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ABSTRACT. Excess nutrients from agricultural settings contribute to surface water and groundwater impairment. Constructed wetlands have been widely used for water quality protection in various agricultural systems. We used a synthesis
approach to document the performance of constructed wetlands for nutrient removal from a range of landscapes and geographic regions with the following objectives: (1) review the current use of constructed wetlands in agricultural applications, (2) summarize the nutrient removal efficiency of constructed wetlands, and (3) identify the geographic usage and costs
associated with constructed wetlands. We reviewed over 130 publications and reports to characterize nutrient removal
performance for the following types of agricultural effluents: cropland surface and subsurface drainage, and wastewater
from livestock production, greenhouse, aquaculture, and hydroponic systems. Data from the reviewed studies indicate that
constructed wetlands are efficient in protecting water quality in agricultural production settings. However, differences in
constructed wetland characteristics reported by the studies suggest that standards are needed to ensure nutrient removal
goals are met based on wetland design. Researchers should consider including basic performance parameters for constructed wetlands in published reports, including influent and effluent concentrations, hydraulic retention time, hydraulic
loading rate, watershed to treatment wetland ratios, and plant species and relative cover. Future studies are needed to
explore cost-benefit analyses to assess the feasibility and potential promotion of wetland incentive programs in various
geographic regions and watershed nonpoint-source pollution goals for using these systems in agricultural settings.
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T

his article is part of a collection that provides a
comprehensive review and evaluation of the performance and cost-effectiveness of selected agricultural conservation practices (ACPs) for sediment and nutrient reduction. Defined as “an artificial wetland ecosystem with hydrophytic vegetation for biological
treatment of water” (NRCS, 2013), a constructed wetland
(NRCS Code 656) is an ACP largely used for water quality
improvement. Constructed wetlands (also called constructed
treatment wetlands) are engineered systems that replicate the
functions of vegetation, soils, and associated microbial activities of natural wetlands to improve water quality
(USEPA, 2004). In contrast, natural wetlands are distinct
land areas that are inundated or saturated by surface or
groundwater, either permanently or seasonally, at a frequency and duration sufficient to support vegetation typically adapted to grow in saturated soil conditions.
Important ecological functions of wetlands include,
among others, water purification, flood protection, shoreline
stabilization, groundwater recharge, streamflow maintenance, and biodiversity protection (Acreman and Holden,
2013; Mitsch and Gossilink, 2000; Zedler and Kercher,
2005). Wetlands provide natural pollution control by retaining nutrients and sediment from runoff to prevent downstream eutrophication, flood control by slowing water as it
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flows through the system and storing excess water during
storm events, shoreline stabilization by promoting deposition of sediment carried in the water that would otherwise
create streambank erosion and clog downstream lakes and
reservoirs, and groundwater recharge and streamflow
maintenance by allowing water to percolate into the ground
or evaporate (Dahl, 2000; Zedler, 2003; Zedler and Kercher,
2005). Numerous species of plants and animals, including
endangered species, rely on wetlands for food, water, and
shelter (Dahl, 2000; Zedler, 2003). Scientists have also credited wetlands with atmospheric maintenance as wetlands
store carbon through peat storage instead of releasing it to
the atmosphere as carbon dioxide, thus mitigating the effects
of climate change (Eulis et al., 2006; Zedler and Kercher,
2005). The Interagency Workgroup, comprised of the U.S.
Environmental Protection Agency (USEPA), U.S. Army
Core of Engineers (USACE), U.S. Fish and Wildlife Service
(FWS), USDA Natural Resources Conservation Service
(NRCS), National Marine Fisheries Service (NRFS), and the
U.S. Bureau of Reclamation (USBR), developed a roadmap
for the siting, design, construction, and maintenance of constructed wetlands for the U.S. (Hayes et al., 2000; USEPA,
2000; USACE, 1987). In summary, the roadmap includes
guidance for the suitability of a site to construct a wetland
and its role within the watershed (siting), placement of the
structure as a natural transition zone with vector control
mechanisms (design), permeability of soil and selection of
vegetation to use (construction), and proper management
plans with regular inspections and maintenance activities
(operation and maintenance) (USEPA, 2000).
Constructed wetlands have been used in various agricultural systems, including subsurface and surface drainage,
greenhouses, livestock manure management, aquaculture,
and hydroponics wastewater systems (e.g., Hammer, 1989;
Kovacic et al., 2006; Moshiri, 1993; Peterson, 1998;
Vymazal, 2007). The increasing use of constructed wetlands in recent years for municipal wastewater treatment
and agricultural water quality improvement has been facilitated by advancement in research and technology within
these systems (Castelle et al., 1994; Hammer, 1989; Zedler,
2003). While the environmental benefits of wetlands (i.e.,
wetland functions and values) have been widely acknowledged (Dahl, 2000; Zedler, 2003; Zedler and Kercher,
2005), there is a need to assess wetland design characteristics and performance parameters. Such efforts would enhance the current USDA-NRCS wetland standard for treating agricultural effluents.
Here, we provide a quantitative synthesis of the present
literature to document the use, performance, and costs of
constructed wetlands in agricultural landscapes for nutrient
reduction. We focused on wetlands treating agricultural effluents, which differ substantially from municipal
wastewater and runoff in terms of the variability in hydraulic
loading rates and associated constituent characteristics (e.g.,
nutrients, pH, dissolved organic carbon; Loehr, 1972; Novotny, 1999). We also reviewed current design measures for
wetlands treating a variety of agricultural effluents as a step
for developing agriculture-focused constructed wetland
standards. The specific objectives of this synthesis article
are to: (1) review the current use of constructed wetlands in
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agricultural applications, (2) summarize the nutrient removal
efficiency of constructed wetlands, and (3) identify their geographic usage and the costs associated with constructed wetlands.

METHOD
In this synthesis article, we reviewed the global literature
with a focus on the performance of constructed wetlands in
agricultural systems and their design characteristics. Keywords common to constructed wetlands, potential agricultural source waters, nitrogen (N) species, and phosphorus (P)
species were used to search scholarly databases such as
Google Scholar and Web of Science and compile potentially
relevant peer-reviewed articles, technical reports, books,
conference proceedings, design guidelines, and fact sheets.
Documents resulting from this search were screened to include only full-scale applications of constructed wetlands for
nutrient (N and P) management; we did not consider results
of bench-scale or mesocosm experiments or watershed assessments and/or modeling studies. This search and screening process resulted in 71 publications, which were then directly or indirectly summarized in this article. We assembled
a database of wetland design and nutrient treatment parameters of the peer-reviewed articles in the supplemental material (https://doi.org/10.6084/m9.figshare.13664714.v1). We
organized the review in sections to highlight constructed
wetland usage in various agricultural systems identified
through the literature review process, respective wetland
performance, economic costs, and recommendations for future research and potential updates to the standard. Nutrient
removal performance was characterized in the following
sections for each of the following types of agricultural influent entering constructed wetlands: cropland runoff, cropland
subsurface drainage water, wastewater from livestock production, greenhouse effluent, aquaculture effluent, and hydroponic effluent. The sections were developed in this way
due to the large variability between effluents entering wetlands and their distinctly different water chemistries and hydraulic loading characteristics. For example, wastewater
from livestock production typically had significantly higher
total P concentrations compared to other influents (Bayo et
al., 2012). In contrast, NO3-N concentrations were significantly higher in hydroponic systems compared to the other
influents (Narváez et al., 2011).
Nutrient concentrations were reported and analyzed for
this study, given the limited reporting of nutrient loads in
many of the agricultural constructed wetland studies. Ideally
both would be reported, given that nutrient concentrations
are useful for assessing water quality from an ecotoxicity
and human health perspective, while nutrient loading is helpful for understanding contributions to meeting federal total
maximum daily load (TMDL) goals within a watershed.
However, specifically in wetlands receiving influent water
from cropland runoff, calculating a load is often challenging
due to the complexity in estimating runoff volume entering
constructed wetlands following a given precipitation event.
A limitation of only assessing nutrient concentrations in this
review was that the impacts of dilution and evapotranspiration
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on concentrations were not considered due to limited studies
using conservative tracers (e.g., bromide, chloride).
A similar literature search was performed to identify studies presenting life cycle economic costs (e.g., design and
construction, operation and maintenance) relative to reported N and/or P reduction performance for constructed
wetlands treating agricultural effluent sources. This review
was limited to economic costs and did not consider the value
of other wetland benefits. A total of seven studies was identified through this search. To address the range in time across
which economic data were reported, all reported capital and
recurring costs were converted to 2019 dollars using the
Consumer Price Index reported by the U.S. Bureau of Labor
Statistics (BLS, 2019). Likewise, because individual studies
used different time horizons and discount rates over which
to annualize costs, a common time of 15 years (consistent
with NRCS expected life for constructed wetland design)
and a discount rate of 3.4% (consistent with 2019 USDA
rates; USDA-NRCS, 2019) were applied to reported operating and maintenance costs in each study to obtain comparable annualized life cycle costs.
STATISTICAL ASSESSMENT
All wetland data were tested for normality and outliers.
Outliers were removed, and datasets were normalized by log
transformation, if required. Influent and effluent nutrient
concentrations (total N, nitrate-N, ammonium-N, total P, and
dissolved inorganic P), hydraulic retention time (HRT), hydraulic loading rate (HLR), wetland area, and percentage nutrient removals were assessed using ANOVA. Relationships
between wetland effluent nutrient concentrations to wetland
nutrient influent concentrations, HRT, HLR, and wetland
area were tested using linear regression. Factors impacting
predictions (e.g., effluent concentrations and percentage removal of individual nutrients) were determined using p-values and adjusted R2. Reported significance was determined
at  = 0.05. All statistical analyses were completed in
Minitab 17 (Minitab, 2010).

PERFORMANCE EFFECTIVENESS
NUTRIENT TRANSFORMATION PROCESSES
IN CONSTRUCTED WETLANDS
Nutrient transformations and fate in constructed wetlands
designed to receive agricultural influent water with a significant nutrient load must be understood to protect downstream water and maximize removal and wetland treatment
efficiency. Nitrogen cycling in wetlands involves complex
physical and microbial processes. Primary N transformation
processes include nitrification, denitrification, plant uptake,
microbial assimilation, and mineralization (Walbridge and
Lockaby, 1994). Secondary processes include sediment immobilization, dissimilatory nitrate reduction to ammonium
(DNRA), anaerobic ammonium oxidation (Anammox), and
volatilization. Nitrification, the biological oxidation of ammonium-N performed by autotrophic bacteria, occurs when
ammonium-N (NH4-N) is converted to nitrate-N in aerobic
conditions. In contrast, denitrification is the microbial process though which nitrate-N (NO3-N) is reduced and
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transformed into nitrogen gas (N2) by facultative anaerobic
bacteria in anaerobic conditions. Biogeochemical processes,
such as nitrification and denitrification, in constructed wetland environments are dependent on a variety of factors (e.g.,
oxygen availability, carbon quality and availability, soil and
water pH, and soil and water temperature; Burchell et al.,
2007; Hefting et al., 2005; Knowles, 1982; Rust et al., 2000).
Additionally, these conditions change quickly depending on
water level, light, season, and the occurrence of extreme
events (Jager et al., 2009; Jørgensen and Elberling, 2012; Liu
et al., 2010; Mustafa and Scholz, 2011). In comparison, plant
uptake is often considered a temporary removal, as N is absorbed into the plant to later be released in organic forms at
the end of the growing season (Messer et al., 2017b). However, hydrophytic plants are critical for creating appropriate
biogeochemical settings for nutrients and emerging contaminant removal from the water column (Mercado-Borrayo et
al., 2015; Moore et al., 2007). Further, plant uptake of nutrients is species and environmentally specific, often creating
challenges for comparing nutrient removal rates between
varying constructed wetland treatment designs. Unlike N,
there is no permanent removal pathway for P delivered to
constructed wetlands; rather, it is cycled among various P
pools via plant uptake, microbial assimilation, and sedimentation. Particle-bound inorganic phosphate-P (PO4-P) is removed from wetlands through sedimentation, the process of
sediment settling in a system, or plant uptake. Specifically,
PO4-P will bind to sediments in oxic conditions and settle in
the sediment of the constructed wetland (Lu et al., 2009).
However, in the event anoxic conditions occur, PO4-P is often released from the sediments and regenerated back into
the water column (Pant and Reddy, 2003).
CONSTRUCTED WETLANDS FOR CROPLAND
Constructed wetlands have been used to improve water
quality delivered from cropland via two predominant pathways: surface flows (e.g., precipitation-driven runoff or irrigation tailwaters) or subsurface drainage (e.g., tile drainage).
Table 1 summarizes the data compiled from 39 scholarly papers (28 surface-flow influent sources and 11 subsurface
drainage influent sources), representing studies conducted
on three continents (North America, Europe, Asia) and published between the years 2000 and 2019 (Bass, 2000; Beutel
et al., 2014; Blankenberg et al., 2016; Borin and Tocchetto,
2007; Braskerud, 2002; Chen et al., 2015; Díaz et al., 2012;
Dunne et al., 2015; Fink and Mitsch, 2004; Goddard and Elder, 1997; Gu, 2008; Han et al., 2017; Haverstock et al.,
2017; Hoagland et al., 2001; Hoffmann et al., 2012; Juston
and DeBusk, 2006; Kasak et al., 2018; Kim et al., 2010;
Koskiaho et al., 2003; Kovacic et al., 2000, 2006; Larson et
al., 2000; Lavrnić et al., 2018; Lentz et al., 2014; Liikanen
et al., 2004; Lu et al., 2009; Ludwig, 2010; Maniquiz et al.,
2012; Maxwell et al., 2017; Miller et al., 2002; MorenoMateos et al., 2009; Mustafa et al., 2009; Pietro and Ivanoff,
2015; Poe et al., 2003; Reinhardt et al., 2005; Sim et al.,
2008; Søvik and Mørkved, 2008; Thoren et al., 2004;
Tolomio et al., 2019; Tonderski et al., 2005). A complete table of the nutrient reduction performance and design components for each of these studies can be found in the supplemental material. Constructed wetlands in these studies
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Table 1. Mean influent and effluent nitrogen (TN = total nitrogen, NO3-N = nitrate-N, and NH4-N = ammonium-N) and phosphorus (TP = total
phosphorus, and DIP = dissolved inorganic phosphate) concentrations (mg L-1) and percentage removals reported for constructed wetlands
treating surface runoff or subsurface drainage from agricultural cropland (minimum/maximum values shown in parentheses).
NH4-N
TP
DIP
Nutrient Source
TN
NO3-N
6.4
4.4
0.7
0.3
0.1
Influent (mg L-1)
(0.8/16.2)
(0.28/18.5)
(0.05/3.6)
(0.03/5.4)
(0.005/0.3)
Surface runoff
4.8
2.6
0.3
0.2
0.1
Effluent (mg L-1)
(n = 28 studies)
(0.07/9.77)
(0.001/9)
(0.04/1.2)
(0.01/4.3)
(0/0.4)
13.9
45.3
20.0
35.3
24.2
Removal (%)
(-127/96.7)
(10.8/99.6)
(-120/65.9)
(-109/89)
(-138/100)
11.0
10.5
0.43
0.2
0.1
Influent (mg L-1)
(2.0/19.9)
(1.5/19.8)
(0/2.6)
(0.01/0.5)
(0.01/0.3)
Subsurface drainage
8.6
7.4
0.39
0.2
0.1
Effluent (mg L-1)
(n = 11 studies)
(0.5/14.8)
(0.1/14.4)
(0/2.3)
(0.02/0.4)
(0.02/0.3)
23.7
30.3
-77.2
-30.5
-19.3
Removal (%)
(-20/76.7)
(-29/92.2)
(-400/46.2)
(-256/66.7)
(-291/77.8)

ranged in size from <1 ha to 6,700 ha with contributing watershed areas ranging from <1 km2 to >2,500 km2. The mean
ratio between the wetland treatment area and its contributing
drainage area (referred to hereafter as the treatment area ratio) was 2.6% (range 0.003% to 7.5%) for constructed wetlands treating surface runoff and 4.8% (range 0.1% to 15%)
for constructed wetlands treating subsurface drainage. Average HRTs and HLRs were also extracted from these studies
when reported. Reported HRTs tended to be longer in wetlands designed to treat subsurface drainage (mean 13 days;
range 5 to 35 days) relative to wetlands treating surface runoff (mean 4.7 days; range 1.7 hours to 17 days). Likewise,
reported HLRs tended to be higher for wetlands treating surface flows (mean 17.9 cm d-1; range 1.7 to 450 cm d-1) compared to wetlands designed for subsurface drainage (mean
3.4 cm d-1; range 0.4 to 9 cm d-1).
The influent and effluent nutrient concentrations and associated percentage reductions (on a concentration basis) extracted from this collection of studies are summarized in table
1. Although concentrations and associated removal efficiencies varied widely within and among studies, this dataset suggests that constructed wetlands reduce N and P concentrations
from cropland-dominated watersheds, with mean reduction
efficiencies ranging from 13.9% to 45% (table 1). Mean treatment efficiencies for NH4-N, TP, and DIP by wetlands treating subsurface drainage waters were negative, indicating increases in concentrations. However, these negative percentage
reductions in this dataset were associated with low influent
concentrations (table 1). In the case of TP and DIP, both influent and effluent P concentrations approached irreducible
concentrations for P removal (Kadlec and Knight, 1996), indicating that these wetlands were still performing in line with
expectations. Increases in NH4-N through these wetlands were
likely driven by internal processing and transformations of
other influent N forms. For example, DNRA has been shown
to be a dominant nitrate transformation pathway under certain
conditions in constructed wetlands (e.g., Rahman et al., 2019).
While we did not consider nutrient loads, even if nutrient concentrations increase through constructed wetlands, the net nutrient load may decrease due to water losses through evapotranspiration and/or seepage. Effluent concentrations were
most strongly correlated with influent concentrations for both
N species (Spearman rho = 0.9, p < 0.0001) and P species
(Spearman rho = 0.8, p < 0.0001).
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Of the wetland design characteristics extracted from the
collection of studies compiled herein, we anticipated positive correlations between nutrient reductions and design attributes that result in longer HRTs because contact time is an
important factor in denitrification (Kadlec and Knight,
1996). Ensuring that wetlands are large enough relative to
their contributing drainage area is one way to provide longer
HRTs. In the data compiled here, nutrient concentration reduction rates were positively correlated with the treatment
area ratio for both TN and TP (Spearman rho = 0.36 and
0.45, respectively; p < 0.05). However, direct relationships
with HRT were mixed. For N species, longer retention times
were associated with lower effluent concentrations. The reverse was true for dissolved P, for which longer retention
times were associated with higher effluent concentrations
(Spearman’s rho = 0.42; p < 0.05). Total P concentrations
were not significantly associated with HRT. The relationships between nutrient reductions and HRT observed across
this dataset align with expectations that longer retention
times promote denitrification, which is the primary removal
mechanism for N removal, but may also indicate that longer
retention times promote sorbed P release and/or other internal P cycling processes. However, other researchers have observed positive correlations between HRT and reductions in
P concentrations. For example, Reinhardt et al. (2005) reported increasing retention of dissolved P with increasing
HRT for influent concentrations ranging up to 0.1 mg L-1,
although percentage reductions for influent DIP concentrations <0.004 mg L-1 tended to be negative for HRTs less than
20 days. The correlations between observed nutrient reductions and HLR in our dataset were relatively weak and not
statistically significant. It is likely that other influential variables that were not accounted for in this analysis precluded
detection of simplistic relationships between HRT or HLR
and nutrient reduction performance across this dataset. For
example, most of the variability in NO3-N reduction performance observed in monitoring data from a set of 33 wetlands
restored to treat tile drainage from cropland in north central
Iowa was explained using nonlinear models incorporating
HLR and water temperature as predictive variables (Crumpton et al., 2006; Crumpton and Stenback, 2018). In addition
to seasonal differences in water temperature, other researchers have found that substrate organic matter, which can be
enhanced through organic amendments at construction
and/or accumulated through time, positively influenced
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NO3-N removal rates by constructed wetlands (e.g.,
(Burchell et al., 2007; Messer et al., 2017a; Spieles and
Mitsch, 1999). While the importance of factors such as these
is indicated by previous studies, they were not included in
this analysis due to lack of consistent reporting across the
compiled studies.
Of the nutrient forms examined, NO3-N removal rates
were highest as well as the most cost-effective (initial installation and annual maintenance costs). This is not surprising,
given the potential for denitrification under the anaerobic
conditions characteristic of wetland sediments (Kadlec and
Wallace, 2009). However, the corresponding low removal
rates for NH4-N indicate a need to improve wetland designs
with aerobic zones intended to promote transformation of
NH4-N to NO3-N prior to denitrification, such as verticalflow wetland designs, aerators, and control of plant type and
density, pH, and temperature (Jamieson et al., 2003; Uggetti
et al., 2016; Zhang et al., 2011). As indicated in table 1, NH4N comprised only about 10% of the influent and effluent TN
concentrations in the studies reviewed herein, so site-specific cost-benefit analyses need to guide any design improvements aimed at NH4-N enhancement.
Further understanding of the influence of design factors
such as treatment area ratio and HRT could be gained if all
studies reported this information. Of the studies identified
for this analysis, roughly half reported design and operating
details such as this. This relative lack of data constitutes a
weakness of this assessment, and we encourage all study authors to report salient design details along with pollutant removal and other performance metrics. In addition to treatment area ratios and HRT, reporting the P content and cation
exchange capacity of wetland soils could also improve understanding of how the finite sorption capacities of constructed wetlands influence long-term dissolved P removal
(Mitsch and Gosselink, 2015). This could be especially important for wetlands constructed on former cropland areas
with high soil P.
CONSTRUCTED WETLANDS FOR
LIVESTOCK WASTEWATER
Constructed wetlands are used throughout the world for
agricultural wastewater management (Knight et al., 2000).
We reviewed 15 studies that described a total of 52 constructed wetland designs for livestock, including 40 swine
systems (Bayo et al., 2012; Borin et al., 2013; González et
al., 2009; Finlayson et al., 1987; Humenik et al., 1999; Hunt
et al., 1993; Lee et al., 2004, 2010; Luo et al., 2017; Meers
et al., 2005; Poach et al., 2003, 2004, 2007; Stone et al.,
2004), eleven dairy systems (Kadlec et al., 2005; Moreira et
al., 2010), and one duck system (Lu et al., 2008). A complete
table of the design components for each of the reviewed
studies can be found in the supplemental material. The constructed wetland designs included horizontal subsurface
flow, surface flow, and combinations of horizontal subsurface flow and surface flow. Wetland sizes ranged from 10 to
1,500 ha with retention times from 0.6 to 120 days. Table 2
presents a summary of the nutrient removal data from the
reviewed livestock studies. TN and TP were the two primary
nutrient measurements reported in these studies and had percentage removals ranging from 21% to 70% and from -101%
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Table 2. Median influent and effluent total nitrogen (TN) and total
phosphorus (TP) concentrations (mg L-1) and percentage removals
reported for constructed wetlands treating livestock manure.
Nutrient Source
TN
TP
Subsurface flow (n = 5 studies)
126
Influent (mg L-1)
N/A
(43.6 to 169)
27
N/A
Effluent (mg L-1)
(13 to 50)
52
13
Removal (%)
(21 to 70)
(-101 to 79)
Surface flow (n = 10 studies)
43
Influent (mg L-1)
N/A
(5.5 to 73)
27
N/A
Effluent (mg L-1)
(3 to 66)
43
40
Removal (%)
(22 to 63)
(7 to 89)

to 89%, respectively. Similar to the cropland evaluation, N
removal had higher percentage removals compared to TP.
However, these observations were likely due to exceedingly
high TP influent concentrations in systems with limited oxygenation incorporated into the wetland design. Additionally, differences in influent composition for different animal
species resulted in higher variability; further information is
available in the supplemental material. However, all data
were combined for table 2, given the significant variability
in wetland design and wetland influents for the reviewed
livestock studies.
Constructed wetlands are considered relatively low-cost
and low-maintenance opportunities for livestock wastewater
management, specifically in regions with limited land for
spreading manure (Harrington et al., 2012). The greatest
challenges for the operation and continued performance of
these systems include clogging (De la Varga et al., 2013),
managing the large footprint (Masi et al., 2017), and the limited P adsorption capacity (Mankin and Ikenberry, 2004).
However, potential solutions to improve nutrient treatment
and reduce the footprint include optimizing the oxygen input
in aerated constructed wetland stages (Masi et al., 2017), incorporating carbon dosing schedules (Saeed and Sun, 2012),
recirculating wastewater (Saeed and Sun, 2012), integrating
intermittent aeration (Wu et al., 2015), and periodically harvesting vegetation (Vymazal, 2009). Similar to the cropland
review, reporting of design factors is imperative to further
our understanding of the influence of design factors on treatment efficiencies.
CONSTRUCTED WETLANDS FOR
GREENHOUSE WASTEWATER
Nursery and greenhouse runoff can contribute significant
nutrient loads to receiving waters with a wide range of NO3N concentrations (<1 to >380 mg L-1) and event flow volumes (2,500 to 110,000 L; McMaine et al., 2020; Wilson et
al., 2010). Relatively inefficient overhead irrigation systems
over relatively impervious surfaces, coupled with regular irrigation (daily during growing seasons, every two to seven
days during non-growing seasons) can create large volumes
of runoff from greenhouse systems (Beeson and Knox, 1991;
McMaine et al., 2020; Wilson et al., 2010). To date, there
has been limited research on constructed wetlands as a management tool for plant nursery and greenhouse runoff (e.g.,
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Table 3. Mean influent and effluent nitrogen (TN = total nitrogen, NO3-N = nitrate-N, and NH4-N = ammonium-N) and phosphorus (TP = total
phosphorus, and DIP = dissolved inorganic phosphate) concentrations (mg L-1) and percentage removals reported for constructed wetlands
treating greenhouse effluent (minimum/maximum values shown in parentheses).
NO2-N
NO2-N
NH3-N
NH4-N
TP
DIP
+ NO3-N
TN
NO3-N
(n = 5)
(n = 4)
(n = 0)
(n = 0)
(n = 4)
(n = 5)
(n = 1)
Nutrient Source
(n = 1)
Subsurface flow (n = 5 studies)
80.9
2.4
24.8
4.0
0.8
N/A
N/A
0.09
Influent (mg L-1)
(0.67/101)
(2.4/2.4)
(24.8/24.8)
(0.09/5)
0.4
0
16.3
2.1
Effluent (mg L-1)
0.5
N/A
N/A
0.087
(0.1/1.21)
(0/0)
(11/24.8)
(0.07/3.17)
87
100
34.4
42.7
Removal (%)
37.5
N/A
N/A
3.3
(36.6/99.9)
(100/100)
(0/55.5)
(20/71)
NO2-N
TN
NO3-N
NO2-N
NH3-N
NH4-N
TP
DIP
+ NO3-N
Nutrient Source
(n = 1)
(n = 3)
(n = 2)
(n = 1)
(n = 2)
(n = 0)
(n = 1)
(n = 2)
Surface flow (n = 5 studies)
9.2
1.1
2.5
0.86
Influent (mg L-1)
1.8
9
N/A
0.32
(0.8/16.1)
(0.82/1.4)
(1.46/3.51)
(0.27/1.45)
4.1
0.27
0.66
0.84
1.4
1.56
N/A
0.23
Effluent (mg L-1)
(0.64/7.73)
(0.16/0.37)
(0.52/0.8)
(0.2/1.48)
44.9
71.6
70.7
11.8
Removal (%)
22.2
82.7
N/A
28
(20/62.8)
(54.9/88)
(64.4/77)
(-2.4/25.9)

Beeson and Knox, 1991; Narváez et al., 2011; White, 2017),
and we were only able to identify five studies for this review
(McMaine et al., 2020; Narváez et al., 2011; Taylor et al.,
2006; White, 2017; White et al., 2010).
Of the studies reviewed, constructed wetlands significantly reduced nutrient loadings from nursery and greenhouse runoff (table 3). Taylor et al. (2006) monitored a 3.77
ha surface-flow constructed wetland treating runoff from a
48.6 ha container nursery plot over 38 months. The system
reduced NO3-N concentrations by 94.7% from March to November and by 70.7% during the remainder of the year when
water temperatures decreased below 15°C. By comparison,
DIP concentrations were not significantly changed by the
constructed wetland. Narváez et al. (2011) researched constructed wetlands with removal rates in excess of 98.8% for
NO3-N and TP removals of 40% to 99%. McMaine et al.
(2020) measured 86%, 85%, 79%, and 78% mass reductions
for NO3-N, TN, PO4-P, and TP, respectively, for a horizontal
subsurface-flow constructed wetland and 47%, 17%, 47%,
and 46% mass reductions for NO3-N, TN, PO4-P, and TP,
respectively, for a surface-flow constructed wetland. For two
surface-flow wetlands, White et al. (2010) examined the effects of HRT and seasonal nutrient loading (internal and external nutrient sources) and reported that the TN removal efficiency for concentration ranged from 52% to 98%, and
lower hydraulic loadings and longer HRTs resulted in higher
removal rates. A key observation was that consistent inflow
rates were critical for maintaining system performance. Denitrification accounted for 63% to 99% of N removal in that
study (White et al., 2010). White (2017) determined that N
speciation in nursery runoff was approximately 45% NO3-N,
45% NH4-N, and 10% urea N. Thus, systems with both aerobic and anaerobic zones that promote nitrification upstream
of denitrification would be expected to be most efficient.
CONSTRUCTED WETLANDS FOR OPEN-AIR PONDS
AND AQUACULTURE WASTEWATER
Aquaculture refers to the production of freshwater or marine species such as fish, shellfish, aquatic plants, and algae.
It is the fastest growing protein sector in the world (Ahmed
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and Thompson, 2019). While effluents from aquaculture
systems tend to have lower nutrient concentrations compared to livestock systems, the growth of the aquaculture industry and its potential to negatively impact freshwater and
estuarine ecosystems have created interest in constructed
wetlands as potentially cost-effective treatment systems
(e.g., Van Rijn, 1996, 2013). Much of the research conducted to characterize the performance of wetlands treating
aquaculture waste streams has been conducted at the microcosm or pilot scale (e.g., Gorito et al., 2018; Li and Tao,
2017; Li et al., 2019; Lin et al., 2002; Summerfelt et al.,
1999; Webb et al., 2013). However, ten studies documenting
wetland performance at scales relevant to commercial aquaculture were identified in this review. These studies included
surface flow, subsurface flow, and hybrid systems applied to
treat effluents from saline mariculture systems (Shpigel et
al., 2013), brackish effluents from recirculating shrimp production systems (Lin et al., 2005, 2010; Tilley et al., 2002),
and recirculating freshwater ponds or tanks for tilapia and
trout production (Buric et al., 2015; Konnerup et al., 2011;
Schwartz and Boyd, 1995; Zachritz et al., 2008; Zhang et al.,
2010). Table 4 summarizes the data from these studies; details are provided in the supplemental material. Due to the
relatively small dataset and the lack of significant differences between influent or effluent concentrations reported
for the various hydraulic designs (e.g., surface vs. subsurface
flow), we combined all nutrient performance data for constructed wetlands treating aquaculture effluents in table 4.
As indicated in table 4, nutrient retention by wetlands
treating aquaponic effluent streams was highest for NO3-N
and TP. It has been suggested that the relatively consistent
loading rates from aquaculture systems can support more
consistent levels of saturation, thus maintaining redox conditions that promote denitrification (Li and Tao, 2017; van
Rijn et al., 2006), although the mean NO3-N reductions compiled for wetlands treating aquaculture effluents were similar
to the rates observed for runoff-driven cropland systems.
The mean percentage removal for NH4-N indicated that
NH4-N was generally transformed or removed by aquaponic
treatment wetlands. However, this result was skewed by a
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Table 4. Mean nitrogen (TN = total nitrogen, NO3-N = nitrate-N, and NH4-N = ammonium-N) and phosphorus (TP = total phosphorus, and DIP
= dissolved inorganic phosphate) concentrations (mg L-1) and percentage removals reported for constructed wetlands treating aquaculture effluent
(minimum/maximum values shown in parentheses).
NH4-N
TP
DIP
Nutrient Source
TN
NO3-N
5.5
2.44
0.76
1.02
0.63
Influent (mg L-1)
(1.2/9.6)
(0.04/5.6)
(0.08/5.1)
(0.0/4.2)
(0.02/1.4)
Aquaculture effluent
5.1
0.68
0.82
0.92
0.71
-1
Effluent (mg L )
(n = 10 studies)
(0.6/10.8)
(0/5.8)
(0/4.8)
(0.02/4.4)
(0.02/1.6)
21
43
18
30.2
-3.9
Removal (%)
(-25/67)
(-4/100)
(-122/100)
(-4/100)
(-35.3/33)

small number of data points for which removal was very
high (nearly 100%). In general, the NH4-N concentrations
discharged from this sample of wetland systems were relatively similar to the influent concentrations. The strongest
determinant of effluent N concentrations across this set of
ten studies was influent concentration; HRT, HLR and wetland area did not exert any appreciable effect. This result
may be a product of the relatively small sample size, but it
may also indicate opportunities to promote diverse microbiomes and associated microbially mediated N cycling processes through wetland design (e.g., Chen et al., 2019; Pelissari et al., 2018). While the TP concentrations discharged
from this set of treatment wetlands were generally lower
than the influent concentrations, dissolved P forms changed
little or increased in concentration. Further investigation of
substrate composition, vegetative cover, seasonality, and
other environmental factors is needed to better incorporate
mechanisms for retaining DIP in wetlands constructed for
the aquaculture industry.
CONSTRUCTED WETLANDS FOR
HYDROPONIC WASTEWATER
Hydroponic systems produce crops using mineral nutrient
solutions, generally in the absence of soil. The hydroponic
solution is recirculated through the system, typically several
times, before being discharged as wastewater (Park et al.,
2009). The solution must be changed frequently to maintain
high nutrient concentrations while avoiding pests and diseases. Wastewater from hydroponic agriculture, referred to
hereafter as HWW, tends to be high in NO3-N (200 to >300
mg L-1) and DIP (15 to 100 mg P L-1) but relatively low in
organic carbon (Park et al., 2008, 2009). The use of constructed wetlands to treat HWW is an emerging area with
limited research. The most common configuration for treating HWW has been horizontal subsurface-flow constructed
wetlands with HRTs of 2 to 3 days. However, HWW requires organic matter subsidies to facilitate treatment.
From a treatment perspective, low carbon-to-nitrogen
(C:N) ratios limit the potential for N removal via denitrification. Thus, to drive the biological process, it is generally necessary to add an electron donor. Thiosulfate and elemental

sulfur are two electron donors that have been shown to support autotrophic denitrification in wetlands treating HWW;
however, thiosulfate has potential to produce excessive sulfate concentrations (>200 mg L-1) (Park et al., 2015). Organic debris (crop residue, wood chips, plant sap, etc.) and
other carbon sources (methanol, ethanol, sucrose, fructose,
or acetic acid) have also been used to effectively increase
C:N ratios and stimulate denitrification in these systems
(Park et al., 2008, 2015). With a sufficient electron donor
supply, NO3-N removal rates have ranged from 7% to >72%,
generally achieving effluent concentrations <80 mg N L-1
(Gagnon et al., 2010; Park et al., 2008, 2015). Removal of
DIP has ranged from 6% to 89%, with final concentrations
of 1.7 to 54 mg P L-1 (table 5). Plants have also been shown
to improve removal of NO3-N, NH4-N, and DIP in horizontal
subsurface-flow constructed wetlands treating HWW (Gagnon et al., 2010; Park et al., 2015).
Hydroponic systems typically have small footprints and
are often sited in areas where space is limited, and it would
stand to reason that the treatment of HWW would face similar constraints. Conventional constructed wetlands with
large surface areas and long retention times may not be the
most effective realization of this technology for treating
HWW. Instead, modularized horizontal subsurface-flow
constructed wetlands with shorter HRTs and controlled dosing of carbon or electron donor inputs to meet set discharge
criteria would likely be more successful. As agriculture technologies evolve and hydroponic applications become a
larger sector of crop production, the high nutrient concentration byproduct will become a larger management issue for
the industry and a key to future sustainability.

GEOGRAPHIC USAGE AND DESIGN
OF CONSTRUCTED WETLANDS
This synthesis offers a broad view of constructed wetland
performance in the context of varied agricultural systems,
but treatment efficiencies reported in the literature are nuanced by a range of geographic factors, such as climate and
soil type. To determine the degree to which the reviewed

Table 5. Mean influent and effluent nitrogen (TN = total nitrogen, NO3-N = nitrate-N, and NH4-N = ammonium-N) and phosphorus (TP = total
phosphorus, and DIP = dissolved inorganic phosphate) concentrations (mg L-1) and percentage removals reported for constructed wetlands
treating hydroponic effluent (minimum/maximum values shown in parentheses).
NH4-N
TP
DIP
Nutrient Source
TN
NO3-N
188.76
16.50
39.38
-1
N/A
N/A
Influent mean (mg L )
(136/228)
(16/17)
(15/58)
103.71
7.50
28.32
Subsurface flow
-1
Effluent mean (mg L )
N/A
N/A
(39/213)
(6/10)
(1.7/54)
(n = 2)
47.81
57.25
44.59
Removal (%)
N/A
N/A
(7/72)
(44/68)
(6/89)
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Overall removal of nutrients entering constructed wetlands in livestock manure and cropland runoff waters were
assessed (table 6). All data were fit linearly, with two requiring normalization. Removal of nutrient species was observed in all fit relationships between influent and effluent
concentrations of constructed wetlands regardless of wetland design. R2 values ranged from 0.382 to 0.723, with all
having p-values of 0.02. Lower R2 values likely reflect
performance variability associated with factors such as
temperature, design, and dissolved oxygen differences
among systems. Factors such as these were not included in
this analysis as they were not reported in the majority of
published articles. Assessments of HRT, HLR, and wetland
area were assessed but did not provide strong relationships,
particularly for TN, NO3-N, and TKN (table 7). However,
stronger relationships, specifically between DIP, TP, and
NH4-N, were found for HRT along with HLR and wetland
area, dependent on analyte (tables 7 and 8). Considerable
variability in nutrient removal performance within and
among the reviewed studies was observed. This variability

literature included analyses from a range of climate and
ecoregions, the locations associated with the study sites of
reviewed articles were tabulated (in the supplemental material), with a specific focus on analyses that assessed constructed wetlands as agricultural cultural practices (ACPs)
for nutrient treatment in cropland, drained lands, and livestock production systems. The majority of studies reviewed
in this synthesis originated from the U.S., followed by Europe, Asia, and Oceania (fig. 1). Among the studies that analyzed constructed wetlands in the U.S., the majority focused on systems in Illinois, North Carolina, and Florida
(fig. 2). Although Illinois, North Carolina, and Florida are
home to extensive agricultural lands, the insights gained
from assessments of sites in these states may not be broadly
representative of the diverse production systems present
throughout the U.S. Similarly, undocumented analyses from
other parts of the world, such as South America and Africa,
signals that further research is needed to understand how
constructed wetland designs should vary as a function of diverse agricultural landscapes.
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Figure 1. Global study sites of constructed wetlands reviewed in this synthesis article.
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Figure 2. Study sites of constructed wetlands in the U.S. reviewed in this synthesis article. Sites shown in red, blue, and black are sites that treated
influent from cropland runoff, drainage outflow, and livestock manure, respectively.
Table 6. Statistical analysis including p-values, adjusted R2, and regression equations for influent and effluent nutrient species (NO3-N = nitrateN, TN = total nitrogen, TKN = total Kjeldahl nitrogen, TP = total phosphorus, and DIP = dissolved inorganic phosphate, mg L-1) relationships
with varying influent types (Ce = effluent concentration, and Ci = influent concentration).
Drainage
Runoff
Livestock
NO3-N
TN
DIP
TP
NO3-N
TN
DIP
TP
TKN
TP
p-Value
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.02
<0.001
Adj. R2
0.403
0.717
0.382
0.600
0.674
0.584
0.589
0.609
0.5584
0.723
Ce =
ln(Ce) =
ln(Ce) =
Ce =
Ce =
ln(Ce) =
ln(Ce) =
Ce =
Ce =
Regression
Ce =
equation
0.864 +
-0.096 +
-1.048 +
-0.7133 +
0.1031 +
1.301 +
-0.2505 + -0.4053 +
-9.39 +
-7.684 +
0.6209Ci
0.7893Ci
0.6124Ci
0.6278Ci
0.5736Ci
0.5365Ci
1.121Ci
1.103Ci
0.6220Ci
0.8058Ci
Table 7. Statistical analysis including p-values, adjusted R2, and regression equations for percentage removals of nitrogen species (NO3-N = nitrateN, TN = total nitrogen, TKN = total Kjeldahl nitrogen, and NH4-N = ammonium-N) relationships with hydraulic retention time (HRT, h),
hydraulic loading rate (HLR, cm d-1), and wetland area (WA, m2) for drainage, runoff, and livestock wetlands.
TN
TKN
NH4-N
NO3-N
HLR
HRT
WA
HLR
HRT
WA
HLR
HRT
WA
HLR[a]
HRT[b]
WA
p-Value
0.082
0.216
0.06
0.307
0.052
0.71
0.178
0.614
0.276
0.011
0.042
0.286
2
Adj. R
0.049
0.018
0.045
0.002
0.116
0.048
0.514
<0.000
0.035
0.368
0.143
0.007
[a]
Regression equation: ln(%Removal) = -0.4664 + 0.8803  ln(HLR)
[b]
Regression equation: ln(%Removal) = 2.243  0.8018  ln(HRT)
Table 8. Statistical analysis including p-values, adjusted R2, and
regression equations for percentage removals of phosphorus species
(TP = total phosphorus, and DIP = dissolved inorganic phosphate)
relationships with hydraulic retention time (HRT, h), hydraulic loading
rate (HLR, cm d-1), and wetland area (WA, m2) for drainage, runoff,
and livestock wetlands.
DIP
TP
HLR
HRT[a]
WA[b]
HLR[c] HRT[d]
WA
p-Value 0.518
0.001
0.036
0.002
0.003
0.310
Adj. R2 <0.001
0.351
0.775
0.155
0.133
0.001
[a]
Regression equation: ln(%Removal) = 0.8818 + 0.3346  ln(HRT)
[b]
Regression equation: ln(%Removal) = 1.613 + 0.09122  ln(WA)
[c]
Regression equation: ln(%Removal) = 1.814  0.1917  ln(HLR)
[d]
Regression equation: ln(%Removal) = 1.126 + 0.9150  ln(HRT)

highlights the need for further analysis of wetland design,
climate, and other factors (i.e., denitrification parameters)
that drive nutrient treatment processes, along with mass
balance assessments rather than percentage removal evaluations. While we attempted to investigate other potential
relationships between nutrient removal efficiency and
other design factors (i.e., mass loading rate, average flow
rate, and vegetation species; data found in the supplemental
material), the reported design parameters were limited and
did not allow definitive insights to be formed.
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COST-EFFECTIVENESS OF
CONSTRUCTED WETLANDS
Seven studies were identified in which capital and operating cost data for constructed wetlands treating runoff from
cropland or livestock operations were reported. This relatively small dataset reflects actual costs (Gachango et al.,
2015; Sano et al., 2005) or estimated costs (Christianson et
al., 2013; Roley et al., 2016) for individual constructed wetlands as well as studies in which wetland construction and
operating costs, as reported by federal and/or state environmental incentive programs (e.g., EQIP, CREP), were aggregated and reported to characterize wetland costs at watershed
to regional scales (Hansen et al., 2015; Iovanna et al., 2008;
Lentz et al., 2014). The wetlands in these studies were constructed to treat runoff or subsurface drainage from cropland
and livestock facilities and were all surface-flow wetlands.
Therefore, these costs may not be representative of systems
designed to treat other agricultural effluents and/or subsurface-flow wetlands. The temporal scales over which wetland
operating costs were considered ranged from 20 to 50 years,
while the discount rates used to annualize costs ranged from
1.9% to 5%. While all seven of these studies normalized economic costs on a per unit nutrient removal basis, only two of
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Figure 3. Box plots depicting reported life-cycle economic costs (in 2019
U.S. dollars) for agricultural constructed wetlands per hectare of contributing drainage area (i.e., area that drains to the wetland), per unit
mass of nitrogen removed and per unit phosphorus removal.

these studies used nutrient removal performance data collected from the wetland for which the economic costs were
tabulated. The remainder used modeled or literature-based
values to characterize pollutant removal and associated economic effectiveness. Five of the seven studies considered removal efficiencies for one or more forms of N, while only
two considered P.
Resulting life cycle costs ranged from $18 to $438 ha-1
contributing drainage area per year, with a mean value of
$162 ha-1 treatment area year-1 (fig. 3). Nitrogen removal efficiencies reported in this collection of studies ranged from
$0.66 to $58 kg-1 N year-1 (mean $15.73 kg-1 N year-1). Reported P removal efficiencies were even more variable, ranging from $0.10 to $1,923 kg-1 P year-1 (mean $809.67 kg-1 P
year-1). This variability can be partly explained by variability
in the measured or assumed nutrient removal rates; for example, the N and P removal rates used by Lentz et al. (2014)
spanned three orders of magnitude. Additional variability in
reported costs associated with, for example, reliance of some
systems on pumps, variation in site topography and associated excavation requirements and earthwork costs, and differences in foregone land rental costs included in the analyses also contributed to the observed spread in data.

SUMMARY AND RECOMMENDATIONS
FOR FUTURE WORK
As reviewed herein, constructed wetlands have been
shown to protect water quality in a wide range of agricultural
production settings (e.g., cropland, livestock, greenhouse,
aquaculture, and hydroponic systems). Although mean influent nutrient concentrations varied by one to two orders of
magnitude across this set of unique agricultural production
systems, mean percentage reductions in concentration were
similar for TN (14% to 52%), NO3-N (30% to 87%), and TP
(13% to 43%). Mean DIP removal rates varied widely, with
low (-19% to 12%) retention rates for systems treating low
influent DIP concentrations and high (45%) rates for agricultural influents with high DIP concentrations. This result
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reflects a lower limit for DIP removal when influent concentrations approach so-called “irreducible concentrations”
identified for wetland systems. This result also reflects a limitation of the percentage concentration methodology used as
a performance metric in this study. NO3-N removal rates
were generally higher than TN (mean rates of 30% to 87%
across the five influent types considered), likely indicating
the importance of anaerobic microbial N cycling pathways
in these systems. The relative cost-effectiveness of nutrient
removal for wetlands treating agricultural influent sources
ranged from $0.66 to $58 kg-1 N year-1 and from $0.10 to
$1,923 kg-1 P year-1; however, cost studies were limited geographically and primarily reflected wetlands treating water
from cropland systems.
Studies in the existing literature on constructed wetlands
as ACPs for nutrient treatment in agricultural and aquacultural settings are not geographically extensive; of the 71
studies reviewed, the majority were from the U.S., Europe,
Asia, and Oceania. Future research should focus on addressing knowledge and data gaps relative to the suite of factors
that influence nutrient removal in constructed wetlands. Collaborations among researchers from across the world as well
as more robust data collection would aid in documenting research efforts pertaining to the performance of constructed
wetlands. Further, inconsistencies in constructed wetland
characteristics reported in the literature suggest that standards are needed to ensure consistent nutrient removal goals
depending on wetland design. We suggest that constructed
wetland researchers report basic performance parameters,
including influent and effluent concentrations, HRT, HLR,
treatment area to contributing area ratio, plant species, design target (e.g., nutrient load removal), years in operation,
percentage vegetative cover, soil media, soil organic matter
percentage, and average operating water depth, in future
published studies. Greater consistency among constructed
wetland studies would support the creation of generalizable
insights, which would help advance the use of constructed
wetlands as agricultural ACPs. Additionally, emphasis of research on optimizing NO3-N removal has likely sacrificed
conditions for DIP removal. Thus, further research on the
tradeoffs between conditions optimized for removal of NO3N and DIP or designing combined systems to create conditions suitable for removal of both nutrient species is needed.
Further, similar syntheses of emerging contaminants, metals,
and greenhouse gas abatement with constructed wetlands
should be documented for water quality protection in agricultural settings. Lastly, cost-benefit analyses are necessary
to assess the feasibility and potential promotion through incentive programs, geographic locations, and regional NPS
goals for using these systems in agricultural systems and
need to be further explored in future studies.
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