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A B S T R A C T   

In Northern Finland, the most significant land use challenges are related to bioenergy production from peat 
extraction and forest biomass. Increasing societal demand for bioenergy may increase production rates. However, 
environmental impacts of peat extraction are of increasing concern, which has led to a decline in production, 
thereby freeing up these areas for other uses. Using storylines for different societal futures and process-based 
models (PERSiST and INCA), we simulated the effect of simultaneous land use change and climate change on 
water quality (phosphorus, nitrogen and suspended sediments concentration). Conversion of peat extraction 
areas to arable land, together with climate change, may pose a risk for deterioration of ecological status. On the 
other hand, continuous forestry may have positive impacts on water quality. Suspended sediment concentrations 
in the river do not exceed water quality requirements for salmonids, but nitrogen concentrations may exceed 
threshold values especially during high flows. A storyline emphasizing sustainable development in energy pro-
duction led to the best outcome in terms of water protection.   

1. Introduction 

Land use and soil management are essential factors affecting 
terrestrial nutrient losses to rivers and coastal waters. According to the 
newest review of ecological status of freshwaters in Europe, riverine 
water quality needs specific attention since it fails to reach good status in 
more than 50 % of rivers while more than 50 % of lakes have good or 
high ecological status (Ecological status of surface waters in Europe 
(europa.eu)). Both phosphorus (P) and nitrogen (N) loads need attention 
since these are the major nutrients controlling eutrophication in aquatic 
systems and increased fluxes can cause eutrophication of surface waters. 
While P has historically been the nutrient of greatest concern area 
(Bartosova et al., 2019; Savage et al., 2010; Vuorenmaa et al., 2002), N 
also limits algae growth seasonally or spatially in the Baltic Sea 
(Howarth and Marino, 2006; Tamminen and Andersen, 2007). Further, 
some shallow and polymictic lakes may also be N-limited (Dolman et al., 
2016; Maberly et al., 2020; Pietiläinen and Räike, 1999). 

Specific nutrient loading (nutrient load per area) is generally higher 

from agricultural areas than from forested areas and P loads from 
agriculture have been seen as a major factor for Baltic Sea eutrophica-
tion (Bartosova et al., 2019; Savage et al., 2010; Vuorenmaa et al., 
2002). However, at a local scale forestry can induce eutrophication of 
small lakes (Ahtiainen and Huttunen, 1999; Kenttämies, 1998; Korte-
lainen and Saukkonen, 1998; Kortelainen et al., 1997). Some measures, 
especially forest ditching that peaked in the early 1970′s, may have long- 
lasting and increasing effect on nutrient loading (Finér et al., 2021; 
Nieminen, 1998; Nieminen et al., 2017; Nieminen et al., 2018a,b; Nie-
minen et al., 2020). One additional factor that increases N loading from 
river basins is the clearing of peat soils for fields (Rankinen et al., 2016). 
In recent years, continuous cover forestry has become more common. 
The primary objective is to ensure that the forest canopy remains intact, 
and it is supposed to produce several environmental benefits (Nieminen 
et al., 2018a,b). 

About a third of Finland’s land area is peatland, and energy peat 
supplied a couple of percent of Finland’s total energy consumption in 
2021. Due to the rapid decline in demand for energy peat, the active peat 
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Fig. 1. Location of the Simojoki river basin in Finland. Yellow areas are agricultural fields, red areas peat mining fields and green areas ditched forest areas. Triangles 
are the main water quality sampling points. 
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production sector has decreased rapidly in recent years (https://www.bi 
oenergia.fi/category/tiedotteet/). There are also climate-related rea-
sons, including carbon neutrality targets, to stop peat extraction (Kor-
kiakoski et al., 2019). In Denmark and Germany, drained peatlands and 
peatlands used as meadows have caused some water quality problems 
and they have been re-wetted in the hope of reducing nutrient loads 
(Hoffmann et al., 2020; Tiemeyer et al., 2007). In Finland, approxi-
mately 2000–3000 ha of previous peat extraction areas are converted to 
new land uses each year: 75 % is afforested, 20 % is cultivated and 5 % 
has been converted to wetlands. Some areas also have special uses, e.g., 
windmill parks. 

Peat extraction requires an environmental permit (Environmental 
Protection Act /ympäristönsuojelulaki 527/2014). State and municipal 
authorities ensure that extraction is carried out responsibly and in an 
environmentally friendly manner. The environmental permit obliga-
tions end when production has ceased, and the area has been converted 
to a new land use. However, the Environmental Protection Act does not 
apply to the physical alteration or structural pollution of the environ-
ment, nor to land use and nature protection, which are regulated sepa-
rately (e.g. Lång et al., 2022). 

The Water Framework Directive (WFD; EU, 2000) commits European 
Union member states to achieving good qualitative and quantitative 
status of all water by 2027. The Finnish Environmental Protection Act 
(527/2014) and Water Act (587/2011) state only that the permit au-
thority shall consider what is set out in a river basin management plan. 
The ecological status of surface waters is assessed according to biolog-
ical, hydromorphological and physico-chemical quality elements with 
additional chemical status values for specific priority substances. 
Physico-chemical quality elements specify maximum concentrations for 
some parameters including total P and total N. If even one such con-
centration is exceeded, the water body will not be classed as having a 
“good ecological status”. 

According to the Weser Ruling (C-461/13) deterioration of a single 
surface water quality factor is prohibited, even if the status of the water 
body as a whole is not deteriorated. The European Court of Justice 
interpreted how the objectives, exceptions, and the non-deterioration 
requirements of WFD should be applied. The Ruling concerned 
dredging in the German river Weser, but it has large implications on the 
admissibility of other activities (Kymenvaara et al., 2019; Paloniitty & 
Kotamäki, 2021). There is also a precedent in Finland where an envi-
ronmental permit has been refused on this basis (Thorén et al., 2021). 

Simojoki is one of the few rivers draining to the Baltic with a natu-
rally reproducing salmon population. Salmon in the river are likely well 
adapted to the cool water, low nutrients and high levels of DOC. Any 
changes in future conditions may negatively impact the resilience of this 

important fish population (LaMere et al., 2020). 
Changing climate is assumed to increase nutrient loading from 

Nordic river basins due to increases in temperature, precipitation and 
extreme events (Brookshire et al., 2011; Øygarden et al., 2014; Puusti-
nen et al., 2007; Bartosova et al., 2019; Pihlainen et al., 2020). For 
example, by 2040–2069, mean temperatures are projected to increase in 
Finland by 2.4 (1.0–3.8) ◦C in summer and 3.3 (1.2–5.4) ◦C in winter 
relative to a baseline of 1981– 2010. Precipitation increases average 5 % 
in summer and 12 % in winter (Ruosteenoja and Jylhä, 2021). 

The climate change scenarios and downscaling strategies used in 
catchment-scale simulations of possible future conditions are based on 
well-documented sets of assumptions, e.g., the IPCC Representative 
Concentration Pathway (RCP) greenhouse gas concentration trajec-
tories. More difficult are projections of possible future land use associ-
ated with changing socioeconomic conditions. The need for plausible 
projections of future societal conditions for integrated assessment of 
social-environmental systems led to the development of a set of global 
scenarios, the Shared Socioeconomic Pathways (SSPs; O’Neill et al., 
2017). The SSPs are qualitative scenarios (storylines) that describe 
coherent, internally consistent and plausible global societal trends for 
selected socio-economic elements. They consider a wide range of socio- 
economic drivers (e.g. demographics, economy, policies and in-
stitutions) and comprise a set of five distinct pathways that can be 
combined with climate projections to produce integrated scenarios. 

Climate change and global change more generally have a direct 
impact on nutrient loads to waters, but also indirectly on land use 
change. Socioeconomic conditions are projected to have greater impacts 
on water quality than climate change in the Baltic Sea region (Bartosova 
et al., 2019). One way to approach simultaneous change is to create 
storylines for different developments (e.g. Rakovic et al., 2020). The 
impact of an individual measure on this type of review is difficult to 
ascertain, and the results need to be seen as possible developments. 

Quantitative, process-based models are widely used to assess com-
bined effects of climate and land use change (e.g., Moe et al., 2019; 
Whitehead et al., 2013; Bussi et al., 2016; Molina-Navarro et al., 2018) 
on catchment processes. Different catchment-scale, process-based 
models have been applied in the Nordic countries to estimate impact of 
land use and land management on water quality (e.g. Granlund et al., 
2004; Rankinen et al., 2010; Rankinen et al., 2019; Farkas et al., 2013; 
Lu et al., 2016; Arheimer and Pers, 2017). The results have provided an 
important source of information to decision-makers for estimating im-
pacts of land management alternatives on water quality. 

The main aim of our study is to estimate possible threats to water 
quality associated with forest management change and re-use of peat 
extraction sites in the Simojoki river basin. We focus on broad trends in 

Table 1 
Characteristics of the sub basins.  

Sub-catchment Area Peat mining fields Agricultural fields Potential energy tree areas Manure input Population density  
[km2] [%] [%] [%] (on peat soils) [kg N/ha] [person/km2]  

64.09 147 0 0.7 3.4 (40 %) – 0.99  
64.08 201 0 0.9 8.5 (24 %) – 0.99  
64.07 245 0.2 0.2 3.3 (88 %) – 1.39  
64.06 147 1.1 0 2.7 (0 %) – 1.39  
64.05 630 0 1.9 2.5 (8 %) 99 0.99  
64.04 446 0 0.9 1.1 (20 %) 101 0.99  
64.03 557 0.1 2.8 5.6 (41 %) 74 0.99  
64.02 375 0.5 2.7 5.3 (0 %) 135 1.39  
64.01 (outlet) 412 1.6 2.4 12.6 (12 %) 191 1.39  
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land use, the existence of which can already be seen. Further, we eval-
uate the influence of future storylines in climate and land use changes in 
these sectors on discharge patterns and water quality of the river by 
mathematical modelling. We included into storylines three different 
forestry measures (whole-tree harvesting, stem-only harvesting and 
continuous cover forestry). Special emphasis is on the possible changes 
in the ecological status of the river. 

2. Material and methods 

2.1. Study site 

The river Simojoki is located in northern Finland (Fig. 1) and it is one 
of the few unregulated large rivers inhabited by a natural salmon pop-
ulation. Thus, the recreational value of the river is considerable. The 
ecological status of the main channel is excellent and side branches 
good. 

The Simojoki River catchment area (3160 km2) covers the territory 
of two relatively sparsely populated municipalities (Ranua and Simo) 
(Statistics Finland, https://www.stat.fi). Most houses are not connected 
to centralized municipal sewage treatment but there are on-site purifi-
cation systems for a single household or small communities and other 
dwellings, such as holiday resorts or schools regulated by national 
legislation and EU directives (the Urban Wastewater Treatment Direc-
tive, (91/271/EEC) and WFD (2000/60/EC)). The number of leisure 
homes has steadily increased since 1980 (900 dwellings) to 2600 
dwellings in 2020. Peat mining and forestry are two other important 
anthropogenic pressures (Table 1). Most of the forest area, almost half of 
which is located on organic soils, is used for economic (production) 
forestry. Forest ditching was intensive in the 1960′s and 1970′s. Old 
forests (>120 years old) cover around 2 % of the forest area. Old forest is 
located mainly on organic soils, and the wood volume (100 m3/ha) is 

higher than in economically exploited forest (65–75 m3/ha). 
Agriculture in the area is mainly animal husbandry. Even though the 

field percentage in the river basin is low, fields are located directly along 
the river. In some areas N contents of manure (kg N/ha) are higher than 
the allowed limit in the Nitrate Directive (170 kg N/ha), leading to a risk 
of increased N loading. 

2.2. Data 

Measurements of river discharge (daily values) and suspended 
sediment, total phosphorus (TP), total dissolved phosphorus (TDP), and 
dissolved reactive phosphorus (DRP) concentrations (grab samples: on 
average 33 per year) were available from national monitoring programs 
(Niemi, 2006). The main observation site is located close to the river 
outlet (Fig. 1). Since 1985 water quality sampling has been concentrated 
on spring high flow periods (weekly to biweekly sampling) to ensure the 
most accurate annual nutrient flux calculations. In other seasons, sam-
ples were taken about once a month. In some mid-winter months, there 
was++ no sampling. Suspended sediment and dissolved nutrient anal-
ysis were less frequent. 

In the analysis of TP, polyphosphates and organophosphorus com-
pounds were first converted to orthophosphate by acid peroxodisulphate 
digestion under pressure at 120 ◦C. Orthophosphate ions reacted in an 
acidic solution containing molybdate and antimony ions to form a 
phosphomolybdate complex. Reduction of the complex with ascorbic 
acid formed a colored molybdenum blue complex, the absorption of 
which was measured at 880 nm by a spectrophotometer. TDP was 
similarly analyzed after first filtering the sample through a Nuclepore 
polycarbonate membrane (0.4 µm). Phosphate P was analyzed after 
filtering the sample and used as a measure of DRP. TN determination 
was initiated by digestion with peroxodisulphate, followed by reduction 
of NO3

– with a Cd amalgam and determination of NO2 by the azo color 

Table 2 
Basic statistics of water quality parameters at the outlet of Simojoki (station Simojoki as. 13500) in 1985–2020.   

TN NO3-N NH4-N DON TP DTP DRP Susp.sed  
[µg N/l] [µg N/l] [µg N/l] [µg N/l] [µg P/l] [µg P/l] [µg P/l] [mg/l] 

Simojoki 10 / Välttämö 
Mean 298.4 16.7 8.4 275.5 9.7 – – 1.4 
Var 3556.5 323.2 67.5 3680.2 144.8 – – 0.7 
Std 59.6 18.0 8.2 60.7 12 – – 0.8 
n 144 107 110 107 146 – – 13 
Simojoki 39 
Mean 472.7 26.3 18.4 418.6 20 – – – 
Var 15903.8 1321.1 983.6 8836.3 102.4 – – – 
Std 126.1 36.3 31.4 94.0 10.1 – – – 
n 196 126 192 126 191 – – – 
Simojoki as. 13,500 
Mean 499.4 61.5 18.6 419.0 20.5 10.7 3.1 5.3 
Var 19703.4 4290.4 450.8 14417.9 80.7 11.4 3.2 110.2 
Std 140.4 65.5 21.2 120.1 9.0 3.4 1.8 10.5 
n 521 471 519 471 404 404 234 391  

Table 3 
Goodness-of-fit values for calibration and validation periods.  

River basin and station NO3-N NH4-N ON Susp. Sed TP SRP Q  

R2 RMSE R2 RMSE R2 RMSE R2 RMSE R2 RMSE R2 RMSE N-S 

Calibration 1990–2002 
64.08 Välttämö 0.094 0.046 0.009 0.069 0.076 0.221 0.109 56.604 – – – – – 
64.05 Simojoki 39 – – – – – – 0.847 19.020 – – – – 0.593 
64.03 0.423 0.065 0.112 0.051 0.168 0.176 – – – – – – 0.533 
64.01 Simojoki as. 13,500 0.385 0.084 0.270 0.047 0.100 0.139 0.007 286.168 0.219 123.38 0.201 302.16 0.717 
Validation 2003–2015 
64.08 Välttämö 0.192 0.204 0.169 0.070 0.034 0.194 – – 0.160 200.080 – – – 
64.05 Simojoki 39 – – – – – – – – – – – – – 
64.03 0.189 0.094 0.121 0.058 0.106 0.115 0.205 176.621 0.210 102.411 – – 0.621 
64.01 Simojoki as. 13,500 0.258 0.104 0.173 0.051 0.032 0.142 0.002 197.133 0.391 117.918 0.144 325.577 0.548  

K. Rankinen et al.                                                                                                                                                                                                                              

https://www.stat.fi


Catena 226 (2023) 107045

5

Table 4 
Simulated leaching from different land use classes in calibration period and literature values.  

Land use class Parameter Unit Simulated 
value 

Literature value Observation Ref. 

ForOrg DON [kg/ha/ 
a] 

0.85–3.07     

NH4-N [kg/ha/ 
a] 

0.12–0.41 0.29 (0.06–0.82) Org. soils > 35 % Kortelainen et al., 1997     

0.14–0.18 Northern Finland in general Saukkonen and Kortelainen, 
1995  

NO3-N [kg/ha/ 
a] 

0.09–0.19 0.19 (0.028–0.45) Org. soils > 35 % Kortelainen et al., 1997     

0.14–0.16 Northern Finland in general Saukkonen and Kortelainen, 
1995     

0.3–2.0 minerotrophic peatland Kaila et al. 2015  
TP [kg/ha/ 

a] 
0.117–0.218 0.121 Spruce Kaila et al., 2015     

0.026–0.052  Palviainen et al., 2014     
0.084 (0.006–0.424) Managed catchments in general Finér et al., 2021     
0.12 (0.11–0,16) TDP Joensuu et al., 2001 

ForMin DON [kg/ha/ 
a] 

0.60–1.67     

NH4-N [kg/ha/ 
a] 

0.10–0.25 0.11 (0.05–0.17)  Kortelainen et al., 1997     

0.14–0.18 Northern Finland in general Saukkonen and Kortelainen, 
1995  

NO3-N [kg/ha/ 
a] 

0.08–0.30 0.27 (0.057–1.0)  Kortelainen et al., 1997     

0.14–0.16 Northern Finland in general Saukkonen and Kortelainen, 
1995  

TP [kg/ha/ 
a] 

0.059–0.11 0.017–0.026 
(0.003–0.006)  

Palviainen et al., 2014     

0.084 (0.006–0.424) Managed catchments in general Finér et al., 2021 
ForOrgCut DON [kg/ha/ 

a] 
1.05–2.77 1.78–3.98  ditched Nieminen, 2004  

NH4-N [kg/ha/ 
a] 

0.63–1.8 0.15 cut + ditching, increase Alatalo, 2000     

0.39–1.49 ditched Nieminen, 2004  
NO3-N [kg/ha/ 

a] 
0.27–0.66 0.18 cut + ditching, increase Alatalo, 2000     

0.45–0.48 ditched Nieminen, 2004     
1.4–3.1 icut, ncrease Kaila et al. 2015  

TP [kg/ha/ 
a] 

0.339–0.618 0.150–0.315 clear felling, extra Kaila et al. 2015     

0.001 12 % increase in DRP Joensuu et al., 2001 
ForMinCut DON [kg/ha/ 

a] 
0.5–1.54   Alatalo 2000     

1.24 coniferous, forest cut, site preparation Piirainen et al., 2007  
NH4-N [kg/ha/ 

a] 
0.11–0.27 0 increase due to treatment Alatalo 2000     

0.88 coniferous, forest cut, site preparation Piirainen et al., 2007  
NO3-N [kg/ha/ 

a] 
0.12–0.44 0.1 increase due to treatment Alatalo 2000     

0.46 coniferous, forest cut, site preparation Piirainen et al., 2007  
TP [kg/ha/ 

a] 
0.194–0.354 0.002 35 % increase in DRP leaching due to 

clearfelling 
Joensuu et al., 2001 

OldFor DON [kg/ha/ 
a] 

0.58–1.62     

NH4-N [kg/ha/ 
a] 

0.12–0.37     

NO3-N [kg/ha/ 
a] 

0.08–0.14        

1–2 TN Mälkönen et al., 1990     
1.29 (0.37–4.01) TN, pristine catchments Finér et al., 2021  

TP [kg/ha/ 
a] 

0.114–0.213 0.041 (0.006 0.209) pristine catchments Finér et al., 2021 

Peatland DON [kg/ha/ 
a] 

0.11–1.17     

NH4-N [kg/ha/ 
a] 

0.01–0.12     

NO3-N [kg/ha/ 
a] 

0.01–0.08        

1.4 TN, fen and bog in natural state Sallantaus 1992     
2.1–2.5 TN, fen and bog, drained Sallantaus 1992  

TP  0.135–0.213 0.04 fen and bog in natural state Sallantaus 1992     
0.11–0.14 fen and bog, drained Sallantaus 1992 

(continued on next page) 
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method (Niemi, 2006). Organic N was calculated as the difference be-
tween total N and inorganic N. Concentration of dissolved organic ni-
trogen (DON) is calculated as the difference between TN and inorganic 
N. Water quality is clearly dominated by organic matter, e.g. soluble 
reactive phosphorus (SRP) is only 30 % of total dissolved phosphorus 
(Table 2). 

A Digital Elevation Model (DEM) and other Geographical Informa-
tion (GIS) data were available from the Finnish Environment Institute 
(https://www.syke.fi/en-US/Open_information). Soil data were ob-
tained from Maannostietokanta (Lilja et al., 2006) and land cover data 
were obtained from the CORINE GIS. Land cover data were supple-
mented by more detailed field parcel data from the Natural Resources 
Institute Finland and maps of forest ditches (Bhattacharjee et al., 2021). 
Time series of effluents from current peat extraction sites were available 
directly from the peat extraction companies and water quality reports 
(Lapin vesitutkimus 1995–2004). Detailed information on forest struc-
ture was available in the web portal of the Natural Resources Institute 
Finland (LUKE) (https://www.luke.fi/fi/seurannat/valtakunnan- 
metsien-inventointi-vmi). LUKE had also annual statistics of domestic 
animals and main crops (https://www.luke.fi/fi/tilastot). Maps of soil 
types, land cover, and the DEM all had a grid size of 25 × 25 m. 

Meteorological data, including daily measurements of precipitation 
and temperature (T), were obtained from the open data of the Finnish 
Meteorological Institute (FMI). 

2.3. Model description and set-up 

We used a rainfall-runoff modeling toolkit, PERSiST (the Precipita-
tion, Evapotranspiration, and Runoff Simulator for Solute Transport), 
with the INCA (Integrated Nutrients in Catchments) family of models. 
PERSiST is designed for simulating present-day hydrology, projecting 
possible future effects of climate or land use change on runoff and 
catchment water storage (Futter et al., 2014). PERSiST has limited data 
requirements and is calibrated using observed time series of precipita-
tion, air temperature and runoff, at one or more points in a river 
network. 

INCA-N (Wade et al., 2002; Whitehead et al., 1998) and INCA-P 
(Jackson-Blake et al., 2016; Crossman et al., 2021) are dynamic mass- 
balance models, which attempt to track the temporal variations in the 
hydrological flow paths and nutrient transformations and stores, in both 
the land and in-stream components of a river system. Output from INCA 
models include daily and annual land-use specific nutrient loads for all 
stores and transformation processes and stores within the land phase, 
including concentrations in the soil water, ground water, and direct 
runoff. Decay of the soil organic N pool is described by first-order ki-
netics, and the decay rate is limited by temperature and moisture. The 
change in mass of P adsorbed to or desorbed from the soil is calculated 
using a Freundlich isotherm, where the change in mass adsorbed is 
proportional to the difference between TDP concentration in soil water 
and the equilibrium TDP concentration at which no adsorption or 
desorption occurs. The model separately identifies a labile and an 

inactive stock of soil P. This allows for the simulation of long-term soil P 
dynamics as it calculates changes in soil P storages. 

2.3.1. Land use change implementation in the models 
Two types of forest harvesting are considered here in the scenarios. 

Forestry measures are assumed to be traditionally stem-only harvesting. 
In whole tree harvesting all above-ground biomass is removed, and that 
leads to greater nutrient removal than stem-only harvest as no cutting 
residues is left on site (Lundborg, 1997; Palviainen and Finér, 2012). In 
forest harvest areas temperature is assumed to increase, and runoff is 
assumed to increase due to decreased evapotranspiration. Sallantaus 
(1986) estimated the difference to be + 1.14 mm in runoff per cubic 
meter wood harvested per hectare. In continuous cover half of the trees 
are assumed to be removed (Routa and Huuskonen, 2022). Evapo-
transpiration in old forests was assumed to be higher than in economic 
forests due to their higher tree (stem, branches and needles) volume. On 
the other hand, rates of increase of both standing volume and biomass 
decline with stand age (Hopkinson et al., 2016). Thus, nutrient uptake is 
lower than in economic forests. We used the prioritization approach, 
Zonation (Mikkonen et al., 2018), to find new forest areas of potential 
high conservation value. Emissions from rural wastewater is based on 
nutrient emissions per inhabitant (4.59 kg N/a/person and 0.63 kg P/a/ 
person) and removal efficiency of modern on-site treatment plants (40 % 
for TN and 80 % for TP) (Lehtoranta et al., 2014). 

2.3.2. Calibration and validation 
Catchment scale eco-hydrological models (PERSiST, INCA-ON and 

INCA-P) were calibrated (years 1990–2002) against observed discharge 
and water quality in the river. The river basin is divided into nine sub 
basins along the main river (Ekholm 1993). The main water quality and 
discharge measurement site is located at the river mouth. Another 
discharge measurement site is located at the Simojoki 39. These obser-
vation sites have monthly water quality sampling. (Table 3). In addition, 
there were one short intensive observation period of discharge and 
suspended sediment concentrations at the river basin 64.05. 

Land use in the river basin was divided into seven classes based on 
land cover (CORINE) and soil type (Lilja et al. 2006). Land use classes 
were forest on mineral soil (ForMin), forest on organic soil (ForOrg), cut 
forest on mineral soil (ForMinCut), cut forest on organic soil (For-
OrgCut), old forest (OldFor), natural peatlands (Peatland), peat extrac-
tion fields and agricultural (grass) fields (Agri). 

Parameters of P equilibrium equations in forest soil are based on 
Väänänen (2008), in agricultural soils on Peltovuori (2007) and in 
aquatic environment on Koski-Vähälä (2001). Nitrogen fluxes (vegeta-
tion uptake, N mineralization, N nitrification and N leaching) in 
different land use classes were calibrated to be on the same level as the 
values found in the literature. Nutrient fluxes from different land uses 
were calibrated against literature values (Table 4). 

Simulated and observed nutrient concentrations at the outlet are 
shown in Fig. 2. Percent bias (PBIAS) measures the average tendency of 
the simulated data to be larger or smaller than observation. The optimal 

Table 4 (continued ) 

Land use class Parameter Unit Simulated 
value 

Literature value Observation Ref. 

Agri DON [kg/ha/ 
a] 

0.85–1.33     

NH4-N [kg/ha/ 
a] 

0.63–1.33     

NO3-N [kg/ha/ 
a] 

4.76–10.72 2.1–6.3 Grass lay Puustinen et al. 2010     

4.5–19 Grass lay, TN Puustinen et al. 2010  
PP [kg/ha/ 

a] 
0.113–0.213 0.18–0.95  Grass lay Puustinen et al. 2010  

DRP [kg/ha/ 
a] 

0.354–0.668 0.23–1 Grass lay Puustinen et al. 2010  
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Fig. 2. Observed and simulated nutrient concentrations at the outlet of the river a) NO3-N concentration, b) NH4-N concentration, c) ON concentration, d) DRP 
concentration, e) TP concentration. 
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Fig. 2. (continued). 
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Fig. 2. (continued). 
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value of PBIAS is 0.0, and based on Moriasi et al. (2007, 2015) it is easy 
to interpret if the calibration is acceptable or not. For discharge 
goodness-of-fit value PBIAS was 2.77 for the calibration period and 18.4 
for the validation period (2003–2012). According to Moriasi et al. 
(2007, 2015) the performance statistics for the calibration period were 
very good and satisfactory for the validation period. For NO3-N PBIAS 
was very good both for the calibration and validation period (3.38 and 
7.67), but for NH4-N only satisfactory (60.3 and 68.3). For TP PBIAS was 
satisfactory for the calibration period (64.5) but unsatisfactory for the 
validation period (91.6). On the other hand, for TDP PBIAS was good for 
both calibration and validation periods (27.7 and 32.0). Other goodness- 
of-fit statistics along the river are presented in Table 3. Simulated dy-
namics of the concentration in the upper reaches of the river is not good 
(coefficient of determination R2), probably because the lake located in 
the upper reaches equalizes the flow and concentration fluctuations. 
Even there, the simulated level of concentration (RMSE) is visually 
acceptable. A clear challenge for modeling was the low concentration 
and lacking dynamics of suspended sediments in the river, due to low 
proportion of mineral soils in the river basin. The observed peak during 
the intensive measurement period at the sub basin 64.05 was simulated 
correctly. 

2.4. Climate scenarios and story lines 

Five different Nordic Bioeconomy Pathways (NBPs) were created for 
the Simojoki River basin based on Rakovic et al. (2020) (Table 5). Land 
use change is assumed to apply to the entire area of current peat 
extraction sites. The period under review is 2040–2069, when land use 
change can be expected to level off. The base-line period is 1981–2010. 
As societal changes influence greenhouse gas emmissions, different 
RCPs are used in storylines. 

2.4.1. Storyline NBP1. Sustainability first 
Societies around the world increasingly recognize the environ-

mental, social, and economic costs of resource-intensive production and 
consumption patterns. Leading policy in energy production is directed 
towards sustainability and the use of renewables increasing forest har-
vesting. Thus, peat mining fields predominantly turn to energy forests. 
Continuous cover harvesting is applied in all forest harvesting areas. 
Low meat production leads to small scale animal husbandry without 
excess manure production and thus lower nutrient leaching to waters. 
Even though forest cutting area increases, nutrient export coefficient is 

lower due to continuous cover harvesting. 

2.4.2. Storyline NBP2. Conventional first 
This world follows typical recent (pre 2020) historical patterns. 

There is moderate success in policy implementation in achieving the 
sustainable development goals. In the Nordic energy sector, some in-
vestments in renewable energy systems are made but society continues 
to rely on fossil fuels. In policy there is a weak focus on sustainability, 
and thus peat mining for energy continues. In addition, traditional forest 
harvesting continues. Medium meat consumption leads to excess 
manure production and over-fertilization in most intensive production 
areas. In terms of nutrient leaching, this is ‘business as usual’. 

2.4.3. Storyline NBP3. Self-sufficiency first 
The world is characterized by rising regional rivalry driven by 

growing nationalistic forces. The Nordic bioeconomy therefore becomes 
a matter of regional security. Fragmentation of global markets lead to a 
stronger need for self-sufficiency and food security, and environmental 
issues have low priority in societies. Intensification of agriculture leads 
to larger farms and increased field area peat mining fields become 
agricultural fields leading to increase in nutrient leaching. Forestry turns 
to whole-tree harvesting, to compensate for increased energy demand. 
When all cutting residues are removed there is a threat that soil nutrient 
pools decrease leading to decreasing nutrient leaching (Storyline NPB3). 
In alternative storyline NBP3b that depletion is compensated by forest 
fertilization. 

2.4.4. Storyline NBP4. City first 
A gap widens between a small affluent higher-income groups and 

lower-income groups. Environmental policies are centered on local 
concerns with little attention to vulnerable areas or global issues. Rural 
areas that are not favorably situated for tourism are increasingly 
neglected because the policy is oriented toward the benefit of those with 
economic power. Due to an uncertain fossil fuel market, there are 
diversified investments in the energy sector, including efficiency and 
renewables. Big corporations gradually take over the land-based bio-
economy sector. The bioenergy share of energy use follows an upward 
trend facilitated by rising import of bioresources to the Nordic countries. 
Most of the solutions are technical. Abandoned peat extraction sites 
becomes wind parks (on peat soils). In the forestry sector the current 
Nordic model prevails. Strategies in the agricultural sector are steered 
towards conventional crop production with more precision agricultural 

Table 5 
Assumptions about the development of society in different storylines (Downscaled from Rakovic et al 2020 to Simojoki).   

NBP1 NBP2 NBP3 NBP4 NBP5 

Policy Sustainability first Conventional first Self-sufficiency first City first Growth first 
Environmental 

policy 
Improved 
management of 
local and global 
issues; tighter 
regulation of 
pollutants 

Concern for local 
pollutants but 
only moderate 
success in 
implementation 

Low priority for 
environmental issues 

Focus on local 
environment in 
MICs, HICs; little 
attention to 
vulnerable areas or 
global issues 

Focus on local 
environment with 
obvious benefits 
to well-being 

Population growth Relatively low Medium Low Relatively low Medium 
Economic growth Medium Medium, uneven Slow Medium High 
Energy use and 

focus 
Low; high focus on 
sustainable production 

Medium; weak focus on 
sustainable production 

High; low priority on 
environmental issues 

Medium; diversified input to 
renewable energy 

Relies on fossil resources 

Animal husbandry Small scale; low meat 
consumption 

Medium size farms; 
medium meat 
consumption 

Specialized large scale farms; 
material-intensive 
consumption 

Medium scale farms; high meat 
consumption for wealthier people 

Technical solutions, large 
scale farms 

Solutions in 
bioenergy sector 

Sustainable; energy 
forests area increases 

Peat mining for energy 
production continues 

Low technology; Old peat 
fields will turn to agricultural 
fields 

Technical; Old peat fields will turn 
into wind parks, biogas production 
on farms 

No solution; Old peat 
fields wetted for birds  

Forestry Continuous cover, 
forestry area increases 

Stem only harvesting, no 
change in forestry area 

Whole tree harvesting, no 
change in forestry area 

Stem only harvesting, no change in 
forestry area 

Increase in protected 
areas, no change in 
forestry area 

RCP 4.5 8.5 8.5 4.5 4.5  
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Fig. 3. Change of a) temperature pattern, and b) discharge pattern according to different climate scenarios.  
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approaches, while animal husbandry is diversified. Biogas production 
on farms reduce pressure to overfertilize fields by manure. 

2.4.5. Storyline NBP5. Growth first 
This society trusts that competitive markets, new technology and 

investments in human capital is the path to sustainable development. 
Regarding environmental policy, there is a focus on local issues with 
obvious benefits to human wellbeing, whereas global issues receive little 

attention. In the Simojoki river basin this scenario leads to an increase in 
the tourism industry with fishing and hunting opportunities. The num-
ber of holiday homes doubles from the number of the early 2000′s. The 
energy and resource use intensity are high and there is a heavy reliance 
on fossil resources. With increasingly connected global markets, biomass 
production moves towards more large-scale regionally specialized sys-
tems in the Nordic countries where intensification of forestry production 
systems is driven by rising timber export. There are however limited 

Fig. 4. Mean discharge during a) minimum and b) maximum discharge periods in April-March according to different climate scenarios.  

Fig. 5. Mean discharge during a) minimum and b) maximum discharge periods in September-October according to different climate scenarios.  

Fig. 6. Mean temperature during maximum temperature periods according to different climate scenarios.  
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incentives to develop the bioenergy sector. Traditional forestry con-
tinues, but part of the forest in age class 80–120 years old turns to old, 
protected forests. In the agricultural sector animal husbandry becomes 
more specialized and concentrated in large-scale farms with technical 
solutions. 

3. Results and discussion 

3.1. Climate scenarios and hydrology 

The increases in mean annual air temperature (T) in the Simojoki 
river basin are 4.0 ◦C (RCP 4.5) and 4.8 ◦C (RCP 8.5) in 2041–2070 
compared to the 1981–2010 baseline. Mean annual precipitation in-
creases by 26 % (RCP 4.5) and 36 % (RCP 8.5) respectively. In general, 
winter temperatures and winter precipitation are higher in RCP 8.5 than 
in RCP 4.5 (Fig. 3). Both RCP 4.5 and RCP 8.5 give the same temperature 
increase for summer, but RCP 8.5 gives a higher winter increase. The 
difference in precipitation is highest in late winter and early spring. As a 
result, peak discharge due to snow melt occurs earlier in spring, but 
there is no fundamental change in general discharge patterns, though 
discharges during maximum flow periods are increasing in spring and 
discharges during low flow periods are decreasing (Figs. 4 and 5). 

Water temperature increases as it follows air temperature with a lag. 
Thermal limits for salmonids are species specific (Solbé 1988, Jonsson 
and Jonsson 2009) but the mean air temperature does not exceed the 
threshold set for several species (20–25 ◦C). The peak temperatures 
(Fig. 6) are becoming higher, which may increase temperature espe-
cially in low flowing reaches. There is a high variation between years 
and months, and the description and timing of extremes are different in 
RCP 4.5 and RCP 8.5. Especially in some spring and autumn months RCP 
4.5 gives higher precipitation than RCP 8.5 (Fig. 7). 

3.2. Suspended sediment and nutrient concentrations 

Nutrient concentrations are among the WFD status classification 
criteria. Finnish national values for excellent state in large humic rivers 
are TN less than 0.45 mg/l and TP less than 0.02 mg/l. In good state TN 
is less than 0.9 mg/l and TP less than 0.04 mg/l (Aroviita et al., 2012). 

There were no major differences in the storylines for TN load, though 
the highest concentrations were produced by NBP3 and NBP3b, in which 

the field area increased together with pressure to spread manure on 
agricultural fields. 

When considering TP concentration thresholds, there was a clear 
difference between excellent and good ecological status. In ‘Self Suffi-
ciency first’ scenarios (NBP3 and NBP3b) only 40 % of the modelled 
days predict TP concentrations that remained under the threshold value, 
while in other scenarios the number is 70 % (Fig. 8). The corresponding 
numbers between good and satisfactory status were roughly 80 % and 
90 %. Developments leading to the conversion of peat mining fields to 
arable land, together with climate change, may pose a risk of deterio-
ration of the ecological status, especially in sub catchments with a high 
proportion of peat mining. This poses challenges for the agricultural 
water protection. At the EU level, agricultural policy is regulated by the 
Common Agricultural Policy (EC, 2011). The application of manure and 
the N it contains to fields is regulated in the Nitrates Directive (EEC, 
1991). In addition, some of the agri-environmental measures are regu-
lated nationally, and large livestock farms need an environmental 
permit. 

In both the NBP3 and NBP3b storylines TP loading from fields 
increased, but in NBP3 TP loading from forestry areas decreased (and 
compensated increased loading from agricultural fields) due to whole- 
tree harvesting that depleted nutrient storage in soil. In reality, that 
depletion is probably compensated by forest fertilization (NBP3b), 
which leads to higher losses of soluble nutrients. In general, develop-
ment according to the storyline NBP1 is best for water quality. In that 
storyline current peat extraction fields are transformed into energy 
forests. The area of energy forests is also growing elsewhere, but the 
increase in area is compensated by shifting to continuous cover forestry, 
which leads to smaller nutrient runoff. Low meat consumption does not 
cause pressure to intensify livestock farming, so nutrient emissions from 
fields do not increase. 

Seasonality was clearly seen in monthly mean concentrations 
(Fig. 9), the highest concentrations occurred during high flow events in 
spring and autumn. The highest variability in NO3-N concentrations was 
in agricultural storylines NBP3 and NBP3b. The highest variation in TDP 
concentrations occurred in storylines NBP1, 4 and 5 in spring and 
autumn. That was probably due to the high precipitation amount in 
some years in climate scenario GLFM RCP 4.5. 

Slightly higher temperatures can be beneficial to salmonids as they 
facilitate faster growth (Todd et al. 2012). The projected higher 

Fig. 7. Relationship of monthly precipitation sum a) in May, and b) in October.  

K. Rankinen et al.                                                                                                                                                                                                                              



Catena 226 (2023) 107045

14

temperatures would facilitate faster growth and the higher nutrient 
concentrations could support higher levels of primary and secondary 
productivity in the river, which in turn would provide juvenile salmon 
with the food they need to grow. These generic conclusions related to 
juvenile salmonid growth must be balanced against the reality that the 
Simojoki population is adapted to cooler temperatures, and both inva-
sive salmon species and more southerly Atlantic salmon populations are 
encroaching on Simojoki. These fish, which are adapted to warmer 
conditions, may outcompete the native Simojoki population in a warmer 
future (Jonsson and Jonsson, 2009). 

Model results suggest no exceedance of sediment thresholds in the 
main river channel. While this is good news, it must be interpreted with 
caution as the simulations presented here did not explicitly consider 
consequences for headwaters. Increased disturbance in the landscape 

due to, e.g., road building or other forestry operations has the potential 
to cause local sediment mobilization and damage to spawning habitat. 

The projected changes will decrease the resilience of the ecologically 
important wild salmon population in Simojoki. 

4. Conclusions 

Our research shows that there are different ways to end up with the 
same water quality. The main reach of the river Simojoki is currently in 
excellent or good ecological condition. Developments leading to the 
conversion of peat extraction to arable land, together with climate 
change, may pose a risk of deterioration of the ecological status, espe-
cially in branches which are currently in good ecological status. This is 
especially evident in the increase in TP concentrations if no compen-
sating measures are done in other land uses. A storyline that emphasizes 
sustainable development in energy production (NBP1) will lead to the 
best outcome in terms of water protection. Even though the area of 
energy forests growth, this is compensated by shifting to continuous 
cover forestry. Nutrient emissions from agricultural fields do not in-
crease as there is no pressure to intensify livestock farming. 

Fig. 8. Total nutrient concentrations a) suspended sediment concentration, b) 
TP concentration and c) TN concentration. X-axis shows the number of days (as 
percentage of total number of days) when concentration in Y-axis is exceeded. 

Fig. 9. Monthly mean values of a) TDP concentrations, b) NH4-N concentra-
tions, and c) NO3-N concentration. 
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luokitteluun vuosille 2012–2013 − päivitetyt arviointiperusteet ja niiden 
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Finér, L., Lepistö, A., Karlsson, K., Räike, A., Härkönen, L., Huttunen, M., Joensuu, S., 
Kortelainen, P., Mattsson, T., Piirainen, S., Sallantaus, T., Sarkkola, S., Tattari, S., 
Ukonmaanaho, L., 2021. Drainage for forestry increases N, P and TOC export to 
boreal surface waters. Sci. Tot. Environ. 762, 144098. 

Futter, M.N., Erlandsson, M.A., Butterfield, D., Whitehead, P.G., Oni, S.K., Wade, A.J., 
2014. PERSiST: A flexible rainfall-runoff modelling toolkit for use with the INCA 
family of models. Hydrol. Earth Syst. Sci. 18, 855–873. 
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Saukkonen, S., Kortelainen, P., 1995. Metsätaloustoimenpiteiden vaikutus ravinteiden ja 
orgaanisen aineen huuhtoutumiseen. In: Saukkonen, S., Kenttämies, K. (Eds.), 
Metsätalouden Vesistövaikutukset Ja Niiden Torjunta. Suomen ympäristökeskus, 
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Tiemeyer, B., Frings, J., Kahle, P., Köhne, S., Lennartz, B., 2007. A comprehensive study 
of nutrient losses, soil properties and groundwater concentrations in a degraded 
peatland used as an intensive meadow – Implications for re-wetting. J. Hydrol. 345, 
80–101. 

Todd, C., Friedland, K., MacLean, J., Whyte, B., Russell, I., Lonergan, M., Morrissey, M., 
2012. Phenological and phenotypic changes in Atlantic salmon populations in 
response to a changing climate. ICES J. Mar. Sci. 69, 1686–1698. 

Väänänen, R. 2008. Phosphorus retention in forest soils and the functioning of buffer 
zones used in forestry, Dissertationes Forestales 60. 
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