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Abstract
Globalization has increased the interconnections between world regions. The distal socio-economic
and environmental interactions, feedbacks and outcomes between land systems are called
telecouplings. The increase in telecouplings is also true with agricultural production and food systems
as food trade has intensified in the past decades. This change has contributed to many positive aspects
of development for example by increasing food availability and creating employment in the
production areas. However, it has also increased the spatial separation between consumption and
production and consequently the displacement of environmental pressures as consumers from distant
locations withdraw limited resources such as land or water from the production areas. Therefore,
consumption can be a driver of environmental change also in geographically distant locations.
In this dissertation the focus is on the quantitative analysis of the displaced environmental pressures
through international trade related to Finnish food consumption, and the development of accounting
methodologies to better account for the implications of trade. The dissertation consists of four
research papers and a synthesis of them. The temporal dynamics in 1961-2007 (Paper I) and 19862011 (Paper II) of the displaced impacts of the Finnish food consumption are analyzed with a data
from physical accounting applying land and water footprints and studying the related biodiversity
impacts caused in the production areas. Paper III concentrates on analyzing the potential to replace
some of the imported crops with domestic production and this way decreasing the imports of virtual
water from water scarce production areas. Paper IV contributes to the methodological discussion
presenting an analysis of the carbon footprints of the average diets in the EU countries using a novel
framework that incorporates trade flows into carbon footprint accounting.
Finland has become strongly connected to global agricultural market. Both the imports and exports
of land use embedded in the Finnish agricultural trade expanded and the partner countries and
products imported diversified during 1961-2011. This was particularly clear in the period of 19862011 when the land use embedded in the Finnish crop imports nearly doubled. Highest increase in
imports was observed with crops that can be, and previously have been cultivated in Finland. The
majority of the threats to global biodiversity caused by the Finnish food consumption were produced
outside the Finnish borders highlighting therefore the need to account for these distant impacts. Trade
relations are not always based on resource efficiency, and water abundant Finland also imports water
intensive products from areas suffering from water scarcity. There is potential for substantial
reductions in the Finnish virtual water imports replacing some of the imports with crops from
domestic production. Animal products, especially beef and dairy consumption are related to the
highest share of dietary carbon footprints of the average diets in the EU countries. Their production
requires also higher land and water inputs compared to average plant based products. Therefore, a
reduction of animal product consumption is an efficient way of reducing the environmental impacts
of food consumption.
The findings of this dissertation confirm and extend previous knowledge quantifying the globalization
of the Finnish food system that is increasingly depending on the sustainability of also the food systems
abroad. Therefore, comprehensive analyses integrating multiple indicators and different spatial scales
are increasingly needed to support sustainable food systems locally as well as globally.
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Tiivistelmä
Globalisaation myötä maantieteellisten alueiden väliset yhteydet ovat lisääntyneet. Kaukaisia
ympäristö- ja yhteiskunnallis-taloudellisia vaikutuksia, takaisinkytkentöjä sekä seurauksia
maantieteellisten systeemien välillä kutsutaan termillä telecouplings. Tällaisten yhteyksien kasvu
näkyy myös maataloustuotannossa ja ruokasysteemeissä, sillä ruoan maailmankauppa on kasvanut
voimakkaasti viime vuosikymmenten aikana. Tämä muutos on vaikuttanut positiivisesti kehitykseen
mm. lisäämällä ruoan saatavuutta sekä luomalla työllisyyttä tuotantoalueilla. Muutos on kuitenkin
myös lisännyt kulutuksen ja tuotannon maantieteellistä eriytymistä ja tämän seurauksena ympäristön
käytön paineen ulkoistamista, kun myös maantieteellisesti kaukana olevat kuluttajat käyttävät
tuotantoalueen rajallisia resursseja, kuten vettä tai maa pinta-alaa. Tämän takia kulutus voi aiheuttaa
ympäristövaikutuksia myös maantieteellisesti kaukana sijaitsevilla alueilla.
Tässä väitöskirjassa keskiössä on analyysi suomalaisten ruoankulutuksen aiheuttamasta ulkoistetusta
ympäristön käytön paineesta sekä ruoankulutuksen hiilijalanjälkilaskennan kehittäminen niin, että
kaupan materiaalivirrat otetaan siinä paremmin huomioon. Väitöskirja koostuu yhteenveto-osasta
sekä neljästä osa-julkaisusta. Työssä analysoidaan Suomen ulkomaankaupan kautta ulkoistettujen
ympäristövaikutusten ajallista muutosta vuosina 1961–2007 (osajulkaisu I) sekä 1986–2011
(osajulkaisu II) käyttäen kansainvälisen kaupan fyysisten materiaalivirtojen analyysidataa sekä maaja vesijalanjälki-indikaattoreita, ja analysoimalla näiden resurssien käytön aiheuttamaa
biodiversiteettikadon uhkaa tuotantoalueilla. Osajulkaisussa III tutkitaan Suomen potentiaalia
vähentää kasvituotteiden tuonnin kautta virtuaalivettä vesipulasta kärsiviltä alueilta korvaamalla
tuotteita kotimaisella tuotannolla. Osajulkaisussa IV kehitetään ruoan kulutuksen
hiilijalanjälkilaskentaa ja analysoidaan EU maiden keskimääräisten ruokavalioiden hiilijalanjälkiä
sisällyttäen kaupan materiaalivirta-analyysit mukaan laskentaan.
Suomi osallistuu yhä vahvemmin globaaliin maataloustuotteiden kauppaan. Sekä maankäytön tuonti
että vienti Suomen maataloustuotteiden ulkomaankaupassa laajeni ja tuojamaat sekä tuodut
elintarviketuotteet monipuolistuivat vuosien 1961–2011 aikana. Tämä oli erityisen voimakasta ajalla
1986–2011, jolloin tuonnin kautta ulkoistettu maankäyttö lähes kaksinkertaistui. Suurin kasvu oli
nähtävissä tuotteilla, joita voidaan kasvattaa ja joita on aiemmin tuotettu Suomessa. Suuri osa
suomalaisten ruoan kulutuksen aiheuttamista uhista lajien monimuotoisuudelle aiheutuu Suomen
rajojen ulkopuolella, mikä korostaa näiden ulkoistettujen vaikutusten huomioimisen tärkeyttä.
Kauppasuhteet eivät aina perustu resurssitehokkuuteen ja mm. vesivaroiltaan runsaaseen Suomeen
tuodaan paljon vettä vaativia tuotteita kuivuudelta kärsiviltä alueilta. Suomella on potentiaalia
toteuttaa huomattavia vähennyksiä veden tuonnissa korvaamalla osa tuonnista kotimaisella
tuotannolla. Eläinperäiset tuotteet, erityisesti naudan liha ja maitotuotteet, aiheuttavat suurimman
osan keskimääräisen ruokavalion hiilijalanjäljestä. Niiden tuotanto vaatii myös suuremman määrän
maata ja vettä verrattuna kasviperäisiin elintarvikkeisiin. Tämän takia eläinperäisten tuotteiden
kulutuksen vähentäminen on tehokas keino vähentää ruoan ympäristövaikutuksia.
Tämän väitöskirjan tulokset vahvistavat ja laajentavat aikaisempaa ymmärrystä Suomen
ruokajärjestelmän globalisaatiosta, jonka kestävyys on yhä voimakkaammin riippuvainen myös
ulkomaisten ruokajärjestelmien kestävyydestä. Tämä takia tarve kokonaisvaltaisille, useampia
indikaattoreita sekä erilaisia maantieteellisiä mittakaavoja yhdistäville analyyseille on kasvanut ja
niitä tarvitaan tukemaan sekä paikallisesti että globaalisti kestäviä ruokajärjestelmiä.
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1. Introduction
And before you finish eating breakfast in the morning, you’ve depended on more than half of
the world. (Martin Luther King Jr)

1.1. Complex sustainability problems and the increased globalization
Human activities drive environmental change on the Earth’s ecosystems and climate in an
unwitnessed scale (Crutzen et al., 2002; Rockström et al., 2009; Steffen et al., 2007; Steffen et al.,
2015). As a consequence, societies all over the world are facing complex intertwined challenges such
as climate change, natural resource depletion, biodiversity loss and rapid urbanization. These kind of
challenges have spatially and temporally wide drivers and impacts and complex interconnections
between them. They can have multiple possible formulations, often no easy solutions and unpredicted
outcomes and feedbacks sometimes at different systemic levels or geographic scales.
In the post green revolution era, the global population has more than doubled from 3 billion people
in 1960 to 7.5 billion in 2017 (FAO, 2018). At the same time population living in urban areas have
increased from 33% in 1960 to 54% in 2016 (World Bank, 2018). Simultaneously with the overall
increase in population, the spatial separation between human population and the sources of natural
resources consumed has increased (see e.g. Kissinger and Rees, 2010; Reid et al., 2005). This creates
another level of complexity when assessing the sustainability problems, as it is often difficult to draw
the line between the drivers of change (e.g. consumption choices in one country) and their
consequences (e.g. deforestation in another country and the consequent biodiversity loss and climate
change impacts) (see e.g. Meyfroidt et al., 2013).
This increased spatial separation of consumption from production has been enabled by the
intensification of global trade that connects world regions through material flows transported by
international trade (Liu et al., 2013; Kastner et al., 2014a). Many exported goods are not consumed
in the country that imports them but exported further to third countries. Hence, the average number
of country borders crossed by the exported goods is showing an increasing trend (Zhang et al., 2017).
Almost a third of global material use (Wiedmann et al, 2015), a quarter of the global land use
(Weinzettel et al., 2013), 20-30% of global water use (Lenzen et al., 2013) and 20-25% of the global
greenhouse gas (GHG) emissions (Wood et al., 2018; Peters & Hertwich, 2008; Hertwich & Peters,
2009) are embedded in traded products.
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Globalization has many dimensions, for example cultural globalization (e.g. the unification of
lifestyles) or ecological globalization (e.g. spreading and expansion of certain species to new areas).
But here, by globalization I refer mostly to the development of increasingly integrated global
economy and culture where spatial connectivity and the links across national boundaries between
processes and consequences have increased (Al-Rodhan and Stoudmann, 2006: Kissinger and Rees,
2010). The change has been enabled by trade liberalization, progress in transport and information
technology and reductions in governmental regulation of trade (Anderson, 2010).
The increased globalization can impact and have consequences on people and ecosystems in many
different ways that can be seen both positive and negative depending on the point of view. For
example, trade has increased food availability for many countries and regions (Porkka et al., 2013).
Also, the production regions can benefit from the increased globalization when the production of
exported goods create employment and contribute to the economic growth and development of the
area. Economists often see globalization as a way of increasing wealth creation (e.g. Das, 2004). It
has been suggested that global integration of trade, finance and investment can improve livelihoods
and wellbeing and therefore contribute to the environment providing the necessary pay for
environmental improvements (Bhagwati, 2004; Das, 2004). However, while economic development
can lead to greater investment in local environmental quality, at the same time the increased affluence
intensifies natural resource use and ecological risks both locally and in distant regions with the
increasing outsourcing of land use abroad (Meyfroidt et al., 2010; Weinzettel et al., 2013, see also
Haapanen & Tapio, 2016 for an analysis of the contemporary economic growth critique). These
impacts are only visible when the displacement of land use though trade is taken into account (see
e.g. Mayer et al., 2005; Mayer et al, 2006).
The displacement of resource use and the related environmental impacts are often easily neglected.
This is partly because of international trade that adds another level of complexity to food systems,
transporting raw materials and commodities in global trade. Understanding this kind of complexity
is difficult because of, at least, two reasons. First, from a consumer point of view, the evolution has
shaped the human brains to respond to present and nearby impulses (Heerwagen & Orians, 1993).
The spatial separation of production from consumption eliminates some of the signals or the negative
feedbacks created in the supporting ecosystems from reaching the consumers (Kissinger and Rees,
2010). Therefore, increasing spatial or temporal distance to threats and impacts makes their
understanding difficult (Goleman, 2009, 32-34). Second, western science has for centuries been
dominated by specialized approaches focusing on the analysis of details instead of understanding
complex systems and larger wholes (see e.g. Cairns, 2004; Willamo, 2005). Thus, research that
10

increases and expands the understanding of complex systems and the distant impacts of consumption,
is needed in order to analyze the underlying drivers of environmental change

1.2. Implications of globalization on food systems
Global food systems face urgent need for changes to provide healthy and nutritionally balanced food
for the growing population with lower environmental cost. Globally, the food consumption and the
resources used are not divided equally among people. At the same time while more than 800 million
people suffer from hunger (FAO, 2017), more than 1.9 billion people are overweight (WHO, 2018).
Food systems are also one of the most important sectors causing environmental change. Food system
here, is defined as the processes, infrastructure and the inputs and outputs involved in feeding a
population including primary production, processing, packaging, transporting, consumption and
disposal of food. It also contains the interactions between the biogeophysical and human
environments related to all these processes and activities (Ericksen, 2008).
Currently, agriculture is the largest land and water user globally occupying 34% of Earth’s terrestrial
surface (Ramankutty et al., 2008) and using 70% of global freshwater withdrawals (Döll, 2009). This
has had major consequences for natural ecosystems through habitat loss, fragmentation and impacts
of agricultural management (Ramankutty et al., 2018). From 1980 to 2000, more than half of new
agricultural land in the tropics came from expansion into intact forests (Gibbs et al., 2010). Also, food
systems are responsible for approximately 19–29% of total anthropogenic GHG emissions globally
(Vermeulen et al., 2012). Additionally, the use of nutrient fertilizers, pesticides and other chemicals
in agriculture are major source of freshwater and coastal ecosystems pollution and eutrophication
(Ramankutty et al., 2018).
These increasing pressures on the environment have aggravated the severe sustainability problems
such as natural resource depletion, climate change and global biodiversity loss (e.g. Rockström et al.,
2009; Steffen et al., 2007; Steffen et al., 2015). Behind these problems there are complex combination
of drivers. Local degradation can be result of local processes, but also of distant actions taking place
in geographically distant places. Consumption in one place can be driving environmental change and
even processes such as deforestation, habitat destruction and biodiversity loss elsewhere. For
example, export-oriented agricultural production is one of the most important causes of tropical
deforestation (DeFries et al., 2010; DeFries et al., 2013). The EU countries imported almost 36% of
all global deforestation embodied in crop and livestock products traded between regions over the
11

period 1990-2008 (Cuypers et al., 2013). Up to a third of global species threats are due to the
displacement effect of international trade (Lenzen et al., 2012). Therefore most of the major
environmental problems such as biodiversity loss should be examined as global phenomena instead
of analyzing them in isolation within the country borders. In a globalized world, the sustainability of
a region increasingly depends on the ecological sustainability of other regions both directly and
indirectly (Kissinger and Rees, 2010).
The increased globalization is especially clear with agricultural products and food industry. Calories
traded in the material flows of food imports and exports more than doubled from 1990 to 2015 and
currently about a fourth of all food produced is traded internationally (D'Odorico et al., 2014).
Approximately 80% of the global population lives in countries that import more agricultural products
than they export (Porkka et al., 2013). During 1986-2009 land use occupied by production for exports
grew rapidly (by about 100 Mha) while land used for domestic consumption remained virtually
unchanged (Kastner et al., 2014a).
When a country uses resources from another country or region, they displace their resource need
abroad. When accounting for only the production-based impacts, or the impacts caused inside the
country borders, these displaced environmental and social impacts are allocated to the production
country, although they might be related to consumption of another country. Many national inventories
consider only the production-based impacts created inside the country border and do not take into
account the imports. A good example of this is the United Nations Framework Convention for
Climate Change (UNFCC, 2016), that reports GHGs produced only inside the country borders. This
distorts accounting especially within the food sector as an increasing share of global food production
is traded internationally (Kastner et al., 2014a; Porkka et al., 2013) and impacts associated with their
production are allocated to the exporting country. Consumption based accounting measure the amount
of resource use associated with final consumption (Kastner et al., 2014b).
When assessing the consumption based impacts it is important to trace back the food origin, because
production areas have differing production practices and land use histories. However, this is often
excluded from the environmental footprint or other impact analyses. For example, various studies
assessing the GHG emissions of diets use emission factors for average products consumed in a
country (see e.g. Perignon et al., 2016), exclude trade and use data from life cycle analysis (LCA)
studies based on the production structures of the consumption country (see e.g. Eshel and Martin,
2006; Pradhan et al., 2013) or other advanced industrialized countries (see e.g. Heller and Koelian,
2015; Tom et al., 2016). Such approaches, however, create a bias in the accounting, especially
concerning countries that rely heavily on imports for their food supply. For example, Koskela et al.
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(2011) concluded that the impacts of imports are underestimated when using domestic emission
intensities for their accounting due to the high level of environmental protection in Finland.

1.3. The focus and aims for this thesis
This dissertation contributes to enhancing the understanding about the implications of international
trade to sustainable food consumption by presenting quantitative analysis of the environmental
pressures displaced through international trade. The focus is on the analysis of the Finnish food
imports (Papers I-III) and on the GHG footprints of the EU diets (IV).
Finland is situated in North of Europe in the high latitudes (approximately between 60°N and 70°N).
The climatic conditions in Finland are characterized with long, dark winters and short growing season
in summer with abundant daylight. Finland is relatively self-sufficient with some food commodities
and also produces crops for exports, particularly cereals (FAO, 2018). However, due to climatic
restrictions to domestic agriculture, many crops, such as coffee, soybeans, corn, many fruits etc.
cannot be produced domestically and have to be imported from abroad. From the point of view of the
social dimensions of sustainability, Finland is very successful when analyzed with several indicators
of well-being, such as long life expectancy and a high level of education (Lyytimäki et al., 2018).
However, when focusing on the ecological aspects, the consumption in Finland has exceeded many
limits for ecological sustainability (Hoff et al., 2014) as is the case with most of the EU countries
(Hoff et al., 2014; O’Neill et al., 2018). Finland outsources a large portion of its material use to other
countries (Furman et al., 2018). Therefore, the challenges related to the Finnish food systems need to
be analyzed in global context.
This thesis consist of a synthesis and the four independent research articles and manuscripts. The
objectives of the dissertation are:
1. To enhance understanding about the role of international trade in food consumption in Finland
and its implications to sustainable food consumption
2. To analyze temporal dynamics of land and water use embedded in food imports into Finland
and the consequent impacts to ecosystems in the production areas
3. To develop greenhouse gas footprint accounting approach taking into account the material
flows in international trade
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The objectives are addressed through four original research Papers, which are complemented with
this synthesis. The first objective is a more general one, the second one focuses more specifically on
the Papers I-III and the third one is more a methodologically oriented aim based on the Paper IV. The
research questions addressed in each Paper are detailed in Table 1.
Paper I focuses on analyzing the land use embedded in the Finnish agricultural imports and exports
from 1961 to 2007. The historical trends are identified taken into account the trade of both crops and
animal products.
Paper II incorporates data from a physical material flow analysis of international food trade to study
the embedded land and water use in the crop imports related to Finnish food supply. Additionally also
the biodiversity impacts caused by the resource use in the production countries are studied. The trends
in imports are analyzed from 1986 to 2011.
Paper III focuses on the virtual water embedded in the Finnish crop imports. A solution oriented
approach is adopted to analyze how much of the imported virtual water could be reduced replacing
the imports of the three water intensive crops (rice, soybeans and rapeseed) with domestic production
of the same or alternative crop.
Paper IV investigates the role of international trade in the GHG footprint accounting. The scope of
the study is in the EU countries. The aim is to analyze consumption based GHG footprints of an
average food supply in a country through an accounting framework that incorporates data from a
trade flow analysis. This way it is possible to account for the GHG footprints using country- and
product-specific emission factors.
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Table 1. Specific research questions in each Paper and their relation to the overall aims of this thesis

Paper

Questions

Overarching
objective

I

How has the land area embedded in the Finnish agricultural

1, 2

imports and exports changed from 1961 to 2007?
II

How have the crop imports into Finland changed from 1986 to

1, 2

2011? What are the foreign production regions for these products?
How much land and water use has been outsourced and what are
the global biodiversity impacts caused by these resource uses?
III

How has the Finnish displaced water use pressure changed from

1, 2

1986 to 2011? What are the most important crops with the highest
embedded virtual water imports into Finland? How much of the
virtual water embedded in imports could be reduced by harnessing
the potential in Finland to replace imports of rice, soybeans and
rapeseed with domestic production of the same or alternative
crops? How much would this replacement reduce the water use
pressure in the production regions, especially focusing on the
water scarce regions?
IV

How GHG intensive are the average diets in the EU countries?

1, 3

How does international trade impact the dietary emissions
accounting?
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2. Philosophical, theoretical and methodological framework
2.1. Philosophical assumptions
It is useful for every researcher to clarify and explain for the readers the paradigm and philosophical
approach behind their research. By paradigm, I refer to the set of principles, values and beliefs that
form the base for theories and methodologies chosen by the researcher (Guba, 1990). By
philosophical approach, I refer to the whole formed by the paradigm and its application, similarly as
in Willamo (2005, 15). They affect the choice and framing of research subjects and also to the way
the researcher describes and analyzes them. Additionally they affect researcher’s understanding of
what kind of information can be obtained through inquiry and what kind of conclusions and
recommendations can be drawn. This is especially true in research fields such as environmental and
sustainability sciences that have strong policy connections. Therefore, it is useful to also separate the
ontological, epistemological and axiological standpoints (see e.g. Archer et al., 2013, xiii).
The main philosophical assumptions that this thesis is based on, follow the tradition of critical realism,
as categorized e.g. by Guba (1990). The term realism refers to ontology and, most of all, refers to a
view that reality outside human mind and language does exist and is driven e.g. by natural laws (see
e.g. Guba, 1990). For example, the carbon dioxide molecules and the increase in their atmospheric
concentration or the transportation of agricultural products between countries are ontologically real
and not only constructs in human mind.
The criticalness as a dimension of the approach, refers to the idea of acknowledging the limitations
of our epistemological means. It is impossible for humans truly perceive the reality with our imperfect
sensory and intellective mechanisms, and the findings, e.g. in science, emerge from the interaction of
the inquirer and the inquired (see e.g. Guba, 1990). However, the approximation of reality is possible
and it should be approached as neutral as possible, presenting the researchers predispositions for the
reader. This is reflected in this thesis, for example, in the following manner. The complexity of the
large socio-ecological systems (see e.g. Young et al., 2006a and 2006b) makes the exact addressing
of causalities almost impossible. Nearly all sustainability issues, such as the environmental impacts
of food consumption analyzed in this study, have highly complex and often unexpected relations
between an action and its consequence. Therefore, we cannot undoubtedly say that food consumption
in Finland has contributed to the species extinction or greenhouse gas emissions production in another
country. However, this does not mean that the use of this kind of indicators would be useless, quite
the contrary. Although acknowledging all the limitations and simplifications of the research methods,
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the use of the indicators, such as the ones applied in this thesis, can be very useful and eye-opening
in addressing the underlying drivers of environmental change.
Finally, it is valuable for a researcher to analyze their grounds from axiological point of view,
referring to axiology as the philosophical study of values. This is important e.g. in order to understand
the nature of objectivity that can be achieved. Following the tradition of critical realism, it is
considered that the objectivity in research remains always an ideal and can only be approximated
because inquiry acts are affected by the values of the researcher (see e.g. Guba, 1990). This is
especially relevant for sustainability science, where reflexivity is essential, because it is
acknowledged that the paradigms endorsed and the type of questions asked are driven by the
definition of the field “to be responsive to the needs and values in society while preserving the life
support systems of planet Earth” (Kates et al., 2001, see also Spangenberg, 2011). Sustainability
science is therefore purpose-bound as opposed to some natural sciences that traditionally have been
considered as ‘value free’ (Spangenberg, 2011).
In addition to addressing the philosophical assumptions behind the research approach, I add
systemicness, as a dimension that is affecting the paradigm chosen, above all from the
epistemological and ontological perspectives. By systemicness I refer to the systemic thinking
tradition where reality can be seen as systems, in which entities are organized as parts and wholes
(see e.g. Flood et al., 2010; Ison, 2010). There are both horizontal and vertical interconnections
between the parts and wholes that create complexity in the system (Willamo et al., 2018). Willamo
et al. (2018) use comprehensive thinking as an upper level term for various kind of ontoepistemological approaches that emphasize integrative, broad approaches. Systemic thinking can be
seen as one variant of it. Understanding complexity and the interactions is increasingly needed in
science that has been dominated by specialized, narrow approaches for centuries and especially over
the past decades (see e.g. Kates et al., 2011; Ostrom, 2009; Willamo et al., 2018). Therefore, more
emphasis needs to be set, in addition to the specialized approaches and the analysis of details, to the
understanding of the bigger picture. For this, systemic thinking and other variants of comprehensive
thinking, e.g. dialectical thinking, are very useful approaches (Willamo et al., 2018). Comprehensive
thinking can be added to research at least in three dimensions (see Willamo et al., 2018). First adding
various viewpoints and/or objects (e.g. here the impacts of telecouplings on several environmental
problems, such as global biodiversity loss, water depletion and climate change), second, focusing on
the analysis of the interconnections (e.g. here the consumption-production connections) and third,
organizing systems to different hierarchical levels that all have their importance in the analysis (e.g.
here local – global).
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2.2. Theoretical framework
Sustainability science forms the disciplinary roof for this study. Sustainability science is an overarching research field incorporating many different sub disciplines from e.g. natural and social
sciences (Spangenberg, 2011). It seeks to understand and analyze the fundamental character of
interactions between nature and society (Kates et al., 2001). Spangenberg (2011) defines it as
“research providing the necessary insights to make the normative concept of sustainability
operational, and the means to plan and implement adequate steps towards this end”. Therefore,
sustainability science is a research field that is characterized by its research purpose more than
common research object or methods used (Spangenberg, 2011).
Sustainability science works with complex issues such as climate change, natural resources use,
biodiversity loss, urbanization etc. (Kauffman, 2009). These issues are characterized with non-linear
effects and delayed responses driving the systems beyond cause-effect logic with feedback and
rebound effects that are often difficult to anticipate (Allen, 2001). Therefore, one of the core tasks set
for the field is to span the range of spatial and temporal scales between actions and their consequences
(Allen, 2001; Kates et al., 2001), which is also the aim of this research.
Nested within the broader scope of sustainability science there is a specific field, land system science
that focuses on the land change and the increasingly complex drivers in transforming the earth (Friis
et al., 2016). Sustainability science and land system science both deal with the different aspects of
sustainability such as environmental, social and economic among others. This study is focused only
on the environmental perspective, although it is acknowledged that the economic and particularly
social aspects (such as questions related to employment and income) are highly relevant to take into
account in future studies for a more comprehensive picture of the implications of food trade.
However, it can be argued that the environmental sustainability is the most critical because the other
dimensions of sustainability depend on it. The results of this thesis can be seen as part of a broader
discussion about sustainability and they should be further strengthened with analyses from economic
and social points of view.
Land use at all levels is influenced by long-distance flows of materials, energy and information (Friis
et al., 2016). The analytical concepts of teleconnections and telecouplings are in the core of land
change science summarizing the spatial connections between processes. The term teleconnection
originated over a century ago and has been widely used in meteorology and climate studies indicating
the long-distance interactions and connectivity between and across land, ocean, freshwater and
atmosphere (Angstrom, 1935; Moser et al., 2015). The use of the term teleconnection was later on
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broadened to describe also the distal socio-economic and environmental drivers of land use (Seto el
al., 2012; Friis et al., 2016). Telecoupling was proposed as a response to more explicitly focus on the
feedbacks, multidirectional flows, interactions and outcomes between land systems (Friis et al., 2016;
Liu et al., 2013).
A telecoupling between two systems is created when there is a material, energy or information flow
from one system to another (Liu et al., 2013). The systems framing is therefore an essential aspect to
determine. A system in a broader sense in systems thinking literature can be defined as “a whole
whose elements are interconnected” (Ison, 2008, 140). Therefore, system can be understood as a
physical entity or a process (Ison, 2008). In a systems thinking view, world is seen as systemic,
meaning that ‘phenomena are understood to be emergent property of an interrelated whole’ (Flood,
2010). Emergence refers to a property that arises only when an entity is considered as a whole and it
cannot be fully comprehended only by the properties of its parts (Flood, 2010).
Telecoupling studies build upon the conceptual frameworks of coupled human-environment systems
(Turner et al., 2003), socio-ecological systems (Folke et al., 2005; Young et al., 2006a and 2006b)
and coupled human and natural systems (Liu et al., 2007) adding to these the emphasis on the distant
interactions between systems (Liu et al., 2013). Coupled systems are characterized by complex
interactions of socioeconomic and biophysical elements that impact each other in dynamic, nonlinear
and emergent ways (Friis and Nielsen, 2016; Liu et al., 2007). The scale of the place-based coupled
systems can vary from local landscapes to global regions in nested hierarchy allowing the analysis
for different spatial and temporal resolutions (Friis and Nielsen, 2016).
This study follows a structured telecoupling approach, where two systems are separated by spatial
distance, most commonly by country borders. The approach presents a comprehensive systemic
framework proposing an analytical tool to study the telecoupling components and their interactions
with others (Friis et al., 2016; Liu et al., 2013). Telecoupled systems are seen as hierarchical and they
can be classified as sending (the systems from where the flows move outward), receiving (the systems
that receive the flows from the sending systems) or spill-over systems (the systems that impact and/or
are impacted by the interactions between the sending and receiving systems) (Liu et al, 2013). Areas
can also act simultaneously as sending, receiving or spill-over systems (Liu et al., 2013). In this thesis,
the main focus is on the interconnections between the sending and the receiving systems, and the
system boundaries are marked by country borders.
The demarcation of system boundaries in structured approach is criticized and can be seen as
problematic, because areas are interconnected with socio-economic, biophysical and historical
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connections, therefore making the framing decisions always somewhat arbitrary (Friis et al., 2016).
Heuristic approach, an alternative approach in telecoupling research (Friis et al, 2016), adds to this
by stating that also for example different governance systems creates a separation (Eakin et al., 2014).
Therefore, according to the heuristic approach, social and functional distance in terms of governance
are equally important.
Proximate causes describe the local, immediate causes of land use change and underlying driving
forces the broader more complex relations behind them (Friis et al., 2016). Concepts of e.g.
displacement (actions in one place causing sometimes unexpected migration of activities to another
place and the related land use change), rebound (a response of agents or systems to measures
introduced to reduce the resource use) and cascade effects (a chain of effects caused due to a change
in system in one place) have been applied to describe these kind of complex interactions between
telecoupled areas (Lambin & Meyfroidt, 2011; Meyfroidt & Lambin, 2009).

2.3. Methodological framework
To study the telecouplings and the displaced environmental impacts embedded in food trade, a
physical accounting approach was adopted. Methodologically, the approach leans on the research
field of industrial ecology that focuses on the flows of material and energy and the effects of these
flows on the environment as well as the influences of political, economic, regulatory and social factors
on the resource use (Allenby, 2006; White, 1994). The field was created in the early 1990s in response
to a need for a more transformative research that aimed to close the energy and material use loops
and reduce the environmental impacts of industrial systems that were to be analyzed together with
the surrounding systems, not in isolation from them (Graedel & Allenby, 1995; Graedel & Allenby,
2005). The industrial systems were considered as analogues to natural ecosystems where the material
cycles are closed and no material is wasted (Graedel & Allenby, 2003).
Industrial ecology provides many analytical tools, such as material and substance flow analysis, life
cycle impact analysis or the input-output analysis that can be very useful also in the context of land
system science. The same basic principles of e.g. mass balance hold true for both fields: no material
is lost, but instead they can be transformed and mixed in processes and flows between systems.
In this research, the basic ideas of material flow analysis are applied in the physical accounting of
agricultural trade flows between countries. These models are based on the information on the
production, imports, exports and domestic utilization of the commodities from the agricultural and
20

forestry statistics (Bruckner et al., 2015; Kastner et al., 2014a). An alternative approach to study the
material flows in international trade would be to use environmental-economic accounting models that
are based on the tracking of monetary transactions between the sectors and countries and this way
study the embodied land flows through the economy (Bruckner et al, 2015). However, in this research
the physical accounting method was followed because of the greater detail in agricultural
commodities analyzed compared to the many environmental-economic models and the allocation
logic of tracking embodied land use along actual physical commodity flows. The focus was on the
crops and animal products traded between countries.
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3. Materials and Methods
In this thesis, the displaced pressures of food consumption through international trade were analyzed
with a focus on the Finnish food consumption and trade in Papers I ̶ III and on the EU countries in
Paper IV. The displacement of environmental pressures were analyzed with different indicators
including land use (Papers I and II), water use (Papers II and III), greenhouse gas footprints (Paper
IV) and the biodiversity impacts related to the resource use (Paper II). Also, the potential to reduce
the displaced water use by replacing the imports with domestic production was analyzed (Paper III).
The focus of the Paper IV was on the development of greenhouse gas footprint accounting framework
integrating the analysis of international food trade in it. The analysis methods used in the research
articles are described here briefly, but for a more detailed explanation please refer to the original
publications.

3.1. National level food supply
The data for the country level quantities of food imports and exports and national food supply was
based on the statistics of the Food and Agriculture Organization Food Balance Sheets (FAO FBS)
(FAO, 2018). This database includes information about the crop and animal product consumption and
their imports and exports. It also provides data of the country level food supply divided in different
product groups.
While FAO FBS is probably the best suited database for this kind of global scale analysis, its use is
related with a number of limitations and inaccuracies. The quality of the data vary among countries
and products, because of differences in country-level statistical systems and data reporting (FAO,
2001). The basic data for FAO FBS sheets is gathered from various data sources such as direct
enquiries, surveys, records or estimates of government agencies sometimes with differing temporal
coverage, and therefore, they are subject to inconsistencies (FAO, 2001). However, these
inconsistencies are generally lower in highly developed countries such as Finland, compared to the
many developing countries.
The products included in the study were crops (Papers I ̶ IV) and animal products including cattle,
pork and poultry meat, dairy and eggs and the products processed from them (Papers I and IV). Fish
and other seafood, offal, and animal fats were excluded from the analysis. The product groups covered
in this study include on average 95% of the food supply in the EU countries (FAO, 2018). Paper I
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had the largest time scale analyzing the agricultural trade from 1961 ̶ 2007. Papers II and III focused
on the years 1986-2011 and the focus on the Paper IV was on the consumption for the year 2010.
Feed use and the pasture area related to animal feeding was analyzed with different methods. In Paper
I, the feed embedded in the imports and exports of animal products was calculated based on the
proportions of different crops in the animal feed from Wirsenius (2000) and the annual pasture area
from Ramankutty et al. (2008) based on the total amount of grass needed. In Paper II and III only the
crop imports into Finland were assessed including the crops used as feed using data from Kastner et
al. (2014a). This data was based on the national level food supply and feed use data from FAO (2018).
In Paper IV the feed use and pasture area used were based on the coefficients from Herrero et al.
(2013), providing feed requirements for 30 world regions which were furthermore mapped to country
level for our analysis. Aggregated feed requirements per production system were distributed into
individual crops, such as oil crops to rapeseed and others, based on feed crop consumption statistics
(FAO, 2018). Feed use numbers from Herrero et al. (2013) were rescaled to national-level feed use
totals in FAOSTAT 2009–2011 (FAO, 2017) for consistency. In Paper IV feed crop emissions were
accounted as part of the consumption emissions of animal products.

3.2. Land use embedded in the Finnish agricultural trade 1961-2007 (Paper I)
The framework used for the accounting in Paper I is presented in the Figure 1. Finnish agricultural
trade (FAO, 2018) was connected to land use identifying the trade partners from COMTRADE
(2013). Land use was analyzed taking into account the cultivation areas for crops and the area required
for feed embedded in the animal products (Fig 1).
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Figure 1. Framework for the impact accounting used in Paper I. Principal data sources are presented in
parentheses.

The quantities of crops and animal products traded were transformed into quantities of land used. For
this, country level data of annual crop yields in the exporting country were used from FAOSTAT
(FAO, 2018). Land use embodied in imports is referred as gross displacement and the land use
embedded in exports as gross absorption, following the terminology used in Meyfroidt et al. (2010).
The difference between these two is called net displacement of land use demand, or in the case this
is negative it is called net absorption.

3.3. Land and water use and the biodiversity threats embedded in the Finnish crop imports
(Paper II)
In Paper II the food supply in Finland was connected to global crop trade analysis from Kastner et al.
(2014a) and to land and water use in the production areas (Fig 2). These were later multiplied with
the biodiversity characterization factors to estimate the impacts of Finnish food supply to global
biodiversity loss at species level (Fig 2).
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Figure 2. Framework for the impact accounting used in Paper II. Principal data sources are presented in
parentheses.

For the impact accounting, it is important to trace back the production country of a food commodity,
because although value is added throughout the whole supply chain, the biggest impacts related to
resource use are caused in the primary production (Kastner et al., 2011). However, especially in food
sector, this is not always an easy task to do. Raw materials with different origin are often mixed in
consumer products and food commodities traded internationally are many times re-exported between
various intermediate countries before ending up in the consumer’s plate. National statistics usually
report only the country where the last value was added to the product. This way, for example, in the
trade statistics of FAO (2018) the Netherlands was the biggest soybean cake importing country to
Finland in 2010, although the Netherlands does not produce soybeans in industrial quantities, but
instead only re-exports them further.
Therefore, in Papers II ̶ IV, the methodological approach and data from Kastner et al. (2014a) was
applied for tracing of the primary production countries. This data provides information about the
national level food consumption (crops and animal products) and their primary production countries.
The material flows were traced through the whole supply chain using an accounting system that is
based on the assumption that imports and domestic production contribute in proportional shares to a
country’s consumption. To put it into an example: if food consumed in country A is imported from
country B but actually produced in countries C and D, the countries C and D should be linked with
the consumption of the country A in proportional shares.
The quantities of crops imported were converted into hectares of cropland using country- and cropspecific yield data, similarly as in Paper I. However, there is a difference between the land use
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accounting frameworks between Paper I and II because of the difference in the trade flow analysis
followed. Paper I accounted for the land use using yield data for the exporting country presented by
the national statistics (COMTRADE, 2013), whereas Paper II used the yield data for the production
country identified with the trade flow analysis from Kastner et al. (2014a). Furthermore, the
accounting framework used in Paper I included the grasslands used as pasture, while this was
excluded in Paper II.
In Papers II and III also the virtual water quantities embedded in the crop imports were analyzed.
Virtual water refers to the sum of quantities of water resources used in the production processes of a
good (Hoekstra, 2003). The use of water resources can be divided into the three “colors” of water
representing different sources and dynamics of water use expressed in water volume per unit of
product (usually m3 ton−1). Blue water refers to the quantities of surface and groundwater used,
whereas green water refers to the amount of rainwater consumed (Mekonnen and Hoekstra, 2011).
Therefore, green water use is closely related to the land area used. Grey water is an indicator of water
pollution and it refers to the amount of water required to assimilate pollutants to meet water quality
standards (Mekonnen and Hoekstra, 2011). In this thesis, only the green and blue water use were
analyzed. Although water pollution due to human activities is a growing threat, its accounting method
is still debated, and includes a lot of uncertainties (Hoekstra, 2016), and therefore in this analysis,
grey water was excluded.
The quantities of crop imports into Finland were transformed into quantities of green and blue water
used in the production areas. This was done using country- and crop-specific water use coefficients
from Mekonnen and Hoekstra (2011). Virtual water embedded in crop imports were accounted for
Finland for 1986–2011. Water use was accounted only from the primary production and we did not
account for the water use from the processing, packaging or transportation of crops. The water use
coefficients from Mekonnen and Hoekstra (2011) are calculated as the average use of 1996–2005.
Therefore, the temporal dynamics of water use efficiency changes could not be considered. Crops
imported were multiplied with water use coefficients to analyze the water use embedded in crop
imports.
In addition to land and water use, also the impacts of these uses to species richness were analyzed.
Biodiversity entails many levels (e.g. genetic, individual, populations, species, and ecosystems) that
all deserve detailed analysis. However, in this research the focus was only on the pressures on species
level, although acknowledging that these pressures impact on more than one level (Winter et al.,
2017). There are various methods that can be used to account for the biodiversity impacts related to
certain resource use (Gabel et al., 2016; Winter et al., 2017). Many of these biodiversity
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characterization factors have been developed to be used in the life cycle assessments (LCA) and they
typically focus on the species or ecosystem levels (Winter et al., 2017). The characterization of
biodiversity usually includes the spatial analysis and modelling of e.g. species richness and the threats
to them related to different resource uses (e.g. land, water, greenhouse gas emissions, eutrophication)
(Winter et al., 2017).
In Paper II the biodiversity impacts were analyzed with two methods: characterization factors for
global species diversity impacts for 1) land use from Chaudhary et al. (2016) and 2) for water use
from Verones et al. (2017b). These approaches were applied because of their global applicability. The
characterization factors for land use were based on countryside species-area relationships (SARs)
analyzed for four animal classes (mammals, birds, amphibians and reptiles) (Chaudhary et al., 2016).
The characterization factors for water use (from Verones et al., 2017b) were combined from two
methods: the first one assesses water consumption impacts to wetland area loss also analyzing four
animal classes (Verones et al., 2013), and the second one focusing on water consumption from the
share of water limited net primary productivity for terrestrial plant species (Pfister et al., 2009). An
estimate of the global biodiversity loss was calculated multiplying the resource use with
characterization factors that describe an impact per resource use. The loss was expressed as the global
potentially disappeared fraction of species in a year (gPDF a). The application of the global
biodiversity characterization factors was chosen to highlight the impacts of consumption in areas
hosting a high number of threatened and endemic species (Chaudhary et al., 2016). In the approached
applied, global biodiversity refers to species number, threat level and share of geographical range of
species at a certain location. Since different approaches and taxa were used to derive the
characterization factors for land and water use, they are not necessarily compatible and cannot be
directly compared, but each can give valuable information on their own.

3.4. Replacing crop imports with domestic production to reduce virtual water imports (Paper
III)
The accounting framework for Paper III is presented in Figure 3. First, the virtual water imports into
Finland related to the crop-based commodities were analyzed similarly as in Paper II. In addition,
also the water scarcity in the production was analyzed. Later, the most important products imported
into Finland from the regions suffering from water scarcity were analyzed and three primary crops –
rice, soybeans and rapeseed – were selected for a closer analysis. The potential to replace the imports
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with domestic production was analyzed and the regions from where the water imports would be
reduced were identified.

Figure 3. Framework for the accounting used in Paper III. Principal data sources are presented in parentheses.

First, the analysis of water use embedded in the Finnish crop imports from 1986 to 2011 proceeded
as in Paper II, but this time, both green (e.g. the rainwater) and blue (e.g. surface and groundwater)
water use were analyzed. The most important products imported to Finland were identified in the
light of their contribution to virtual water imports embedded in the Finnish crop imports, and three
products, rice, soybeans and rapeseed were chosen for a closer examination. The data of green-blue
water scarcity in the production areas was applied from Kummu et al., (2014) to analyze water
scarcity in the production areas.
Next, the potential to use domestic production of the same or substitute crops to replace their imports
was analyzed. Rice is not adapted to Northern climatic conditions and hence it cannot be cultivated
in Finland. Therefore, dehulled barley and oat grains were considered as potential alternatives due to
their use in the Finnish cuisine in place of rice. However, because Finnish crop rotations suffer already
from barley and oat monocultures (Peltonen-Sainio et al., 2017) the expansion of their current
cultivation areas were thus considered unsustainable. The capacity to replace rice with barley and
oats was therefore considered only by reducing their exports. With soybeans, the Finnish substitute
crops were considered to be faba beans and field peas. Rapeseed imports were considered to be
replaced with the increase in domestic oilseed rape and turnip rape production in Finland. The

28

theoretical potential of the expansion of legume and rapeseed cultivation in Finland was based on the
study of Peltonen-Sainio et al. (2013) taking into account regional production risks and rotation
requirements. The expansion of legumes was considered to take place in the current cereal cultivation
fields, this way also contributing to the diversification of currently cereal-dominated Finnish
agricultural landscape. Finally, the quantities and regions were identified, where the water use would
be reduced if all the potential for substituting rice, soybeans and rapeseed imports with domestic
production would be harnessed in Finland.

3.5. Accounting of the dietary greenhouse gas footprints (Paper IV)
In Paper IV the environmental impacts of food consumption were analyzed with greenhouse gas
(GHG) footprints. GHG footprint is an indicator of the greenhouse gases emitted during the
production and transportation of a good. The GHGs included in the analysis were carbon dioxide
(CO2), methane (CH4) and nitrous oxide (N2O). The CH4 and N2O emissions were converted into
CO2 equivalents using global warming potential values (with a 100-year time horizon) of 25 and 298,
respectively (Eggleston et al., 2006).
The trade flow analysis data from Kastner et al. (2014a) applied also in the Papers II and III was
incorporated into the GHG emission accounting, therefore being able to use country- and product
specific emission factors in the accounting (Fig 4). The main sources of GHGs related to agricultural
production were accounted for, including inorganic and organic fertilizer use, rice cultivation, and
livestock production containing enteric fermentation, manure management, and emissions from
manure left on pastures. Additionally, also the deforestation and peatland cultivation emissions
caused by land use change were analyzed together with rough emissions estimates from international
transportation (Fig 4).

29

Figure 4. Framework for the dietary emissions accounting used in Paper IV. Principal data sources are
presented in parentheses.

For the direct and indirect GHG emissions caused by inorganic nitrogen fertilizer use, data from the
International Fertilizer Association was used (Heffer, 2013). The data constitutes of information on
country-level fertilizer use in 2010 ̶ 2011 that were further divided by total harvested area (FAO,
2018) to obtain the crop- and country-specific nitrogen fertilizer use per area. These numbers were
rescaled to match countries’ total nitrogen use levels from FAO (2018). Organic fertilizer use was
based on the data from Herrero et al. (2013). Methane emissions from rice cultivation were calculated
using emission factors from FAO (2018).
Livestock related emissions cover direct emissions from production and indirect emissions from feed
cultivation. The emission factors were retrieved from Herrero et al. (2013) analyzing emissions from
enteric fermentation, manure management and emissions from manure left on pastures.
To account for the land use change (LUC) emissions, a simplified top-down accounting method was
applied. It distributes emissions at the country level to cropland and pasture. First, the deforestation
emissions in each country (FAO, 2018) were multiplied by the share of deforestation attributed to
commercial and subsistence agriculture (Hosonuma et al., 2012). To account for the fluctuation of
the land use expansion patterns, the average emissions for the period 2002 ̶ 2011 were used. These
numbers were multiplied with the relative contribution of the crop or pasture expansion of the total
agricultural expansion in a country (FAO, 2018), only taking into account crops and pasture area that
had expanded their harvested area. Finally, the emissions were divided by the area of cropland or
pasture in a country in 2011. The method used was based on the indirect approach, allocating
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emissions to products based on their relative share of agricultural land expansion. This method,
therefore, puts more weight on the underlying causes of deforestation, in contrast to a direct approach
that would allocate the emissions directly to the activities that take place in the deforested area
(Cuypers et al., 2013; Persson et al. 2014).
Also, emissions from land use change emissions from organic soil from palm oil cultivation were
analyzed. A substantial share of palm oil plantation expansion has occurred on peatland (Gunarso et
al., 2013). When soil is drained, the peat decomposes releasing greenhouse gases even for decades.
Malaysia and Indonesia are the largest palm oil producers, and together produced over 80% of global
production in 2011 (FAO, 2018). Therefore, only the emissions from cultivation on organic soils from
these countries were analyzed, using an emission factor of 61 t CO2 ha-1 yr-1 (Carlson et al., 2017;
Valin et al., 2015), multiplied with the share of palm oil cultivation on peatland (Gunarso et al., 2013),
to get the emission factors for an average palm oil ton produced in a country.
In addition to the pre farm-gate emission sources, also the emissions from international transportation
were estimated. A simplified approach was used, assuming that all agricultural trade from outside
Europe is transported by sea, either as bulk or container cargo, and enters Europe through the port of
Rotterdam. This port was chosen due to its importance and central location. The distance travelled
was multiplied with the per ton-km emission factors from Cristea et al. (2013) for different
transportation modes.
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4. Main results
4.1. Increased outsourcing of land and water use
Both the imports and the exports of the Finnish agricultural commodities have increased in the past
40 years (FAO, 2018). The crop quantities imported more than doubled from 1960s (~ 800 000 tons)
to 2013 (~2 350 000 tons) (FAO, 2018). An even more drastic increase can be observed with the
imports of animal products that grew more than seven-fold from 22 000 tons in 1961 to 190 000 tons
in 2013 (FAO, 2018). The exports of the Finnish agricultural products have also increased following
similar trends as the imports.
When analyzing the development of the Finnish food trade in embedded land use, the increasing trend
is smoother compared to the increase in quantities. This is mainly due to production efficiency
increases. For example, the world average wheat yield almost tripled from 10900 hg/ha in 1961 to
29700 hg/ha in 2010 (FAO, 2018). The gross displacement (imports ̶ exports > 0) impact of crop
products in Finland dominated the balance with approximately 700 000 ha in 2007, referring to that
in the end of the study period Finland imported more cropland than it exported (Paper I). The
increasing trend in both the land imports and exports can be observed especially after the year 1990
(Paper I).
The total demand of cropland for the Finnish food consumption from 1987 to 2011 remained
relatively stable as the increases in productivity matched the changing demand due to population
growth and consumption changes (Paper II). However, the share of imported cropland embedded in
the Finnish food supply nearly doubled from 23% in 1987 to 41% in 2010, calculated in three-year
means around the respective years (Fig 5). The land use embedded in crop imports in 2010
corresponded to a cultivation area of about 600 000 ha abroad (Paper II). In 1986 approximately 12%
of the calories from crops and 2% of animal products were based on imports, while in 2011 the
numbers were 35% and 28% respectively (Paper II).
The spectrum of partner countries diversified over time (Paper II). In 2010 the main crop exporters
to Finland were other European countries as well as South America that accounted for over 24% of
the total cropland imports in 2010. The imports from other European and Former Soviet Union
countries increased from 49 000 ha in 1987 to 284 000 ha in 2011.
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Figure 5. Use of domestic and foreign cropland in the Finnish food supply. Production perspective refers to
the area of domestic cropland used for domestic consumption and exports. Consumption perspective refers to
the area consumed from domestic production and imports. Results are presented as three-year means around
the respective years. (Paper II)

The main import crops have varied in time with the exception of coffee, which has annually required
a cultivation area of about 100 000 ha from 1960s to 2010s (Papers I and II). Wheat was one of the
main imported products in terms of land use in the early 1960s but since then, its imports have varied
depending on the success of domestic wheat production in Finland. Also soybeans have been among
the most important import crops to Finland (Fig 6). The variety of import items increased over time.
The three most important import crops covered 45% of all imports in the 1960s, while their share in
the 2000s was 32% (Paper I). The highest increase in the Finnish crop imports was with crops that
could also have been cultivated domestically (Paper II). The imports of crops that due to climatic
restrictions could not be cultivated in Finland, remained relatively stable.
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Figure 6. Imported cropland to Finland by crop type. Results are presented as three-year means around the
respective years.

In the 1960s Finland was nearly self-sufficient with the meat and dairy production, when considering
only the direct consumption. However, in the 1980s the imported beef and pork products entered the
Finnish market, and by the end of the study period covered the largest share of the animal product
imports.
Also the gross absorption, i.e. the impact of Finnish export trade, increased reaching a level of
300,000–500,000 ha in the 1990s (Paper I). Cereals dominate the Finnish crop production (PeltonenSainio et al., 2017) and wheat, barley, oats and rapeseed oil were the most important exported crop
items in terms of land use. Wheat remained important in the 1960s and 1970s. Later, barley and oats
increased their share in exports. After 1995, the three most important exports crops were consistently
barley, oats and rape oil. Dairy products dominated the land use related to exports of animal products
in the early 1960s while in the 2000-2007 the dominant product was pig meat (Paper I).
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Table 2. Land and blue water use of the Finnish crop consumption by domestic production and importing
regions. Numbers presented as three-year means around the respective years.

Land use

Finland
EU 15 +
FSU and other
Europe
North America
South America
Central America
and Caribbean
Northern Africa
and Western Asia
Sub-Saharan Africa
South and Eastern
Asia
Oceania
Total

1987
(1000 ha)
1080
26
23

Blue water use
(%)
77
2
2

2010
(1000 ha)
847
131
153

(%)
59
9
11

1987
(1000 m3)
8865
18518
2245

(%)
7
15
2

2010
(1000 m3)
9711
42367
3182

(%)
8
36
3

85
95
28

6
7
2

20
139
24

1
10
2

32593
8783
2862

27
7
2

9994
14783
2204

8
13
2

7

0

4

0

24291

20

6449

5

35
21

2
1

61
48

4
3

12062
5180

10
4

8980
19374

8
16

3
1403

0

9
1436

1

7339
122738

6

726
117770

1

The differences in the scope and methods of identifying the production country for the imported
products between the Paper I and the rest of the Papers in this dissertation resulted also in differences
in the results. Paper I presented on average greater agricultural land imports compared to Paper II. In
Paper I the agricultural land imported between 2003 and 2007 was 680 000 ha while in Paper II the
number was 530 000 ha. The differences between the two results are mainly explained by two aspects.
First, the accounting framework presented in Paper I, included also pasture in addition to cropland
area. Second, the cropland areas in Paper II are accounted using crop yield data from the production
country identified with the trade flow analysis (Kastner et al., 2014a) while Paper I relied only on the
trade data from national statistics (COMTRADE, 2013). However, the general trends in increasing
imports were found similar in both papers. Because of the re-exports between countries, that were not
accounted for in the Paper I, the method proposed by Kastner et al. (2011 and 2014a) adopted in
Papers II-IV can be considered more accurate and the use of these kind of trade flow analyses is
encouraged in future studies.
In the high-latitude humid climate in Finland irrigation need is very low and most of the cultivation
is rainfed. Therefore, in the domestic crop production the consumption of blue water (= surface and
groundwater) is very small, less than 10% of the blue water consumption related to the Finnish crop
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supply. Annually, Finland imports approximately 100 million m3 of blue water through the trade of
crop-based commodities (Table 2) (Papers II and III). Total blue water imports did not increase much
from 1987 to 2010 (Paper III). In 1986 Finland imported blue water embedded in crop imports mostly
from other European countries, North America and Western Asia (Paper II). In 2010 other European
countries became dominant contributing to approximately 40% of the blue water imports into Finland.
Also South America and South and Eastern Asia increased their share in blue water imports. The
biggest products contributing to the blue water embedded in the Finnish crop imports were rice,
coffee, fresh fruits, oranges, soybeans and mandarins that together in 2011, these six products
accounted for over 45% of all blue water embedded in crop imports into Finland (Paper III). The
products ranked highest because of a combination of high consumption of blue water in the primary
production and also due to large import quantities to Finland.
When comparing the quantities of blue and green water imported, green water dominate the picture.
Approximately 96% of the total virtual water embedded in the crop imports into Finland 1986 ̶ 2011
was green water and only 4% blue water (Paper III). Green water, or the rainwater used in crop
production, more than doubled from 1200 million m3 in 1986 to 2600 million m3 in 2011. In the same
period, the population in Finland increased from 4.9 million to 5.4 million (FAO, 2017) that can partly
have contributed to the increased imports. The products with the most green water imports into
Finland in 2011 were coffee, soybeans, rapeseed, wheat, palm oil and cocoa beans contributing
together for 77% of the total green water imports analyzed (Paper III). The green water imports from
other European countries increased from 6% to almost 30% during the past 30 years. Latin America
has, however, remained the most important green water import region to Finland, contributing 30%–
50% of the green water imports from 1986 to 2011 (Papers II and III).

4.2. Biodiversity impacts of the Finnish food consumption
Environmental impact assessments should go beyond just accounting for the pressures from the
resource use and actually analyze how this resource use affects ecosystems (Verones et al., 2017a).
Therefore, in Paper II we analyzed how the displaced land and water use of the Finnish food
consumption has affected global biodiversity.
Finland is a country with low endemic species richness (Kier et al., 2009). Therefore, over 93% of
the biodiversity impacts related to land use (measured as potentially disappeared fraction of global
species richness caused by the Finnish food consumption) took place outside the Finnish borders. The
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most severe biodiversity threats caused were related to crop imports from Brazil, India, Colombia
and Indonesia (Fig 7). When taking a closer look at the individual crops, the highest ranked were
coffee, cocoa, sugar, rubber and soybeans.

Figure 7. Cropland embedded in the Finnish food imports and the impacts on global biodiversity in 2010.
Bubbles present the “imported” cropland and the colour of the countries represents the biodiversity threats
caused the cropland use.

When applying another indicator, in this case blue water use, the picture is somewhat different (Fig
8). Over 99% of the biodiversity impacts caused by Finnish food consumption related to blue water
use took place outside Finland. Rice and citrus fruits from Spain, USA and Egypt ranked the highest
when analyzing the individual crop and country combinations.

Figure 8. Blue water embedded in the Finnish crop imports and the impacts on global biodiversity in 2010.
Bubbles represent the quantities of blue water “imported” and the colour of the countries represents the
biodiversity threats caused by blue water use.

37

Box 1. Environmental concerns related to some food commodities imported to Finland
Beef and dairy –Ruminant meat and dairy production have higher carbon footprints compared to most
plant based products and many other animal products and they contribute to 21% (beef) and 30% (dairy)
of the GHG emissions of an average Finnish diets. They require also high amounts of land and water
resources both directly and indirectly due to feed production. More than 80% of the beef and dairy
consumed in Finland in 2010 was produced domestically. Most of the imports came from proximate
countries such as Germany, Poland and Sweden.
Coffee – Finnish people are among the thirstiest coffee drinkers in the world, with an average per capita
consumption of 12 kg per year, compared to world average 1 kg per year. In 2010 coffee was imported to
Finland mainly from Brazil, Colombia, Guatemala and Kenya. Coffee imports contribute to18% of the
cropland, 9% of the blue water and 36% of the green water embedded in the crop imports into
Finland.Their production was found to be related to some of the highest biodiversity threats related to the
Finnish food consumption.
Rapeseed – Rapeseed is imported to Finland mainly from Germany, Kazakhstan, Estonia and Latvia. The
increase in the land embedded in rapeseed imports into Finland has been particularly high. In the late
1980s less than 1000 ha of rapeseed was imported to Finland, while in 2010 the respective number was
already more than 100 000 ha. In 2010 rapeseed imports contributed to 22% of the cropland and 15% of
the green water embedded in the crop imports into Finland.
Rice – Rice is imported to Finland mainly from Spain, Pakistan, India and Italy. Water footprint of rice is
high compared to most other staple crops and it has been related to the overuse and depletion of
groundwater resources in many parts of the world (Dalin et al., 2017). Although rice consumption in
Finland is quite low compared to global average, in 2010 the rice imports contributed to 16% of the blue
water imports embedded in the crop imports into Finland. Rice production is also an important source of
methane which is a powerful greenhouse gas. Rice imports into Finland are related to high water use
related biodiversity threats displaced by the Finnish food consumption.
Soybeans – Soybeans are imported to Finland from the USA, Brazil and Argentina mainly for animal
feed (Peltonen-Sainio et al., 2013; Peltonen-Sainio and Niemi, 2012). The most common concern related
to soybean production is its role as a driver for tropical deforestation especially in South America (see
e.g. Arima et al., 2011), and therefore soybean production from the deforested areas have also high land
use change emissions contributing to climate change. Soybeans contributed to 13% of the cropland and
14% of the green water embedded in the crop imports into Finland in 2010, and ranked also among the
highest causes of biodiversity threats related to the consumption in Finland.
Tropical fruits – Many tropical fruits are produced in regions with high species richness. Therefore, the
use of resources such as water or land in their production can create competition with other users e.g.
ecosystems in the area. For example, cocoa imports are related to some of the highest threats caused by
the Finnish land use imports. In 2010 the biggest exporters of cacao to Finland were Cameroon, Ecuador,
Ivory Coast and Nigeria. Some tropical fruits, such as oranges and mandarins have high water footprints
and they are also produced with areas that need irrigation. Oranges and mandarins are imported to
Finland e.g. from Spain, Egypt and Morocco that suffer from problems with water scarcity. The imports
of these fruits are related to high water use related biodiversity threats caused by the Finnish food
consumption.
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4.3. Potential to reduce the virtual water imports
In Paper III the focus was on the virtual water imports. Finland is a land with abundant water
resources, and yet it imports some water intensive products also from water scarce areas. We chose
three crops, rice, soybeans and rapeseed that contributed substantially to the virtual water imports
into Finland and analyzed their replacement potential with domestic production of the same or
alternative crop.
Nearly all of the imports of the three studied crops could be replaced by domestic production (Table
3). This would reduce the crop related virtual water imports into Finland by 16% (blue water) and
30% (green water). It is important to notice here, that these figures are calculated only considering
the water use in the primary production. Water use further in the supply chain was excluded due to
difficulties of finding reliable data with global coverage.

Table 3. The potential reduction of annual virtual water imports (BW= blue water, GW= green water) in the
case of replacing rice, rapeseed and soybeans with local production.

Rice
Soybeans

Imports
(mean
2009–
2011)
[t yr–1]
25 000
188 000

Rapeseed

245 000

Imported product

1

Substitutive
domestic
product

Potential for
substitution
[%] *

Reduction
of
BW imports
[1 000
% of
m3 yr–1] total 1

Reduction of GW
imports
[1 000
% of
m3 yr–1]
total 1

Barley/Oats
Field peas/
Faba beans
Rapeseed

100
100

16 000
1 800

14
1.6

22 000
380 000

0.7
13

98

460

0.4

450 000

16

By total, we refer to the virtual water imported though total crop imports into Finland in the years 2009–2011.

* Theoretical potential.

When considering the impacts of the resource use, the quantities of water use are not as important as
the question of where the water use takes place. We found that Finland imports crops also from areas
suffering from water scarcity. By replacing the imports of the studied crops with local alternatives,
virtual water imports would be reduced from countries such as Spain, Thailand, Pakistan and India
that suffer from water scarcity seasonally (Mekonnen and Hoekstra 2016) or throughout the year
(Kummu et al., 2010). The estimated blue water saving quantities are relatively small compared to
the total amount of water used in the agricultural production in these areas. However, they are not
insignificant. The reduction of blue water imports equal annual blue water use of more than 18 000
people when using the water requirement for meeting basic human needs of 1000 m3 cap-1 yr-1 from
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the Falkenmark indicator (Falkenmark et al., 1989). However, the reduction of the exports to the
Finnish consumers could be aligned to another country and this could possibly reduce the
sustainability gains achieved through the substitution of imports with domestic production in Finland.
However, since the demand of staple crops is relatively inelastic (Lambin & Meyfroidt, 2011) it can
be argued that the decrease in the outsourced Finnish water footprints would reduce pressure on the
environment in the production countries.

4.4. Greenhouse gas footprints of the EU diets
Paper IV focused on the consumption based greenhouse gas footprint accounting related to the food
consumption in the EU countries. A novel framework incorporating the material flow analysis from
international trade into the emission accounting was used enabling the use country- and crop specific
emission factors.
The greenhouse gas footprints of average diets differ considerably between the member countries
from 1460 kg CO2-eq. cap-1 yr-1 for Portugal to 610 kg CO2-eq. cap-1 yr-1 for Bulgaria, with an EUwide average of 1070 kg CO2-eq. cap-1 yr-1 (Fig 9). The largest share of emissions were related to the
animal products, especially emissions from enteric fermentation and manure management.
International transportation emissions account only for approximately 6% of the total emissions. NonCO2 emissions dominate the picture and account on average for over 60% of the total emissions.
Emissions related to feed embedded in animal product consumption account for approximately 37%
of the total emissions. We found that both total animal product supply and the percentage of emissions
outsourced outside the EU region were positive predictors of dietary emissions.
Land use change emissions from deforestation caused by the agricultural expansion are often
neglected in the dietary analyses due to lack of consensus of how to account for them. In Paper IV
we used a simplified top-down method that allocated the country-level deforestation emissions to the
crops and pasture that had expanded their area. Land use change emissions account for on average a
third of the dietary emissions and 70% of them were related to feed production, especially soybean.
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Figure 9. Production- and trade-related dietary greenhouse gas emissions of the average diets in EU countries.

To evaluate the advantages of country-specific GHG footprint accounting, the framework was
compared with two alternative no-trade accounting approaches: one that was based on the
consumption-based accounting but used global production adjusted average emission factors, and
another that was based on production perspective. It was found that neglecting trade, and using only
production country based information about food produced in that country, underestimates the total
emissions. This is true particularly in countries and regions such as the EU that rely on imports on a
substantial share of its food consumption. Production based accounting excludes emission sources
related to imported products, such as emissions from international transportation and land use change
related to deforestation. Using world average emission coefficients resulted as a relatively good
approximation. However, there were differences between the results especially with the shares of
different emission sources that could lead to varying interpretation of the results.
Accounting with a production country- and product specific resource use makes it possible to
highlight differences in production systems more easily and analyze where interventions make most
sense in reducing the negative environmental impacts. It can also improve accuracy and allow a more
specific allocation of impact responsibilities from exporting countries to final consumers. This way
it is possible to demonstrate the connections and consequences of food consumption in one place to
remote processes in another place, such as deforestation in the production countries.
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5. Discussion
The main findings of this thesis are in line with the results of previous studies about the increased
trends in the Finnish trade and about the importance of taking into account also the material flows
and impacts embodied in trade (Hyrylä, 2016; Mattila and Saikku, submitted; Mäenpää and
Siikavirta, 2007; Nikula, 2012; Seppälä et al., 2011). Therefore, this thesis confirms and extends
previous knowledge considering, for the first time, land and water resources and the related ecosystem
impacts embedded in the Finnish food imports using physical accounting (Papers I-III). Furthermore,
the framework for greenhouse gas footprint accounting presented in Paper IV contributes to the
methodological discussion about how to incorporate trade flows into impact accounting.

5.1. Distant impacts of the Finnish food consumption
The increased trends in the quantities and values of both the Finnish food imports and exports have
been previously presented and analyzed in reports about the national statistics (Hyrylä, 2016; OSF,
2018b). In 2012, the biggest import groups, in terms of import value in the food sector were fruits,
alcoholic beverages, coffee and cheese (Hyrylä, 2016). Interestingly, when analyzing the imports by
outsourced land use instead of import value, the picture changes, and products such as cereals and oil
crops emerge as the main products (Papers I-III). Nikula (2012) analyzed the Finnish water footprints
including various sectors and found that 82% of the total water footprints are related to production
and consumption of agricultural products and approximately half of the total water footprints are
embodied in imported products. The papers included in this dissertation have continued this
discussion by identifying the main commodities, areas and biodiversity impacts related to the virtual
water imports together with an analysis of the potential to reduce some of the negative impacts.
Finland has become strongly connected to global agricultural market. Finland is no exception in this
sense but instead rather a characteristic active partner in the economy of the globalizing world. Both
the imports and exports of land use embedded in the Finnish agricultural trade expanded during 1961–
2011. The fluctuation between years followed the variation in climate and its consequences to the
domestic yields. Simultaneously, the Finnish population grew from 4.4 million inhabitants to 5.4
million and the GDP of Finland grew 4.6-fold (OSF, 2018b). The increase in imports was especially
rapid in the period of 1986 to 2011, when the cropland embedded in the food imports into Finland
almost doubled.
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In the same period, also the consumption patterns in Finland changed. The per capita consumption of
cereals reduced almost 30% from 1960 to 2011 (OSF, 2017). The consumption of meat more than
doubled and the highest increase was observed in the consumption of poultry meat (OSF, 2017). Milk
consumption halved but the consumption of cheese increased (OSF, 2017). In the EU countries
animal products are often produced domestically or traded from close-by countries and feed crops
imported from further away. The self-sufficiency rates in animal-derived products in the EU are high
(96% for meat and 99% for fresh dairy products) in contrast to the feed inputs needed in their
production (31%) (de Visser et al., 2014). The self-sufficiency rates of soya bean meal is only 3%
while it supplies 64% of the protein rich feed materials in the EU (de Visser et al., 2014). Soybean
production in the important production regions in South America have been related to problems of
land use change impacts such as tropical deforestation (see e.g. Arima et al., 2011).
It should be stressed that using resources from another country is not a problem in itself. International
trade can contribute to optimizing natural resources use when production takes place in an area with
comparative advantage in terms of production efficiency, technologies or natural capital. Food trade
has lowered the need of cropland (Kastner et al., 2014a) and freshwater use globally (Dalin et al.,
2012) when, on average, food is exported from more resource-efficient production areas to less
resource-efficient consumption areas. This can be analyzed when comparing the current system with
a no-trade alternative. However, higher agricultural subsidies in major crop exporters may facilitate
land- or water-intensive exports despite lower efficiency (MacDonald et al., 2015). Also, more
efficient production systems often contribute to a net increase in consumption, which is a typical
example of a rebound-effect (Lambin & Meyfroidt, 2011). Therefore, a decrease in environmental
pressures at the global level have not been observed, and OECD countries continue to transfer
environmental pressures to the non-OECD countries (Wood et al., 2018).
Local conditions determine the potential for the impacts. For example, European countries are the
largest source of cropland embedded in imports into Finland, but since the endemism of threatened
species in the EU is relatively low, the highest impacts to global biodiversity loss at the species level
are caused by the imports of products from countries such as Brazil, India, Colombia and Indonesia,
where the species endemism and also their threats are high (Paper II). The pressures on ecosystems
might be higher than the sum of the land and water use related biodiversity impacts analyzed
separately due to cascade effects, or lower if both pressures relate to the same species. From the water
availability perspective, using the freshwater resources for production of exports in water-scarce
regions, such as Spain or Pakistan should represent more of a concern (Pfister et al., 2009) than using
the freshwater resources in water-abundant areas, such as Finland. Therefore, replacing the water
43

intensive imports of rice, soybeans and rapeseed with commodities from water abundant production
landscapes from Finland could represent a potential solution for reducing the displaced environmental
impacts (Paper III). However, it should be taken into account that the crop exports often contribute
importantly to the development of the production regions. Therefore, instead of striving for complete
reductions, more focus should be put on the production structures and practices used. For example,
importing environmentally labeled or certified products could potentially avoid the potential adverse
impacts in the most vulnerable areas.
Global trade impacts countries’ food security through the increase in food availability, and this way
allowing countries to overcome local limits to grow (Porkka et al., 2017). However, it also makes the
import-dependent countries more vulnerable to disruptions in global food markets (Seekel et al.,
2017). Comparing the numbers of domestic consumption and production, Finnish agriculture can
meet consumers’ needs rather well (Niemi et al., 2013). The resilience in terms of the biophysical
capacities of domestic food production is therefore high (Seekel et al., 2017). However, it is important
to remember that domestic production relies on several imported inputs such as fertilizers, fuel and
machinery (Niemi et al., 2013). Also, the diversity of local production is an important aspect when
analyzing the resilience of a food system, and in Finland this can be a challenge when the cereal
monocultures and even cereal species monocultures dominate the agricultural landscapes (PeltonenSainio et al., 2017). Such a monotonous crop sequencing has many negative impacts on the
sustainability and productivity of agricultural systems (Peltonen-Sainio et al., 2017).
Consuming certain commodities such as coffee, tea, nuts and tropical fruits in Finland will most likely
always rely on imported products due to climatic restrictions on domestic agriculture. Yet, the trends
in the Finnish trade suggest that also the cultivation of some products that have previously been
cultivated in Finland has shifted abroad. The highest increases in the land use embedded in the crop
imports were related to crops that can be cultivated in Finland, while the share of crops that cannot
be produced in Finland in commercial quantities remained relatively stable. This confirms that the
increases in crop imports were not related to the increase in consumption of exotic products, but
instead possibly to changes in domestic production. From 1960 to 2011 the domestic cropland in
Finland decreased more than 20% from approximately 2 600 000 ha in 1960 to 2 000 000 ha in 2011
(OSF, 2018a). Rapeseed is one of the main crops with a reduced cultivation area in Finland and
consequently increased imports. These changes might have been related to variations in climate, the
increased infections that have affected the domestic yields and political decisions e.g. related to the
use of certain pesticides in the EU (Peltonen-Sainio et al., 2007; Peltonen-Sainio et al., 2016). Yet, a
recent study showed that most of the food demand in the Nordic countries could be met with domestic
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sustainable production also in the future (Karlsson et al., 2017). However, these scenarios required
considerable reductions of meat and dairy consumption (Karlsson et al., 2017). This highlights the
potential of alternative dietary patterns to reduce substantially the Finnish footprint both domestically
and abroad.

5.2. Dietary change
Finland rates among the top countries with the highest dietary GHG footprints in the EU (Paper IV).
This is mainly because of the high consumption of animal products, especially beef and dairy, that
contribute to the largest share of dietary emissions (Paper IV, see also Audsley et al., 2010; Davis et
al., 2016; Foley et al., 2011; González et al., 2011; Hallström et al., 2015; Stehfest et al., 2009).
Currently, Europeans consume on average 82 kg of meat and 240 kg of milk products per capita in a
year, compared to global average of 42 kg and 90 kg respectively (FAO, 2018). This study confirms
findings from earlier studies, that the consumption of animal products is related to increased GHG
footprints, higher resource use and potential adverse displaced environmental impacts. Transition to
a more plant-based diet reduces also the land and water use (Hallström et al., 2015; Jalava et al.,
2014).
However, there are considerable differences between animal products consumed. Enteric
fermentation of ruminants (beef and mutton) is one of the largest emission sources. Therefore, the
emission intensities of ruminant meat and milk are higher compared to those of meat and eggs from
monogastrics such as pork or poultry (Herrero et al., 2013). Bryngelsson et al. (2016) studied the
climate change mitigation options in the food sector in Sweden and concluded that reduction of the
ruminant sector in the EU is inevitable if the EU climate targets are to be met.
Yet, animal production has also the potential to convert biomass not suitable for human consumption
into human edible form. It has been estimated that approximately half of the global agricultural area
is devoted to the production of feed and more than half of this land cannot be converted to croplands
(Mottet et al., 2017). Therefore, ruminant production will most likely remain an important contributor
to food security in many areas of the world, as they transform inedible biomass from grasslands and
other marginal lands with low cultivation potential, to human edible nutritionally high quality food
(Bradford, 1999). However, almost 90% of global ruminant production, in terms of protein, occurs
in mixed systems (Herrero et al., 2013) and therefore are at least partly relying on arable land for their
feed production. In Europe cattle production consumes 4–5 times more arable land due to the need
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for conserved feed in long winters, compared to pork and poultry production (Bryngelsson et al.,
2016). Therefore a structural shift in the consumption and production from cattle to pork and poultry
production would increase the amount of edible protein produced (Bryngelsson et al., 2016).
The role of cattle grazing in maintaining grassland ecosystems for biodiversity conservation and
cultural value, should also be considered (Bryngelsson et al., 2016). This is an emerging issue,
especially in Europe. However, the scale of cattle production in Europe is so high that there could be
major reductions in production, and still there would be enough cattle for maintaining the culturally
and ecologically important grassland ecosystems. In addition, the questions of animal welfare should
be carefully assessed. In current production systems, animal welfare is often lower in the intensive
pork and poultry production compared to cattle production (Bryngelsson et al., 2016). Focusing on
the improvements of animal welfare in pork and poultry production in the EU is therefore increasingly
needed.
Also, significant differences exist between crop-based products (Carlson et al., 2017). The
substitution of livestock products with vegetarian products, such as tofu, can lead to an increase in
protein crop imports, especially soybean. This could also imply an increase in land use change
impacts. Also, food with a commonly low GHG emissions, such as fruits, when transported by air,
may have emissions as large as some types of meat (Carlsson-Kanyama & Gonzalez, 2009).
Average food consumption in most EU countries is higher than the average dietary energy
requirements (FAO, 2015). Therefore, avoiding over-eating and altering food consumption to more
closely follow the dietary recommendations of health authorities poses a promising strategy for
improving health and also for reducing climate change impacts (Alexander et al., 2017; Aston et al.
2012; Haines et al., 2010; Hallström et al., 2017; Tilman & Clark, 2014). Currently, animal products
are an important source of protein and micronutrients for the EU consumers, and the nutritional
aspects should be carefully taken into account when preparing policy guidance on dietary changes.
However, most of the current EU diets contain excessive proteins and substitution with an overall
increase in plant-based products would be an effective and sustainable strategy (Audsley et al., 2010).
Also, reducing food losses in all stages of food supply chain is an important strategy to decrease the
overall material use and the related impacts in food systems (Alexander et al., 2017; Kummu et al.,
2012).
“Luxury” products that do not contribute highly to the nutritional value of a diet, such as sweets,
snacks and beverages (e.g. coffee and tea) contribute up to a third of the energy input of the total diet
(Carlsson-Kanyama et al., 2003) and have high water and land use impacts consequently causing
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biodiversity impacts in the production areas (Paper II; Lenzen et al., 2012). Coffee, tea, cocoa and
spices account only for 7% of embodied harvested area in global trade, but their production is highly
export oriented and up to 69% of their harvested area is produced for exports (MacDonald et al.,
2015). Therefore, their consumption can potentially be linked to both negative (e.g. biodiversity loss)
and positive (e.g. creating income in production areas) impacts and the sustainability aspects related
to their consumption call for a more comprehensive research and consumer awareness.

5.3. Methodological limitations and ways forward
Studies focusing on telecouplings can increase the understanding of the impacts and consequences
related to consumption and help to identify leverage points for intervention towards more sustainable
land use (Friis & Nielsen, 2017). In this dissertation, system boundaries are formed by country
borders, as it is often the case in many place-based structured telecoupling studies (Liu et al., 2015).
This is practical, because most of the analysis data is available at national level. However, this system
definition creates at least two kinds of problems.
First, countries present considerable sub-national heterogeneity regarding their environmental
conditions, land use histories and production systems (Godar et al., 2015 and 2016). This is especially
true for large countries, such as Brazil, the USA and Finland. Accounting with a finer scale data
would improve the accuracy of the impact accounting as it could better differentiate nuances in the
local production systems and land use pathways. High spatial detail gridded models of agricultural
production already exist (see e.g. Carlson et al., 2017). However, the difficulty is analyzing trade at
sub-national level. Telecoupling studies tracing the physical trade flows also sub-nationally already
exist (see eg. Godar et al., 2015 and 2016), but the data for sub-national crop production and trade
facilities is not available for all countries and products and the spatial detail may vary across countries
(Godar et al, 2016). Therefore the choice of system boundaries is always a balance between depth
and scale (Godar et al., 2016). The sub-national tracing of consumption and its link to the sub-national
production accounting also remains a task for the future.
Second, country borders are inevitably human constructions and many socio-ecological processes
mismatch the governance boundaries (see e.g. Cumming et al., 2006; Friis & Nielsen, 2017). The
actors and processes impacting land use are not necessarily located in the same geographical space.
For example, urbanization can also be considered as a driver for telecouplings between the increasing
urban centers and the rural areas that provide the materials for the growth. Therefore, in land systems
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science, there is an increasing need for a more heuristic approaches, where the system boundaries are
open for empirical investigation (Eakin et al., 2014). Analyzing land systems as human constructs,
instead of permanent ontological entities, allows researcher to define what is the system of interest,
what and who are the processes creating the telecouplings between different systems and where
interventions are most efficient (Friis & Nielsen, 2017).
A general challenge of linking the consumption to production related impacts are the indirect effects
of production (see e.g. Godar et al., 2016). This is especially important for sub-national analyses but
also relevant for country-level studies. Changes in production, such as increasing land area or
interventions to increase the sustainability in one location, may push other production to previously
uncultivated lands and/or unsustainable pathways (Meyfroidt and Lambin, 2009). These leakage and
displacement effects can thus limit the overall net benefits of sustainable practices, and they also
impact the usefulness and appropriateness of e.g. the biodiversity impact indicators such as the ones
used in the Paper II. The land use change emissions accounting method used in the Paper IV aims to
capture also the indirect effects when the expansion of a production might result in the pushing of
another production to the forest frontiers. In the approach adopted the crops that had expanded their
cultivation potential had larger emission factors independently from where in the country the
expansion had taken place. However, the approach entails also many limitations, for example, if the
cultivation of a certain crop would have shifted to forestland but the overall cultivation area would
not have changed, this approach would not assign land use change emission to that specific crop. The
question of responsibility of the impacts and the linking of these to consumption is not simple, and
although huge advances have been made with regards to the methodologies available, the question of
indirect effects and their links to consumption based impact accounting remains a challenge.
In the papers included in this dissertation, also the incomplete data coverage limits the generalization
of the results. When excluding some product categories from the analysis, important impacts of food
consumption are neglected. In this thesis, food consumption was analyzed taking into account crop
and livestock products. An important group excluded in the analysis is fish and other seafood.
Increase in the fish consumption has caused the depletion of ocean fish stocks (see e.g. Myers &
Worm, 2003). Fish farming has been suggested as an alternative for reducing the pressure on wild
fish stocks, but often production of carnivorous species requires large inputs of wild fish as feed
(Naylor et al., 2000). Some aquaculture systems can also impact wild fish supplies through habitat
alteration, wild seedstock gathering and other ecological impacts. Also, protein supplements from
soybean meal, cottonseed meal and peanut meal are often used (Naylor et al., 2000), therefore creating
a need for land use for the feed production.
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The focus of the impact analysis was on land and water resources used and the greenhouse gases
emitted in the production and trade. The use of these resources also includes a wide range of impacts
not included in the analysis. For example, one of the major environmental impacts related to water
use in agriculture are the impacts related to water quality (such as eutrophication and chemical
pollution due to the use of pesticides and herbicides). However, they were not included in the analysis
because of data availability constraints and the inappropriateness of the used methodology. Although
water footprint methodology includes the aspect of the water quality in the concept of grey water, its
calculation and estimation has a different logic compared to the analysis of green and blue water and
it includes a wide range of uncertainties for example related to the maximum acceptable
concentrations of pollutants (Liu et al., 2012). However, because the water quality impacts caused by
agriculture are a key concern (see e.g. Bennett et al., 2001; Tilman et al., 2001), their inclusion also
in the telecoupling studies should be high on the agenda for the future research.
An alternative to the physical material flow accounting applied is to use economic modelling and
environmentally extended multi-region input-output analyses (MRIO) that are also widely used for
consumption based accounting of resource use. MRIO methods are based on the financial transaction
flows between economic sectors (Wiedmann et al., 2011). Economic modelling has been previously
applied in studies about the greenhouse gases and material flows embodied in Finnish trade (Koskela
et al., 2011; Mattila and Saikku, submitted; Mäenpää and Siikavirta, 2007; Seppälä et al., 2011).
Mattila and Saikku (submitted) analyzed the land use embedded in Finnish imports comparing two
MRIO-based methods and a LCA method based on physical accounting. Our results for imported
cropland from Paper I and II are in line with their results from the LCA method estimating that the
cropland use embedded in Finnish crop imports in 2010 was almost 6 000 km2. The MRIO-based
results report numbers more than three times higher, more than 21 000 km2 (Mattila and Saikku,
submitted). The differences in the results are most likely related to the main differences between the
two approaches: the units of measuring the flows and the scope of the analysis. First, MRIO accounts
assess also the indirect resource use and the upstream material requirements, while physical
accounting considers only the direct resource use within the sector. Second, the differences might be
related to the dimension and composition used in the analysis. MRIO accounts assign the same land
demand to each dollar of production in a sector. In contrast, the accounts based on physical trade data
assign the same amount of land to one mass unit of a product, usually specified at the level of
individual crops and not aggregated sectors (Kastner et al., 2014b). For example, MRIO method
assigns different land demand for the same product with different prices, while physical accounting
will only consider the amount of crops used assigning an equal amount of land per resource use.
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The distinct metrics (such as embodied cropland, water, greenhouse gas emissions or dollars) used in
an analysis produce distinct results and conclusions (MacDonald et al., 2015). This was also the case
for example when analyzing the biodiversity threat hotspots related to cropland use or irrigation water
use (Paper III). The choice of indicator or metrics analyzed in a study can alter results and conclusions
drawn and it should be carefully assessed especially with high-value crop commodities and animal
products, for which values differ considerably from biophysical metrics (MacDonald et al., 2015).
Therefore, the benefits and limitations related to specific metrics should be given more consideration
and the use of multiple metrics should be encouraged (MacDonald et al., 2015). The focus of the
research in this dissertation has been on the environmental aspects of sustainability. However, the
cultural, social and economic aspects of the telecouplings are as well important issues to consider and
the findings of this dissertation should be combined with studies focusing on these and other missing
aspects, to support a more comprehensive consumption and decision-making.
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6. Conclusions
Food systems affect and are affected by the complex sustainability problems such as climate change,
natural resource depletion, biodiversity loss and rapid urbanization. With the increasing human
population and globalization that intensifies global trade, the complexity and scale of these challenges
has increased. In food systems the most severe environmental impacts related to land or water use or
the GHG emissions caused, often take place in the production areas. However, international trade
complicates the tracing of products, and makes it difficult to link the impacts to sometimes
geographically distant consumption. Yet, consumption is often the underlying driver also in the
environmental change taking place in the production areas. Therefore, with the increasing
globalization, the need for consumption-based accounting and its development, is evident.
This dissertation focuses on producing quantitative estimates and expanding the understanding of the
interconnections and the global consequences of the Finnish food consumption. It was found that,
Finland has become strongly connected to the global food markets both as an importer and as an
exporter of agricultural commodities. Therefore, the sustainability of the Finnish food systems is
increasingly depending on the sustainability of also the food systems abroad. Although the majority
of the food imports into Finland comes from close-by countries, some of the highest impacts e.g.
related to global biodiversity loss are caused further away in other continents. This highlights the
need to further develop and improve the tools and approaches to estimate also the distant impacts, in
a way that sustainable consumption would be made as easy as possible for consumers and decisionmakers.
Dietary change provides a powerful consumer-side action to transform food systems to a more
sustainable direction. When analyzing in more detail the composition of current diets in the EU, the
results of previous studies were confirmed: animal products, especially beef and dairy consumption
are related to the highest share of dietary greenhouse gas footprints. This is both because of direct
emissions from production and also indirectly through feed production. Their consumption is also
related to higher land and water use compared to average plant based products. Therefore, a reduction
of animal product consumption provides a potential to reduce the environmental pressure caused by
food consumption.
The findings of this thesis can be seen as one awakening step towards change. They highlight the
need for broadening viewpoints, including different systemic levels and analyzing the local
consumption also within global context and in connection with other systems. Different indicators
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emphasize different aspects of environmental pressure caused and reveal differences in the results.
Therefore, systemic and other comprehensive analyses integrating multiple indicators and different
spatial and temporal scales are increasingly needed to support sustainable food systems locally as
well as globally.
Transition towards a more sustainable food production, consumption and trade to secure healthy and
nutritionally balanced food supply for the growing population with less environmental cost is
challenging, but urgently necessary task for human societies. Many kinds of strategies and solutions
are needed, from technical improvements to consumption changes and even larger systemic changes.
Globalization will most probably continue intensifying the telecouplings between distant areas.
Instead of just facilitating the displacement of negative environmental impacts, its power could be
harnessed to reduce environmental and other negative impacts by making good use of the benefits of
different production regions, such as resource efficiency and natural resource availability, and to
spread equity, good practices and innovations of sustainable development across countries. This
should be done assuring a more fair and equitable distribution of the income to the whole supply
chain and securing the long-term sustainability of the practices and systems in the production
countries. However, as the human activities continue pushing the Earth’s limits beyond safe operating
space, major changes needs to take place very soon.
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