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ARTICLE INFO ABSTRACT

Keywords: Since 1990, over 13 000 ha of constructed wetlands (CWs) have been implemented to increase biodiversity and
CfmStTUCted wetlands reduce nitrogen (N) and phosphorus (P) loads to Swedish waters. Despite the considerable number of CWs and
Nitrogen ambitious investments planned for the coming three years, there is limited follow up of cost-efficiency of
PMIL‘;SS&‘;?S catchment- and landscape-scale nutrient retention by existing CWs. Such follow up evaluation could provide

clear guidance regarding optimal size and location of future CWs. We present a three-step modelling approach to
assess cost-efficiency of 233 CWs in two Swedish regions (East, 4321 km?, and West, 916 km?). Modelled nutrient
retention in CWs was predominantly low, especially in the East, due to their suboptimal location in catchments,
e.g., with inadequate upstream areas (low hydraulic loads) and/or low share of arable land (low nutrient loads).
Suboptimal location of CWs generates both higher than necessary costs and low area-specific nutrient retention,
leading to low cost-efficiency. Some high cost-efficiency CWs were identified, especially for N retention in the
West. To increase their cost-efficiency, continued investments in CWs require clear guidance and instructions. To
achieve optimal placement, both CW site and size in relation to incoming hydraulic and nutrient loads must be

Cost effectiveness

considered.

1. Introduction

Nitrogen (N) and phosphorus (P) cycles are important earth system
processes. Eutrophication, caused by increased N and P loading to
receiving waters, is the leading anthropogenic cause of impairment of
many freshwater and coastal ecosystems world-wide (Chislock et al.,
2013). Following successful reductions in point source nutrient loads (e.
g., wastewater treatment plants and direct industrial discharges), agri-
culture is now the main non-point nutrient source contributing to
eutrophication in much of the world (Carpenter et al., 1998; Sharpley
et al., 2015). In Sweden, agriculture is the largest anthropogenic source
of both N (23 300 tons) and P (460 tons) to the surrounding seas (Ejhed
et al., 2016). To reduce nutrient losses from agricultural areas, Sweden
has provided payments to landowners and farmers for implementation
of mitigation measures primarily through the EU Rural Development
Program (RDP), but also through other local and national initiatives.
Evaluations of the two RDP program periods (2000-2006 and
2007-2013) concluded that construction or restoration of wetlands are
cost-effective compared to other nutrient retention measures supported
within the RDP (Andersson et al., 2009; Smith et al., 2016). In a
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modelling study evaluating potential measures to reduce P losses from
agriculture, constructed wetlands (CWs) with optimized size and loca-
tion based on hydraulic and P load were found to be the most
cost-effective measure overall, even when all construction costs were
assigned solely to P mitigation (Martensson et al., 2020).

In addition to the 6389 ha (ha) of wetlands created up to 2009 (Smith
et al.,, 2016), 6924 ha were created between 2010 and 2021 with
Swedish government support (SEPA, 2022), and 775 million SEK in the
coming three year period (2021-2023) has been earmarked for estab-
lishment of new CWs. While CWs provide many ecosystem services, e.g.,
groundwater recharge, drought prevention/mitigation, flood risk
reduction and mitigation of climate change effects, nutrient retention
and support for biodiversity are their primary purposes (SEPA, 2019a,
2019b). Design and placement in the landscape of CWs varies depending
on primary purpose. Nutrient retention in CWs, the focus of this study,
varies depending on wetland design, position in the catchment, annual
variation in water flow, and nutrient loading (Saunders and Kalff, 2001;
Braskerud et al., 2005; Tonderski et al., 2005; Kynkaanniemi et al.,
2013; Land et al., 2016). Despite the considerable number of existing
CWs and ambitious plans for future investments, there is no clear

Received 14 June 2022; Received in revised form 29 August 2022; Accepted 16 September 2022

Available online 23 September 2022

0301-4797/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:Faruk.Djodjic@slu.se
www.sciencedirect.com/science/journal/03014797
https://www.elsevier.com/locate/jenvman
https://doi.org/10.1016/j.jenvman.2022.116325
https://doi.org/10.1016/j.jenvman.2022.116325
https://doi.org/10.1016/j.jenvman.2022.116325
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jenvman.2022.116325&domain=pdf
http://creativecommons.org/licenses/by/4.0/

F. Djodjic et al.

guidance regarding appropriate wetland size and location to increase
cost-efficiency. Furthermore, there is limited follow-up of catchment-
and landscape-scale cost-efficiency of nutrient retention in existing
Swedish CWs (Graversgaard et al., 2021).

Recently, Djodjic et al. (2020) presented a three-step model to
identify the optimal position and size of CWs based on hydrological and
P loads. This model was used to compare cost-efficiency of theoretically
optimized CWs compared with other proposed mitigation measures,
including riparian buffer strips, structural liming and delayed soil tillage
in five catchments (Martensson et al., 2020). The comparison showed
that optimized CWs would be considerably more cost-effective overall
than all other simulated measures, even over a wide range of con-
struction costs (Martensson et al., 2020).

Here, we apply the technique developed by Djodjic et al. (2020) to
evaluate cost-efficiency of nutrient (N and P) retention in 233 existing
CWs. The CWs included in the study, distributed over two regions in
Sweden, represent two different climatic and design conditions. We first
estimate nutrient and hydrological loads to calculate nutrient retention
in individual CWs in these regions. We then derive a range of cost es-
timates, which varied according to regional land values and
design-specific construction costs. Using this data, we model the po-
tential nutrient retention and construction costs to assess individual
cost-efficiency of each wetland.

2. Material and methods
2.1. Catchments

Sweden is divided into 119 main catchment areas with a minimum
size of at least 200 km? (SMHI, 2002). We worked with three neigh-
boring main catchment areas in eastern Sweden (Nykopingsén, 3629
km?; Svirtadn 372 km?; and a coastal catchment “63/64” 320 km?) and
an additional three main catchment areas in southwestern Sweden
(Ra&n 193 km?; Veged 488 km?; and coastal catchment “94,/95” 235
kmz), hereafter named East (4321 km?) and West (916 krnz, Fig. 1).
These two regions were selected to cover a wide range of important
factors determining CW function, e.g., differences in land use and soil
properties as well as differences in temperature, precipitation and
discharge patterns (Table 1). Generally, the West has a higher propor-
tion of arable land, and is warmer with higher precipitation and
discharge, but with soils that have a lower clay content than those in the
East (Table 1).

2.2. Identification and characterization of CWs

Information from three different sources was compiled in order to
reliably identify and characterize as many individual CWs as possible in
the study areas.

(i) Wetland areas were determined by intersecting point coordinates
of individual CWs from the wetland database, version 2020
(SMHI, 2020). This database as an Excel file with point co-
ordinates of individual CWs was intersected with the Geografiska
Sverigedata (GSD) Property Map water layer. The GSD Property
map is the most detailed map available for the scale range
1:5000-1:20 000. When CW point coordinates did not correspond
with GSD water surfaces, points were imported into Google Earth
in an attempt to identify CW water surface from available satellite
images. Thereafter, the water surface was digitized with “Add
polygon” tool in Google Earth.

(ii) Information on CWs was also taken from the Swedish Board of
Agriculture Land Parcel Identification System (LPIS) database
(European court of auditors, 2016). This database contains field
polygons, which are usually larger than the water surface of the
CW. To account for this discrepancy, block polygons were inter-
sected and matched with the water surface layer obtained in (i).
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Fig. 1. Map of southern Sweden showing East (red polygons) and West (black
polygons) regions, each consisting of three catchments and soil clay content on
arable land (Piikki and Soderstrom, 2019). (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of
this article.)

Table 1
Catchment, meteorological and hydrological characteristics in the two studied
regions.

Region  Arable Clay Precipitation’ Temperature’ Discharge®
land® content” (mm) [{9) (mm)
(%) (%)
West 60 19.0 677 (+48) 8.9 (+£0.2) 278 (+54)
(+£9.8)
East 15 31.5 602 (+32) 6.9 (+£0.2) 196 (£23)
(£10.5)

@ Based on national land cover data (SEPA, 2019a,b).

b Based on the map of textural classes of Swedish agricultural soils
(Soderstrom and Piikki, 2016; Piikki and Soderstrom, 2019).

¢ Average annual precipitation (1991-2020) for 13 meteorological stations in
the West and 19 in the East (SMHI, 2022).

d Average annual temperature (1991-2020) period for five meteorological
stations in the West and six in the East (SMHI, 2022).

¢ Modelled average annual discharge (Hansson et al., 2019).

When there was no match, water surfaces were manually delin-
eated using Google Earth.

(iii) information from the City of Helsingborg was used to identify
additional CWs in the West Region (Helsingborg city building
administration, 2015).

2.3. Modelling nutrient loss reduction

Nutrient retention in the study wetlands was estimated using a
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combination of national, regional and site-specific data as well as a set of
retention equations derived from measurements by Weisner et al.
(2016). Regional N and P export coefficients were derived from the
SOILN and ICECREAM models (Larsson et al., 2007; Johnsson et al.,
2019). Outputs from these two models have long been used as the basis
for estimating N and P losses from arable land in Sweden (Johnsson et al.
2008, 2016, 2019) and are also used for Pollutant Load Compilation
calculation of nutrient loads to the Swedish marine environment (Ejhed
et al., 2016; Hansson et al., 2019).

These export coefficients were used in a distributed (grid-based)
model (Djodjic et al., 2020) to produce input nutrient loads for each CW.
In the model, each grid cell is assigned a representative nutrient export
coefficient based on land use category, with the exception of arable land.
Land use distributions were calculated using a 10-m grid from national
land cover data (SEPA, 2019a,b). For grid cells containing arable land,
the representative export coefficient was assigned based on the map of
textural classes of Swedish agricultural soils (Soderstrom and Piikki,
2016; Piikki and Soderstrom, 2019).

A hydrologically corrected Digital Elevation Model (DEM, 10-m grid)
was obtained from a 2-m grid based on LiDAR data (Lantmateriet,
2014). Water course lines from GSD Property maps were lowered by
100 m and burned into the DEM to ensure proper flow direction and
accumulation, and used to delineate catchment areas for each individual
CW. Average annual discharge was available for approximately 37 000
Swedish sub-catchments in Sweden from the S-HYPE model (Lindstrom
et al., 2010). We wused average annual discharge from 291
sub-catchments in the East and 35 in the West. Based on modelled mean
annual specific runoff for each sub-catchment (Hansson et al., 2019) and
flow accumulation lines, annual volumetric water loads (m® yr’l) were
calculated individually for each CW. Annual volumetric water loads and
CW water surface (mz) were used to estimate hydraulic load (HL,
m3/m2, i.e. m) for each CW.

Specific runoff (mm yr’l) for each grid cell from sub-catchments in
the two regions was then combined with modelled N and P export co-
efficients (mg l’l) to calculate nutrient loads in that cell. Calculated
loads for each grid cell were accumulated along flow accumulation lines
for each individual CW to derive total (kg yr’l) and area-normalized (kg
ha~! of CW yr™!) loads of both N and P for that particular CW. Flow
direction and flow accumulation calculations were performed using
PCRaster (Schmitz et al., 2009).

We calculated potential nutrient retention in each CW using the
estimated nutrient load data and retention functions developed by
Weisner et al. (2016), who used measured data from 15 wetlands to
estimate annual N and P retention based on areal nutrient loads. We
have adapted the original Weisner et al. (2016) equations by inserting
modelled area-normalized loads (Np* and P;*) described above to
calculate potential CW nutrient retention:

Nz =229.41 % 1n(N,) — 1405.3 @

where Ny is N retention and Ny, is incoming N load, both in kg ha™! yr~!

Pr= —0.0003 % (P,)" +0.4584 % P, 2

where Py is P retention and Py, is incoming P load, both in kg ha=* yr™!

2.4. Modelling wetland cost efficiency

Finally, potential nutrient retention values were joined with esti-
mated costs for CWs (based on Martensson et al. (2020)) to evaluate
cost-efficiency. In general, CW cost efficiency is difficult to assess. The
three primary objectives motivating public financial support for wetland
construction (N retention, P retention, promoting biodiversity) are not
exclusive. Estimating cost efficiency requires that costs be assigned to
each objective. While all CWs, regardless of location, will have some
positive effect on biodiversity, effect magnitude will vary depending on
site. On the other hand, if the proportion of agricultural land in a
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catchment area is low, there will be low anthropogenic N or P loads and
consequently a CW will have low nutrient retention. A comprehensive
study including estimates of CW cost efficiency in Sweden suggested that
half of total costs should be assigned to biodiversity and half to nutrient
retention with this latter purpose equally divided between reduction of
N and P (Weisner et al., 2015). An extensive review of RDP funding for
1788 wetlands constructed in Sweden between 2007 and 2020 found
that 44% “were created with the purpose of helping with nutrient loss
and water quality”, 39% for biodiversity and 17% for both purposes
combined (Speks, 2021).

The total cost for a given CW is the sum of construction, land and
maintenance costs. Construction usually account for the largest part of
total costs and were here estimated as 350 000 SEK ha~! CW distributed
over 20 years, i.e. 17 500 SEK yr‘1 (see Martensson et al., 2020). Con-
struction costs are not expected to vary between regions as labor and
capital costs are similar throughout Sweden. Land costs depend on land
productivity, which varies by region. We used land costs of 7020 SEK
ha ! yr ! in the West and 3300 SEK ha—! yr ! in the East, which are
based on leasing cost data from an earlier Swedish study on cost effi-
ciency of riparian buffer zones (Collentine et al., 2015).

One requirement for public support for CWs in Sweden has been that
projects must also concurrently participate in a separate dedicated
maintenance support program in the RDP. Since maintenance payments
(currently 4000 SEK yr~!) are intended to promote biodiversity all of
these costs may be considered to be solely for this purpose. Therefore,
the only relevant costs for estimating cost efficiency of nutrient load
reduction are construction and land costs. Following Weisner et al.
(2015a,b), we estimated cost-efficiency per kg N or P retained as 25% of
total costs divided by total mass (kg) of N or P retained.

2.5. Statistics

Linear regressions were calculated for the proportion of agricultural
land in the upstream catchments of the CWs and catchment-specific
loads of both N and P. For all CWs where information was available,
linear regressions were calculated between construction year and hy-
draulic load as well as N and P loads to quantify possible temporal
trends. For each regression, R%-values of the linear fit and corresponding
p-values were calculated to quantify the percentage of variation
explained. Analysis of variance (ANOVA) was performed to test for
statistically significant differences between properties of CWs catego-
rized according to main purpose (biological diversity, nutrient retention
or flow regulation). The Tukey-Kramer Honestly Significant Difference
(HSD) test was used to perform multiple comparisons of group means.

3. Results
3.1. CWs, catchments and hydraulic load

In total, we identified 144 CWs in the East with a total construction
area of 821 ha and total water surface area of 576 ha. In the west, 89
CWs were identified with a total construction area of 204 ha and a total
surface water area of 78 ha. Considering the much larger total catchment
area of the East (~4X larger), CWs are a more common landscape feature
in the West. Skane County, in the West, contained 35% of the total CW
area and 29% of the number of CWs funded under the RDP between
2007 and 2020, whereas the corresponding values for Sodermanland, in
the East, were only 6% of CW area and 3% of the number of CWs
(Geranmayeh et al., unpublished data). In both regions, large variations
between CWs were documented in both construction area (including
shores, embankments and altered land) and water surface area
(Table 2). Water surface areas had to be digitized based on Google Earth
satellite images for 48 CWs in the East and 17 in the West. Water surface
area is smaller than construction area, and there is a strong positive
linear relationship between the two [R? = 0.86, p < 0.0001). The vari-
ation in both variables was larger for the CWs in the East (Table 2). Both
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Table 2

Minimum, 25th, 50th (median), 75th percentile and maximum and mean values for total area, water surface area and catchment area as well as ratio between water
surface area and catchment area. Total area is water surface area plus surrounding area excluded from the agricultural production, including shores, embankments and
altered land. Relative size of the CW is the ratio between water surface and catchment area.

Catchment Variable Unit MIN Q1 Ave Median Q3 MAX
East Construction area ha 0.05 1.3 5.7 3.1 7.4 53.8
East Water surface ha 0.02 0.8 4.0 1.9 4.7 38.1
East Catchment area ha 1.3 28 186 71 191 2044
East Relative size % 0.02 1.4 5.4 3.6 6.6 38.8
West Construction area ha 0.05 0.6 2.3 1.3 3.0 11.4
West Water surface ha 0.03 0.2 0.9 0.5 1.1 7.7
West Catchment area ha 0.10 10.4 166 30 180 1463
West Relative size % 0.01 0.25 4.7 1.5 5.3 57.2
the median construction area (3.1 ha) and median water surface area
(1.9 ha) in the East were larger than corresponding values for the West Max 40013 Max 85685
(1.3 and 0.5, respectively). Furthermore, CWs in the East were more "T\ 100000 Q3 213 __ Q3 9411
than twice as large in the relative size of their catchment areas (median 5 —_— Med 76 . Med 1466
3.6%) compared with the West (1.5%). Surprisingly, large wetlands B < 10000 1 Q43 Qi 287
were constructed in both regions, the largest CW in the West covers ke, S SIS e
more than half the size of its catchment (57%). S = 1000 1
Median HL was considerably lower in the East (5 m yr’l) than the g o
West (19 m, Fig. 2). This is also illustrated by the higher percentage of s = 100 |
water surface area in relation to the CW catchment area in the East =&
(median 3.6%) compared to the West (median 1.5%, Table 2). 5’ 10 —0
1
3.2. Nutrient load and retention ____ Max3279 Max 1874
- 1000 Q3 Mn -1 Q3 106
The proportion of agricultural land upstream of a CW was strongly B> I; T Med < 4 Med 14
and positively correlated to catchment specific loads (kg ha™! yr™!) of O = 100 ,3;\; S:n 3
both N and P. In the West, this relationship was stronger for N [R? = 4 _‘C“ 4
0.53, p < 0.0001), whereas a very weak correlation was found for P (R? o o 10
=0.16, p < 0.0001). In the East, the relationship was somewhat stronger 'S_ 9
for P (R = 0.86, p < 0.0001) than for N (R? = 0.67, p < 0.0001). =y 1 T T+
Very large variations of both N and P loads entering CWs were é o T 4
recorded. Generally, P loads per unit CW water surface area were rather o 0.1 -
low, with median values of 4 and 14 kg ha™! yr™! for East and West,
respectively (Fig. 3). The higher loads in the West are a consequence of 0.01
both a smaller CW size (Table 2) and a higher proportion of agricultural East Region West

land in the catchments. As for N, modelled median values of incoming
loads were much lower in the East (76 kg N ha! yr’l) than the West
(1466 kg N ha~! yr™1). This is a result of both a higher proportion of

10000
1000 T 1
- Max 1325 1 Max 3110 T
g Q3 14 Q3 127
[=1 Med 5 Med 19
> 100 a5 a1 6
o Min 0 1 Min 0
]
©
o
e
= 10
ol
T
=N
=5 . -
1 A
0.1
East West
Region

Fig. 2. Distribution of hydraulic load (HL) for CWs in two regions. Note the
logarithmic y-scale. Quantile box shows minimum, 2.5%, 10%, 25%, 50%
(median), 75%, 90%, 97.5% quantiles and maximum.

Fig. 3. Modelled nutrient loads (kg ha™! yr™! N or P) based on CW water
surface area. Quantile box shows minimum, 2.5%, 10%, 25%, 50% (median),
75%, 90%, 97.5% quantiles and maximum. Note logarithmic y-axes.

agricultural land in the West as well as a lower clay content. In Sweden,
sandy soils with a lower clay content are more prone to N losses (Kyllmar
et al., 2014).

Low nutrient loads also lead to low nutrient retention (Equations (1)
and (2)). Additionally, all modelled N loads to CW water surfaces under
approximately 458 kg N ha™! yr! will result in negative retention
(equation (1)). Indeed, 151 out of a total 233 CWs (65%) had negative
retention values due to low N loads (Figs. 3 and 4). Most of these CWs
(123) were situated in the East while 28 were located in the West. For
estimating cost-efficiency, zero N reduction was assigned to CWs with
negative retention, but calculated values were kept in Fig. 4. If all
negative values are excluded, this results in a median N retention of 236
kg ha~! in the East and 518 kg ha™! in the West.

The same was true for estimated P retention (Equation (2)). As the
range of P loads used to derive Equation (2) had maximum values below
1000 kg P ha! yr’1 (Weisner et al., 2016), estimated P retention is
negative for P loads higher than 1528 kg P ha ! yr ! due to the poly-
nomial functional form of the equation. However, only two CWs had
incoming P loads exceeding this value. In estimating cost efficiency a
zero P reduction was also assigned to these two CWs. Median P retention
was very low, barely 2 kg ha™! in the East and 6 kg ha™! in the West.
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Fig. 4. Modelled retention (kg ha™! yr™!) of nutrients, N and P based on CW
water surface area and year. Quantile box shows Minimum, 2.5%, 10%, 25%,
50% (median), 75%, 90%, 97.5% quantiles and Maximum. Note logarithmic y-
axis for Phosphorus.

3.3. Cost-efficiency estimation

To assess the cost-efficiency of nutrient retention in the studied CWs,
all CWs were grouped into cost-classes. The cost-classes are arbitrarily
defined, but are related to RDP estimated average costs for N and P
retention from 2007 to 2013 for other nutrient reduction measures;
catch crops, spring plowing, and buffer zones (Smith et al., 2016). A high
number of CWs were assigned to the lowest cost-efficiency classes (Ta-
bles 3 and 4, Fig. 5). For P, 44% (n = 144) CWs in the East and 42% (n =
89) CWs in the West were classified in the lowest cost-efficiency class
(>5000 SEK kg’1 P; Table 3, Fig. 5). In the case of N, many more CWs
(88%) in the East than the West (35%) were classified in the lowest
cost-efficiency class (>500 SEK kg~ ! N, Table 4, Fig. 5).

Table 3
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However, some very cost-effective CWs were identified, especially in
the West and particularly for N. For instance, in 46 CWs in the West
(52% of the total number of CWs), N retention costs were calculated to
be below 100 SEK/kg N removed (Fig. 5). These cost-effective CWs stand
for removal of 16.7 t N (94% of the modelled total N removal, Table 4).
Similarly, the 15 most cost-effective CWs (10%) in the East removed 4.2
t N, which is 86% of total modelled removal (Table 4). On average, the
most cost-efficient CWs retained 505 kg N ha™! in the East and 700 kg N
ha~! in the West. For P, the pattern is the same in the West, where 31
(35%) of the most cost-effective CWs (<1000 SEK kg’1 P) account for
88% of the total modelled P retention, whereas P retention in the East is
more equally distributed, and 19 (13%) of the most cost-effective CWs
accounted for 37% of the total modelled P retention (Table 3). On
average, the most cost-efficient CWs retained 75 kg P ha™! in the East
and 98 kg P ha™! in the West.

There were 71 CWs with information on construction year, 36 in the
East (from 2007 to 2019) and 35 in the West (from 2001 to 2017). A
somewhat higher number of wetlands was constructed in the beginning
of the period (2001-2006) in the West, whereas the opposite is true for
the East where a higher number of wetlands was constructed towards
the end of the period (2012-2017, Fig. S1). However, there was no
statistically significant relationship between year of construction and
hydraulic load (p = 0.73), N (p = 0.66) or P load (p = 0.26).

4. Discussion

The main finding from this study is that with appropriate sizing and
location in the catchment, CWs can be a cost effective measure to
mitigate nutrient loads from agricultural areas. Costs per kg N retained
were estimated to be below 100 SEK for around half of the CWs in the
West, which is similar to that for other N reduction measures, e.g., catch
crops in the West (85 SEK kg™ N) and spring plowing in the East (182
SEK kg’1 N) (Smith et al., 2016). CWs were in the lowest cost-class for P
(<500 SEK kg_lp) in the West (25%) and in the East (8%). This is more
cost-effective than average costs for P retention with buffer zones, which
varied between 725 SEK kg ™! P in the West and 45 392 SEK kg ™! P in the
East (Smith et al., 2016). However, modelled nutrient retention in
existing CWs was highly variable but predominantly low. Generally,
cost-efficiency is low when CW area is large and incoming nutrient loads
are low as this generates both a high cost and a low nutrient retention.
Elsewhere, Iovanna et al. (2008) estimated the cost of removing one kg
of nitrate N with CWs in the USA to approximately 30 SEK, and possibly
even lower if the tile-drained areas with highest N losses are targeted.
This is very much in line with the most cost-effective wetlands in this

Number of constructed wetlands (CW), sum of CW area, sum of modelled P retention, sum of water surface area, average N retention, average cost per kg retained P and
average modelled hydraulic load (HL) for different cost-efficiency classes where Y of the total costs was assigned to P retention.

Region Cost-class Number CW X CW area X P retention 3 Water surface Ave P retention Ave cost Ave HL
SEK kg' P ha kg ha kg ha™! SEK kg™ P m
East <500 11 15 346 9 75 247 366
East 500-1000 8 36 233 27 14 840 53
East 1000-2000 19 108 405 66 7 1415 23
East 2000-3000 15 50 108 35 3 2522 10
East 3000-4000 16 115 164 88 2 3567 9
East 4000-5000 12 102 121 80 9 4553 25
East >5000 63 395 180 271 1 18 501 4
East Total 144 821 1558 576 9 9385 40
West <500 22 28 943 13 98 241 414
West 500-1000 9 28 225 11 27 773 96
West 1000-2000 8 14 53 5 22 1569 42
West 2000-3000 5 12 30 2 33 2537 53
West 3000-4000 5 10 17 3 4 3503 14
West 4000-5000 3 5 7 1 7 4589 17
West >5000 37 107 50 43 1 29714 920
West Total 89 204 1324 78 32 13126 158
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Table 4
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Number of constructed wetlands (CW), sum of CW area, sum of modelled N retention, sum of water surface area, average N retention, average cost per kg retained N
and average modelled hydraulic load (HL) for different cost-efficiency classes where Y of the total costs was assigned to N removal.

Region Cost-class Number CW X CW area X N retention X Water surface Ave N retention Ave cost Ave HL
SEK kg™' N ha kg ha kg ha™! SEK kg ' N m
East <50 10 15 2564 505 29 400
East 50-100 5 23 1593 11 180 84 93
East 100-200 3 15 604 117 127 48
East 200-300 0 - - - - - -
East 300-400 0 - - - - - -
East 400-500 0 - - - - - -
East >500 126 768 83 551 4 30953
East Total 144 821 4844 576 47 27 091 40
West <50 34 52 13 356 25 700 26 241
West 50-100 12 42 3352 15 472 72 183
West 100-200 3 4 212 1 186 113 13
West 200-300 5 24 577 3 440 248 654
West 300-400 2 0.3 4 0.1 23 307 6
West 400-500 2 9 118 1 385 445 74
West >500 31 73 124 33 7 11727 5
West Total 89 204 17 743 78 373 4139 158

study. Kavehei et al. (2021) estimated that N removed in CWs in tropical
and subtropical Australia was somewhat more expensive, but still less
than 370 SEK kg ! dissolved inorganic N, which is still in the range with
less cost-effective wetlands in this study (Table 4). In Canadian prairie
wetlands, Yang et al. (2016) found that reduction of 1 kg P would cost
less than 600 SEK, which is similar to the wetlands in region West in our
Swedish study. All these studies emphasize the importance of targeting
areas with high nutrient losses/concentrations as the best way to in-
crease cost-efficiency.

Estimated nutrient retention of CWs showed a large variation in cost
efficiency for both N and P (Tables 3 and 4) both between individual
wetlands within a region and between regions. This is due only in small
part to variation in costs. With the exception of land compensation costs,
we assigned the same construction costs per ha for all CWs regardless of
region or purpose (i.e., nutrient retention or biodiversity). In reality,
excavation costs are usually higher when nutrient retention is the pri-
mary purpose (Geranmayeh et al. in preparation), as large biodiversity
wetlands can be created at lower cost by. However, no such information
was available for the wetlands included in this study. While land
compensation costs were higher in the West because of higher agricul-
tural productivity in this region, the effect on cost efficiency was low due
to the size of these costs relative to construction costs, which is around
21% of the difference between total costs in the two regions.

There are several possible explanations for differences in efficiency.
Many CWs, especially in the East, have biodiversity as a primary purpose
so other criteria, e.g., large size and flat shores might have been more
important design factors. First, there are regional differences: 61% of
CWs in Skane (West) were intended for nutrient retention CWs, 31% for
biodiversity and 8% had a combined purpose (Geranmayeh et al. in
prep). Corresponding values for CWs in Sodermanland (where region
East is included) are 29% for nutrient retention, 53% for biodiversity
and 18% with combined purpose (Geranmayeh et al. in prep). Second,
farmers’ willingness to give up productive land is limited (Hansson
et al., 2012), while unproductive land is more common to set aside.
Therefore, as the national goal for wetland construction only has been to
reach a certain area of implemented wetlands and there is no assigned
money to achieve specific purposes, the criteria for approving plans for
CWs by county level administrators may have not placed any great
emphasis on nutrient retention, as this could have led to fewer appli-
cations being approved. Third, although there is some guidance
regarding CW size and proportion of agricultural land in the catchment
(SJV 2004), there are still no clear instructions or minimum limits on
wetland area to catchment area ratios, HL or nutrient load. Although the
evidence is limited, there are no clear trends in recent CWs towards
higher incoming nutrient loads or retention, as there was no significant

relationship between construction year and either nutrient loads or
nutrient retention. To increase the capacity of future wetlands to capture
more nutrients, it is crucial that they be sized and located appropriately.

In a systematic review of published studies on constructed and
restored wetlands, Land et al. (2016) reported variation in median
retention between 6.3 and 29 kg P ha~!. Corresponding values for N
varied between 14 and 140 kg N ha™!. These values are comparable with
our modelled values (Fig. 4). Weisner et al. (2015a,b) suggested that
nutrient reduction levels as high as 50 kg P and 500 kg N/ha wetland
water surface could be achieved through appropriate site design and
placement. However, to achieve these levels would require loads of
around 5000 kg N and 120 kg P/ha CW (Weisner et al., 2015). Such
loads are much higher than most values calculated in this study, where
we found only a few CWs with those levels of nutrient loads (Fig. 3). In
the West, only 24 CWs had higher loads then this for N while 21 had
higher loads for P (13 and 7 in the East respectively). The greater
number of CWs in the West with higher nutrient loads was due to a
larger share of agricultural land in those catchments. As expected, this
generated higher N loads in the sandy West. Surprisingly, it also
generated higher P loads than the East which has a higher proportion of
clay soils.

Wetland size in relation to the inflowing water is also an important
factor for nutrient retention. High HL, or a low wetland size in relative to
its catchment, increases nutrient retention, but with undefined threshold
values (Braskerud et al., 2005; Land et al., 2016; Geranmayeh et al.,
2018). For example, Kynkaanniemi (2014) showed a strong positive
correlation between P retention and HL under 250 m, but suggested also
that there might be an upper limit for HL if a wetland is to retain P
transported from clay-rich agricultural soils, such as those found in the
East. 19 of the 233 study CWs (8%) were too small relative to their
catchment area and incoming HL (>250 m) might be too high for
effective nutrient retention. As Equation (2) (Weisner et al., 2016) does
not take into account possible negative effects from high HL, the nutrient
removal and cost-effectiveness of such CWs might be overestimated.
Indeed, the most cost-effective CWs in both East and West (<500 SEK
kg~! P) had average HL values of 366 m and 414 m, respectively
(Table 3). These CWs could be made larger, to increase water residence
time and enhance sedimentation if the share of arable land and incoming
loads are high. The same is true for N where the most cost-effective CWs
in both East and West (<50 SEK kg-1 N) had average HL of 400 m and
241 m, respectively (Table 4). However, most CWs in the study (79%)
had HL under 50 m and were thus too large relative to their catchment
area and incoming nutrient loads to achieve high area-specific retention.
The largest CWs in East and West comprised 39% and 57% of their
catchments and were most probably constructed to increase
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Fig. 5. Nutrient (N and P) retention and cumulative number of wetlands in different cost-efficiency classes (SEK per kg P/N ha~! yr™!) in two studied regions.

biodiversity.

Rather than reducing the size of existing wetlands to increase their
efficiency, it may be better to differentiate economic incentives for CW
establishment and maintenance based on their placement and purpose.
When nutrient retention is the primary purpose of a CW, it might be
better to design economic incentives that favor wetlands having sizes
that correspond to an optimal HL and nutrient loading. Possibilities to
separate levels of economic incentives for nutrient retention and
increased biodiversity should be further investigated to evaluate bene-
fits and shortcomings of this approach. If CWs are placed in areas with a
large share of arable land, a large load reduction to the recipient could
be a goal. However, if CWs are placed in areas with a low share of arable
land, maintenance costs could be reduced and they could be left as
important habitats for increased biodiversity.

Despite the large investments in CWs in Sweden, available infor-
mation regarding purpose, characteristics and properties of individual
CWs is still scarce and often inadequate. This hinders any attempts to

follow-up CW functionality as there is a rather high threshold to gather
relevant information. The Constructed Wetlands database (SMHI, 2020)
is probably the most comprehensive source of information available in
Sweden. However, its format (Excel-file), which may be transformed to
point shape file, is rather inconvenient for further analyses. Although the
database generally contains information on both wetland and catchment
areas, a geodatabase with polygons of both CWs, water surface area and
their catchment area would be more useful. We compiled data from
several sources to get a representative picture of existing CWs in two
catchments in Southern Sweden. The LPIS block/field database offers
some additional information. The polygon format is an advantage, but
the major drawback of this data source is that the information is only
relevant for block units, which are the basis for subsides and, in general,
larger than CW water surface areas. As the water surface area of the
wetland is used to estimate nutrient retention efficiency (Kynkaanniemi,
2014; Weisner et al., 2015), this discrepancy may limit evaluation and
follow-up studies, or lead to erroneous conclusions if block area is used.
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Currently, agro-environmental payments for countermeasures against
nutrient losses, which go beyond good agricultural practices, are based
on per hectare payments, usually compensating farmers for lost income
and not for possible improvement of the environment (Hansson et al.,
2012; Graversgaard et al., 2021). In the case of CWs, farmers receive
payments based on the area taken out of production (construction area),
and not on the water surface area. For result- or value-based agro--
environmental payment schemes, information on water surface area is
essential for both estimating retention efficiency and cost-efficiency.

5. Conclusions

To ensure cost-effective use of future societal investments to reduce
eutrophication, the focus of future CWs should be to optimize size and
location in high load areas. Based on modelling of hydraulic and nutrient
loading and retention, as well as estimation of cost-efficiency of 233
existing wetlands in two large and diverse regions in Sweden, the
following main conclusions are drawn:

e CWs are competitive and cost-effective tools for reduction of nutrient
losses even in the future and compared to other alternatives (Tables 3
and 4).

Existing Swedish databases on CWs need to be updated and upgraded
to geodatabases, including information on main purpose(s), year of
construction, water surface area and catchment area polygons.
Modelled nutrient (N and P) retention by existing CWs is extremely
variable due to their placement in the landscape. In most cases,
retention potential is low either due to low influent nutrient loads
(too small a share of arable land in the catchment) or low HL (too
large CW area relative to the catchment area)

The effect of high HL, especially for N removal, needs to be further
clarified. High HL often also indicates high nutrient loading and
thereby high modelled nutrient retention. This might be erroneous
due to negative correlations between HL and nutrient (N and P)
retention with high HL.

Rational continued investment in CWs to reduce eutrophication
needs to be supported with clear guidance and instructions on the
optimal position and size of the wetlands relative to incoming
nutrient loads.

Credit author statement

Djodjic F.: Conceptualization, Methodology, Software, Validation,
Formal analysis, Writing — original draft, review & editing, Visualiza-
tion, Funding acquisition, Geranmayeh, P: Conceptualization, Valida-
tion, Writing — review & editing, Collentine, D.: Conceptualization,
Validation, Writing — review & editing, Markensten, H.: Conceptuali-
zation, Software, Writing — review & editing, Futter, M.: Conceptuali-
zation, Validation, Writing — review & editing, Project administration,
Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Data availability

Data will be made available on request.
Acknowledgements

Open access funding is provided by Swedish University of Agricul-

tural Sciences. Model development was performed within a research
project funded by LIFE IP Rich Waters. Model application to the study

Journal of Environmental Management 324 (2022) 116325

areas was funded by WetKit Hydro-ES project financed by Swedish
Environmental Protection Agency (Grant No. 802-0083-19).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jenvman.2022.116325.

References

Andersson, R., Kaspersson, E., Wissman, J., 2009. Slututvardering Av Miljo- Och
Landsbygdsprogrammet 2000-2006. Sveriges lantbruksuniversitet, Uppsala.

SJV, 2004. Swedish Board of Agriculture. Kvalitetskriterier for vatmarker i
odlingslandskapet - kriterier for rening av vaxtnaring med beaktande av biologisk
mangfald och kulturmiljo (Quality criteria for wetlands in agricultural landscape -
criteria for nutrient retention with consideration to biological diversity and cultural
environment), 2004 Jordbruksverket Rap. 2 (In Swedish).

Braskerud, B.C., Tonderski, K.S., Wedding, B., Bakke, R., Blankenberg, A.G.B., Ulen, B.,
Koskiaho, J., 2005. Can constructed wetlands reduce the diffuse phosphorus loads to
eutrophic water in cold temperate regions? J. Environ. Qual. 34, 2145-2155.

Carpenter, S.R., Caraco, N.F., Correll, D.L., Howarth, R.W., Sharpley, A.N., Smith, V.H.,
1998. Nonpoint pollution of surface waters with phosphorus and nitrogen. Ecol.
Appl. 8, 559-568.

Chislock, M.F., Doster, E., Zitomer, R.A., Wilson, A.E., 2013. Eutrophication: causes,
consequences, and controls in aquatic ecosystems. Nat. Educ. Knowl. 4 (4), 10.
Collentine, D., Johnsson, H., Larsson, P., Markensten, H., Persson, K., 2015. Designing
cost efficient buffer zone programs: an application of the FyrisSKZ tool in a Swedish

catchment. Ambio 44, 311-318. https://doi.org/10.1007/513280-015-0627-y.

Djodjic, F., Geranmayeh, P., Markensten, H., 2020. Optimizing placement of constructed
wetlands at landscape scale in order to reduce phosphorus losses. Ambio 49,
1797-1807. https://doi.org/10.1007/513280-020-01349-1.

Ejhed, H., Widén-Nilsson, E., Tengdelius-Brunell, J., Hytteborn, J., 2016. Nutrient Loads
to the Swedish Marine Environment in 2014 - Swedish Contribution to HELCOM:s
Sixth Polution Load Compilation. Swedish Agency for Marine and Water
Management, Goteborg, Sweden. Report 2016:2 (in Swedish, English summary).

European court of auditors, 2016. The Land Parcel Identification System: a Useful Tool to
Determine the Eligibility of Agricultural Land - but its Management Could Be
Further Improved. Special Report No 25. Publications Office of the European Union,
Luxembourg. https://doi.org/10.2865/39118. ISBN 978-92-872-5967-7 ISSN 1977-
5679.

Geranmayeh, Pia, Johanesson M., K., Ulén, B., Tonderski S., K., et al., 2018. Particle
deposition, resuspension and phosphorus accumulation in small constructed
wetlands. AMBIO 47, 134-145.

Graversgaard, M., Jacobsen, B.H., Hoffmann, C.C., Dalgaard, T., Odgaard, M.V.,
Kjaergaard, C., Powell, N., Strand, J.A., et al., 2021. Policies for wetlands
implementation in Denmark and Sweden - historical lessons and emerging issues.
Land Use Pol. 101, 105206 https://doi.org/10.1016/j.landusepol.2020.105206.

Hansson, A., Pedersen, E., Weisner, S.E.B., 2012. Landowners’ incentives for constructing
wetlands in an agricultural area in south Sweden. J. Environ. Manag. 113, 271-278.
https://doi.org/10.1016/j.jenvman.2012.09.008.

Hansson, K., Ejhed, H., Widén-Nilsson, E., Johnsson, H., Tengdelius Brunell, J.,
Gustavsson, H., Hytteborn, J., /Q\kerblom, S., 2019. Nutrient loads to the Swedish
marine environment in 2014 - Swedish contribution to HELCOM:s Seventh Polution
Load Compilation. In: Swedish with Summary in English). Swedish Agency for
Marine and Water Management, Report, p. 20, 2019.

Helsingborg city building administration, 2015. Anlagda Vatmarker, Tvéstegsdiken Och
Dagvattendammar I Helsingborgs Stad (Constructed Wetlands, Two-step Ditches and
Storm Water Ponds in Hesinborg City) (In Swedish). Stadsbyggnadsforvatningen
Oversiktsplaneavdelningen.

Iovanna, R., Hyberg, S., Crumpton, W., 2008. Treatment wetlands: cost-effective practice
for intercepting nitrate before it reaches and adversely impacts surface waters. J. Soil
Water Conserv. 63, 14A-15A. https://doi.org/10.2489/jswc.63.1.14A.

Johnsson, H., Larsson, M., Lindsjo, A., Martensson, K., Persson, K., Torstensson, G., 2008.
Leaching of Nutrients from Swedish Arable Land. Rapport 5823. Swedish
Environmental Protection Agency, Stockholm, Sweden (in Swedish, English
summary).

Johnsson, H., Martensson, K., Lindsjo, A., Persson, K., Andrist Rangel, Y., Blomback, K.,
2016. Leaching of Nutrients from Swedish Arable Land - Calculations of Normalized
Losses for Nitrogen and Phosphorus 2013. Rapport 189. SMED, Norrkoping, Sweden
(in Swedish).

Johnsson, H., Mértensson, K., Lindsjo, A., Persson, K., Andrist Rangel, Y., Blombéck, K.,
2019. Leaching of Nutrients from Swedish Arable Land - Calculations of Normalized
Losses for Nitrogen and Phosphorus 2016. Rapport 5. SMED, Norrképing, Sweden (in
Swedish).

Kavehei, E., Hasan, S., Wegscheidl, C., Griffiths, M., Smart, J.C.R., Bueno, C., Owen, L.,
Akrami, K., et al., 2021. Cost-effectiveness of treatment wetlands for nitrogen
removal in tropical and subtropical Australia. Water 13, 3309.

Kyllmar, K., Forsberg, L.S., Andersson, S., Martensson, K., 2014. Small agricultural
monitoring catchments in Sweden representing environmental impact. Agric.
Ecosyst. Environ. 198, 25-35. https://doi.org/10.1016/j.agee.2014.05.016.

Kynkdanniemi, P., 2014. Small Wetlands Designed for Phosphorus Retention in Swedish
Agricultural Areas. PhD Thesis. Uppsala Swedish University of Agricultural Sciences.


https://doi.org/10.1016/j.jenvman.2022.116325
https://doi.org/10.1016/j.jenvman.2022.116325
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref1
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref1
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref2
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref2
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref2
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref2
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref2
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref3
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref3
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref3
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref4
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref4
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref4
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref5
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref5
https://doi.org/10.1007/s13280-015-0627-y
https://doi.org/10.1007/s13280-020-01349-1
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref8
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref8
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref8
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref8
https://doi.org/10.2865/39118
http://refhub.elsevier.com/S0301-4797(22)01898-9/optvSn7RJ3Xuy
http://refhub.elsevier.com/S0301-4797(22)01898-9/optvSn7RJ3Xuy
http://refhub.elsevier.com/S0301-4797(22)01898-9/optvSn7RJ3Xuy
https://doi.org/10.1016/j.landusepol.2020.105206
https://doi.org/10.1016/j.jenvman.2012.09.008
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref12
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref12
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref12
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref12
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref12
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref13
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref13
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref13
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref13
https://doi.org/10.2489/jswc.63.1.14A
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref15
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref15
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref15
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref15
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref16
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref16
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref16
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref16
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref17
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref17
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref17
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref17
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref18
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref18
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref18
https://doi.org/10.1016/j.agee.2014.05.016
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref20
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref20

F. Djodjic et al.

Kynk&dnniemi, P., Ulén, B., Torstensson, G., Tonderski, K.S., 2013. Phosphorus retention
in a newly constructed wetland receiving agricultural tile drainage water. J. Environ.
Qual. 42, 596-605.

Land, M., Granéli, W., Grimvall, A., Hoffmann, C.C., Mitsch, W.J., Tonderski, K.S.,
Verhoeven, J.T.A., 2016. How effective are created or restored freshwater wetlands
for nitrogen and phosphorus removal? A systematic review. Environ. Evid. 5, 9.
https://doi.org/10.1186/513750-016-0060-0.

Lantmateriet, 2014. Produktbeskrivning: GSD-Ho6jddata, Grid 2+ Lantmateriet. GSD
Geografiska Sverige Data, Gavle, Sweden (in Swedish).

Larsson, M.H., Persson, K., Ulen, B., Lindsjo, A., Jarvis, N.J., 2007. A dual porosity model
to quantify phosphorus losses from macroporous soils. Ecol. Model. 205, 123-134.
https://doi.org/10.1016/j.ecolmodel.2007.02.014.

Lindstrom, G., Pers, C., Rosberg, J., Stromqvist, J., Arheimer, B., 2010. Development and
testing of the HYPE (Hydrological Predictions for the Environment) water quality
model for different spatial scales. Nord. Hydrol 41, 295-319. https://doi.org/
10.2166/nh.2010.007.

Martensson, K., Johnsson, H., Collentine, D., Kyllmar, K., Persson, K., Djodjic, F.,
Lindsjo, A., 2020. Atgirdsscenarier For Minskat Néringslickage Fran Akermark -
Berakningar For Ett Urval Av Delavinningsomréden Inom LEVA-Omraden. S.
Institutionen For Mark Och Miljo, vol. 169. Ekohydrologi.

Piikki, K., Soderstrom, M., 2019. Digital soil mapping of arable land in Sweden -
Validation of performance at multiple scales. Geoderma 352, 342-350. https://doi.
org/10.1016/j.geoderma.2017.10.049.

Saunders, D.L., Kalff, J., 2001. Nitrogen retention in wetlands, lakes and rivers.
Hydrobiologia 443, 205-212. https://doi.org/10.1023/A:1017506914063.

Schmitz, O., Karssenberg, D., van Deursen, W.P.A., Wesseling, C.G., 2009. Linking
external components to a spatio-temporal modelling framework: coupling
MODFLOW and PCRaster. Environ. Model. Software 24, 1088-1099. https://doi.
org/10.1016/j.envsoft.2009.02.018.

SEPA, 2019a. Swedish Environmental Protection Agency. National land cover data 2018.
Prod. Descr. 2, 1.

SEPA, 2019b. Swedish Environmental Protection Agency. Myllrande Vatmarker -
Underlag till Den Fordjupade Utvarderingen Av Miljomélen 2019 (In Swedish).
Naturvérdsverket. Report 6873.

SEPA, 2022. Swedish Environmental Protection Agency. Swedish Environmental
Objectives: Constructed or Hydrologically Restored Wetlands. Retrieved from.

1 M 324 (2022) 116325

Journal of Enviro g

Sharpley, A.N., Bergstrém, L., Aronsson, H., Bechmann, M., Bolster, C., Borling, K.,
Djodjic, F., Jarvie, H., et al., 2015. Future agriculture with minimized phosphorus
losses to waters: research needs and direction. Ambio 44, 163-179. https://doi.org/
10.1007/5s13280-014-0612-x.

SMHI, 2002. Counties and Main Catchments in Sweden (In Swedish), vol. 10. Swedish
Meteorological and Hydrological Institute, Faktablad.

SMHI, 2020. Swedish meteorological and hydrological institute constructed wetlands
database. In: Swedish Meteorological and Hydrological Institute.

SMHI, 2022. Data Series with Normalised Values for Period 1991-2020. Retrieved 28th
January 2022 from.

Smith, G.H., Danhardt, J., Blomback, K., Caplat, P., Collentine, D., Grenestam, E.,
Hanson, H., Hojgard, S., et al., 2016. Slututvérdering av det svenska
landsbygdsprogrammet 2007-2013: delrapport II: utvardering av dtgarder for battre
miljo. Utvarderingsrapport 3. Jordbruksverket. (In Swedish).

Soderstrom, M., Piikki, K., 2016. Digital Soil Map - Detailed Mapping of Soil Texture in
the Topsoil of the Arable Land. Technical report 37. Swedish University of
Agricultural Sciences, Skara, Sweden (In Swedish).

Speks, A., 2021. Analyzing the Impact of the Financial Systems for Constructing
Wetlands in Sweden. Master Thesis in Sustainable Development 2021/25.
Depatment of Earth Sciences. Uppsala University.

Tonderski, K.S., Arheimer, B., Pers, C.B., 2005. Modeling the impact of potential
wetlands on phosphorus retention in a Swedish catchment. Ambio 34, 544-551.

Weisner, S., Johannesson, K., Tonderski, K., 2015a. Nutrient retention in constructed
wetlands on arable land - an analysis of measurements and effects of rural
development programme (In Swedish with a summary in English). Report 7, 2015.

Weisner, S., Tonderski, K.S., Johanesson, K., 2015b. Naringsavskiljning i anlagda
vatmarker i jordbruket - analys av matresultat och effekter av
landsbygdsprogrammet. Jordbruksverket Rap. 7, 2015.

Weisner, S.E.B., Johannesson, K., Thiere, G., Svengren, H., Ehde, P.M., Tonderski, K.S.,
2016. National large-scale wetland creation in agricultural areas-potential versus
realized effects on nutrient transports. Water 8, 544.

Yang, W., Liu, Y., Cutlac, M., Boxall, P., Weber, M., Bonnycastle, A., Gabor, S., 2016.
Integrated economic-hydrologic modeling for examining cost-effectiveness of
wetland restoration scenarios in a Canadian prairie watershed. Wetlands 36,
577-589. https://doi.org/10.1007/s13157-016-0768-1.


http://refhub.elsevier.com/S0301-4797(22)01898-9/sref21
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref21
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref21
https://doi.org/10.1186/s13750-016-0060-0
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref23
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref23
https://doi.org/10.1016/j.ecolmodel.2007.02.014
https://doi.org/10.2166/nh.2010.007
https://doi.org/10.2166/nh.2010.007
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref26
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref26
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref26
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref26
https://doi.org/10.1016/j.geoderma.2017.10.049
https://doi.org/10.1016/j.geoderma.2017.10.049
https://doi.org/10.1023/A:1017506914063
https://doi.org/10.1016/j.envsoft.2009.02.018
https://doi.org/10.1016/j.envsoft.2009.02.018
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref30
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref30
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref31
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref31
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref31
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref32
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref32
https://doi.org/10.1007/s13280-014-0612-x
https://doi.org/10.1007/s13280-014-0612-x
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref34
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref34
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref35
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref35
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref36
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref36
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref37
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref37
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref37
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref37
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref38
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref38
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref38
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref39
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref39
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref39
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref40
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref40
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref41
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref41
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref41
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref42
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref42
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref42
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref43
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref43
http://refhub.elsevier.com/S0301-4797(22)01898-9/sref43
https://doi.org/10.1007/s13157-016-0768-1

	Cost effectiveness of nutrient retention in constructed wetlands at a landscape level
	1 Introduction
	2 Material and methods
	2.1 Catchments
	2.2 Identification and characterization of CWs
	2.3 Modelling nutrient loss reduction
	2.4 Modelling wetland cost efficiency
	2.5 Statistics

	3 Results
	3.1 CWs, catchments and hydraulic load
	3.2 Nutrient load and retention
	3.3 Cost-efficiency estimation

	4 Discussion
	5 Conclusions
	Credit author statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


