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The national scale nutrient load modelling system VEMALA-ICECREAM was used to simulate agricultural total nitrogen 
(TN) loading and its trends for all Finnish watersheds for the period from 1990–2019. Across Finland, agricultural 
TN loading (ATNL) has decreased from 17.4 kg ha-1 a-1 to 14.4 kg ha-1 a-1 (moving 10-year averages) since the 1990s. 
The main driver of the decrease in simulated ATNL is a reduction in mineral fertilizer use, which has decreased the 
N surplus in the soils. The TN leached fraction, however, did not show a trend but did have high annual variability 
due to variations in runoff; this corresponds to an average of 14.4% of the TN applied. The ATNL was considerably 
higher in the Archipelago Sea catchment compared to other Finnish Baltic Sea sub-catchments, with the lowest ATNL 
found in the Vuoksi catchment in Eastern Finland. The highest decrease of ATNL was simulated for Vuoksi and Gulf 
of Finland catchments. In the Bothnian Sea, Bothnian Bay and Archipelago Sea catchments, the decreasing trend 
of ATNL was smaller but still significant, with the exception of the Quark catchment, where there was no significant 
change. The differences in decreasing trends between regions can be explained by the heterogeneity of catchment 
characteristics, hydrology and agricultural practices in different regions.
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Introduction

Intensive agricultural production and the use of mineral and organic fertilizers in agriculture has led to increased 
nitrogen (N) loading to inland and coastal water bodies, both in Finland and globally. The use of N fertilizers started 
to increase during the 1960s and reached its maximum in the 1990s (Luke 2023a, Luke 2023b). The proportion 
of mineral fertilizer N from total N input was close to 60% in the 1990s, with the proportion of manure N was at 
35%. In recent years, the proportions are 55% and 40%, respectively. Elevated N loading is particularly detrimental 
in the Baltic Sea, which suffers from eutrophication due to its physical properties and anthropogenic drivers 
(HELCOM 2018). There is a consensus across Baltic Sea countries about the need to reduce nutrient loading in  
order to retain the sea’s positive environmental state (Baltic Sea Action Plan, BSAP 2007). The Water Framework 
Directive (WFD) is a policy instrument used to regulate water protection at the river basin scale (Rekolainen et 
al. 2003). The Nitrate Decree (Government Decree 2014) sets regulations for fertilizer and manure application 
methods, timing and amount of available N for different crops, as well as setting an annual maximum rate of 170 
kg ha-1 total N in manure.

For the purposes of BSAP and WFD implementation, there is a need to quantify the sources of apportionment of 
N loading to water bodies and for the evaluation of the trends of N loading over recent decades. As agricultural 
loading is diffuse, it is difficult to measure on site. Therefore, models are used to assess nutrient loading from the 
agricultural sector. There is a range of models available with varying levels of complexity that can be used for this 
purpose, from export coefficient models to dynamic process-based biogeochemical models. The scales at which 
the models are applied also vary to a great extent, usually in reverse correlation with their complexity. The most 
commonly used field scale ATNL models in Nordic countries are ICECREAM (Tattari et al. 2001), COUP (COUP manual 
2022) and DAISY (Abrahamsen and Hansen 2000). Field scale models are often incorporated into the catchment 
scale models to assess agricultural loading at the catchment scale, e.g., VEMALA-ICECREAM (Huttunen et al. 2016) 
and DAISY-MIKE-SHE (Trolle et al 2019). Catchment scale models also integrate sub-models to simulate other non-
agricultural sources of nutrient loading.

ATNL estimates are also needed for the national GHG inventory. Emissions reported in the agricultural sector  
involve accounting for indirect nitrous oxide (N2O) emissions from managed soils which are directly related to N 
leaching from agricultural lands. Currently, the Finnish inventory uses the IPCC default value 0.3 kg N leached / kg 
N input, which is much higher than the estimates used in other Nordic countries, such as those used in Sweden 
(Swedish Environmental Protection Agency 2021) and Norway (Bechmann et al. 2012).
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The aim of this study is to apply the VEMALA-ICECREAM modelling system for ATNL simulation to: 1) improve the 
temporal coverage and spatial resolution of the national scale N simulation related inputs to the VEMALA model, 
2) improve volatilization and denitrification process description in the ICECREAM N model, and 3) provide national 
scale N loading from agricultural fields and analyze trends for the period from 1990–2019. 

Materials and methods
Model description

VEMALA-ICECREAM modelling system description

The national-scale modelling system VEMALA used for nutrient (phosphorus (P) and N) loading simulates runoff 
processes, nutrient processes, leaching and transport on land, in rivers and in lakes in Finland (Huttunen et al. 2016, 
Korppoo et al. 2017). The VEMALA model provides an estimate of the input, output and retention of nutrients 
in all of the circa 40 000 lakes in Finland larger than 1 ha, as well as giving the source apportionment of loading: 
agriculture, forests, scattered settlements and point sources. 

The ICECREAM model (Tattari et al. 2001) is used to simulate P and N storages and fluxes in the soil (e.g.,  
fertilisation, uptake, transport, annual balance, soil test P (STP) value changes) for all individual field plots in  
Finnish catchments and to calculate the estimates of mean catchment-scale P and N fluxes. The VEMALA model  
simulates the total nutrient (P and N) loading generated within the catchment, including diffuse and point sources, and  
retention in the streams and lakes, as well as simulating loading that enters the Baltic Sea from each watershed. 
A comparison of total P (TP) and total N (TN) concentrations and loads in the streams and lakes is one way to vali-
date the model performance on a catchment scale. The scheme of the modelling chain for agricultural and total TN 
loading simulation using the VEMALA system is shown in Figure 1. The ICECREAM model is used to simulate the N 
fluxes for all, the approximately 970 000 field plots in Finnish river catchments, which cover an area of 23 359 km2.

Loading from forested areas consists of natural background loading and forestry loading; in VEMALA, these are  
estimated using a combination of methods. Long term annual forest loading is based on Metsävesi project equations 
(Finér et al. 2020). The daily distribution of TN concentrations is simulated using a VEMALA-N model (Huttunen et 
al. 2016). The total TN concentrations and loads in the rivers are then calibrated against in-stream observations.

In this study, ATNL results are summarized for Finnish catchments in the Baltic Sea sub-basins: Archipelago Sea 
(AS), Gulf of Finland (GF), Vuoksi in Eastern Finland (VUO), Bothnian Sea (BS), the Quark (QUA), and Bothnian 
Bay (BB) (see Figure S4). The Vuoksi catchment is also included in the study, since it covers a considerable part of  
Finland and, through the Neva River, contributes to the Baltic Sea. In this study, we report the gross ATNL  
generated on the national and catchment scale for the Baltic Sea sub-basins. ATNL retention in the inland water 
bodies must be taken into account when estimating the net ATNL entering the Baltic Sea.

Fig. 1. The modelling chain for agricultural and total N loading simulation using the VEMALA modelling system
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Agricultural N loading simulation with ICECREAM

The field-scale nutrient (P and N) loading model ICECREAM includes a process-based description for hydrology 
and N and P cycles in the soil, which are essential for the estimation of the effect of a changing climate and  
varying weather on nutrient (P and N) processes and loading. The ICECREAM model is based on the CREAMS and 
GLEAMS models (Knisel 1993). It has been developed further in order to be applicable to winter conditions and 
soil types in Finland. In the ICECREAM model, water flow in the soil is divided into three pathways: surface run-
off 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.

ICECREAM calculates the daily balance of organic matter, organic N, ammonium-N (NH4
+-N) and nitrate-N (NO3

-

-N) pools in soil from a 1 m deep soil layer. The input fluxes are plant residues, organic and mineral fertiliser, at-
mospheric 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), transport via runoff and leaching, and volatilisation from  
mineral fertilizer (for N). More detailed description of hydrology simulation in the ICECREAM model is given by  
Sundholm (2021), and a description of N cycle simulation has been provided by Kämäri et al. (2019). Basic calibration 
of ICECREAM has been done in previous projects using field scale hydrological and TN leaching measurements. 
The processes of plant N uptake, denitrification and volatilization are described here in more detail. 

The plant N uptake is the highest outward flux in the N balance of the soil; it is important to simulate it as  
accurately as possible. The increase in plant biomass is related to air temperature sums over the vegetative season  
(Rekolainen and Posch 1993). The plant is divided into below- and above-ground biomass and yield, which all con-
tain N in a user defined C:N ratio. Plant N uptake is simulated using a daily N demand, taking into account daily 
plant biomass increase, soil moisture stress, and N and P availability as limiting factor. 

												            (1)

Where Bmat is biomass at maturity, input data, kg m-2, w is the plant dependent growth parameter, 2.0 for cereals, 
1.0 for grass, and 3.0 for root crops.

Denitrification is simulated according to equations (2), (3) and (4), and also depends on the NO3
--N content in the 

soil, according to the Michaelis-Menten formula (4). 

The denitrification potential, KdenN,max (g C m-2 d-1), is calculated using the mineralization rate of organic matter 
(Chatskikh et al. 2005):

												            (2)

where CFOM, CSMB and CSOM are the carbon pools of fresh organic matter, soil microbial biomass and native organic 
matter in g m-2, and λFOM, λSMB and λSOM are the efficient decay rates for the pools, respectively. fNO3 is the cali-
brated parameter for adjusting denitrification.

The denitrification rate, KdenN (g N m-2 d-1), is calculated as

 												            (3)

												            (4)

where KdenN,max (g N m-2 d-1) is the denitrification potential, calculated from the mineralization rate of organic matter;  
Fq is the dependency of denitrification rate on water-filled porosity; θ is volumetric water content; θs is the water 
content at saturation; Ft is the dependency rate on soil temperature; and Fcn is the dependency of the denitrifi-
cation rate on NO3

--N concentration:

												            (5)

 
where NO3

-N is the soil NO3
--N concentration in mg kg-1. In the model, Fcn can obtain values between 0 and 1.

𝐵𝐵𝐵𝐵 = (
∑𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

)𝑤𝑤𝑤𝑤 × 𝐵𝐵𝐵𝐵𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  

𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓3 ∙ (𝜆𝜆𝜆𝜆𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 ∙ 𝐶𝐶𝐶𝐶𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 + 𝜆𝜆𝜆𝜆𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆 ∙ 𝐶𝐶𝐶𝐶𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆 + 𝜆𝜆𝜆𝜆𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 ∙ 𝐶𝐶𝐶𝐶𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) 

𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ∙ 𝐹𝐹𝐹𝐹𝑡𝑡𝑡𝑡 ∙ 𝐹𝐹𝐹𝐹𝑞𝑞𝑞𝑞 ∙ 𝐹𝐹𝐹𝐹𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑 ∙ 𝐹𝐹𝐹𝐹𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑑𝑑𝑑𝑑 

𝐹𝐹𝐹𝐹𝑞𝑞𝑞𝑞 = 0.0116 +
1.36

1 + 𝑒𝑒𝑒𝑒−(𝜃𝜃𝜃𝜃 𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠−0.815)/0.0896⁄  

𝐹𝐹𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
1.17 × 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3−𝑁𝑁𝑁𝑁
32.7 + 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3−𝑁𝑁𝑁𝑁
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In earlier studies, simulated TN concentrations were overestimated throughout the 1990s because fertilization  
levels were higher than in the 2000s. Two parameters limiting the rate of vmax and concentration of Km in the Michaelis 
-Menten formula (5) were changed to achieve better responses between denitrification and NO3-N concentration 
in the soil. Changing the parameters (from 1.17 to 1.80 for vmax and from 32.7 to 10 for Km) did not provide any  
major increase in the simulated denitrification at the catchment scale. The additional linear denitrification coeffi-
cient Flin in 1990s has been introduced in order to increase simulated denitrification and to give differing conditions 
for before and after EU regulations began in 1995. Linear coefficient had a value of 1.5 in 1990, and 1.0 in 1999.  
The reasoning for the new coefficient could be due to changes in the use of mineral fertilizers and manure N. In 
the period 1990–1994, before Finland’s entry into the European Union and it’s Common Agricultural Policy in 
1995, mineral N fertilizer rates were aimed at providing the highest possible yields due to high yield values. The 
lower intensity of N fertilization during the latter half of 1990’s is indicated by a lower application rate of fertilizer 
N per hectare (Luke 2023b). Furthermore, the timing and rate of manure application was less regulated, which 
may also have led to higher N losses before 1995. However, it remains unclear how the extra fertilizer N has been 
distributed to various pathways of N losses from the soil and water system. The most likely loss pathways were 
denitrification as N2 and ammonia volatilization.

During this project, an additional process is added to the model – volatilization from manure N. A suitable equa-
tion has been found in the original GLEAMS manual (Knisel 1993). 

												            (6)

												            (7)

 
VOLNi, is ammonia volatilization, kg ha-1, AWNHi is ammonia in animal manure, kg ha-1, Kv,I is the volatilization rate 
constant, and ATPi is the mean daily air temperature. It is assumed that volatilization happens only from surface  
applied slurry. Volatilization continues over a 7-day period after application. For the implementation of the volatilization 
simulation, the percentage of the surface spread or injected slurry has also been added to the catchment scale 
ICECREAM model application. The volatilization rates suggested by Grönroos et al. (2009) vary from 30 to 60% of 
ammoniacal manure N. In the model, it is assumed that 59% of N in manure is in the form of NH4

+-N (Grönroos et 
al. (2009) give a range from 32% to 72% for cattle). The simulated volatilization for one test field was 67% of the 
surface applied NH4

+-N in manure (Fig.S1a). 

National scale input data for the model

A comprehensive national-scale database has been collected; it is updated regularly and is maintained as input 
data for the VEMALA model (Huttunen et al. 2016). This database includes the following: daily air temperature 
and precipitation observations from the Finnish Meteorological Institute; water quality monitoring data in streams 
and lakes from SYKE for model validation; point loading data (including peat production loads) gathered from the 
Compliance Monitoring Data System (YLVA); and loading from scattered settlements based on a built environment 
information system and specific loading per person. The temporal coverage and spatial resolution of mineral fer-
tilizer, manure, crop distribution and placement data has been improved within this project.

Mineral fertilizer data

Mineral fertilizer data estimates are based on the amount of mineral fertiliser sold at the level of Centres for Eco-
nomic Development, Transport and the Environment (ELY Centres); the data is received from the Natural Resources 
Institute Finland (Luke). Luke calculates the amounts of P and N in sold fertilizers based on fertilizer companies’ 
annual declarations to the Finnish Food Authority and on information obtained from fertilizer companies directly.  

Updated mineral fertilizer data is implemented in the model for the period 1990–2019 (Fig. 2). The mineral N  
fertilizer usage has decreased by circa 30%, from 220 Gg a-1 to 150 Gg a-1, since the beginning of 1990s. The highest 
fertilizer usage is in Southwest Finland’s ELY region and is the lowest in the Ostrobothnia ELY region (Fig. 2a). 
The field-specific application rate of fertilizer N is estimated. The mineral fertilizer (and manure) usage has been  
distributed to each field depending on the cultivated crop and its P and N demand, according to the recommended 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖 = (𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑉𝑉𝑉𝑉𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖) ×  [1 − 𝑒𝑒𝑒𝑒−𝑘𝑘𝑘𝑘𝑣𝑣𝑣𝑣,𝑖𝑖𝑖𝑖] 

𝑘𝑘𝑘𝑘𝑣𝑣𝑣𝑣,𝑖𝑖𝑖𝑖= 0.409 × (1.08)𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴,𝑖𝑖𝑖𝑖−20 
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fertilizer amounts for different crops required to receive agri-environmental support payments (according to MAVI 
2009 guidelines). Then the field scale fertilizer inputs are further adjusted to match the annual areal ELY centre 
values of fertilizer sale.

		

		

Manure data

In the VEMALA model, manure data has to date been based on one year of data (2017). Animal number data for 
each farm and year for the period 1995–2019 is now available through the Finnish Food Authority, allowing the 
manure input data to be improved. The amount of N entering the soil from the manure of one animal of each 
animal type (cattle, swine, poultry, sheep and goat) was calculated in Luke for each year in the period from 1990–
2019; this was based on the N mass flow model version used in the national greenhouse gas inventory of Finland 
(Grönroos et al. 2009, Grönroos 2014, Statistics Finland 2021) and the national-scale shares of animal subcate-
gories (dairy cows, heifers etc.) within each animal type (Luke 2021, Statistics Finland 2021). The information for 
the shares of each animal waste type (solid, slurry, urine, etc.) and the slurry incorporation method (injection or 
surface spreading) (Grönroos 2014) was included in the data.

The share of slurry from total manure has increased from 50% at the beginning of the 1990s to 70% by the year 
2012 (Grönroos et al. 2009, Grönroos 2014). The total amount of injected N in the slurry has also increased from 
about 5% at the beginning of the 1990s to 30% in the last decade (Grönroos et al. 2009, Grönroos 2014). The in-
corporation method for the slurry is implemented in the ICECREAM for each field so that the amount of injected 
N matches LUKE estimates on the Finnish scale.
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The total amount of N in manure as input to the soil (Gg a-1) in Finland (Fig. 3a), which is used as input to the model,  
varies annually from 80 Gg a-1 to 93 Gg a-1. The reason for the increase of N in manure is the change in animal size 
and excretion. The increase is not caused by increased animal numbers as these numbers have actually decreased 
since the 1990s. The share of organic N in the total mineral and organic N fertilizer has increased from 31% in the 
1990s to 39% in the 2010s. The estimation of N in manure returned to the soil is a challenging task, and there 
is a limited amount of national scale data available. VEMALA-ICECREAM estimates have been compared with N 
mass flow model estimate for the year 2014, which was 73 N Gg a-1 (Luostarinen et al. 2017) in manure returned 
to soil plus 11 N Gg a-1 left in pastures. The difference between the two methods is 10.5%, which is a reasonably 
close estimate. There are quite large differences between different areas of Finland in terms of N in manure  
usage (Fig. 3b). The areal distribution is based on the real animal type number on each farm (Finnish Food  
Authority data) and manure N input per animal in each animal type (Grönroos et al. 2009, Grönroos 2014).  
According to our simulations, the highest manure N usage was in the Pohjois-Savo area and the lowest was in the 
Uusimaa area. Detailed field-specific application of manure data is not known, and therefore is simulated using 
the VEMALA-ICECREAM model. The assumptions are that: manure is spread within a 20 km radius around the 
farm; manure is spread on fields with all crop covers (except fallow fields); and field-specific manure and mineral 
fertilizer usage depends on the cultivated crop and its P and N demand (according to MAVI 2009 guidelines). In 
areas of high livestock production these limits are often exceeded.  

		

		

		

 

Fig. 3. (a) The total amount of N in manure as an input to the soil (Gg a-1) in 
Finland, which is used as input to the model; and (b) N in manure used at the 
ELY centre level (kg ha-1 a-1)
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Database of agricultural field characteristics 

The VEMALA-ICECREAM modelling system contains a detailed agricultural soil description for all field plots in  
Finland. Field plot register data, which includes field ID, field borders and cultivated crops, was provided by the  
Finnish Food Authority. Standard soil fertility analysis for the tillage layer was provided by Eurofins Viljavuuspalvelu Oy 
(or other companies) for around 40% of field plots. The analysis includes the sensory estimation of soil type for 
the field plots. For the rest, the soil texture was estimated based on data from the Finnish soil database (Lilja et al. 
2017). The VEMALA-ICECREAM database contains the following characteristics for each field: farm number, field 
ID, area (ha), coordinates, 3rd level sub-catchment number, soil texture, STP level, class of soil organic matter con-
tent, and slope. There are four soil types in the model: clay (main particle size <0.002 mm), silt (0.002–0.02 mm), 
sand (>0.02 mm), and organic soils (organic matter content in plough layer >20%). In the text, we refer to any soil 
with an organic matter content of >40% as peat soil. The proportion of the fields covered by mineral and organic 
soils are 2.08 × 106 ha of fields on mineral soils and 0.24 × 106 ha on organic soils. 

Crop distribution and location data was collected from the Finnish Food Authority for the period from 2000–2020. 
Data from 2000 is used for 1990–1999, because data for earlier years is not available. The field borders and total 
area of the fields do not change in the model, they are based on the 2012 data. 

During the period from 2000–2020, the grass crop area slightly increased, from 29% to 34% of the total area, and 
the cereal area has slightly decreased from 46% to 42% of the total area (Fig. 4). The grassland area increased from 
2016–2019, with a possible reason being a shift towards organic production, with silage added to crop rotations, 
and the low economical profit in cereal production. This may also create a slight reduction in TN loading because 
mean specific loading from grass fields is usually lower than from cereal fields.

Mann-Kendall trend tests, or, in the presence of covariates, partial Mann-Kendall trend tests (Libiseller and Grim-
vall 2002), were used for testing the N input, ATNL and leached N fraction trends from 1990–2019 using R. The 
trends of TN river concentrations are estimated using seasonal Mann-Kendall tests. 

The moving average of previous 10-year values was used to analyse ATNL trends:

												            (8)

MA10 (kg ha-1a-1) – is the moving average of the previous 10 annual loading values Ln (kg ha-1a-1).

Results
Calibration of the denitrification parameter

In this project, only one ICECREAM parameter, denitrification parameter fNO3, was used to calibrate deni-
trification in both mineral and organic soils. Denitrification potential is multiplied by fNO3. The higher fNO3, 
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the more denitrification and the less N load. In previous model versions, the value of fNO3 was 0.80, but this  
decreased when volatilization was added to the model. fNO3 values now vary from 0.48 to 0.64 and were manually  
calibrated against TN concentrations and loads in 9 Finnish rivers located in different regions of the country (river 
names are given in Table 1). Calibration of the VEMALA-ICECREAM modelling system is quite challenging because 
ICECREAM model field scale parameters should be calibrated against output of the other model (VEMALA), which 
simulates river concentrations. 

 

N sub-processes in agricultural soils
The results for N sub-processes in agricultural soils for all the fields in two contrasting catchments are shown 
as a mean in Figure 5. The Aurajoki catchment (Fig. 5a) uses intensive agriculture, a high proportion of which 
is cereal cropping, with high mineral fertilizer rates applied and high manure use. The Vantaanjoki catchment  
(Fig. 5b) has lower mineral N input and much lower manure use. Despite the lower total N input to the soils in 
Vantaanjoki, there is only a small difference in the N in crop yields in these two catchments. N in yield slightly  
increased after the 2000s by about 10 kg ha-1 a-1 due to the increasing length of the growing season. However, dry  
summers have resulted in lower yields at the end of the 2010s. The N surplus shown in Table 2 is calculated as the  
difference between the total N fertilizer applied and the N in crop yield. A full N balance calculation is quite  
complex and is done in the ICECREAM model; it includes more fluxes such as mineralization, leaching, denitrification 
and volatilization. The N surplus in catchments similar to Vantaanjoki is lower (Table 2), meaning there is a greater  
decrease in ATNL. In catchments similar to Aurajoki, N surplus in soils has remained high (Table 2), meaning there 
is only a slight decrease in ATNL leaching. In other words, N fertilizer decrease leads to a decrease in N surplus 
in the soils, which in turn causes a decrease in ATNL. Denitrification from soils plays an important role in the N  
cycle in soils, both in nature and in the model. In the latter, denitrification is a correcting outward flux, where the  
excess N from the system is allocated. Simulated denitrification varies between different catchments, from a 
mean of around 40 kg ha-1 a-1 in Aurajoki catchment with higher N inputs to around 20 kg ha-1 a-1 in the catchments 
with lower N inputs. In the 1990s, there is elevated simulated denitrification due to the additional denitrification  
coefficient in the model.

Table 1. Trends of observed daily TN concentrations, loads and simulated annual loads between 1990–2019 using seasonal Mann-
Kendall tests

River ELY-centre
Agricultural 
loading, %

Peat 
soils*, 

%

Simulated monthly 
average TN 

concentration

Observed monthly 
average TN 

concentration Comments

tau p tau p

Aurajoki
Southwest 
Finland 74 11 0.002 0.985 0.002 0.974

High mineral fertilizer, 
manure usage

Eurajoki Satakunta 68 16 -0.23** 0.001** -0.088 0.106
High manure usage, 
lake effect

Lapuanjoki
South 
Ostrobothnia 58 29 -0.355** 0** 0.035 0.566 High manure usage

Porvoonjoki Uusimaa 53 5 -0.406** 0** -0.248** 0**

Point load stops in 
2004, only mineral 
fertilizer used

Kalajoki
North 
Ostrobothnia 52 35 -0.093 0.143 0.082 0.302 High manure usage

Vantaanjoki Uusimaa 43 8 -0.31** 0 -0.233** 0**

High point load share 
in 90-ties, only mineral 
fertilizer used

Perhoonjoki Ostrobothnia 40 43 -0.095 0.212 0.07 0.369 Low % of agriculture

Summanjoki
Southeast 
Finland 35 18 -0.279** 0** -0.089 0.247

Low manure usage, 
low % of agriculture

Siikajoki
North 
Ostrobothnia 34 56 -0.111 0.131 0.209*** 0.013*** Low % of agriculture

* = % of peat soils includes % of peat soils (with OM content >40%) from non-agricultural areas and % of organic soils (with OM content 
>20% in plough layer) from agricultural soils; ** = decreasing trend; *** = increasing trend
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Verification of simulated TN concentrations against river concentrations 
Agriculture is only one of the sources of TN loading and there is great variation between catchments. It is not  
possible to verify agricultural loading alone against river observations. However, in this project, we have verified 
total loading simulated against river observations, since agriculture contributes an important share of total load-
ing. The hypothesis is that if total concentrations and loadings are correctly simulated, then agricultural loading 
should also be simulated well; this hypothesis may be valid in river catchments with a high ATNL share (above 50%).  
Table S2 shows simulated and observed mean TN concentrations, biases, Nash and Sutcliffe efficiency (NSE) criteria 
and source apportionment (as % of total loading) for the period from 2013–2020 for 9 monitoring sites located 
in different ELY-centers with different intensities of agriculture. The difference between mean simulated and ob-
served TN concentration ranges from 0 to 16%, and the NSE criteria for daily simulated TN concentrations varies 
from 0.46 to 0.75, which is a reasonably good simulation result. The verification is done by comparing model bias 
and the NSE (Table S2) of mean TN concentrations for the 9 chosen river points. Figure 6 shows the simulated and 
observed daily TN concentrations for the Aurajoki catchment (NSE criteria was 0.59). Observed daily maximum 
concentrations or daily observed loads in the Aurajoki river are not decreasing, but annual loads present a slight 
decrease. The results for other rivers are shown in Figures S3, a-i. Table 1 summarizes the trends of observed and 
simulated monthly average TN concentrations. There is a significantly decreasing trend in observed TN concentra-
tions in Porvoonjoki and Vantaanjoki, and an increasing trend in Siikajoki, while the simulated TN concentrations 
showed decreasing trends in five catchments, Porvoonjoki, Vantaanjoki, Summanjoki, Eurajoki and Lapuanjoki  
(Table 1). In Aurajoki, Kalajoki and Perhoonjoki, there is no trend in either simulated or observed TN concentrations. 

 

Fig. 5. Catchment scale simulated N sub-processes in agricultural soils: mineral N fertilizer, N in manure, N in 
yield, N loading, N denitrification, N volatilization a) for Aurajoki catchment and b) for Vantaanjoki catchment

Table 2. Simulated N surplus kg ha-1 a-1 (Nfert + Nman – Nyield) in 
Aurajoki and Vantaanjoki catchments

Period Aurajoki Vantaanjoki

1990–1999 51.9 23.8

2000–2009 41.0 5.4

2010–2019 43.8 9.3
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Table 2 summarizes also pecentage of peat soils in the catchments, however peat soils for agricultural areas inclu-
de also organic soils in the peat soil percentage calculation. It could be concluded that in mineral soil dominated 
catchments with mostly mineral fertilizer use (Porvoonjoki, Vantaanjoki, Summanjoki), TN loading is decreasing, 
probably due to a reduction in the use of mineral fertilizer. However, there might be other factors decreasing the 
N leaching, such as an increase of grass areas replacing cereal areas. The Increase of no-till practices and the in-
creased area of catch crops have also led to decreased N leaching. In peat soil and animal husbandry dominated 
catchments, simulated TN loading decrease is not so pronounced, probably due to multiple factors, such as mineral 
fertilizer having a smaller share of total N input; manure N input slightly increasing; and forest and forestry loading 
also playing an important role as agriculture has a lower load share in these catchments. In addition, the growth 
day degree temperature sum of growing season increased by about 180 °C on average in Finnish watersheds for 
the period from 1990–2019, which might cause higher organic N mineralization in peat soil dominated catchments.

Spatial variation of agricultural TN loading
The VEMALA-ICECREAM modelling system provides the possibility to simulate the ATNL for each field depending 
on its own characteristics and N input-output fluxes. The spatial variation of the ATNL ranges from 5 to over 30 kg 
ha-1 a-1 (Fig. 7). The highest ATNL is in Southwest Finland area due to this area having the highest mineral fertilizer 
use, high manure input and being an area of high cultivation of cereals and special crops (including cabbage, oth-
er vegetables, sugar beets, etc.). The Satakunta and Ostrobothnia regions, and the northern part of North Savo 
have high ATNL due to their high combined mineral and manure N inputs. The western part of Southeast Finland 
has high ATNL due to cereals being the main crop in the area.

 
Fig. 6. Simulated and observed daily concentrations for the Aurajoki catchment 
for 1990–2019 (NSE criteria is 0.59)

 

Fig. 7. Spatial variation of simulated TN load 
from fields (kg ha-1 a-1, mean for 2010–2019)
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Agricultural TN loading results for 1990–2019

The ATNL is considerably higher in the AS catchment compared to other Baltic Sea sub-basin catchments, while 
the average lowest ATNL was in VUO catchment (Fig. 8). The ATNL for the whole of Finland has decreased since 
the 1990s, from 17.4 kg ha-1 a-1 to 14.4 kg ha-1 a-1 in the 2010s.. The highest decrease of ATNL, 32% and 25%, is sim-
ulated for VUO and GF catchments, respectively. In the BB and BS catchments, the decrease of ATNL was smaller, 
18% and 11%, respectively. In the AS and QUA catchments, the ATNL did not significantly change between 1990–
2019 according to the partial Mann-Kendal trend test (Table 1).  Absolute values of the annual ATNL (Table S5) 
varies to a large extent depending on hydrological conditions; the maximum ATNL of 56.8 103 t a-1 was simulated 
during 1991 (a particularly wet year), and the minimum ATNL 17.7 103 t a-1 was during 2009. ATNL has decreased 
by 17%, from a mean value of 40.6 103 t a-1 in 1990s to 33.7 103 t a-1 between 2010–2019.

Fig. 8. Agricultural TN loading (kg ha-1 a-1) and trendlines for the whole of Finland and catchments of 
the Baltic Sea sub-basins for the period from 1990–2019. The moving average is calculated according 
to equation 8.
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The differences in decreasing trends in different regions can be explained through the heterogeneity of the catch-
ment characteristics and agricultural practices. In mineral soil dominated VUO (the Vuoksi river has 19% of the 
peat soil of the whole catchment) and GF (the Kymijoki river has 17% of the peat soils of the whole catchment) 
catchments with relatively low manure N input, the ATNL decrease was highest. There is also a variation in the 
ATNL within the GF catchment depending on the main cultivation crop; this is because ATNL is higher in cereal 
cultivation areas. In the AS catchment, the decrease in ATNL is not so pronounced because of high manure N in-
puts and cereal crop cultivation. The mild winters over the last few decades are producing high ATNL, especially 
in soils without winter vegetation cover. The highest simulated TN concentration in the Aurajoki river was during 
the mild winter of 2019/2020 (Fig. 6). In catchments with high manure N input and high shares of peat soils (BS, 
BB, ME), the decrease in ATNL is also not so pronounced.

 

 

The leached N fraction of total N input, used in the Finnish inventory of GHG emissions for the indirect estimation 
of N2O emissions, varied from 8% to 21% between 1990–2019 (Fig. 9) and was on average 14.4%. The leached 
fraction did not change much over time (the insignificant trend in Table 3) as it was strongly correlated with the 
annually varying runoff (r=0.74, p<0.001, df = 28, Fig. S5b) but not with N input (r=0.22, p=0.24, df=28, Fig. S5c), 
which had a significant decreasing trend over the period from 1990–2019 (Table 2). The ATNL for the whole of 
Finland correlated with both N input and runoff.

 

Table 3. Mann-Kendall trend tests for simulated agricultural TN loading for different Baltic Sea sub-basins, mean 
annual leached N fraction and the runoff for mineral fertilizers, and the total N input to soil. Annual mean runoff 
was used as a covarying environmental factor in the partial Mann-Kendall tests.

Response variable Covariate Test statistics* p-value

Whole Finland ATNL Runoff -2.50 0.013

Archipelago Sea Runoff -1.70 0.089

Gulf of Finland Runoff -2.66 0.008

Vuoksi Runoff -2.55 0.011

Bothnian Sea Runoff -1.98 0.048

The Quark Runoff -1.25 0.213

Bothnian Bay Runoff -2.58 0.010

Leached N Fraction Runoff -1.55 0.121

Mineral fertilizer - -0.73 < 0.0001

N input to soil - -0.66 < 0.0001

Runoff -  0.04 0.775

*Z for the Partial Mann-Kendall Trend tests (variables with covariates), tau for the Mann-Kendall Trend test (variables 
without covariates).

Fig. 9. Mean leached fraction from the total N input to the agricultural 
fields for the whole of Finland during the period from 1990–2019
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Discussion 

This study shows that for the whole of Finland, simulated ATNL has decreased by 17%, from 17.4 kg ha-1 a-1 to 14.4 
kg ha-1 a-1 since the 1990s. An earlier study of ATNL for the period from 1985–2006 has shown an increased ATNL 
trend, despite the agri-environmental measures implemented since the start of the Finnish Agri-Environmental 
Program in 1995 (Ekholm et al. 2015). Rankinen et al. (2016) analyzed P and N loading trends for the period from 
1985–2012, showing that the TN load from agriculture increased until 2000–2006, but then started to decrease. 
Clearing of new fields explained 50% of the increase in the TN load to the Baltic Sea between 1995–1999 and 
2000–2006 (Rankinen et al. 2016). In these previous studies, only 20 river basins were included, which covered 
30% of agricultural fields, whereas in this study we simulated all Finnish watersheds.

In this study the simulated ATNL was most affected by mineral fertilizer input, which has reduced remarkably 
since 1990 but stabilized in the past decade. There is a question about whether N leaching in the real world also  
depends on mineral fertilizer rates. Higher N fertilizer rates are known to lead to higher N surpluses, and these 
are associated with an increasing risk of N leaching in Finland (Salo and Turtola 2006). N leaching initially remains  
stable before following a linear relationship with N surplus, suggesting that 57% of N surplus would be leached. The 
higher the expected baseline of N leaching, the higher the N surplus required before it starts to affect N leaching 
(Salo et al. 2013). It is apparent that balancing N input with plant uptake is needed to prevent high NO3

--N leaching 
(Bergström and Brink 1986). The reasons behind the decrease of N surplus since 1990s and the decrease of simu-
lated ATNL is demonstrated in this study.

Further decreases of N fertilization in catchments with low N surpluses might not lead to further N leaching  
decreases. However, the mechanism of N leaching is complicated because only a minor fraction of leached N comes 
from fertilizer before it has passed through the immobilization-mineralization cycle. A high amount of the NO3

--N 
susceptible to leaching comes from the mineralization of organic N (Yläranta et al. 1993). Denitrification (anaerobic 
loss of N2O, NO and N2 from soils) is difficult to measure. McNeill et al. (2005) suggested losses of 20–40% of N  
applied. Our simulated average denitrification for two selected river catchments (Aurajoki and Vantaanjoki) ranged 
from 26% to 35%, which corresponds with these estimates. Surey et al. (2020) reports that the denitrification  
potential, defined as the combined amount of N released as N2O + N2, was larger for plots receiving farmyard  
manure than pure mineral fertilization due to the organic matter. 

The changing climate, particularly changes in runoff, may have a much greater effect on the TN transport out of 
the soils in the future. Longer periods without snow cover are increasing TN transport from the soils. Elevated 
temperatures enhance the mineralization of organic N and increases NO3

--N leaching (Huttunen et al. 2021). Our 
simulations demonstrated that runoff had high annual variability but no clear trend over the past 30-years in  
Finland. Runoff is, however, expected to increase alongside the warming climate, which means that the leached 
N fraction of the total N input might also increase in forthcoming decades as the leached N fraction depends 
strongly on the runoff. 

Nevertheless, our study suggests that the 2006 IPCC default for leached N fraction (FrachLeach is 30% of N input) 
in greenhouse gas inventory is too high for Finnish conditions, and that a 30-year mean (i.e., 14.4% of N input is 
leached) would be a better FrachLeach estimate for Finland’s national greenhouse gas inventory for now as no clear 
increasing/decreasing trend could be detected.   

Special attention should be paid to agricultural practices on peat soils, since they are an important source of  
elevated N loading. Peat soils have naturally high organic N content, which is mineralized into mineral compounds 
which are then leached and taken up by plants. High N mineralization and the addition of mineral or organic  
fertilizers to peat soils causes elevated N leaching. Very high N leaching has been measured in peat soils, even 
at negative N balances (Lemola et al. 2000). TN loads seem to be particularly higher in thick peat field plots, as 
shown by Yli-Halla et al. (2022), where the mean TN loads during a hydrological year were 15.4 and 9.2 kg ha−1 
from the thicker and thinner peat plots, respectively. TN leaching from peat soils very much depends on the  
hydrological conditions and dryness of the soil. Organic N mineralization is especially intensive during dry periods with 
a low water table, but it seems that under re-wetting conditions in peat soils, groundwater NO3

--N concentrations 
can decrease very quickly (Tiemeyer and Kahle 2014). N leaching from peat soils can also be mitigated by the 
right crop choices as leaching from grass fields is lower than from cereal crops (Huhta and Jaakkola 1993). Huhta 
and Jaakkola report 18 kg ha-1a-1 and 37 kg ha-1a-1 TN leaching measured in a Tohmajärvi experimental fields 
with grass and barley cultivation, respectively. The ICECREAM model simulates hydrology and N processes for 
mineral and organic soils separately. Mean simulated N leaching from organic fields for 2010–2019 in Finland is  
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24.4 kg ha-1 a-1, but from mineral fields, it simulates 12.3 kg ha-1 a-1. Further validation of the ICECREAM model  
hydrology and N leaching from organic soils against observations would be necessary in future work.

The BSAP country allocated reduction target for Finland for TN is set at 3030 t a-1 (HELCOM 2013), the reference 
loading is the mean for the period from 1997–2003. Simulated ATNL has not decreased much compared to that 
reference period, therefore further reduction of the ATNL is required to achieve the BSAP targets. Mineral fertilizer 
input has decreased over recent decades in Finland but is still adequate according to crop yield statistics.  
Further mitigation of N leaching would require more advanced mineral fertilizer usage, like split applications to react 
yield potential of growing seasons, precision application techniques, site- and time specific N recommendations. 

The positive developments in avoiding excess mineral fertilizer input in recent decades is partly counteracted in 
animal husbandry cluster areas, where a considerable amount of organic N is applied as manure (39% of total N 
fertilizer on national scale) and it is partially mineralized when there is no crop uptake. 

The ATNL trends described in this article, however, contain several types of model uncertainty: input uncertainty, 
structure uncertainty (process descriptions), parameter uncertainty and technical uncertainty (Refsgaard et al. 
2007). The uncertainty of the results is also increased by the chaining of the models. The hydrological sub-model 
has its own model structure and parameter uncertainties related to its ability to simulate heterogeneity of the 
catchments. The main uncertainties in the ICECREAM model are caused by insufficiencies in the process description,  
and input data uncertainty. Mineral 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. The VEMALA model itself has model structure and parameter uncertainties simulating P and 
N transport and retention in water bodies.

However, the use of deterministic models, which are based on physical process descriptions, enables us to  
produce consequent and consistent changes in output variables runoff and TN loading. We believe that the  
consistency of the results and validation examples are the basis for further use of the results by decision makers 
in water management work. 

Conclusions

In this novel study, we conducted a detailed spatial simulation of ATNL on a national scale. Our findings revealed 
an average decrease of 17% in simulated ATNL since the 1990s. This decline could potentially be attributed to a 
decrease in mineral fertilizer input to the soils. However, validating these statements poses a challenge due to 
the lack of national-scale ATNL observations and the complexity of the nitrogen cycle in soils. Interestingly, we 
observed variations in the magnitude of the decreasing trends between the Finnish catchments, influenced by 
differences in hydrology, agricultural practices, and catchment characteristics. These results indicate the need 
for region-specific assessments and highlight the potential for using simulated national-scale ATNL estimates in  
compiling data for the HELCOM, as well as implementing the WFD through regional Environmental centres. To  
further enhance the accuracy of ATNL simulations, it is crucial to undertake additional research aimed at improving 
the models that simulate the intricate N cycle in agricultural soils. Such studies will help refine our understanding 
of the factors influencing ATNL and contribute to more effective environmental management strategies. Further 
joint efforts are needed to create a national fertilizer database collecting field scale fertilizer application data.
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