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Abstract Constructed wetlands (CWs) can be con-
sidered as an efficient nature-based solution for the
treatment of agricultural drainage water (ADW) and
consequently for the mitigation of non-point source
pollution. Aiming to provide suggestions for the
construction and implementation of CWs, this paper
proposes and discusses key parameters of CW design
and operation. In order to verify the effect of these
features, different case studies were reviewed, focus-
ing on the performance of CWs that are treating agri-
cultural drainage water. The findings showed that
design and operational factors (e.g., the application of
simple hydraulic structures and vegetation establish-
ment) can improve pollutant removal efficiencies by
increasing hydraulic retention time. Hydraulic effi-
ciency of CWs can also be enhanced through certain
shape characteristics (e.g., adoption of a high aspect
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ratio and creation of a long and narrow CW shape).
The careful consideration of these parameters before
and during CW implementation can therefore help
these systems to achieve their full potential. However,
further study is recommended to assess the effects of
some parameters (e.g., flow direction and the applica-
tion of deep zones).

Keywords Nature-based solutions - Constructed
wetland - Agricultural drainage water - Design
and operational factors - Long-term operation -
Agricultural pollution control

1 Introduction

ADW is one of the leading non-point sources of
pollution (Braschi et al., 2022; Budd et al., 2011;
Karpuzcu & Stringfellow, 2012). The transporta-
tion of agricultural pollutants causes water quality
deterioration in the receiving water bodies (e.g.,
eutrophication) (Budd et al.,, 2011; Carstensen
et al., 2019; Jayasiri et al., 2022; Johannesson et al.,
2017) and increases human health risks (Diaz et al.,
2012; Fida et al., 2022).

As a countermeasure, nature-based solutions are
capable of managing non-point sources of pollution
and attenuating the loads of agricultural contaminants
through intercepting water flow (Diaz et al., 2010;
Imfeld et al., 2013; Tournebize et al., 2015, 2017),
especially suitable being CWs (Wu et al., 2023).
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Apart from the advantages of simple and low-cost
operation (Beutel et al., 2013; Margalef-Marti et al.,
2019), these ecological treatment systems can also
provide diverse services, e.g., flood protection, wild-
life habitat, groundwater recharge, aesthetic, and rec-
reational values (Lavrni¢ et al., 2018; Lenhart et al.,
2016; Maynard et al., 2011; McLaughlin & Cohen,
2013). Therefore, CW systems are an object of a
growing interest and have been increasingly applied
in agricultural landscapes worldwide (Abbassi et al.,
2011; Dal Ferro et al., 2018; Djodjic et al., 2022;
Préau et al., 2022; Takavakoglou et al., 2022).

To date, many studies have documented CWs as a
promising method for reducing nutrients and pesti-
cides concentration in agricultural runoff and drain-
age water (Brauer et al., 2015; Budd et al., 2011;
Calvo-Cubero et al., 2014; Pavlidis et al., 2022).
However, wide variability of pollutant removal effi-
ciencies was observed in these systems (Crumpton
et al., 2020; Diaz et al., 2012; O’Geen et al., 2010).
For example, the reported removal efficiency of pes-
ticides was in the range of 0-100% (O’Geen et al.,
2010), while a similar ratio was found for total
phosphorus (TP) (e.g., 3-80% measured in free
water surface CWs (FWS CWs)) (Kill et al., 2018;
Reinhardt et al., 2005). Most studies stated that N
removal efficiency was generally within the range
from 35 to 55% (Brauer et al., 2015), although some
extreme values of nitrate removal efficiency (e.g.,
from negative values up to 98%) were also detected
(O’Geen et al.,, O’Geen et al., 2010). The wide
range of these pollutant retention efficiencies can be
attributed to diverse factors, such as CW design and
operation (e.g., location, hydraulic retention time
(HRT) and vegetation characteristics), meteorologi-
cal condition (e.g., climate, temperature), pollutant
loading, seasonality, annual variations in water flow
and dissolved oxygen concentration (Brauer et al.,
2015; Kynkéédnniemi et al., 2013). Furthermore, it is
emphasized that some processes regarding nutrient
removal may be temporary, such as nutrient uptake
by plants and retention of Fe-bound P in the sedi-
ment (Margalef-Marti et al., 2019; Mendes et al.,
2018a, b), which can also contribute to the variation
of removal efficiencies. Finally, it was suggested that
the treatment capacity of CWs was associated with
their age (White, 2018).

Given the potential benefits of CWs for treating
ADW and a lack of specific guidelines and related
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research dedicated to design and operational factors
(Ioannidou & Pearson, 2018; Soana et al., 2020), fur-
ther information on how these parameters affect the
performance of CWs is needed in order to maximize
their removal efficiency. With this aim, an increas-
ing number of research studies have been carried
out worldwide on the implementation of CWs, even
if these systems were often defined as not capable
for efficient long-term operation period and so far
relatively little is known about their long-term per-
formance (Groh et al., 2015; Nilsson et al., 2020).
Therefore, the long-term operational potential of
these systems and its connection to design and opera-
tional factors are also something that needs further
investigation.

In this context, the present work analyzed a series
of field studies on the treatment of ADW, aiming to
give better insight into the above-mentioned prob-
lems. The general objective of the present research
was to identify the main design and operational
parameters that can influence the performance of
CWs and to analyze how these factors affect the treat-
ment efficiency of the systems.

2 Materials and Methods

In order to have a better understanding on the rela-
tionship between design and operational factors and
treatment performance of CWs treating ADW, a lit-
erature retrieval was conducted through the scien-
tific database (e.g., Scopus, Web of Science). The
field-scale studies were given priority since it was
reported that only the implementation of field-scale
CW treatment systems can precisely verify the actual
systematic performance impacted by certain design
parameters (White, 2018). This step—information
collection—was used for the discussion in the follow-
ing sections.

In Section 3, the authors summarized the pri-
mary considerations for the design and operation of
CWs for the treatment of ADW. To this aim, differ-
ent parameters (e.g., CW location, size, and hydraulic
design; CW vegetation management) were analyzed.
Meanwhile, through an overview of more than 40
case studies, the connection between the treatment
performance of CWs and the main design and opera-
tion factors was discussed.
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In Section 4, based on the field studies among the
total introduced in Section 3, the authors analyzed the
relationship between nitrogen removals and related
factors (e.g., wetland-to-catchment ratio, average
water depth) and discussed the treatment performance
of some CWs after long-term monitoring.

It should be noted that most of the above studies
considered on FWS CWs, as it is the most used type
of CWs for treating water from the agricultural sec-
tor (Tournebize et al., 2017; Vymazal & Biezinova,
2018). Their advantages were also commonly
reported, such as the adaptability to flow rate varia-
tions and capacity to store and treat larger volumes of
water (Land et al., 2016; Lavrnic et al., 2018).

3 Primary Design/Operational Factors and Their
Effects

Below are listed the key points for CW design and
operation that were frequently documented in the
literature.

e Local climate condition and seasonal variation
(Section 3.1)
CW shape (Section 3.1)

e Wetland-to-catchment and length-to-width ratios
of CWs (Section 3.1)
Flow direction (Section 3.2)
Hydraulic structures (Section 3.2)
Configuration of inlet and outlet points (Sec-
tion 3.2)

e Vegetation establishment (Section 3.3)
Regular harvesting of CW vegetation (Section 3.3)

3.1 Location and Size

Different characteristics, both related to the climatic
conditions and the size and shape of the system, can
have an effect on its performance, and this section
will discuss these factors.

3.1.1 Site and Local Condition

The location of a CW and local conditions were
reported as the important prerequisites for design by
Koskiaho and Puustinen (2019). Before determining a
site where CWs should be built, detailed investigation

and assessment need to be done taking into account
the features such as geology, topography, and soil lay-
ers, which were suggested as important for pollutant
removal efficiencies (Lenhart et al., 2016; Tournebize
et al., 2017). However, also site characteristics such
as hydrology and climate conditions that influence it
were proven to be of particular importance (Tanner &
Kadlec, 2013).

Babbar-Sebens et al. (2013) developed a combined
GIS-simulation-optimization-based approach for CW
site identification, also able to optimize CW spa-
tial coordinates to achieve the maximum peak flow
reductions. Through this approach, they found 2953
potential CW sites in Eagle Creek Watershed, USA.
These sites covered 1000 m2, equivalent to 1.5% of
the watershed area, but they could capture ADW from
a third of the entire watershed area. Similarly, in the
Indiana watershed, USA, Kalcic et al. (2012) used a
geospatial approach to determine the CW location.
They found 18 potential sites for CWs, which could
intercept 2.7% of ADW flows in the study area and
remove 1.0% of all nitrates present in it, only account-
ing for 0.08% of the entire watershed area.

A study by Tournebize et al. (2013) evaluated the
performance of two different CWs situated in-stream
and off-stream. According to the two CW sites, the
authors pointed out some interesting findings. For
instance, the off-stream CW was considered as ben-
eficial for biodiversity and had less land requirements
for a similar pesticide removal compared to the in-
stream CW. However, the latter one showed greater
water storage potential for irrigation, especially dur-
ing droughts.

Specially, the local conditions should be consid-
ered when siting CWs. For instance, a mesocosm
study conducted in the Florida Everglades, USA,
reported the importance of collecting local informa-
tion before design and CW operation start (Mitsch
et al., 2015). The authors pointed out that the studied
wetlands should be operated for at least 2 years before
the effective removal of TP can take place. It was due
to the fact that TP concentrations in the effluents were
constantly higher than the influent values during the
first two monitoring years, affected by the reflux of
labile phosphorus from the soils.

On the other hand, local climate factors can affect
the treatment performance of CW systems. Steidl
et al. (2019) monitored between October 2013 and
May 2017 a FWS CW in north-eastern Germany
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that served for mitigating nitrogen loads from ADW
before discharging it into the river. The results
showed that total nitrogen (TN) retention efficiency
ranged from 0.2 to 8.9%, much lower than the val-
ues reported by other studies (Dal Ferro et al., 2018;
Kadlec et al., 2010). It could be attributed to the
influence of the inner-annual distribution of outflows
from the local agricultural field. Specifically, the CW
received a large proportion (>70%) of the annual
nitrogen loads in winter, when temperatures lower
than 10 °C limited plant uptake and microbial activi-
ties, resulting in low N reduction.

Similarly, in the study of Koskiaho and Puustinen
(2019), a CW located in Finland was strongly affected
by seasonal variations. Particularly, the performance
of the CW from summer to autumn dominated water
purification processes throughout the year, whilst
winter efficiencies were extremely low. The author
attributed this difference to the severe Finnish weather
condition (e.g., mean winter temperature below 0 °C)
and further proposed that if a CW of similar dimen-
sion were constructed in other regions in southern
Europe, the effectiveness would likely be enhanced.

In China, Li et al. (2018) carried out 3-year sea-
sonal (i.e., spring, summer, and autumn of each
year) monitoring of a wetland restored from crop-
land. It was found that the pollutant concentra-
tions from influent to effluent showed a reduction of
7.54-84.36% for TN and a reduction of up to 70.83%
for TP. The lowest values of both pollutants were
measured in the summer of 2016, which can prob-
ably be explained by the inadequate capacity of the
wetland for purifying the excessive input loads that
occurred in those months.

According to those findings, the effect of seasonal
variability on water purification (e.g., seasonal rain-
fall) is thus advised to be taken into consideration
when designing a CW. Additionally, in certain cases,
it is also important to consider seasonal discharge
regimes that are dependent on the farming activities
in the area.

3.1.2 Constructed Wetland Size

Karpuzcu and Stringfellow (2012) found a way to cal-
culate the wetland size needed for the target nitrate
effluent concentration in the agricultural watershed.
The key point of the approach was to determine the
nitrate removal kinetic parameters, depending on the
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results from field studies implemented in San Joaquin
River Basin, USA, together with a laboratory micro-
cosm study. This study demonstrated how important
it was to estimate land area requirements for a target
effluent concentration when designing a CW.

Similarly, Vallée et al. (2015) attributed the com-
parably lower nitrate removal of 5.4-10.9% they
observed to the limited sizes of CWs. The CWs with
larger surface area and consequently the larger ratio
between the area covered by a CW and the catch-
ment area (wetland-to-catchment ratio) can achieve
greater treatment performance because of longer
HRT (Moreno-Mateos et al., 2010; Steidl et al., 2019;
Tournebize et al., 2017).

For example, the comparison of two Finish CWs
done by Koskiaho and Puustinen (2019) showed that
the one with a wetland-to-catchment ratio of 5% had
much better annual removal efficiencies (74% for
total suspended solids (TSS), 58% for TP and 54% for
TN) than the one with a wetland-to-catchment ratio
of 1.3% (7% for TSS, 12% for TP, and 9% for TN).
Similar findings were obtained by Hoffmann et al.
(2012). In their study, two restored riparian wetlands
(Egeskov and Stor A) in Denmark have been inves-
tigated for two successive seasons. The wetland-to-
catchment ratio was reported to be 13.7% at Egeskov
wetland higher than the ratio of 2.4% at Stor A wet-
land. As expected, the load removal rates of TN were
43% and 75% at Egeskov higher than 32% and 26%
at Stor A in the first and second monitoring year,
respectively. At the same time, similar nitrate values
were also observed.

In the case study of Steidl et al. (2019) aforemen-
tioned, the wetland-to-catchment ratio was much
smaller (0.4-0.5%), although it was the largest possi-
ble ratio according to the local conditions. Therefore,
the TN removals were considerably lower compared
to other studies, and they were less than 5% in most
of the monitoring time.

However, the application of a reasonable wetland-
to-catchment ratio for a satisfactory effect on water
purification does not seem to be adequate (Moreno-
Mateos et al., 2010). It is recommended to be con-
sidered together with other requirements, such as
the shape, the aspect (length-to-width) ratio, and the
depth of CWs.

Tournebize et al. (2017) and Kynkédinniemi et al.
(2013) pointed out that the shape of CWs should be
designed in order to be suitable for the landscape. For
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instance, different shapes were applied such as the
widely used rectangular (Ioannidou & Pearson, 2018;
Song et al., 2019; Tournebize et al., 2017), trapezoi-
dal (Dal Ferro et al., 2018), ellipsoidal (Maynard
et al., 2014), but also irregular shape (Ioannidou &
Pearson, 2019; Johannesson et al., 2017).

Among these, the long and narrow form was con-
sidered as a good option. Since the aspect ratio could
affect the hydraulic performance of CW systems
(Kadlec & Wallace, 2008; Su et al., 2009), for exam-
ple, in Sweden, Kynk&dénniemi et al. (2013) studied
the P retention of a small FWS CW for ADW treat-
ment. Although the CW occupied only 0.3% of the
catchment area, its shape was long and narrow, which
enhanced hydraulic efficiency. As a result, it showed a
good treatment performance. During the study period,
TP was reduced by 69 kg ha™' yr~!, equivalent to
36% of the incoming loads. In the study of Lavrnié
et al. (2020a), the FWS CW had a limited number of
dead zones after long-term operation due to the pres-
ence of successive meanders within the system and a
long and narrow watercourse indicated a higher value
of aspect ratio.

An Irish study reported that the integrated CW
could reduce the effluent P concentration to the desir-
able value of below 1 mg L™! only in the case of
the aspect ratio lower than 2.2 (Scholz et al., 2007).
Furthermore, the authors argued that an even greater
treatment effect could be achieved with a ratio closer
to 1. However, there are different opinions on this
matter. For example, to reach laminar flow the recom-
mended aspect ratio by Tao et al. (2014) ranged from
3 to 6, whilst Su et al. (2009) suggested the optimal
ratio would be larger than 5, or at least 1.88 for main-
taining uniform flow. Despite different aspect ratio
values proposed, Kadlec and Wallace (2008) argued
that there is no specific requirements as long as it is
within a reasonable range (e.g., from 2 to 10).

Regarding water depth, the creation of deep cells
possibly contributes to saving land resources needed
for purification processes. However, there is still no
clear conclusion on the benefits of the application
of deep cells in FWS CWs (Kadlec, 2007). White
(2018) investigated the effect of deep zones in two
FWS CWs in the USA. CW1 was made up of both
shallow cells (average water depth of 20.3 cm) and
deep cells (average water depth of 76.2 cm), while
CW?2 had successive deep zones with an average
water depth of 80 cm. It was found that in CW1, deep

zones contributed the most to the N removal in the
systems. However, the overall removal efficiency in
CW1 (65.1%) was not better than the one measured in
CW2 (74.4%), which was attributed to the combined
effect of several factors (e.g., water depth, HRT, inlet
concentration, and plant species richness). In another
study, Pugliese et al. (2020) performed tracer experi-
ments on a 6-year-old Danish CW mainly composed
by alternated deep and shallow zones. It was found
that the shallow zones functioned as barriers when
the flow from completely-mixed deep zones reached
them at high velocity, which could increase the over-
all HRT in the system.

In summary, the length-to-width aspect ratio
should be within the range of 2-10 (Kadlec & Wal-
lace, 2008). It is encouraged to define both the wet-
land-to-catchment ratio and the shape of CW sys-
tems based on local conditions (Steidl et al., 2019;
Tournebize et al., 2017). According to previous
findings, the optimal range of wetland-to-catchment
ratios recommended was within 1-8% to reach 50% N
removal (Garnier et al., 2014; Ligi et al., 2015; Tan-
ner & Kadlec, 2013), or within 1.5-4% suggested by
Moreno-Mateos et al. (2010) for ideal nitrate removal.
Particularly, the lowest wetland-to-catchment ratio
was suggested to be 1% for CWs with an average
water depth of 0.8 m (Tournebize et al., 2017).

3.2 Hydraulic Design
3.2.1 Hydraulic Characteristics

The hydraulics of CW systems can not only determine
the distribution of contaminants, but can also affect
removal efficiencies (Pugliese et al., 2020). First of
all, it can affect HRT, one of the key parameters that
determines the overall performance of CW treatment
systems (Pugliese et al., 2020). It is reported that
longer HRTs can always result in a greater treatment
performance of CWs.

For example, Allred et al. (2014) operated a wet-
land reservoir sub-irrigation system (WRSIS) in
Ohio, USA, with the goal of agricultural water
recycling. It was built in 2003 and consisted of a
CW and reservoir connected with subsurface pipes,
achieving water purification, storage, and farmland
irrigation via the transportation of water from the
reservoir to plant roots. In 2009, four field tests on
nitrogen removal have been performed under different

@ Springer



434 Page 6 of 17

Water Air Soil Pollut (2023) 234:434

conditions (i.e., inflow volume, HRT, nitrogen input
load), occurring in different time periods from May to
November. The most effective was test 3 with reduc-
tions of 44% for NO;™-N, 87.5% for NH,*-N, and
44.9% for TN. The authors attributed such a result
to a longer HRT (5.3 days) of test 3 if compared to
test 1 (1.8 days) and test 2 (1.7 days). Nevertheless,
even though Test 4 had a HRT of 11.1 days, the high-
est one, the removal of NO;™-N and TN was still as
low as 15.6% and 16.1%, respectively. Unlike the
other tests carried out during warm months (May and
June), test 4 occurred between October and Novem-
ber, thus the cold temperatures had a negative influ-
ence on the activities of denitrifying bacteria. In fact,
the maximum TN removal obtained by the authors
was not so satisfactory, but consistent with the com-
mon range of 40-55% reported by Vymazal (2007).
Furthermore, the application of hydraulic structures
(i.e., an adjustable height weir, a peninsula) should be
highlighted. The outlet weir regulated water discharge
and the peninsula functioned as a baffle, both advan-
tageous to optimization of the treatment efficiency.
In terms of the wetland-to-catchment ratio, it was
reported to be 2%, which is within the range recom-
mended (Section 3.1).

In contrast to HRT, the effect of flow characteris-
tics on CWs was not always easy to generalize (e.g.,
flow direction, hydrological regime). Regarding sub-
surface flow CWs (SSF CWs), Hoffmann et al. (2019)
applied three types of flow direction (i.e., horizontal
flow, up-flow, down-flow) in a total of six 100 m’
woodchip-based CWs. After a 2-year monitoring
period, they observed a difference in the range of
12-15% for N removal efficiency between the most
(horizontal CW) and least (up-flow CW) performing
systems, under similar HLRs and water temperatures.
Furthermore, the impact of flow design on N removal
was in accordance with the hydraulic efficiencies (the
highest in horizontal CWs and the lowest in vertical
up-flow CWs). It was thus demonstrated that flow
directions could affect the treatment capacity of CW
systems due to the variation of hydraulic efficiency.
On the other hand, it was not the case in Bruun et al.
(2016), which investigated the same systems. The
authors reported that the vertical down-flow SSF CW
achieved the highest removal rate of 3.64 g N m=2d~!
under the low flow rate applied (0.49 L s~!), while the
horizontal CW had the highest removal rate of 10.5 g
N m~2 d~! among all the systems (horizontal, vertical
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up-flow, and vertical down-flow CWs) under the high
flow rate of 1.83 L s~!. Such differences in findings
could be attributed to the different conditions applied
in the two studies. For instance, the study of Bruun
et al. (2016) was performed with two fixed flow rates
(0.49 and 1.83 L s7!), whilst Hoffmann et al. (2019)
were conducted under natural conditions and daily
fluctuation of HLRs, and a higher HLR causes a
decrease in HRT and therefore a reduction in the pol-
lutant removal (Mancuso et al., 2021).

Similar findings were reported by Tanner and
Kadlec (2013) who applied a simple first-order
dynamic model, in order to explore the impact of
influent hydrological regimes on NO; -N removal
efficiency in FWS CWs. The findings showed that
NO;™-N removal in the systems with fluctuating
flows was 5-21% lower compared to the ones under
steady flows. It was thus concluded that a wetland
could have greater removal performance under less
variable flow regimes.

Another case study for treating drainage water
from a hydroponic farm in Jordan, by Abbassi et al.
(2011), presented that the vertical CW had overall
better effectiveness on pollutant removals (e.g. BODs,
COD, nutrients) than the horizontal one, under a
series of HRTs applied. It can be explained by the fact
that distribution of water flow within the vertical sys-
tem led to a greater contact with the substrates and
plants, therefore promoting treatment effects.

Moreover, in order to achieve an optimum per-
formance, flow direction was recommended to be
considered together with HLR, which was regarded
as another critical parameter for the CW design by
Vymazal et al. (2020).

In summary, the different findings reported that the
effects of flow direction on CWs should be designed
together with specific experimental conditions, since
the treatment performance of CWs on different pol-
lutant depends on the combination of these factors.

3.2.2 Hydraulic Configuration

Owing to the fact that the presence of simple hydrau-
lic structures (e.g., gated spillways, baffle curtains)
can generally lead to an increase of HRT, the applica-
tion of such structures within a FWS wetland system
was often highlighted.

For example, Lebrun et al. (2019) studied a
5-year-old French CW and sampled both suspended
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sediments and free inorganic metallic contaminations
and weak organic complexes in water. In this study, the
CW configuration was divided into several sub-basins
by bunds, thereby lengthening HRT. During the three-
month observation, the positive relationship between
removal efficiency and HRT was demonstrated. The
results revealed that the metals present in trapped
sediments were reduced by 11-23% from the inlet to
the outlet (i.e., As, Cd, Cr, Co, Cu, Ni, Pb, Sb, Se,
and Zn). On the other hand, among all the metals
measured in the water column, five of them (i.e., Cd,
Cr, Co, Mn, and Ni) indicated significant abatements
ranging from 13 to 51%.

Groh et al. (2015) reported two CWs investigated
in Illinois, USA. Their study focused on the nitrogen
removal and greenhouse gas (GHG) emissions. The
results showed that the wetlands provided a similar
treatment capacity for nitrate after 18 years of opera-
tion, together with relatively low GHG emissions. Spe-
cifically, the wetlands achieved a nitrate removal of 56%
during the monitoring period of 2012-2013, mainly
attributed to denitrification. Additional removal of 6.1%,
caused by the seepage losses that occurred in riparian
buffer strip, further increased the total nitrate removal
to 62%. To some extent, it demonstrated the impact of
hydraulic structures on CW treatment efficiency. The
authors also found that most GHG was emitted from the
wetland originated from its the wetland originated from
its terrestrial zones, probably influenced by some of the
specific factors discussed in Section 3.1, such as CW
size and climate conditions.

Another study by Carrer et al. (2011) stud-
ied 7-year (2003-2009) variations of a CW sys-
tem located in Northern Italy before and after the
construction of a gated spillway and a storage
basin. The results showed that the greater purifi-
cation efficacy of the system was achieved during
the period of 2006-2009, after the construction of
these hydraulic structures, rather than during the
2003-2005, period before their construction. Specif-
ically, in comparison with the first part of the moni-
toring campaign, annual nutrient discharge from
the system after the introduction of new hydrau-
lic structures was reduced by 71%, 57%, 55%, and
15% for N-NO,, P-PO,, TN, and TP, respectively.
Those improvements can be certainly attributed to
the presence of the gated spillway and larger water
storage, both resulting in a higher HRT in the CW

system and therefore increased removal efficiencies.
Similarly, Tournebize et al. (2017), reported that
small dikes (i.e., vegetated embankments) applied
in the investigated CW lengthened the flow path
and decreased the flow rates, leading to an increase
of HRT in systems. These findings were also con-
firmed by Ioannidou and Pearson (2018), who ana-
lyzed the performance of 6 full-scale systems with
different design parameters in the UK (including 4
FWS CWs and 2 lagoons). It was concluded that the
implementation of obstacles (e.g., baffle curtains)
can effectively decrease short-circuiting levels and
optimize hydraulic performance and treatment effi-
ciency of systems.

On the other hand, it is recommended that the
proper location and configuration of both inlets
and outlets should be taken into consideration. For
example, Tournebize et al. (2017) reported that
positioning inlets and outlets at the edges of the
flow pathway could limit the occurrence of hydrau-
lic dead zones. In the study of Ioannidou and Pear-
son (2018), the bunded outlet (closed elevated exit
pipe) was recommended. It can be explained by the
fact that such CWs had higher water depth, better
pollutant spread, and higher HRT.

In addition, it should be also highlighted that the
hydraulic efficiency index (A) is an important ref-
erence index when modifying the aforementioned
hydraulic design (e.g., the configuration of inlet
and outlet points, implementation of obstacles) (Su
et al., 2009). It is usually considered to be good
hydraulic efficiency when A exceeds 0.75, though
the satisfactory range may be within 0.5 <A<0.75
(Persson et al., 1999). Hydraulic efficiency not only
reflects the flow distribution of influents, but also
indicates the amount of mixing or recirculation
within CW systems (Persson et al., 1999). Its cal-
culation can result in an advanced understanding of
the processes occurring within FWS CWs and can
shed better light on the removal rates.

Accordingly, it should be noted that the CW con-
figurations can enhance the overall treatment capac-
ity of systems, for example, through the proper
positioning of inlet and outlet points and the imple-
mentation of different hydraulic structures (e.g.,
gated spillways, baffle curtains) (Carrer et al., 2011;
Joannidou & Pearson, 2018; Tournebize et al.,
2017).

@ Springer



434 Page 8 of 17

Water Air Soil Pollut (2023) 234:434

3.3 Vegetation Management

The treatment processes of CW systems are domi-
nated by the interaction of water with vegetation
cover (loannidou & Pearson, 2019). The presence of
vegetation within a CW system facilitates multiple
treatment processes and enhances HRT by decreas-
ing flow rates (Allred et al., 2014; Lee et al., 2017).
Moreover, plant uptake and biomass accumulation
could contribute to the removal of nutrients and pes-
ticides (Nan et al., 2020; Picard et al., 2005; Vymazal
& Bfezinova, 2015). They enhance oxygen avail-
ability of CW systems through root oxygen release
while the decaying plant residues could be a source
of carbon, satisfying treatment process needs to some
extent (e.g., microbial decomposition, nitrification)
(Alvarez—Rogel et al., 2020; Barbera et al., 2009;
Lavrni¢ et al., 2020b; Vymazal, 2017). In addition,
vegetation can promote water column-sediment inter-
actions (e.g., the soluble transport of nitrogen spe-
cies due to macrophyte water uptake) (Martin et al.,
2003) and provide surface area for biofilm growth and
microbial attachment (Barco & Borin, 2020; Brix,
1997; Kumwimba et al., 2017).

A study, taking place in France, reported the fate
of the herbicide glyphosate and its main degradation
product aminomethylphosphonic acid (AMPA) in
a stormwater wetland during three consecutive sea-
sons of applying this product (Imfeld et al., 2013).
The authors aimed to quantify the variation of the
total glyphosate loadings (derived from both glypho-
sate and AMPA). The data reflected a gradual growth
of removal over three monitoring years, i.e., 75% in
2009, 90% in 2010, and 99% in 2011. In this study,
it was explained by the fact that (i) increasing plant
cover (from less than 1% to about 100%) in the period
2009-2011 led to more sorption of glyphosate and
AMPA, (ii) there was a better adaptation of microor-
ganisms over time. Similarly, Koskiaho and Puustinen
(2019) reported the stable and even better treatment
performance of a CW (already serving for 15 years)
compared to the capacity during the early years of
establishment. Similar removals of TSS (68% and
74%) and TP (62% and 58%), more effective remov-
als of NO;™-N (35% and 69%) and dissolved reac-
tive P (DRP) (27% and 76%) were measured during
1999-2000 and 2007-2014, respectively. The authors
attributed it to vegetation growth, increased biologi-
cal activity, and unexhausted soil adsorption capacity.
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Due to plant uptake capacity, biomass harvest-
ing can effectively remove pollutants from CWs
(Vymazal, 2007). Furthermore, harvested biomass
might also be recycled for different uses (Man-
cuso et al., 2021). Regular harvesting could not
only avoid the release of pollutants accumulated by
plant uptake back into CW treatment systems, but
could alter the original plant cover and facilitate the
new plant growth (Diaz et al., 2012; Giannini et al.,
2018; Kumwimba et al., 2018; Vymazal, 2007). It is
reported by Hoffmann et al. (2012) that P accumula-
tion in the aboveground biomass reached 10.3 kg P
ha™! yr~! and 16.5 kg P ha™! yr™! for the two studied
wetlands, respectively. The results implied the good
potential for plant uptake of phosphorus. In order to
retain the great capacity; therefore, annual harvesting
was recommended by the authors. To some extent,
small-scale harvest can be also seen as an economical
way to select the species most suitable for water puri-
fication, while at the same time reducing ecosystem
disturbances compared with the full-scale harvesting
(Carty et al., 2008).

On the other hand, the time needed for vegeta-
tion establishment and development should be taken
into account when operating a new CW. Lenhart
et al. (2016) reported that the establishment of veg-
etation was slow during the first monitoring year due
to the effect of surface water flooding and was com-
pleted by the second and third year of monitoring.
Consequently, the initial plant uptake was negatively
affected by the delay in plant development. This can
be explained by the fact that a delay in plant devel-
opment can influence the plant root system, and the
morphological and physiological properties of roots
are known to affect initial plant uptake and transport
(Wang et al., 2006). A study conducted by Steidl
et al. (2019) attributed the good potential for nitro-
gen removal to the quick vegetation development in
the CW they investigated. This was in agreement with
the findings of Nilsson et al. (2020), which pointed
out the importance of emergent and developed veg-
etation existence in young CWs, since CWs fully cov-
ered by vegetation were observed to be more efficient
in terms of N removal if compared to unplanted sys-
tems. Moreover, a subsurface accumulation of plant
litter and roots during the vegetation maturation can
positively contribute to additional surfaces for micro-
bial biofilm colonization and carbon subsidies for
aquatic microbes, which are also responsible of N
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removal. Moreover, the microbial population control
was suggested by different researchers, which pro-
posed the NAS method to enrich the nitrifiers popula-
tion and therefore to increase the N removal (Sepehri
& Sarrafzadeh, 2018).

At the same time, research on vegetation species
within CW systems, and the effect of different spe-
cies, was widely carried out with the aim of improv-
ing treatment efficiencies. In Italy, Pappalardo et al.
(2017) evaluated the adaptability of seven local mac-
rophytes within a floating treatment wetland system.
The authors summarized that high plant growth rate,
high tissue nutrient content, and sustainability were
primary characteristics for the ideal species that
could increase the pollutant uptake (e.g., nutrients)
or create better conditions for their removal. In this
study, Carex spp. was considered as the most suit-
able species of all, due to its highest biomass pro-
duction (433.13 g m™2) and total nitrogen uptake
(4.84 g m™). In Denmark, Olesen et al. (2018) car-
ried out a mesocosm experiment to explore the effects
of submerged species. It was reported that in com-
parison with unplanted mesocosms, the ones planted
with submerged macrophytes exhibited fivefold and
threefold enhancement of NH,* and PO,*~ uptake
rates, respectively. In their study, it was also indi-
cated that multi-species communities did not perform
more efficiently in nutrient uptake than single-species
communities. In Southern China, Yang et al. (2016)
reported the effectiveness of aquatic vegetables—
water spinach and water bamboo planted in wetlands.
It was reported that TN and TP uptake by the two
plants reached 274 kg ha™! and 24 kg ha~! during the
entire growth period, respectively. In Northern Italy,
an 18-year-old FWS CW studied by Lavrni¢ et al.
(2020b) found that plant uptake of pollutants TN,
TP, and total organic carbon (TOC) was in accord-
ance with coverage of the dominant species Phrag-
mites australis in the CW, although Typha latifolia
and Carex spp. covered a considerable portion of the
same CW system.

However, the possible adverse effects related to
vegetation were observed. For example, Maynard
et al. (2014) indicated that the carbon retention poten-
tial of CW systems could be negatively affected by
algal growth. In their study, actual C removal of the
investigated CW (located in California, USA) was
weakened due to the production of algal C, especially
during years when the system had a lower plant cover.

Similarly, the findings by Ridge et al. (2019) showed
that the exotic invasive species were more likely to
be infested by plant pathogen Phytophthora species.
Such studies implied the importance of vegetation
management in CWs, whether for native plants or for
invasive ones.

In summary, it can be concluded that the appli-
cation of vegetation-related management techniques
(e.g., vegetation establishment and routine harvest-
ing) are crucial for long-term and effective nutrient
removal (Hoffmann et al., 2012; Margalef-Marti
et al., 2019; Nilsson et al., 2020; O’Geen et al.,
2010). Plants were recommended to be developed
before a start-up period for the system, avoiding the
possible delay of their establishment process due to
uncontrolled water level during operation period,
which would further affect the potential of pollut-
ant removal (Izadmehr & Rockne, 2018; Lenhart
et al., 2016; Steidl et al., 2019). Vegetation spe-
cies, density, and harvest regimes, which are closely
associated with removal efficiencies, are the impor-
tant factors to be taken into account (Lenhart et al.,
2016; Steidl et al., 2019; Wu et al., 2013). In addi-
tion, it is not advisable to plant seedlings in CW
systems, since they generally need longer time to
develop and are relatively more sensitive to pollut-
ants and change of water level (Carty et al., 2008).
Of course, all these are affected by the climate type
at the CW site since it, among other parameters,
determines species that can be applied and the time
needed for their development.

4 The Performance of Constructed Wetlands
in Field Studies

Based on the research on full-scale CWs, mesocosm
experiments, and the application of the model, Sect. 3
provides detailed information on the design and oper-
ation of CW systems. In Sect. 4, focusing on field
studies (Table 1), the association between the actual
performance of CWs and related factors was further
discussed.

4.1 The Relationship Between Nitrogen Removals
and Related Factors

Although not all the field studies provided the nec-
essary data, we used those available to assess the

@ Springer
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Table 1 General information on the constructed wetland systems extracted from 22 field studies

Location

Construction year Monitoring period

Surface area

ment area ratio

Wetland/catch- Reference

USA 2003 May to November 2009  0.34 ha 2.00% Allred et al. (2014)

USA 1994 2012-2013 0.60 ha 4.00% Groh et al. (2015)

USA 1994 2012-2013 0.30 ha 3.33% Groh et al. (2015)

Denmark 2001 2007 — 2009 0.62 ha 13.70% Hoffmann et al. (2012)

Denmark 1990 1996 — 1998 0.59 ha 2.40% Hoffmann et al. (2012)

France 2002 2009 -2011 0.03 ha 0.07% Imfeld et al. (2013)

USA 2005 April to October 2008 20.65 ha - Karpuzcu and Stringfellow (2012)

USA In the 1960s April to August 2008 8.09 ha - Karpuzcu and Stringfellow (2012)

USA - April to October 2008 27.00 ha - Karpuzcu and Stringfellow (2012)

Finland 1998 2007 -2014 0.60 ha 5.00% Koskiaho and Puustinen (2019)

Sweden 2009 2010 -2011 0.08 ha 0.30% Kynkéédnniemi et al. (2013)

Italy 2000 2017,2018-2019 0.40 ha 3.00% Lavrni¢ et al. (2020a), Lavrni¢ et al.
(2020b)

France 2010 March to May 2015 0.53 ha 0.15% Lebrun et al. (2019)

China 2005 2014-2016 - - Li et al. (2018)

Italy 1996 2007 —2012 0.32 ha 5.82% Maucieri et al. (2014)

USA 1993 2004 —2005 7.30 ha 0.32% Maynard et al. (2011)

USA 1993 April to September 2007  4.50 ha 0.20% Maynard et al. (2014)

Italy 2014 2014 -2015 3.30 ha - Pappalardo et al. (2017)

Denmark 2010 March to April 2016 0.30 ha 0.79% Pugliese et al. (2020)

USA - 2011-2012 3.12ha, 1.62 ha - Ridge et al. (2019)

Italy 1996 2007 —2013 0.32 ha 7.11% Tolomio et al. (2019)

France 2001 2008 —2010 0.42 ha 1.20% Tournebize et al. (2013)

France 2007 2008 —2010 0.13 ha 0.50% Tournebize et al. (2013)

France - 2012-2014 0.01 ha - Vallée et al. (2015)

USA 1997 2009 -2013 3.80 ha 7.82% White (2018)

China - 2012 0.02 ha - Yang et al. (2016)

relationship between nitrogen removals (TN and
NO;™-N) and main design or operational param-
eters. Wetland-to-catchment ratio and average water
depth were the two factors for which enough data
was available and for which the strongest relationship
was obtained. In general, the treatment performance
of full-scale CW systems reflected connections with
these factors to some extent.

Figure 1 presents the relationship between load
removals of NO;7-N and TN. Similar values of
parameters NO;™-N and TN were shown, which can
be explained by the fact that NO;™-N is usually con-
sidered as the primary N form in ADW (Hoffmann
et al., 2012; Lavrni¢ et al., 2020b).

Figure 2 presents the relationship between load
removal and the wetland-to-catchment ratio. Overall

@ Springer

similar trend was found for parameters NO;™-N
and TN. However, the goodness of fit (R?) of both
parameters was not high. The reasons might be
that (i) the data quantity was not sufficient to pre-
cisely describe the relationship between load
removal and wetland-to-catchment ratio, or (ii) the
wetland-to-catchment ratio was not the only factor
that dominated the removals, as already suggested
by Moreno-Mateos et al. (2010). Based on these
results, the recommended wetland-to-catchment
ratio should be at least 5% to achieve NO;™-N and
TN removals higher than 50%. This finding was not
consistent with Vymazal (2017), who suggested 1%
was sufficient to reach 40% TN removal and who
also reported that the ratio larger than 1% did not
significantly increase TN removal.
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Figure 3 shows that the load removals of NO;™-N
and TN may be positively affected by average water
depth. The increased water depth could yield a rela-
tively higher removal, which was in agreement with
the findings of White (2018). It should be noted that
the goodness of fit reached 0.67 and 0.61 for TN
and NO;™-N, respectively. However, they were both
lower than 0.70, which indicated that the mathemat-
ical models were not good enough. This finding was
also supported by Kadlec (2007), who reported that
the relationship remained uncertain and there were
not enough data to make a clear conclusion on the
advantage of FWS CWs with different water depth.
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Fig. 3 Relationship between load removals of NO;™-N and
TN and average water depth

4.2 Variation in Treatment Performance Over the
Long-Term Operation

Among the total field studies, few reported the vari-
ation in treatment performance of the same CW over
the long term. Although the findings are limited, they
can still provide a reference for the design and opera-
tion of CWs in the future.

For instance, In Tolomio et al. (2019), the authors
confirmed the reliable treatment performance regard-
ing nutrient removal of an Italian FWS CW system,
which already had a 10-year-long operation lifespan.
The yearly TN removal remained relatively stable and
was on average 79% during the monitoring period
(2007-2013), slightly lower than 90% provided in
the previous study of Borin and Tocchetto (2007),
measured in earlier period (1998-2002) of the same
CW system establishment. On the other hand, the
mass load removal efficiency substantially varied
from 3 to 93% and from 25 to 94%, for PO,-P and
TP, respectively. The fluctuation was considered as
rational and expected, especially for short-term inves-
tigations (Mitsch et al., 2012). Moreover, Koskiaho
and Puustinen (2019) reported that the CW they had
tested showed better treatment performance in later
experimental years, attributed to vegetation growth,
increased biological activity and unexhausted soil
adsorption capacity. Furthermore, Garcia et al. (2020)
applied a mechanistic phosphorus model in com-
bination with wetland mesocosm data calibration
to explore the behavior of wetlands under different
design scenarios. They indicated that the design char-
acterized by a bottom inlet together with an increase
in HRT was more likely to result in a higher TP
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removal efficiency and therefore achieve the required
effluent target concentration.

In addition, the potential of CW systems to be a
CO, sink was highlighted by Maucieri et al. (2014).
In this study, the authors reported abundant organic
carbon (OC) storage in CW soil during the moni-
toring period. In particular, OC sequestration of
32.6 Mg ha™! for the 0-20 cm soil layer (measured in
2007-2012) and 78.1 Mg ha~! for the 20-50 cm layer
(measured in 2009-2012) was observed. It was also
found that the soil OC concentration in the top 20 cm
layer had a marginal increase during the research
period 2007-2012, varying from 12.3 gkg™' to
13.1 g’kg™!. However, it increased considerably com-
pared to 7.3 g-kg™!, the value of OC concentration
measured in the construction year of the CW (1996).
Similarly, Lavrni¢ et al. (2018) reported organic mat-
ter content in their studied CW soil increased more
than 2.5 times (from 19.6 gkg™! to 49.8 g-kg™!) dur-
ing 14 years. The findings of C storage capacity were

HRT2-7 days i

also supported by Maynard et al. (2011), who studied
the spatial and temporal variation on carbon sources
of a 13-year-old CW.

4.3 Optimization of Constructed Wetlands for
Agricultural Pollution Control

Major agricultural contributors to water pollution,
and thus the main target for water pollution con-
trol are nutrients (e.g., nitrogen and phosphorus).
On the basis of the main design and operational
parameters that have been identified above, this sec-
tion includes combinations of the design and opera-
tional recommendations that should be taken into
account to enhance CWs treatment efficiency. These
considerations have been provided only for TN,
due to the limited available data on TP (Kynkéén-
niemi et al., 2013; Scholz et al., 2007) and its low
concentrations in ADW (Lavrni¢ et al., 2020b)
(Fig. 4). For the considered studies, the highest
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Fig. 4 Main design and operational factors affecting removal of TN in CWs
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TN removal rates have been observed for the long-
est HRTs (Vymazal et al., 2020; White, 2018). The
treatment performance of CWs can largely depend
on the selected HRT because it represents the con-
tact period between agricultural drainage water and
the wetland system. As recommendation, the longer
HRT, the more removal of pollutants occurs. As it
was already discussed in the previous Section 3.1.2,
the literature analysis that has been performed
on the influence of the aspect ratio on pollutants
removal confirmed that there is no clear correlation
between this factor and the treatment performance
of CWs. This was confirmed by the fact that the
highest TN removal efficiency was reported for the
lowest aspect ratio (Fig. 4) (Tolomio et al., 2019);
on the contrary, other researchers have suggested
CWs with long and narrow form (Kynk&ddnniemi
et al., 2013), since this configuration enhanced
hydraulic efficiency, and, thus, removal efficiency.
For the aspect ratio, it is thus not possible to pro-
vide precise recommendations: however, it is pref-
erable to consider the specific characteristics of
each wetland system (e.g., available space, flow
hydraulic type, etc.). Average water depth is also
likely to influence nutrient removal performance
in CWs. Among the investigated studies, the high-
est TN removal efficiency has been reported for
the wetland systems with the highest average water
depth (e.g., 0.8-1.0 m) (Fig. 4) (Groh et al., 2015;
Vymazal et al., 2020). Average water depth should
be thus selected in order to positively influence both
flow hydraulic (e.g., HRT, etc.) and pollutants (e.g.,
distribution in water, etc.) characteristics in order
to enhance treatment performances in CWs. Lastly,
an increase in the wetland-to-catchment ratio can
increase the TN removal efficiency (Fig. 4) (Hoft-
mann et al., 2012). Hence, it is recommended,
whenever it is possible, to increase the CW surface/
volume, since it can influence the flow hydraulic
characteristics as well as the interception and path
of pollutants in ADW.

In order to optimize the performance of CWs, the
above-mentioned design and operational factors need
to be considered together with the other aspects that
have been already discussed earlier, such as local cli-
mate conditions and seasonal variation (Section 3.3.1),
flow hydraulic characteristics/configuration (Sect-
sion 3.2.1 and 3.2.2) and vegetation management
(Section 3.2).

5 Conclusions

The goal of this study was to explore design and
operational recommendations for CWs treating ADW
and to link them to the removal efficiencies of already
established CW systems. Through the literature
review and especially the overview of more than 40
case studies, it can be concluded that a longer HRT,
being one of the most important parameters affecting
the treatment, can promote pollutant removal efficien-
cies of CW systems. In addition, a large wetland-to-
catchment ratio can result in a high HRT, but it can
also be increased by (1) the application of simple
hydraulic structures within CW systems (e.g., baf-
fle curtains, small dikes), (2) the alternated distribu-
tion of deep and shallow zones, (3) the application
of bunded outlets, and (4) the presence of vegeta-
tion. These changes were shown to be beneficial for
treatment efficiencies in different systems. Moreover,
in order to reduce the occurrence of hydraulic dead
zones and promote hydraulic efficiency of CWs, it is
advised to (1) position inlet and outlet points at the
edges of the flow pathway, (2) adopt a high aspect
ratio, and (3) create a long and narrow CW shape.
Vegetation establishment and regular harvesting can
help CW systems to achieve greater pollutant removal
potential. Besides, the effect of local climate condi-
tion and seasonal variation should be taken into con-
sideration prior to CW design. As shown in the sci-
entific literature considered, these systems may have
great potential for pollutant treatment in ADW, even a
long time after their establishment.
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