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Abstract Constructed wetlands (CWs) are one of the main

countermeasures to reduce diffuse phosphorus (P) losses,

but there is still a lack of systematic guidance accounting

for spatially variable effects of hydraulic and P load on P

retention. We present a three-step modelling approach for

determining suitable placement of CWs in four different

size groups (0.1–1.0 ha), based on incoming hydraulic and

P load. The modelled hypothetical CW area was only 17%

of that previously estimated and area of efficient CWs is

even lower. The mean area-specific P retention increased

with CW size. However, the spatial variation in retention

was large for all size groups and largest (6–155 kg ha-1

year-1) for the smallest CWs due to highly variable

incoming P loads, showing the possible benefits of targeted

placement of CWs. The presented modelling approach has

also flexibility to include and account for possible future

changes in land cover and management.
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INTRODUCTION

Following successful reductions in nutrient loads from

point sources such as wastewater treatment plants, agri-

culture is now considered to be the main non-point source

of eutrophying nutrients in many parts of the world (Car-

penter et al. 1998; Sharpley et al. 2015). In Sweden, agri-

culture is estimated to be the largest anthropogenic source

of both nitrogen (N, 23 300 t) and phosphorus (P, 460 t)

(Ejhed et al. 2016). Construction or restoration of wetlands

is an important countermeasure to reduce nutrient delivery

to aquatic ecosystems (Fisher and Acreman 2004; O’Geen

et al. 2010). Since 2010, approximately 4500 hectares of

new wetlands have been constructed or restored in Sweden,

with on average of more than 500 ha of new wetlands

constructed annually, at a cost of approximately 30 million

SEK per year (Swedish Environment Protection Agency

2019). As intensification of mitigation efforts to reduce

nutrient losses from agriculture is required, further

increases in the number and area of wetlands can be

expected. For instance, the Swedish government will

invest * 200 million SEK in the construction/restoration

of wetlands in the period 2018–2021.

The P removal efficiency of CWs receiving runoff from

non-point sources varies considerably, between 1 and 88%

(Braskerud et al. 2005; Kynkäänniemi 2014), with a mean

value of 33% and a median value of 26% (Kynkäänniemi

2014). A systematic review of European, Asian, and

American CWs showed that the median removal efficiency

of total P (TP) was 44% for CWs treating agricultural

runoff. However, CWs with precipitation-driven flow had

lower removal efficiency, 21% TP (Land et al. 2016). The

P removal efficiency varies depending on wetland design,

location, annual variation in water flow, and P loading

(Braskerud et al. 2005; Tonderski et al. 2005; Kynkään-

niemi et al. 2013; Land et al. 2016). Hence, it is important

to consider these factors during planning of future wetlands

to make them as efficient as possible. Recently, Ulén et al.

(2019) showed that it is possible to achieve high TP

retention efficiency (36%) in a Swedish CW located in a

critical source area (CSA) and specially designed to trap P.

At present, there are recommendations covering the plan-

ning phase in construction of new wetlands, concerning

e.g. the wetland to catchment area ratio (as a proxy for the

hydraulic load (HL)) and the land use distribution in the

wetland catchment (as a proxy for P load). However, there

are no explicit guidelines on optimisation of CW location,

size and P retention capacity to increase nutrient retention
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efficiency in general and P retention in particular. Studies

have shown that an increase in wetland to catchment area

ratio increased the P retention efficiency, while the area-

specific retention (kg ha-1 wetland area) decreased (Uusi-

Kämppä et al. 2000). Furthermore, Kynkäänniemi (2014)

showed a strong positive linear correlation (R2 = 0.78)

between HL and annual P accumulation up to a HL

threshold of approximately 120 m year-1. It has been

found that a HL of 300 or 400 m year-1 can have a detri-

mental effect on annual P accumulation and should be

avoided (Johannesson et al. 2015). Consequently, the full P

reduction potential of CWs cannot be achieved at too low

or too high hydraulic and nutrient loads. On the one hand,

CWs may be oversized and there may not be enough

incoming nutrients to exploit the full reduction potential,

leading to low cost-efficiency. On the other hand, too high

HL may cause the residence time to be too short to allow

retention processes to be effective (Koskiaho 2006).

Modelling water flow pathways at catchment scale using

digital elevation models (DEMs) and GIS-based soil

hydrology classifications offers a useful template to iden-

tify and rank vulnerability to erosion and overland flow

(Sharpley et al. 2015). We devised a three-step approach

for optimising CW placement in the landscape. The first

step is to calculate annual hydraulic load in a catchment,

based on measured or modelled water discharge, high-

resolution flow pathways and assumed size of the CW.

Current developments in terms of growing access to high-

resolution data and modelling approaches have enabled

accurate identification of CSAs at landscape and catchment

scales (Thomas et al. 2016; Djodjic et al. 2018). Using a

modelling approach and high-resolution data, erosion risk

maps were recently developed for the southern half of

Sweden, covering more than 90% of Swedish arable land

(Djodjic and Markensten 2018). In the second step of our

approach, following calculation of water volumes and HLs

reaching the CWs, nutrient loads entering the CWs are

calculated. Nutrient emissions from non-point sources,

especially P emissions, vary greatly between and within

arable fields. The majority (80%) of P losses originate from

a small proportion of catchment areas (20%), a situation

known as the 80:20 rule (Sharpley et al. 2009). Therefore,

abatement measures spatially targeted at locations where

pollution is substantial have potential to be more effective

(Sidemo-Holm et al. 2018). In the third step, potential P

retention can be calculated as a function of incoming P

loads (Weisner et al. 2016), based on the calculated P load

in the second step. Phosphorus retention and reduced

eutrophication of aquatic recipients can then be achieved

by increasing the amount of lost nutrients accumulating in

a CW close to the source, and maintenance by dredging

and returning nutrients to arable fields will also be more

cost-efficient. As the efficiency of CWs is highly dependent

on the incoming loads, which in turn are governed by

upstream land cover and management, any structural

changes in bio-resource economy (bioeconomy) leading to

changed land cover and management may alter the effi-

ciency of CWs. Rakovic et al. (2020) describes the alter-

native development paths with a focus on changes in land

cover and management in the Nordic region in the year

2050—the Nordic Bioeconomy Pathways (NBPs). There-

fore, any robust methodology for optimal placement of

CWs needs to be flexible and able to account for such

alternative paths and possible changes.

In this study, we used high-resolution (2 m 9 2 m)

distributed modelling to calculate the optimal placement of

CWs as a function of incoming water volumes and P loads.

Specific objectives were (i) to reliably estimate the optimal

number and total area of effective CWs of various sizes at

catchment scale, (ii) to quantify the highly variable P

retention potential of targeted CWs and (iii) to compare

and prioritise the most effective CWs at catchment scale.

MATERIALS AND METHODS

Case study catchments

Lillån catchment is a medium-large (192 km2) catchment

situated in central Sweden (Fig. 1). Forest (38%), generally

covering upper parts of the catchment, and arable land

(45%), in the Lillån river valley, are the dominant land use

categories (Fig. 1). Silty clay (34%) and silty clay loam

(11%) are the dominant soil textural classes on arable land,

while glacial till (20%) is the dominant soil type on

forested land. Based on water flow measurements for

1978–2018 at the Gränvad gauging station (situated within

the Lillån basin and with a sub-catchment of 167.5 km2),

mean annual discharge is 234 mm. The general flow

direction of Lillån is from the north-west to the outlet in the

south-east (Fig. 1). According to Water Information Sys-

tem Sweden (WISS), there are already 8 CWs (area range

0.9–29 ha, average 9 ha) covering a total area of 71 ha in

Lillån catchment, but there are no P ponds (Water Infor-

mation System Sweden 2020). The Lillån catchment was

chosen as a case study in the present analysis since it has

been used previously to exemplify the estimated abatement

potential of different countermeasures, including wetlands

and P ponds, by water authorities (Gyllström et al. 2016).

Since then, it has been used as a template for similar

estimations in other river basins across Sweden. Phospho-

rus ponds are usually small wetlands situated in upstream

parts of a catchment, close to arable land (Braskerud et al.

2005).

Since there are no adequate measurements of water

chemistry in Lillån catchment, two small catchments
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dominated by arable land, C6 and U8, in the vicinity of

Lillån were used to compare modelled P loads with mea-

sured P loads in the present study. Both catchments are part

of the national environmental monitoring programme,

which includes a total of 21 small agricultural catchments

(area\ 35 km2), some of which have been monitored since

the 1990s with the focus on nutrient losses (Kyllmar et al.

2014). We selected a study period of eight agro-hydro-

logical years (June 2008 to July 2016) for which calculated

TP load data, based on flow-proportional collection of

water samples, were available for both catchments. Data on

transported monthly loads of P for both catchments were

downloaded from a database held at the Department of Soil

and Environment, Swedish University of Agricultural

Sciences (SLU 2018). Catchments C6 and U8 are situated

just 20 km east and south-west of Lillån catchment,

respectively, and have comparable soil textural composi-

tion dominated by clay soils. The exact location of these

catchments cannot be revealed, due to the policy of the

national monitoring programme. Catchment C6 occupies

an area of 33.1 km2, of which 59% is arable land, whereas

catchment U8 is smaller (5.7 km2) and has 56% arable

land.

Identifying optimal CW locations

As mentioned above, Kynkäänniemi (2014) reported a

strong positive linear correlation (R2 = 0.78) between HL

and annual P accumulation in CWs up to a threshold of

approximately HL = 120 m year-1. Based on this, in the

first step of our modelling process, we identified optimal

locations for potential CW with the optimum HL of

100 m year-1, in order to include a small uncertainty

margin to the threshold value of 120 m year-1. The

hydraulic load was estimated by dividing the annual flow

volume entering each CW (m3) with the CW area. The

annual flow was estimated based on specific runoff. We

used measured long-term annual average of 234 mm for the

whole Lillån catchment and modelled flow accumulation.

The basis for the modelling work was a DEM in raster

format. A 2-m grid based on LiDAR data was used, with a

density of 0.5–1 point m-2 and accuracy usually better than

0.1 m (Lantmäteriet 2014). Calculations of flow direction

and flow accumulations were performed using PCRaster

software for environmental modelling (Schmitz et al.

2009). When necessary, obvious errors in the DEM, such

as road culverts, were corrected. First, based on measured

Fig. 1 Maps showing the location of the study catchment, Lillån, in central Sweden and land uses in the catchment
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mean annual-specific runoff (234 mm) and flow accumu-

lation lines, annual flow in m3 was calculated for all grid

cells. Second, based on four different CW sizes (0.1, 0.2,

0.5 and 1.0 ha), covering the range of sizes of CWs used in

Sweden, optimal locations in the landscape were identified,

where HL = 100 m ± 10%, for each of the four different

sizes of CWs.

Modelling P load

In the second step, after calculating the optimal location

with a hydraulic load of approximately 100 m year-1 for

each CW, the P load entering each CW was calculated. We

modelled P load using a combination of distributed mod-

elling and export coefficients (Johnsson et al. 2016) pro-

duced using the ICECREAM model (Larsson et al. 2007).

The same flow direction and flow accumulation maps as in

the first step were used. Results obtained using the ICE-

CREAM model have long been used as the basis for esti-

mating TP losses from arable land in Sweden (Johnsson

et al. 2008, 2016, 2019). They are also used in the calcu-

lation of nutrient loads to the Swedish marine environment,

i.e. in Pollution Load Compilation (PLC) (Ejhed et al.

2016). In short, ICECREAM calculates P losses based on a

set of parameters characterising the production system,

including geographical region, and representing climate,

agricultural management and production, crop distribution,

soil textural distribution, soil P content and field slope.

Sweden is divided into 22 leaching regions, which differ

regarding climate, crop yield and management operations.

The latter are covered by data on fertilisation and manur-

ing, ploughing, sowing, harvesting etc. collected by

Statistics Sweden. Further, arable soils are divided into 10

textural classes and all crops exceeding 1% of the total

arable land in each leaching region (in total 15 crops) are

included in the crop rotation sequences. Based on crop

distribution, crop sequences covering a modelling period of

15,000 years are created for combinations of each leaching

region and each soil textural class (Johnsson et al. 2019).

This is done by repeating a climate time series covering a

30-year period. Thereafter, based on all years, when a

certain crop is modelled in the 15,000-year crop sequence,

average annual values, i.e. export coefficients, of N and P

losses are calculated for every combination of crop, soil

and leaching region, and average export coefficients are

calculated for all arable crops. These long crop sequences

are needed to obtain a sufficient number of occurrences of

all crops to secure reliable estimations of average values

normalised for weather conditions. In this study, due to

lack of data on exact crop distribution on field level, the

mentioned average value for arable crops was used for

arable land. All export coefficients used in this study are

representative of leaching region 6, in which all modelled

catchments (C6, U8 and Lillån) are situated. The export

coefficients for other land use categories, such as forest

(0.013 mg l-1), clear cuts (0.021 mg l-1) and open land

(0.026 mg l-1), were determined according to HELCOM’s

Sixth Pollution Load Compilation (Ejhed et al. 2016). In

the distributed model, each grid cell was assigned a rep-

resentative export coefficient based on land use category,

with the exception of arable land. In the case of arable land,

the representative export coefficient was assigned based on

the soil map of textural classes of Swedish agricultural

soils (Söderström and Piikki 2016; Piikki and Söderström

2019). Specific runoff (mm, i.e. l m-2), as either measured

average annual (Lillån) or measured monthly values (C6

and U8), was then multiplied by the export coefficients (mg

l-1) to calculate loads. Calculated loads for each grid cell

were accumulated along the flow pathways to illustrate

both area-normalised flux (kg km-2) and total flux (kg).

There are no systematic measurements of water quality in

the Lillån catchment. Therefore, in order to test the

applicability of our new approach, dynamic modelling of P

load on monthly time steps was performed for a period of

eight agro-hydrological years (July 2008 to June 2016) for

catchments C6 and U8 and compared with measured

monthly loads. Measured monthly discharge at the outlets

of C6 and U8 was used as a driving variable in the dynamic

model, where it was taken as specific runoff and multiplied

by the land use-/soil-specific export coefficients to calcu-

late loads. The modelled loads for each grid cell were

thereafter accumulated along the calculated flow pathways

and the accumulated load at the outlet cell was recorded on

monthly steps, exported and compared with the measured

loads. Model performance and goodness of fit were esti-

mated by visual comparison, coefficient of correlation,

Nash–Sutcliffe coefficient (Nash and Sutcliffe 1970) and

the ratio between modelled and observed TP losses,

expressed as a percentage. Based on the optimal location of

CWs calculated in the first step and the P loads accumu-

lated along the flow pathways in the second step, a CW-

specific P load reaching each potential CW was extracted.

Modelling P retention

Based on measured data from 15 wetlands, Weisner et al.

(2016) developed a polynomial second-degree function

(R2 = 0.70) to estimate annual P retention as a function of

annual P load:

Pret ¼ �0:0003 � ðPloadÞ2 þ 0:4584 � Pload

where Pret (kg ha-1 year-1) is P retention and Pload

(kg ha-1 year-1) is the modelled P load. In the third and

final step of our approach, this equation was used together

with the modelled P loads reaching each potential CW to

calculate potential CW-specific P retention.
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RESULTS

Optimal location of CWs of different sizes

Calculations of the HL and optimisation of the placement

of CWs in four different size groups resulted in a total of

191 potential CWs (11 CWs of 1.0 ha, 23 CWs of 0.5 ha,

59 CWs of 0.2 ha and 98 CWs of 0.1 ha) in the Lillån

catchment. Adding up the values for all these 191 CWs,

which met the criteria of HL = 100, in all four groups

revealed potential for a total CW area of 44.1 ha in Lillån

catchment. The geographical distribution of these potential

CWs is shown in Fig. 2. Although the majority (125 out of

191 CWs) of all CWs were located on arable land,

approximately 34% were still placed in other land use

categories, mostly forest. The calculated catchment area of

potential CWs in Lillån catchment varied between 43 and

427 ha, for 0.1-ha and 1.0-ha CWs, respectively.

Modelling P loads

The measured and modelled loads of TP for catchments C6

and U8 are shown in Fig. 3. Coefficient of correlation (R2)

between measured and modelled loads at monthly time

steps was 0.81 and 0.66 for C6 and U8, respectively,

indicating good agreement in monthly dynamics between

measured and modelled loads. The corresponding value of

the Nash–Sutcliffe coefficient was 0.70 for C6 and 0.60 for

U8. The ratio between modelled and observed TP losses

was 131% for C6 and 114% for U8, indicating overesti-

mation of modelled values compared with measured loads,

through the model overestimating some high-flow episodes

(Fig. 3).

Total annual P load from the Lillån catchment was

estimated to be 10,405 kg, resulting in mean area-specific

annual load of 0.54 kg P ha-1 year-1. The corresponding

measured values for catchments C6 and U8 during the

period June 2008 to July 2016 were 0.50 and 0.59 P ha-1

year-1, respectively, reflecting similarities in land use and

soil textural distribution and their effects on P losses.

Fig. 2 Distribution of potential constructed wetlands of four size groups (0.1, 0.2, 0.5 and 1.0 ha) in Lillån catchment
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Calculations of potential P retention in CWs

Figure 4 visualises the potential P retention calculated for

the hypothetical 191 CWs of different sizes in the Lillån

catchment. Figure 4a shows the total P reduction (kg) and

Fig. 4b the area-specific P reduction (kg ha-1) for each

CW. As expected, larger CWs, 1 and 0.5 ha, retained

higher total amounts of P (i.e. orange and red colours) than

the smaller CWs, 0.1 and 0.2. For instance, all except one

1.0-ha CW and about half of the 0.5-ha CWs were among

the top 20 CWs with the highest total P retention, i.e. these

CWs are coloured red or orange in Fig. 4a. However,

comparison based on the area-specific P retention revealed

a different pattern. The smaller CWs (0.1 and 0.2 ha) sit-

uated in arable land areas (Fig. 2) had the largest area-

specific retention (i.e. these CWs are coloured red or

orange in Fig. 4b), whereas the largest circles representing

the largest CWs (1 ha) are now coloured mostly in yellow

and green (Fig. 4b), indicating lower area-specific reten-

tion. The top 21 CWs with the highest area-specific P

retention were smaller CWs. The first 0.5-ha CW on the list

was in 22nd place and the first 1-ha CW in 34th place.

Furthermore, it is clearly shown that regardless of the size,

the CWs located in the forested areas in the upper parts of

the catchment have lowest (blue) absolute (Fig. 4a) and

area-specific retention (Fig. 4b).

Potential TP retention showed a wide range of variation

both within and between different size groups of CWs, both

when expressed in absolute amounts of retained TP (kg,

Fig. 5a) and per area CW (kg ha-1, Fig. 5b).

The largest (1.0-ha) CWs showed the highest absolute

TP retention, with an average value of 72 kg and a median
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Fig. 3 Measured (bars) and modelled (line) loads of total phosphorus

for the two agricultural catchments (C6 and U8) representing the

study catchment

Fig. 4 a Reduction in total phosphorus (TP) expressed as total

amount (kg) and b as area-specific reduction (kg ha-1) per con-

structed wetland (CW) of four different sizes. Size of the circles

shows the CW area, whereas colours illustrate TP reduction
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value very close to the average value (74 kg) (Fig. 5a).

Average absolute TP retention increased with CW size,

since smaller total amounts of TP reached smaller CWs due

to smaller catchments draining to these. However, even

when expressed per CW area (kg ha-1, Fig. 5b), the aver-

age retention was highest for the large 1.0-ha and 0.5-ha

CWs. At the same time, the variability in modelled area-

specific retention (kg ha-1) of TP within each group

decreased with CW size. For instance, minimum and

maximum were 27 and 112 kg ha-1, respectively, for the

1.0-ha group, whereas corresponding values for the 0.1-ha

group were 5.5 and 155 kg ha-1. Consequently, both the

least effective and the most effective CWs were found in

the smallest size group, 0.1-ha (Figs. 5b and 6). Further-

more, there was a linear response in terms of TP reduction

for a total CW area of approximately 35 ha in Lillån

catchment, and thereafter the effect is much lower (Fig. 6).

DISCUSSION

We calculated the potential for TP retention in CWs, using

a medium-size catchment in central Sweden as a case.

Similar calculations have been performed previously, e.g.

Fig. 5 a Reduction in total phosphorus expressed as total reduction (kg) and b as area-specific reduction (kg ha-1) for four different size groups

of constructed wetlands in Lillån catchment. Boxes show minimum, 25th, 50th (median), 75th percentile and maximum and mean value (x)
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in an attempt to give guidance on formulation of river basin

management plans to comply with the European Union

Water Framework Directive (Gyllström et al. 2016). Based

on rather coarse estimates, the potential area for P ponds

and CWs in Lillån catchment needed to reach good eco-

logical status is reported to be 43 and 214 ha, respectively

(Gyllström et al. 2016). However, results presented by

Kynkäänniemi (2014) indicated a similar response of P

ponds and CWs to the hydraulic load, indicating that their

area should also be similar. Thus today, even large wet-

lands are constructed using the same design as for P ponds,

i.e. with a deeper initial part followed by a shallower

vegetated area. Therefore P ponds and wetlands were

treated identically in the present study. However, the total

potential area for wetland construction based on the opti-

mal HL of 100 m year-1 estimated in the present study was

44.1 ha, which is only 17% of the combined potential area

(43 ha ? 214 ha) estimated by Gyllström et al. (2016). In

addition, some (* 9 ha) of the potential CWs fulfilling the

HL = 100 criterion (in total 44.1 ha) in this study were

estimated to be very ineffective (Fig. 6), due to low P load

as they were mostly located in forested areas. Based on

Fig. 6, there is a linear response in terms of TP reduction

for a total CW area of approximately 35 ha in the study

catchment, and thereafter the effect is much lower. More-

over, CWs of different sizes may ‘compete’ for the same

upstream area, and therefore it would be suboptimal to

construct them all. For instance, if two separate tributaries

in the catchment are suitable for two 0.5-ha CWs, con-

structing another 1-ha CW after the confluence of these

tributaries would result in a lower retention effect, due to

the reduced input to the downstream 1-ha CW. Hence, the

potential areas of efficient CWs in Lillån catchment is even

lower.

The wide variation in TP retention, in total amounts or

expressed per area of CW, suggests a high potential for

prioritisation based on placement of the CWs. The smallest

CWs (0.1 ha) showed the highest variation in TP retention,

ranging from 0.5 to 15.5 kg TP (* 31-fold). Overall,

depending on the land use and soil distribution in the

catchment draining to each CW, the loads of TP reaching

CWs varied most for the smallest catchments. Some of

these upstream catchments were pure forest catchments

with low P losses, whereas others were dominated by

arable land and P loss-sensitive clay soils (Sandström et al.

2019), resulting in high P loads and, consequently, high P

retention. Moving downstream, with larger CWs and larger

catchment areas, the land use is more mixed, with smaller

differences between land use distributions. As a conse-

quence of this, variation in TP retention decrease with

increasing CW size. However, even among the largest (1.0-

ha) CWs and corresponding catchments, there were still

large differences in TP retention, which ranged from 27 to

112 kg TP (fourfold). The importance of proper placement

of potential CWs is illustrated by the following extreme

values: The most efficient 0.2-ha CW retained more P

(29 kg TP) than the least effective 1.0-ha CW (27 kg TP),

despite being just one-fifth of the area, thereby saving more

arable land for farming. Considering that the highest P

retention variation was observed in the smaller CWs,

Fig. 6 Cumulative modelled total phosphorus (TP) retention by constructed wetlands (CWs) in the study catchment, plotted against combined

CW area of four different size groups. The CWs are ranked based on decreasing modelled TP retention. Circle size represents the area of the CW,

whereas colours illustrate area-specific P retention (kg ha-1)
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targeting the optimal location seems to be most important

for these CWs. The fourfold difference in P retention

potential between the large (1.0-ha) CWs should be reason

enough to consider optimisation of their location too,

especially if there are limited resources available for new

CWs. Possible prioritisation of CWs of different sizes also

needs to take into account the construction costs. Several of

the existing CWs in Lillån catchment (Water Information

System Sweden 2020) are very large (4 to 29 ha) and

thereby too large in relation to incoming hydraulic and

nutrient loads to achieve high reduction efficiency.

As shown in Fig. 5b, the estimated area-specific mini-

mum and maximum removal rate varied between 5.5 and

155 kg ha-1, both values for 0.1-ha CWs, with the median

values ranging from 51 kg ha-1 (0.1-ha CWs) to

74 kg ha-1 (1-ha CWs). Elsewhere, Uusi-Kämppä et al.

(2000) reported higher measured removal rate for CWs

(median 630 kg ha-1), but rather comparable removal rate

for ponds included in the study (median 70 kg ha-1).

Additionally, in a large systematic review of published

studies on constructed and restored wetlands, Land et al.

(2016) reported variation in median removal rate between

6.3 kg ha-1 (for the strongest study quality category, cat-

egory 3) and 29 kg ha-1 (for the moderate study quality

category, category 2). These reports collected large number

of individual studies in Nordic countries ((Uusi-Kämppä

et al. 2000) and in the world (Land et al. 2016), with highly

variable preconditions important for the functioning of

CWs. Our study focuses on one catchment, Lillån, with, for

Swedish conditions, moderate P losses. However, as the

removal rate is depending on incoming P loads, scaling up

here presented methodology to other catchments in Sweden

and elsewhere, with considerably lower or higher P losses

resulting in both lower and higher removal rates, which

may be easier to compare with the results from the

abovementioned studies.

The proposed modelling approach, combining high-

resolution distributed modelling with export coefficients

for different land uses, is a robust way to account for TP

fluxes in a catchment. Modelled TP loads at monthly time

steps for two different agricultural catchments of different

sizes and patterns of soil distribution showed reasonable

agreement with measured values (Fig. 3), although the

modelled values sometimes overestimated P losses, by

14–31%. A possible explanation for this overestimation

might be use of an average value for all arable crops

instead of field-specific crops, as information on the latter

was lacking. The approach has been tested elsewhere for an

additional six objects, two arable fields (4.4 and 33.8 ha)

and four agricultural catchments (range 740–1630 ha), in

southern Sweden, covering contrasting soil textural distri-

butions (from sand to clay soils) (Djodjic et al. 2019).

Comparable results have been obtained in all tests, which

indicate the robustness and applicability of the approach to

a wide range of edaphic and climate conditions. In the

present model application to Lillån catchment, the main

focus was on spatial variations in TP load as a function of

land use and soil distribution in the catchments of potential

CWs. Although the model slightly overestimated TP loads

in neighbouring catchments C6 and U8, the modelled

results for C6 and U8 captured the spatial differences

between these catchments. Therefore the estimated spatial

variations in Lillån catchment should be considered reli-

able, at least for spatial comparisons at the relative scale.

Furthermore, the presented modelling approach makes it

possible to estimate the optimal location for efficient future

wetlands by accounting for possible changes in water flow

and/or land cover distribution and management due to

climatic or societal changes where altered hydraulic or

nutrient loads to the CWs might require adjusted wetland

area and placement. The proposed Nordic Bioeconomy

Pathways with alternative agricultural and forest systems

suggested by Rakovic et al. (2020), if properly quantified,

can be used as input data to accordingly change calcula-

tions in the method proposed here. Indeed, as the set of

attributes that characterise agricultural and forest man-

agement under these alternative possible futures are cur-

rently articulated to quantitative scenarios as inputs to

process-based models (Rakovic et al. 2020), the same input

data can be used both in the first step (e.g. change in mean

annual flow) and in the second step (e.g. change of export

coefficients produced by ICECREAM) of the methodology

presented here to adjust placement and size of CWs. For

example, the currently largely redundant wetlands and

ponds in the upper forested parts of the catchment may

become more important to retain increased loads from

more intensively exploited and fertilised forests.

CONCLUSIONS AND FUTURE IMPLICATIONS

As investment in CWs is predicted to continue due to the

need to reduce P delivery to water recipients, increasing the

P retention efficiency of CWs by optimising their place-

ment is a plausible option to increase the cost-efficiency of

CW installation. Wetland size in relation to its upstream

area determines the annual hydraulic load, and can be used

to calculate the total potential area for CWs in a given

catchment and to determine proper placement of CWs of

various sizes to enable maximum P retention. This study

showed that the potential area for CWs is much lower than

estimated previously in a specific catchment. It also

showed that P retention in CWs will differ based on the

incoming P loads, which in turn are the result of land use

and soil distribution in the upstream area of each CW. By

accounting for this difference in P loads through use of
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robust models based on land use- and soil texture-specific

export coefficients, we revealed great spatial variability in

potential P retention. We found that the smallest CWs

(0.1 ha) experienced the highest variation in P retention,

depending on the dominant land use/soil texture in the

catchment. As CW size and the corresponding catchment

increase, the catchment becomes more mixed, which

reduces the variation in P retention. However, there were

large spatial variation in P retention in all four size groups

of CWs (0.1–1.0 ha) and regardless of size, CWs in

forested areas had lowest P retention showing the possible

benefits of targeted placement of CWs.

The proposed modelling approach could be further

improved by accounting for the field-specific crop distri-

bution, if such data become available. In addition, the

correlation between hydraulic load and annual P accumu-

lation is currently based on limited number of wetlands

(n = 8), and should be verified/modified based on a higher

number of CWs. Using the same modelling approach, the

results presented here could be scaled up to cover the

majority of arable land in Sweden, or elsewhere if similar

input data are available, but also adjusted for alternative

future scenarios and possible changes in water flow and/or

land cover distribution and management.
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Persson, A. Lindsjö, H. Johnsson, and B.K. 2019. Combining

high-resolution spatially distributed models with export coeffi-

cients produced by field-scale process-oriented model. In

Catchment science 2019 - Achieving quality water in diverse
and productive agricultural landscapes under a changing
climate, ed. P.-E. Mellander, S. Leach, and E. Burgess. Ireland:

Wexford.

Ejhed, H., E. Widén-Nilsson, J. Tengdelius-Brunell, and J. Hytteborn.

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 Manage-
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