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Abstract

The use of constructed wetlands (CWs) to sequester carbon has been a topic of interest in recent studies. However,
CWs have been found to be both carbon sinks and carbon sources, thus leaving uncertainties about their role in
carbon neutrality initiatives. To address the uncertainties, a bibliometric and comprehensive review on carbon
sequestration in CWs was conducted. Upon forming various scripts using CorText Manager, it was found that a
majority of the studies focused on the effectiveness of CWs to remove nutrients, particularly nitrogen. The results of
the comprehensive review revealed that high carbon concentrations and carbon sequestration rates in CW soils are
dependent on the vegetation types used, the ages of the CWs, and the organic content of inflow water entering the
CWs. The Typha genus was the most dominant plant genus used in the CWs from the reviewed studies and was
associated with the highest carbon sequestration rates documented in this review study. Furthermore, the relatively
high ability of tree species, in comparison to emergent plants, to sequester carbon was observed. Therefore,
incorporating tree species into CW designs and adding them to emergent plants is seen as a potential breakthrough
approach to improve the ability of CWs to sequester carbon and ultimately contribute to mitigating climate change.
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1. Introduction

As climate change continues to emerge as a leading
environmental concern worldwide, carbon emission is seen
as a significant contributing factor to global warming.
Although carbon emission reduction targets have been
increased since the Paris COP in 2015, CO; emissions have
also continued to increase every year since, until the global
shutdown brought by the Coronavirus disease 2019
(COVID-19) pandemic in 2020 (BP p.l.c., 2023). In the
said year, the estimated global carbon emission was estimated
to be 36.8 billion tons. However, with economies recovering
in most parts of the world, carbon emission by the year
2030 is estimated to reach around 40 billion tons
(International Energy Agency, 2020).

Carbon capture, utilization, and storage (CCUS)
technologies have been considered a pivotal contribution
to achieving carbon emission reduction targets. However,
the high cost and energy consumption of such carbon capture
technologies impose a huge challenge in promoting its usage
(Wilberforce et al., 2019). Previous literature also revealed
that the storage time of CO;, in CCUS can be limited due
to the short lifespans of chemicals and fuels used in such
technologies (Cuéllar—Franca & Azapagic, 2015). Moreover,
the current global industrial capacity to channel, process,
and convert CO, emissions is seen as extremely limited (Gir,
2022). Given the economic and feasibility challenges that
come with conventional CCUS technologies, recent research
endeavors revolved around the exploration of alternative
technologies for carbon capture and storage. Nature—based
technologies, in particular, became a major point of
discussion in recent studies due to their potential as
cost—effective carbon sequestration systems. Recent studies
validated the ability of constructed wetlands (CW), a type
of nature—based technology, to decrease the amount of
pollutants (i.e., nitrogen and phosphorus) in wastewater
and stormwater runoff (Dalsgaard et al., 2021; Hang et
al., 2020; Malyan et al., 2021). In addition, the concept
of CWs as treatment systems for wastewater and stormwater
runoff has been highlighted in previous studies, primarily
due to their low construction costs and maintenance
requirements (Kayranli et al., 2010). Although the ability
of wetlands to remove nutrients in stormwater runoff has
been widely studied, its capability to sequester carbon
remains unclear, as wetlands are widely considered as both
carbon sinks and carbon sources (Ding et al., 2023). A
previous study denoted that carbon budgets in CWs still
have high variabilities, due to variable precipitation patterns
and man—made disturbances (Helfter et al., 2022). Moreover,

a recent study found that constructed wetlands may
potentially be sources of carbon due to the processes
associated with denitrification, depending on inflow quality
and the CWs’ environmental conditions (Zhang et al., 2022).
It was also previously noted that wetlands emit methane
gas (CH4), which indicates the potential of CWs to be net
carbon sources (Lolu et al., 2020).

In order to address the uncertainties regarding the
effectiveness of nature—based technologies as carbon—
storing and —sequestering infrastructures, it is critical to
determine the current state of knowledge regarding the
carbon sequestration function of constructed wetlands. A
bibliometric review was conducted to determine the trend
and status of research concerning the use of constructed
wetlands for carbon sequestration and storage. Furthermore,
a comprehensive review was done to assess the carbon
sequestration ability of constructed wetlands, through
synthesizing and analyzing data from previously published
articles obtained from the Scopus database. Knowledge gaps
and future research directions regarding the utilization of
nature—based solutions for carbon capture and storage were
also determined through the bibliometric and comprehensive

review.

2. Materials and Methods

2.1 Bibliometric Review

The research articles used for the bibliometric review were
obtained from the Scopus database. The string inputted
on the Scopus search was “TITLE-ABS-KEY (“carbon”
AND “constructed wetland*” OR “artificial wetland*” OR
“engineered wetland®*” OR “treatment wetland*”). The
search results were filtered further by limiting the list to
English articles published from 2000 to 2023. The 1,345
articles retrieved from the query were downloaded as a
Research Information System (RIS) file, which was parsed
into a corpus using the CorText Manager, an online software
that generates various scripts for bibliometric analysis. The
scripts generated for this bibliometric review included the
number of articles per journal, a network map of keywords
and years, and a contingency matrix of keywords and
countries.

To determine the most productive journals that publish
articles related to carbon and constructed wetlands, the
list builder feature, with “Journal” selected as the script
parameter, was used. For the script parameters of the
network map, “keywords” was selected as the first field,
and “time steps” or years was selected as the second. The
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contingency matrix was created to illustrate the magnitude
of co—occurrence between keywords and countries. For the
network map and contingency matrix, chi’ was selected
as the specificity measure. Chi? is a statistical measure that
is typically used to determine the independence and relevance
of the variables from each other (Nihan, 2020).

2.2 Comprehensive Review

The resulting articles from the first Scopus search were

further filtered by adding keywords relevant to carbon

sequestration, capture, and storage. The additional
keywords were obtained from the resulting network map
from the bibliometric review and are shown in the
methodology framework in Fig. 1. After the additional
filtration of the Scopus search, the final number of articles
obtained was 97. Non—review articles written in the English
language were utilized for the data collection process. The
information and data collected from the articles included
wetland type and area, year of construction, biomass or
plant species used, carbon concentration data, and carbon
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Fig. 1. Methodology framework of the review study on carbon sequestration in constructed wetlands
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sequestration rates. After the data curation process, the
ability of constructed wetlands to sequester and store carbon
was estimated by creating plots and tables. A box plot was
made to summarize the average carbon concentration of
various soils examined in the obtained articles. Furthermore,
carbon sequestration rates were summarized by creating
a table of descriptive statistics. The creation of the box

plot and summary table was done using OriginPro 2023.

3. Results and Discussions

3.1 Bibliometric Review

3.1.1 Most productive journals and Contingency Matrix

The distribution of the number of documents per journal
was shown in Table 1. Results revealed that articles from
the top 20 most productive journals in the list constituted
about 67% of the 1,345 articles obtained from the Scopus
search. The three most productive journals that published
articles related to carbon and constructed wetlands were
Ecological Engineering with 152 articles, Science of Total

Environment with 119, and Bioresource Technology with

Table 1. The number of articles per journal for the Scopus keyword
search “carbon” and “constructed wetland®” or
“artificial wetland*” or “engineered wetland*” or
“treatment wetland*”

Journal Number of
articles
Ecological Engineering 152
Science of the Total Environment 119
Bioresource Technology 103
Journal of Environmental Management 64
Environmental Science and Pollution Research 62
Chemosphere 58
Water Science and Technology 48
Water Research 48
Chemical Engineering Journal 44
Journal of Cleaner Production 29
Environmental Science and Technology 20
Environmental Pollution 20
Water, Air, and Soil Pollution 19
Wetlands 18
Water (Switzerland) 18
Journal of Environmental Quality 15
Journal of Water Process Engineering 14
Journal of Hazardous Materials 13
Desalination and Water Treatment 12
Water Environment Research 10
Others 448

103. Identifying the most productive journals is seen as a
potential approach for researchers in the field of Nature-
based Solutions to determine journals that are likely to accept
their work. Furthermore, the list of the most productive
journals can serve as a reference for researchers with the
same focus of study to target their submissions and find
future collaborations (Priem & Hemminger, 2012).

The contingency matrix highlighting the co—occurrence
of keywords and countries was shown in Fig. 2. Red cells
denote a high magnitude of co—occurrence between two
fields, whereas blue cells indicate a low magnitude of
co—occurrence between the two fields. Furthermore, White
cells indicate neutrality between the two fields (Breucker
et al.,, 2016). The numbers on the top and right side of
the matrix refer to the number of articles from the country
(vertical axis) and number of articles with a specific keyword
(horizontal axis). From the generated contingency matrix,
it was noted that the keyword “carbon” had the highest
co—occurrence with China. However, it was observed that
China had a negative magnitude of co—occurrence with
the keywords “constructed wetland” and “constructed
wetlands.” This relationship suggested that a huge number
of studies on carbon are conducted in China, but only a
small fraction of existing studies focused on the utilization
of constructed wetlands. The United States, Germany, and
France were found to have a high magnitude of co—
occurrence with “organic carbon.” Moreover, these countries
also exhibited high magnitudes of co—occurrence with the
keyword “constructed wetland” or “constructed wetlands.”
This indicated that most of the studies obtained from the
aforementioned countries performed extensive research on
constructed wetlands. However, their correlation with the

keyword “carbon” was observed to be neutral.

3.1.4 Network mapping and evolution of keywords

The network map of keywords related to carbon
sequestration and constructed wetlands were illustrated in
Fig. 3. Furthermore, time steps or years were added to the
map to analyze the most relevant terms or keywords within
a particular time frame. The network map generated serves
as a visual representation of the relationships between
keywords from the obtained articles in the Scopus search.
Triangles represent publication years and circles represent
the keywords frequently found in the obtained articles. The
thickness of a node denotes a high frequency in the obtained
articles. Furthermore, nodes that belong to the same cluster,
which is represented by a larger circle with a lighter color
are closely related to one another, while keywords from
different clusters may denote different themes of study.

Journal of Wetlands Research, Vol. 25, No. 2, 2023
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Fig. 2. The contingency matrix generated from CorText Manager using research articles related to carbon sequestration and constructed

wetlands

From the network map, it was found that the keyword
“wetlands™ had a high co-occurrence with “nitrate” and
“nitrates,” denoting that nitrogen is the most commonly
investigated parameter in studies related to wetlands. It was
also observed that carbon sequestration and constructed
wetlands have been topics of interest since the early 2000s.
The keywords “carbon sequestration” and “efficiency” also
had a high co—occurrence with the year 2018. This particular
relationship between the mentioned keywords denoted that
the efficiency or effectiveness of constructed wetlands as
carbon—sequestering infrastructures has emerged as a field
of study in more recent years. The keywords “activated
carbon,” “nitrogen removal,” and “greenhouse gas” were
also observed to have a high co—occurrence with recent
years (Le., 2021, 2022, and 2023), implying that the reduction
of carbon and nitrogen continues to emerge as a central

topic of studies related to constructed wetlands.

3.2 Comprehensive Review

3.2.1 Carbon storage and sequestration

The ability of constructed wetlands to store carbon has

SREAISE H253 AH2Z, 2023

been investigated and validated in recent studies (Liu et
al., 2022, Monge—Salazar et al., 2022). However, the extent
to which CW can store carbon varied among sources. A
box plot of the total carbon (TC), soil organic carbon
(SOQ), and soil inorganic carbon (SIC) concentrations in
constructed wetlands was shown in Fig. 4. A majority of
the the
concentration (concentration per year) of the constructed

reviewed studies recorded average carbon
wetland soils from the date of construction to the date of
sample collection. For carbon concentration values that were
recorded several years after the construction of the wetland,
the total value was divided by the constructed wetland age
to get the average concentration. The mean TC concentration
was 2.16% and the median was 1.59%. Varying factors
affecting high TC concentration on CW soils were found,
particularly on soil samples with a concentration above the
75th percentile of the recorded values. The presence of
heterotrophs in some of the studied CW, for instance, was
seen as a major contributing factor to high TC concentrations.
Puttock et al. (2018) found that beaver invasion in the study

site resulted in higher sediment accumulation and enhanced
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indicated that the type of aquatic vegetation could potentially
be a driving factor to increased TC concentrations of CW
soils. It was revealed that soils with emergent aquatic
vegetation had higher TC, SOC, and SIC concentrations,
as compared to soils with submerged aquatic vegetation
(Reddy et al., 2021). Furthermore, the alteration of CW
soil properties, primarily through microbial diversity, after
vegetation invasion was observed to be a significant factor
in storing high amounts of carbon (Jamwal & Shirin, 2021;
Yang et al., 2020). The factors that resulted in high TC
were found to have similar effects to the SOC concentration
of CW soils. High concentrations of SOC recorded in some
studies exceeded a majority of recorded TC concentrations.
A study by da Silva et al. (2022) remarked that incorporating
high organic matter into CW soils resulted in increased
microbial activity, thus increasing the soil’s carbon
mineralization capabilities. The presence of terrestrial plants
on CW was also noted to have resulted in increased organic
carbon storage in soils (Cao et al., 2017). Relatively low
concentrations of TC, SOC, and SIC were noted in studies
that involved newly—constructed CWs (Ramond et al.,
2014).

The carbon sequestration rates of constructed wetlands
studied in the reviewed articles are shown in Table 2. In
contrast to the carbon concentration values recorded from
the reviewed studies, there was no notable variation found
between the carbon sequestration rates for all parameters,
having a coefficient of variation of 0.6, 0.9, and 1.3 for
TC, SOC, and SIC, respectively. The ranges of carbon
sequestration rates for TC and SOC were 0.116 to 0.900
kg m %yr™! and 0.002 to 0.590 kg m 2yr!, respectively.
Although the range of C sequestration rates for TC and
SOC appeared to be wide, the extremely high values differed
greatly from the mean values by 64%, 72%, and 64% for
TC, SOC, and SIC, respectively. Despite the relatively low
variation of C sequestration rates gathered from the reviewed
studies, the mean values were still found to have major

differences from C sequestration rates from some studies

Table 2. Carbon sequestration rates in the constructed wetlands
studied in the reviewed articles

TC SOC SIC
Number of articles (n) 19 12 5
Mean (kg m™2yr™h) 0.324 0.167 0.068
Standard Deviation 0.197 0.151 0.088
Coefficient of Variation 0.6 0.9 1.3
Minimum (kg m2yr™") 0.116 0.002 0.004
Median (kg m™yr™) 0.252 0.141 0.008
Maximum (kg m™yr™) 0.900 0.590 0.189

SREAISE H253 AH2Z, 2023

not included in the comprehensive review, particularly those
focused on long—term carbon sequestration estimates.
Deverel et al. (2014) estimated the carbon sequestration
rates from the Twitchell Island demonstration wetland
project from 1997 to 2008 and recorded values ranging
from 1.2 to 1.5 kg m™%yr’}, which exceeded the maximum
value recorded in this review study. Relatively high C
sequestration rates were often associated with high organic
inputs in the CW throughout its operation (Maynard et
al., 2011). Moreover, particularly high C sequestration rates
recorded in this review study were observed in CWs where
the inflow water was treated with coagulants. C sequestration
rates were high for sites where the inflow was treated with
polyaluminum chloride (PAC) (Stumpner et al., 2018). In
the aforementioned study, the carbon sequestration rates
in the CW increased by 50-100% after treating the inflow
water with PAC and FeSOu. Results from the reviewed studies
also revealed that utilizing submerged aquatic vegetation
on CW could potentially sequester 64% more carbon in
the soil than using emergent aquatic vegetation (Reddy et
al., 2018). This conclusion was found to be contradicting
with the findings from the same study, wherein soils with
emergent aquatic vegetation had higher C concentrations
than those with submerged aquatic vegetation. This also
confirms findings from a previous study that although carbon
storage and carbon sequestration are related, they are not
necessarily directly proportional (Post & Kwon, 2000).
Emergent vegetation has a wider range of nutrient source,
as they draw nutrients from both the soil and water columns.
Although the high nutrient availability in soils with emergent
vegetation tends to promote plant growth and increased
carbon concentration, it was also found to result in increased
microbial decomposition, which leads to reduced SOC
sequestration rates (Strickland et al., 2009). The available
data for SIC concentration of CW soils in this study is
very limited. However, the results suggest that SIC
concentration in CW soils are less than SOC concentration.
This may be attributed to the high biomass input and litter
accumulation in the reviewed CWs. A previous study found
that SOC is closely related to biological processes such as
biomass input, while SIC is associated with abiotic factors
such as chemical processes (Du & Gao, 2020). In the same
study, SOC comprised 91% of TC concentration of the
examined soils. A similar proportion of SOC to TC is

observed in this review study.

3.2.2 Dominant plant genera and carbon sequestration
potential of tree species

Vegetation is a critical component of constructed wetlands
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(Merriman et al., 2016; Zhao et al., 2020). Findings from
the obtained carbon concentration and sequestration rates
indicate that the type of vegetation, as well as its placement
in the CW system, holds an important role in the efficiency
of the CW as a carbon—storing and sequestering mechanism.
A wide variety of plant genera was found on the constructed
wetlands studied in the obtained research articles. The
summary of the frequency of each plant genus is shown
in Figure 5. A total of 43 unique genera were found, with
Typha being the most common biological genus used in
operating CWs. Among the other frequently found genera
are Phragmites, Schoenoplectus, Juncus, Alternanthera,
Potamogeron, and Carex. Typha, being the most dominant
genus in the reviewed studies, was also attributed to the
highest carbon sequestration rates and concentration
recorded in this comprehensive review. A study by
Harpenslager et al. (2018) observed that 7ypha species 7.
latifolia and T, angustifolia had high carbon sequestration

. However, the

potentials, reaching up to 0.590 kg m2yr~
C sequestration rates of soils with the 7ypha species also
varied with respect to soil types, with sand exhibiting the
highest carbon sequestration rate among soil types. A
previous study also found that using cattails (7ypha spp.)
is more effective than tule (Schoenoplectus spp.) in achieving
accretion and carbon sequestration goals in CWs (Hernes
et al., 2020). Apart from its noteworthy ability to sequester
carbon, the 7ypha was also found to be effective in treating
inflow water on CWs by uptaking nutrients and heavy metals
(Soosaar et al., 2009; Sun et al., 2019; Vijay et al., 2017;
Yu et al., 2020). Generally, plant invasions tend to increase
carbon storage in constructed wetlands. However, the
relatively high capability of the 7ypha species to sequester
carbon may be associated with its large biomass, as Typha
tends to be taller and more productive than the plant species
they replace (Bansal et al.,, 2019). Moreover, the high
capability of the Phragmites species, which is the second
most commonly found species in this review, to sequester
carbon was associated with its aerial leaves similar to
terrestrial plants (Dong et al., 2012). The leaves from the
said species, according to the study, can directly use the
available CO, in the air for photosynthesis. In addition,
the Phragmites species tend to have high—strength
transpiration, thus slowing down respiration and increasing
carbon storage.

Constructed wetland soils with plant genera other than
Typha also exhibited high concentrations of carbon. CW
soils with Juncus effusus had C concentrations reaching
up to 4.68%, which is higher than a majority of the recorded

values in this review (Yoon et al., 2011). Another study

that investigated a CW covered with 53% Juncus acutus
was found have a mean SOC sequestration rate of 0.42
+ 0.29 kg m™yr™!, which was higher than the mean SOC
sequestration rate obtained in this review (0.167 kg m™yr™)
(Maziarz et al., 2019). The observed high C concentration
and sequestration rates in this review indicated Juncus plants
have the potential of storing and sequestering high amounts
of carbon in CW soils, despite the genus being less studied
in the reviewed articles. Tifton 85 grass (Cynodon spp.)
was also found to be capable of mineralizing organic carbon
in the study of Silva et al. (2019). Specifically, it was estimated
that this specific type of plant is capable of sequestering
carbon at a rate of 2.27 to 3.09 gC kg 'yr™".

Apart from emergent plants, tree species have been growing
as a topic of interest in recent studies due to their carbon—
sequestering capabilities. Previous studies found that
incorporating tree species increase constructed wetlands’
capability to treat wastewater and store phosphorus and
sediments (Bolton & Greenway, 1997; Vymazal, ., 2022).
However, studies focusing on incorporating tree species to
CW designs with the aim of increased carbon sequestration
are still very scarce. Nevertheless, tree species, in general,
have been found to exhibit high carbon stocks. It was found
in a previous study that tree species Syzygium cumini and
Eucalyptus camaldulensis exhibited high carbon stocks, in
which maximum values of 10.32 Mg ha™ and 13.5 Mg
ha ha™! were recorded, respectively (Zubair et al., 2022).
Moreover, a study conducted in the United States recorded
a total of 139.9 tons of sequestered carbon in 1,997 trees
for one year (Sharma et al., 2021). The relatively high
capability of tree species to sequester carbon may be
associated with their enhanced above—ground biomass and
longer life span. Recent studies indicate that tree biomass
and age have a direct relationship with carbon sequestration
(Ali et al., 2023; Darmawan et al., 2022). In addition to
biomass differences, the variation of tree species was found
to be a major factor in the carbon—sequestering capabilities
of trees. It was found in previous studies that native tree
species have greater carbon sequestration capacities than
exotic species (Lu et al., 2014; Rodriguez—Loinaz et al.,
2013). Information on the ability of tree species to sequester
carbon from the examined articles in this review study was
very scarce, as most of the found biological genera found
in the studies were emergent and submerged plants.
However, a wide range of findings on the carbon
sequestration abilities of tree species was found outside the
obtained articles, particularly their capability to sequester
higher amounts of carbon. Thus, incorporating tree species,

instead of or in addition to emergent plants, is seen a potential
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breakthrough approach to increase the carbon sequestration
capabilities of CWs.

3.2.3 Relevance of constructed wetland age

The results of this comprehensive review suggested that
several factors may affect the ability of constructed wetlands
to store and sequester carbon. One varying attribute of
CWs studied in the reviewed articles was the CW age. CW
ages recorded in this study ranged from 24 days to 17 years.
The linear plot of the ages and TC concentrations of CWs
in the reviewed studies is shown in Fig. 6. The R? value
of almost 0.7 suggested a linear relationship between CW
age and TC concentration in CW soils. However, it can
also be observed that recorded soil TC concentrations varied
greatly in CWs that were older than 10 years. Relatively
low TC concentrations in these older CWs were associated
with high phosphorus loading in the CW soil resulting in
high accretion of materials with high bulk density (Reddy
et al., 2018). It was previously found that bulk density is
negatively correlated to C concentration in CW soils (Cao
et al,, 2015). Despite the high variability of TC concentrations
of soils in older CWs, the proportional relationship of CW
age and TC concentration was still evident. This confirms
conclusions from previous studies indicating that TC
concentration in CWs tend to increase with the wetland’s

age (Shiau et al., 2022; Wang et al., 2021). The high
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Fig. 6. Linear regression of age and TC concentration of
constructed wetlands studied in the reviewed articles.

variability of TC concentrations in CWs also indicated the
complexity of CWs’ ability to sequester carbon long—term.
Previous studies suggested that definite findings on carbon
sequestration in CWs could take a long period of time,
particularly decades or even centuries (Were et al., 2019).
The capability a CW to be a carbon sink was also found
to change depending on the vegetation cover in the CW.
Valach et al. (2021) found that a minimum of 55% vegetation
cover was needed for a CW to become a carbon sink, which
was immediately achieved in the wetlands upon construction
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or restoration. Another study determined that it would take
a constructed wetland several decades to be considered as
a carbon sink, primarily due to methane releases (Kayranli
et al., 2010).

4. Conclusions

A bibliometric and comprehensive review on carbon
sequestration in constructed wetlands has been conducted.
Through a bibliometric analysis using CorText Manager,
it was found that most studies conducted for constructed
wetlands mainly focused on removing pollutants, particularly
nitrogen. In addition, most of the countries included in the
contingency matrix were developed nations, suggesting a
research gap between carbon sequestration and developing
countries.

Through the comprehensive review, the ability of CWs
to store and sequester carbon was confirmed. However,
sequestration rates varied depending on the vegetation types
used, the ages of the CWs, and the organic content of inflow
water entering the CWs. The 7ypha genus was associated
with the highest carbon concentration and sequestration
rates recorded in this review study. Although emergent plants
have been proven to sequester carbon, their capability to
do so is still seen as less than that of tree species, which
exhibited much higher carbon sequestration rates in recent
studies. Thus, incorporating tree species, instead of or in
addition to emergent and submerged plants, in the design
of CWs is seen as a potential way to increase carbon
sequestration in CWs. Furthermore, the results of this review
study suggest that carbon concentration in CW soils does
increase over time. However, further studies are needed
on the ability of CWs to sequester carbon long—term, as
C concentrations of CW soils were observed to vary greatly
in older CWs. Overall, the findings in this review study
are believed to have potential benefits in designing CWs
with the aim to sequester more carbon and ultimately

contribute to reaching climate change mitigation targets.
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