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a b s t r a c t 

There exist numerous ecotechnologies for recovery and reuse of carbon and nutrients from 

various waste streams before they are lost to runoff. However, it remains largely unknown 

how growing implementation of such ecotechnologies affect nutrient emissions to surface 

waters at catchment scale. Here, this knowledge gap is addressed by application of SWAT 

model in three case study catchments draining to the Baltic Sea: Vantaanjoki (Finland), 

Fyrisån (Sweden) and Słupia (Poland). Sustainability analysis with Multi-Criteria Analy- 

sis was applied in the stakeholder workshops in the case study areas to assess different 

ecotechnology alternatives. The following ecotechnologies received the highest sustainabil- 

ity scores: in Vantaanjoki anaerobic digestion, based on mostly agricultural residues; in 

Fyrisån source-separation of wastewaters; in Słupia nutrient extraction within the wastew- 

ater treatment process. The effect of application of digestate on agricultural soils in the 

Vantaanjoki catchment was simulated by adjusting the model parameters describing the 

organic carbon content and physical properties of soil. The results showed small reductions 

of nutrient loads to the Gulf of Finland. Larger reductions of nutrient loads to Lake Mälaren 

in Sweden and the Baltic Sea in Poland were achieved as a result of the wastewater treat- 

ment upgrades. In the Fyrisån catchment, higher relative reductions were simulated for TN 

than TP, and in dry years than in wet years. Although the studied ecotechnologies did not 

show as high effectiveness in nutrient load reduction as combinations of traditional Best 

Management Practices reported in literature, they do have other multiple benefits includ- 

ing crop yield increase, electricity, heat and bio-based fertilizer production. 
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1. Introduction 

Eutrophication of the Baltic Sea is an ongoing problem

( HELCOM 2018 ). Although the external inputs of nutrients

from both diffuse and point sources have reduced, more

than 97% of the Baltic Sea area suffers from eutrophica-
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tion due to past and present excessive inputs of nitrogen 

(N) and phosphorus (P). Assuming that we are close to the 

limit of simple reduction of the loads coming from agri- 

culture and wastewater treatment, an alternative should 

be considered which closes the loop in anthropogenic 

induced N and P cycles ( Elser & Bennet, 2011 ; Green 

Alliance, 2007 ). There exist numerous ecotechnologies 

( Macura et al., 2019a and 2019b ) for recovery and reuse N, 

P and carbon (C) in land-based activities before they are 

lost to runoff and eventually reaching the Baltic Sea. The 

term ecotechnology is understood here as ‘human inter- 

ventions in social-ecological systems in the form of prac- 

tices and/or biological, physical, and chemical processes 

designed to minimise harm to the environment and pro- 

vide services of value to society’ ( Haddaway et al., 2018 ). 

Many of these ecotechnologies have additional co-benefits, 

e.g. the potential to tackle some of the biggest problems 

and obstacles related to the agricultural reuse of sludge 

from wastewater and manure from the agricultural sector 

( Barquet et al., 2020 , Rosemarin et al., 2020 ). 

Soil organic carbon (SOC) content is one of the key indi- 

cators of soil degradation. SOC decrease occurring in many 

European countries ( Heikkinen et al. 2013 , Wiesmeier et 

al. 2016 ) is considered a major threat to crop productivity 

and, in some cases, a reason for increased nutrient and car- 

bon emissions ( Wiesmeier et al. 2016 ). Another key threat 

is over-supply of nutrients to soils in some areas, which in 

the case of nitrogen (N) may lead to leaching to ground- 

water. Over-supply of phosphorus (P) can lead to exces- 

sive accumulation in the soil and subsequent P transport 

by erosion and leaching to water courses. Interest in re- 

covery – and recycling back to agricultural soil – of organic 

carbon (OC) and nutrients from the major sources of waste 

streams, i.e. manure, grass and crop residues from agricul- 

ture and sludge from wastewater treatment is increasing 

partly due to the development of ecotechnologies such as 

anaerobic digestion, composting, struvite precipitation or 

pyrolysis, that make recovery possible ( Mayer et al., 2016 ). 

There is also big potential in the ecotechnologies that si- 

multaneously recycle C and nutrients and improve wastew- 

ater treatment efficiency ( Larsen et al., 2009 ; LeCorre et al., 

2009 ). 

However, it remains largely unknown how growing 

implementation of such ecotechnologies may affect nu- 

trient emissions to surface waters at catchment scale. 

The aim of this study was to address these knowledge 

gaps by application of a hydrological and water qual- 

ity model in three case study catchments of the BONUS 

RETURN project ( https://www.bonusreturn.eu ), draining to 

the Baltic Sea: Vantaanjoki (Finland), Fyrisån (Sweden) and 

Słupia (Poland). To this end, we applied a process-based, 

semi-distributed Soil & Water Assessment Tool (SWAT, 

https://swat.tamu.edu ) to estimate the nutrient load re- 

ductions to be achieved by implementation of sustain- 

able eco-technologies in the case study catchments. One 

ecotechnology related to utilization of agricultural side- 

streams and/or wastewaters was selected for each case 

study catchment in co-operation with local stakeholders 

(e.g. farmers, water management and protection authori- 

ties, wastewater treatment professionals, etc.) using Multi- 

Criteria Analysis (MCA, Beinat, 2001 ; Geneletti, 2019 ). In 
order to put the simulated efficiencies of the ecotech- 

nologies in context, we compared them with those of 

common agri-environmental mitigation measures (BMPs) 

in the three countries, as reported by Arheimer et al. 

(2004) , Piniewski et al. (2014) and Puustinen et al. 

(2019) . 

2. Material & Methods 

2.1. Case study catchments 

2.1.1. Vantaanjoki 

The Vantaanjoki catchment (1688 km 

2 ) in southern Fin- 

land belongs to the cold boreal region. The 101 km long 

Vantaanjoki river drains the watershed into the Gulf of Fin- 

land of the Baltic Sea ( Fig. 1 ). The average annual pre- 

cipitation is 660 mm a −1 . The mean surface gradient is 

1.7 m km 

−1 . The land elevation ranges between 0 and 

150 m a.s.l., the highest altitudes being in the northern 

parts of the catchment. Reliefs and moraines are present 

in the north, mostly covered by forest. Agricultural land 

is predominant in the central parts of the catchment 

with flat or slightly hilly terrain and clayey soils. Agri- 

cultural areas (24%) and forests (56%, including peatlands 

0.5%) are dominant land use classes Due to low lake per- 

centage (2%) the concentrations and transports of organic 

matter and nutrients in the river are not largely influ- 

enced by lake retention ( Mattsson et al., 2015 ). Seven- 

teen percent of the catchment is under urban land use. 

The soils in the Vantaanjoki catchment are largely clayey 

(40%) and moraine/sandy (40%). At the Vantaanjoki river 

outlet, the average (20 0 0–2016) flow is 15.6 m 

3 s −1 and 

it ranges between 1 and 176 m 

3 s −1 . The Vantaanjoki 

river flows through the Helsinki metropolitan area with 

1.2 million people. Thus, the river has significant recre- 

ational value. Within the catchment there are four ma- 

jor wastewater treatment plants (WWTPs) with emissions 

into the river. These WWTPs serve the municipalities of 

Riihimäki (30 0 0 0 inhabitants), Hyvinkää (47 0 0 0 inhab- 

itants) and Nurmijärvi (43 0 0 0 inhabitants). In all, these 

point sources account for 4% of TP and 12% of TN loading 

from the Vantaanjoki catchment into the Gulf of Finland 

(Vemala-model, Huttunen et al. (2016) ). Within the catch- 

ment there are 35 0 0 0 people living in properties not con- 

nected to the sewer networks, i.e. with onsite wastewater 

treatment. 

2.1.2. Fyrisån 

The Fyrisån catchment (1982 km 

2 ) is located in the 

South-Eastern part of Sweden. The Fyrisån river discharges 

into the Lake Mälaren, which has its outlet through Stock- 

holm into the Baltic Sea ( Fig. 1 ). Climate and vegetation are 

characteristic of the boreal zone as in Vantaanjoki catch- 

ment. The average annual precipitation is 700 mm a −1 . 

The land use in the catchment is distributed among forests 

(60%), agriculture (32%), wetlands (4%), lakes (2%) and ur- 

ban areas (2%). Soils in the catchment are mostly glacial 

tills in the forest lands whereas agricultural lands are pre- 

dominantly on clay soils. Altitudes range from 1 m a.s.l. to 

https://www.bonusreturn.eu
https://swat.tamu.edu
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Fig. 1. The case study catchments; Vantaanjoki (Finland), Fyrisån (Sweden) and Słupia (Poland). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

117 m a.s.l, and mean water flow of the Fyrisån river is ap-

prox. 13 m 

3 s −1 , ranging between 1 and 140 m 

3 s −1 . The

urban area is dominated by the city of Uppsala (population

approx. 170 0 0 0), through which the Fyrisån river flows

just before reaching Lake Mälaren. The purified wastewa-

ters from the WWTP in Uppsala are discharged into the

river ( Johannesdottir et al., 2019 ). The municipal wastew-

aters constitute 4% of TP and 34% of TN loading into the

lake Mälaren ( Persson et al., 2012 ), connected to the Baltic

Sea. 

2.1.3. Słupia 

The Słupia catchment (1623 km 

2 ) in northern Poland is

a coastal river basin belonging to warm temperate region.

The Słupia river is 138 km long and drains the catchment

into the southern Baltic Sea ( Fig. 1 ). The average annual

precipitation is 850 mm a −1 . The catchment was shaped

during the last Vistulian glaciation of the Quaternary pe-

riod. Therefore, its relief is diverse and characterized by

several morainic uplands and sandy outwash plains, cut by

network of tunnel and eroding valleys. The altitude ranges

between 0 and 267 m a.s.l. and the highest parts of the

basin are in the south-east. The middle part of the catch-

ment is mostly covered by forest, while agricultural land is

predominant in the southern and northern parts. Agricul-

tural land and forest represent 54% and 42% of the catch-

ment, respectively. Urban areas constitute ca. 3%, of which
the largest portion is taken by the city of Słupsk with

95 0 0 0 inhabitants, and two smaller towns (Bytów and

Ustka). Sands and loamy sand are the most typical soil

types. At the outlet of the catchment, the average (20 0 0–

2016) flow is 17 m 

3 s −1 and ranges between 8.4 and 53

m 

3 s −1 . Within the catchment there is only one major

WWTP (city of Słupsk) and several smaller ones. In the

Słupia catchment, point sources comprise approximately

11% of both TP and TN loading into the Baltic Sea (Dr. M.

Piniewski, pers. comm.). 

2.2. Selection of the ecotechnologies for the case study 

catchments 

The most relevant sectors in terms of carbon and nu-

trient recovery and recycling are agriculture and wastewa-

ter treatment. In the agricultural sector typical resources

include manure, grass and plant residues, whilst in the

wastewater sector it is the sludge from wastewater treat-

ment. The management of these resources may include

various ecotechnologies. For each case study catchment,

three ecotechnology alternatives were chosen by a Bonus

Return project group on the base of pre-selected list com-

piled from systematic literature reviews ( Macura et al.,

2019a and 2019b ). 

As a part of the project, sustainability analysis approach

with MCA was used to assess the three ecotechnology
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Table 1 

Kling–Gupta (KGE, Gupta et al., 2009 ) goodness-of-fit numbers for 

SWAT calibration and validation for the observed values of sediment 

(TSS), total phosphorus (TP) and total nitrogen (TN) loading. The ideal 

KGE value is 1. 

Catchment TSS TP TN 

Vantaanjoki Calibration 0.79 0.83 0.76 

Validation 0.73 0.69 0.72 

Fyrisån Calibration 0.65 0.62 0.75 

Validation 0.63 0.45 0.70 

Słupia Calibration 0.55 0.44 0.71 

Validation ∗ 0.29 0.69 

∗ Validation for TSS was not performed due to missing data. 

 

alternatives in each of the three case study catchments 

and to choose the most sustainable one for each case 

( Johannesdottir et al. 2019 ). Here, the MCA work included 

several criteria related to environment, economics, socio- 

culture, health and hygiene, as well as technical function- 

ality. Local stakeholders participated in a weighting pro- 

cess in order to integrate the performance of each alterna- 

tive over all criteria. Detailed descriptions of the selected 

ecotechnologies and the process of their choice can be 

found in Johannesdottir et al. (2019) . 

2.2.1. Vantaanjoki 

In Vantaanjoki the focus was on agriculture and onsite- 

wastewater sectors. The ecotechnology alternatives were 

i) anaerobic digestion, ii) pyrolysis and iii) composting. 

Of these system alternatives anaerobic digestion (biogas 

production in a centralized facility) received the highest 

sustainability score in MCA from weighing of the crite- 

ria in the stakeholder workshop held in Helsinki in March 

2019. As for the feedstocks for the proposed facility, agri- 

cultural residues (set-aside, green fertilizing and buffer 

zone grasses, threshing residues and straw), horse manure 

and hygienized blackwater from closed tanks of scattered 

settlements produced annually in the Vantaanjoki catch- 

ment area were used. The amounts of these feedstocks 

were obtained from the Finnish Biomass Atlas ( www.luke. 

fi/biomassa-atlas/en ). 

2.2.2. Fyrisån 

The ecotechnologies for Fyrisån addressed wastewa- 

ter treatment in the catchment’s biggest point source, i.e. 

Kungsänsverket WWTP treating the wastewaters of over 

20 0 0 0 0 people of the city of Uppsala and its surroundings. 

The system alternatives were i) incineration, ii) nutrient 

extraction and iii) source separation. From a workshop in 

Uppsala in March 2019 stakeholders weighted all three al- 

ternatives as performing better than the baseline wastew- 

ater treatment. The alternative iii) source separation of 

wastewaters received the highest sustainability score and 

was thus selected for further evaluation in this study. It 

was estimated that the time needed for implementation of 

this ecotechnology would be seven years. One of the fac- 

tors taken into account in sustainability assessment was 

eutrophication potential, i.e. a possible reduction of nutri- 

ent emissions from WWTP thanks to application of a given 

alternative. 

2.2.3. Słupia 

Like in Fyrisån, the ecotechnology alternatives in Słu- 

pia addressed wastewater treatment. The alternatives for 

the Słupsk WWTP were i) ammonia stripping of reject wa- 

ter, ii) nutrient extraction and iii) source separation. The 

stakeholder workshop in Slupsk in March 2019 resulted in 

alternative ii) nutrient extraction, which received the high- 

est sustainability score and was chosen to be dealt with 

in this study. As in Fyrisån, it was estimated that the time 

needed for implementation of this ecotechnology would be 

seven years and reduction of nutrient emissions was one of 

the sustainability criteria. 
2.3. SWAT model 

SWAT ( Arnold et al. 1998 ) is a process-based, semi- 

distributed, continuous-time model that simulates the 

movement of water, sediment, N and P compounds within 

a catchment with a daily time step. SWAT requires specific 

input information on weather, soil, topography, vegetation 

and land management and based on that computes the 

processes associated with water and sediment movement, 

plant growth, nutrient cycling etc. SWAT uses basic spa- 

tial units called HRUs (hydrological response units) which 

are combinations of land use, soil, and slope within each 

sub-basin. Both the land-phase water balance components, 

land erosion and nutrient fluxes are computed separately 

for each HRU, aggregated at the sub-basin level and then 

routed through the river network to the main outlet. 

The SWAT model was set up, calibrated and validated in 

the three case study catchments for total suspended sed- 

iment (TSS), total P (TP) and total N (TN) ( Table 1 ). De-

tailed description of the SWAT model setup for the case 

Vantaanjoki can be found in Piniewski et al. (2019) . Sim- 

ilar approach and procedures as in Vantaanjoki were ap- 

plied with the Fyrisån and Słupia case study catchments 

as well. 

The calibrated model setups were then run for each 

catchment to constitute the so-called baseline scenarios. In 

Vantaanjoki, Fyrisån and Słupia the selected modelling pe- 

riods were 20 03–2016, 20 01–2015 and 20 01–2017, respec- 

tively, i.e. the longest contemporary available data for each 

catchment. 

2.4. Inputs from the ecotechnologies for the SWAT 

simulations 

The simulated scenarios were based on the selected 

ecotechnologies (see section 2.2 ). The goal was to assess 

what would be their effectiveness in terms of reduction 

of N and P loadings to surface water in the future 15–20 

years, assuming no changes in other factors such as climate 

or land use. 

In the Vantaanjoki catchment, the extra OC applied 

onto the agricultural soils would consist of the digestate 

originating from large-scale, centralized biogas production 

based on feedstocks from agriculture and onsite wastewa- 

ter treatment ( Table 2 ). The effects of OC increments were 

simulated by adjusting the model parameters describing 

the OC content and physical properties of soil. Based on 

http://www.luke.fi/biomassa-atlas/en
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Table 2 

The amounts of carbon (C), nitrogen (N) and phosphorus (P) in possi- 

ble feedstocks for and potentially produced by their anaerobic diges- 

tion in the Vantaanjoki catchment. The values in parentheses denote 

the amounts in digestate as the averages accumulated during the mod- 

eling period in kilograms per year per one hectare of agricultural land 

in the Vantaanjoki catchment. 

C N P 

t yr −1 

Feedstock Horse manure 5,471 172 35 

Set-aside grass 4,691 255 71 

Buffer zone grass 564 21 5 

Blackwater 164 93 11 

Total 10,890 541 122 

Digestate 4,900 540 122 

(1,280) (18.9) (4.3) 

(Source: Johannesdottir et al., 2019 ) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

achieved 
experiences found in literature we assumed that the soil

OC increments could induce changes in soil characteristics

that could, in turn, reduce nutrient losses ( Frøseth et al.,

2014 ; Muukkonen et al., 2009 ; Tebrügge & Düring, 1999 ).

For example, Frøseth et al. (2014) reported that digestate

contributed to higher soil aggregate stability, increased N

recovery and reduced the risk of N losses. 

The amounts of OC and nutrients in the digestate pro-

duced by the chosen ecotechnology to be applied into the

agricultural soils in the case Vantaanjoki are presented in

Table 2 . In SWAT, the amount of OC in soil (parameter

SOL_CBN) is given for each soil/landuse combination as

percent of dry weight of soil. In Vantaanjoki, an OC esti-

mate for the cropland soils in southern Finland presented

by Heikkinen et al. (2013) , i.e. 3.3% was used as the ini-

tial value, i.e. in the zero-scenario with no “extra” OC ap-

plied onto the (agricultural) soil. According to our calcula-

tions, the OC addition produced by the chosen ecotechnol-

ogy brings about small increase in the SOL_CBN parame-

ter when the OC is applied evenly to the topsoil (230 mm

layer) of all cropland fields (ca. 28 500 ha) of the Vantaan-

joki catchment: from 3.30% to 3.35%, as an average of the

OC accumulated during the modeling period. Moreover, a

part of the feedstocks would have been used in agriculture

anyway, without being used in biogas process. 

Soil physical parameters (bulk density, available wa-

ter capacity, saturated hydraulic conductivity, moist soil

albedo and the erodibility factor, Table 3 ) were changed

according to suggestions found in literature ( Rawls et al.,

20 04 ; Wuest et al., 20 05 ) and by personal communication

with a Finnish soil science expert, Dr. Tapio Salo of Luke

(Natural Resources Institute Finland). 

In the Swedish and Polish catchments Fyrisån and Słu-

pia the effects of the selected ecotechnologies on nutri-

ent loading were assessed by reducing the SWAT point

source nutrient emissions (kg day −1 ) from the subbasins

where Uppsala and Słupsk WWTPs are located. The reduc-

tions were derived from the estimated improvements in

wastewater treatment. According to Johannesdottir (pers.

comm.), source separation of wastewaters would reduce

N emissions by 29% and P emissions by 23% from the

Kungsänsverket WWTP into the Fyrisån river. In the source

separation system, a fraction of all households (37% of the
total amount of sewage waters) has separation of blackwa-

ter (containing feces and urine) and greywater (from sinks,

washing machines, and bathtubs). In the Słupia case nu-

trient extraction would correspondingly reduce 44% of the

N emissions and 30% of the P emissions. In this ecotech-

nology, wastewater is treated anaerobically and simultane-

ously biogas is produced, after which nutrients are cap-

tured and extracted by struvite precipitation and ammonia

stripping ( Johannesdottir et al., 2019 ). 

2.5. Scenario development 

For the Vantaanjoki case, three scenarios of the changes

in soil properties due to soil OC increments were made

in addition to zero-scenario (no SOC increments or other

modifications to the baseline model setup) as follows: 

• OCS1: 1% increases to Available water capacity, Satu-

rated hydraulic conductivity and Moist soil albedo and

1% decreases to Bulk density and Erodibility factor 

• OCS2: 2% increases to Available water capacity, Satu-

rated hydraulic conductivity and Moist soil albedo and

2% decreases to Bulk density and Erodibility factor 

• OCS3: 5% increases to Available water capacity, Satu-

rated hydraulic conductivity and Moist soil albedo and

5% decreases to Bulk density and Erodibility factor 

Given the low increase in SOC by the digestate incre-

ment and both the expert’s suggestion that the physical

changes should be rather moderate, and the equations of

Rawls et al. (2004) , the OCS1 is the most realistic of the

three scenarios. Meanwhile OCS2 and OCS3 describe the

potential of larger OC inputs from wider variety of sources

of organic material than that produced by the ecotechnol-

ogy selected for the Vantaanjoki case. 

In these simplified scenarios we assumed that the soil

nutrient status remained unchanged, i.e. that the increased

soil nutrients with the digestate increments would be

compensated by decreased mineral fertilization. Results

were examined as TP and TN load reductions as compared

with the zero-scenario for the entire catchment and in a

31-km 

2 -subcatchment, which drains to the lake Tuusulan-

järvi in the middle of the entire Vantaanjoki catchment. 

In the baseline scenarios (BLS) of Fyrisån and Słupia

cases annual time series of TP and TN loadings had a

steep downward trend in both Uppsala and Słupsk WWTPs

( Fig. 2 ). For the quasi-future scenarios (WWS1 and WWS2)

for the first seven years data from 2016 were repeated,

whereas starting from 2025 estimated reduction rates from

the 2016 loading values were applied. The results were

analysed in two variants: 

• WWS1 for the period 2018–2034 that included the

wastewater ecotechnology development period 

• WWS2 for the period 2025–2041 for which a full

potential of the developed ecotechnology could be



318 J. Koskiaho, T. Okruszko and M. Piniewski et al. / Ecohydrology & Hydrobiology 20 (2020) 313–322 

Table 3 

Initial values (zero-scenario) of the cropland topsoil (0–230 mm) physical parameters changed in different scenarios of the Vantaanjoki case. 

Soil parameter (unit) Soil type Explanation 

Clay Moraine Coarse Rock Peat 

SOL_BD (g cm 

3 ) 1.19 1.16 1.12 1.16 0.90 Soil bulk density 

SOL_AWC (mm/mm) 0.08 0.11 0.11 0.09 0.13 Available water capacity 

SOL_K (mm h −1 ) 150 350 1050 350 550 Saturated hydraulic conductivity 

SOL_ALB 0.10 0.13 0.13 0.13 0.10 Moist soil albedo 

USLE_K 0.22 0.15 0.15 0.15 0.20 Soil erodibility factor 

Fig. 2. Illustration of the baseline scenario (BLS) simulation and the design of the future WWTP ecotechnology implementation scenarios (WWS1 and 

WWS2) for Slupsk WWTP taking mineral P loading as an example. 
3. Results and discussion 

3.1. Changed soil properties by OC increments in case 

Vantaanjoki 

The results of Vantaanjoki indicate that the TP loading 

from the entire catchment would reduce by less than 1% in 

OCS1 and OCS2, and 3.3% in OCS3 ( Fig. 3 ). In the Tuusulan- 

järvi subcatchment reductions were somewhat higher than 

in the entire Vantaanjoki catchment ( Fig. 3 ). As for TN, re- 

ductions were generally lower than those for TP and, like 

for TP, higher in the Tuusulanjärvi subcatchment than in 

the entire Vantaanjoki catchment in all scenarios ( Fig. 3 ). 

It is obvious that the low increase in SOC by the digestate 

increment (OCS1) in the Vantaanjoki case cannot lead to 

high nutrient load reductions. However, the changes in soil 

properties have desired – decreasing – effect to nutrient 

loading and with larger increments (OCS3) it is possible to 

achieve more visible results. 

With use of digestates as soil OC increments more im- 

mediate positive effects than those related to water quality 

improvement can be anticipated in crop yields. According 

to Koppelmäki et al. (2019) , the digestate from biogas pro- 

duction has 10–28% better fertilizer value in terms of crop 

response than the same biomass used as green manure. 

Moreover, Risberg et al. (2017) found out that digestates 

generally induce higher potential ammonium oxidation ac- 

tivity, while e.g. pig slurry and cattle manure induce con- 

siderably higher respiration activity. This pattern suggests 

that digestates may be better fertilizers for heavier soils 
with high clay content, like those in the Vantaanjoki catch- 

ment. 

When looking at the OC scenarios, it is good to bear 

in mind that the factors behind the historical changes 

in nutrient loading to the surface waters are slow, long- 

term processes like e.g. shifts in soil P content of Fin- 

land’s agricultural soils induced by first increased (until 

late 1980s) and then decreased (since late 1980s) fertiliza- 

tion ( Ylivainio et al., 2014 ). Moreover, in a Finnish study it 

was found out that if half of the grassland in the North- 

ern Savonia province would be fertilized by fractionated 

N and P from livestock manure instead of raw manure, 

the leaching of total phosphorus would be after 20 years 

3.8% lower than in year 1 ( Puustinen et al., 2019 ). Similarly, 

when soil structure and water management in agriculture 

are improved, instead of quick and dramatic reductions in 

nutrient loading, long-term slow trend towards the better 

is to be expected. 

3.2. Improvements in wastewater treatment in cases Fyrisån 

and Słupia 

According to the SWAT simulations, the ecotechnol- 

ogy selected for the Fyrisån case, i.e. source separation of 

wastewaters, would in WWS1 reduce the overall annual 

TP and TN loading from the entire Fyrisån catchment into 

the lake Mälaren on average by 1.0% and 2.8%, respectively. 

In WWS2 the reductions were naturally higher; 1.6% for 

TP and 5.2% for TN. The moderate TP load reductions are 

partly explained by the already low share of wastewaters 

(4%) of the overall TP loading via the river Fyrisån. The re- 
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Fig. 3. Total phosphorus (TP, upper chart) and total nitrogen (TN, lower chart) reduction (average of the modeling period 2003–2016) in the Vantaanjoki 

catchment in scenarios with different magnitudes of changes in soil physical properties induced by soil OC increments. Reductions are from zero-scenario 

with neither soil OC increments nor other mitigation measures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ductions of the loading from the subbasin where the Up-

psala WWTP is located (upstream area 61% of the entire

Fyrisån catchment) were relatively higher (In WWS2 sce-

nario 3.4% for TP and 8.2% for TN) than those from the en-

tire Fyrisån catchment. 

In Fyrisån reductions were higher in dry than in wet

years. With lower nutrient loading from the catchment in

the year with the lowest annual flow, the TN load was ca.

7% and that of P almost 4% lower with the ecotechnology

source separation than with baseline wastewater treatment

( Fig. 4 ). Meanwhile, when annual average flow is high also

the nutrient loading from the catchment is high and, con-

sequently, the role of wastewater treatment in overall load-

ing into the lake is less significant. 

The SWAT simulations for Słupia showed that the cho-

sen ecotechnology (nutrient extraction) would in WWS1

reduce TP loading by 5.1 % and TN loading by 3.6%. In

WWS2 the reductions were 6.8% for TP and 6.4% for TN.

In Słupia, similar dependence between hydrological years

and load reductions as in Fyrisån ( Fig. 4 ) was not detected.

This could be explained by lower inter-annual variation of

flow in the Polish than in the Swedish case. 

We also simulated the relative reductions (%) in an-

nual mean TP and TN concentrations (mg l −1 ) at the out-

lets of rivers Fyrisån and Słupia in the WWS scenarios

( Table 4 ). Except for WWS2 in Słupia, reductions in the an-

nual mean concentrations were higher than those in the

 

loads. In summer (data from June–August only) relative re-

ductions were higher than those on annual basis ( Table 4 ),

most probably due to the higher share of wastewaters in

river runoff in summer when diffuse loading from agricul-

ture is at its lowest. This suggests that the effectiveness of

the selected ecotechnologies are at their highest during the

summer periods when the risk of algal blooms in the re-

cipient waterbodies are also at their highest ( Willén et al.,

20 0 0 ). 

3.3. Comparison with traditional agri-environmental best 

management practices 

The mean annual nutrient load reductions achieved by

the selected ecotechnologies ranged from < 1% (OCS1 in

Vantaanjoki) to ca. 7% (WWS2 in Słupia). It has been re-

ported in Finnish, Swedish and Polish studies ( Puustinen

et al., 2019 ; Arheimer et al., 2004 ; Piniewski et al., 2014 )

that with agri-environmental best management practices

(BMPs) similar or higher catchment-scale reductions can

be achieved. Typical BMPs are constructed wetlands, buffer

zones, reduced tillage and winter-time vegetation cover.

Puustinen et al. (2019) estimated that if the BMPs of the

river basin management plan of the EU Water Framework

Directive (WFD) would be implemented in the Paimion-

joki catchment (1088 km 

2 ) in southern Finland, the TP

loading to the Archipelago Sea would decrease by 8% and

that of TN by 28%. Arheimer et al. (2004) reported that
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Fig. 4. Reduction of annual total phosphorus (TP) and total nitrogen (TN) loads achieved by the selected ecotechnology (source separation, scenario WWS2) 

vs. mean annual flow of the river Fyrisån. 

Table 4 

Simulated reductions (%) of total phosphorus (TP) and total nitrogen (TN) concentrations at the outlet of the river Fyrisån and Słupia over the whole 

modeling periods and in summers only with ecotechnology scenarios WWS1 and WWS2. 

Fyrisån Słupia 

WWS1 WWS2 WWS1 WWS2 

TP TN TP TN TP TN TP TN 

All year 2.1% 5.5% 4.5% 11.8% 5.2% 3.8% 5.6% 5.7% 

Summer 3.1% 7.7% 6.3% 15.9% 5.8% 5.5% 6.2% 8.5% 
constructed wetlands could potentially reduce up to 6% 

and a combination of on-field BMPs some 30% of the TN 

transport from coastal Genevadsån catchment (224 km 

2 ) 

in southern Sweden. With their SWAT simulations in a 

482-km 

2 agriculture-dominated Reda catchment in north- 

ern Poland, Piniewski et al. (2014) found that combination 

of four on- and off-field BMPs reduced NO 3 -N loading up 

to 17% and PO 4 -P loading up to 38%. 

Extensive use of some of these BMPs requires, how- 

ever, large areas of land, which may mean that their cost- 

effectiveness may be questionable if land acquisition costs 

are high ( Strand & Weisner, 2013 ). This is typically the case 

in the most fertile arable areas of southern Finland. Con- 

structed wetlands, for example, are also often expensive to 

implement ( Hyvönen et al., 2020 ). Moreover, the ecotech- 

nologies dealt with here have – in addition to nutrient load 

reduction –many co-benefits (Murcia López, 2019 ) that all 

of the BMPs do not have. For example, by utilizing the car- 

bon and nutrient rich remnant from a biogas mill produc- 

ing valuable renewable energy and organic fertilizers, the 

cost-effectiveness may, despite of high investment costs, 

improve in the long run. This applies also to the wastew- 

ater ecotechnologies. Indeed, the products of source sepa- 

ration chosen for the case Fyrisån include electricity, heat 

and biofuel from biogas, organic fertilizer from blackwa- 

ter sludge and fertilizer in the forms of struvite, ammo- 
nium sulphate and calcium phosphate. The fertilizer prod- 

ucts generated by nutrient extraction ecotechnology cho- 

sen for the case Słupia are composted sludge, ammonium 

sulphate and struvite. In addition, biogas, which is gener- 

ated at both WWTPs, can be used for heat and electricity 

production ( Johannesdottir et al., 2019 ). 

4. Conclusions 

The amounts of OC that could be incremented into 

the agricultural soil by the ecotechnology implementation 

simulated for the case Vantaanjoki are so low that the 

effects to the nutrient load reductions remain minor at 

the level of an entire river basin discharging into a sea 

area like e.g. the Gulf of Finland. However, the percent 

reductions are higher in smaller, subbasin-level. This is 

in line with the common finding that quicker, visible 

results in water protection are more readily achieved for 

smaller water bodies like lakes (See e.g. www.epa.gov/nps/ 

success- stories- about- restoring- water- bodies- impaired- 

nonpoint- source- pollution ) than for sea areas ( helcom. 

fi/wp- content/uploads/2019/08/Total- phosphorous- 

HELCOM- core- indicator- 2018.pdf ). Moreover, if the OC 

increments are concentrated in smaller areas than an 

entire river basin (as in our case), the effect may be locally 

significant. An exemplar of a local agricultural system 

http://www.epa.gov/nps/success-stories-about-restoring-water-bodies-impaired-nonpoint-source-pollution
http://www.helcom.fi/wp-content/uploads/2019/08/Total-phosphorous-HELCOM-core-indicator-2018.pdf
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efficiently recycling nutrients and carbon is presented

by Koppelmäki et al. (2019) . Indeed, propagation of such

agroecological systems into common use in rural areas

would improve the soil properties of arable land and,

as a consequent, gradually reduce nutrient loading into

the nearby waterbodies and eventually to the sea areas.

According to our simulations, wastewater ecotechnologies

tested in cases Fyrisån and Słupia proved to be more ef-

fective in nutrient load reduction than the SOC increments

applied in Vantaanjoki. They also possess valuable addi-

tional benefits like energy and useful fertilizer products

like struvite. 

Our comparisons between the selected ecotechnologies

and the commonly used agri-environmental BMPs revealed

that – when used as combinations – the BMPs reduce

nutrient loading into the Baltic Sea more than individual

BMPs or the ecotechnologies of this study. Indeed, no sin-

gle mitigation measure or ecotechnology should be seen

as a “silver bullet” for water protection. Instead, numbers

of all kinds of well-tried measures, both traditional BMPs

and carbon and nutrient recycling ecotechnologies, should

be increased with determined and targeted manner where-

and whenever appropriate. 
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