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Abstract

Improved assessment methods for agriculture production systems are needed to identify the risks and
opportunities related to global changes in climate, markets and policies, and the consequences of alternative
options of coping with and mitigating the changes. This paper presents the AGRISIMU modelling framework
developed for ex-ante assessment of alternative policy and management options meant to support farms and
agrifood sector adapt to climate change, maintain biodiversity and reduce nutrient emissions under Finnish
conditions. The modelling framework represents a novel approach to the integration of data and output from
several existing models like a dynamic regional sector model of Finnish agriculture, a farm-level optimisation
model, a dynamic crop growth simulation model and models describing the nutrient dynamics in agricultural
systems and a hydrological rainfall-runoff model. The framework is particularly aimed for Nordic conditions and
to serve as an assessment tool that considers multiple factor and scale interactions.

Keywords: Adaptation and mitigation options, Agrifood systems, Climate change, Integrated assessment,
Modelling, Multiple scale interactions, Nutrient emissions, Scenarios

1. Introduction

Global environmental change, liberalisation of trade and market changes, new agro-technologies and changing
consumer preferences and societal demands, among others, drive the continuous dynamics and changes of
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agricultural systems all over the world. Projections from global models of climate in Finland and in Northern
latitudes in general indicate an acceleration of warming at rates greater than the global average and increased
mean precipitation (Betts ef al., 2009). The impacts of changes in global drivers as well as in active policies and
management actions on food production, the environment and farmer’s livelihood are not well understood. The
extent of these effects will depend on the capacity of agrifood systems (AFS) to adapt which is determined by
various natural and socio-economic factors. There is an apparent need for improved assessment methodology
and tools considering multiple factor and scale interactions. It requires to conceptually and operationally link
biophysical models with farming system and market models in order to increase insight in the complexity of
interactions in agriculture, and support policy making (Van Ittersum et al., 2008).

Integrated assessment (IA) modelling is an emerging approach for facilitating public decision-making. We can
observe several trends that underpin the importance and increasing demand for such Integrated Modelling of
AFSs. These trends include, among others; a clear shift within the EU from “pure” agricultural policies towards
sustainability enhancing policies, agricultural innovations (new agro-technologies and farming systems) have to
increasingly satisfy multiple objectives and the instrument of policy impact assessment (ex ante assessments) has
been firmly introduced to enhance the quality of policy formulation since 2003, at the EU level (EC, 2005).

These developments confirm the need for integrated and multi-scale approaches for ex ante assessments of the
effects of policies and agricultural innovations in achieving sustainability objectives at the farm, regional and
sector, and food system level. At the European level, to this end, the Integrated project SEAMLESS
(www.seamless-ip.org) has been launched in 2004, in order to develop a tool-box for IA for EU-27 (the current
EU with 27 member states) that can be applied across Europe to examine various agri-environmental problems at
multiple scale (Van Ittersum et al., 2008). SEAMLESS has come up with a new software architecture for IA
modelling (SEAMLESS-IF) and new generic component models (Ewert et al., 2009). However, it doesn’t
sufficiently address the specificities of Nordic conditions — neither in terms of important crop species (e.g. spring
cereals like oats and barley), or specific agro-ecological conditions and their effects on soil-plant processes, nor
in terms of socio-economic conditions.

Agricultural production in the North could benefit from the warming climate, if, at the same time adequate
strategies are developed for AFS to cope with the higher risks imposed by increased climatic variability
including higher frequency and severity of extreme events such as droughts and flooding. Most climate change
projections show increasing length of growing season and precipitation in Northern Europe (Betts et al., 2009).
This should increase crop yield potential and attainable yields, especially when taking the effect of enhanced
CO, concentration into account. At the same time, however, introduction of new crops and mild winter
conditions will lead to invasion of new pests and diseases. The increase in winter temperatures will first lead to
decreased length of snow cover and more frequent soil freezing and thawing cycles that will be problematic for
overwintering crops. Rainy winter seasons without soil freezing will increase nutrient leaching and can destroy
soil structure. All these changes in physical production conditions will have implications on composition and
management of AFSs.

AGRISIMU modelling framework was developed particularly to cope with climate change related questions in
Nordic conditions including multi-level environmental and market changes and their linkages within the AFSs. It
gathers readily available and developing modelling tools as a research framework by covering the most relevant
linkages between different levels and tools. Creating such framework and operationalising it as a numerical
simulation tool is our ambitious target. However we believe that many relevant climate change related linkages
between the different levels of food system can already be modelled, utilising existing data or anticipated
research results. We can utilise many existing research tools and studies capable of capturing core elements of
climate change in the Nordic conditions.

The major goal of the current paper is to present the overall approach and concepts of a novel modelling
framework, AGRISIMU, for integrated assessment of AFS in Finland. The framework is particularly aimed at ex
ante assessment of technologies and policies available for climate change mitigation, adaption and reducing
nutrient emissions to ground and surface waters from agriculture in Nordic conditions.

2. Agricultural research and tools for Integrated Assessment

The burning questions regarding the relationship of agricultural systems, sustainability and society, can only be
addressed using a systems perspective. Agro-ecosystems are socio-ecological systems, which implies that
agricultural research cannot alone provide a consistent view on how agriculture can contribute to sustainable
rural development and how to make AFS more sustainable, but provides only limited understanding of agrifood
system behaviour. Numerous examples exist illustrating that agro-ecological or agro-economic principles are not
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adopted due to socio-cultural constraints or their relatively small role in the constraints that farmers face. On the
other hand, judicious IA of agricultural systems is not possible without sound agricultural knowledge. The latter
is the basis for explaining agrifood systems behaviour, interactions with the environment and identification of
promising activities that meet multiple objectives. To assess the performance and contribution of AFS to
sustainable development, process-based knowledge is indispensable. According to Bland (1999), a key challenge
for agricultural research is to identify to what extent agronomic knowledge should be synthesized for integration
in multi-scale agro-ecosystems analyses. During 2008 the IAM-Tools project was launched to enable researchers
in and outside Agrifood Research Finland (MTT) to meet the increasing demand for such integrated studies.

The major integration levels are the crop/cropping system, farming system and national level. At the cropping
system level, information on natural and socio-economic resources needs to be integrated with agronomic
information; at the farm level, in addition, costs, prices and farmers’ decision behaviour needs to be integrated
with biophysical information. At the national level policy views are a major addition. Most of the methods to
deliver agronomic knowledge for integrated studies are model-based. One of these model-based approaches is
dynamic crop growth or cropping systems simulation models (Van Ittersum et al., 2003). The other group
delivering agricultural input-output matrices or coefficients as input to bio-economic models (Rétter et al., 2005)
are the so-called technical coefficient generators (Ponsioen et al., 2006). Some of the input-output relations are
usually generated by dynamic simulation models. Bio-economic models are either used to study farm household
decisions and performance (e.g. farm household models) or regional land use decisions and optimization of land
and resource use for set of (rural development) objectives (Rotter ef al., 2005). For taking both macro-economic
policies, and environmental policies (e.g. nutrient and climate change policies) into account at national,
continental or global level, specific IA tools have been developed or linked such as IMAGE (IMAGE team, 2001)
and GTAP (Van Tongeren et al., 2001). However, from the literature it is evident that the use of these research
tools for (multi-scale) integrated assessment of policies and agro-technologies is very restricted in practice; those
approaches applied are still often disciplinary and directed at a single decision level and spatial scale, and are
thus not suitable to make the multi-scale impacts and interactions transparent (Van Ittersum ez al., 2004; 2008).
Especially the gap between micro-level (field and farm) and macro-level (region and sector) analysis has hardly
been bridged — with only a few methods designed for multi-scale assessments (Laborte ef al., 2007).

3. Modelling framework
3.1 The basis and methodology for developing the envisaged modelling framework

The problem to be addressed can be summarized as follows: both biophysical (climate change) and
socio-economic (policy and market) drivers will lead to changes in agricultural production and land use. These
changes will in turn have impacts on environmental quality, especially on greenhouse gas (GHG) emissions, soil
carbon balance, nutrient loading and biodiversity. Currently, the main interventions to preserve environmental
quality are through adaptive management at farm level. However, these short-term tactical responses need to be
linked to long-term strategic options for whole regions, such as (re-)design of agricultural systems, supported by
agricultural, environmental and rural development policies implemented at different decision levels.

The framework that is being developed for ex ante assessment of alternative policy and adaptive management
options from field to national level is called AGRISIMU (AGRIfood systems SIMUIation) (Fig.1).

The starting point in the AGRISIMU modelling framework (Fig 1.) is a set of alternative scenarios of the main
driving factors of global change, that are down-scaled to construct regional scenarios of the major factors likely
to influence agro-ecosystems. While the analytical steps connect different management and decision levels from
field to supra-national, most of the tools being developed and interlinked focus on the field, farm and regional
levels. AGRISIMU is being build by revising existing and designing new models, interlinking the models or
their results at the farm (in SAMA) and regional/catchment level (DREMFIA) and integrating the information in
a GIS environment. Economic models SAMA and DREMFIA include a certain level of biophysical detail
facilitating a preliminary integration. Inputs and outputs of the models currently applied within the AGRISIMU
framework are listed in Table 1.

The extrapolation of the point estimates of soil-plant models to higher aggregation levels (farm and watershed
levels) is realized through linkage of the point models with agro-ecological databases in a GIS environment. This
will allow various upscaling procedures, both data input aggregation for regional models or model output
interpolation using representative sites or calculations units (e.g. derived agro-ecological units) based on
quantitative land evaluation.
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3.2 Field and regional level soil and crop modelling

Soil-plant models within the framework are used to assess the impacts of climate variability and change, and
effects of changes in management practices at field or cropping system level on production and soil-plant
processes. In addition to yield estimates, also nutrient leaching and GHG emissions from fields are estimated
with these tools. A dynamic crop growth simulation model within the AGRISIMU framework is used to estimate
yields and growth indicators under various production conditions varying in terms of weather, soil, crop or
cultivar properties and management. Crop models work typically on field level. Currently, the model applied for
the purpose is WOFOST (Boogaard, et al, 1998) which belongs to the family of models developed in
Wageningen by the School of C.T. de Wit (van Ittersum, et al, 2003). The dynamic crop growth simulation
model simulates growth and yield formation of annual field crops, their water balance and nutrient requirements
based on eco-physiological principles and using a hierarchical approach to simulating crop growth in three
different production situations: potential, water-limited and nutrient-limited production. WOFOST has been
implemented for the EU on a 50 x 50 km grid during the 1990s (Supit et al., 1994). Recently it has been
calibrated for some modern rapeseed and barley cultivars growing in Finnish conditions. The model can now be
run on a (10 x 10 km grid-basis) for the whole of Finland, but regional yield estimation (Moen et al., 1994) still
requires further evaluation. In the framework of a COST action 734 (www.cost734.eu) we are also evaluating the
capabilities of different crop models for the purpose of finding an optimal tool for decision support in terms of
adaptive management and climate change. Particularly, it would be important to be able to deal with the
specialities of Nordic conditions, such as long day lengths, overwintering and peat soils.

While with WOFOST we can simulate the impacts on crop phenology, biomass, yield, water use and other water
balance components, it is not capable to sufficiently assess the impacts and interactions of the water balance with
N, P leaching and C dynamics in the soil. For N and P dynamics we use ICECREAM (Yli-Halla ef al. 2005) and
Coup Model (Jansson and Karlberg, 2004). These are one-dimensional simulation models representing water and
heat dynamics in a layered soil profile covered with vegetation. ICECREAM includes the effect of agricultural
practices on both nitrogen and phosphorus transport whereas Coup Model considers especially different parts of
nitrogen cycle and transport. In Finland, COUP model (e.g. Salo 1996; Rankinen et al. 2007) and ICECREAM
(e.g. Granlund et al. 2007) have been used for different applications. We intend to use these models within
AGRISIMU to estimate soil water balances and turnover of both nitrogen and phosphorus in agricultural soils.
The effect of changes in soil structure can be modelled by changing soil physical characteristics. Furthermore
carbon cycle and change in soil carbon stocks will be simulated. For the watershed level, INCA-N model (Wade
et al., 2002) is used to simulate N leaching, and WSFS-P (Huttunen et al., 2007) for simulating phosphorus
transport

In support of this, we also embarked on generation of comprehensive data sets (crop, weather, soil, topography,
management practices) for model evaluation and development; that includes some new experiments designed for
calibrating and validating the soil-plant models for specific conditions. Dynamic crop growth simulation models
require data from the field and agronomic experiments to parameterize their descriptions of soils and crops. Soil
parameters are essential for modelling soil hydrology and water balance, and nutrient balance. Water balance
affects both crop growth and nutrient leaching. Crop parameters determine the development and growth rates
and dry matter allocation according to crop (cultivar) characteristics and the weather conditions. There are some
available datasets (e.g. soil database of COUP) or pedotransfer-functions (functions to calculate soil physical
characteristics from soil particle distribution) in order to characterise soils according to the available soil
information. But we still need to integrate the existing soil database, available soil physical measurements,
database of COUP and pedotransfer-functions. The main result of the work will be average values with standard
deviation for Finnish soil types.

For the Finnish agricultural soils an important factor to be considered is how to manage the huge soil carbon
stock of the organic soils. There are about 300 000 ha of organic and mull soils in agricultural use. In the
national GHG inventories, the emissions from organic soils are assessed applying empirical emission factors
(Lapvetelainen, et al, 2007), which offers a straightforward method for assessing the emissions under current
conditions. For scenario analysis, however, a mechanistic, process-based approach covering the most important
causal relationships between the driving factors and processes may be more relevant and therefore the
applicability of such models under AGRISIMU still needs to be further studied.

3.3 Farm level modelling

Modelling agricultural systems at the farm level depicts the system at a level where most of the farming
decisions are taken. Hence, the farm level is well suited for understanding how changing production conditions
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will affect the production system. The need to account for heterogeneity of production systems has led to a
multitude of farm level modelling frameworks and applications (Hazell & Norton 1986, Balmann 1997, Chavas
1994, Janssen & Van Ittersum 2007). Most importantly, farm level models to be employed in our analysis should
create a link between farm level costs and benefits of climate change adaptation, i.e. take into account relations
between farm activities in changed conditions. For example, climate change will bring changes into the Nordic
production conditions and also possibilities for new cultivars and threats of pest invasions. Farm level
optimisation can be used as a valuable tool to provide a view on how farm resources (land, labour, machinery)
and variable factors of production (nitrogen and phosphorous fertilisation, feed use of different animals affecting
yields and nutrient leaching) should be utilised on profit or utility maximising farms in these changed conditions
with adapted agronomic practices.

It is important that the farm level model employed is capable of analysing farm level production decisions for a
number of interrelated farm activities in terms of variables and dimensions relevant to the climate change. The
Static Agent Model of Agriculture (SAMA) is a Finnish example of stylised multi-dimensional farm models,
which optimise the use of farm land, nitrogen and phosphorous fertilisation of each crop, derive distances to field
plots from GIS based systems, optimise feeding of dairy cattle (the dominant form of animal husbandry in
Finland) using a detailed description of how animals utilise feedstuffs in their different combinations, and
calculate a proxy (based on 10 years of weather data) for nutrient leaching from field plots, taking into account
different tillage (e.g. Helin et. al. 2006, Helin 2009). Thereby SAMA integrates water quality protection and
other emission reduction measures to a profit-maximising farm model. Hence the SAMA model, providing a
profit maximising use of individual field plots, fertilisation and feedstuffs, can show how farms respond to
different climate conditions and market scenarios. This information can be utilised in sector level analysis where
a smaller number of farm level decisions can be accounted for.

SAMA model has also been expanded to a catchment scale for more refined integrated analysis of nutrient
leaching Since SAMA model includes individual field plots and their sizes, soil types and slopes, its results as
land use, tillage and fertilisation variables can be included directly to catchment scale nutrient models such as
INCA-N which includes non-agricultural nutrient sources as well and can be evaluated with the observed pattern
of daily nutrient concentrations in watercourses.

Applying farm level bio-economic models, such as SAMA, requires detailed input information from field level
as well as information on production cost structures of different activities. Soil and crop modelling provide a
source for the field level information. The required information on the current production organisation is
provided by farm level databases and studies. The numerical calculation from crop level cultivation requirements
in different climate scenarios can be done by calculation procedures similar to those applied in TechnoGIN
(Ponsioen et al. 2006). The main importance of such calculations is to define the necessary input use structure
for feasible cultivation of specific crops (cultivars) in specific conditions. Recommendations for cultivation
practices for new cultivars are produced regularly by agricultural research and extension organisations. However
the calculation of changed input requirements in the case of longer growing season, changed precipitation
patterns and new cultivars, relevant for the climate change impacts in Nordic conditions including high
irradiation levels during the early growing season, under various scenarios is more demanding. In that we rely
and expect important insights from simulations using process-based soil-plant models.

In practice, defining optimal farm activity consistent with the best knowledge of plant and animal physiology
together with the economic and environmental information is challenging. The number of decision variables and
space grows rapidly especially when the relationships between inputs and outputs are taken into account, e.g.
crop yield response to fertilizer application, impacts of changing feeding on milk yields and animal growth. In
the current SAMA version, for example, the labour limitations and more complicated utility functions are
excluded. An additional issue affecting the reliability of the optimisation results done for larger set of options to
consider the effects of environmental, price or policy changes is that in practise the farmers tend to follow quite
fixed rotations and input levels.

3.4 Sector level modelling
3.4.1 Building blocks

Sector level economic modelling at multi-regional national markets is an appropriate approach to consistent
upscaling the crop and farm level impacts and adjustments. The sector level modelling with demand and foreign
trade specifications is also an important integrating tool between animal and crop production at the level of
regional and national production and land use.
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The dynamic regional sector model of Finnish agriculture (DREMFIA) is a dynamic recursive model simulating
the development of the agricultural investments and markets on national scale and its 18 regions at annual time
steps from 1995 up to 2020 and thereafter at ten year time steps at 2030, 2040 and 2050. The underlying
hypothesis in the model is profit maximising behaviour of producers and utility maximising behaviour of
consumers under competitive markets. According to microeconomic theory, this leads to welfare maximising
behaviour and equilibrium market prices which are equal to marginal cost of production on competitive markets.
Each region specialises in agricultural products that are of highest relative profitability, taking into account
profitability of production in other regions and consumer demand. Total use of different production resources,
including farmland, on different regions are utilised optimally in order to maximise sectoral welfare, taking into
account differences in resource quality, technology, costs of production inputs and transportation costs (spatial
price equilibrium; Takayama and Judge 1971, Hazell & Norton 1986, Cox & Chavas 2001).

DREMFIA (Lehtonen 2001) consists of two main parts: (1) a technology diffusion model which determines
investments in different production technologies in different regions; and (2) an optimization routine which
simulates regional production and national level annual price changes (supply and demand reactions) by
maximizing producer and consumer surplus subject to regional product balance and resource (land and capital)
constraints (Fig. 2). The parts (1 and 2) interact so that prices from the market simulation and optimisation model
enter the technology diffusion model representing sector level investments in each region, and changes in animal
production capacities of different techniques enter the market model in the following year. The production will
gradually reach a long-term equilibrium or steady-state if no further changes in policy, technology or economic
environment take place. For years 2030, 2040 and 2050 the model outcome represents a long run equilibrium
where also fixed production resources, such as machinery and buildings, have adjusted to changed economic
conditions and comparative advantage of regions. Technical change and investments, which imply evolution of
farm size distribution and production capital in regions, are modelled as a process of technology diffusion as
described by Soete & Turner (1984). Production activities include number of different animals, hectares under
crops and set-aside, feed diet, chemical and manure fertiliser use and the resulting crop yield level.

In the current conditions relatively low crop yields together with timeliness costs (short growing season with
short sowing and harvesting periods) and unfavourable topography restrict gains of specialisation and economies
of scale. Small and spatially fragmented field plots producing low yields increase farmers’ working time and
timeliness costs and imply inefficient use of capital on farms. However, if climate change, after appropriate
adaptation, lead to higher yields and longer growing and peak working periods, farms and regions can increase
their production, concentrate the production on most feasible areas and field plots (due to higher yields), and still
cut labour and machinery costs. Taking into account higher yields and necessary changes in inputs, SAMA
model can show resulting production optimisation at individual farms and catchments, while DREMFIA can
show likely changes in regional production specialisation, national supply and prices, given EU (global) level
price scenarios. Regional shifts of production may provide significant economic gains since production
conditions vary a lot inside Finland.

There are 18 different production regions in DREMFIA, including 3 small catchment areas, of size 4 — 6000
hectares, which match exactly the spatial aggregation of the bio-physical nutrient leaching models INCA-N or
ICECREAM. This allows a regionally disaggregated description of policy measures and production technology
and consistent linking to catchment scale nutrient leaching models with more biophysical detail (soil type, slope).
Hence DREMFIA calculates how comparative advantage and production of individual catchments change with
respect to other regions in different climate change and market scenarios, but unlike SAMA, it is unable to take
into account the full spectrum of soil types and slopes or distances to watercourses. Concerning GHG emissions
and possible climate policies, organic soils are separated from other soils in DREMFIA. Depending on selected
policy to be analysed organic soils can be excluded from cultivation completely or they can be used only as
grasslands. These options can be easily modelled in an optimisation model with explicit resource constraints.
The share of organic soils of all farmland varies between 2-29% in different regions.

3.4.2 Regional risk specifications

Ignoring risk-averse behaviour in farm planning models often leads to results that bear little relation to the
decisions farmer actually makes (Just, 2003; Hazell & Norton, 1986). Risk aversion behaviour of farmers as well
as changing patterns of crop and revenue risks is increasingly relevant in a changing climate. We adopted the
mean-variance analysis with dynamic recursive sector model to explicitly include crop risks into estimates of
land use changes in Finland (Lehtonen & Kujala 2007). In classical mean-variance-model we maximize the
utility function with positive risk aversion coefficient. In the optimum, the utility gained from the additional unit
of activity equals with marginal costs. Typically, expanding the most profitable activities produces additional
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income uncertainty and costs determined by the risk aversion parameter subject to calibration in ex post
simulation.

The variance-covariance matrixes of the crop contribution margins are calculated using data from 1995-2008 for
the 18 regions in the DREMFIA model. The calculation of matrices shows that wheat, rye, malt barley and
oilseeds have higher own variances than barley, oats and mixed grain mainly cultivated for feed use. The
(co)variances of wheat, rye, malt barley and oilseeds further grow towards the north (Lehtonen & Kujala 2007).
The risk specification provides an endogenous explanation for the fact that some crops are not only cultivated in
southern most favourable regions but also in few other regions as well.

Simple expansion of risk based on observed covariance matrices may produce misleading results. Dynamic,
process-based crop growth simulation models (Van Ittersum et al., 2003), such as APES, DAISY, DSSAT,
FASSET or WOFOST, to name a few, and their new versions tailored for climate change simulations could
serve to create simulated realisations of crop yields and hence covariance matrices under different climate
change scenarios. The new model version of WOFOST (Boogard et. al. 1998), evaluated for various crops under
Finnish conditions, was recently applied successfully in combination with a weather generator to produce
synthetic yield series (for up to 200 years), taking systematic changes in future climate, both changes in means
(temperature, precipitation) and in climatic variability into account (Roétter et al., 2009). Automatization of data
input generation and model runs have made such exercises feasible, even for entire Finland. The risk
specification included in DREMFIA provides a major model link with simulations on crop growth and yield
under alternative climate change scenarios.

3.5 Integration using climate change mitigation as an example

An example of the AGRISIMU application is an assessment of potential mitigation measures to reduce the
greenhouse gas emissions from Finnish agriculture and to increase carbon sequestration of agricultural soils.
GHG emissions originating from agriculture are 17% of the total GHG emissions of Finland and they need to be
reduced by 16% already by 2020 (Regina et. al. 2009). It is, however, challenging to find effective and
sustainable measures, as there are complex interlinkages among the emission sources within the agricultural
systems. To be able to cover those interlinkages and analyse the trade-offs, a modelling approach like
AGRISIMU is needed for the analysis. In the following we indicate which model components of the AGRISIMU
framework are used for each question.

Management of organic soils has significant potential in agricultural GHG abatement (Regina et. al. 2009).
However, management changes on organic soils have implications for the management and emissions from
non-organic soils. There is a need to specify crop and fertiliser choices, crop yields and overall farm
management changes implied by restrictions on the use of organic soils such as “organic soils for grasslands
only”. For example, the spreading of manure is more expensive on grasslands than on lands to be ploughed for
cereals - the overall costs of this can be calculated in SAMA farm level optimisation model. The cease of cereals
cultivation on organic soils and/or the spreading of manure on grasslands (bovine animal farm case) may also
change the purchase of fertilisers on the farm (Fig. 2: SAMA model). The purchase of fertilisers may also
decrease if clover-grass is taken into cultivation, implying some other costs due to possible extensification of
land use and changed crop rotation. The overall costs and benefits together with optimised land use is calculated
in SAMA and DREMFIA models. Clover-grass option may also reduce the amount of purchased fertilisers and
reduce N,O emissions from soils and nutrient leaching as well. The effect on purchased fertilisers can be
analysed on farm and sector level, taking into account the opportunity costs of land in alternative use.

Within the assessment, greenhouse gas emissions (methane (CH,) and nitrous oxide (N,O) as well as changes in
the carbon stocks of agricultural soils) of different mitigations scenarios for the selected period can be estimated
by combining the outputs from several soil-plant models (WOFOST, COUP and ICECREAM). Then field and
farm level models (e.g. COUP and SAMA.) are applied to get the input information and parameters needed in
regional level analysis. In SAMA, the use of field parcels of different characteristics is optimised and resulting
changes in GHG emissions and their mitigations costs at the farm or small catchment level can be calculated
directly. To be able to define the scenarios and information required at the sector level analysis of agriculture
(DREMFIA), the technical requirements (inputs) of the selected mitigation measures and their costs and benefits
at the farm level need to be defined. This is not straightforward, since farm level assessment should reflect the
real decision making problem of the farmers as exactly as possible and not be based on options farmers consider
unrealistic or too risky due to high costs, poor feed quality, hygienic reasons, weed problems etc. For example, in
the context of restricting cereals cultivation on organic soils, avoiding hygienic risks of manure application on
grasslands may require the use of more expensive equipment. This extra cost can be easily included in the
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SAMA and DREMFIA models. However, certain mitigation options may require changes in the entire
production organization on certain types of farms. For this reason, some necessary input use calculation may
need to be done outside the individual model components, and then feed the specific information into the
models.

The agricultural sector model DREMFIA calculates how certain farm level adjustments lead to changes in
production and prices of agricultural products in different regions (having different shares of organic lands). For
example, decreasing production of cereals, milk, beef and pork on organic soils may be compensated by
increasing production volumes on nonorganic soils (Lehtonen 2006). The results from DREMFIA, i.e.
development of land use, numbers of different animals and chemical and manure fertilisation for each crop up to
2050, will in turn be fed to the calculation models used for making the GHG inventory for the Climate
Convention (one for CHy and N,O and one for soil carbon), as well as to nutrient leaching models ICECREAM
and INCA. The aggregate level emission mitigation potentials and costs of the selected mitigation measures will
then be estimated.

This example of the IAM provides information for farmers on how GHG mitigation measures influence
production and economy on their farms. The results can also be utilized to support decision-making on Finland’s
future climate policy after the commitment period of the Kyoto Protocol. Integrated information on the
efficiency of different measures will ease their adoption and eventually result in more climate-friendly
agricultural practices, which may also have important implications and possible synergies to nutrient leaching
abatement from agriculture. GHG mitigation costs and their sensitivity to agricultural product and input prices
can be calculated, facilitating estimates of the required compensations and incentives through agri-environmental
policies necessary to motivate farmers in GHG abatement.

4. Discussion and conclusions
4.1 Discussion

Upscaling of the impacts of climate change induced changes in soil and crop level processes is primarily done to
fit the resolution of input required for farm and sector level economic models. Some biophysical detail exist
already in farm and sector level economic models, but certain issues, such as crop response to changed nitrogen
fertilisation, especially in the case of radically changed crop growing conditions (climate) and new cultivars, can
only be included in the economic models if certain crop response functions do exist. In the case of new cultivars,
for example, not only nitrogen response function is needed but also the use of other inputs, such as crop
protection, tillage method and necessary machinery (capital) equipment at the farm level must be specified. This
requires agronomic understanding, for instance, which particular inputs are needed, and at which cost relative to
the traditional farm production organisation. It must be realised that existing farm level models rely much on
observed, widely spread farm level production organisation and use of inputs derived from aggregated databases.
Elsewhere, knowledge about future alternative production activities has been formalized in input-output
coefficient generators (Ponsioen et al. 2006; Pathak & Wassmann, 2007). Development of such tools for Finnish
conditions should receive priority.

At the sector level the relevant economic adjustment mechanisms of the farm level must be represented, i.e. the
farm level adjustments must be at least approximated by the same kind of response functions and input use
specifications in a multi-regional sector model. Also the possibilities for new types of production organisation,
studied at the farm level, can be taken into account in the sector model since the input aggregations and the shape
of crop response functions are very similar in SAMA and DREMFIA. While the sector model economises the
spatial structure of production in changed productivity, input use, price and policy conditions, the most important
region specific possibilities and restrictions need to be taken into account. For example, soil types at regional
scale play a role. Soil characteristics, such as mineralisation of nitrogen in organic soils may be relevant in terms
of necessary nitrogen fertilisation and crops cultivars’ ability to utilise nutrient during a growing season.
Databases with reliable, systematically constructed and evaluated information is a necessary prerequisite for
modelling long-term impacts and adjustments of agriculture.

Regional production structures may change in response to economic and climate changes. Global and EU level
market scenarios and biophysical changes affecting crop productivity, use of inputs and possibilities of
adjustments in regions, are summed up via comparative advantage and balancing supply and demand in a way
that utility of consumers and profits of producers is maximised. This theoretical standpoint brings our analysis
into long-term trajectories of national and regional structure and production of agriculture. Changes in consumer
preferences and demand (for meat, for example) may play a significant role. AGRISIMU framework can be used
in studying socio-economic scenarios, including EU or global commodity and input price changes and shifts in
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food demand, in combination with changes in crop growing conditions. In this, changed uncertainty of farm
revenues, induced by changed variance of yields and prices, can be considered consistently as implicit cost for
farmers.

Overall, the AGRISIMU framework can serve as a major platform in upscaling and integrating crop, region,
cultivation method and market level options into consistent storylines of agriculture. On that basis we can
analyse different adaptive options and show to what extent they lead to achievement of different (multiple)
objectives of agriculture as well as their trade-offs. For example, very recently the importance of maintaining or
even increasing agricultural production potential and food security has been emphasised, together with the
compelling needs to cut nutrient leaching from agriculture to Baltic Sea, as well as commitments to cut
agricultural GHGs substantially. At the same time biodiversity reduction is increasingly recognized as an
important environmental problem. Finding synergies and feasible solutions to these potentially conflicting
objectives are likely to remain in high demand. AGRISIMU is designed for addressing these interactions and
will be operationalized in full (not all components are linked yet) for this purpose. While DREMFIA and SAMA
models have been implemented in mutual synergy using GAMS system (www.gams.com ), other model
components have been implemented on different programming platforms. However, they can read and write
spreadsheet files, which facilitates linking outputs of some models to inputs in other models, as well as using the
files as intermediate results to be evaluated.

4.2 An evolving research agenda and its prioritization in IAM-Tools project

We conclude that for Nordic conditions AGRISIMU represents a novel and feasible approach to integrate data
and output from several existing models. While sector models linking agricultural policy, economics and land
use have long existed, a spatially explicit treatment of the interactions between land use and impacts on nutrient
flows, and climate change has not yet been attempted.

Our main contribution is linking robust and well-tested biophysical crop and soil models for Nordic conditions to
models of farm economy and for the multi-regional agricultural sector that include the important specificities for
Finland. While we found that some of the basic empirical research and modelling work could be combined to
considerably improve plant-soil models to capture important real world processes and, at least approximate
major climate change interactions (e.g. temperature, soil moisture and CO,), a couple of other important
processes related to climate change (overwintering, etc.) cannot yet be reproduced well and require further
research.

There are many uncertain issues, such as unknown crop protection requirements for different crops and regions
under changed climate. While farm level modelling can integrate many parts of the crop and animal science, and
calculate optimised input use and land allocation in terms of farmers’ decision making, expected shifts in future
agricultural practice imposed by much more stringent environmental regulations (on agro-chemical use) will
affect overall production organisation and thereby the calculation of the reliable range of product specific
production costs. Especially the calculation of marginal costs of production - most relevant in sector level
modelling - is challenging. This is because the production orientation and practices of Nordic agriculture, now
prevalent in farm level data, has to be revised when taking into consideration climate change and other global
changes. If several operations and techniques have to be changed at farm level, the overall production
organisation is more or less uncertain, as well as the possibilities for input substitutions and consequent marginal
costs. Furthermore, farm level dynamic land use and crop rotation decisions in the longer term have not been
sufficiently modelled or analyzed. Looking at crop production and land rotation from an operations research
perspective seems necessary in terms of analytical capacity and consistent interdisciplinary integration of new
information and knowledge.

When moving to sector level analysis, where both demand and supply and global process of inputs and outputs
are connected, the overall working of the AFS can be consistently approximated. This is because laws of markets
are somewhat universal and robust. However the marginal costs from the farm level analysis forms a basis of the
analysis (marginal cost pricing on competitive markets). Nevertheless the transparent combination and linking of
the basic building blocks of the modelling framework provides us a major platform to study core issues of
climate and global change adaptation, mitigations costs, and the use of new cultivars and adaptive management
packages.

While there are many technical and computational challenges involved in operationalizing AGRISIMU for
issues related to climate and other global changes in relation to AFS, here we summarize areas that require
further research and receive priority in IAM-Tools:
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e To establish an empirical basis by conducting experiments, and synthesize information for important processes
related to climate change (overwintering, etc.) under Nordic conditions

e To evaluate crop models for estimating regional yields under different climatic conditions and for selected
administrative regions under Nordic conditions

e To develop technical coefficient generators for future-oriented production activities to provide link between
field level biophysical and farm/sector-level socio-economic analyses

e To perform analysis of crop rotations, their benefits and costs as required for formulating alternative risk
management options, needed to cope with farm level land management problems in the medium and long run

e To enhance the capacity of economic models to incorporate new and different input use structures and changed
fertilisation response functions. Also covariance matrices of crop profitability need to be swiftly updated

These areas of research would either fill the core thematic knowledge gaps directly, or improve the model
definitions and linkages, as well as calculation capacity necessary in empirical applications. Finally, resultant
applications need to be carried out in close interaction with the different stakeholder groups, in order to discard
production activities that are not acceptable socially, consider aspects of AFS that cannot be modelled, and get
feed-back on other system properties so that AGRISIMU can evolve into a meaningful tool for decision-making
support.
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Model Input Output

- land use at regional level
(OUT1-DREMFIA)

- fertilisation
(OUT2-DREMFIA)

- nitrogen response functions for
crop yields (OUT1-COUP)

- milk and meat yield response

DREMFIA ) - feed diets of animals
] ) functions .
a dynamic regional sector model L - number of animals
o ) - EU (global) changes in input and )
of Finnish Agriculture regionally

output prices
) o - food demand,
- agricultural + env. policies i
exports,imports

- soil data . . .
- domestic commodity prices
(OUT3-DREMFIA)
SAMA - nitrogen response functions for - land use at farm level
. . crop yields (OUT1-WOFOST) (up-scalable to watershed
Static Agent Model of Agriculture . ]
- milk and meat yield response level) (OUT1-SAMA)
developed for several farm types ] o
o functions - fertilisation (OUT2-SAMA)
in Finland ] i ] .
- input and output prices - feed diets of animals
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(OUT3-DREMFIA)
agricultural + env. policies
soil and topographical data
average erosion, runoff and
nitrogen load for land types
(OUT1-2-COUP,
OUTI1-2-ICECREAM)

number of animals

yields

tillage (OUT3-SAMA)

farm profit

erosion and runoff

nitrogen & phosphorus loads

GHG emissions

COUP
A model for

soil-plant-atmosphere systems

weather data
soil data
crop data

soil management data

soil water balances
nitrogen cycle including
losses by leaching and
denitrification
(OUT1-COUP)

carbon cycle and change in
soil carbon stocks
(OUT2-COUP)

WOFOST
A dynamic crop growth

simulation model

weather data
soil data
basic crop/cultivar data

agricultural practices

potential, water-limited and
nutrient-limited grain yield
and biomass production
(OUT1-WOFOST)

field water balance

components

INCA-N
an integrated nitrogen model for

multiple source assessment in

weather data

land use
(OUT1-2-DREMFIA/OUT1-2-SA
MA)

soil and topographical data

daily estimates of discharge,
stream water N

concentrations and N fluxes

catchments . .
agricultural practices
(OUT3-SAMA)
weather data )
WSFS-P hydrological cycle of whole

) ) land use ’
a hydrological rainfall-runoff Finland

(OUT1-2-DREMFIA/OUT1-2-SA

model P transport
MA)
weather data
land use soil water balance

ICECREAM (OUT1-2-DREMFIA/OUT1-SAM soil erosion

a field-scale nutrient transport

model

A)

soil and topographical data

crop data

soil management (OUT3-SAMA)

(OUT1-ICECREAM)
N and P transport
(OUT2-ICECREAM)
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Figure 1. The integrated modelling framework AGRISIMU
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Figure 2. Basic structure of DREMFIA sector model
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