogen inputs surpass 2 g N m−2 yr−1. Despite the species richness in
wetland ecosystems, only a small number of plant species have been explored regarding
the impacts of nitrogen loading. Elevated levels of nitrogen inputs may preferably boost the
growth of some species, and as all species ought to respond variably, this may ultimately
lead to species dominance and change in composition. Morris [99] stated that bogs are
likely to be the most vulnerable to nitrogen deposition, as they sustain nutrients directly
from precipitation. While, fens, marshes, swamps, and intertidal wetlands can also be
sensitive to anthropogenic nitrogen expansion from deposition and agricultural runoff via
surface waters.

In a recent investigation, it was observed that N-induced change in biodiversity from
C3 plant species to C4 plant species in a brackish marsh in Maryland transformed the
wetland community response to CO2 [100]. It was inferred that nitrogen loading can
significantly increase organic matter deposition and ultimately carbon loss from saline
marsh soils, which could possibly lead to deterioration of marsh structure and make
them highly susceptible to changing sea levels. Hence, restored wetlands are undeniably
significant for biodiversity enhancement.

13. Future Prospects

Recently identified techniques, including Anammox and CANON, have substan-
tial potential for enhanced nitrogen attenuation efficiency and treatment performance in
aquatic systems, nevertheless, there is a need to explore these techniques in constructed
wetlands. Research on the identification of the growth circumstances of Anammox bacteria
and the determination of design parameters to promote the suitable conditions must also be
executed. Moreover, very few reports have documented nutrient loading in the wetlands
of tropical and sub-tropical areas, particularly South America. Only a few publications are
available on bogs and fens, with most of them being available for floodplains, marshes,
riparian zones, and swamps. It was noted that during autumn and winter when most of
the wetland macrophytes shed litter, an increase in soluble nutrient species is expected,
but they may not be deleterious for aquatic bodies because of the dilution of these soluble
inputs caused by higher river flows during these seasons. The impacts of nitrogen loading
on regional biodiversity have also not yet been evaluated. It is presumed that wetland may
become loaded with leaching nutrients, while decreasing eutrophication of vicinal ecosys-
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tems. To enhance the treatment performance in constructed wetland systems, the dominant
microorganisms and hydrophytes containing a gene of interest for nitrogen attenuation,
and acquiring biogenetical processes via gene modification of microbial-planted systems,
should be further investigated. Advancements in this field might improve nitrogen removal
efficiency and reduce the limitations and short-comings of natural ecosystems. To further
enhance nitrogen removal, kinetic analysis, established on a mass balance evaluation of
elements of nitrogen transformation techniques existing within the wetland treatment cells,
and utilizing the isotope tracking 15N method, will yield mechanistic guidance for nitrogen
conversions and the development of layouts for better operation of a system. Moreover,
investigations made to improve water quality will contribute expertise in nutrient removal
techniques in constructed wetland systems.

Constructed wetlands are cost-effective and stable systems, but are prone to perform
inadequately because of the disintegration of microbial assimilation at low temperatures.
With the aim of upgrading constructed wetland elements and the elimination of emerging
contaminants, the future trends for research should encompass radiation plant breeding
and the integration of treatment techniques to improve wastewater treatment, even at lower
temperatures. Siphon constructed wetlands are an unpowered oxygenation technology
that depends on siphon activity to discern between varying anoxic and aerobic conditions
in wetland systems, and has future prospects of being planted in rural localities. Moreover,
organic carbon also limits the nitrogen attenuation in constructed wetlands; generally, the
denitrification process is ceased due to an inadequate amount of organic carbon caused by
excess dissolved oxygen. Hence, for optimal removal of total nitrogen, not only research
on optimal levels of dissolved oxygen is necessary, but the optimum input of water and
efficient usage of agricultural refuse as sources of organic carbon for denitrification must
be scrutinized.

14. Conclusions

Generally, the conventional pathway for nitrification–denitrification plays a signif-
icant role in nitrogen attenuation in wetlands systems. However, the removal rate is
extremely restricted by the paucity of organic carbon that is essential for both nitrifying
and denitrifying bacteria. Therefore, for efficient nitrogen removal, certain variables, such
as temperature and HRT, that promote the growth of microbes and relative macrophytes
must be optimized. Wetland operations also increase the environmental risk of enhanced
greenhouse gas emissions, especially in sandy or acidic soil areas, yet the water pacification
benefit counterbalances the hazards expected from nitrous oxide emissions. Investigations
from all across the globe have also demonstrated that, while wetlands keep the nitrogen
and phosphorous loading in check, the nutrient inputs will not jeopardize the flora and
fauna diversity in agricultural landscapes.
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