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In recent years, increasing attention has been given for reclamation and reuse of water (wastewater and stormwater) in the context of augmenting water supplies. Constructed wetland (CW) systems make use of natural substrates, plants, and microbes for decontamination of wastewater and stormwater. These nature-based water treatment systems are cost-effective and sustainable. This review critically analyzes the recent advances on the application of CW systems for removal of total suspended solids (TSS), various chemical (nutrients including total nitrogen and total phosphorus, heavy metals, and organics) and microbial pollutants (Escherichia coli, enterococci, fecal coliforms, etc.) in wastewater and stormwater. Furthermore, the influence of key factors including CW configurations, substrates, vegetation, ambient temperature/seasonal changes, oxygen levels and hydraulic retention time on the performance of CW systems are discussed. Insights into various pollutant removal mechanisms, microbial diversity and modeling (kinetics, hydrological and mechanistic) are provided. CW systems show good performance for removal of diverse pollutants from wastewater and stormwater. The pollutant removal mechanisms include physical (sedimentation and filtration), chemical (sorption, complexation and precipitation) and biological (biodegradation, microbial transformation and microbial/plant assimilation) processes. The dominant microbial communities enriched in CW systems include nitrifiers, denitrifiers and organic biodegraders. The key knowledge gaps in the development of multifunctional CW systems are highlighted. We believe that this critical review would help urban planners, environmental engineers and managers with implementation of innovative strategies for wastewater and stormwater reclamation and reuse to alleviate water stress in urban areas and to contribute to environmental sustainability. Moreover, this review would help to optimize the performance of CW systems as well as to develop regulatory guidelines for installation, operation and maintenance of CW systems.
Keywords: water reclamation and reuse, constructed wetlands, stormwater, emergent macrophytes, pollutant reduction
INTRODUCTION
The level of water consumption rate has significantly increased in cities due to urbanization, industrialization, and population growth. This increase in turn exerts unprecedented pressures on water resources (e.g., water scarcity and water pollution management) (Ghennandi et al., 2007). Moreover, the use of water for various domestic and industrial activities has led to generation of a high volume of wastewater. It remains a great challenge to decontaminate wastewater to reduce pollutant concentrations below the water quality standard specified by the local regulatory agencies prior to its discharge to receiving water bodies and/or reuse as non-potable water. The pollutant characteristics (the quality and quantity of pollutants) of wastewater mainly depend on their sources. The key pollutants detected in wastewater include nutrients (nitrogen and phosphorus), heavy metals (Cd, Cr, Cu, Hg, Pb, Ni, etc.), biodegradable organic materials and non-biodegradable organic materials (detergents, pesticides, fat, oil, grease, solvents, etc.) and microorganisms (pathogenic bacteria and viruses) (Henze and Comeau, 2008). The typical levels of total suspended solids (TSS), total nitrogen (TN) and total phosphorus (TP) in municipal wastewater are 250–600 mg/L, 30–100 mg/L and 6–25 mg/L, respectively (Henze and Comeau, 2008). Heavy metals are usually detected in the range of 0.003–1.0 mg/L, while microorganisms (e.g. coliform) are found between 1011 and 1013 colony forming units/mL (CFU/100 ml) (Henze and Comeau, 2008).
Wastewater reclamation, recycling and reuse are increasingly adopted specifically in urban areas to alleviate water stress and to contribute to sustainable management of water resources (Asano, 2005). Reclamation and reuse of treated wastewater at their source of generation is strongly encouraged since this approach uses simple and cost-effective water treatment technologies with minimal environmental impacts compared to the centralized water treatment system (House et al., 1999). The reclaimed wastewater can be reutilized for non-potable purposes including land irrigation, toilet flushing, car washing, and esthetic and recreational activities (Tao et al., 2017).
In addition to wastewater, reclamation and reuse of stormwater is considered as an important strategy in urban areas to reduce freshwater demand (Tao et al., 2017; Mark and Henriette, 2021). The stormwater characteristics (types of pollutants and their concentrations) vary depending on the types of landscapes/impervious surfaces in which rainwater flows (Song et al., 2019; Biswal et al., 2022). Rainfall characteristics such as rainfall intensity, duration and antecedent dry periods also affect the stormwater quality (Poudyal et al., 2021). Moreover, first flush positively influences the pollutants loads in stormwater (Kayhanian et al., 2012). Specifically, a strong first flush could lead to a maximum washout and discharge of pollutants (up to 40% by mass) to the initial runoff (Han et al., 2006). Among various land uses, the concentration of pollutants in stormwater such as heavy metals and polycyclic aromatic hydrocarbons (PAHs) is usually higher in highways and car parking areas than others (residential, industrial, road, and commercial runoff) (Lau et al., 2009; Song et al., 2019). Pollutants in runoff are detected in two forms namely particulate and/or dissolved forms (Kayhanian et al., 2012). In urban runoff (with atmospheric deposition), among heavy metals, Zn is predominant in large particles (>10 µm), whereas Cu, Cd, Ni, and Pb are mainly present in small particles (<10 µm) (Gunawardena et al., 2013). Kayhanian et al. (2012) also reported that heavy metals are highly concentrated in smaller particles, e.g., in highway stormwater sediment, the concentration of Zn was 1,189 µg/g in sediments with size ranging from 25–38 µm, but a lower concentration of Zn (259 µg/g) was observed in larger size sediments (850–2000 µm). The typical level of TSS, TN and TP in stormwater ranges from 11–430 mg/L, 0.3–2.74 mg/L and 0.16–3.52 mg/L, respectively (Biswal et al., 2022). Heavy metals (Zn, Cu, and Pb) are detected between 2 and 730 µg/L, while organics (e.g., PAHs and PCBs (polychlorinated biphenyls) and microbial pollutants (e.g., fecal coliform) are usually found in very low levels (mainly ng/L) up to 104 CFU/100 ml, respectively (Biswal et al., 2022).
Prior to the reuse of wastewater and stormwater as a non-potable water resource (recreational and/or environmental applications), it is required to treat the water to reduce contaminants concentration to the levels set by the local government authorities. Moreover, the discharge of untreated wastewater and stormwater to the receiving aquatic systems could degrade water quality, leading to eutrophication due to high concentrations of inorganic nutrients in the untreated wastewater/stormwater and thus pose risks to aquatic organisms (Chislock et al., 2013). Reclamation and reuse of water has many benefits including the recycling of nutrients and water to the land, rebuild stream flows and support life in aquatic ecosystems (Greenway, 2005).
CW systems are considered as effective, low-cost, environmentally-friendly and sustainable technologies for treatment of various types of wastewater (e.g., municipal, domestic, agricultural and industrial wastewaters), stormwater and even treatment of sludge (dewatering and drying) (Stefanakis, 2016; Dotro et al., 2017; Tao et al., 2017). CW systems are also regarded as natural treatment systems (eco-technology) which use natural materials (sand, gravel and vegetation) and naturally occurring processes (plant- and microorganisms-driven bioprocesses) to decontaminate polluted waters (Stefanakis, 2016). In addition to water/wastewater treatment, CW acts as flood control systems in terms of receiving and storing excess runoff in urban areas (Stefanakis, 2016). Moreover, CW provides several ecosystems services/ecological benefits including enhanced biodiversity, increased environmental aesthetic values, improved air quality, carbon sequestration, reduced urban heat island effects, etc. (Moore and Hunt, 2012). The land requirements, operational and maintenance costs of CW systems are low compared to the conventional water and wastewater treatment technologies (Vymazal et al., 2006).
CW systems are considered to be the important promising step of conventionally treated wastewater for its reuse (Ghennandi et al., 2007). Several studies have reported that CW systems integrated with solar/UV(ultraviolet) light-based disinfection, photocatalysis and soil/sand filters, etc.) show better pollutant removal performance than a single CW system (Chen et al., 2011; Álvarez et al., 2017; Russo et al., 2019). The integrated systems are highly effective for reduction of the levels of microbial pollutants (e.g., total coliforms, enterococci and Escherichia coli) in wastewater (Russo et al., 2019). The performance of CW systems depends on various factors including their configurations, inflow concentrations of pollutants, hydraulic loads, plant species types, etc. (Galletti et al., 2010; Liang et al., 2017).
Literature search in the scientific database (e.g., Scopus) over the last 10 years (2012–2021) (Supplementary Figure S1) shows that significant research has been conducted on the reclamation and reuse of wastewater/stormwater using CW systems. The publication data were extracted from the Scopus database using two key words namely “constructed wetlands” and “water reclamation” as the keyword in the Scopus document search engine. Since numerous scientific publications are available in literature on constructed wetlands for water reclamation and reuse, the following criteria were adopted to screen and select the most relevant and recent articles for inclusion in this review. The articles were collected from Google Scholar and Scopus database by using keywords relevant to the respective sections in the review. The articles which were published in the last 10 years (2012–2021) were considered for a critical analysis. Deeper analysis of the published articles illustrate that continual efforts have been made to understand various aspects of CW systems and explore improvement of these systems according to the changes of inflow wastewater/stormwater characteristics and climatic conditions. Most of the earlier reviews have focused on the potential reclamation of mainly wastewater (Tram VO et al., 2014; Wu et al., 2015; Tao et al., 2017). The pollutant loads in stormwater are relatively lower than those in wastewater, but limited information is available on the reclamation and reuse of stormwater. Since the characteristics pollutants and their loads in wastewater and stormwater are different, the treatment efficiency and associated processes in CW systems could be dissimilar. To our knowledge, an in-depth comparative evaluation of the effectiveness CW systems for decontamination wastewater and stormwater has never been attempted. In addition, there is a lack of insights into pollutant removal mechanisms, the influence of operational factors such as hydraulic loading rate, pollutant loads, hydraulic retention time, etc. and that of microbial diversity in CW facilities on the overall performance of CW systems. To make further advances with the design and configuration of this nature-based technology, this review critically analyzes the recent advancements of the performance of single and integrative CW systems for removal of diverse chemical and microbial pollutants from wastewater and stormwater. The influence of various operational and environmental parameters on the performance of CW systems is discussed. Insights into physicochemical and biological mechanisms involved in the removal of pollutants are provided. The diversity of microbial communities enriched in the CW systems is highlighted. Various types of modeling which are applied to describe the kinetics, hydrology and pollutant removal characteristics in CW are briefly presented. This review identifies the major knowledge gaps in the design and operation of comprehensive CW systems for decontamination of wastewater and stormwater, and recommends the potential research areas which are worthy of investigation in future. The review outcomes would help to design innovative and multifunctional CW systems with high potential to reclaim wastewater and stormwater and with resistance to changing climates. We believe this critical review would be of interest to water and wastewater professionals, environmental scientists and engineers and other stakeholders for selection of a suitable single CW system (surface or sub-surface wetland CW) or integrative units (hybrid CWs or CW plus supplementary physicochemical treatment systems) based on the wastewater/stormwater qualities and the target reuse purposes.
CLASSIFICATION OF CONSTRUCTED WETLAND SYSTEMS
CW systems are classified into different types based on the hydrology, water flow direction and plant species diversity (Stottmeister et al., 2003; Herath and Vithanage, 2015) (Figure 1). In terms of water flow characteristics, CW systems are classified as free water surface (FWS) and subsurface flow (SF) CW systems. SF-based CW systems are further sub-divided into horizontal subsurface flow (HSF) and vertical flow (VF) units. However, based on the diversity of vegetation species, CW systems are categorized into three types namely 1) emergent macrophyte CW, 2) submerged macrophyte CW, and 3) floating treatment wetland (FTW) systems. Among the three types of CW systems, rooted emergent macrophytes are commonly used (Stefanakis, 2016). Integration of two or more different types of wetlands (e.g., surface plus sub-surface flow systems) is referred to as hybrid/combined systems. French VF-based CW systems provide both sludge and wastewater treatment (Dotro et al., 2017). CW systems are also classified as saturated and unsaturated systems. For example, free water surface or horizontal subsurface flow CWs are referred to saturated systems, whereas vertical flow CWs are called as unsaturated systems (Lyu et al., 2018). Between HSF and VF-based CW systems, VF is more effective as intermittent vertical flow increases dissolved oxygen levels in the soil media which in turn improve the pollutant removal efficiency through aerobic biodegradation (Brix, 1993). Among FWS and SF-based CW systems, the former type is largely used in Australia and North America (Vymazal, 2011), while the latter type is mainly applied in Europe and China since it needs less land requirements and shows high efficiency for removal of diverse pollutants (Wang P. et al., 2016). Hybrid constructed wetlands (mainly a combination of HSF—VF) are mostly used in Asia and Europe (Vymazal, 2013). The advantages and disadvantages of surface flow (FWS) and subsurface (horizontal and vertical) flow-based CW systems are presented in Table 1.
[image: Figure 1]FIGURE 1 | A schematic diagram of various types of constructed wetland (CW) systems. (A) Floating treatment wetland system, (B) Wetland with free-floating plants, (C) Horizontal surface flow/wetland with emergent plant system, (D) Horizontal subsurface flow wetland system, and (E) Vertical subsurface flow wetland system.
TABLE 1 | Advantages and disadvantages of free water surface (FWS) and subsurface flow (SSF which include horizontal flow (HSF) and vertical flow (VF) constructed wetland (CW) systems for wastewater reclamation and reuse.
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Removal of Total Suspended Solids (TSS) and Chemical Pollutants
CW systems, also known as biofilters, are capable of removal of total suspended solids (TSS) and several chemical pollutants including chemical oxygen demand (COD), biochemical oxygen demand (BOD5), nutrients including total nitrogen (TN) and total phosphorus (TP), heavy metals and organics from wastewater (Hench et al., 2003; Zhang et al., 2014) (Table 2). In a mesocosm (HSF)- and microcosm (VF)-based CW systems planted with emergent plants (e.g., Canna indica) and fed with saline wastewater, the removal of nitrogen and phosphorus was nearly 100% and 94–100% under low and high influent loads (Liang et al., 2017). In a laboratory-scale VF-based CW system which was vegetated with Cyperus alternifolius (umbrella grass), the CW achieved 35–60% removal of TN and 77–80% removal of COD after 23 days of operation (Bilgin et al., 2014). Giácoman-Vallejos et al. (2015) investigated the performance of an HSF-based CW system for treatment of domestic and swine wastewaters, and this system was more effective for decontamination of domestic wastewater than (COD: 75% and TSS: 84% removal) than swine wastewater (COD: 72% and TSS: 78% removal). Xu et al. (2009) explored the feasibility of reclamation of steel wastewater using vertical flow CW supplemented with manganese ore as one of the media components, and authors have found that the system was effective for removal of various pollutants including COD (55%), ammonia (67%) and TP (93%) which was higher than the performance of gravel-based CW system (COD: 31%, ammonia: 58% and TP: 78%).
TABLE 2 | Performance of various types of constructed wetlands (CW) for removal of TSS and diverse chemical pollutants from wastewater. The detailed information is provided in supplementary material (Supplementary Table S1).
[image: Table 2]In a hybrid system consisting of a HSF-based CW system with a maturation pond, the removal of TSS, BOD5, COD, TKN and TP from secondary municipal wastewater was 47, 45, 38, 57 and 69%, respectively (Ergaieg and Ben Miled, 2021). In another study which explored the performance of a pilot-scale VF and HSF-based CW hybrid systems, it was found that the hybrid units were effective for removal of various pollutants from secondary effluent from a wastewater treatment plant, i.e. the reduction of concentrations of NH4+-N, TN, TP and COD was 82, 70, 78 and 32.3%, respectively (Xu et al., 2016). A recent study on wastewater treatment using a hybrid constructed wetland (combination of multiple systems including floating treatment wetlands, HSF and VF CW), the combined unit shows high performance for removal of diverse pollutants including COD (77%), BOD5 (84%), TN (93.8%) and TP (94%) (Dell’Osbel et al., 2020). Sakurai et al. (2021) showed that a hybrid system which consists of HSF and VF CW system was capable of reduction various pollutants from anaerobically digested blackwater, i.e., the system achieved 74% COD, 93% BOD5, 50% TN, and 61% TP reduction. Moreover, the hybrid wetland showed high removal (93%) of antibiotics (ciprofloxacin). According to Vymazal (2013), hybrid CW systems demonstrate higher treatment performance than single units specifically for the removal of TN.
Removal of Microbial Pollutants
Microbial contaminants namely fecal coliforms, enterococci, coliphage and pathogens (Salmonella, Shigella, etc.) are frequently detected in wastewater, which pose detrimental effects on public health (Naidoo and Olaniran, 2014). Several studies have been conducted to examine the effectiveness of CW systems for removal of both fecal indicator organisms and pathogens. In an HSF wastewater wetland system planted with Typha domingensis, the reduction of fecal coliform was one order of magnitude, i.e., the concentration of fecal coliform in influent and effluent was 1.5 × 103 and 6.0 × 102, respectively (Schierano et al., 2020). However, no consistent results were reached on the removal of Escherichia coli and Pseudomona aeruginosa since the two bacteria were detected in multiple effluent samples collected at various time intervals. According to a recent study on an integrated system containing HSF-VF CW systems fed with wastewater from a local wastewater treatment plant, the hybrid system was efficient with the reduction of the concentration of pathogenic bacteria including E. coli and total coliforms (99% or ∼4.5 log10 units) (Vega De Lille et al., 2021). García et al. (2013) evaluated the performance of a hybrid system (VF and HSF combination) for removal of pathogens in a tropical climatic environment, and the system achieved a high removal of E. coli (3 log units), total coliform (4 log units) and Helminth eggs (90%). Alufasi et al. (2017) studied the occurrence and removal of various microbial pollutants including enteric bacteria in both water and sediments of surface flow constructed wetlands. The die-off rates (log10 per day) of fecal coliforms and Salmonella typhimurium in water were 0.256 and 0.345, respectively, whereas in sediment, the die-off rates were 0.151 and 0.312, respectively. Additionally, the die-off rates (log10 per day) of coliphage and Giardia in water were 0.397 and 0.029, respectively, while in sediments, the die-off rates were 0.107 and 0.37, respectively (Alufasi et al., 2017). In HSF-based CW systems vegetated with two macrophytes namely Typha dominguensis and Typha latifolia, the removal efficiencies for faecal coliform and total coliform from domestic and swine wastewater were 86–91% and 80–82%, respectively (Giácoman-Vallejos et al., 2015).
A recent study on hybrid systems (HSF-based CW with maturation pond) revealed that the removal of fecal bacteria including fecal coliform (FC) and fecal streptococci (FS) from municipal secondary wastewater varied between 1.13 and 0.59 log units, respectively (Ergaieg and Ben Miled, 2021). Lamori et al. (2019) applied two types of microbiological methods for quantification of the removal of faecal indicator bacteria from wastewater in CW systems, and the wetlands achieved a 50% reduction of E. coli as evaluated by a culture-based technique. However, a quantitative polymerase chain reaction (qPCR)-based analysis showed only 6.7% reduction of E. coli. Additionally, the concentration of Enterococcus and Human-associated Bacteroidales (HF183) decreased by 84 and 67%, respectively. A combined system (ponds plus surface flow CW) treating municipal wastewater demonstrated high performance for reduction of concentration of faecal coliforms (>99.97%) and total bacteria (>99.998%) (Wang et al., 2005). The removal of microbial pollutants from wastewater by CW systems with different configurations is summarized in Table 3. Overall, the results of these studies indicate that the removal of microbial pollutants by different CW systems was different. This difference is potentially due to differences in the configuration of CW systems (e.g., planting schemes including plant species diversity and density and media components), hydrology and initial microbial concentration as well as survivability and physiology (sizes and cell properties namely hydrophobicity) of microbes.
TABLE 3 | Performance of various types of constructed wetlands (CW) for removal of diverse microbial pollutants from wastewater. The detailed information is provided in supplementary material (Supplementary Table S2).
[image: Table 3]STORMWATER TREATMENT BY CONSTRUCTED WETLAND SYSTEMS
Removal of Total Suspended Solids (TSS) and Chemical Pollutants
The performance of single and hybrid CW systems for the removal of diverse chemical pollutants from stormwater has been reported in literature (Headley and Tanner, 2012; Malaviya and Singh, 2012) (Table 4). Schmitt et al. (2015) reported that the stormwater pollutant removal performance of a hybrid CW system consisting of sedimentation pond (SP) and a SFCW was very high, i.e., >90% TSS, 70–98% COD, > 79% TN and >77% TP. In a pilot-scale HSF CW system treating agricultural runoff, the decontamination efficiency of stormwater wetland for various pollutants was very high, i.e., 74% COD, 80% BOD5, 57% TSS, 80% TP and 55% TN reduction was noticed (Grinberga et al., 2021). Choi et al. (2021) employed a HSF CW system for treatment of runoff from road and parking areas, and the stormwater wetland was effective for removal of various key chemical contaminants namely TSS (71.2%), COD (57.2%), nutrients including TN (∼46%) and TP (∼55%) (Choi et al., 2021). In a field-scale study, it was observed that with integration of a floating treatment wetland (FTW) system with a typical treatment pond, the pollutant removal performance was good (41% TSS, 40% Zn and 39% Cu reduction) (Borne et al., 2013). Kabenge et al. (2018) explored the performance of a microcosm subsurface VF-based CW system vegetated with two different plants (Typha latifolia and Scirpus lacustris) for the removal of diverse chemical pollutants in runoff from a parking yard, and the removal of COD, TN and TP was 76, 73 and 63%, respectively. In another field-scale CW system, Hafeznezami et al. (2012) explored removal of four heavy metals (Cd, Cu, Zn and Pb) from runoff, and the percentage of removal of Cd, Zn and Cu was 24, 18 and 11%, respectively. The reduction of Pb was insignificant which was possibly due to its low concentration in the influent. In an integrated constructed wetland system fed with runoff from farmyard, the system showed high capability of removal of diverse pollutants including TSS (93.7%), COD (94.9%), BOD5 (97.6%), ammonia (99%), nitrate (74%) and molybdate reactive phosphorus (91.8%) (Mustafa et al., 2009). Together, a number of studies reported a high percentage removal of key pollutants namely TSS, TN and TP in urban stormwater by CW systems (Choi et al., 2021; Dharmasena et al., 2021; Grinberga et al., 2021). Moreover, the effectiveness of CW systems for the removal of organic pollutants [PAHs, PCBs and emerging contaminants including pharmaceutical and personal care products (PPCPs)] is not fully understood yet which should be investigated in future research.
TABLE 4 | Performance of various types of constructed wetlands (CW) for removal of TSS and diverse chemical pollutants from stormwater. The detailed information is provided in supplementary material (Supplementary Table S3).
[image: Table 4]Removal of Microbial Pollutants
The microbial loads in stormwater could deteriorate the quality of receiving water bodies. The performance of CW systems for removal of microbial contaminants in stormwater has been investigated in many studies (Davies and Bavor, 2000; Meng et al., 2018). In an Australian study, it was observed that the surface-flow-based CW system was effective for the removal of E. coli (average log removal: 0.96; range: 0.19–1.79). However, higher concentration of a pathogenic bacterium (Campylobacter spp.) was noticed in the effluent than in the influent (average log removal: 0.05; range: -0.9–1.25) (Meng et al., 2018). The authors explained that the higher concentration Campylobacter spp. In the effluent was possibly due to external deposition of waterfowl faeces. The treated stormwater was not suitable for reuse since the concentration of both microorganisms (E. coli: 4950 MPN/L and Campylobacter spp.: 832 MPN/L) in the effluent was above the Australian Guidelines for Water Recycling (<1.0 × 102 MPN/L) (Meng et al., 2018). Among the various CW configurations, the HSF-based CW system shows higher performance for the reduction of microbial pollutants compared to the FWS-based CW system. However, hybrid wetland systems are the most effective for removal of microbes which is possibly due to a longer hydraulic retention time (Wu et al., 2016). A CW system designed for treatment of residential runoff showed higher removal of Enterococci (49–61%) than E. coli (–15–45%) (Hathaway et al., 2009c). The negative removal refers to higher concentration of E. coli in the effluent than in the influent which could be due to the intrusion of microbial contaminants into CW systems by external sources. Hathaway et al. (2009) monitored the performance of two stormwater constructed wetlands for the removal of E. coli and Enterococci, and the removal of E. coli varied between 33–96%, while the reduction of Enterococci ranged between 56–98%. The lower performance of the CW system for the removal of E. coli is thought to be due to the lack of appropriate vegetation species in the CW.
Méndez et al. (2009) applied various stormwater quality improvement devices (SQIDs) including a SF CW system for the removal of fecal coliforms in stormwater, and observed that the fecal coliform concentration decreased by 20–98% under various rainfall event intensities (Méndez et al., 2009). A recent study evaluated the performance of two detention basins which were incorporated with CW for the removal of indictor bacteria (E. coli) from urban runoff, and the removal of E. coli was very low in one of the detention facilities (only 4% reduction), while in another basin, a high variation of E. coli removal was noticed (Guerrero et al., 2020). In an integrated constructed wetland system, the removal of total coliforms and E. coli from farmyard runoff was 99.2 and 99.9%, respectively (Mustafa et al., 2009). In total, limited studies have been conducted on the evaluation of the performance of CW systems for removal of fecal indicator bacteria and pathogens from surface runoff. The removal of microbial pollutants from stormwater in various CW systems is summarized in Table 5. The results of the above studies indicate that CW systems are in general effective for removal of microbial pollutants. However, the percentage removal among microbes varies which is possibly due to different microbes possessing different traits for their growth and survival. They may also have different adsorption affinities towards the wetland substrates which may be mainly responsible for variations in the removal of microorganisms.
TABLE 5 | Performance of various types of constructed wetlands (CW) for removal of diverse microbial pollutants from stormwater. The detailed information is provided in supplementary material (Supplementary Table S4).
[image: Table 5]Discussion on the Quality of Constructed Wetland Effluent for Potential Reuse or Discharge Into Environment
Based on the quality of effluents produced from constructed wetlands, the reclaimed water can be reused for various purposes such as support of recreational activities (swimming pools, sports events, etc.), discharge into agricultural land for crop production, augmentation of freshwater (rivers, lakes, ponds, etc.) and groundwater (aquifer recharge) (Tao et al., 2017; Almuktar et al., 2018). Several studies have reported that constructed wetland effluent met the local water quality standard for recreational/agricultural reuse or discharge into surface waters (Díaz et al., 2010; Trang et al., 2010; Al-Wahaibi et al., 2021). Díaz et al. (2010) found that the concentration of E. coli in the effluent of surface flow wetlands was mostly (nearly 93% of the sampling time) below the USEPA standard for recreational water (i.e., 126 CFU/100 ml), while that of enterococci was below the standard (33 CFU/100 ml) only 30% of the sampling time. A recent study on a full-scale vertical flow CW indicated that with step feeding of external carbon, the nitrate concentration in the effluent was below the Oman irrigation standard (11.3 mg NO3-N/L) (Al-Wahaibi et al., 2021). In pilot-scale horizontal subsurface flow CW systems treating municipal wastewater, the treated effluent from wetlands was reported to satisfy most of the Vietnamese national standards (except ammonia and TN) for discharge of treated effluent into surface waters (Trang et al., 2010). Another pilot-scale study on a multistage horizontal subsurface flow CW fed with raw urban wastewater and operated with two different water heights (10 vs. 40 cm), it was observed that the treatment efficiency of CW was higher when it was run at low water height (10 cm) (Herrera-Melián et al., 2020). The treated effluent (e.g., COD, TSS, turbidity and E. coli concentration) showed high degree of compliance to the Spanish National Regulation for discharge of treated effluent into the environment and possible reuse of treated effluent for various purposes (Herrera-Melián et al., 2020). Lu et al. (2016) investigated the impacts of various filter media (maifanite, steel slag, bamboo charcoal and limestone) in vertical upward-flow subsurface-flow CW for treatment of rural household sewage. Among the four media materials used, maifanite stone demonstrated a high pollutant removal performance and the treated effluent met the Chinese discharge standard (GB18918-2002). Another study on a combined system consisting of ponds and a surface flow constructed wetland, the concentration of faecal coliforms and total bacteria in the CW effluent were below the Chinese National standard for discharge of treated effluent from municipal wastewater treatment plant (Wang et al., 2005).
COMPARISON OF EFFECTIVENESS OF CW SYSTEMS FOR THE REMOVAL OF POLLUTANTS FROM WASTEWATER AND STORMWATER
For statistical evaluation of the performance of CW systems for the removal of pollutants from wastewater and stormwater, a Box and Whisker plot was generated (Figure 2) using the treatment efficiency data presented in Table 2 (wastewater) and Table 4 (stormwater). For statistical analysis, only TSS and chemical pollutants are selected since limited studies have been performed on the removal of microbial pollutants specifically from stormwater in CW systems. Four key pollutants namely COD, TSS, TN and TP are chosen since most of the studies have monitored the performance of wastewater wetlands and stormwater wetlands for removal of these four pollutants. The data were analyzed using the Student’s t-test at p value of 0.05 to evaluate whether the pollutant treatment efficiency between wastewater CW and stormwater CW is statistically significant. The analysis shows that CW systems show similar performance (except TSS) for decontamination of wastewater and stormwater since the t-test computation revealed that the difference of pollutant removal efficiency between wastewater CW and stormwater CW is not statistically significant (p > 0.05). CW systems demonstrate a slightly higher performance for the removal of TSS from wastewater than the ones used for the treatment of stormwater (statistically not significant, p > 0.05). Future studies are warranted to elucidate the potential reasons for the better TSS removal performance in wastewater CW systems.
[image: Figure 2]FIGURE 2 | Box and Whisker plot showing comparative evaluation on the removal of TSS and chemical pollutants (COD, TN and TP) from wastewater and stormwater in constructed wetland systems. The box represents the interquartile range (IQR), minimum and maximum values (whisker), median value (line inside the box), the mean value (cross inside the box), outliers (dot, outside of box).
Our literature review analysis shows that the selection of a specific type of CW systems depends on multiple factors including the quantity of wastewater/stormwater to be treated, the quality of wastewater/stormwater (concentrations of TSS, chemical and microbial pollutants), the target effluent quality (e.g., water quality standard set by the local authorities) to be achieved, prevailing local climatic conditions (hot, arid, semi-arid, cold, tropical, etc.), the cost of the CW systems and the ease of their operation and maintenance, etc.
MICROBIAL DIVERSITY IN CONSTRUCTED WETLAND SYSTEMS
The major sources of microorganisms into constructed wetlands include the inflow of wastewater/stormwater, substrate media and the surrounding environment (e.g., soil and atmosphere). The microorganisms present in the substrate layer (e.g., soil matrix) and/or biofilm developed in the plant root zones play a critical role in the removal of pollutants in CW systems (Despland et al., 2014; Lv et al., 2017). Thus, the presence of stable and healthy microbial community could provide optimum pollutant removal efficiency in long-term operation. Most of the studies have used 16S rRNA gene amplicon sequencing method for microbial characterization as well as to understand the richness, diversity, composition of enriched microbial communities as well as microbial activity and metabolic pathways in the CW systems (Arroyo et al., 2013; Sánchez, 2017). Internal factors (e.g., pH, substrate media composition and their depth, the presence/absence of vegetation, the quantity and quality of pollutants, availability of organic carbon) and external factors (e.g., ambient temperature and Sun light) could impact the CW microenvironments, and thus change the microbial flora in CW ecosystems (Verduzo Garibay et al., 2021). The dynamics of microbial communities enriched in CW ecosystems treating wastewater and stormwater are briefly described below.
Microbial Community Dynamics in CW Systems Treating Wastewater
The microbial diversity in CW systems for treatment of wastewater could vary depending on the nature of wastewater (e.g., domestic, industrial, agriculture, poultry farm, etc.) to be treated in CW. Herein, the results of a few reports on dynamics of microbial communities in CW treating wastewater are critically analyzed. In SF-based CW systems treating swine waste, the four key phyla in the communities were Proteobacteria (34.94%), Bacteroidetes (22.04%), Firmicutes (9.86%) and Cyanobacteriachloroplast (6.22%) which indicate that Proteobacteria and Bacteroidetes accounted for the majority of bacteria (more than 50%) in the CW system (Ibekwe et al., 2016). Additionally, statistical computation (e.g., Canonical correspondence analysis) indicates that ammonia and phosphate significantly impact microbial dynamics in wetland systems. Despland et al. (2014) found that the diversity of microbial communities enriched in soil (bottom) and Bauxsol™ pellet (top) layers in an unplanted CW was different, i.e., ammonia oxidizing bacteria and archaea were detected in soil layer. However, aerobic ammonia-oxidizing bacteria, anaerobic ammonia-oxidizing bacteria (anammox) and denitrifying microbes were found in Bauxsol™ pellets. These results indicate that the oxygen gradient profile from top (aerobic) to bottom (anoxic/anerobic) in the substrate could shape the structure of CW microbiome and their functions. Ruppelt et al. (2020) observed the highest microbial activity (e.g., fluorescence diacetate hydrolysis) in the top layer of a long filter media within the depth of 0.75 m. However, relatively uniform microbial activity was noticed in a relatively shorter media filter (0.50 m deep) of VF-based CW systems. Moreover, the phyla namely Proteobacteria and Actinobacteria were the major bacteria in the CW media filter, but based on the taxonomic classification at the genus level, the abundance of genus Flavobacterium columnare was higher in the long filter. A recent work analyzed microbial communities in different zones of a FWS CS system treating wastewater, and revealed the high abundance of organic pollutants degrading microbes namely Smithella, Ignavibacterium, and Methanothrix in phytofilters, and the low abundance of Parcubacteria, Proteiniclasticum and Macellibacteroides in the sedimentation tank (Semenov et al., 2020).
The planted vegetation could also influence the abundance of microbial communities in CW systems. In general, vegetation enhances microbial activity and metabolic richness in the biofilm (Lv et al., 2017). Wang et al. (2016) reported that in a CW planted with Iris pseudacorus, two phyla namely Proteobacteria (51%) and Bacteroidetes (34%) accounted for the total bacterial population, while Proteobacteria (72%) and Bacteroidetes (23%) were the dominant bacteria in a CW vegetated with Typha orientalis Presl (Wang P. et al., 2016). Moreover, a high number of nitrifying bacteria (e.g., Nitrosomonas, Nitrosospira and Nitrospira) were enriched in I. pseudacorus than in T. orientalis Presl vegetated CW system. Arroyo et al. (2013) analyzed microbial communities in mesocosm-scale CW systems treating metal-rich (As and Zn) wastewater and noticed that Proteobacteria was the dominant phylum in the enriched microorganisms. Moreover, phylogenetic analysis showed that among the three design parameters (i.e., vegetation, flow, and substrates), vegetation and water flow characteristics considerably influence the structure and composition of the microbial communities. Overall, based on the wastewater qualities, diverse microbial communities including nitrifiers, denitrifiers, and organic degraders are detected in CW systems treating wastewater.
Microbial Community Dynamics in CW Systems Treating Stormwater
In addition to the management of stormwater, CW systems purify stormwater. Microbiological-based processes significantly contribute to decontamination of stormwater. Literature search reveals that limited works have been conducted on the characterization of microbial flora abundant in stormwater treated by CW systems (Urakawa et al., 2017; Bonetti et al., 2021; Choi et al., 2021). The key findings of these studies are discussed here. A recent work characterized microbial communities in the soil collected from CW systems treating stormwater, and found high diversity among the communities, i.e., 45% nitrogen transforming microbes, 14% iron/sulfate cycling microbes and 4% methanotrophs (Bonetti et al., 2021). The enrichment of methanotrophs was primarily responsible for the emission of greenhouse gases (methane) into the environment, and it causes a 3-fold increase of global warning potential. At the phylum level, Proteobacteria (which includes classes of Alpha-, Beta-, Gamma-, and Delta-) were the dominant bacteria. Urakawa et al. (2017) performed microbial characterization of samples collected from various components of stormwater treated by floating CW systems including plant roots biofilm, surrounding water samples and biofilm developed in the pot and floating mat foam. The enriched microbiomes were grouped into the following five categories: sulfate reduction, aerobic sulfur oxidation, anaerobic sulfur oxidation, methanotrophy, methylotrophy, nitrification and photoautotrophy. The predominant bacteria in the root biofilm were Alphaproteobacteria and Cyanobacteria (classification at class level), and Anabaena, Rhizobium and Rhodobacter (classification at genus level) (Urakawa et al., 2017). Similar microbial profiles were observed in the surrounding water samples (similarity: 49–57%), but pot biofilm communities were different (similarity: 7–22%) Additionally, Rhizobium species were mainly detected in plant root biomass which suggests that root exudates secreted by plants may selectively promote the growth of a specific community like Rhizobium (Urakawa et al., 2017). The pot and foam biofilm samples were mainly enriched with Pseudomonas spp. which may contribute to the removal of pollutants (e.g., mainly nutrients). Huang et al. (2018) also observed a shift of microbial communities in stormwater treated by CW systems since the phyla Proteobacteria (Beta- and Gamma-class) and Bacteriodetes were mainly found in the influent of water samples, while Cyanobacteria were the key bacteria in effluent samples.
In addition to CW systems, researchers have also investigated microbial communities in natural (e.g., river-based) wetland systems (Cao et al., 2017). It was observed that communities related to different biogeochemical cycling including biological sulfur transformation (Desulfobacterales, Syntrophobacterales (at order level) and Thiobacillus (at genus level)), nitrogen transformation (Nitrospirae) and methanogenesis (Methanomicrobia order in archaea) were detected in the sediments collected from four different locations in two rivers (Cao et al., 2017). Moreover, several low-abundance phyla namely Firmicutes, Acidobacteria, Verrucomicrobia, and Actinobacteria, etc. were found in water samples. A recent study characterized microbial communities in a HSF CW system fed with stormwater from road and parking lot, and the analysis revealed that the phyla namely Proteobacteria (37.8%), Actinobacteria (15.9%) and Acidobacteria (13.4%) were predominant in CW system (Choi et al., 2021). The microbial counts in soil collected from various zones in the CW facility varied between 36,110–47,836 copies/g of soil (Choi et al., 2021). In a CW system treating stormwater from a parking lot, Bledsoe et al. (2020) analyzed microorganisms enriched in two different zones (permanently flooded and shallow land areas) to evaluate greenhouse gas (methane) emission potential of the CW system. The methane production rate was higher in the permanently flooded zone than in the shallow land area. Microbial analysis showed that several methane producing bacteria namely Methanomicrobia, Methylocystis, and Syntrophaceae were enriched in the permanently flooded zones. In the shallow land, the dominant bacteria were unclassified bacteria Betaproteobacteria, Acidobacteria, Gp6 and Geobacter (Bledsoe et al., 2020). The composition of microbial communities enriched in different CW systems operated under various climatic conditions are presented in Table 6. Together, nitrogen metabolism microbes including nitrifiers and denitrifiers as well as methanogens are frequently detected in CW systems treating stormwater (Urakawa et al., 2017; Bledsoe et al., 2020; Bonetti et al., 2021). Sulfate reducing bacteria and sulfur oxidizing bacteria are also enriched in sediments (Fu et al., 2021).
TABLE 6 | Microbial diversity enriched in constructed wetlands (CW) under various climatic conditions/regions.
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The interactions between abiotic and biotic components as well as external factors could influence the treatment efficiency of CW systems. Several parameters including CW physical configurations, hydraulics, substrates, plant species diversity, dissolved oxygen (DO) level, climatic conditions (e.g., temperature/season) etc. impact the pollutant removal performance of CW systems (Zhu et al., 2014; Herrera-Cárdenas et al., 2016). The pollutant removal efficiency varies with a change of CW system configurations as reported by Chen et al. (2016). Chen et al. (2016) compared the antibiotics removal performance of three different CW configurations namely SF and SSF (VF and HSF CW) wetland facilities, and SSF systems (89.1–98.9%) show higher performance for the removal of antibiotics (e.g., erythromycin) than the SF system (76%). Moreover, among the HSF and VF configurations, HSF (98.9%) had higher capability for the removal of pollutants compared to the VF unit (89.1%). Xu et al. (2016) also observed differences in the reduction of pollutants in pilot-scale HSF-based and VF-based CW systems. The former type showed high performance for the removal of COD (74%) and ammonia (79%), while the latter one was effective mainly for the total nitrogen removal (64%) (Xu et al., 2016).
Hydraulic loading rate (HLR) could affect the performance of CW systems, and in most of the cases, the pollutant removal efficiency decreased with an increase of HLR (Trang et al., 2010). In HSF-based CW systems treating a mixture of wastewater and stormwater, it was observed that the removal efficiency of TN and TP constantly decreased with a gradual increase of HLR (31, 62, 104 and 146 mm/day). Also, the TN and the TP removal efficiency decreased from 84 to 16% and from 99 to 72%, respectively with the rise of HLR from 31 to 146 mm/day (Trang et al., 2010). In a pilot-scale HSF CW system, the removal efficiency of COD, TN and TP was 95, 95 and 95%, respectively at a HLR of 0.025 m/day, but the removal efficiency decreased to 91, 87 and 89% when the HLR was doubled (0.05 m/day) (Angassa et al., 2019).
Hydraulic retention time (HRT) is one of the important operational parameters which impacts the effectiveness of CW systems (see supplementary material, Supplementary Table S5). Sultana et al. (2016) investigated the COD removal from cheese whey wastewater in pilot-scale unplanted and planted (reed: Phragmites australis) HSF-based CW systems at four different HRTs (1, 2, 4 and 8 days). In both CW systems, the percentage of COD removal was reduced with a decrease of HRT, i.e., in an unplanted CW system; the percentage of COD removal decreased from 100 to 76% when HRT was reduced from 8 days to 1 day. However, in the vegetated cell, a similar decrease of performance was also noticed (a reduction from 100 to 76% with a reduction of HRT from 8 days to 1 day). In VF-based CW systems, Sarmento et al. (2013) evaluated the influence of four distinct HRTs (1, 2, 3 and 4 days) on the decontamination of various pollutants from swine wastewater. It was observed that the pollutant removal efficiency was enhanced with the rise of HRT up to 3 days, and then decreased. In a recent pilot-scale study on the treatment of synthetic wastewater using a vertical subsurface flow CW vegetated with two plants namely Typha latifolia and Phragmites australis, the pollutant (e.g., COD) removal efficiency constantly increased with the rise of HRT from 2 days (69.4%), 4 days (77.6%), 6 days (86.3%), 8 days (86.4%) and 10 days (88.8%) (Shruthi and Shivashankara, 2021b). Another work from the same research group using a horizontal subsurface flow CW run under similar operational conditions (e.g., HRT) also reported a similar relationship between HRT and pollutant removal, i.e., COD removal increased by 65.0, 74.4, 82.8, 86.1 and 88.3% with increase of HRT by 2, 4, 6, 8 and 10 days, respectively (Shruthi and Shivashankara, 2021a). Badhe et al. (2014) explored the performance of a free surface, up-flow CW planted with Typha latifolia for removal COD, ammonia and phosphate under two different HRTs (1.5 and 2.5 days), and the pollutant removal efficiency was slightly higher at HRT of 1.5 days (COD: 65.02%, ammonia: 4.9% and phosphate: 11.1%) than 2.5 days (COD: 55.5%, ammonia: 4% and phosphate: 11%). In a surface flow CW, its operation at higher HRT positively influenced the reduction of microbial pollutant concentration, i.e., 91% E. coli removal attained at HRT of 11.6 days, but the removal efficiency declined to 66% when the system was operated at 0.9 days HRT (Díaz et al., 2010).
Plants are one of the important components in CW systems and could influence the decontamination performance of wetlands. Sarmento et al. (2013) compared the performance of three plant species namely Cyperus sp. (grass), Heliconia rostrata (shrub) and Hedychium coronarium (herbaceous) for the removal of various pollutants from swine wastewater in VF-based CW systems, and found that Cyperus sp. was effective for the removal of various pollutants (COD: 69%, TKN: 57%, NH4+: 62% and TP: 64%). In addition to plant species diversity, plant root characteristics (length, biomass, architecture, etc.) could also impact the rate of uptake of pollutants since among the three types of plants namely Canna (flowering plant), Phragmites australis (reed) and Cyprus papyrus (flowering seed plant) vegetated in VF-based CW systems investigated for the decontamination of municipal wastewater, the uptake of nitrogen and phosphorus as well as the removal fecal indicator bacteria was higher in Canna than the other two vegetations (Abou-Elela and Hellal, 2012). Canna showed better performance since the roots were spread broadly and uniformly in the CW filter bed. Diversity of vegetation species in CW influenced the removal of nitrogen more compared to that of phosphorus (Liang et al., 2017). Diversity of plant species planted in various CW systems operated under diverse climatic conditions (warm, cold, tropical, arid, semi-arid, etc.) are presented in Table 7.
TABLE 7 | Diversity of plant species used in constructed wetlands (CW) under various climatic conditions/regions.
[image: Table 7]The filter media composition significantly influences the pollutant removal efficiency of CW systems. To achieve high performance in CW systems, it is necessary to choose substrates which have high ecological activity and possess high adsorption capacity (Chen et al., 2009). A recent study on tidal flow CW systems (planted with Phragmites or Vetiver) reported that organic-based media (biochar, coco-peat and coal) exhibited higher pollutant removal performance (N: 71–85% and organics: 84–96%) than waste (slag)/construction-based media (gravel and concrete block) (N: 49–69% and organics: 74–95%). Among these materials, slag and construction media were effective for removal of phosphorus (≥93%) (Saeed et al., 2020). Li et al. (2019) showed that addition of biochar into SF CW systems enhanced the nitrogen removal efficiency, i.e., with the addition of 10% (V/V) biochar, the nitrate removal was increased by 5%, while with further increase of the biochar dose to 20% (V/V), the nitrate removal was enhanced by 10%.
The removal of nitrogen and COD is influenced by the carbon/nitrogen (C/N) ratio. Zhu et al. (2014) observed an increase of the removal of TN, nitrate and COD from wastewater with the rise of the C/N ratio in HSF-based CW systems, and the C/N ratio of five demonstrated excellent removal performance. However, ammonia removal exhibited an opposite trend with the rise of C/N ratio due to the decrease of dissolved oxygen levels, caused by biodegradation of organic components (Zhu et al., 2014). According to Li et al. (2014), the denitrification rate was enhanced at higher C/N ratio (e.g., C/N = 14.3). For nitrification and organic degradation, high DO concentration is favorable since Li et al. (2014) observed that with increases of DO concentration from 1.3 mg/L to 3.4 mg/L in horizontal subsurface flow CW (HSFCW) systems, the removal of COD and TN increased from 87.2 to 55%–90.9 and 88.1%, respectively. In addition to artificial aeration, vegetation of a suitable plant can provide sufficient oxygen to CW systems since a recent study had reported that the plantation of Vallisneria natans provided the required oxygen to the CW system and higher nitrogen removal (90% NH4+-N) was achieved (Fu et al., 2021).
A study compared the effects of three different parameters, i.e., HRTs (1, 3 and 5 days), substrate types (river gravel, fine and coarse volcanic gravel), plant types (Cyperus papyrus, Phragmites australis and Thypa latiffolia) and organic loads from effluent from a wastewater treatment plant on removal micropollutants (Herrera-Cárdenas et al., 2016). This study revealed that HRT was the dominant factor which significantly impacts the treatment process in HSF CW systems (Herrera-Cárdenas et al., 2016). The removal of micropollutants varied between 55 and 99%, while the removal of organics ranged from 70 to 75%. Moreover, at the HRT of 1 day, the BOD5 removal was nearly 75%, but with increase of HRT to 3/5 days, the BOD5 removal was enhanced to nearly 90%.
The pollutant removal performance of CW systems is influenced by seasonal variations. For example, according to Wang et al. (2021), CW systems were very effective for the removal of TN, TP and particulate phosphate in spring and summer, but less effective in autumn and winter (Wang et al., 2021a). Dong et al. (2011) observed a change in the pollutant removal performance of an integrated CW system with the change of season. For example, the removal of TN and TP from wastewater was 98% each in summer. However, the removal efficiency decreased to 96% each in winter. The reduction in the performance at lower temperature is possibly due to a decrease of microbial activities and diffusion rates (Dong et al., 2011).
Microbial degradation is one of the important pathways for removal of pollutants from wastewater/stormwater in CW systems. Thus, in addition to CW operational parameters and surrounding climatic conditions, the abundance and diversity of various functional microbial communities (nitrifiers, denitrifiers, organic carbon degraders, etc.) could influence the treatment performance of CW systems. Notably, the enrichment of functional microbes depends on the several factors including CW design configurations and vegetation (Zhang et al., 2018). CW systems with saturated and aerated designs show high microbial activity and metabolic richness (Zhang et al., 2018). Zhou et al. (2020) found that with intermittent aeration in a subsurface flow CW, microbial abundance increased, while microbial diversity decreased. Wang et al. (2016) assessed the effect of two different plants (Iris pseudacorus and Typha orientalis Presl) in a subsurface flow CW on microbial communities and reported that vegetation positively influences bacterial richness and diversity, and the abundance of nitrifying bacteria (Nitrosomonas, Nitrosospira and Nitrospira) was higher in CW systems planted with Iris pseudacorus than Typha orientalis Presl. Hathaway et al. (2011) reported that for CW systems treating stormwater, designs with higher HRT and lower stormwater velocities are beneficial to achieve higher microbial pollutants removal by sedimentation and degradation. According to Wadzuk et al. (2010), low inflow velocity, higher HRT and vegetation favor suspended solids removal in CW systems. Together, planted subsurface flow/hybrid configurations, aerobic environment (high DO levels) with operations at low HLR, high HRT and relatively high environmental temperature (e.g., summer season) positively influence the performance of CW systems for the removal of pollutants from wastewater and stormwater (Supplementary Figure S2).
POLLUTANT REMOVAL MECHANISMS
The removal of pollutants from wastewater/stormwater is mainly mediated by three internal components of CW systems such as 1) vegetated plants, 2) enriched microorganisms/biofilms developed in the plant root zone, and 3) filter media/substrate (Liang et al., 2002; Rajan et al., 2018; Sandoval-Herazo et al., 2018). The physicochemical and biological processes which contribute to pollutants removal include sedimentation, filtration, adsorption, decomposition, chemical transformation, volatilization, biological assimilation and biodegradation (Walker and Hurl, 2002). Physicochemical processes namely sedimentation, filtration and sorption are generally considered as the predominant mechanisms for removal of solids (e.g., TSS) (Struck et al., 2008). The nutrients (nitrogen and phosphorus) are removed by both physicochemical and biological processes. In CW systems, N transformation and removal are carried out by multiple processes including adsorption, desorption, mineralization (ammonification), nitrification, denitrification, ammonia volatilization, nitrogen fixation, anaerobic ammonia oxidation (anammox), plant and microbial uptake, etc. (García et al., 2010). Nitrification and dentification are the dominant biological processes for the removal of nitrogen in CW systems (Dong and Sun, 2007). In nitrification, ammonia is converted to nitrate through the nitrite intermediate (Biswal et al., 2021), and the process is mediated by ammonia oxidizing bacteria (e.g., Nitrosomonas) and nitrite oxidizing bacteria (e.g., Nitrosospira and Nitrospira) (Wang P. et al., 2016). In denitrification, nitrate is reduced to nitrogen gas through multiple steps, and the microbial transformation is mediated by denitrifying bacteria (e.g., Denitratisoma, Planctomyces, Magnetospira, Pseudomonas spp. and Dechloromonas) (Verduzo Garibay et al., 2021).
The key physicochemical processes for the P removal include adsorption/desorption and chemical precipitation (García et al., 2010). P can be taken up by plants through roots and be stored in various parts of the plant (García et al., 2010). Unlike the N removal by microbial processes, the presence of phosphate accumulating organisms (PAOs) in wastewater/stormwater can uptake and store P within cells, and the process is called enhanced biological phosphorus removal (EBPR) (García et al., 2010). A recent study explored the feasibility of EBPR in an intermittent aeration CW, and found that 71.25% phosphate was removed by aerobic PAOs (APAOs), while 28.75% was removed by denitrifying PAOs (DPAOs) (Wang et al., 2021b). Sedimentation is the main mechanism responsible for the removal of heavy metals in natural or CW systems (Walker and Hurl, 2002). For the removal of organic pollutants, the major biological processes (redox conditions) associated with the transformation of organic pollutants include aerobic respiration (biodegradation) and anaerobic processes (fermentation, sulfate reduction and methanogenesis), as well as the uptake by plants and metabolization (García et al., 2010; Lyu et al., 2018). The biodegradation of organic pollutants is facilitated by aerobic organic degraders (e.g., Proteobacteria, Zobellella, Thauera, Pseudomonas, Aeromonas, etc.) and/or anaerobic organic degraders (e.g., Methanobacteriales, Methanomicrobiales, Methanosarcinales, etc.) (Verduzo Garibay et al., 2021). The key removal mechanisms for microbial contaminants in CW systems include filtration, adsorption, sedimentation, and natural die-off because of starvation/predation by higher organisms (Wu et al., 2016). The potential mechanisms responsible for the removal of chemical and microbial pollutants from wastewater and stormwater are summarized in Figure 3.
[image: Figure 3]FIGURE 3 | Potential mechanisms for the removal of chemical and microbial pollutants from wastewater/stormwater in CW systems.
MODELLING OF CONSTRUCTED WETLAND SYSTEMS
A growing number of research articles have been published on modelling of various aspects (e.g., kinetics, hydrological, mechanistic, etc.) of CW systems. The models have been developed to simulate various processes (hydrological, physicochemical, biological, etc.) in CW systems, and optimizations are made based on modelling results to enhance the function and performance (decontamination efficiency) of CW systems. The kinetics, hydrological and mechanistic models are briefly described below.
Kinetics Model
Several studies have employed the first-order decay model (Eq. 1) to predict the performance of CW systems for the removal of pollutants from wastewater and stormwater (Struck et al., 2008; Boutilier et al., 2009).
[image: image]
Where, C0 = initial concentration of pollutant (at time 0), Ct = final concentration of pollutant (at time t), t = reaction time (e.g., h), and K = reaction rate constant (e.g., h−1). Struck et al. (2008) monitored inactivation rate constants of E. coli, fecal coliforms and Enterococci in stormwater treated by CW systems over 6 months of operation and K varied between 0.0597–0.1894, 0.0536–0.3277, 0.0594–0.2112 h−1, respectively. Boutilier et al. (2009) also analyzed inactivation rate of E. coli in wastewater removed by CW systems using the first-order decay model, and found that the rate constant (K) ranged from 0.09 d−1 (at 7.6°C) to 0.18 d−1 (at 22.8°C). Chen et al. (2009) found that the removal of heavy metals (Cu, Pb, and Zn) from wastewater can be well described by the first-order dynamic model, and the computed rate constants for Zn removal using two different media namely gravel and coke were 0.1222 and 0.2326 h−1, respectively. For Cu removal, the rate constants for the two media were 0.3739 and 0.2017 h−1. The Pb removal adsorption data was not well fitted to the first order model. The rate constant values demonstrate that the two media have different adsorption capabilities for different metals. Lyu et al. (2018) noticed that the removal of pesticide tebuconazole in unsaturated and saturated CW systems can be well explained by an area-based first-order kinetic model, and the rate constants for planted CW systems (3.1–10.9 cm d−1) was higher than non-planted wetlands (1.7–2.6 cm d−1). In total, the removal rate constant varied with change of type of pollutants and filter media characteristics.
Hydrological Model
Hydrological models are applied to describe the hydrological behavior of constructed wetland systems. The ecological performance of CW also depends on its hydrological regime. Knowles and Davies (2011) employed a finite element analysis (FEA) model to determine linkage between clogging and hydraulics in HSF CW systems. It was assumed that the clogging was due to transport of particles and a single collector efficiency model was adopted to describe the clogging behavior in wetland systems. In freshwater wetlands, the hydrological processes were studied using a simple daily mass-balance water budget model (Zhang and Mitsch, 2005). This model comprises both inflows and outflows, two key processes namely precipitation, evapotranspiration and groundwater seepage. The calculated coefficient of prediction efficiency was 0.70. Chazarenc et al. (2003) reported that HRT distributions of the HSF-CW can be calculated using the impulsion tracer method. Moreover, in non-ideal flow conditions, the dispersion plug flow model and stirred tanks in series model can be applied to study the hydrodynamics in constructed wetlands. Martinez-Martinez et al. (2014) used Soil and Water Assessment Tool (SWAT) to investigate the effect of wetland restoration on streamflow rates and peak flows in the Shiawassee River watershed of Michigan, and the authors found that increasing wetland area was beneficial than wetland depth for long-term daily streamflow. In this work, the model was amended to let ponded water to interact with the soil and aquifer. Fournel et al. (2013) showed that HYDRUS-1D was effective to simulate hydrodynamic of vertical flow wetlands treating urban runoff. Overall, a suitable hydrological model can be selected based on the CW configurations and flow characteristics.
Mechanistic Model
Mechanistic models are useful to understand the pollutant transport and various mechanisms that contribute to the removal of contaminants in CW systems. Several process-based (biological and geochemical) models have been developed to understand various processes in CW facilities (Bayona et al., 2009; Langergraber, 2011b). Lyu et al. (2018) applied both artificial neural network (ANN) and linear regression (LR) models to compute pollutant removal efficiency of a pesticide (tebuconazole) in unsaturated and saturated constructed wetlands, and observed that ANN (R2 = 0.85) provided more accurate estimation than LR (R2 = 0.81) on the removal of tebuconazole. Another study also employed ANN method for prediction of various pollutants (e.g., TN and TP) from urban stormwater in VF CW systems (Kiiza et al., 2020). Chavan and Dennett, (2008) used wetlands water quality model (WWQM) to assess nutrients (N and P) and sediments removal in a CW system. The model predicted that the CW system will retain 62% nitrogen, 38% phosphorus and 84% sediments. Huang et al. (2015) applied a numerical model (SubWet 2.0) to model diverse pollutants (BOD5, ammonia, nitrate and TP) removal in VF CW systems under two inflow characteristics (stormwater and domestic wastewater). Under both inflow conditions, the model performance was better for BOD5 and TP since the computed correlation coefficients (R) for BOD5 (R = 0.79–0.84) and TP (R = 0.94–0.98) were higher than ammonia (R = 0.60–0.70) and nitrate (R = 0.48–0.97). A recent study developed a wetland water quality model (PCSWWM: 1-D Stormwater Management Model), and validated the model using water quality data collected from a field-scale CW system. The correlation coefficients for TSS, TN and TP were 0.749, 0.491 and 0.856, respectively (Dharmasena et al., 2021). Applying various statistical models, Hijosa-Valsero et al. (2011) found that wastewater physicochemical parameters (pH, temperature, DO level, redox potential and conductivity), and the presence of plants positively influence the removal of organic matter and PPCPs in CW systems. Moreover, multiple regression equation and regression trees (called CHAID: Chi-square Automatic Interaction Detector) offered numerical estimations of removal efficiencies of various contaminants in CW systems.
Together, extensive studies have been carried out on the application of kinetics, hydrologic and mechanistic-based models for the prediction of hydrological patterns and the performance of CW ecosystems with high accuracy. Among various types of models, the process-based models are usually less popular due to their complexity in structure and usage (Langergraber, 2011a). Application of a robust and simplified computer-based model for prediction of performance (both hydraulics and pollutants decontamination) of CW systems would help design engineers and stakeholders to select a suitable configuration of CW system for treatment of wastewater and stormwater. Model-based studies would also help to develop design guidelines for installation, operation and maintenance of CW systems.
FUTURE RESEARCH DIRECTIONS

➢ Numerous studies have been conducted on the reclamation of wastewater using CW systems. However, limited information is available on stormwater reclamation using CW systems. Moreover, integrative and comparative studies focusing on treatment of both wastewater and stormwater by CW system for the removal of chemical and microbial pollutants are currently lacking. Specifically, pilot-scale and field-scale studies are needed to better evaluate the decontamination efficiency of single and hybrid CW systems with respect to both wastewater and stormwater and assess the treatment performance of CW systems with changes in pollutant loads (wastewater vs. stormwater).
➢ For wider application of CW systems for treatment of wastewater containing diverse pollutants, specific guidelines including CW design, installation, operation and maintenance should be established. The detailed guidelines including CW configuration (length, breadth and height), selection of filter materials (media components, depth, permeability, particle size distribution, etc.), selection of planting schemes (diversity and density of vegetation), and operation (initial operational conditions) and maintenance of CW systems at various stages of operations including the startup phase, vegetation growth phase and over a long-term establishment.
➢ More research works are needed to evaluate the performance of CW facilities in harsh environmental settings including cold climate, arid region and tropical environment. Challenging environmental conditions including cold and warm weather conditions could impact hydrology and ecology of CW systems. Thus, the rate of abiotic and biotic processes which contribute to removal of pollutants could be altered.
➢ Log-term field studies are required to evaluate the stability and sustainability of CW systems as well as to understand various operational and environmental conditions that impact the pollutant fate, transport and removal in wetlands. Data from long-term experiments would also help for development of guidelines for CW design, installation, operation and maintenance. These guidelines will enhance the construction quality, reduce the potential breakdown of wetland systems, and increase the life span of CW systems. Moreover, the guidelines may help in the decision making by local regulatory agencies to set up new standards or revise existing standards for improvement of the CW effluent quality to qualify for discharge into aquatic environments or for reuse of the treated effluent for various purposes.
➢ In depth experiments are necessary for the development of novel substrates with high adsorption capacity, low leaching potential of secondary pollutants and regeneration using simple and cost-effective methods. In CW systems, sand and gravel are commonly used as filter materials. To reduce the demand of natural materials and the overall operating cost, potential use of waste materials (construction waste, incineration ash, etc.) as filter media should be explored in future. Moreover, the cause of clogging phenomenon occurring in porous media is not fully understood yet. The clogging of filter media could reduce the treatment efficiency of CW systems, leading to frequent maintenance of CW systems in terms of media regeneration/replacement. Thus, future research works in this direction are warranted.
➢ Since vegetation is one of the important components of CW systems, future research should focus on conducting a series of phytoremediation experiments using locally available plants to select the plant species that can provide optimum phytoremediation potential to diverse pollutants even under extreme climatic conditions (e.g., high salinity, warmer climate and prolonged drought period). In addition to native vegetation, screening of exotic plants should be explored in future. Planting of both native and exotic plants may show better treatment performance than that of individual species. Moreover, guidelines should be developed to control the growth of weeds or other invasive plants in wetland systems.
➢ Although numerous modelling works have been conducted on single CW system, limited information is currently available on the accuracy of models in terms of the prediction of hydraulic and pollutant removal performance in hybrid CW systems since they usually show better performance than single CW system. Since CW systems contain diverse complex processes, the development of a sophisticated and compressive model would help understand interactions between abiotic and biotic components, complex processes as well as the optimization of CW performance. An artificial intelligence-based model would help the system operator to adjust the operational conditions based on the fluctuation of hydrology, pollutant loads, climatic conditions, etc. A well calibrated and validated model could also help decision makers for the selection of a suitable CW unit based on the requirements of the local region.
CONCLUSION
This review paper compressively analyzes the recent advancement on the reclamation and reuse of water (wastewater and stormwater) in CW systems. Among various CW configurations, subsurface (horizontal and vertical) flow/hybrid systems are effective for the removal of chemical and microbial pollutants from wastewater and stormwater. The reclaimed water can be reused as non-potable water. Physicochemical processes (sedimentation, adsorption, precipitation) and microbiological processes (biodegradation, assimilation, nitrification and denitrification) and plant-mediated processes (phytoremediation and assimilation) mainly contribute to the removal of pollutants in CW systems. The key microbial flora enriched in CW ecosystems include nitrifying bacteria, denitrifying bacteria and organic matter degrading microorganisms. Additionally, the CW microbiome is mainly dominated by two phyla namely Proteobacteria and Bacteroidetes. Key operational/environmental parameters such as low HLR, high HRT, high dissolved oxygen contents and operation in summer season accelerate pollutant removal efficiency of CW systems. In addition to experimental works, numerous kinetics, hydrologic and mechanistic-based models are developed for the prediction of function and performance of CW systems. Overall, this critical review advances our knowledge on potential reclamation of wastewater and stormwater using CW systems. This review would also assist environmental engineers, managers and urban planners for the selection and installation of a suitable configuration of CW system for management and treatment of wastewater and urban stormwater.
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21-23C
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Temperature: 17.5°C

Temperature:
9.1-29.6°C
Tropical climate

Subtropical climate
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climate
Temperature:
18-24C
Temperature: 6.8C

Microbial diversity

Nitrosococcus mobills, Nitrosomonas eutropha and Nitrosomonas marina (AOB)
Phyla namely Proteobacteria and Bacteroidetes

Phyla namely Proteobacteria, Actinobacteria and Bacteroidetes
Phyla namely Proteobacteria, Bacteroidetes, Cyanobacteria and Unclassified
Genera namely Glomus sp., Rhizophagus sp. and Acaulospora sp. (Fungi)

Nitrosospira and Nitrososphaera (AOB), Nitrospira (NOB), and Rhodoplanes,
Bradyrhizobium and Hyphomicrobium (denitriiers)

Nitrosomonas europaea/"Nitrosococcus mobilis™ and Nitrosospira (AOB)
Sphingomonas sp. and Rhodococcus sp

Beta-proteobacteria (AOB), Nistrospirae and Nitrospina gracilis (NOB), and
(Pseudomonas spp. and Thiobacilus denitrficans (denitrfiers)

Nitrosospira (AOB), Nitrososphaeraceae (AOA) and Nitrobacter (NOB)

Phyla namely Firmicutes, Proteobacteria and Bacteroidetes

Smithella, Ignavibacterium and Methanothrix (in phytofilters); Parcubacteria,
Proteiniclasticum and Macellibacteroides (in sedimentation tank)
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Note, SMCW: Shallow moss constructed wetland; HSSFCW: Horizontal subsurface flow CW; SFCW: Subsurface flow CW; SRFCW: Surface flow CW; VFCW: Vertical flow CW; VSFCW:
Vertical subsurface flow CW: FWSCW: Free-water surface CW: AOB: ammonia oxidizing bacteria; NOB: Nitrite-oxidizing bacteria: AOA: Ammonia-oxidizing archaea.
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Stormwater source CW type Pollutant removal efficiency (%) References

Tss BOD; cop ™ ™

Residential SP-SFCW >90 - 70-98 >79 >77 Schmitt et al. (2015)
Urban area ow - - - 42 35 Wang et al. (2021a)
Highway Field-scale FTW-Retention pond 4“1 = i = o Borne et al. (2013)
Parking yard SVFOW - - 759 728 628 Kabenge et al. (2018)
Mixed sources 2 SFCW 46 = = = = Rochfort et al. (1997)
Farmyard ow 97 976 9.9 - - Mustafa et al. (2009)
Synthetic stormwater  VFCW 89.9-95.8 - - 56.3-836  622-92.4  Kizaetal (2020)
Residential ow 66 - - 55 50 Dharmasena et al. (2021)
Agricultural SFOW 57 80 74 55 80 Grinberga et al. (2021)
Road and parking ot~ HSSFOW 715 - 572 -46 -55 Choi et al. (2021)

Note, SP-SFCW: Sedimentation pond plus subsurface flow constructed wetland; SVFCW: Subsurface vertical flow constructed wetland; SFCW: Subsurface flow constructed wetland;
ICW: Integrated constructed wetland; VFCW: Vertical subsurface flow constructed wetlands; HSSFCW: Horizontal subsurtace flow constructed wetland; Mixed sources 2: Industrial,
commercial and residential
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Microbial pollutant removal efficiency (% or log removal)

Fecal coliform

68 -
= ~15-45
79 -
56-98 33-96
19.9-979 -
- 0.96 Log
- 80-87
- 999

Escherichia coli

Enterococci

49-61
85

88-97

Others

87 (Heterotrophic bacteria)

0.05 Log (Campylobacter spp.)

99.2 (Total coliforms)

Note, SFCW: Surface-flow constructed wetland: ICW: Integrated constructed wetland: Mixed Sources 3: Residential, peri-urban and commercial.
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Avid and warm ciimate
Avid climate

Moroccan climate
Tropical climate

Semi-arid and
temperate climate
Semi-arid climate
Hot arid ciimatic
Low temperature
Gold climate
Gold climate
Gold climate
Gold climate

Warm climate

Plant species

Arundo donax, Cortaderia seloana, and Phragmites australis
Bassia indica (halophyte)

Phragmites australis and Arundo donax

Heliconia psittacorum, Cyperus isocladus, Canna sp., Arundina
bambusifolia and Alpinia purpurata

Typha latifolia (common cattails)

Phragmites australis (hydrophytes)
Phragmites australis and Typha latifolia

Canna indica L. and Phragmites australis (Cav.) Trin. Ex Steud
(common reed)

Phragmites australis (Cav.) Trin. ex Steud. (common reed) and
Typha angustolia L. (narrowleaf cattail

Phragmites australis (common reed)

Bryum muehlenbeckii (moss)

Typha latifolia and Phragmites australis

Phragmites australls (common reed)

References

Gholipour and Stefanaks,
(2021)
Freedman et al. (2014)

Hamouri et al. (2007)
Magalhaes Fiho et al.
(2021)

Jokerst et al. (2011)

Raneri, (2003)
Wagner et al. (2021)

Mietto et al. (2015)

Ouslet-Plamondon et al.
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Note, SSFCW: Subsurface-horizontal flow CW; HCW1: Vertical flow and horizontal subsurface flow CW; HSSFCW: Horizontal subsurface flow CW; HCW2: Horizontal flow followed by a
vertical flow CW; HCWS: Free water surface followed by a subsurface flow CW; SSFCW: Sub-superficial flow CW; VFCW: Vertical-flow CW; HCWA: Three subsurface flow vertical plus one
horizontal flow CW: SMCW: Shallow moss constructed wetland: HCWS5: Vertical flow, then horizontal and free water surface CW (three stages).
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