) earth

Review

Ecosystem Services Valuation of Constructed Wetland as a
Nature-Based Solution to Wastewater Treatment

Casper Boongaling Agaton *

check for
updates

Citation: Agaton, C.B.; Guila, PM.C.
Ecosystem Services Valuation of
Constructed Wetland as a
Nature-Based Solution to Wastewater
Treatment. Earth 2023, 4, 78-92.
https://doi.org/10.3390/
earth4010006

Academic Editor: Laura Bulgariu

Received: 31 January 2023
Revised: 6 February 2023
Accepted: 10 February 2023
Published: 11 February 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Patricia Marie Caparas Guila

Department of Community and Environmental Resource Planning, College of Human Ecology,
University of the Philippines Los Bafios, Los Bafios 4031, Philippines
* Correspondence: cbagaton@up.edu.ph

Abstract: Constructed wetlands (CWs) are nature-based solutions that utilize natural vegetation,
soils, and microbes to treat domestic wastewater and industrial effluents. They are engineered
treatment systems that mimic the functions of natural wetlands to capture stormwater, reduce
nutrient loads, and create diverse wildlife habitats. Providing these monetary and non-monetary
benefits, its implementation has grown in several applications and geographical spread. Recent
studies integrate the ecosystem services of CWs in project valuation, and the critical analysis of
research hotspots has not been made yet. This study employs a systematic review to analyze the
literature on ecosystem services provided by CWs and how they are incorporated into the valuation
of CW projects. Among the ecosystem services that have been identified are provisioning (biomass
and water supply), regulating (wastewater treatment and purification, climate regulation, flood
prevention, and erosion control), cultural (recreation and aesthetic, biodiversity, education, and
research), and supporting (habitat formation, nutrient cycling, and hydrological cycle). In terms
of valuation methods and techniques, the results identified contingent valuation, shadow pricing,
cost-benefit analysis, benefits transfer, habitat evaluation procedures, replacement cost, and travel
cost. The analysis results provide researchers with a concrete basis for future studies and directions
for further development. This also provides policymakers and CW project planners with valuable
insights on various aspects of policy support for CW adoption and project valuation.

Keywords: constructed wetlands; ecosystem services valuation; nature-based solution; wastewa-
ter treatment

1. Introduction

Rapid urbanization, population growth, and unsustainable economic development
resulted in a significant increase in wastewater generated by humans and industries that
are released into the environment. Globally, water discharges from industry, municipalities,
and agriculture have doubled compared to the world’s population over the last century [1].
In 2020 alone, only 56% of all wastewater flow generated by households globally was
collected and safely treated [2]. The world has targets to improve this by reducing water
pollution through the elimination of released hazardous chemicals, halving the proportion
of untreated wastewater, and increasing the recycling and safe reuse of water by 2030.
Following the Sustainable Development Goal (SDG) 6.3.1, the proportion of the total,
industrial, and household wastewater flows should be safely treated in compliance with
national or local standards [2].

Over the last few decades, several technologies have been employed to treat wastew-
ater. These include physical, biological, chemical, and hybrid treatment techniques for
the removal of various contaminants from wastewater [3-5]. Currently, the best method
has not yet been identified as these techniques have their benefits and challenges in terms
of technical difficulty, environmental impact, effectiveness, economic feasibility, and cost-
efficiency [3]. Yet, these technologies helped improve wastewater management not only for
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protecting drinking water resources from fecal contamination and waterborne diseases but
also for protecting aquatic ecosystems from nutrient input and chemical/plastic pollution
and for mitigating and adapting to climate change [2].

Another alternative is constructed wetlands (CWs), which is a nature-based solution
(NBS) to improve the quality of water. Naturally, wetlands are being considered increasingly
for wastewater treatment due to the ability of several wetland plants to absorb huge
amounts of nutrients and a variety of toxic substances [6]. Major kinds of wetlands
include swamps, marshes, and bogs, while these may also refer to peatlands, sloughs,
muskegs, fens, potholes, and mires. On the other hand, CWs are engineered treatment
systems that have been designed and constructed using natural processes consisting of
wetland vegetation, soils, and their associated microbial assemblages to assist in treating
wastewater [7]. The performance of CWs depends on the type, vegetation, application
by hydraulic load, and media used in the bed [8]. For instance, various types of CWs are
free water surface, horizontal flow, vertical flow, hybrid, aerated, and baffled sub-surface
flow. These CWs combine the core structural components of natural wetland ecosystems
to mimic and perform the selected functions of natural wetlands and, therefore, deliver
a range of monetary and non-monetary benefits, including water quality improvement,
flood protection, and the promotion of biodiversity [9,10].

Given these benefits, numerous studies have evaluated the feasibility of a CW project
from environmental, economic, technical, decision-support, and socially accepting per-
spectives. For example, Dumax and Rozan [10] analyzed the environmental costs and
benefits directly of the ecological impact of the creation of an artificial wetland. In another
study, Lutterbeck, et al. [11] employed a life cycle analysis (LCA) of integrated wastewa-
ter treatment with CW in rural areas and found reductions in chemical oxygen demand,
biochemical oxygen demand, Kjedahl and ammoniacal nitrogen, and total phosphorus
from the wastewater. Combining environmental and economic analysis, DiMuro, et al. [12]
applied replacement cost methodology and LCA for CW in industrial wastewater treat-
ment. The study found a 282 million USD total net present value savings over the project’s
lifetime; lower energy and material inputs to the CW; lower potential impacts for fossil
fuel use, acidification, smog formation, and ozone depletion; and lower potential impacts
for global warming and marine eutrophication [12]. Meanwhile, Friedrichsen, et al. [13]
considered the social and cultural variables impacting the maintenance of constructed
wetlands for decentralized wastewater treatment to provide agricultural irrigation water.
Their results found three themes: mental models of CW maintenance, which showed the
plural valuation of ecosystem services, immediate emotional disgust or repugnance as a
leverage point for decreasing social cohesion in the community, and recommendations
for improving maintenance through a human-centered design of CWs [13]. Furthermore,
Ilyas, et al. [14] identified the lack of developing tools for supporting the decision-making
process; hence, a method was proposed to provide a sound scientific basis for multiple
decision-makers on the design and operation of CWs.

Despite the usefulness of various methods for valuing CW projects, they are most
of the time undervalued as they are evaluated as water treatment projects and not as an
ecosystem. Looking at this perspective, CWs provide several ecosystem services, including
provisioning, regulating, cultural, and supporting services. Currently, only a limited
number of studies consider these ecosystem services in the evaluation of CWs. Moreover,
no reviews have been conducted so far, albeit consequential in examining the state-of-the-
art and identifying the gaps as bases for future research directions.

This study aims to contribute to the literature by providing an in-depth review of
the current research on the valuation of ecosystem services provided by CWs as NBS to
wastewater treatment. The objectives of this study are (1) to review the extant literature
that incorporates ecosystem services in the valuation of CW projects; (2) to present a
comprehensive overview of ecosystem services provided by CWs; (3) to analyze various
valuation techniques for ecosystem services of CWs; and (4) to identify the knowledge gaps
that serve as a basis for research directions. Applying a systematic review of the literature,
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the results provide several insights into the ecosystem services valuation of CWs that need
further research and present implications that might be useful for CW project planners
and policymakers.

2. Materials and Methods

A systematic review of the literature is a process of searching, appraising, and col-
lecting all relevant evidence on a given topic that fits pre-specified eligibility criteria and
has an answer to the formulated research questions [15]. Compared with other review
methods, systematic reviews deliver a comprehensive overview of a given topic, help
identify research gaps in a field, highlight methodological concerns that can be used to
improve future work in the topic area and identify questions with clear answers meaning
that further research is not necessary [16,17]. This study applied a systematic review of the
literature to provide a comprehensive overview of ecosystem services and their valuation
methodologies that are used in the CW literature. The sequence of steps includes (1) sample
preparation and defining search criteria; (2) database selection; (3) the adjustment and
refinement of research criteria; and (4) systematic analysis, as shown in Figure 1.

Sample Database Sample Data
Preparation Selection Refinement Analysis
Keywords: . * WoS: 21
¢ Constructed * ;i?:niz articles o Ecosystem
Wetlands e Scopus ¢ Scopus: 11 Seme
e Ecosystem . Manuz;l articles o Valmetfem
Service?s Search * Manual techniques
e Valuation Search: 23
Techniques articles
* Nature-based ¢ Unique: 42
solution articles
e Full articles:
13 articles

Figure 1. Systematic framework for a review of the literature.

In the sample preparation, the initial search was limited by the following criteria:
(1) ecosystem services of CWs as nature-based solutions were identified, and (2) economic
valuation was employed. The following combinations of keywords were used as a search
criterion: “constructed wetlands” AND “nature-based solution” OR “NBS” AND “ecosys-
tem services” AND “valuation”, OR “economic valuation”, OR “benefit—cost analysis” OR
“cost-benefit analysis”.

In the database selection, the Web of Science (WoS), being the world’s leading scientific
citation search and analytical information platform, was first considered as it supports
a broad array of scientific tasks across diverse knowledge domains as well as providing
a dataset for large-scale data-intensive studies [18]. WoS allows searching and filtered
searches using several bibliographic parameters, providing easy access to the full texts of
academic papers and the generation of useful information to evaluate a certain scientific
area [17,19]. Another database is Scopus, which is among the largest curated abstract and
citation databases with a wide global and regional coverage of scientific journals, conference
proceedings, and books, which ensures the indexing of only the highest quality literature
through rigorous content selection and re-evaluation by an independent board [20]. To
ensure the comprehensiveness of the review, a manual search of the literature was con-
ducted to supplement the principal source of data. While Google Scholar is considered
unsuitable for primary review searches, it is considered a suitable supplementary source of
evidence for its specific qualities that could retrieve additional records and further improve
the evidence base [21].
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The preliminary search resulted in 21 documents from WoS, 11 from Scopus, and
23 from a manual search. These three searches were combined, and the duplicates were
removed. The 42 unique documents were then refined into journal articles in the English
language identifying at least one ecosystem service provided by CWs using any valua-
tion techniques. Among the excluded literature were review articles [22-26] which only
provided a comprehensive review of the ecosystem services of CWs but no valuation.
Additionally, a conference proceeding [27] was excluded due to the limited discussion
of the ecosystem services or the valuation techniques that were crucial in the systematic
review. As a result, there were 13 research articles analyzed for a systematic review of
the literature. A complete list of these articles is summarized in Appendix A—Table Al.
Summary of Reviewed Articles.

3. Ecosystem Services of Constructed Wetlands

A millennium ecosystem assessment (MEA) [28] defined the different types of benefits
that humans could obtain from ecosystems and coined the phrase “ecosystem services”
to describe them. In a broader sense, ecosystem services are the advantages that humans
obtain from ecosystems that serve as a connection between human societies and the ecosys-
tem. This results in complex ecosystem conditions and mechanisms in which the living
and nonliving elements of the ecosystem produce these ecosystem services.

Constructed wetlands (CWs) are designed and built to mimic natural wetlands to
treat wastewater. Today, CWs can be used as NBS to treat water from various sources and
applications, including agricultural runoff [29-31], industrial effluents [32-34], stormwater
runoff [35-37], and municipal wastewater [38-40]. Considering CW as an ecosystem,
CWs contribute to human well-being by providing certain ecosystem services that can be
classified into four distinct categories, namely: provisioning services, regulating services,
supporting services, and cultural services [41]. The ecosystem services provided by CWs for
wastewater treatment, as discussed in the reviewed literature, are summarized in Figure 2.

CONSTRUCTED WETLANDS' ECOSYSTEM SERVICES

h
(—4 PROVISIONING}—\ /—' REGULATING }—\ /—' SUPPORTING }—\ (—' CULTURAL l—\

Wastewater . .

Water supply SR TS Habitat Recreation &

formation aesthetic

Biomass Water purification . X
Nutrient cycling Biodiversity
Climate regulation .

Hydrological Educational &

Flood prevention cycle research

Erosion control
 — ~— . / o /

Figure 2. Summary of ecosystem services of constructed wetlands for wastewater treatment.

3.1. Provisioning Services

The tangible resources or material products that humans harvest from ecosystems
are referred to as provisioning services. These are limited in quantity but have the po-
tential to be replenished, and are capable of being directly consumed, appropriated, and
exchanged [42]. The reviewed literature identified the provisioning services provided by
CWs, such as sources of biomass and water supply.

e Biomass—Constructed wetlands provide biomass, which may be collected, dried,
and utilized in the food and energy industries. Humans may utilize biomass as food
for direct consumption, fodder for livestock, and semi-woody biomass for fueling
purposes, such as directly for heating and cooking or for the creation of biogas and /or
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biofuel [43]. Snyder [44] investigated a case of CW in Costa Rica and found that, in the
absence of wastewater treatment ecosystem services, biomass production costs ranged
from 243 to 1287 USD dry Mg-1, depending on model assumptions. Considering the
ecosystem services, the costs of biomass production range from 38 to —290 USD dry
Mg-1, in which the negative costs indicate income, suggesting that the value of water
treatment services is large enough to pay for wetland operations, and that biomass
can be provisioned for free while still maintaining system profitability [44].

Water supply—Constructed wetlands can treat several types of water, including
agricultural wastewater, industrial wastewater, municipal wastewater, stormwater
runoff, landfill leachate, and mining water. Treated wastewater is expected to be
appropriate for reuse in a variety of settings, including construction and agricultural
irrigation. Shingare et al. [45] revealed that the practice of using untreated or treated
wastewater for agricultural irrigation, particularly in the least developing countries,
poses a significant risk to human health due to the presence of pathogens in the water.
Building a constructed wetland is one of several methods for purifying wastewater
with higher enteric pathogen removal efficiency and converting it into a resource that
can be used for agricultural irrigation. Garcia-Herrero et al. [29] also described how
additional agricultural benefits might come from the potential reuse of wastewater
from CWs, considering it as an ‘extra’ income for avoided losses on production due to
drought events equal to 20% on gross saleable production.

3.2. Regulating Services

Regulating services are the result of various ecological processes that contribute to

the operation of an ecosystem, particularly the regulation of the environment in which
humans live and work. In addition, they regulate the amount, timing, and quality of water
supplies, as well as the impact of extreme weather on ecosystems and people [46]. As an
NBS, regulating services of CW maintain nature’s ability to provide material contributions
that are usually in indirect ways. Among the identified regulating services of CWs in the
literature review are wastewater treatment, water purification, climate regulation, flood
prevention, and erosion control.

Wastewater treatment—In the last five decades, CWs have developed into dependable
wastewater treatment technologies. It becomes a solution for treating various forms of
wastewater, such as sewage, industrial and agricultural wastewater, landfill leachate,
and stormwater runoff [47]. For instance, the CW in Beijing is dominated by the
ecosystem service of waste treatment, with a fraction of 63.82% corresponding to
the amount of 1.31 million USD/ha/yr [48]. Pollution is cleaned in natural wetland
ecosystems by mechanisms that are also present in constructed wetland ecosystems,
although equivalent processes occur under more closely regulated settings in CWs [47].
Water purification—Water purification is the process of eliminating potentially harm-
ful impurities from water. The objective is to produce water that can be utilized for
human consumption for other reasons. Wang et al. [49] analyzed the factors affecting
the purification effect of CWs. They investigated zeolite characteristics, isothermal
adsorption modeling, adsorption kinetics simulation, and pollutant purification. The
findings demonstrate that zeolite’s adsorption is greater than that of the total phos-
phorus suggesting that the purification process of CWs with compound substrates has
increased. Irwin et al. [50] seconded that CWs provide a strategy to improve water
quality via the removal of phosphorus, which may lead to an excessive algal bloom
that decreases lake clarity, quality, functionality, and recreation value.

Climate regulation—Mander et al. [51] evaluated the usefulness of constructed free-
water surface (FWS) wetlands and constructed riverine wetlands (CRWSs) in climate
regulation. The relationship between greenhouse gas (GHG) emissions, methane
emissions, and nitrous oxide (N20O) emissions and the biophysical and design factors
of the systems was studied, and it was found that the current global warming potential
(GWP) of FWS, CW, and CRWs was generally small, but their rapidly increasing
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number should alert wetland designers and stakeholders to improve the design and
management of these systems. On the contrary, Chen et al. [48] found negative
ecosystem services values of —238 USD/ha/yr for GHG regulation from the CW in
Beijing due to the vast GHG emission from the treated wastewater, in contrast to the
positive values associated with the Sanyang and mean CWs.

Flood prevention—CWs are cost-effective treatment systems that can be used to treat
urban stormwater runoff. As CWs are generally controlled by a pit and a piped
outlet, they act under the same principle as a retarding basin by discharging flood
flows at a controlled rate; hence, they can be utilized to assist in flood protection in
urban areas [52]. For instance, there has been a rising interest in constructed wetland
projects in Korea, both as a flood control tool and for ecological reasons. Kim et al. [53]
conducted hydraulic and hydrologic analyses on a wetland development plan for use
as an alternative sustainable flood defense during the flood season and a wetland
that could maintain the environment during non-flood seasons. They found that
the CWs potentially served as an alternative instrument for flood prevention and
a refuge for biodiversity. Meanwhile, in agriculture, Canning et al. [54] estimated
that surrounding sugarcane farms benefited from the reduced flooding of cropland
and the elevation of low-lying croplands with deposited spoil excavated from CWs’
construction. Improved drainage and flow regulation increased the sugarcane yield,
while elevated land increased gross margins by extending the length of the cane
production cycle or enabling a switch from cattle grazing to cane production [54].
Erosion control—Sediment stabilization is one of the many advantages of using CWs
for stormwater management [55]. The major feature of stormwater wetlands (similar to
other CWs) is the presence of vegetation, which plays an important part in the system’s
processes. They act as a protective ground cover and aid in preventing soil erosion. Its
roots prevent soil from being blown or washed away by wind and water. Hence, they
have the potential to slow the flow of water over land, which allows the soil to absorb
a greater proportion of precipitation. Additionally, the vegetation absorbs nutrients
and stabilizes the currently exposed banks of the wetlands, thus reducing the risk of
erosion while also increasing resistance to water flow, thus reducing kinetic energy
and promoting increased sedimentation [56].

3.3. Supporting Services

Supporting services are indirect benefits since they are ecological activities that benefit

communities indirectly by maintaining one of the other three types of services [46]. As a
result, supporting services constitute a subset of indirect services. They include processes
and functions that provide the basis for appropriate provisioning, regulatory, and cultural
services. The literature review found supporting services from CWs, such as habitat
formation, nutrient cycling, and hydrological cycle.

Habitat formation—The benefits of CW habitats extend beyond their initial design
and construction standards. CWs that are utilized for wastewater treatment provide
extra benefits such as habitats for local species. The habitat and refugia provision
services represent the environment provided by CWs for biodiversity [48]. Scientists
in several European countries as well as New Zealand, have calculated monetary
estimates for the benefits gained from wetland ecosystems, including those altered by
humans [22]. The conservation and restoration of natural habitats was the most highly
valued ecosystem function at these locations, with monetary estimates ranging from
197 USD/ha/year in Whangamarino, New Zealand [57] to 27,678 USD/ha/year in
Cheimaditida and Zazari, Greece [58].

Nutrient cycling—Through the movement of nutrients, nutrient cycles provide a con-
nection between living species and non-living organisms. Vegetation can minimize
the quantities of elements in CWs that would otherwise be deemed pollutants because
they make use of nutrients such as nitrogen and phosphorus. Additionally, they can
store phytotoxic substances, such as heavy metals, in vacuolar or granular compart-
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ments of their tissues. As a result, phytoremediation might be a significant part of
the plants’ roles in CWs [59]. Zheng et al. [60] further identified that the presence
of biochar (from sewage sludge and cattail plants) in CWs not only kills pathogenic
bacteria in the sludge but also promotes carbon release and nutrient cycling (P, K, Ca,
Mg, etc.).

Hydrological cycle—According to the “Sponge City” concept [61], CWs are recognized
for their ability to connect the water cycle with urban development while also con-
tributing to meeting the ongoing issues of climate change and increasing urban growth.
This concept incorporates drainage, penetration, detention, storage, and purification,
which make CWs an important technological answer for water purification. Within the
urban hydrologic cycle, CWs may contribute to integrated urban water management
by recycling the stored water volume [34].

3.4. Cultural Services

Cultural services refer to the contribution of ecosystems to the intangible benefits

resulting from interactions between humans and ecosystems. One example of a cultural
ecosystem function is the cultural sense of place or identity linked with the management of
a particular environment [46].

Recreation and Aesthetics—The term “recreational ecosystem services” refers to all of
the benefits that humans derive from landscapes and the natural environment [62].
People benefit from an ecosystem’s aesthetic and recreational components, which
include physical, mental, and emotional well-being benefits [63]. Leisure activities
also serve as a basis for the local economy and directly related enterprises in several
cases. Ghermandi and Fichtman [64] identified 166 CW systems that support public
recreational and educational activities worldwide. Yang et al. [65] suggested that
while calculating the economic value of a CW, societal, cultural, and recreational
components should be included as well. Since every year, primary and middle schools
organize field trips to the CWs in China for their students, the CW is vital to the local
community in terms of both educational and recreational purposes [65].
Biodiversity—While CWs have shown efficiency as NBS for water treatment, Préau
et al. [66] reported their ability to enhance biodiversity in various agricultural land-
scapes by providing suitable breeding habitats for various animal species. Hsu
etal. [67] investigated the biodiversity of two free-water-surface integrated constructed
wetlands in subtropical Taiwan by examining the water quality, habitat characteristics,
and biotic communities of algae, macrophytes, birds, fish, and aquatic macroinverte-
brates in treatment cells. The two wetlands were home to 58 birds, seven fish, and 34
aquatic macroinvertebrate species. As the most important factors impacting diversity
in CWs, community structures within taxonomic groups change based on the wetland
acreage, aquatic macrophyte coverage, and water quality. According to the findings of
this study, well-planned and managed wetland treatment facilities can improve water
quality and biodiversity.

Educational and Research—The provision of educational opportunities is one of the
many benefits to human societies that ecosystems and landscapes offer. The numerous
techniques for quantifying ecosystem services hardly ever take into consideration the
significance of this factor, albeit those that are important to both formal and informal
learning, as well as nature-based cognitive tourism [68]. For instance, the primary and
middle schools in Hangzhou organize students to visit the CW each year, creating an
important role in local education and recreation [65].

4. Ecosystem Services Valuation of Constructed Wetlands

Ecosystem services are usually described as open access or pure public services.

This means that they do not have producer property rights, no clear entitlement systems,
and prohibitive transaction costs [69]. There is a minimal incentive for beneficiaries to
manage ecosystem services sustainably because no one “owns” or has “rights” to them,
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and no one can prevent others from consuming or profiting from them [70]. Compensation
payments from beneficiaries are difficult to obtain for redistribution among intra- and
intergenerational parties who may be damaged by biodiversity loss, pollution, or the
chronic deterioration and depletion of ecosystem services [69]. In reality, ecosystem services
are not marketable and are thus typically overlooked in economic analyses. The value of
ecosystem services is currently being established as a means of addressing the historical
neglect of environmental services in policy decisions [71].

In this systematic review of the literature, various valuation methods for each ecosys-
tem service were analyzed. Figure 3 summarizes the techniques and methods used for the
valuation of ecosystem services provided by CWs. For the provisioning services, contingent
valuation (CVM) and shadow price methods are used. Several methods are used in valuing
regulating services, such as CVM, shadow pricing, cost-benefit analysis (CBA), benefits
transfer, habitat evaluation procedure (HEP), replacement cost, and travel cost method. For
support services, CVM, shadow pricing, and CBA are utilized. Lastly, cultural services
apply CVM, shadow pricing, CBA, HEP, and benefit transfer methods. The applications of
each method and technique in the reviewed literature are discussed below.

CONSTRUCTED WETLANDS' ECOSYSTEM SERVICES

VALUATION TECHNIQUES

A PROVISIONINO'—\ /—( REGULATING ’—\ /—‘ SUPPORTING }-\ (—‘ CULTURAL '—\

Contingent Valuation Contingent Valuation Contingent Valuation Contingent Valuation
Method Method Method Method
Shadow Project Shadow Project Shadow Project Shadow Project
Approach Approach Approach Approach
Cost-benefit Analysis Cost-benefit Analysis Cost-benefit Analysis
Benefit Transfer Benefit Transfer
Method Method
Habitat Evaluation Habitat Evaluation
Procedure Procedure
Replacement Cost
Methodology
Travel Cost Method

~ \. J \ Y, R

Figure 3. Summary of ecosystem service valuation techniques for constructed wetlands.

e  Cost-benefit Analysis—The methodical and analytical process of comparing advan-
tages and costs when evaluating the desirability of a project or program, frequently of a
social character, is known as cost-benefit analysis [72]. It attempts to answer questions
such as whether a proposed project is worthwhile, what the ideal scale of a given
project is, and what the relevant limitations are. Garcia-Herrero et al. [29] evaluated
the sustainability of two types of constructed wetlands in Sicily and Emilia-Romagna,
Italy, using a cost-benefit analysis that incorporated both the market and non-market
values of two CWs. They discovered that the benefits of both CWs outweighed their
costs. In Queensland, Australia, a hybrid method was used to examine the feasibility
of CWs for sugarcane profitability, freshwater biodiversity, and ecosystem services [54].
Fish ecological studies and CBA were applied. The results indicate that these services
are suitable for CWs. In another study, Wang et al. [73] applied CBA employing field
monitoring, social surveys, GIS geo-statistics, raster calculation methods, etc., to value
the Jiuli Lake wetland: an artificial wetland derived from the restoration of a mining
subsided lake in a plain area. CBA found that after ecological restoration, the ecosys-
tem services of CW yielded positive values; the improved environment of CW has a
spillover effect on the price of the surrounding land, and incomes of the ecological
restoration were found to be sufficient to cover the implementation costs [73].

e  Benefit Transfer Method—The benefit transfer approach assesses the economic value
of ecosystem services by transferring data from earlier studies to a different location



Earth 2023, 4

86

and/or context [74]. As a result, the primary goal of benefit transfer is to estimate
benefits for one situation by changing the estimates of benefits from another environ-
ment. Using value transfer mechanisms for ecosystem service monetization, Rizzo
et al. [75] compared grey and green infrastructure as options for managing combined
sewer overflow in Buccinasco, Italy. The results demonstrated a potential interest in
the building of green infrastructure in a new urban park due to the activation of other
ecosystem services of interest, such as health and recreational (cultural services) com-
ponents. One advantage of this valuation method is that it allows for the valuation of
ecosystem services at a low cost and effort when compared to other valuation methods.
Habitat Evaluation Procedure—The Somerset habitat evaluation procedure (HEP)
technique is used to estimate the value of a site’s habitats for key species; the resulting
value is then used to quantify the amount of habitat restoration required to compen-
sate for habitat loss due to land use change [76]. The “adapted” habitat evaluation
procedure (HEPa) was adopted by Dumax and Rozan [10] to better value a CW’s
supporting (habitat formation), regulating (water purification and flood protection),
and cultural (biodiversity) ecosystem services. The HEPa directly relies on the evalua-
tion of environmental costs and benefits on the ecological impact of the actions taken.
Their findings revealed that the HEPa, which was created to analyze environmental
costs, could be used to measure the advantages of creating a CW and suggested that
this assessment could help decision-makers base their decisions on the genuine value
of wetlands.

Contingent Valuation Method—Contingent valuation is a survey method that asks
respondents to indicate their preferences in hypothetical or contingent marketplaces,
allowing researchers to assess demand for non-traded commodities or services [77].
In general, the survey gathered a sample of participants who were asked to imagine
a market in which they might acquire the evaluated product or service. Individuals
expressed their highest willingness to pay (WTP) for a change in the provision of an
item or service, as well as their lowest compensation willingness to accept (WTA)
if the change was not implemented. When provisioning ecosystem services (e.g.,
biomass) were evaluated using a contingent valuation method and optimistic capital
cost assumptions, biomass production costs ranged from 38 to 290 USD dry Mg-1 [44].
In another study, the CVM calculated the entire economic value of the CW over 20
years to be 118 thousand USD [65]. According to the examined articles, CVM could be
used to value the four types of ecosystem services.

Shadow Project Approach—Shadow pricing is the process of assigning a monetary
value to an asset, product, or service that is not typically purchased or sold in any
marketplace. Shadow pricing can also be utilized to estimate social costs and benefits,
such as the societal benefit of creating a public asset (e.g., public transportation, public
infrastructure). It is now acknowledged that this method can be used in valuing
ecosystem services. Yang et al. [65] examined the four categories of ecosystem services
offered by a CW at the Hangzhou Botanical Garden in China from an economic
standpoint: providing, supporting, regulating, and cultural. The contingent valuation
method (CVM) and the shadow project approach (SPA) were utilized. SPA was
used to justify that the sum of the annual water cost, annual electrical cost, and
annual management cost was the shadow price if they continued to employ existing
technologies to maintain and improve the ornamental fishpond’s natural landscape.
Meanwhile, the CW provided the best possible conditions for the ornamental fishpond
while requiring less financial investment and using fewer resources than conventional
technology. As a result, the CW’s ecosystem services could be valued using the
shadow price. The SPA predicted that the CW would generate 3.45 million USD
in economic value in 20 years. The SPA estimates the actual market worth of the
Hangzhou Botanical Garden CW more accurately than the CVM.

Replacement Cost Methodology—The replacement cost method involves determining
the value of an asset by comparing it to the current cost of replacing it with a similar
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asset in the same condition in a transaction between unrelated parties. This method is
based on the assumption that a buyer will not pay more than the price of a comparable
object, and a seller will not accept less. The method can be used to calculate the
value of a company as a whole as well as its assets. The replacement cost method
is used in two studies to assess the monetary value of CWs’ ecosystem-regulating
service. This method was used to assess the efficacy of wastewater treatment and
water purification [12,78]. Between 1990 and 2000, the value of water treatment fell
from 150 USD ha-1 to 138 USD ha-1 [78]. This reduction was due to increased human
and agricultural land use at the expense of forests and wetland regions. In the case of
wastewater treatment, the estimated net present value savings from using the created
wetland rather than the sequencing batch reactor were 282 million USD over the
project’s lifespan [12].

Travel Cost Method—The willingness to pay for recreational activities is calculated
by factoring in the time and money it takes to travel to these locations. Therefore, the
cost of transportation is utilized as a surrogate indicator of natural resource scarcity
to calculate their potential market worth. The economic value of a CW in Catalonia,
Spain, was investigated by Varela et al. [79]. The travel cost method is used to cal-
culate the costs, benefits, and externalities of the case. The opportunity costs of a
trip were the only ones considered under the travel cost method because travel and
recreation expenses were discounted as negligible. Private costs ranged from 0.54 to
0.59 USD/m?3, whereas positive externalities were worth 1.35 USD/ mS3. These results
provide empirical evidence that created wetlands in peri-urban parks can be consid-
ered a source of positive externalities when employed in environmental restoration
initiatives that prioritize the reuse of treated wastewater [79].

5. Conclusions

Constructed wetlands are man-made ecosystems that are utilized as a nature-based

solution to treat water for reuse covering several purposes. Due to its cost-efficiency
and environment-sensitive approach, its utilization has been growing in a wide range
of applications. Previous studies analyzed the feasibility of constructed wetlands from
various perspectives, yet its widespread adoption has not been realized. This research
extended the literature by providing an overview of the integration of ecosystem services,
in addition to water treatment purposes, in the valuation of constructed wetland projects.
Based on a systematic analysis, the following can be concluded:

Constructed wetlands provide provisioning services in terms of the biomass produced
from the vegetation as well as the provision of water supply.

Regulating services include primarily wastewater treatment and purification, while
constructed wetlands also serve as climate regulation, flood prevention, and
erosion control.

Indirect benefits from constructed wetlands include several cultural services such as
recreation and aesthetics for nature-lovers, biodiversity for flora and fauna, education
through field trips/exploration and research.

Supporting services of constructed wetlands are habitat formation, nutrient cycling,
and hydrological cycle.

Since constructed wetlands produce less to no direct market value, several methods
and techniques are utilized to value the ecosystem services they provide. These include
contingent valuation, shadow pricing, cost-benefit analysis, benefit transfer, habitat
evaluation procedure, replacement cost, and travel costs.

This systematic review identified several gaps in the literature, which can serve as a

basis for future research directions.

The findings show that the availability of scientific and empirical evidence on the
benefits of constructed wetland projects does not translate into decision-support
tools for policymakers and project implementers. Hence, future studies should carry
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out further research on policies and how these support the adoption of constructed
wetlands as nature-based water treatment.

e  Second, this review focused on the ecosystem services of constructed wetlands and
the different valuation techniques applicable or suitable for assessing their values. A
comparison of the advantages and disadvantages of each valuation technique may
be conducted when applying them to the different categories of ecosystem services.
Furthermore, a comparison may also be performed for the case of using appropriate
parameters of wetlands for water treatment, such as the water quality of the treatment.

e  Third, future research may explicitly consider the potential of other economic valu-
ation methods in assessing other nature-based solutions for wastewater treatment.
Additionally, other project valuation methods that incorporate, for instance, uncertain-
ties and risks may be integrated into the valuation to better capture the investment
scenarios faced by project planners.

Realizing the importance of ecosystem services provided by constructed wetlands,
this review provides implications for policymakers in making policies that support con-
structed wetlands as a nature-based solution to wastewater treatment, as well as to project
implementers in making decisions to better appreciate the valuation of the project.

e  The use of constructed wetlands as nature-based wastewater treatment solutions is
becoming more common in the majority of developed countries. Yet, the ecosystem
services they provide are undervalued, which hinders their widespread utilization.
Project planners, decision-makers, and other stakeholders involved in evaluating
constructed wetland projects are recommended to consider the ecosystem services, not
only the direct economic value provided by the project. Additionally, policymakers
may play a crucial role in these by legislating policies and providing programs that
support the adoption of nature-based solutions to address environmental issues.

e  Due to the irrecoverable investment cost, little to no financial returns from the project,
and the economic value of ecosystem services, they do not translate into monetary
values, and project planners are encouraged to attract and seek aid programs from
various international organizations and local institutions to accompany them in the
implementation of constructed wetlands as a nature-based solution to wastewater
treatment. Otherwise, project planners may implement appropriate payments for
ecosystem service schemes to compensate for the costs of the project.

Author Contributions: Conceptualization, C.B.A. and PM.C.G.; methodology, C.B.A. and PM.C.G;
validation, C.B.A ; formal analysis, PM.C.G.; writing—original draft preparation, C.B.A. and PM.C.G.;
writing—review and editing, PM.C.G.; visualization, PM.C.G.; supervision, C.B.A. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Data for the formal analysis are presented in the Appendix A. Raw
data are available upon request from the authors.

Acknowledgments: This work is part of a project funded by the Asia-Pacific Network (APN) for
Global Change Research with the project reference number: CRRP2021-06MY-Jegatheesan. The
authors acknowledge the valuable inputs from Ma. Catriona E. Devanadera, Perlie Velasco, and
Antonio Aguilar Jr.

Conflicts of Interest: The authors declare no conflict of interest.



Earth 2023, 4

89

Appendix A

Table A1. Summary of reviewed articles. !

Authors Year Country Ecosystem Services Valuation Method
Irrigation, support to biodiversity
and habitat of an environment,
Garcia-Herrero, Lavrnié, recreational and socio-economic
Guerrieri, Toscano, Milani, 2022 Italy services, energy production, Cost-benefit analysis
Cirelli and Vittuari [29] flood prevention and control, and
retention of water and prevention
of erosion
Canning, Smart, Dyke, Flood control, sugarcane
Curwen, Hasan and 2022 Australia profitability, Cost-benefit analysis
Waltham [54] and freshwater biodiversity
Air quality, biodiversity, carbon
reduction .
Rizzo, Conte and Masi [75] 2021 Italy and sequestration, education, Ad]uSteilZf}l;ZtranSfer
water quality, health, recreation,
and treatment of wastewater
Dumax and Rozan [10] 2021 France Water quahty, ﬂood.pr(.)tectl.on, Habitat evaluation
and promotion of biodiversity procedure
Snyder [44] 2019 Costa Rica Biomass for bioenergy and CVM and shadow
wastewater treatment project approach
Irwin, Irwin, Martin and 2018 USA Water quality Benefit transfer method
Aracena [50]
Wang, Wang, Yin, Cui, . . . .
Liang and Wang [73] 2017 China Spillover effect Cost-benefit analysis
Ghermandl and 2015 Israel Recreational anc% educational Value transfer method
Fichtman [64] benefits
DiMuro, Guertin, Helling, Replacement cost
Perkins and Romer [12] 2014 usaA Wastewater treatment methodology (RCM)
La Notte, Maes, Grizzetti, 2012 Ttal Water purification Replacement cost
Bouraoui and Zulian [78] y Nitrogen retention methodology (RCM)
Varela, Garcia and . -
Alfranca [79] 2011 Spain Externalities Travel cost method
avoided cost,
Waste treatment, food and contingent valuation,
Chen, Chen, Chen, Zhou, . material prO(.:luctloln, water supply, hedonic prilc.mg,
2009 China gas regulation, disturbance and market pricing,
Yang and Zhou [48] . . .
water regulation, and habitat production approach,
and refugia provision replacement cost, and
travel cost
Water, biomass, recreation, gas
regulation,
micro-climate regulation,
Yang, Chagi, é;]’ Peng and 2008 China groundwater CY(I)\./Iej:: STES}:V
recharge, education, aesthetics, proj PP
cultural heritage, historical legacy,
biodiversity, and habitats
1 Source: Authors’ analysis.
References

1. UN-FAO. AQUASTAT—FAO'’s Global Information System on Water and Agriculture. Available online: https:/ /www.fao.org/
aquastat/en/overview/methodology/water-use (accessed on 27 January 2023).

2. UN-Habitat; WHO. Progress on Wastewater Treatment: Global Status and Acceleration Needs for SDG Indicator 6.3.1; United Nations
Human Settlements Programme (UN-Habitat) and World Health Organization (WHO): Geneva, Switzerland, 2021.

3. Ahmed, S.E; Mofijur, M.; Nuzhat, S.; Chowdhury, A.T.; Rafa, N.; Uddin, M.A ; Inayat, A.; Mahlia, TM.I,; Ong, H.C.; Chia,
W.Y; et al. Recent developments in physical, biological, chemical, and hybrid treatment techniques for removing emerging
contaminants from wastewater. |. Hazard. Mater. 2021, 416, 125912. [CrossRef] [PubMed]


https://www.fao.org/aquastat/en/overview/methodology/water-use
https://www.fao.org/aquastat/en/overview/methodology/water-use
http://doi.org/10.1016/j.jhazmat.2021.125912
http://www.ncbi.nlm.nih.gov/pubmed/34492846

Earth 2023, 4 90

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Mao, G.; Hu, H.; Liu, X,; Crittenden, J.; Huang, N. A bibliometric analysis of industrial wastewater treatments from 1998 to 2019.
Environ. Pollut. 2021, 275, 115785. [CrossRef] [PubMed]

Kushwaha, A.; Goswami, S.; Hans, N.; Goswami, L.; Devi, G.; Deshavath, N.N.; Yadav, M.K,; Lall, A.M. An Insight into
Biological and Chemical Technologies for Micropollutant Removal from Wastewater. In Fate and Transport of Subsurface Pollutants;
Microorganisms for Sustainability; Springer: Berlin/Heidelberg, Germany, 2021; pp. 199-226.

Gopal, B. Natural and Constructed Wetlands for Wastewater Treatment: Potentials and Problems. Water Sci. Technol. 1999,
40, 27-35. [CrossRef]

EPA. Constructed Wetlands. Available online: https://www.epa.gov/wetlands/constructed-wetlands (accessed on 27 January
2023).

Parde, D.; Patwa, A.; Shukla, A.; Vijay, R.; Killedar, D.].; Kumar, R. A review of constructed wetland on type, treatment and
technology of wastewater. Environ. Technol. Innov. 2021, 21, 101261. [CrossRef]

Takavakoglou, V.; Pana, E.; Skalkos, D. Constructed Wetlands as Nature-Based Solutions in the Post-COVID Agri-Food Supply
Chain: Challenges and Opportunities. Sustainability 2022, 14, 3145. [CrossRef]

Dumax, N.; Rozan, A. Valuation of the environmental benefits induced by a constructed wetland. Wetl. Ecol. Manag. 2021, 29,
809-822. [CrossRef]

Lutterbeck, C.A.; Kist, L.T.; Lopez, D.R.; Zerwes, EV.; Machado, E.L. Life cycle assessment of integrated wastewater treatment
systems with constructed wetlands in rural areas. J. Clean. Prod. 2017, 148, 527-536. [CrossRef]

DiMuro, J.L.; Guertin, EM.; Helling, R.K.; Perkins, J.L.; Romer, S. A Financial and Environmental Analysis of Constructed
Wetlands for Industrial Wastewater Treatment. J. Ind. Ecol. 2014, 18, 631-640. [CrossRef]

Friedrichsen, C.N.; Monroe, M.C.; Daroub, S.H.; Wani, S.P. Yuck! Plural Valuation of Constructed Wetland Maintenance for
Decentralized Wastewater Treatment in Rural India. Front. Sustain. Food Syst. 2021, 4, 564539. [CrossRef]

Ilyas, H.; Masih, I.; van Hullebusch, E.D. A decision tree framework to support design, operation, and performance assessment of
constructed wetlands for the removal of emerging organic contaminants. Sci. Total Environ. 2021, 760, 143334. [CrossRef]
Mengist, W.; Soromessa, T.; Legese, G. Method for conducting systematic literature review and meta-analysis for environmental
science research. MethodsX 2020, 7, 100777. [CrossRef] [PubMed]

Perici¢, T.P,; Tanveer, S. Why systematic reviews matter: A brief history, overview and practical guide for authors. Available
online: https://www.elsevier.com/connect/authors-update/why-systematic-reviews-matter#contributors (accessed on 27
January 2023).

Agaton, C.B. Application of real options in carbon capture and storage literature: Valuation techniques and research hotspots. Sci.
Total Environ. 2021, 795, 148683. [CrossRef] [PubMed]

Li, K;; Rollins, J.; Yan, E. Web of Science use in published research and review papers 1997-2017: A selective, dynamic, cross-
domain, content-based analysis. Scientometrics 2017, 115, 1-20. [CrossRef]

Ruiz-Real, ].L.; Uribe-Toril, J.; Valenciano, ].D.P.; Gazquez-Abad, ].C. Worldwide Research on Circular Economy and Environment:
A Bibliometric Analysis. Int. ]. Environ. Res. Public Health 2018, 15, 2699. [CrossRef]

Baas, J.; Schotten, M.; Plume, A.; C6té, G.; Karimi, R. Scopus as a curated, high-quality bibliometric data source for academic
research in quantitative science studies. Quant. Sci. Stud. 2020, 1, 377-386. [CrossRef]

Gusenbauer, M.; Haddaway, N.R. Which academic search systems are suitable for systematic reviews or meta-analyses? Evaluat-
ing retrieval qualities of Google Scholar, PubMed, and 26 other resources. Res. Synth. Methods 2020, 11, 181-217. [CrossRef]
Ghermandi, A.; van den Bergh, J].C.J.M.; Brander, L.M.; de Groot, H.L.F; Nunes, P.A.L.D. Values of natural and human-made
wetlands: A meta-analysis. Water Resour. Res. 2010, 46. [CrossRef]

Rizzo, A.; Tondera, K.; Palfy, T.G.; Dittmer, U.; Meyer, D.; Schreiber, C.; Zacharias, N.; Ruppelt, ].P; Esser, D.; Molle, P.; et al.
Constructed wetlands for combined sewer overflow treatment: A state-of-the-art review. Sci. Total Environ. 2020, 727, 138618.
[CrossRef]

Pérez, Y.A.; Garcia Cortés, D.A.; Jauregui Haza, U.J. Humedales construidos como alternativa de tratamiento de aguas residuales
en zonas urbanas: Una revision. Ecosistemas 2022, 31, 2279. [CrossRef]

Jamion, N.A.; Lee, K.E.; Mokhtar, M.; Goh, T.L.; Simon, N.; Goh, C.T; Bhat, .U.H. The integration of nature values and services in
the nature-based solution assessment framework of constructed wetlands for carbon-water nexus in carbon sequestration and
water security. Environ. Geochem. Health 2022, 1-30. [CrossRef]

Heneghan; Collier; Kelly, Q. An evaluation of the potential applications of nature-based solutions for water quality protection:
Ireland as a case study. Biol. Environ. Proc. R. Ir. Acad. 2021, 121B, 147. [CrossRef]

He, X,; Junying, C.; Jiahong, L.; Dayong, Q. Wetland Ecosystem Service Evaluation of Fenhe River. Procedia Environ. Sci. 2011, 10,
2118-2122. [CrossRef]

MEA. Ecosystems and Human Well-Being: Wetlands and Water; World Resources Institute—Millennium Ecosystem Assessment
(MEA): Washington, DC, USA, 2005.

Garcia-Herrero, L.; Lavrni¢, S.; Guerrieri, V.; Toscano, A.; Milani, M.; Cirelli, G.L.; Vittuari, M. Cost-benefit of green infrastructures
for water management: A sustainability assessment of full-scale constructed wetlands in Northern and Southern Italy. Ecol. Eng.
2022, 185,106797. [CrossRef]

Li, J.; Zheng, B.; Chen, X.; Li, Z,; Xia, Q.; Wang, H.; Yang, Y.; Zhou, Y.; Yang, H. The Use of Constructed Wetland for Mitigating
Nitrogen and Phosphorus from Agricultural Runoff: A Review. Water 2021, 13, 476. [CrossRef]


http://doi.org/10.1016/j.envpol.2020.115785
http://www.ncbi.nlm.nih.gov/pubmed/33607600
http://doi.org/10.2166/wst.1999.0130
https://www.epa.gov/wetlands/constructed-wetlands
http://doi.org/10.1016/j.eti.2020.101261
http://doi.org/10.3390/su14063145
http://doi.org/10.1007/s11273-021-09811-x
http://doi.org/10.1016/j.jclepro.2017.02.024
http://doi.org/10.1111/jiec.12129
http://doi.org/10.3389/fsufs.2020.564539
http://doi.org/10.1016/j.scitotenv.2020.143334
http://doi.org/10.1016/j.mex.2019.100777
http://www.ncbi.nlm.nih.gov/pubmed/31993339
https://www.elsevier.com/connect/authors-update/why-systematic-reviews-matter#contributors
http://doi.org/10.1016/j.scitotenv.2021.148683
http://www.ncbi.nlm.nih.gov/pubmed/34246146
http://doi.org/10.1007/s11192-017-2622-5
http://doi.org/10.3390/ijerph15122699
http://doi.org/10.1162/qss_a_00019
http://doi.org/10.1002/jrsm.1378
http://doi.org/10.1029/2010WR009071
http://doi.org/10.1016/j.scitotenv.2020.138618
http://doi.org/10.7818/ECOS.2279
http://doi.org/10.1007/s10653-022-01322-9
http://doi.org/10.3318/bioe.2021.14
http://doi.org/10.1016/j.proenv.2011.09.331
http://doi.org/10.1016/j.ecoleng.2022.106797
http://doi.org/10.3390/w13040476

Earth 2023, 4 91

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Kill, K.; Grinberga, L.; Koskiaho, J.; Mander, U.; Wahlroos, O.; Lauva, D.; Pirn, J.; Kasak, K. Phosphorus removal efficiency by
in-stream constructed wetlands treating agricultural runoff: Influence of vegetation and design. Ecol. Eng. 2022, 180, 106664.
[CrossRef]

Rana, V.; Maiti, S.K. Municipal and Industrial Wastewater Treatment Using Constructed Wetlands. In Phytoremediation; Concepts
and Strategies in Plant Sciences; Springer: Berlin/Heidelberg, Germany, 2020; pp. 329-367.

Saeed, T.; Miah, M.J.; Kumar Yadav, A. Free-draining two-stage microbial fuel cell integrated constructed wetlands development
using biomass, construction, and industrial wastes as filter materials: Performance assessment. Chem. Eng. J. 2022, 437, 135433.
[CrossRef]

Gholipour, A.; Zahabi, H.; Stefanakis, A.I. A novel pilot and full-scale constructed wetland study for glass industry wastewater
treatment. Chemosphere 2020, 247, 125966. [CrossRef]

Biswal, B.K.; Bolan, N.; Zhu, Y.-G.; Balasubramanian, R. Nature-based Systems (NbS) for mitigation of stormwater and air
pollution in urban areas: A review. Resour. Conserv. Recycl. 2022, 186, 106578. [CrossRef]

Shirdashtzadeh, M.; Chua, L.H.C.; Brau, L. Microbial Communities and Nitrogen Transformation in Constructed Wetlands
Treating Stormwater Runoff. Front. Water 2022, 3, 751830. [CrossRef]

Sacco, A; Cirelli, G.L.; Ventura, D.; Barbagallo, S.; Licciardello, F. Hydraulic performance of horizontal constructed wetlands for
stormwater treatment: A pilot-scale study in the Mediterranean. Ecol. Eng. 2021, 169, 106290. [CrossRef]

Saeed, T.; Yadav, A.K,; Miah, M.]. Landfill leachate and municipal wastewater co-treatment in microbial fuel cell integrated
unsaturated and partially saturated tidal flow constructed wetlands. J. Water Process Eng. 2022, 46, 102633. [CrossRef]

Wu, J.; Zheng, ].; Ma, K; Jiang, C.; Zhu, L.; Xu, X. Tertiary treatment of municipal wastewater by a novel flow constructed wetland
integrated with biochar and zero-valent iron. . Water Process Eng. 2022, 47, 102777. [CrossRef]

Venditti, S.; Brunhoferova, H.; Hansen, J. Behaviour of 27 selected emerging contaminants in vertical flow constructed wetlands
as post-treatment for municipal wastewater. Sci. Total Environ. 2022, 819, 153234. [CrossRef] [PubMed]

Rolando, J.L.; Turin, C.; Ramirez, D.A.; Mares, V.; Monerris, J.; Quiroz, R. Key ecosystem services and ecological intensification of
agriculture in the tropical high-Andean Puna as affected by land-use and climate changes. Agric. Ecosyst. Environ. 2017, 236,
221-233. [CrossRef]

Quijas, S.; Balvanera, P. Biodiversity and Ecosystem Services. In Encyclopedia of Biodiversity; Elsevier Science: Amsterdam, The
Netherlands, 2013; pp. 341-356.

Avellan, C.T.; Ardakanian, R.; Gremillion, P. The role of constructed wetlands for biomass production within the water-soil-waste
nexus. Water Sci. Technol. 2017, 75, 2237-2245. [CrossRef] [PubMed]

Snyder, B.F. The Inclusion of Ecosystem Service Valuations in Bioenergy Cost Analysis: A Case Study of Constructed Wetlands in
the Neotropics. Ecol. Econ. 2019, 156, 196-201. [CrossRef]

Shingare, R.P.; Thawale, P.R.; Raghunathan, K.; Mishra, A.; Kumar, S. Constructed wetland for wastewater reuse: Role and
efficiency in removing enteric pathogens. J. Environ. Manag. 2019, 246, 444-461. [CrossRef] [PubMed]

Sandra Quijas, P.B. Biodiversity and Ecosystem Services. In Encyclopedia of Biodiversity, 2nd ed.; Elsevier Science: Amsterdam,
The Netherlands, 2013.

Vymazal, J. Constructed Wetlands for Wastewater Treatment. Water 2010, 2, 530-549. [CrossRef]

Chen, Z.M.; Chen, G.Q.; Chen, B.; Zhou, ].B.; Yang, Z.F; Zhou, Y. Net ecosystem services value of wetland: Environmental
economic account. Commun. Nonlinear Sci. Numer. Simul. 2009, 14, 2837-2843. [CrossRef]

Wang, H.; Xu, J.; Sheng, L. Purification mechanism of sewage from constructed wetlands with zeolite substrates: A review.
J. Clean. Prod. 2020, 258, 120760. [CrossRef]

Irwin, N.B.; Irwin, E.G.; Martin, ].F,; Aracena, P. Constructed wetlands for water quality improvements: Benefit transfer analysis
from Ohio. J. Environ. Manag. 2018, 206, 1063-1071. [CrossRef] [PubMed]

Mander, U.; Tournebize, J.; Kasak, K.; Mitsch, W.J. Climate regulation by free water surface constructed wetlands for wastewater
treatment and created riverine wetlands. Ecol. Eng. 2014, 72, 103-115. [CrossRef]

Gato-Trinidad, S.; Carroll, J.; Aladin, E.; Gilbert, T. Understanding the Role of Constructed Wetlands in Stormwater Management.
In Stormwater; IntechOpen: London, UK, 2022.

Kim, D.G.; Kwak, ] W.; Kim, S.J.; Kim, H.S.; Ahn, T].; Singh, V.P. Wetland Construction: Flood Control and Water Balance
Analysis. Environ. Eng. Res. 2010, 15, 197-205. [CrossRef]

Canning, A.D.; Smart, ].C.R.; Dyke, ]J.; Curwen, G.; Hasan, S.; Waltham, N.J. Constructed Wetlands Suitability for Sugarcane
Profitability, Freshwater Biodiversity and Ecosystem Services. Environ. Manag. 2022, 71, 304-320. [CrossRef]

Stefanakis, A.I. The Role of Constructed Wetlands as Green Infrastructure for Sustainable Urban Water Management. Sustainability
2019, 11, 6981. [CrossRef]

Cooper, RJ.; Battams, Z.M.; Pearl, S.H.; Hiscock, K.M. Mitigating river sediment enrichment through the construction of roadside
wetlands. J. Environ. Manag. 2019, 231, 146-154. [CrossRef]

Kirkland, W.T. Preserving the Whangamarino Wetland: An Application of the Contingent Valuation Method: A Thesis Presented in Partial
Fulfilment of the Requirements for the Degree of Master of Agricultural Science at Massey University; Massey University: Palmerston
North, New Zealand, 1988.

Birol, E.; Karousakis, K.; Koundouri, P. Using a choice experiment to account for preference heterogeneity in wetland attributes:
The case of Cheimaditida wetland in Greece. Ecol. Econ. 2006, 60, 145-156. [CrossRef]


http://doi.org/10.1016/j.ecoleng.2022.106664
http://doi.org/10.1016/j.cej.2022.135433
http://doi.org/10.1016/j.chemosphere.2020.125966
http://doi.org/10.1016/j.resconrec.2022.106578
http://doi.org/10.3389/frwa.2021.751830
http://doi.org/10.1016/j.ecoleng.2021.106290
http://doi.org/10.1016/j.jwpe.2022.102633
http://doi.org/10.1016/j.jwpe.2022.102777
http://doi.org/10.1016/j.scitotenv.2022.153234
http://www.ncbi.nlm.nih.gov/pubmed/35051485
http://doi.org/10.1016/j.agee.2016.12.010
http://doi.org/10.2166/wst.2017.106
http://www.ncbi.nlm.nih.gov/pubmed/28541931
http://doi.org/10.1016/j.ecolecon.2018.10.005
http://doi.org/10.1016/j.jenvman.2019.05.157
http://www.ncbi.nlm.nih.gov/pubmed/31200179
http://doi.org/10.3390/w2030530
http://doi.org/10.1016/j.cnsns.2008.01.021
http://doi.org/10.1016/j.jclepro.2020.120760
http://doi.org/10.1016/j.jenvman.2017.10.050
http://www.ncbi.nlm.nih.gov/pubmed/30029340
http://doi.org/10.1016/j.ecoleng.2013.05.004
http://doi.org/10.4491/eer.2010.15.4.197
http://doi.org/10.1007/s00267-022-01734-4
http://doi.org/10.3390/su11246981
http://doi.org/10.1016/j.jenvman.2018.10.035
http://doi.org/10.1016/j.ecolecon.2006.06.002

Earth 2023, 4 92

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.
78.

79.

Shelef, O.; Gross, A.; Rachmilevitch, S. Role of Plants in a Constructed Wetland: Current and New Perspectives. Water 2013, 5,
405-419. [CrossRef]

Zheng, F; Fang, J.; Guo, F; Yang, X.; Liu, T.; Chen, M.; Nie, M.; Chen, Y. Biochar based constructed wetland for secondary effluent
treatment: Waste resource utilization. Chem. Eng. J. 2022, 432, 134377. [CrossRef]

Zhao, Y,; Ji, B.; Liu, R.; Ren, B.; Wei, T. Constructed treatment wetland: Glance of development and future perspectives. Water
Cycle 2020, 1, 104-112. [CrossRef]

Hermes, J.; Van Berkel, D.; Burkhard, B.; Plieninger, T.; Fagerholm, N.; von Haaren, C.; Albert, C. Assessment and valuation of
recreational ecosystem services of landscapes. Ecosyst. Serv. 2018, 31, 289-295. [CrossRef] [PubMed]

Agaton, C.B.; Collera, A.A. Now or later? Optimal timing of mangrove rehabilitation under climate change uncertainty. For. Ecol.
Manag. 2022, 503, 119739. [CrossRef]

Ghermandi, A.; Fichtman, E. Cultural ecosystem services of multifunctional constructed treatment wetlands and waste stabiliza-
tion ponds: Time to enter the mainstream? Ecol. Eng. 2015, 84, 615-623. [CrossRef]

Yang, W.; Chang, J.; Xu, B.; Peng, C.; Ge, Y. Ecosystem service value assessment for constructed wetlands: A case study in
Hangzhou, China. Ecol. Econ. 2008, 68, 116-125. [CrossRef]

Préau, C.; Tournebize, ].; Lenormand, M.; Alleaume, S.; Boussada, V.G.; Luque, S. Habitat connectivity in agricultural landscapes
improving multi-functionality of constructed wetlands as nature-based solutions. Ecol. Eng. 2022, 182, 106725. [CrossRef]

Hsu, C.-B.; Hsieh, H.-L.; Yang, L.; Wu, S.-H.; Chang, J.-S.; Hsiao, S.-C.; Su, H.-C.; Yeh, C.-H.; Ho, Y.-S.; Lin, H.-J. Biodiversity of
constructed wetlands for wastewater treatment. Ecol. Eng. 2011, 37, 1533-1545. [CrossRef]

Mocior, E.; Kruse, M. Educational values and services of ecosystems and landscapes—An overview. Ecol. Indic. 2016, 60, 137-151.
[CrossRef]

Sternberg, E. Recuperating from Market Failure: Planning for Biodiversity and Technological Competitiveness. Public Adm. Rev.
1996, 56, 21-29. [CrossRef]

Dasgupta, P; Levin, S.; Lubchenco, J. Economic Pathways to Ecological Sustainability. BioScience 2000, 50, 339-345. [CrossRef]
Chee, Y.E. An ecological perspective on the valuation of ecosystem services. Biol. Conserv. 2004, 120, 549-565. [CrossRef]
Mishan, E.J.; Quah, E. Cost-Benefit Analysis, 6th ed.; Routledge: London, UK, 2020.

Wang, L.; Wang, L.; Yin, P,; Cui, H.; Liang, L.; Wang, Z. Value Assessment of Artificial Wetland Derived from Mining Subsided
Lake: A Case Study of Jiuli Lake Wetland in Xuzhou. Sustainability 2017, 9, 1860. [CrossRef]

Johnston, R.J.; Rolfe, ].; Rosenberger, R.S.; Brouwer, R. Introduction to Benefit Transfer Methods. In Benefit Transfer of Environmental
and Resource Values; The Economics of Non-Market Goods and Resources; Springer: Berlin/Heidelberg, Germany, 2015; pp. 19-59.
Rizzo, A.; Conte, G.; Masi, F. Adjusted Unit Value Transfer as a Tool for Raising Awareness on Ecosystem Services Provided
by Constructed Wetlands for Water Pollution Control: An Italian Case Study. Int. J. Environ. Res. Public Health 2021, 18, 1531.
[CrossRef] [PubMed]

Choi, J.; Lee, S. Application of Habitat Evaluation Procedure with Quantifying the Eco-Corridor in the Process of Environmental
Impact Assessment. Int. |. Environ. Res. Public Health 2019, 16, 1437. [CrossRef] [PubMed]

Markandya, R.A.O. General Introduction to Valuation of Human Health Risks; Elsevier: Amsterdam, The Netherlands, 2011.

La Notte, A.; Maes, J.; Grizzetti, B.; Bouraoui, F; Zulian, G. Spatially explicit monetary valuation of water purification services in
the Mediterranean bio-geographical region. Int. J. Biodivers. Sci. Ecosyst. Serv. Manag. 2012, 8, 26-34. [CrossRef]

Varela, H.; Garcia, J.; Alfranca, O. Economic valuation of a created wetland fed with treated wastewater located in a peri-urban
park in Catalonia, Spain. Water Sci. Technol. 2011, 63, 891-898. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.3390/w5020405
http://doi.org/10.1016/j.cej.2021.134377
http://doi.org/10.1016/j.watcyc.2020.07.002
http://doi.org/10.1016/j.ecoser.2018.04.011
http://www.ncbi.nlm.nih.gov/pubmed/31019877
http://doi.org/10.1016/j.foreco.2021.119739
http://doi.org/10.1016/j.ecoleng.2015.09.067
http://doi.org/10.1016/j.ecolecon.2008.02.008
http://doi.org/10.1016/j.ecoleng.2022.106725
http://doi.org/10.1016/j.ecoleng.2011.06.002
http://doi.org/10.1016/j.ecolind.2015.06.031
http://doi.org/10.2307/3110050
http://doi.org/10.1641/0006-3568(2000)050[0339:EPTES]2.3.CO;2
http://doi.org/10.1016/j.biocon.2004.03.028
http://doi.org/10.3390/su9101860
http://doi.org/10.3390/ijerph18041531
http://www.ncbi.nlm.nih.gov/pubmed/33562854
http://doi.org/10.3390/ijerph16081437
http://www.ncbi.nlm.nih.gov/pubmed/31018499
http://doi.org/10.1080/21513732.2011.645557
http://doi.org/10.2166/wst.2011.267

	Introduction 
	Materials and Methods 
	Ecosystem Services of Constructed Wetlands 
	Provisioning Services 
	Regulating Services 
	Supporting Services 
	Cultural Services 

	Ecosystem Services Valuation of Constructed Wetlands 
	Conclusions 
	Appendix A
	References

