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1 Introduction 

1.1 Eating too much water? 

Water scarcity already affects more than half of the human population, and the 

trend is increasing (Kummu et al., 2016). While water is a continuously renewable 

resource, the rate it becomes available is finite (Oki and Kanae, 2006) – the 

amount of water on our planet is practically constant, but the supply of clean, 

fresh water is limited at any point in time. As the largest water consuming sector 

of all human activities (FAO, 2012), food production is at the centre of the quest 

for using this natural capital in a sustainable way. 

Water consumption in food production depends predominantly on two factors: 

what is produced, and where (Mekonnen and Hoekstra, 2010a, 2010b). These, in 

turn, are affected by what we eat. People eat food not just to stay alive or for en-

joyment, but also to express cultural, religious, and other social traditions (Tiu 

Wright et al., 2001). The differences between diets and the widely different 

amounts of water to produce them was the key motivation for Publication I. Many 

studies  (Baroni et al., 2006; Marlow et al., 2009; Renault and Wallender, 2000) 

compare the resource use of current diets with specific more resource efficient 

model diets. Resource efficiency of these diets is often improved by replacing an-

imal products with plant-based alternatives while maintaining or improving nu-

tritional values. However, I wanted to analyse the potential to save water through 

dietary change from a perspective that prioritised variation in the cultural value 

of diets – defining an acceptable diet change first, and only afterwards assessing 

its resource efficiency.  

Assessing resource efficiency is itself a substantial task. Reducing water use in 

agriculture requires knowledge about the water consumption in current as well as 

projected scenarios. This is met by a number of challenges; much of the water 

used is precipitation directly on the crops, which is augmented by irrigation when 

needed (Hoff et al., 2010). This water is either consumed through evapotranspi-

ration on site, or further transferred as runoff into streams or lakes, or infiltration 

into groundwater. Measuring these flows is far from trivial (Wang et al., 2014). 

Furthermore, different types of natural vegetation have their own characteristic 

evapotranspiration, not necessarily lower than that of cropland. This means that 

while converting untouched land to agricultural production may change ecosys-

tems profoundly, water consumption may change more subtly. To complicate the 

matter further, an agricultural product, like a grain or a fruit, is typically only a 

fraction of the actual plant grown. And finally, a single crop may yield multiple 
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products, some of which are not necessarily human foodstuffs. Thus, to determine 

the water efficiency of food production, we need to understand all the products 

and services we actually get in return for the water consumed (ISO, 2014). 

Food water footprints are a commonly used 

class of methods to estimate water use in agri-

cultural production and allocate it to products. 

This in turn allows allocating water use to food 

demand, and to estimate water use effects of de-

mand changes. Two main methodologies ap-

plied to food production estimate volumetric 

water use per production quantity and then as-

sess human and environmental impacts of the 

water consumption. The main emphasis of the 

Water Footprint Network (WFN) methodology 

(Hoekstra et al., 2011) is on volumetric con-

sumption, while Life Cycle Analysis (LCA) water 

footprinting (ISO, 2014) emphasises impact as-

sessment. An important feature of the WFN wa-

ter footprints is the accounting of precipitation 

used by plants, or green water, in addition to the 

blue water that is abstracted by humans from 

surface water or groundwater bodies (see Fig-

ure 1). Additionally, water spoiled by pollutants 

can be included as grey water. 

Volumetric water footprint methodologies have been criticised for a multitude 

of problems. Without connection to arable land and other resources, they do not 

directly correspond to a useful opportunity cost in agricultural production, and 

production locations will be determined by other factors than water efficiency – 

water resources tend to be used in some way even when they are scarce (Wichelns, 

2015).  Other difficulties in volumetric water footprint applications include lack 

of impact analysis (Berger and Finkbeiner, 2013; Wichelns, 2015) and neglect  of 

return flows (Berger and Finkbeiner, 2013). Nevertheless, while criticised as indi-

cators, the WFN water footprints provide an essential measure of demand-side 

water use in a multitude of studies, both local and global in scope, including Pub-

lications I-III in this thesis.  

On the other hand, the LCA water footprint analysis has proved a useful tool for 

comparing the impacts of alternative products and production systems within a 

limited spatial framework. Instead of attempting to produce a single indicator fig-

ure, it differs from the WFN water footprint method by communicating a wider 

range of measures, and by connecting with other types of environmental impact 

analysis (Pfister et al., 2017). 

Publications I and II (and indirectly, III) used WFN water footprints to assess 

resource efficiency from the consumption perspective. Diet change, however, by 

definition means that demand for different foodstuffs will change, which in turn 

alters production, and hence potentially the foodstuffs’ water footprints. The ex-

Figure 1: WFN water footprint 
colour codes 



Introduction 
 

 

13 

tensive analysis of food producing systems that forms the basis of both water foot-

printing methods has been criticised for being based on the status quo and not 

giving insight to how we got there (Yang et al., 2013). Resource efficiency of crop 

production depends on such variables as climate conditions, soil, crop cultivars 

etc. (Fischer et al., 2016). If changes in demand are large, it is possible that the 

calculated water footprints are no longer accurate. This was one of the motiva-

tions for the modelling approach used in Publication IV. Instead of water foot-

prints that put emphasis on consumer’s choices and the food demand side, it em-

phasises the food production side by exploring lower bounds for water use using 

optimised land use patterns that can satisfy the altered demand. 

Despite the effort that has been put into estimating how much water is con-

sumed to produce our food and how to reduce it, the concept of water consump-

tion is in fact also open to debate. It is not even clear whether water consumption 

does indeed need to be reduced.  After all, water is consumed by natural vegeta-

tion as well as by food and feed crops (Bosmans et al., 2017). Also, the importance 

of saving water is much higher where water is a limiting factor in agricultural 

productivity than in areas where waterlogged fields are a bigger problem than 

drought. There is no single answer to these questions, but taking different per-

spectives to resource availability and use (see Section 4.3) can explain why some 

experts emphasise human appropriation of water as the dividing line, while others 

look into the potential to increase food supply, and treat the environmental water 

flows as an external constraint.  

An example of land use change illustrates the difficulty of valuing human appro-

priated water flows. Santos et al. (2017) found that in a Brazilian semi-arid region, 

evapotranspiration (ET) was highest in forested areas and dense savannah vege-

tation. Grassland and cropland had a considerably lower ET, and bare land lower 

still, especially in a wet year. If we start with an intact forest, and convert it to 

grassland or cropland, we are actually decreasing water consumption of the area. 

Grazing pasture and harvesting cropland decreases the leaf area of the vegetation, 

which again decreases evapotranspiration. In this example, human appropriation 

actually reduces water consumption. We can further reduce it by removing the 

vegetation altogether (Lin et al., 2015). It is obvious that even though evapotran-

spiration is the main mechanism for agricultural water consumption, high or low 

ET is not, per se, the deciding factor between “good” and “bad”. We must go much 

deeper to what purposes the resources serve and, possibly, for whom. My perspec-

tive is predominantly that of securing or increasing human food supply, while de-

voting special attention to finding constraints on food production, such that envi-

ronmental impacts would be kept in check. 

Obviously, while water is one of the most important limiting factors in food pro-

duction (Mueller et al., 2012), it is only one of the resources required. Others in-

clude arable cropland, nutrients and suitable climate conditions, as well as a va-

riety of other inputs in the form of work and materials. Many sectors of human 

societies compete for and depend on water resources, and water is abstracted 

from sources outside the immediate vicinity of most of its users. This gives it a 

unique significance that guided the focus of this thesis towards water, with con-

nections to the other resources where necessary.  
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Below in Section 1.2, I will take a slightly broader look at the measures to reduce 

water consumption in food production that are studied in this thesis. In Section 

1.3 I identify the research gaps in the field that motivated the thesis and the spe-

cific research questions answered by the included publications. 

1.2 Food for all, limited resources 

Feeding all humanity is an elusive goal. The global food production is currently 

more than is required to supply everyone with sufficient dietary energy (FAO, 

2018a), but lack of economic as well as physical access to food still precludes 

achieving an acceptable level of food security for all. At the same time, there is a 

considerable risk that population is growing faster than agricultural production 

(FAO, 2017).  

The term “feeding” can be understood to imply, that someone, or something, 

actively feeds the human population. This gives an arguably false feeling of con-

trol. Professor Timothy A. Wise titled his 2013 scoping  paper  “Can we feed the 

World in 2050”, and answered: “In the end, ‘the world’ is not fed, in aggregate, 

and there is no collective ‘we’ doing the feeding” (Wise, 2013). All measures aim-

ing to improve food security must work in concert with the real-world food sys-

tems, ranging from smallholders’ farms providing livelihoods for a handful of peo-

ple to large-scale industrial farming and food processing. The degree of external 

control on many of these entities is limited, and due to externalities and other 

market distortions, economics do not always lead to efficient outcomes from a 

food supply and resource perspective.  

A multitude of measures to increase food supply or decrease resource use and 

environmental impacts have been studied and proposed. These can be divided 

into those affecting either the supply or consumption side of the food systems. 

Supply side measures, such as yield gap closure and spatial reallocation of 

cropland, have direct and relatively well understood effects on the resource use 

and supply response. Food loss reduction in the early phases of the food supply 

chain (FSC) can also be considered to belong to this category. Contrarily, demand 

side measures like diet change and food loss and waste reduction towards the end 

of the supply chain affect production and its impacts in an indirect way. Depend-

ing on trade structures, the effects on resources and environment may occur al-

most anywhere the food in question is produced.   

Diet change 

As noted above, what we eat can have a profound effect on water consumption for 

food production. In this dissertation, I use the term “food water use” to denote 

this production-side water consumption. A commonly suggested diet-related 

measure to improve food security and save resources is to reduce the amount of 

animal products consumed and replace them with plant-based alternatives with 

similar nutritional value (Aleksandrowicz et al., 2016). The reasoning is obvious: 

reduce the foodstuffs with the greatest water consumption relative to the role in 

nutrition, replace with something more water-efficient.  

How much water can be saved, then, by going from one diet to another? At the 

simplest, the human diet can be approximated as a quantity of dietary energy. 
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This approach leaves out any concept of a healthy diet, but it allows combining 

estimates of water use in both plant and animal-based food production; livestock 

is seen as an inefficient source of energy that converts plant kilocalories into ani-

mal kilocalories (Gerten et al., 2011). The water use itself can be approximated by 

modelled or measured evapotranspiration from typical cropland area.  

As the different food items serve quite different purposes, methods considering 

the actual diet composition rather than just kilocalories give a much better view 

of what actually changes in the food supply. The water footprint of the current diet 

can be compared with the water footprint of a specific model diet (Baroni et al., 

2006; Blas et al., 2019; Marlow et al., 2009; Renault and Wallender, 2000), with 

the quantity of animal products reduced from the current average, or even adopt-

ing a completely vegan diet. The savings potential of water and other resources 

that could be achieved depends, in part, on how heavily the current diet relies on 

animal-based foodstuffs, especially meat (see Figure 2). It is easy to see that the 

potential is far smaller in Asia and Africa than in most of the other parts of the 

World due to the lower current livestock content in diets – although the consump-

tion of animal products especially in Asia is growing fast (Allievi et al., 2015), 

likely increasing the relevance of diet change to reduce food water use there, too. 

 

 
Figure 2: Animal based protein in the human diet. Reproduced from Publication I. 

 

One global diet designed for overall resource efficiency would certainly not be 

met with unanimous enthusiasm around the world, as evidenced by the mixed 

reception of the sustainable diet suggested by the EAT-Lancet analysis (2019). In-

itial reactions in blog posts vary from concerns about nutrition (Harcombe, 2019) 

and disuse of resources (Clay, 2019) to accusations of a non-scientific approach 

(Teicholz, 2019). Concerns about the EAT-Lancet diet’s effects on the global food 
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system have already been raised in peer-reviewed literature (Hemler and Hu, 

2019).  

Ways exist to implement diet change acknowledging local differences in the cur-

rent food supply. A simple method is to keep the current diet otherwise intact, but 

replace animal products partly or completely with suitable protein-rich crops. 

This is the approach used in Publication IV. However, this is not sufficient if we 

want to simultaneously improve the nutritional quality of the diet.  

Regionally or nationally focused studies (e.g. Vanham et al., 2018) can take a 

much more detailed approach by employing food based dietary guidelines 

(FBDGs), a number of which are listed by FAO (2018b). These divide food items 

into groups, from which the diet can be composed using accompanying recom-

mendations regarding portion sizes and usage frequencies. With sufficient expert 

resources, multiple requirements ranging from availability and economics of dif-

ferent foodstuffs to health benefits and cultural desires can be applied to national 

FBDGs. Designing new FBDGs is laborious and requires extensive knowledge 

about local food supply and consumption practices. To overcome this, an optimi-

sation-based approach parameterising the animal protein content in human diets 

was developed and used in Publications I, II and III.  It uses optimisation to find 

a diet as close as possible to the current while following a dietary recommendation 

(see Section 2.1).  

Food loss and waste reduction 

An obvious way to reduce resource use and increase food supply is to utilise the 

food that is produced as completely as possible. Lost or wasted food has consumed 

resources in production but does not fulfil any nutritional needs. The term food 

loss represents the foodstuffs spoiled or otherwise lost across the early phases of 

the FSC (Parfitt et al., 2010): agricultural production, postharvest operations such 

as transport and storage as well as food processing. Food waste is the term used 

for the losses occurring in the last two phases: distribution and finally at the con-

sumer’s household. For brevity, where food loss and waste are discussed across 

the whole supply chain, the term loss is used alone to denote both. 

Rates at which agricultural products and food are lost and wasted vary across 

the world. Typically, agricultural practices and methods in industrialised coun-

tries help avoid losses at the early stages of the FSC. In the developing world, fewer 

economic resources are available for investments, compounded with often chal-

lenging environmental conditions, leading to higher early losses. At the other end 

of the chain, the roles switch: economic disadvantage encourages efficient use of 

food supply at a household level, whereas abundance of money and food allow 

people to be more selective such that smaller defects lead to wastage. As Parfitt et 

al. (2010) put it, in traditional subsistence systems “a high proportion of [fresh 

fruits and vegetables] are consumed because every quality finds a ready consumer 

within the locality.” Fruits and vegetables are the food items most vulnerable to 

loss and waste (Gustavsson et al., 2011).  

Addressing losses and waste at any food supply chain phase can reduce the 

amount of primary production required to match food demand, thus saving agri-

cultural resources. In terms of water, the focus of this thesis, 24% of the resource 

is lost across the supply chain of crop products, according to Kummu et al. (2012). 
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Their analysis suggests that if best practices among world regions could be suc-

cessfully implemented everywhere, up to 44% of these losses could be avoided. 

The methodology of this study was further developed in Publication II to cover 

livestock-based foods and to study the potential interaction between food loss re-

duction and diet change (see Section 2.2). 

Spatial reallocation of cropland 

Which crops are produced in different parts of the world depends on a variety of 

reasons. Obviously, not all crops can be grown everywhere; their efficient produc-

tion is limited by zones defined by agro-climatic, soil  and terrain conditions 

(Fischer et al., 2016). Nevertheless, resource efficiency is not the only factor lead-

ing to the current cropland allocation. It also depends on economic factors, such 

as the availability of workforce and level of mechanisation, and the local demand 

structure, which stems from customary diets and policy choices such as national 

food security, emergency supplies, employment etc. In fact, it has been shown that 

total production could be increased by 30% by allocating the available cropland 

more efficiently  (Mauser et al., 2015). Another study by Davis et al. (2017) com-

bines an increase in food supply and savings in food water use, feeding an addi-

tional 825 million people and reducing blue water use by 12% and green water 

consumption by 14%. 

Spatial cropland reallocation is one of the important dynamic factors studied in 

Publication IV. Changes in the demand of crop and livestock-based foods must 

be backed by changes in agricultural production, and the eventual resource use 

depends on where the increases and decreases of each specific crop occur. Linear 

programming is used to find the best allocation determined by the production-

consumption model that takes into account both direct human use of crops as well 

as the indirect use through the livestock sector (see Section 2.3). 

Yield gap closure 

Agricultural development, especially the “Green Revolution” (Evenson and Gol-

lin, 2003), has greatly increased the yield of several important food crops. Still, a 

large percentage of cropland performs at a much lower than optimal level (van 

Ittersum et al., 2013) and improvements in nutrient and water management could 

increase yields by up to 70% (Mueller et al., 2012). This yield gap closure, or nar-

rowing of the gap between actual and attainable yields, was studied in combina-

tion with diet change and food loss reduction in Publication III. 

Other water-saving measures 

Wada (2014) has presented a “wedge” approach to mitigate water stress. There, 

six largely independent strategies, or wedges, are defined that either increase wa-

ter supply or limit its consumption. Two of the wedges, agricultural water produc-

tivity and irrigation efficiency improvements are covered above, and have been 

considered in the methodology of this thesis.  

The remaining four wedges are not within the scope of this thesis, which con-

centrates on food water use. Two of them concern controlling water demand: im-

provements in domestic and industrial water use intensity, and limiting human 
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population growth. The last two wedges target water supply, increasing water 

storage in reservoirs and desalination of seawater. 

Additional irrigation could increase crop production by up to 37% when meas-

ured in dietary energy (Rosa et al., 2018). Only using currently available sustain-

able water resources, the potential increase in production is still 24%. Water 

stress (high use of available water) requires allocation between water users and 

use sectors (Munia et al., 2016). Any measures relieving water stress may, if 

deemed necessary, make room for additional food production by allowing in-

creased allocations to irrigation as long as other necessary resources are available.  

1.3 Research gaps and questions 

Based on the arguments above, evaluation of strategies to reduce water use and 

its impacts requires an integrated analysis consisting of three main steps: Defin-

ing a diet change mechanism, Food supply chain modelling and Evaluation of wa-

ter use and impacts (Figure 3). Within each of these steps, this thesis has exam-

ined a number of key questions described here. 

 

 
Figure 3: Main analysis steps of diet change effects on water use 

 

 

Diet change mechanism 

Predetermined model diets (Baroni et al., 2006; Marlow et al., 2009; Renault and 

Wallender, 2000) and food based dietary guidelines (FAO, 2018b) both have their 

strengths and weaknesses. Model diets are simple, and in a global context one 

average diet is all that is required. Using multiple model diets spatially quickly 

becomes difficult. FBDGs can accommodate specific requirements like those set 

by food availability, culture and economics. Their challenge is that the guidelines 

by different countries are created using different food item categorisations and 

many dietary recommendations are unique to specific nations, complicating pa-

rameterisation for different levels of diet change. Also, where an FBDG does not 

exist, putting one together requires extensive country-specific knowledge. A com-

promise solution was needed. Publication I aims to answer the Research Question 

1 (RQ1): how can we determine global diet change goals in a parame-

terised way?  

Food supply chain modelling 

Diet change, moving away from animal products towards plant-based alterna-

tives, aims to reduce resource use and increase food security. Alone, it is not suf-

1. Defining a 
diet change 
mechanism

2. Food 
supply chain 

modelling

3. Evaluation 
of water use 
and impacts
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ficient to enable the required increase of 50-70% in food supply (FAO, 2017; Til-

man et al., 2011) that is needed to support the expected needs of the humanity in 

year 2050 (see Section 2.1, results of Publication I). Reducing food loss and waste 

serves the same goal by decreasing the amount of production required to fulfil 

food demand. Combining the strategies is complicated by the fact that changes in 

one element may affect others in non-trivial ways. An intentional oversimplifica-

tion illustrates a very strong case of dependence: If we first reduce water use by, 

for example, 52% by removing the animal products from the diet (Renault and 

Wallender, 2000), then trying to reduce losses from animal products is pointless. 

More subtly, existing data showed differences in food loss and waste percentages 

between food groups (Gustavsson et al., 2011), with lower average losses for meat 

(17%) than for plant-based foods (with fruits and vegetables at 39%). We hypoth-

esised that switching away from meat would increase losses, increasing the bene-

fits of loss reduction. The overarching research question for Publication II is: To 

what extent are water savings from diet change and food loss reduc-

tion interconnected (RQ2)? 

Evaluation of water use and its impacts 

Global food systems involve a number of dynamics between crop production and 

human food consumption, making certain combinations of products synergistic. 

As seen above, water-saving strategies may target one or multiple elements in the 

food systems, and numerous studies have presented results concerning their ef-

fect on the total food water use. The combined effects of multiple strategies ap-

plied together are less well known. Publication III aims to characterise what is 

the national-level combined potential of diet change, food loss reduc-

tion and yield gap closure in increasing human food supply (RQ3)? 

Publications I-III use the WFN water footprint analysis method to assess the 

consumption-based water use of different diets and the potential water savings 

from food loss reduction without having to model the whole production chains. 

The large production changes required to achieve meaningful savings prompted 

the question investigated by Publication IV: should food water use be as-

sessed through production modelling instead of static consumption-

based footprints (RQ4)? 

Interpretations of food system modelling choices 

Assessment of changes to the food system is fundamentally dependent on the 

methods used. In addition to the research questions answered by the Publications 

I-IV, in Section 4.4 of this thesis I therefore discuss how food system modelling 

depends on the modellers’ decisions, often affected by their personal judgment 

and, potentially, background. I use the framework offered by the Cultural Theory, 

briefly introduced in Section 4.3, as a simple categorisation of worldviews to illus-

trate how different values affect modelling outcomes.
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2 Data and methods 

In this section I present the main methods used and developed in this thesis, to-

gether with the data employed. Figure 4 illustrates the expanding scope of the 

publications, as additional aspects of food systems and methodologies to address 

their water use were introduced. While in terms of scope, Publication IV covers 

the diet change and loss reduction strategies explored by the earlier publications, 

the methods and data used are different. This is due to the methodological im-

provements specifically sought after (see above in Section 1.3), and the incom-

mensurability of the data when going from country and region level analysis to 

spatial modelling. In Table 1, the methods specifically developed or extensively 

adapted for this thesis are presented with their main data sources. Publication III 

additionally employed methods and data not in the scope of this thesis, contrib-

uted by the other authors.  

 

 
Figure 4: Scope of the publications included in this thesis  
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Table 1: Methods and main data sources overview  

Model 

element 

 

Ap- 

proach  

used in  

publications 

Diet change  

 

 

Food system 

modelling 

Food water use as-

sessment 

 

Publication I Minimise change 

from current diet 

Diet data: FAO FBS1 

 

Consumption-side 

analysis, differen-

tiating local and 

imported produc-

tion – change in 

production is not 

explicitly modelled 

Water Footprint  

Analysis 

Data: Water Foot-

prints (Mekonnen and 

Hoekstra, 2010a, 

2010b) 

 

 Publication II Sequential loss 

calculation 

adapted from 

Kummu et al. 

(2012)  

Loss data: Gus-

tavsson et al. 

(2011) 

 

Publication III 

Publication IV Replace combined 

livestock-based food 

with pulses and soy-

beans 

Diet data: FAO FBS 

Land use alloca-

tion using spatial 

optimisation of 

cropland use to 

fulfil demand by 

humans and live-

stock 

Cropland data: 

Portmann et al. 

(2010) 

Crop properties:  

LPJmL2 

Loss data: Gus-

tavsson et al. 

(2011) 

Optimised land use 

Crop evapotranspira-

tion (LPJmL) 

Irrigation water ab-

straction (LPJmL) 

 

                                                           
1 Food Balance Sheets (FBS) and Commodity Balance Sheets (CBS) in FAOSTAT 
are currently available at http://www.fao.org/faostat/en/#data/ (FAO, 2019) 
 
2 Lund, Potsdam, Jena managed Land model (Bondeau et al., 2007) 
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2.1 Diet change 

The novel method developed in Publication I for defining diet change scenarios 

(see Figure 5) uses optimisation to address three requirements by i) parameter-

ising reduction of livestock products in diets at country level to allow comparison 

between different levels of animal protein, and ii) incorporating adjustments to 

national diets to follow a dietary recommendation (WHO, 2003), while iii) mini-

mising the changes from the original diets.  

For modelling purposes, national, regional and global average diets are better 

described by calculating average consumption of food picked from a number of 

food item groups rather than a fixed collection of specific food items. This allows 

changes in the diet by shifting consumption between the groups instead of replac-

ing one food item at a time with another.  

The diets are expressed in terms of 13 food item groups, each with protein, fat 

and dietary energy content derived from the FAO Food Balance Sheets (FBS). Op-

timisation is used to adjust the amount of each food item group in the diet.  

The livestock reduction and dietary recommendation requirements are imple-

mented together by first replacing the required percentage of livestock products 

with a mix of oilseeds and roots, and then building a set of optimisation con-

straints on nutritional content, amount of fruit and vegetables and restrictions on 

specific foodstuffs according to scenarios (for the actual constraints, see Publica-

tion I, Table 2). The changes from original diets are minimised by quadratic pro-

gramming, using the sum of squares of the national differences from the current 

diet as the objective function, and optimising subject to these constraints.  

 

Diet change optimisation (Publication I)

Data Supply-demand model Primary output Results

Diet representation

New diets 

closest to 

original, 

subject to 

constraints

Quadratic 

optimisation 

Food water 

footprints

Diet 

composition

Dietary 

recommen-

dations

National, 

regional and 

global food 

consumption 

water 

footprints

Food group 

categorisation

Recommendation-

based constraints

Diet change 

constraints

 
Figure 5: Diet change optimisation method developed for Publication I, used also in Pub-
lications II and III 
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The same diet change optimisation method was used to analyse diet change ef-

fects in Publication II combined with food loss analysis. In Publication III, this 

combination was further combined with yield gap closure to assess the global food 

supply potential to meet the food demand projections for the year 2050. 

An alternative, somewhat simpler diet change method was used in Publication 

IV to better detect the effects of livestock replacement on water use, without ad-

ditional influences imposed by the dietary guidelines. The method was adapted 

from Vanham et al. (2013), who used it to determine reduced-livestock food based 

dietary guidelines. Livestock products are replaced by a combination of pulses and 

soy with similar dietary energy and protein content. An exact match in both pa-

rameters is not typically possible, and in this study, preserving protein was prior-

itised. As feed data was only available as an aggregate across all livestock species, 

the ratio between different livestock products is kept constant to avoid changes in 

feed composition and conversion efficiency. 

2.2 Food system modelling: Supply chain losses 

Publication II adapted the FSC loss and waste modelling approach from previous 

work by Kummu et al. (2012). It applies loss ratios of different FSC phases re-

ported by Gustavsson et al. (2011) sequentially to the part of crop production 

(FAO FBS) directed towards human food consumption. The method was substan-

tially improved by adding livestock-based food groups to the analysis and extend-

ing the water footprint computations to include green water (see Figure 1). Fur-

thermore, two adjustments were made to the loss calculations. Processing losses 
3 are applied to processed foods (e.g. bread) instead of primary commodities (e.g. 

flour). This was necessary because not all processing outputs are food products, 

like the press cake from oilseeds which is used predominantly as feed. Postharvest 

loss 4 modelling was also changed. The original choice of assigning these losses to 

producing countries was based on the assumption that much of the postharvest 

losses occur already at the farm level, which appeared to be well-justified (Af-

fognon et al., 2015). In the FAO FBS methodology, however, the waste element is 

considered a part of the consumption accounts covered by domestic food supply. 

Therefore, in the new model the postharvest losses were assigned to consuming 

countries instead of producing countries, consistent with a consumer-oriented 

footprint analysis. The FBS waste element is used interchangeably in the model 

with postharvest losses as the former is not available for all countries. 

Publication II applies scenarios for reduced losses across the supply chain. The 

results are then also used in Publication III. Aalto OptoFood adjusts demand to 

take into account changes in supply chain losses using a similar process, but Pub-

lication IV does not apply loss reduction scenarios.  

 

                                                           
3 Losses due to spillage and degradation in either industrial or domestic food 
processing (Gustavsson et al., 2011) 
4 Losses occurring during handling, storage and transportation between farm 
and distribution (Gustavsson et al., 2011) 
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2.3 Food system modelling: Land use allocation with feed de-
mand modelling 

In Publications I-III, a consumer perspective is used – the effect on production is 

not directly modelled. Instead, the analysis uses predetermined product water 

footprints (see next section, 2.4). This assumes that changes in demand merely 

lead to scaling up or down of the current mix of production systems, with a con-

stant efficiency, productivity and impact per unit of production. 

Tracking the actual source of all food consumed in a country is a complex task 

(Kastner et al., 2011), and changes in food consumption induce changes in trade 

patterns. The analyses in these publications do still, however, differentiate be-

tween domestic production and imports.  

In contrast Publication IV develops a model of the food system, named Aalto 

OptoFood, to optimally allocate land and water resources to production globally 

in order to match human food demand. Changes in production resource efficiency 

can then be assessed spatially, as described below in food water use analysis (see 

Section 2.4).  

 

Modelling approach (Publication IV)
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Figure 6: Integrated food system modelling approach with Aalto OptoFood  

The core of Aalto OptoFood is a linear programming model. For a given objective 

function, it optimises a set of decision variables: cropland use for each of 14 crop 
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functional types (CFTs) at 0.5-degree grid level, and regional production of six 

livestock-based food items.  

The optimisation is subject to a number of constraints (see Table S4 in Supple-

mentary Information of Publication IV for details). The main assumptions affect-

ing the results set forth by the optimisation constraints are the following:  

i) No expansion: Cropland, irrigated area and irrigation water use are 

limited to their current amounts 

ii) Landuse ‘stickiness’: Production can only be moved for crops with 

changing demand. If production of a crop increases, all existing pro-

duction must also be preserved along with the additional land, and if it 

decreases, land can only be removed and no new areas can be used for 

its production 

iii) Livestock stickiness: Livestock production is not allowed to increase in 

any region, as all scenarios call for decreasing total demand 

iv) Demand constraints: Demand must be met by production. Extrinsi-

cally set human food demand and intrinsically required livestock feed 

must be supplied for by crop and roughage production 

2.4 Food water use analysis 

Publications I-III use Water Footprint Network product water footprints (Me-

konnen and Hoekstra, 2010a, 2010b) to estimate water consumption as virtual 

water embedded in the human food supply. Here, water consumption is presented 

as the sum of blue and green water (see Figure 1). Grey water, being the water 

needed to dilute contaminants or salts to acceptable levels, is omitted. This is be-

cause the water may still be usable for other purposes, and secondly, other 

measures to control pollution exist, like buffer zones (Parkyn, 2004). Thus, while 

changes in freshwater quality are an important impact of food production, this 

can be addressed at least partly without changing which food items are produced. 

The diet change and food system modelling differentiated demand by food 

group, country, and by whether it was produced domestically or imported. Water 

footprints for each country were therefore averaged across the current composi-

tion of the food groups used to represent the diet (see 2.1). Because the water foot-

prints of food items vary between production areas, an identical diet in different 

parts of the world may have a different water footprint. The average water foot-

print of the exported food is calculated as the total blue and green water footprints 

of the products in the exporting countries, divided by total mass of the food. 

Publications I and II also estimate changes in Green-Blue Water Scarcity. 

Green-Blue Water Scarcity measures water availability compared to the water 

needed to produce the energy in a reference diet (Gerten et al., 2011). Reduced 

water requirements are calculated by scaling down water use. Estimates of local 

impacts of production on water are not possible because changes in production 

are not explicitly modelled. 

Publication IV differs from the preceding publications in that it determines food 

water use from grid-level crop evapotranspiration data and optimised land use. 

In LPJmL-generated input data from an “all crops” run (Bondeau et al., 2007), 



Data and methods 
 

 

27 

evapotranspiration is available for all cells where each crop can grow, allowing 

water use estimates also when land use is altered so that some areas are converted 

to crops not grown there previously. 

Explicit representation of production also allows broader consideration of im-

pacts of water use. The Aalto OptoFood model allows any given objective to be 

used for land use allocation. Publication IV applies the following objectives: Mi-

nET (minimising the global sum of evapotranspiration), MinStress (minimise av-

erage stress among hydrological basins) and MinDiff (minimise sum of absolute 

differences from natural vegetation evapotranspiration). Additionally, when us-

ing MinET, part of grassland can be set aside as rangeland. This sets the evapo-

transpiration of grass in affected cells to zero for the optimisation runs. When 

used, this option implies that crop (or grass) evapotranspiration is to be consid-

ered a food production resource instead of a measure of human appropriation of 

green water. These objectives correspond to different perspectives on impacts of 

water use (see Section 4).
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3 Findings 

Consistent with the research questions in 1.3, this thesis provided findings on both 

methodological issues and impact of diet change on water use. 

3.1 Diet change mechanism 

RQ1: How can we determine global diet change goals in a parameterised way? 

 

The novel diet change mechanism developed for Publication I was designed to 

allow parameterisation of the human diet in terms of livestock-based food con-

tent. It allows analysing the water-saving potential of country-level diet change 

scenarios without forcing one model diet globally. The five scenarios presented 

were characterised by a cap on the animal-based protein and, separately, meat 

protein in the human diets. Parameterisation of the model using optimisation 

constraints allows detailed, easily extensible control over the constituents of the 

resulting diets. 

The diet change mechanism proved sufficient for a consumption side analysis, 

and a good basis for the combined modelling of diet change and food loss reduc-

tion in Publication II. A challenge, acknowledged in the discussion of Publication 

I, was the reduction of protein and fat in the global food supply and many of the 

national diets. Applying a single dietary recommendation (WHO, 2003) that ac-

commodates person-to-person variation to nations may in some cases lead to 

changes that would be impractical, because the safe limits of population-level var-

iation are smaller. This does suggest that improvements should be developed that 

allow novel ways to analyse changes in the diet than straightforward replacement 

of food groups with predetermined alternatives, such that tighter constraints on 

population level nutrition would be feasible without extreme shifts in food group 

ratios. 

Publication IV takes a production side perspective to diet change. The emphasis 

is on the reorganisation of cropland use as a result to changing demand. This led 

to adoption of a simple animal protein replacement with pulses and soy, such that 

the water use and land allocation results are easily interpreted as a function of a 

single diet change level parameter acting on the demand side.  
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3.2 Food supply chain modelling 

RQ2: To what extent are water savings from diet change and food loss reduction 

interconnected? 

 

Publication II successfully demonstrated that there can be a further dependence 

between the food water use reduction potentials of diet change and food loss and 

waste reduction than the expected multiplicative effects of chained reductions. 

The practical effect of this specific dependency is relatively small with the method 

and data used, yielding results close to the simple multiplicative effects. 

 

 
Figure 7: Summary of the findings of Publication II, comparing water use for multiple 
scenarios: original diet (OD), recommended diet with a cap of 25% livestock based pro-
tein (RD_A25), a food loss reduction scenario halving losses at all stages (HalfLoss), and 
a combined scenario (RD_A25_HalfLoss). Reproduced from Publication II. 

 Global blue water footprint reduction was 0.7% larger (green WFP reduction 

0.6% larger) for combined diet change and food loss reduction scenarios than 

with the scenarios applied separately (see Figure 7). Regionally, the greatest dif-

ference in total water footprint (blue+green) reduction between combined and 

separate scenarios was up to 2.9 percentage points (pp) in North America and 

Oceania. At national level, the maximum difference was found to be -5 pp in green 

water and -8 pp in blue water (Guinea-Bissau). While small, the result is intuitive: 

when foodstuffs with low loss rates (e.g. meat, with global FSC losses of 17%) are 

replaced with ones with higher loss rates (plant-based foods, highest losses being 

with fruits and vegetables at 39%), reducing the losses generates greater savings. 

3.3 Impacts of the measures – less water, more food 

RQ3: What is the national-level combined potential of diet change, food loss re-

duction and yield gap closure in increasing human food supply? 
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In agreement with an extensive body of research using different methodologies, 

diet change was found to be an effective way to reduce the water footprint of hu-

man food consumption, according to the optimisation-based algorithm presented 

in Publication I. Converted to additional food supply, the water saved globally 

could theoretically be used to produce and supply food for 1.8 billion people. 

Yet the new and more interesting result was the unevenness of the water foot-

print reduction due to differences in the current diet composition and sufficiency 

as well as the water footprints of the locally produced food. In Figure 8, increas-

ing blue water footprints by country are presented as “bubbles” to the right of the 

vertical axis, and increasing green water footprints are above the horizontal axis. 

Of the 176 countries studied, 74 had a caloric deficiency, leading to increases in 

water footprint when switching to a diet following the WHO recommendation. 

Also, even in some countries where the algorithm led to reduction of dietary en-

ergy, at least some of the water footprints unexpectedly increased. In Finland, for 

example, the diet change towards plant-based foods led to an increase in the blue 

water footprint in all scenarios.  This effect was tracked to the Finnish livestock 

production using predominantly rainfed feed supplies, but the replacing protein 

crops being partly sourced from the global import pool utilising irrigated 

cropland.  

While lower than the maximum water saving potential of diet change, the effect 

of reducing food loss and waste is still substantial. The improved loss and waste 

model presented in Publication II that included livestock-based foodstuffs and 

green water footprint analysis showed that roughly 12% reduction in food water 

use can be attained by halving the loss and waste. This very closely matches the 

prior study by Kummu et al. (2012) that only analysed the blue water footprint of 

the crop-based part of the human diets. Furthermore, the water savings were very 

similar between a “best practices” MinLoss scenario, choosing the lowest loss fac-

tor for each World region and food group, and the HalfLoss scenario in which the 

loss at each phase was simply halved. This emphasises the intuitive robustness of 

the loss reduction strategy – differences in loss factors of different food groups 

and food supply chain phases even out. Reducing food losses by weight over the 

entire diet reduces food water use in roughly the same ratio. This is further sup-

ported by the synergy between diet change and loss reduction discussed above in 

Section 3.2. 

While Publication III evaluated water savings to estimate the effects of diet 

change and loss reduction, the main results were presented in the form of poten-

tial to increase food supply by combining these strategies with yield gap closure. 

Although the methodology used to combine the effects of the different strategies 

was decidedly simple, the results build confidence that the human population in 

2050 will be able to feed itself. At global scale, assuming trade could level out dif-

ferences in food self-sufficiency, moderate to high level of implementation of 

these strategies were found to enable 111-223% increases in global food supply. 

The differences in food supply boosting potential between areas are highly varia-

ble, though, which means that the role of trade is crucial. At the country level, over 

320% increases in food supply against projected population were observed on all 
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inhabited continents. But, alarmingly, with current trade levels even the high im-

plementation levels of the supply-increasing strategies leaves most of Sub-Sa-

haran Africa far below self-sufficiency in the year 2100. Moderate implementation 

will fall short of this goal already by 2050.  

 

 
Figure 8: Effects of diet change on water footprints. Location of the bubbles represent 
water footprint changes when country level diets are adjusted from the Original Diet 
(OD) to the Recommended Diet (RD) scenarios following the WHO dietary recommenda-
tion. (B). Water footprint changes from RD to A25, setting a cap of 25% on livestock-
based protein in the human diets. (C). Water footprint changes from RD to A0, where 
livestock-based protein is removed. Size of each bubble represents the population of the 
countries depicted (see legend). For further description of the scenarios, refer to Publi-
cation I, Table 2. Reproduced from Publication I 

 

A number of key areas were identified to improve future analysis of combined 

scenarios, divided into three categories: core, supportive and linking develop-

ments (see Figure 9).  

The core developments list five central elements needed to fill the knowledge 

gaps in quantitative modelling of the food system. CA1 (core action 1), fully inte-

grated food system modelling, enables recognising feedbacks between measures 

applied to different parts of the system. CA2, climate change integration, is crucial 
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both due to the inherent connection between the global food production and 

greenhouse gas emissions as well as the inertia in changing the global food sys-

tem; the time scale of changes may make the required increase in food supply a 

moving target. CA3, consistent scenarios, emphasises the importance of making 

the results of studies commensurate. CA4, inclusion of non-agricultural food 

sources, e.g. fish, aims to complete the picture of human diets. This is becoming 

even more crucial as aquaculture is becoming the dominant source of seafood and 

an increasing share of the inputs are derived from agricultural products (Gephart 

et al., 2017). Finally, CA5, filling in the value chain gaps, is required to complete 

understanding of the interactions between different elements of the food supply 

chain and agricultural sector. Concentrating on one element at a time may make 

material flows that are inputs to other important elements look like losses. 

 

 

Figure 9: Methodological improvements suggested to obtain a more reliable under-
standing of the combined potential at country-scale to sustainably secure food supply, 
divided into three categories: core actions (CA1-CA5), supportive actions (SA1–SA4) and 
linking actions (LA1–LA4). The main linkages of these actions are shown as dashed lines. 
Reproduced from Publication III. 

The supportive developments identify important context to understand the food 

supply potential and to model future scenarios. The linking developments, in 
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turn, identify issues requiring further knowledge and connections with other dis-

ciplines.  These areas for improvement were, in part, a motivation for the Aalto 

OptoFood model presented in Publication IV.  

3.4 Linking demand and supply – where does consumption mat-
ter? 

RQ4: Should food water use be assessed through production modelling instead 

of static consumption-based footprints? 

 

 
Figure 10: Change in land use from current diets to 20% reduced livestock using the ob-
jectives A) minimum evapotranspiration, and B) minimum difference from natural evap-
otranspiration. The land use change due to water stress minimisation is not shown, as 
the land use is not sensitive to rainfed agriculture, leaving the cropland use in low-stress 
areas random. Reproduced from the Supplementary Information of Publication IV. 

Modelling food production using Aalto OptoFood and its three optimisation ob-

jectives allows a wider look into food water use and its impacts than demand-side 

water footprint analysis. Reallocating global cropland at increasing diet change 

levels shows a pronounced effect with all objectives (see Figure 10). In each case, 
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the effect is strongest in the initial phases of the shift away from livestock prod-

ucts. This suggests that while livestock production is consuming a large amount 

of water, causing considerable amount of water stress and changing the hydrolog-

ical cycle with changes to evapotranspiration, relieving these issues is possible al-

ready with a moderate reduction of livestock-based food in our diets. Depending 

on the percentage of grassland that is non-arable rangeland, food security may 

benefit from some livestock production rather than leaving rangelands unused 

and replacing lost protein supply by crops. Assuming grassland on 75% of the grid 

cells is non-arable, up to 19% of the protein in the average global diet could be 

livestock-based products without compromising food security by inefficiently us-

ing water resources that could be better utilised by protein crops. Lower range-

land estimates push that efficient livestock protein percentage down. Still, assum-

ing land use changes could be optimised, in all scenarios a majority of evapotran-

spiration reduction achievable by diet change can be obtained by cutting the live-

stock percentage in our diets from 34% down to 28%. Similarly, a comparable 

reduction in livestock percentage achieves most of the reduction in both water 

stress and deviation from natural ET – although with a very different land use 

allocation, illustrated by Figure 10.  

Water footprints do take spatial variation into account but they are typically de-

termined for current production only, instead of all potential food producing ar-

eas within the current agricultural land use extent or outside it. The amount of 

protein-rich crops to replace livestock products is large: 129% more pulses and 

39% more soybeans need to be produced if all meat, milk and eggs are to be re-

moved from human diets. This suggests that it is, indeed, better to model food 

water use through production modelling than using consumption-based water 

footprints.  
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4 Discussion 

Food security and agricultural sustainability studies typically focus on reduction 

of meat and other animal products, sometimes abandoning them altogether, ra-

ther than on finding whether they provide a positive contribution to resource use 

or other measures of sustainability. Still, several relatively recent studies suggest 

that in some circumstances, some of the most inefficient food systems like grazing 

ruminant livestock can supply some food virtually for ‘free or using “leftover” re-

sources’ (Davis and D’Odorico, 2015; Godfray et al., 2010; Röös et al., 2016). Ob-

viously, what “free” means depends on the definition of cost. In this thesis, I ex-

amine the cost mostly in terms of water consumption, and to some extent land 

use. The overarching theme is using water efficiently to match a predetermined 

food supply goal and avoid the unsustainable use of resources. In order to priori-

tise this objective, additional benefits that arise from the approaches explored are 

not made the subject of extensive enquiry. Even within this limited scope, water 

use efficiency and sustainability can still be seen from several perspectives.  

The key findings presented in the previous section are well aligned with previous 

research, but extend it with important new knowledge. In this discussion, I first 

compare the new scientific findings with existing research in the field of the three 

overarching themes of the thesis: diet change, food system modelling and food 

water use analysis.  I also identify the key dynamics in the global food systems 

that fundamentally affect the value of livestock. To illustrate why food production 

and consumption are controversial not only among consumers, policymakers and 

other stakeholders but also among researchers, I then take a look at how Cultural 

Theory (Douglas and Wildavsky, 1983) has been used to describe different views 

regarding water resources and discuss how food system modelling decisions can 

be interpreted in that context. 

4.1 Making best use of water in the food systems 

Diet change 

Much emphasis has been put on the water consumption of food production, and 

water footprints (Hoekstra and Hung, 2002) quantifying the water volume con-

sumed at all phases of producing a specific food item have started to appear in 

consumer marketing messages and stakeholder communication (EU Retail Fo-

rum, 2014). The findings of this thesis point out that not only is it important where 

the water footprints “land” and what the impacts are (Pfister et al., 2017), but also 
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that the effects of consumer actions, such as diet change, have considerable vari-

ation based on where they are applied (see Figure 8).  This result from Publica-

tion I suggests that demand-side measures aiming at modifying the human diets 

may be more effective in reducing water consumption and scarcity if localised in-

stead of relying on recommendations based on global estimates or generalising 

analysis based on data from limited areas (Baroni et al., 2006; Marlow et al., 

2009; Renault and Wallender, 2000). This will require further study, but the diet 

change methodology developed in Publication I should provide a good starting 

point for such research. Although regional studies relying on food based dietary 

guidelines (Vanham et al., 2018, 2013) allow more freedom in defining diets ac-

cording to multiple goals such as required in national dietary recommendations 

(FAO, 2018b), algorithmic diet scenarios like those presented in Publication I can 

easily be extended to multiple scenarios in a large number of study areas.  

Food system modelling and issues with food water use analysis 

While useful in assessing the food water use effects of changes occurring purely 

on the demand-side, the use of WFN water footprint analysis in Publications I-

III brought up a number of problems with the indicator itself, and potentially with 

other water footprints as well. Some of this criticism has been presented by others 

(see Section 1.1).  

First, pre-calculated product water footprints only represent the status of the 

production systems at the time of the analysis (Yang et al., 2013). In such a case, 

the food system model is at least partly embedded into the indicators themselves. 

For example, the WFN analysis (Hoekstra et al., 2011) allocates the water use over 

different product fractions (see Section 4.2 for discussion regarding food and 

feed) according to market values and yields of those fractions at a certain place 

and time. As many of the measures to improve food supply or reduce resource use 

specifically target some of these variables, for successful modelling of large 

changes in the systems they need to be disentangled from each other. In practice, 

this requires that water use is modelled as a part of food system modelling, not as 

a separate task aiming to make specific water use an intrinsic property of each 

food item.   

Second, volumetric water footprints only attempt to represent consumptive wa-

ter use (including evaporation and water incorporated into products). This is 

mainly useful if our attention is focused on total water consumption, such as if 

water is considered a universally useful natural capital (Hoekstra, 2009). A major 

drawback of this view, specifically targeted by impact-oriented water footprints 

(ISO, 2014; Ridoutt and Pfister, 2013), is that the value of water in human use is 

highly dependent on location and availability of other resources. However, if our 

concern is large-scale change from the natural state, such as feedback between 

evapotranspiration and precipitation, neither the water volumes nor local scarcity 

or degradation impacts alone can be used. Spatial distribution of cropland, natu-

ral vegetation and other land covers determines where and how much evapotran-

spiration occurs. While actual determination of how this in turn affects precipita-

tion and thus water availability would require integration with climate analysis, 

the differences between results using alternative Aalto OptoFood optimisation ob-

jectives clearly show that modifying the food systems in order to reach different 
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goals can lead to very different outcomes (see Figure 11 A, D and G, and Figure 

10). None of these can be captured by product-based indicators that attribute 

changes only to the food demand, as the behaviour is strongly driven by changes 

in spatial distribution of production and across different elements of the food sup-

ply network. 

 
Figure 11: Optimisation objective globally and spatially with alternative objective func-
tions: (A-C) minimizing evapotranspiration, MinET, (D-F) minimising average water 
stress, MinStress, and (G-I) deviation from natural evapotranspiration, MinDiff. Average 
watewater stress corresponds to the percentage of evaporative water consumption for 
irrigated agriculture relative to availability, averaged across all basins. Water stress is not 
sensitive to changes in rainfed agriculture, and ET and deviation from natural ET are 
therefore not shown for that objective. Reproduced from Publication IV. 
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4.2 Key dynamics influencing how much meat we should eat 

Modelling diet changes in the global food system requires understanding some 

key dynamics between crop and livestock production sectors: the use of crops as 

feed and the land use competition between the sectors. Their combined effect is 

quantified in Publication IV. Here I give a qualitative summary to assist in under-

standing and interpreting food system modelling decisions in Section 4.3. 

Fundamentally, the use of crops and land is a question of allocation. While allo-

cations may be shifted by decisions stemming from economics, regulatory pres-

sure or other reasons, they are at least partly determined by production and re-

source efficiency, as part of a complex system (Nesheim et al., 2015). 

The value chains of various foodstuffs comprising the human diets are very dif-

ferent. Some food items like fruit and vegetables can be tracked across their sup-

ply chain relatively unchanged from field to consumer’s plate. Others, like cereals 

or oilseeds, go through more involved processing steps before becoming food 

ready for consumption. Each step involves losses, and some of the crop or its com-

ponents can be diverted to other uses. The livestock sector shares these properties 

with crop-based food production, but is interlinked with it through the inputs and, 

at least through manure, also through outputs.  

Many crops are typically used both for human food and animal feed, with the 

most important exception of grasses as the main component in the diet of rumi-

nant livestock. A common suggestion to improve food system efficiency and food 

security is to use the food crops directly instead of feeding them to animals (Clark 

and Tilman, 2017; Falkenmark and Lannerstad, 2010; Pimentel and Pimentel, 

2003; and many others). After all, the animals require energy and nutrients for 

purposes that do not directly contribute to edible outputs. Thus, feed conversion 

efficiency, or the rate at which livestock can convert feed inputs into edible out-

puts, makes feeding food crops to animals and then eating the meat, milk and eggs 

inherently less efficient compared with consuming the crops directly (Mekonnen 

and Hoekstra, 2010, Vol 2.). 

The situation is less straightforward if we take a more detailed look into the ac-

tual composition of food and feed flows. First, requirements for food-grade crops 

are more stringent than those for livestock feed (Bitzer and Riddell, 1984; 

Herrman and Kuhl, 1997). Livestock can utilise crops that would be considered of 

low or no value as human food, thus making otherwise potentially lost products 

again valuable elements in the human food supply chain. For example, between 

the years 2005 and 2017, the percentage of yearly wheat production in Finland 

that fulfilled the national food requirements varied from 14 in year 2017 to 77% in  

2011 (LUKE, 2018). According to the same study, for production of oats intended 

as food, the quality requirements were fulfilled by 3 (2010) to 63% (2012) of the 

production. The variation can be assumed greater in Finland than in many other 

countries due to the climate with highly variable weather conditions during the 

growing period, but it serves to point out that not all crop production can be di-

rected to human consumption without further action.  

A second consideration is the intentional co-production of food and feed. Ac-

cording to the FAO Commodity Balance Sheets, less than half of rapeseed produc-



Discussion 
 

41 

tion goes to human food, the rest being diverted to livestock feed. But these frac-

tions are completely different – the food fraction is rapeseed oil, and the feed is 

the press cake remaining after the oil is extracted. Obviously, these products are 

not interchangeable. Economically feasible production of certain crops, oilseeds 

being a typical example, is largely dependent on market demand for multiple com-

ponents – including those not used for human food. 

The interface between food and feed production, however, is not fixed. While 

utilising substandard crops or oilseed press cakes directly as food may be infeasi-

ble or undesirable, those fractions may be useful in other ways than as livestock 

feed. Novel ways to utilise lower qualities or previously unused crop components 

in food processing industry could enable their utilisation directly in the human 

food supply chain, and other uses such as biofuel, bioplastics etc. can compete 

with feed use, changing the economics of the livestock sector. These alternative 

uses are intentionally left outside the scope of this thesis, given that it concen-

trates on actions improving rather than decreasing food security and resource ef-

ficiency of food production specifically, but their role is briefly discussed in Sec-

tion 4.4.  

4.3 Perspectives on water use from Cultural Theory 

The system dynamics described above, along with other choices regarding model 

structure, data and constraints, can significantly affect modelling results and their 

interpretation. Unless these choices are clearly communicated and justified, the 

work may appear biased (Brunson, 1992). Many results and findings relevant to 

environmental policies are often challenged on the basis of real or perceived bi-

ases (Doremus, 2008). In fact, Huesemann (2002) argues that while completely 

unbiased environmental research is impossible, it is useful to recognise and re-

flect on one’s own self-interest as well as  institutional and socio-cultural back-

ground.  

To illustrate how different perspectives to the same underlying issues affect re-

search results, I am using Cultural Theory, or Cultural Theory of risk. It is a con-

ceptual framework originating from the work by Mary Douglas (1970) and later 

formalised by her and Aaron Wildawsky (1983). It argues that social organisation 

strongly affects how people perceive and want to cope with societal dangers, and 

that these survival strategies further strengthen the societal structures. The theory 

assumes a particular classification of worldviews, discussed below, based on high 

and low positions over two dimensions labelled “group” and “grid”. Positioning 

on the group axis reflects the level of collective control by societal groups individ-

uals associate themselves with. The grid axis describes the more fixed societal 

structures that establish status, authority or subordination (see Figure 12).  

One approach to classify different perspectives to resource availability, use and 

environmental risk in terms of the Cultural Theory is presented by Hoekstra 

(2000). He describes a set of four perspectives to valuation of water by drawing 

on Cultural Theory, extending the theory’s four worldviews.  
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Figure 12: The Grid-Group representation of Cultural Theory worldviews, adapted from 
Schwartz and Thompson (1990). The Grid axis represents external restrictions on indi-
viduals’ choices, where a prescribed behaviour has a high score and individually prescrib-
ing behaviour scores low. The Group axis represents the collective aspect of behaviour, 
differing from the Grid by self-assignment instead of prescription. 

 

The individual worldviews are defined in considerable detail by literature. Hoeks-

tra interprets the theory in terms of water resources management by giving the 

worldviews clear-cut stances on a number of field-specific aspects. These 

worldviews are only an example of how differences and incompatibilities in think-

ing about resources, needs and management options can be described in a sys-

tematic way. Cultural Theory has been criticised for confusing societal needs with 

individual’s perception of risk, and for stemming from a limited view to what cul-

ture is, at best describing different American political groups’ views to risk (van 

der Linden, 2016). Nevertheless, together with Hoekstra’s water resources spe-

cific interpretation, it does offer a framework for qualitative discussion regarding 

the importance of taking subjective choices into account in model development 

and use. The precise definition of these perspectives is open to debate, and my 

focus here is to provide some heuristics to help in interpreting approaches to food 

system modelling. The following characterisations are therefore only intended to 

give a superficial overview of the worldviews.  

The low-grid, low-group Individualist worldview is presented by Cultural The-

ory as one that is willing to exploit the system’s abundant resources, fulfil individ-

ual’s needs and manage possible scarcity by market economy. Nature is seen as 

benign, resistant to change. Hoekstra’s interpretation of the Individualist’s per-

spective in the context of water resources emphasises the economic mind-set: al-

location of resources is price-driven (group coordination is not essential), and 

problems are solvable by money and economic growth (there are few constraints 

on action). 
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The low-grid, high-group Egalitarian sees resources as scarce and depleting, 

unmanageable, and expects human needs to be managed socially to achieve sus-

tainability. Nature is considered fragile; any perturbations could lead to sudden 

degradation. Water demand is a manageable desire, and water scarcity is a prob-

lem with excessive demand, to be solved through collective action. 

The Hierarchist worldview characterised by high position on both axes takes 

resources as scarce, but manageable – if demand exceeds supply, they should both 

be managed with regulation. Nature is seen as tolerant to reasonable extent, but 

large perturbations should be avoided. Hoekstra suggests that the Hierarchist 

prefers technological approaches to increasing water supply rather than manages 

the need. The system is amenable to being controlled by a well-managed effort. 

The high-grid, low-group Fatalist takes a passive view to life. Resources cannot 

be managed, their abundance is determined by luck. Nature is unpredictable, 

risks just have to be accepted. The Fatalist considers water scarcity a problem of 

individuals; water demand cannot be managed, and neither can availability. Em-

phasis is on reacting to events and stresses as they occur. 

 

4.4 Cultural Theory Interpretation of Food System Modelling 

In this section, I reflect on some important food system modelling choices using 

the Cultural Theory worldviews introduced above. Each model takes a certain per-

spective on the system or phenomenon it represents. Most questions cannot even 

be answered without accepting that at least some subjective judgements are being 

communicated or are embedded within results due to the effect of the judgements 

on model implementation. This is not limited to food system modelling. Even fun-

damental physics struggles between models and their interpretations, when all 

important questions cannot be answered by one concise framework. A well-

known example of this is wave-particle duality, where two models of electromag-

netic radiation both explain a different set of observable phenomena (e.g. Mi-

lonni, 1984). While in physics the different views typically stem from limited un-

derstanding of the natural phenomena, in fields that concern human societies, the 

imprecision of measuring what happens in the physically complex system is com-

pounded with human preferences and impressions about what is desirable.  

In food system modelling, non-trivial choices have to be made, because the sys-

tems are much more complex than can be captured in detail by any reasonable 

model or data available now or in the foreseeable future. Some of the choices are 

technical in nature, having practical implications in modelling accuracy, coverage, 

complexity of the analysis etc. While they may impact the results, the rationale of 

the choice is typically practical. Other choices reflect preferences and values, 

which should be openly communicated in a scientific context. Examples of such 

key questions related to food systems are: should we find ways to fulfil food or 

resource demand, or instead control that demand? Should we minimise water use, 

or its impacts? Or should we instead minimise the change from the state with nat-

ural vegetation? Whole resource-saving strategies, optimisation objectives and 

constraints represent different priorities which modellers and model users should 
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be sensitive about and communicate with their results. Below, I will discuss the 

choices taken to answer these questions using the Cultural Theory framework, 

emphasising how they relate to the models in this thesis. The choices are grouped 

into five categories, as summarised in Table 2.  

 
Table 2: Choices in food systems modelling and possible interpretations in terms of Cul-
tural Theory worldviews, as discussed in main text 

Modelling choice Used in 

Publica-

tions 

Worldview  

(see Section 

4.3) 

Key rationale for cho-

sen interpretation(s) 

Resource saving strate-

gies 

   

Diet change, decreasing 

livestock content in hu-

man food 

I-IV Egalitarian Manage population’s de-

mand  

Optimising system to 

maximise people fed, 

yield gap closure, 

cropland expansion, 

desalination 

IV Hierarchist Controlled management 

using all resources but 

no more to meet any de-

mand 

Loss and waste reduc-

tion 

II, III 

(possible 

in Aalto 

Opto-

Food) 

Hierarchist/ 

Egalitarian/ 

Individualist 

Respectively where it in-

volves managing supply, 

demand, and avoiding 

costs of losses 

Water use evaluation    

Water footprint analy-

sis  

I-III Egalitarian Demand-based, sharing 

responsibility among 

consumers for human 

appropriation causing 

diversions from natural 

state 

Agrobiological model-

ling of water use 

IV Hierarchist Measure and manage 

system as a whole, in-

cluding supply side 

Water use optimisation 

objectives 

   

Minimise ET  

 

IV Hierarch-

ist/Egalitarian 

Respectively, optimising 

resource use, minimising 

footprints on vulnerable 

nature  
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Minimise difference 

from natural ET 

IV Egalitarian Caution in face of vulnera-

ble nature, but focussing 

on change in hydrological 

cycle rather than human 

appropriation 

 

Minimise water stress IV Hierarchist/ 

Individualist 

Manage demand, stress as 

cost 

Economics-based mod-

els 

NA Individualist Supply-demand balance, 

cost determines solution.  

Produce what is most 

profitable rather than to 

prioritise human needs 

Trade-off analysis NA Hierarchist Explicitly controlling both 

objectives to consider and 

who decides their value 

Optimisation con-

straints 

   

Fixed water availability 

constraints 

IV Egalitarian Manage demand, not re-

source 

No-expansion land use 

scenarios 

IV Egalitarian 

 

Manage demand, no in-

crease in resource, re-

source usage is managed 

Land use stickiness IV Egalitarian Limiting disturbance to 

current system 

Agent-based land use 

change modelling 

NA Individualist Capture the emergent be-

haviour of individuals 

Full reallocation of land 

use 

NA Hierarchist Controlling and optimis-

ing land use 

Imposing food-based 

dietary guidelines 

I-III Hierarchist Setting acceptable limits 

on nutrition 

Modelling actions    

Optimisation I-III (diet), 

IV (land) 

Hierarchist Determining what should 

be done 

Describing scenarios I-IV Egalitarian Providing input for others 

to consider 
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Resource-saving strategies 

Diet change as a resource-saving measure is a population-level (group) strategy 

requiring establishment of new norms. In general, it has a strong egalitarian char-

acter. It relies on managing food demand, and the management strategy is typi-

cally designed to restrict resource use. The egalitarian view is also present in how 

diet change implementation has been attempted so far by peer pressure and edu-

cation, respecting individual decisions (Publication I), rather than enforcement 

of a collective decision (grid). Nevertheless, depending on how the objectives are 

framed, there can be some hierarchist connotations as well. If the preserved re-

sources are to be used for feeding a larger population as Publication I and III do 

also emphasise, the question becomes that of allocating resources rather than pre-

serving them. 

While diet change as a public or personal health strategy is outside the scope of 

this dissertation except as an optimisation constraint in Publication I, it is often 

presented together with resource conservation and food security studies (Blas et 

al., 2019; Gordon et al., 2017; Willett et al., 2019). Coupling multiple justifications 

suggesting the same consumer action appeals to the egalitarian as a way of build-

ing peer pressure, more effectively targeting groups whose habits are already vul-

nerable to change (Verplanken and Wood, 2006).  

Loss and waste reduction (Publications II-IV) has both supply and demand side 

implementations throughout the food supply chain. Thus, it appeals to both egal-

itarian and hierarchist views. The supply side action, improvements of efficiency 

from agricultural production to distribution, can be seen as hierarchist supply 

management, whereas consumer waste reduction is akin to diet change in cutting 

down the burden on resources by managing demand. The individualist, typically 

represented by a farmer, industrialist or a trade actor, might also want to reduce 

losses, but rather to increase profitability or to decrease cost than to save natural 

resources. This distinction is important and may play a fundamental role in 

choosing food system modelling techniques. Optimisation of resource efficiency 

has a relatively direct connection with the views of nature specified by the Cultural 

Theory. Maximisation of profit, as might be suggested by an economic model, 

does not directly correlate with minimisation of resource use or environmental 

impacts in most current societies. This is because some of the resources and im-

pacts are treated as externalities, or their allocation is justified by other utilitarian 

arguments. Also, maximisation of profit may be an insufficient description of the 

goals of some actors in the supply side. For example, smallholder farmers may be 

willing to trade profit for security in their management choices. 

Yield gap closure as a food supply side measure (Publication III) is an obvious 

choice for the hierarchist. Even when agriculture is seen as one of the consumers 

of allocated water in a management scheme, the water use is strictly controlled by 

the hierarchist yield-increasing practices and enabling technologies. The egalitar-

ian would view yield gap closure as an unnecessary diversion from the natural 

state, but could be persuaded to accept the approach if it would allow reverting 

some of the cropland to natural ecosystems.  

Other measures that are not covered by the publications in this thesis include 

for example cropland expansion and seawater desalination. These are both 

choices for the hierarchist. Both aim at increasing resource availability, the former 
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primarily by human appropriation, and the latter by application of new technol-

ogy. The egalitarian would object to cropland expansion as a breach of natural 

ecosystems, and would consider the desalination approach unnecessary use of en-

ergy which could be avoided by reducing food demand. The individualist would 

carefully weigh the cost, and probably find the current price of desalinated water 

too high for any but the most valuable and water-efficient food products. Cropland 

expansion may be profitable in productive areas, especially where many of the 

environmental impacts are still left as externalities. 

Water use evaluation 

The method used to analyse water consumption may in itself reflect a specific 

worldview. Water footprint analysis (Publication I-III) imposes an egalitarian 

signature wherever it is used, as it assumes that all decisions regarding supply 

side measures have already been made, with the possible exception of the country 

of origin of the products. All management options available are related to con-

sumption, and all effects are determined by it. This does not preclude interpreting 

the results through other worldviews, though, as noted above with diet change.  

Modelling food water use with an agrobiological model, such as LPJmL (Publi-

cation IV), allows the analysis of alternative ways to fulfil food demand. Alterna-

tive land use models can be spatially more flexible than the area units used in 

existing water footprint assessments, and different agricultural management op-

tions may be explored. This allows a more direct analysis of supply side manage-

ment, an inherent element of the hierarchist worldview. Again, the interpretation 

of the results can shift the emphasis towards other views. 

It should be noted that there is a scale effect involved. Currently published water 

footprints tend to be used at relatively large spatial scales, and for consumers ra-

ther than producers. Water footprints can also be calculated at farm level for pro-

ducers, in which case it is more amenable to a hierarchist use. Publications I-III 

used country level consumer footprints, putting them firmly in the egalitarian 

camp. 

Water use optimisation objectives  

All choices within one modelling framework are not necessarily made in support 

of the same worldview. For example, the Aalto OptoFood model provides three 

alternative objective functions: minimise ET, minimise difference between crop 

and natural ET, and minimise water stress. Each function represents a pursuit of 

a food system state that is optimal from some perspective, while none of them is 

objectively better than the others.  

Reducing evapotranspiration is an approach analogous to, although not identi-

cal with reducing blue and green water footprints. The differences stem from WFP 

assessment including other types of water use that goes into producing food in 

addition to what is required to grow the crops and feed. The latter is by far the 

largest component, and the one that is most relevant in strategies aiming at sus-

tainable use of agricultural resources.  

Controlling evapotranspiration is a hierarchist objective, but the result can be 

seen as useful from several standpoints. If unused by humans, the saved water 

can be left to the needs of natural ecosystems – a central goal to the egalitarian. If 
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reduced evapotranspiration increases blue water availability to other sectors, the 

hierarchist could see opportunities in resource allocation – potentially in favour 

of an individualist willing to make profit.   

Minimising the difference between the ET of crops and the ET of the area’s nat-

ural vegetation is an egalitarian objective, although from a wider perspective. In-

stead of looking at the local water availability to natural ecosystems or local bio-

diversity effects of natural vs. agricultural land, the focus is on regional and po-

tentially even global effects on the hydrological cycle (Ent et al., 2010). Publica-

tion I took a similarly egalitarian perspective in minimising change from current 

diets. Interestingly, it becomes a hierarchist objective if we establish limits on 

change, as in the planetary boundary perspective (Rockström et al., 2009). Rather 

than avoiding disturbing the system, the hierarchist tries to control the disturb-

ance to keep the system stable. Suppose an egalitarian points out that concrete 

typically has a lower ET than natural vegetation (see Publication IV), so it is more 

important to share our water use than to minimise it. A hierarchist would respond 

that the aim is to minimise within constraints – there is more to go around if eve-

rybody uses water more efficiently, including the environment.  

Water stress stems from the anthropogenic water demand exceeding easily 

available water resources. Assuming fixed water availability per hydrological ba-

sin and a fixed human population, water stress can be reduced by exploiting water 

resources outside the stressed basins by importing food (Porkka, 2016). Opti-

mally, and as modelled by Aalto OptoFood, this is an allocation approach, pre-

ferred by the hierarchist worldview: simply move water-thirsty production out of 

the stressed basins to water-rich areas. In practice, there is no authority that could 

control food production in such a way. The solution has been trade, much to the 

joy and benefit of the individualist. A free market economist would argue that free 

trade without externalities and other market distortions would result in optimal 

distributions of water use and stress that reflect the value of water. 

However, costs of water are not fully represented by water stress, and a more 

direct representation of the individualist worldview would have been an economic 

model. Models based on the biophysical inputs and socio-economic data, such as 

the global land use allocation model MAgPIE (Dietrich et al., 2018) allocate re-

sources in order to supply food and other outputs, like bioenergy while minimis-

ing total cost of production. MAgPIE in particular takes a social planner approach, 

and might therefore be considered to have hierarchist tendencies, but similar re-

sults would be expected from a computable general equilibrium model capturing 

supply and demand responses of different sectors/individuals. In any case, using 

economics-based models does not preclude using constraints stemming from 

other perspectives.  

An advantage of detaching the optimisation objective from the physical re-

sources into a common abstraction like money is that multiple goals can be rep-

resented in common units, although this possibility does not guarantee that com-

peting goals will be satisfactorily achieved. An example of such situation is bioe-

conomy, the use of crops as feedstocks in industrial processes for producing en-

ergy, biofuels, consumer products etc. Either the use of the crops themselves, or 

the resources used to produce them, may compete with food production, much 
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like livestock feed and human food supply chains are partly interlinked. Our re-

sults suggest that if enhancing food security is a direct goal, the livestock sector 

may to some extent increase food supply. However, without careful consideration 

of possibilities offered by circular economy and other ways of recycling resources, 

feedstocks to industrial bioeconomy are permanently removed from the FSC, thus 

representing a real competition with human food. The hierarchist would therefore 

prefer to analyse the problem as a trade-off (McCornick et al., 2008) and to treat 

the final choice as a political decision.  

Optimisation constraints 

Much like the optimisation objectives, definitions of many of the constraints are 

affected by the views and values of the modeller. A very obvious example, exten-

sively discussed by Hoekstra (2000) and a determining factor between the 

worldviews is availability of water, or more generally, natural resources. The hi-

erarchist carefully allocates water to optimally support different important uses 

and technology to appropriate a larger base of resources. The egalitarian agrees 

that the resource is scarce, but rather manages the demand than tries to increase 

supply. Aalto OptoFood assumes no expansion in agricultural land, water availa-

bility and irrigation equipment, adhering here to the egalitarian view. The sticki-

ness constraints that keep unchanging production in place also appeal to the egal-

itarian, who wants to work in the small scale and minimise and avoid large tech-

nological solutions. Both the hierarchist and the individualist would choose a less 

restrictive scheme that would allow for more options to manage the supply and 

potentially to increase profitability by rearranging existing cropland. The individ-

ualist sees scarcity as a driver of price, which in itself controls the use and in turn 

also brings in investments to improving availability – and obviously, if given a 

choice, would use an economic model to describe the system.  

In Publications I-III optimisation to create diets is constrained by nutrition 

guidelines. This is a hierarchist approach, based on population level information. 

An individualist might want a diet tailored to individual characteristics (e.g. with 

an agent-based model), and an egalitarian would take an exploratory approach, 

describing the impacts of diet for each individual to consider. A fatalist would stick 

to projecting current diet change without trying to change it. 

Modelling actions 

Regardless of what resource-saving strategies we consider, how we evaluate and 

optimise water use, and what constraints we place on change, ultimately the ques-

tion is about action. The optimisation approach in Publication IV is at the face of 

it a hierarchist approach, in reallocating production globally. In focusing on an 

ideal case, it falls short, however, of providing a tool for policy makers to use.  

Instead, it aims to tell a story – to present a scenario that helps people to make 

sense of the world around them and decide themselves whether they want to take 

an action. There is an egalitarian aspect in that the researchers recognise the need 

for humanity to face the problem collectively, but to make their own decisions. 

Everyone needs to be included regardless of their worldview. Individualists can 

use the scenarios for their own gain, hierarchists for collective management, and 

fatalists are free to ignore it or prepare to adapt to inevitable change. 
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Egalitarianism is in fact the dominant approach across all the papers in consid-

ering possible future actions. Publication I presents diet scenarios that respect 

cultural values. Publication II adds scenarios of food loss reduction, and Publica-

tion III scenarios of yield gap closure. Publication IV treats the optimisation ob-

jective and level of diet change as scenarios. Even though, along the way, other 

perspectives have crept in for practical reasons, my hope is that this work is in the 

end as inclusive as possible – that no matter their world view, everyone reading it 

will be able to find value and better understand the issues associated with chang-

ing food systems, and diet change in particular.
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5 Conclusions 

Food production is by far the largest sector of human-induced water consump-

tion. It needs to have a central role in any comprehensive strategies aiming for 

sustainable water use. Consumption and production side measures such as diet 

change, food loss and waste reduction as well as efficient cropland allocation have 

all been shown to be important building blocks of such strategies. This thesis of-

fers new insight to their effects and novel ways to examine them as part of future 

food system scenarios. 

A novel method was developed to analyse replacement of livestock-based foods 

in human diet with plant-based alternatives (New scientific finding 1). It allows 

parameterisation of diet change scenarios and inclusion of a dietary recommen-

dation to the replacement procedure. A previously developed, detailed food loss 

reduction model was considerably improved by addition of the handling of live-

stock-based foods as well as green water loss analysis. The diet and loss models 

were combined to investigate interaction between scenarios utilising these 

measures to reduce food water use. The effect of these measures was found to be 

approximately multiplicative, but with a small synergistic effect demonstrating 

the need to explicitly analyse dynamics in food systems potentially affecting re-

source-saving strategies (New scientific finding 2). 

Combined with yield gap closure, diet change and food loss reduction were 

found to be sufficient measures to fulfil the global food demand in 2050, assuming 

the regional differences in production could be smoothed out by trade. Analysing 

more food supply chain elements together further emphasised the need for tighter 

integration in order to handle the system dynamics, especially between crop and 

livestock production (New scientific finding 3). This led to development of an in-

tegrated food system model that takes into account how effects of changes in food 

consumption or supply chains propagate down to agricultural production (New 

scientific finding 4). 

Animal-based food, especially meat, consumes considerably more water to fulfil 

the same nutritional goals achievable by directly utilising plant-based proteins in 

human diets, when the production of each of the foodstuffs is individually ana-

lysed. Reducing consumption of animal-based products, however, does not al-

ways reduce total water consumption in the food system. The livestock sector may 

use feed products that cannot be directly consumed as food, and land that is not 

suitable for crop production the replacing protein crops may be sourced from in-

efficient production and supply chains. How these effects are modelled depends 

to a certain extent on value-based decisions made by the authors as well as users 



Conclusions 
 

52 

of the modelling software. Clearly communicating the values affecting modelling 

choices is crucially important for the readers and researchers using results af-

fected by such decisions as basis of further analysis to understand the embedded 

limitations and possible biases.  

While the calculated results are inconclusive as to whether some meat consump-

tion is better than none in order to minimise water use or its impacts, or to max-

imise food supply, they clearly suggest that most of the benefits from the diet 

change towards plant-based protein sources can be achieved even with a moder-

ate level of implementation (New scientific finding 5). Hopefully, this can be seen 

as an encouragement towards resource-efficient policies regarding food produc-

tion as well as sustainable food consumption habits. It is easy to dismiss strategies 

that require extensive changes to human behaviour to achieve measurable effects. 

Diet change may be different in this respect: the first steps towards sustainable 

eating habits may be the most important.
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