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a b s t r a c t
This paper introduces a framework for extending global climate and socioeconomic scenarios in order to study
agricultural nutrient pollution on an individual catchment scale. Our framework builds on and extends Representative Concentration Pathways (RCPs) and Shared Socioeconomic Pathways (SSPs) at the spatial and temporal
scales that are relevant for the drivers of animal husbandry, manure recycling and the application of inorganic
fertilisers in crop production. Our case study area is the Aura river catchment in South-West Finland, which discharges into the heavily eutrophic Baltic Sea. The Aura river catchment has intensive agriculture — both livestock
and crop production. Locally adjusted and interpreted climate and socioeconomic scenarios were used as inputs
to a ﬁeld-level economic optimisation in order to study how farmers might react to the changing markets and
climate conditions under different SSPs. The results on economically optimal fertilisation levels were then used
as inputs to the spatially and temporally explicit nutrient loading model (VEMALA). Alternative manure recycling
strategies that matched with SSP narratives were studied as means to reduce the phosphorus (P) overfertilisation
in areas with high livestock density. According to our simulations, on average the P loads increased by 18% during
2071–2100 from the current level and the variation in P loads between scenarios was large (from −14% to
+50%). By contrast, the nitrogen (N) loads had decreased on average by −9% (with variation from −20% to
+3%) by the end of the current century. Phosphorus loading was most sensitive to manure recycling strategies
and the speed of climate change. Nitrogen loading was less sensitive to changes in climate and socioeconomic
drivers.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction
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Climate change (CC) is a global driver that affects natural processes
such as nitrogen (N) and phosphorus (P) cycles in terrestrial and
aquatic ecosystems. It causes and aggravates many environmental
problems, such as eutrophication due to excessive nutrient leakage
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The objective of the study is to understand the joint impacts of a
changing climate and societal drivers on nutrient inputs to soil and nutrient leaching at the level of an individual catchment. Particular effort is
paid to shedding light on the impacts of various socioeconomic developments, which can be associated with altering pathways for technological development, fertiliser and crop prices, environmental awareness
and selected policy instruments (taxes and restrictions) that are commonly applied to control nutrient loading.
We address the following questions: (1) How might global CC and
alternative socioeconomic developments affect agricultural fertiliser
use and the drivers of nutrient loading at a local scale? and (2) How effective might alternative manure handling strategies be under plausible
future climate and socioeconomic conditions?

into aquatic environments. In the Baltic Sea region, climate projections
have been downscaled regionally in order to study the plausible impacts
on climate conditions at a regional level (see, e.g. Saraiva et al., 2019). CC
is expected to increase average and peak temperatures, and to reduce
the snow cover period during winter. Precipitation is projected to increase in most climate scenarios, winter runoff is expected to increase
and spring runoff will decrease in most of Finland (Veijalainen, 2012).
Together these developments will lead to increasing nutrient leakage
from forest and agricultural soils and the surfaces of built areas.
This is particularly crucial for the management of the Baltic Sea,
which is a heavily eutrophic, semi-enclosed sea area in Northern
Europe. It suffers from eutrophication due to its physical properties (a
large drainage basin in proportion to the area of the sea and a shallow
average depth) and anthropogenic drivers (>80 million people live in
the drainage basin) (see, e.g. HELCOM, 2018). There is a consensus
across Baltic Sea countries to reduce nutrient loading (in particular, to
reduce phosphorus loading by a third) in order to retain the good environmental state of the sea (HELCOM, 2007). However, reaching this target becomes increasingly difﬁcult because of CC impacts as the snow
cover period will shorten and precipitation and nutrient loads will increase (Huttunen et al., 2015). In anticipation and as a demonstration
of future conditions, winter 2020 was exceptionally warm and rainy in
the Fennoscandia region. These weather conditions led to exceptionally
high peaks – and in some regions, even record-high peaks – in the nutrient loads in the northern parts of the Baltic Sea (SYKE, 2020).
Global socioeconomic developments may also have a substantial impact on how to combat environmental problems in the future. Nutrient
leakage is dependent on several socioeconomic factors and processes,
including changes in population size (which has a direct impact on
wastewater and food demand), lifestyles (which have a direct impact
on demand for services and products) and technical development.
Climate scientists have developed Representative Concentration
Pathways (RCPs) and Shared Socioeconomic Pathways (SSPs) in order
to study the future effects of CC and the prospects of mitigating them
and adapting to them (Moss et al., 2010; Ebi et al., 2014; O'Neill et al.,
2014). As an extension to the work of Booth et al. (2016) and Olesen
et al. (2019), we focus more on the interactions between economic
drivers within socioeconomic narratives and their implications for nutrient loading with fertiliser, crop yield and the scale of animal husbandry at the catchment scale.
Hydrological and nutrient loading models have been widely used as
tools to assess the future changes of nutrient loading into the Baltic Sea
and inland waters in Finland. The studies differ by scale and the modelling tools. For the Baltic Sea scale, the HYPE model (Arheimer et al.,
2012; Bartosova et al., 2019; Pihlainen et al., 2020) and a model based
on a population-discharge proxy (Eriksson Hägg et al., 2014) have
been used. At the national scale, the VEMALA model (Huttunen et al.,
2015) has been used. At the catchment scale, the INCA model
(Rankinen et al., 2013) and coupled N leaching and N transport model
(Olesen et al., 2019) have been used. In this study, we study an animal
husbandry–dominated catchment because there is a high need and
potential to reduce the nutrient surpluses caused by manure inputs
into the Baltic Sea basin (Svanbäck et al., 2019). To this end, we extend
the SSP narratives and their earlier extensions to the national
level by downscaling the SSP narratives and climate scenarios to a
catchment scale. Our case study area is the animal husbandry and
crop production-dominated Aura river catchment in South-West
Finland, which is one of the major rivers discharging to the Archipelago
Sea, the last remaining HELCOM eutrophication hotspot in Finland
(HELCOM, 2013). Consistently developed projections for parameters
are used as inputs in order to optimise farmers' economic proﬁt. The
obtained optimal fertiliser input paths are used as inputs to a spatially and temporally explicit nutrient-loading VEMALA model
(Huttunen et al., 2016), which simulates total phosphorus (TP) and
total nitrogen (TN) future nutrient loading pathways in different
scenarios.

2. Materials and methods
2.1. The modelling framework
We apply regionally downscaled RCPs and SSPs, extended for the
most important drivers of nutrient loading. The numerical climate projections and numerical interpretations of scenario narratives are used as
inputs to the models describing ﬁnancially optimal fertilising decisions
made by farmers and models describing the soil and hydrological processes in the catchment area.
The modelling framework was implemented in a sequence of steps
(see Fig. 1). First, we implemented the climate scenarios into the hydrological model by using the delta change method. Second, the narratives
of the SSPs were extended for the region and interpreted numerically.
Third, privately optimal fertiliser inputs that are consistent with alternative socioeconomic futures were computed for using a ﬁeld-level economic optimisation model. Fourth, the ﬁeld-scale nutrient loading
model ICECREAM was applied to each ﬁeld in the catchment in order
to produce results on agricultural loading at ﬁeld and aggregate levels
for the entire catchment. Fifth, the catchment-scale nutrient loading
model VEMALA was applied to simulate total nutrient loading and concentrations in rivers and lakes at a daily time step for the period
2020–2100.
2.1.1. Test area description
The integrated modelling framework was applied to an experimental catchment area in Finland in order to test and validate the modelling
results. The test area (the Aura river catchment) is located in SouthWest Finland, covering 875 km2 and draining into the Archipelago
Sea, which is one of the sub-basins of the Baltic Sea. Mean annual observed (without corrections for catch error etc.) precipitation for
1981–2010 was 723 mm. Mean annual air temperature was 5.5 °C for
1981–2010 (Pirinen et al., 2012), and the mean length of the thermal
winter is 110–130 days (FMI, 2020). Annual winter conditions variate
greatly from there being years without permanent snow cover to
years with more than 100 mm of snow water equivalent. The Aura
river catchment is dominated by agricultural production, and 35% of
the territory (308 km2) is covered by agricultural ﬁelds. The main
crops cultivated in the Aura river catchment are cereals, which represent 58% of the area, grass (11%), rapeseed (5%), other crops (14%)
and temporarily uncultivated areas (13%). The main soil texture of agricultural ﬁelds in the Aura river catchment is clay, which covers 83% of
the area, followed by coarse soils (15%), silt (1%) and organic soils
(1%). The mean slope of the agricultural ﬁelds is 1.9%. There are no
large lakes in the Aura river catchment. Due to the high share of the agricultural area, highly erodible clay soils, and relatively high slopes, the
ecological class of the Aura river is poor. The Archipelago Sea has a moderate ecological class (SYKE, 2019) and it is the last remaining eutrophication hot-spot in Finnish territorial water, following the HELCOM
criteria for environmental hot spots impacted by agriculture in the
Baltic Sea (HELCOM, 2013). To fulﬁl the requirements of the Water
Framework Directive (WFD) in reaching the good ecological class in
2
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Fig. 1. The framework of the scenario and model chains for preparing the projections.

the Aura river and the Archipelago Sea, and to remove it from the Baltic
Sea hot-spot list, the reduction of the nutrient loading from all sources is
required, including agriculture.

The extent, intensity and spatial distribution of agricultural practices
in the area – keeping livestock or crop production – are important
determinants of nutrient surplus and nutrient loading. Fig. 2b shows

Fig. 2. P content in the manure input to the agricultural soils (P g ha−1 a−1) (a) in the Aura river catchment, (b) in all Finnish watersheds. The map is based on simulations using the
VEMALA/ICECREAM modelling system, the number of production animals reported by farmers to the Finnish Food Authority and the P content in the manure as estimated by the
Finnish Normative Manure System (Luostarinen et al., 2017).
3
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RCPs start to differ signiﬁcantly from each other by the middle of the
century and are the largest cause of differences in temperature and precipitation changes in different scenarios by the end of the century. In
RCP 2.6, which has a low-end trajectory of greenhouse gas concentrations, the temperature increase almost stops in the middle of the century, while in RCP 8.5, the emissions and temperature continue to rise
for the entire century. Also, the differences in precipitation across the
scenarios are large during 2071–2100, ranging from a small decrease
to a large increase (23%). Besides the RCPs, the two climate models
(MPI-R and Had-R) also differ from each other, especially in terms of
seasonal change. Since the future magnitude and seasonal distribution
of the changes in temperature, precipitation and other variables is uncertain, using two climate models chosen from a larger ensemble of climate models enables us to examine several plausible scenarios.
We use four out of the ﬁve SSPs (van Vuuren et al., 2011): SSP1: sustainability; SSP2: the middle of the road; SSP3: regional rivalry; and
SSP5: fossil-fuelled development. SSP1 and SSP2 are associated with
low or moderate greenhouse gas emissions (RCP 2.6 and RCP 4.5)
while SSP3 and SSP5 are associated with moderate or high emissions
(RCP 4.5 and RCP 8.5). The different RCP scenarios were combined
with different SSPs to form a matrix of plausible combinations so that
RCP 2.6 is associated with SSP1 and SSP2, RCP 4.5 is associated with all
the SSPs and RCP 8.5 is associated with SSP3 and SSP5. The matrix of
plausible combinations is based on IS-ENES project recommendations
(IS-ENES, 2020) with modiﬁcation to include SSP3 as it is plausible for
RCP 8.5 to have at least two SSPs associated with each RCP.

the P in manure that is returned to the agricultural soils for all Finnish
watersheds. The map reveals several hot-spots of P in manure surplus
in South-West Finland, in Ostrobothnia and in Northern-Savo. The
Aura river catchment is characterised by the large number of poultry
and pig farms, which explains the high P and N inputs and the higherthan-average soil test P (STP) status of the soils (Uusitalo et al., 2007;
Ylivainio et al., 2014). In Finland, the ofﬁcial method for analysing STP
value is an acid ammonium acetate extraction Paaac (mg l−1 soil), 0.5
M acetic acid +0.5 M ammonium acetate solution, pH 4.65 (Vuorinen
and Mäkitie, 1955). The VEMALA/ICECREAM modelling systems were
used to simulate the spatial input of P and N input with manure to the
soils at the catchment scale, based on animal numbers reported by
farmers to the Finnish Food Authority. P and N content in the
manure returned to the soil is estimated from the Finnish Normative
Manure System (Luostarinen et al., 2017). In the Aura river catchment,
manure is the main source of P – providing 14.6 kg ha−1 a−1 on average
(88%) – while the share of mineral fertilisers is only 2.0 kg ha−1 a−1 on
average (12%).
2.2. Climate scenarios
The hydrological model uses climate scenarios to project future
changes in temperature and precipitation. The applied climate scenarios
are based on the regional climate model (RCM), data driven by different
global climate models (GCMs) and constrained by RCPs (Moss et al.,
2010; van Vuuren et al., 2011). RCPs are based on Coupled Model Intercomparison Project 5 models of the Fifth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC; IPCC, 2013). We used
data from the Euro-Cordex data archive (Jacob et al., 2014). We choose
three RCPs, RCP 2.6 (low emissions and concentrations), RCP 4.5 (moderate emission and concentrations) and RCP 8.5 (high emissions and
concentrations) in order to cover a wide range of possible outcomes
over the current century. In addition to different RCPs, we used data
from two GCM-RCM combinations (two GCMs and one RCM). Altogether, we used six climate scenarios, which were then combined
with different SSPs. Several climate scenarios are used to provide a
range of plausible outcomes and to include some of the major uncertainties of future climate change magnitude. These scenarios include
the two major sources of uncertainty which are the different RCP
(future emissions) and global climate model (modelling uncertainty).
The six scenarios produce a wide range of temperature and precipitation changes by the end of the century (see Table 1). The different

2.3. Numerical interpretations of the SSP scenarios
Table 2 shows our interpretations of the future developments of the
main drivers of fertiliser use for four alternative SSPs: SSP1, SSP2, SSP3
and SSP5. The interpretation is based on global SSP narratives (O'Neill
et al., 2014), regional extensions of the narratives (Zandersen et al.,
2019) and the available numerical projections (Dellink et al., 2017;
Popp et al., 2017; Riahi et al., 2017). These drivers are used as constraints in the economic optimisation model, which determines the economically optimal reaction of the farmers to the changes in the drivers
in different scenarios. Thus, the linking of the SSPs to nutrient loads
starts by deﬁning how the drivers of the economically optimal
fertilisation decisions change in the different SSPs. One important driver
is policy effort, which can be expressed in terms of Pigouvian pollution
tax and quantitative fertiliser restrictions. Other important drivers

Table 1
The climate scenarios and RCPs used in the simulations and the temperature (Temp) and precipitation (Prec) changes in the climate scenarios in Aura river for 2021–50, 2051–80 and
2071–2100 compared to 1986–2015. The scenario names are in accordance with Euro-Cordex data archive naming (Jacob et al., 2014).
Scenario
acronym
MPI-R
RCP2.6
MPI-R
RCP4.5
MPI-R
RCP8.5
Had-R
RCP2.6
Had-R
RCP4.5
Had-R
RCP8.5

A⁎
W⁎⁎
S⁎⁎⁎
A
W
S
A
W
S
A
W
S
A
W
S
A
W
S

RCP

RCM

RCP
2.6

SMHI-RCA4 MPI-M-MPI-ESM-LR

RCP
4.5
RCP
8.5
RCP
2.6
RCP
4.5
RCP
8.5

GCM

Temp change
(°C), 2021–2050

1.4
2.0
0.9
SMHI-RCA4 MPI-M-MPI-ESM-LR 1.1
1.5
0.7
SMHI-RCA4 MPI-M-MPI-ESM-LR 1.3
1.5
0.9
SMHI-RCA4 MOCH-HadGEM2-ES 1.3
1.3
1.1
SMHI-RCA4 MOCH-HadGEM2-ES 1.9
2.3
1.3
SMHI-RCA4 MOCH-HadGEM2-ES 1.5
1.4
1.4

Prec change (%),
2021–2050

Temp change
(°C), 2051–2080

Prec change (%),
2051–2080

Temp change
(°C), 2071–2100

Prec change (%),
2071–2100

5.7
12.0
−1.0
5.4
9.0
1.1
7.8
−0.8
7.2
5.6
8.8
6.7
12.8
13.0
19.1
8.6
5.4
14.5

1.3
1.6
0.8
1.3
1.6
0.9
2.7
3.2
1.9
1.5
1.4
1.3
2.8
3.6
2.0
3.6
4.0
3.1

0.4
3.8
−3.8
4.0
3.5
−0.9
10.1
15.2
−0.9
7.7
6.1
7.8
15.4
19.2
20.1
15.8
13.6
23.6

1.6
2.4
0.8
1.8
2.3
1.2
3.7
4.8
2.6
1.5
2.0
1.1
2.7
3.4
2.0
4.5
5.1
3.8

4.3
11.7
0.6
4.5
8.2
0.6
22.7
35.1
5.3
−2.1
−0.1
0.0
9.5
11.3
10.9
19.6
21.5
22.0

⁎ A — annual.
⁎⁎ W — winter.
⁎⁎⁎ S — summer.
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Table 2
Numerical interpretations of the SSP scenarios for the drivers that are relevant for the level of animal husbandry and fertiliser use in agriculture in Finland and the case study catchment.
Sources: Riahi et al. (2017), Dellink et al. (2017), Popp et al. (2017), Zandersen et al. (2019).
Drivers of agricultural
production

SSP1: Sustainability

SSP2: Middle of the road

SSP3: Rivalry

SSP5: Fossil-fuelled development

Environmental awareness

High

Medium

Security concerns overrule
environmental concerns
No taxes

A focus on local environments

Gradually tightening taxes: €3/kg
for N, and €21/kg for P by 2100
Legal restrict. for fert. inputs A 40% decrease in max. inputs by
2100
Price of inorganic fertilisers A gradual decline of 30% (by 2100)

Slowly tightening taxes: €1/kg
for N, and €7/kg for P by 2100
A 10% decrease in max. inputs by
2100
Constant

Productivity
Crop prices

A 60% increase by 2100
Constant

Tax on nutrient leakage

Agricultural land

Trends in Livestock
Manure processing

A 50% increase by 2100
Moderate reduction of 20% (by
2100)
Global: −14%
Finland: −15%
Aura river: constant
Global: +18%
Finland: −16%
100% of excess manure⁎ is
processed and transported
elsewhere

Global: +12%
Finland: +5%
Aura river: constant
Global: +94%
Finland: +38%
50% of excess manure⁎ is
processed and transported
elsewhere

All restrictions are immediately
removed
A gradual increase of 20% (by
2100)
A 20% increase by 2100
A moderate increase of 20% (by
2100)
Global: 19%
Finland: 8%
Aura river: constant
Global: +86%
Finland: −13%
0% of excess manure⁎ is
processed and transported
elsewhere

Taxes increase at medium rate to
€2/kg for N and €14/kg for P by 2100
A 20% decrease in max. inputs by
2100
A gradual decline of 20% (by 2100)
A 40% increase by 2100
A small reduction of 10% (by 2100)
Global: +1%
Finland: −4%
Aura river: constant
Global: +119%
Finland: −12%
67% of excess manure⁎ is processed
and transported elsewhere

⁎ From cereal ﬁelds.

balance in the soil. Full N balance calculation is quite complex and is
done in nutrient loading models, including the ICECREAM model
(Section 2.7.2). Higher N fertiliser rates will be needed in future scenarios, and there is a risk that this would lead to a higher N balance in soils
and also to higher N leaching. In practice, optimal N fertiliser use versus
the expected yield increase is difﬁcult to predict with the present farming practices (Salo et al., 2013), and it is even more challenging in climate and socio-economical scenario simulations.
The P balance in the soil is characterised by the long-term balance
between the P input to the soil, in the form of fertiliser input, and P
output from the soil, in the form of P in crop yield and P transport
with runoff. If the P fertiliser exceeds the P uptake, then excess P is
bound to mineral soil particles, stored in the soil for a long time and
released in soil water in the process of dissolution. Therefore, optimal
P fertilisation is important for economic and environmental reasons.
The use of mineral P fertiliser has decreased considerably since 1995,
but in areas of intensive animal husbandry, like in South-West
Finland, where the Aura river is located, the P balance has only slightly
decreased (Ylivainio et al., 2014) due to an excess amount of P in
manure.

include the prices of fertilisers (reﬂecting the global demand and technological development in production technology), crop prices and animal numbers (reﬂecting the aggregate demand for crops, total
population and lifestyles). The details and justiﬁcation are explained
in the Supplementary Material section. Note that all the drivers change
simultaneously in the SSPs, and therefore it is difﬁcult to point out the
effect of any individual driver, because they all affect the economically
optimal fertilisation rates. Therefore, we also carried a sensitivity analysis where we let only one driver change in the different scenarios (Supplementary material).
The numerical projections of SSP scenarios were then used as an
input for the farmers' economic optimisation model. When preparing
these projections, we assumed that animal and crop production farms
cooperate through markets and exchange channels for manure. In
addition, we assumed that the N and P in manure and inorganic
fertilisers are perfect substitutes. The changes between the current situation and the assumed parameter values for the year 2100 were linear.
Potential future shocks and ﬂuctuations were not considered in the
projections.
2.4. Impact of climate change on crop growth and fertiliser usage

2.5. Economic optimisation of fertiliser applications
Crop growth is inﬂuenced by CC. A longer growing season and a
higher effective temperature are likely to increase the crop yield potential, whereas an increased number of dry days and more frequent adverse weather events are factors that may signiﬁcantly affect crop
yield levels and increase their inter-annual variation (Rötter et al.,
2012; Peltonen-Sainio et al., 2016). Higher CO2 levels will generally
compensate for yield losses due to the temperature increase under
RCPs (Pirttioja et al., 2019). Peltonen-Sainio et al. (2009) concluded
that an increase in yield potential requires crop cultivars that are capable of utilising a longer growing period and adaptation to the generally
greater need for N fertiliser inputs. Crop yields in the future scenarios
were simulated by the ICECREAM model (see Section 2.6) and
depended on the longer vegetation season in the changing climate
and use of the new cultivars, as well as on the increasing use of N
fertiliser and changes in P fertiliser.
Future crop yield and the fertiliser balance will affect the nutrient
balance in the soil, which is one of the key drivers of nutrient
leaching and transport out of soil. The N surface balance (also called
the N balance), calculated as the difference between the N fertiliser
applied and the N uptake by crops, is often used to characterise the N

We use an economic optimisation model to obtain the N and P
fertiliser input trajectories for different SSP scenarios as a response to
changing prices, regulations and depending on the crop (see Table 2).
That is, different SSPs have unique projections for the prices and
environmental policies, and these affect the economically optimal
fertilisation decisions. We assume that farmers react to these projected
changes in a way that maximises the net present value of the revenues
from the crop production. Note that the optimal fertiliser rates determined by the economic optimisation model are lower than the rates
corresponding to the agronomic optimum. To obtain understanding
about the possible ways that the farmers may react to changed economic conditions in different SSPs, we have to use an economic optimisation model. The economic optimisation problem is the following:

 sp

2100
sp P
sN
sN N
max ∑t¼2010 βt psy
;
t yt − pt P t þ pt N t þ τ t e ðP t ; xt Þ þ τ t e ðN t Þ
N t ;P t

subject to the equation
h
i xtþ1 ¼hxt þsϑ
i ðxt ; P t ; yt Þ;
s
x0 is given; P t ∈ 0; P t and Nt ∈ 0; N t ;
ð1Þ
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manure and the optimal P fertiliser rate, we used the following formulas
to estimate the P applied to the ﬁeld, fraction of P in mineral or manure
form, and excess P in manure:

where Nt is the annual N fertiliser rate, Pt is the annual P fertiliser rate, xt
is the annual soil P level, β = (1 + ρ)−1 is a social discount factor and ρ
∈ (0, 1) is a discount rate. The annual barley yield (kg ha−1) is given by
yt = f(Pt, Nt, xt), where f is a concave yield response function. The annual
N and P losses (kg ha−1 a−1) to water ecosystems are given by
P
N
P
eN
t and et . We assume that et is an increasing function of Nt. Also, et is
an increasing function of both xt and Pt because ePt consists of two forms:
(1) the leaching of dissolved reactive phosphorus (DRP) and (2) the loss
of particulate phosphorus (PP).
Each period of the planning horizon is characterised by a certain
level of a plant-available soil P stock (mg l−1), denoted by xt. The evolution of xt from one year to another is described with a difference equation, xt+1 = xt + ϑ(xt, Pt, yt), where the transition function, ϑ, deﬁnes
the rate of change of xt. The study area is divided into the soil P quantiles
because it is too computationally intensive to optimise the fertilisation
use for every ﬁeld parcel according to the ﬁeld's soil P level. Soil P
quantiles are obtained from the data describing the distribution of the
soil P levels on both coarse and clay soils in Finland (Huttunen et al.,
2016). Thus, optimal fertilisation trajectories are determined for each
quantile separately under all the scenarios. We omit the accumulation
of soil N and assume that all N that is added to the soil is used by the
plants or lost to the air and water bodies in the same period.1 The exogenous prices for barley yield, P fertiliser and N fertiliser (€ kg−1) are desp
sN
noted by psy
t , pt and pt respectively. The price paths depend on the
scenarios s ∈ {1,5}. The annual nutrient losses do not affect the private
producer unless the losses are taxed. The taxes for N and P losses, τsp
t
and τsN
t , also depend on the scenarios. There are also upper constraints

P excess_man ¼ 0, if P man < P t

ð2Þ

P min ¼ P t −P man , if P man < P t

ð3Þ

P applied ¼ P t , if P man < P t

ð4Þ

P excess_man ¼ P man −P t , if P man > P t

ð5Þ

P min ¼ 0, if P man > P t

ð6Þ

P applied ¼ P t þ ð1−C SSP Þ  P excess_man , if P man > P t

ð7Þ

where Pt — economically optimal fertiliser rate, kg ha−1 a−1, Pman —
P in manure, kg ha−1 a−1, Pmin — P mineral fertiliser application, kg ha−1
a−1, Pexcess_man — excess P in manure, kg ha−1 a−1, Papplied — P fertiliser
applied to the ﬁeld, kg ha−1 a−1, CSSP — fraction of the excess manure
recycled (transported away) from cereal ﬁelds. CSSP coefﬁcients are
variating for different SSPs (CSSP1 = 1.0, CSSP2 = 0.5, CSSP3 = 0, CSSP5
= 0.67) based on environmental awareness of the society (Table 2).
In the all SSPs, N fertiliser in mineral and manure form is used according to the economic optimisation model recommendations. The nitrogen amount in manure is always lower than the economically
optimal N rate in the Aura river catchment ﬁelds; therefore, formula
(3) is used for mineral N fertiliser fraction estimation.
The assumption in all our model runs is that manure is applied to the
closest ﬁelds to the farm, in a 20 km radius. In the reference (REFE) scenario, poultry and pig production will continue at a high level in the
Aura river catchment area. The reduction of manure usage only happens
in grass and grass fallow ﬁelds, since these ﬁelds receive the highest
amounts of manure already. The applied mineral P fertiliser rate corresponds almost the present levels. Nitrogen fertiliser usage increases in
order to achieve higher yields due to utilising a longer growing season.
These REFE manure and mineral fertiliser inputs are combined with CC
scenarios.

s

for the annual fertiliser rates, which also depend on the scenarios P t
s

and Nt . The time step of the model is one year, denoted by t ∈ {0,1,2, …}.
The parameterisation of the model is based on existing models developed and validated for Finnish coarse and clay soils. The yield response models for coarse and clay soils in Eq. (1) are from Sihvonen
et al. (2018). Nonlinear N loss functions were estimated from the data
points produced by the VEMALA model, to match the N losses of the optimisation model and the VEMALA model. For DRP- and PP-loss functions we applied the functions from Uusitalo and Jansson (2002) and
the runoff parameters from Ekholm et al. (2005). The applied P transition function was taken from Uusitalo et al. (2016) with a P balance
function from Iho and Laukkanen (2012). The baseline price parameters
are from Luke (2015) and K-maatalous (2017). The applied discount
rate was 3%.
As the last step, the obtained optimal N and P fertiliser paths were
scaled with the predicted yield increase resulting from more favourable
climate conditions and improving cultivars. The yields are assumed to
increase linearly throughout the planning horizon. The resulting
fertiliser trajectories were used as input vectors to the VEMALA
model, which simulates the daily and annual N and P loads.

2.7. Catchment- and ﬁeld-scale nutrient loading models
2.7.1. General description
The catchment-scale modelling system VEMALA (Water Quality
Watershed Model, abbreviation comes from the Finnish language
title) for nutrient (P and N) loading simulates runoff processes, nutrient
processes, leaching and transport on land and in rivers and in lakes in
Finland (Huttunen et al., 2016). The VEMALA model provides an estimate of the external loading, outﬂow loading and retention of nutrients
in all of the circa 58,000 lakes in Finland, as well as nutrient loading
source apportionment into its main sources: agriculture, forests,
scattered settlements and point sources. The ﬁeld-scale nutrient loading
model ICECREAM (Knisel, 1993; Tattari et al., 2001) was used for the
simulation of agricultural loading from every ﬁeld, and the daily loading
results are summed up for each spatial unit of the VEMALA model.
Loading from non-agricultural areas (forests and bogs) is estimated
using a catchment-scale semi-process-based VEMALA model for N
(VEMALA-N), and by a concentration-runoff-based model for P. The
loading from scattered settlements, point loading and atmospheric
deposition are included as input data to the VEMALA model. The main
sub-models included in the linked VEMALA model system are the
VEMALA hydrological sub-model, the terrestrial water quality models
(Huttunen et al., 2016) and the biogeochemical river and lake submodels (Korppoo et al., 2017).
There is a comprehensive national-scale database collected, updated
regularly and maintained as input data to the VEMALA model
(Huttunen et al., 2016) which includes the following: daily air

2.6. Manure recycling scenario assumptions
Considering the signiﬁcant role of poultry and pig production in the
Aura river catchment, we developed manure recycling scenarios for the
reduction of nutrient inputs to the soil in the scenarios. The P in manure
input to the soil is higher than the economically optimal P fertiliser rate
in many ﬁelds in the Aura river catchment. Therefore, SSP projections
are complimented with the manure recycling alternatives in different
SSPs. The excess P in manure is recycled in different ways, for example,
by biogas production and transporting dry pellets to distant ﬁelds with
low P levels. Only in SSP1 (the scenario with high environmental awareness) does mineral and manure P fertiliser application directly follow
the results of economic optimisation. Depending on the P amount in
1
This assumption is made because there is no N carryover equation available for soils of
the target area and the ﬁeld experimental data used for the estimation of the yield response functions did not include measurements of the annual changes in soil N levels
(Valkama et al., 2013).
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is simulated based on the amount of percolated water multiplied by
the solute concentration in the layer. The percolated water and solutes
from the last soil layer are assumed to ﬂow into the sub-surface drain,
which is not explicitly simulated.
The ICECREAM model is used to simulate the P and N ﬂuxes for 9618
ﬁeld plots in the Aura river catchment and to calculate the estimates of
mean catchment-scale P and N ﬂuxes and storages in the soil
(fertilisation, uptake, transport, annual balance, STP value changes).
The VEMALA model simulates the total nutrient loading generated
within the catchment, including diffuse and point sources, and retention
in the streams and lakes, as well as loading that enters the Baltic Sea
from each watershed. A comparison of TP, TN concentrations and
loads is the only way to validate the model performance on a catchment
scale.

temperature and precipitation observations from the Finnish Meteorological Institute and agricultural ﬁeld data provided by ﬁeld plot registrations owned by the Finnish Food Authority. The data include the
exact location, size, boundaries and crops grown (classiﬁed in the following classes: oats, barley, spring wheat, winter wheat, grass, sugar
beet, potato, oilseed, green fallow, base fallow, rye, onion and clover).
The amount of fertiliser applied (mineral and manure) is based on the
amount of mineral fertiliser sold in Finland and on animal numbers reported by farms. For each ﬁeld, the STP value and soil texture (clay, silt,
coarse or organic soil) have been provided by soil analysis laboratories
or estimated. Finally, ﬁeld slopes are estimated from laser-scanned topography (2 m × 2 m). Point loading data (including peat production
loads) is gathered from the Compliance Monitoring Data System
(YLVA-system). Loading from scattered settlements is based on a built
environment information system and speciﬁc loading per person.

3. Results
2.7.2. Hydrology, and P and N processes in the ﬁeld-scale agricultural
loading model
The ﬁeld-scale nutrient loading model ICECREAM includes a
process-based description for hydrology and the N and P cycles in the
soil, which are essential for the estimation of the effect of a changing climate and variating weather on nutrient processes and loading. The
ICECREAM model is based on the CREAMS and GLEAMS models
(Knisel, 1980; Knisel, 1993) and developed further in order to be applicable to winter conditions and soil types in Finland (Rekolainen and
Posch, 1993; Tattari et al., 2001). Hydrological, TP and TN processes in
the ICECREAM model have been further developed in order to link the
model with the catchment-scale VEMALA model. In the ICECREAM
model, water ﬂow in the soil is divided into three pathways: surface
runoff and macropore ﬂow (in clay soils) are subtracted from precipitation/snow melt and the rest of the water inﬁltrates through the soil proﬁle as a matrix ﬂow.
The ICECREAM model simulates the processes of N and P (following
the GLEAMS model; Knisel, 1993). It calculates the daily balance of organic matter, organic N, ammonium (NH4-N) and nitrate (NO3-N)
pools. The model describes three mineral P pools (stable, active and labile P) and three organic P pools (manure, fresh organic and stable organic P). The input ﬂuxes are plant residues, organic and mineral
fertiliser, atmospheric deposition, ﬁxation by plants (for N) and the
decay of organic matter. The processes that reduce N and P in the soil
are plant uptake, denitriﬁcation (for N), volatilisation (for N) and transport via runoff and leaching.
The soil organic matter pools in the model are: fresh organic matter,
soil microbial biomass and native (stable) organic matter. The decay of
organic matter is dependent of the Carbon (C) and N ratio (C:N) of each
pool. The initialisation of P pools and P ﬂow between the pools are described in detail by Tattari et al. (2001) and the modiﬁcations made to
the equations by Huttunen et al. (2016). The most active pool is the labile P pool, and P uptake by crops and dissolved P transport happens
from this pool. The crop growth is related to air temperature sums
over the vegetative season (Rekolainen and Posch, 1993). N and P uptake by plants is simulated using daily N and P demand, taking into account daily plant biomass growth, soil moisture stress, and N and P's
limiting effect on plant growth.
Nitrogen and P can be transported from the soil to the edge-of-ﬁeld
by leaching dissolved nutrients through the soil proﬁle or via surface
runoff as NO3-N, NH4-N or PO4-P. Sediment eroded by surface runoff
can contain the NH4-N, PO4-P, and N and P associated with sediment.
Macropore ﬂow in clay soils also transports the NO3-N, NH4-N, PO4-P,
and N and P associated with sediment. The model simulates the daily
balance of NO3-N, NH4-N and P labile storages and the respective concentrations in each soil layer. It is assumed that only part of the NH4-N
and labile P is dissolved in soil water, which is determined by
the partitioning coefﬁcient, depending on soil clay content, between
the soil and solution phase. NO3-N is not adsorbed into soil particles.
The percolation mass of NO3-N, NH4-N and PO4-P from layer to layer

3.1. Changes in hydrology
The changes in the runoff at the Aura river catchment are presented
in Fig. 3 for different time periods, climate scenarios and seasons. The
annual runoff is estimated to change between −2% and +35% during
the time period 2071–2100 (compared to the reference period
1991–2020) (see Fig. 3). The climate scenario Had-R RCP 2.6 results in
a decrease of runoff by 2% during 2071–2100 because of the decrease
in the precipitation (−2.1%, see Table 1). All other scenarios show an increase in precipitation and runoff in the time period 2071–2100. All scenarios result in an increase of the annual runoff during the periods
2021–2050 and 2051–2080. The highest increase of runoff (35%) is in
the climate scenario MPI-R RCP 8.5 (see Table S1) because of the highest
increase in precipitation and the moderate increase in evapotranspiration. Besides the changes in precipitation, the runoff changes in the scenarios are inﬂuenced by changes in evapotranspiration, which depends
on the temperature increase during the vegetation season and the soil
moisture content. The climate scenario MPI-R RCP 8.5 causes exceptionally high winter precipitation (a 35.1% increase) and a temperature increase (of 4.8 °C), leading to high runoff during the winter months.
However, this scenario has a relatively low summer temperature and
precipitation increase (2.6 °C and 5.3% respectively), which causes a
smaller increase in evapotranspiration than the Had-R scenario. In all
climate scenarios there is a considerable seasonal runoff shift from
spring to winter season due to the shorter snow cover period and
much lower accumulated snow water equivalent (see Fig. 3). The increase in winter runoff is 25–88% during 2071–2100, while the summer
runoff decreases in all but the wetter MPI-R RCP 8.5 scenario (see Fig. 3).
A late autumn and winter runoff increase especially accelerates nutrient
loading formation due to the bare soil conditions in cereal crop ﬁelds.
3.2. Optimal N and P fertilisation rates at the ﬁeld scale
The economic optimisation results suggest that N fertiliser use in
2100 will be higher than in 2010 in all scenarios except SSP1 with coarse
soils (see Fig. S1). Economically optimal P fertiliser use is also typically
higher in 2100 than in 2010. However, the increase in the P rate is
more sensitive to the initial STP level. For the low initial STP levels, the
economically optimal initial P rates are higher than those in 2100. The
increase in the economically optimal N rate is clearly highest in SSP2
for both soil textures. In contrast, the optimal P rate increases most in
SSP3 for both soils except for in the lowest STP quantile with coarse
soils. In addition, the increase in economically optimal N rates from
2010 to 2100 is a decreasing function of the initial STP level because
the initial N rate is an increasing function of the STP level. When the initial STP level is high, the N rate is also high because, in such a case, a
plant gets a sufﬁcient amount of P from the soil, and therefore, the optimal P rate is low, which enables a higher N rate. For the same reason, the
increase in economically optimal P rates from 2010 to 2100 is an
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Fig. 3. Changes of annual, summer and winter season runoff in the Aura river catchment in 6 climate change scenarios in 2071–2100 compare to 1991–2020.

3.3. Catchment-scale nutrient stocks and ﬂuxes in agriculture

increasing function of the initial STP level. The economically optimal annual fertilisation decisions (i.e. the optimal fertilisation paths) and the
effect of the initial STP on the optimal fertilisation paths are shown in
the supplementary material (respectively, in Figs. S2 and S3).
To obtain a better understanding of the effects of the individual components in the scenarios, we changed the components one by one, holding all the other components constant. The optimal annual rate of both
N and P fertiliser is an increasing function of the crop price (see Fig. S4).
Optimal annual N and P fertiliser rates are also decreasing functions of
their own price (see Figs. S5, S6). Also, the N and P taxes have a negative
effect on the optimal annual fertiliser rates (Figs. S7, S8). The choice of
the discount rate is crucial in the long-term analysis. Therefore, it is important to study the sensitivity of the results to the choice of the discount rate. Sensitivity analysis showed that optimal annual P fertiliser
rate is a decreasing function of the discount rate (Fig. S9b). The optimal
annual N fertiliser rate, however, is an increasing function of the discount rate because of the substitution effect between N and P fertilisers
(see Fig. S9a).
Since the optimisation model results were only available for barley,
the other cereal crop optimal fertiliser inputs were estimated by modifying barley optimal fertiliser amounts according to the difference in
recommended fertiliser amounts for different crops for receiving
agri-environmental support payments (according to the Finnish Food
Authority guidelines). According to the guidelines, barley and oats requirements for N fertiliser are the same and spring wheat, rye and winter wheat require 20 to 50 kg ha−1 a−1 more N fertiliser for clay soils.
Barley requires the highest amount of P fertiliser, and the P fertiliser
was reduced by 4 to 6 kg ha−1 a−1 for spring and winter wheat, rye
and oats.
Another challenge is that the observed fertiliser rates during the past
decade (2010–2019) in the catchment are higher than those suggested
by the economic optimisation model. This is because the optimisation
model is based on the data describing the ﬁeld fertiliser experiments
in a different area. Observed fertiliser rates are often higher than those
suggested by a (deterministic) economic optimisation model. One reason for this is the farmers' attitudes towards risk and weather-related
variation of growing conditions. In order to obtain fertilisation paths
that start from the current observed levels, we scaled the optimal N
fertilisation trajectories up so that they correspond the current observed
rates. We did not use scalers for P fertilisation because the plants can
utilise the residual P in the soil if the optimal P fertiliser amount is
lower than P uptake.

Figs. 4a and 5a shows the P and N fertilisation changes in the scenarios. TP fertilisation (both mineral and manure) after 2020 ﬁrst decreases
due to the end of overfertilisation of grass and grass fallow ﬁelds, and
due to the gradual start of manure recycling in the SSP1, SSP2 and
SSP5 scenarios. After minimum P fertiliser usage (around 2040), the P
fertiliser usage slightly increases due to the increasing P uptake by
crops (see Fig. 4b). Fig. 5c shows the changes in the P stock in the soil,
characterised by STP. Due to the high accumulated P stock in the soil,
crops can utilise the P reserves in the soil. Higher P uptake would gradually decrease the high STP levels in the SSP1 scenario to levels of a fair/
satisfactory P class. In contrast, N fertilisation strongly increases in all
scenarios (see Fig. 5a) due to the increased crop growth potential and
N uptake (see Fig. 5b). Increased N fertilisation is compensated for by increased N uptake, and the N balance in the soil is quite stable, with a
slightly decreasing trend in most of the scenarios (see Fig. 5c).
TP fertiliser use has decreased since the 1990s (by 16%) due to the
mineral P fertiliser use decrease (see Fig. 4a). The present P fertiliser
use is 16 kg ha−1, which still exceeds the crop requirements of P. Approximately 88% of the TP input is in the form of manure. According to
the ICECREAM simulations, STP values have increased from the value
10 mg l−1 in the 1980s to 13.4 mg l−1 during the decade 2011–2020
(see Fig. 4c). Soil P levels have been increasing in the ﬁelds of the Aura
river catchment due to the excess manure application. According to
the ICECREAM simulations, the overfertilisation will continue in the
REFE and SSP3 scenarios unless the manure P surplus on grass ﬁelds is
recycled. Phosphorus fertiliser inputs are at their lowest level in the
SSP1 scenario, when all excess manure is recycled. In SSP3, which is associated with the worst-case manure handling scenario, P fertiliser
slightly increases from the 2020 values (see Fig. 4a). Accordingly, the
highest decrease in STP levels by the end of century is in the SSP1 scenarios (to approximately 9.4–9.8 mg l−1), which is still sufﬁcient for
crop growth. In addition, the decreased STP levels still belong to a fair/
satisfactory P class according to the Finnish soil P classiﬁcation system
(Ylivainio et al., 2014). In scenario SSP3, the STP levels are the highest,
increasing up to values around 13.6–15.4 mg l−1 due to the limited
manure recycling and lowest predicted P uptake by crops.
There is an increasing trend in crop yields, and P and N uptake
(Figs. 4b, 5b). The magnitude of the increase in crop yields is determined
by the SSP narrative description (see Table 2), but the actual simulated
yield is lower due to the limiting effect of N fertiliser and soil
8
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Fig. 4. (a) P fertiliser application, (b) P uptake by crop (kg ha−1 a−1) and (c) soil test P (mg l−1 soil) (10-year moving averages) in CC, SSP and manure recycling scenarios. The bold line
characterises the mean value for each SSP and manure recycling scenario; the coloured area shows the range of minimum and maximum climate change scenario. The values are means for
the ﬁelds of Aura river catchment.

instance, grass crop demand for N fertiliser is higher than spring cereals'
demand. The present N uptake by crops is 76 kg ha−1 a−1. The mean N
balance in the soil for all the ﬁelds is 64 kg ha−1 a−1 (see Fig. 5c), which
is higher than proposed N balance for cereal crops (50–60 kg ha−1 a−1).
When the N balance exceeds this recommended level, there is a high
risk of N leaching (Salo et al., 2013).
The N fertiliser input in SSP scenarios is determined by an optimisation model, input scaled for the future N in the crop yield. By the period
2071–2100, the N fertiliser increase is the lowest in the SSP1 scenario
(by 8 kg ha−1 a−1) and highest in the REFE scenario (by 20 kg ha−1
a−1). The amount of N fertiliser usage does not determine the annual
N loading, but the achieved crop yields and N uptake also, to a great extent, affect the N balance and N loading. The N balance in the soil is the
amount of N fertiliser minus N uptake by crops, and in the scenarios, the
mean annual N balance does not change much. The highest decrease in
the N balance in soils is in SSP1 (from −4 to −7 kg ha−1 a−1), when the
increase in the N uptake of crops is higher than the increase in the N
fertiliser input. In the SSP3 scenario, the N balance increases the most

moisture deﬁcit on the plant growth. For the period 1990–2009, the
catchment-scale crop rotation application of ICECREAM is used, but
after 2010 the same crop is grown on a certain ﬁeld with the purpose
that model results could be comparable in future scenarios. The change
in model assumptions also causes changes in the P uptake during the
past period of 1990–2019. Simulated P and N in the crop yield has
slightly decreased during the last decades (probably due to more dry
vegetation seasons during 2010–2019 and the crop rotation change in
the model). The highest increase of P and N in the crop yield (18–31%)
for the period 2070–2100 is predicted in the REFE and SSP2 scenarios.
The crop yield is different in each SSP and RCP combination due to the
differences in growth day degree sums and soil moisture conditions
during the vegetation season. The lowest crop yield increase is found
in SSP3 (4–18%).
The amount of N fertiliser presently added to the ﬁelds in Aura river
catchment is 140 kg N ha−1 (see Fig. 5a). Approximately 33% of the TN
input is in the form of manure. The N fertiliser usage for each ﬁeld is estimated according to the differences of crop demand of the fertiliser. For
9
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Fig. 5. Simulated (a) N fertiliser, (b) N in crop yield and (c) N balance (kg ha−1 a−1) (10-year moving averages) in the scenarios. The bold line characterises the mean value for each SSP and
manure recycling scenario; the coloured area shows the range of minimum and maximum climate change scenario. The values are means for the ﬁelds of Aura river catchment.

(from −3 to 6 kg ha−1 a−1) due to the somewhat higher N fertiliser increase and relatively lower N uptake by crops. In the REFE scenario, the
N balance also increases (from −3 to 4 kg ha−1 a−1) due to having the
highest N fertiliser increase.

strategies. In SSP1, Had-R, RCP 2.6, TP loading starts to decrease compared to the previous period, and in SSP3, MPI-P, RCP, 8.5 TP loading
continues to increase (within the range of 5–28%) compared with
1991–2020. The deviation between the TP loading in scenarios is caused
by the difference in runoff changes and the accumulating effect of manure recycling, with a gradual STP level decrease in soils until the end
of the century. For the period 2071–2100, there is high variation between the TP loading in different scenarios due to runoff and STP-level
changes. In SSP3, MPI-R, RCP 8.5, runoff increases by 35%, and in SSP1,
Had-R, RCP 2.6, runoff decreases by 2%. The effect of manure recycling
on the TP loading can be judged by comparing the high manure
recycling (SSP1, RCP 2.6) and low manure recycling (REFE, RCP 2.6) scenarios. With high manure recycling, the TP loading is predicted to decrease by 14% while low manure recycling results in a 5% decrease.
With intensive manure recycling, we can achieve a 9% TP loading
decrease.
Fig. 6b shows TN loading variation in CC, socio-economic scenarios
and manure recycling scenarios by the year 2100. During the latest
30-year period (1991–2020), TN loading from agriculture was, on

3.4. Changes in agricultural nutrient loading
Fig. 6a shows TP loading variation with different CC, socio-economic
and manure recycling scenarios by the year 2100. In the latest 30-year
period (1991–2020), the TP loading from agriculture was 0.83 kg ha−1
a−1. Predicted change in TP loading for the period 2071–2100 will
vary from −14% in SSP1, Had-R, RCP 2.6, up to 50% in SSP3, MPI-R,
RCP 8.5, depending on changes in runoff and the P balance in soils. However, TP loading changes have different trends in different periods. For
the period 2021–2050, TP loading will increase in all scenarios by
9–16% because of the predicted increase in runoff in all scenarios, although STP levels slightly decrease in manure recycling scenarios. For
the period 2051–2080, TP loading starts to deviate between scenarios,
mostly because of the different RCPs and different manure recycling
10
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Fig. 6. Ensemble agricultural (a) TP and (b) TN loading results (kg ha−1 yr−1) in combined CC, socio-economic and manure recycling scenarios running until 2100. The bold line
characterises the mean value for each SSP and manure recycling scenario; the coloured area shows the range of minimum and maximum climate change scenario. The values are
means for the ﬁelds of Aura river catchment.

average, 24.5 kg ha−1 a−1 in the Aura river catchment. Predicted TN
loading for the period 2071–2100 will variate in a range from −20%
(in scenario SSP2, Had-R, RCP 2.6) up to +3% (in scenario SSP3, MPI-P,
RCP 8.5), depending on the changes in runoff and the N balance in the
soils. The results show less variation in TN loading than in TP loading,
and the predicted largest increases are smaller than TP loading. The annual balance between N fertiliser use and N uptake by crops has much
more effect on the results than for TP loading. The nitrogen loading is
decreasing in most of the scenarios because of the decreasing N balance,
which is decreasing due to the usage of optimal fertilisation rates. N
loading is only increasing in RCP 8.5 scenarios because of the high runoff
increase. In the highest loading scenario – SSP3, MPI-P, RCP 8.5 – TN
loading will change by −4%, 0% and +3% during the periods
2021–2050, 2051–2080 and 2071–2100 respectively. In the lowest
loading scenario – SSP2, Had-R, RCP 2.6 – TN loading will change by
−6%, −13% and −20% during the periods 2021–2050, 2051–2080 and
2071–2100 respectively.
The ICECREAM model simulates N load dynamically depending on
the daily change of the nitrate concentration in the soil and daily runoff.
The timing between runoff events and the high N concentrations in the
soil is important for high loading event generation. By analysing two
wet years, the TN concentrations at the edge of the ﬁeld are lower in
maximum loading scenario compared to present climate. For dry
years, this approach of dividing loading by runoff is not usable, because
a small amount of runoff can cause high concentrations. Based on the
daily simulations, TN loading will have a higher variation between wet
years and dry years. There will be considerable changes in intraannual variation of TN loading following the runoff shift and changes
of vegetation season.
There is a spatial variation in TP loading between different subcatchments (SCs), from 0.7 to 1.0 kg ha−1 a−1 for the period
1991–2020 (Fig. S10a). The variation is caused by the different crop

distribution, slopes and soil textures in the SCs. There is a slightly higher
cereal crop percentage with higher TP speciﬁc loading in southern SCs,
and slightly higher grass crop cultivation areas with lower TP speciﬁc
loading in northern SCs. In the maximum loading scenario, the highest
TP loading increase from 50% to 70% is predicted in the northern SCs
(Fig. S10c), where the highest P manure inputs are happening (Fig. 2).
TP loading is increasing by 35–43% in the areas with lower P manure inputs. In the minimum loading scenario, the TP loading decrease is more
pronounced in areas with lower P manure fertiliser input. Spatial TN
loading change in the scenarios has similar spatial trend as TP loading,
but the magnitude of change is lower. TN loading is increasing more
in the areas with higher manure application in maximum scenario (up
to 16%) (Fig. S10e). TN loading decrease in a minimum loading scenario
is spatially variating from −24% to −10% (Fig. S10f).
3.5. Changes in the Aura river loading
The VEMALA model also provides the results of loading source apportionment. The main loading sources included in the model are following anthropogenic and natural sources — agriculture, scattered
settlement loading, point loading, forestry loading and natural background loading. The nutrient natural background loading describes a
reference situation in the catchments without anthropogenic pressure
from point sources, agriculture and forestry, etc. Fig. S12a shows the
TP loading and its apportionment changes for the period 1991–2100,
also including point loading form Turku city. Simulated and observed
TP and TN loads for the Aura river at Turku city for the period
1991–2020 are shown in Fig. S11. Due to the rapid changes in the source
apportionment of the nutrient loading for the Aura river, the changes for
the past decades were analysed. During the last decade (2011−2020),
TP loading from the Aura river has decreased signiﬁcantly (see
Fig. S12a) compared with the period 1991–2000 due to the reduction
11
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where crop cultivation is the dominating branch of agricultural production. The framework, however, is readily adjustable for other
catchments.

of point source loading to the Aura river mouth. A new wastewater
treatment plant was built for the city of Turku, and its outﬂow ﬂows directly to the sea instead of into the river. The major source of the TP
loading (89%) in the period 2011–2020 is agriculture, followed by natural background loading (7%), scattered settlement loading (2%) and forestry loading (1%).
According to our results, TP loading for the period 2071–2100 increases in the scenario with the largest loading (SSP3, MPI-R, RCP8.5)
by 32% compared to the decade 2011–2020, even exceeding values
from the decade 1991–2000, including point source pollution (see
Fig. S12a). Also, natural background and forestry loading are increasing
due to the runoff increase. In the minimum loading scenario (SSP1, HadR, RCP2.6), TP loading for 2071–2100 decreases by 15% compared with
2011–2020.
TN loading and its apportionment changes for the period 1991–2100
is shown in Fig. S12b. During the last decade TN loading has decreased
by 43% due to point load decrease. Agriculture is also the largest source
of the TN loading, share of natural background loading is 13%, followed
by forestry load (2%), scattered settlement load (2%) and point load
(1%). In the maximum loading scenario (SSP3, MPI-P, RCP8.5), TN loading in 2071–2100 increases by 16% compared with 2011–2020, while in
the minimum loading scenario (SSP2, Had-R, RCP2.6 scenario), TN loading decreases by 14% (see Fig. S12b). TN natural background loading and
forestry loading will also change according to the predicted runoff and
temperature changes.

4.1. Differences in P and N behaviour in the soils
According to our results, manure recycling is an effective method of
combating the increasing P loadings caused by CC. Our simulations suggest that soil P levels will keep increasing if manure recycling is not introduced more widely in the Aura river catchment. Phosphorus
accumulated in the soils can be used as a source of P for crop growth
over a long period because P recovery in soils takes a long time (several
decades). Modelling can help farmers to adjust their annual P fertiliser
rates optimally and utilise P surplus in soils for plant uptake. Modelling
can also help to estimate what portion of P in manure can be directly
used as organic fertiliser in local crop cultivation, and what portion of
the manure should be used for bioenergy production and fertiliser products transported to other areas with lower soil P stocks.
Nitrogen does not accumulate in soil in a similar manner to P's accumulation in overfertilised areas. This is one of the reasons why TN and
TP loading simulations take different future paths. For the P load, the
manure recycling strategy for the reduction of P surplus plays an important role, while for the N load, the balance between N fertiliser input and
N crop uptake is the most important factor. As the optimal fertiliser
levels provided by the optimisation model were used, the N balance in
soil is quite stable and similar across the different scenarios. Subsequently, TN loading changes in socio-economic scenarios are more stable than TP loading changes, but TN loadings are more inﬂuenced by
climate scenarios.

4. Discussion
This paper presents an approach for extending global CC and socioeconomic scenarios in order to explore the consequences of global developments on resource use and the intensity of agricultural
production at a catchment scale. Particular effort was paid to translating
narratives of global economic developments to fertiliser and crop prices,
and to estimating the impact of these changes combined with direct CC
impact (such as an increase in winter runoff) on nutrient loading to the
water bodies. One lesson learned was that global narratives allow space
for multiple interpretations of the fertiliser prices due to the large number of affecting factors.
A novel feature of this study in comparison with earlier studies by
Huttunen et al. (2015), Booth et al. (2016) and Olesen et al. (2019)
was the use of an economic optimisation model to determine how
farmers react to the changing economic environments in different
socio-economic pathways. Fertiliser and crop prices are important determinants of the farmer's fertilisation decisions. Without an economic
optimisation model, it would have been difﬁcult to judge which way
the simultaneous changes in crop prices and yields, fertiliser prices
and possible taxes would drive the annual input choices. In addition,
the initial soil P level has a signiﬁcant inﬂuence on optimal P fertilisation
choices, especially at the beginning of the scenarios. Thus, the study
shows a framework where we start with the scenario descriptions,
which are used as constraints in the optimisation model. Then, the
optimised inputs' vectors are used as inputs for the simulation model
that describes the future nutrient loading. However, coupling the two
interdisciplinary models is an iterative and time-consuming process.
The results of this study are relevant for catchments with a relatively
high intensity of agriculture (in the conditions of boreal agriculture) and
high density of animal production. High animal density is currently the
dominating factor for excessively high P levels in the soil. In the areas
with high livestock production, ﬁelds have been receiving excess
amounts for a long time, therefore the STP level in these soils is elevated.
In the future, the development of cost-effective technologies for manure
handling and extensive market networks for manure will be crucial factors in mitigating the problem of extensive soil P stocks. Under current
conditions, factor and product prices only affected inorganic
fertilisation, and therefore, they only have a minor impact on total nutrient inputs to soil. The results might be different for drainage basins

4.2. Comparison with other studies of TP and TN loading changes
The predicted TN loading by the end of the current century was, on
average, −9% of the current load (with variation from −20% to +3%).
The highest predicted TN loading in future scenarios is in SSP3 (i.e. in
the rivalry scenario). Zandersen et al. (2019) wrote that, in SSP3, there
could be a strong population decline and a reduction in agricultural production in the Baltic Sea region. Further narratives for the agricultural
sector according to Zandersen et al. (2019) are focused on selfsufﬁciency; reduced N and P efﬁciencies; the ageing of farm equipment
and lack of investments in new technologies; and farm restructuration
towards larger and more efﬁcient units is reversed. According to
Huttunen et al. (2015), less successful adaptation of agriculture to the
CC would give the highest TN load increase. In SSP3, crop yields have
the lowest increase due to the unsuccessful development in the agricultural sector, and the low crop yields also lead to higher crop prices,
which in turn affect higher N fertiliser usage. The lowest increase of
TN loading is in SSP1 (i.e. in the green scenario) due to the lowest
fertiliser increase and quite high predicted yield increase.
Blanke et al. (2017) have studied crop yield and N leaching tradeoffs in a changing climate with the global vegetation model LPJGUESS. They predicted a wheat yield increase and N leaching decrease
for the boreal region that are in line with our simulations. They
emphasised the importance of providing future trajectories of N applications for croplands in order to model future changes. Olesen et al.
(2019) looked at the catchment scale in order to study agricultural nitrate leaching from two catchments. According to their simulations,
the N loads would increase clearly for SSP5 and the high-end climate
scenario and more modestly for SSP1 scenarios. The empirical NLES
model for the estimation of N leaching was used, which might not
take into account the changes of all the relevant processes.
Bartosova et al. (2019) predicted nutrient load changes to the Baltic
Sea by using the E-HYPE model. Average nutrient loads are projected to
increase both for nitrogen and phosphorus in response to climate scenarios. In contrast, changes in the socioeconomic drivers can lead to a
decrease or an increase in nitrogen and phosphorus loads depending
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models, (3) the model testing and validation periods are much shorter
than in the predictive period and (4) the socioeconomic scenarios are
uncertain, since those aim to give different coherent possible ways of
evolvement in the future. Multi-model ensemble simulations have
been used in other studies (Kronvang et al., 2009; Meier et al., 2018)
for assessing the uncertainty of model structure. VEMALA model structure uncertainty can be quantiﬁed by comparing the results of two
VEMALA model versions: version v1 used in this study (with a conceptual river and lake models) and v3 version based on a biogeochemical
river and lake model (Korppoo et al., 2017). Uncertainty estimation between these two model versions would be a subject of future research.
VEMALA model parameter uncertainty has been assessed in Huttunen
et al. (2016) by comparing results with two different non-agricultural
loading parameter sets, and the mean difference of total TP loading for
27 watersheds was 8%. Finally, the model and the parametric uncertainty of the economic optimisation model used to deﬁne the optimal
input choices in each scenario has been assessed in Sihvonen et al.
(2018).
The uncertainties that are quantiﬁed in this study include the high
variation of projections caused by RCP and the GCM model choice. The
two RCPs chosen in this study include a moderate pathway RCP4.5,
which is a modest mitigation pathway, relatively likely, given current
policies (Hausfather and Glen, 2020) as well as a worst-case no policy
scenario RCP8.5 used to examine an unlikely high risk future
(Hausfather and Glen, 2020) with large changes. Climate model choice
inﬂuences the results; for example, the same RCP 8.5 and SSP3 scenario
with the Had-R and MPI-P model inputs sees the TP loading increase by
27% and 50% respectively for the period 2071–2100. The MPI-P model
gives a much higher increase in winter precipitation than Had-R,
when the soils will have much shorter snow cover and higher winter
runoff. The choice of the delta change method for the implementation
of climate scenarios into the hydrological model also inﬂuences the result. The use of daily bias-corrected RCM data as an input for the hydrological model (Teutschbein and Seibert, 2012; Veijalainen, 2012) would
provide the possibility to address the changes of the extreme precipitation, and extreme runoff and loading events, but would also introduce
new uncertainties in the choice of bias-correction methods and in the
inﬂuence of the remaining RCM biases to the results.
The availability of more precise input data would improve the accuracy of the modelling results. Both mineral and organic fertiliser inputs
at the farm level are not available for the models as input data, even if
this information is collected by regional authorities for the implementation of the agri-environmental subsidy programmes. Legal regulations
must support the creation of a comprehensive data system that contains
data about ﬁeld-scale inorganic and organic fertiliser usage, soil P content, crop characteristics (Marttinen et al., 2017) and the availability of
the data for modelers.
The limitations of the model's capability to simulate long-term
changes in P storages in the soil can outweigh the climate impact signal.
The ICECREAM model has been used to simulate positive P balances for
an increase of the STP levels for the period 1960–2020 (6 mg l−1 to
14 mg l−1). Observed STP reached a maximum in the late 1990s,
followed by a slight decrease in the communities of the Aura river catchment (Lemola et al., 2018). The model has not been validated in simulating negative P balances, as simulated in several SSPs with manure
recycling scenarios. However, it is possible to achieve reasonable crop
yields with negative P balances if the initial STP levels are high
(Valkama et al., 2011).
In this study we use deterministic models based on physical process
descriptions, that are able to produce consequent and consistent
changes in the output variables - runoff and nutrient loading. We believe that consistency of the scenario results is the basis for further
usage of the projections by the decision makers for water management
work. Stakeholders should be aware that scenario results are not predictions but rather plausible projections and includes above mentioned
sources of uncertainty.

on the pathway. According to Huttunen et al. (2015), the highest agricultural loading increase was predicted for the Archipelago Sea: from
0% to +36% for TN and from −3% to +50% for TP for the decade
2051–2060. This study gives similar trends for agricultural TP loading,
but TN loading is decreasing due to the usage of different N models.
There are two main reasons why the TN results are different from
those reported by Huttunen et al. (2015): ﬁrst, a different catchmentscale N soil model (VEMALA-N) was used then. Second, the economically optimal fertiliser usage in the scenarios does not allow for the
higher N balance increase, which affects lower TN leaching. The overall
modelling results show that nutrient loading changes mostly depend on
the assumptions of the socio-economic scenarios, the choice of modelling tool and the scale of the study.
4.3. Comparison with the nutrient loading reduction targets
The combined CC, SSP and manure recycling scenarios gave a wide
range of agricultural TP and TN loading predictions. Predicted TP loading
by the end of the current century is projected to increase by 18%
from the current load, with variation from −14% to +50%. The Baltic
Sea Action Plan (BSAP) nutrient loading reduction targets for the
Archipelago Sea state that the present TP loading should be reduced
by 17% (Laamanen and Korpinen, 2018). These reduction targets could
be reached in intensive manure recycling and low runoff increase
scenarios. On the contrary, the TP loading would continue to grow and
exceed the targets in the low manure recycling and high runoff scenarios. The predicted highest annual agricultural TN loading increase is
relatively small (7%), which emphasises that, with optimal fertilisation
rates, the BSAP TN loading reduction targets for the Archipelago Sea
(requiring a 9% reduction of the present load) could be reached in
most of the scenarios.
4.4. Manure recycling
Several studies have reported that nutrient loading mitigation measures implemented according to Water Framework Directive river basin
management plans have not shown the results on nutrient loading
reductions (Tattari et al., 2017; Räike et al., 2020). Our conclusion
is that, in the areas with high livestock production, the priority
should be on manure recycling with the purpose of reducing the
overfertilisation of the ﬁelds. In Finland, only 5% of manure is processed
at present, while the rest is used in agriculture without processing
(Marttinen et al., 2017). The currently applied technologies are still
too expensive for the wider and market-driven expansion of manure
recycling and processing. Public support of the innovation, testing and
introduction of the promising recycling technologies that allow the
processing of manure so that nutrients can be transported and distributed to the ﬁelds with lower P content could be the way forward.
Regulation may need to be in place to better adjust nutrient use so
that overfertilisation is avoided. Information sharing and encouraging
farmers to co-operate with local companies in developing technological
possibilities for more intensive manure recycling would be the third
policy alternative. The present legislation does not require adjusting
fertiliser use according to crop needs, which leads to excessive manure
application in the areas with high livestock production. A comprehensive policy reform regulating fertiliser use and promoting nutrient
recycling is needed (Marttinen et al., 2017).
4.5. Uncertainty and limitations
There are several sources of uncertainty: model input uncertainty,
model structure uncertainty (process descriptions), model parameter
uncertainty and model technical uncertainty (Refsgaard et al., 2007).
In the scenario simulations, the uncertainty increases due to the following reasons: (1) uncertain ability of climate models to simulate the
emission scenario impact, (2) the chaining of several assessment
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5. Conclusions
Agricultural TP and TN loading in the future climate will ﬁrstly depend on C-induced runoff changes, which vary from a relatively small
decrease to a large increase, depending on the climate model and RCP.
Secondly, socio-economical changes will affect the development in the
agricultural sector, which is the most important source of nutrient loading. The scenarios predicted agricultural TP loading in the Aura river
catchment to increase by 18% of the current load (with variation from
−14% to +50%) by the end of the current century and TN loading to decrease by 9% of the current load (with variation from −20% to +3%).
The use of fertiliser according to economically optimal fertilisation
rates is important for reducing TP and TN loading. P storage in the soil
over a longer period affects the TP loading, and by reducing the
overfertilisation in the livestock production areas, TP loading can be reduced. More effective manure recycling of the excess manure should be
taken into use in those areas. It requires more investments in the manure recycling technologies. Legal regulations should be changed to adjust nutrient use so that overfertilisation is avoided. With optimal
fertilisation inputs, the TN loading will most likely have slightly decrease. More effort in future research should be paid to socioeconomical scenario narrative extending for the agricultural sector
since the modelling results greatly variate, depending on scenario assumptions and the choice of the modelling tools.
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