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Summary 

__________________________________________________________________________ 

The rising demand for food, feed, and fuel has put an increasing pressure on agriculture, with 

agricultural intensification as a direct response. Notwithstanding the higher crop productivity, 

intensive agriculture management entails many adverse environmental impacts. Intensive 

agricultural practices take a huge toll on land resources; soil quality and hence the ability to 

produce biomass in the long term are therefore at stake. In the transition towards sustainable 

agriculture, a thoughtful selection of farm management practices is required to reduce the 

environmental impact, thereby ensuring adequate soil quality, and hence long-term 

productivity. A tool that may assist in the evaluation of sustainable farm management is Life 

Cycle Assessment (LCA). However, because LCA was traditionally applied to industrial 

processes, some difficulties (e.g. variability among agricultural systems) and gaps (e.g. impact 

on long-term productivity) exist when conducting an LCA with respect to the agricultural sector. 

Therefore, the overall objective of this PhD thesis is to gain insight into some of these 

complexities and to develop methodologies to face some of the challenges. In this way, we will 

be able to more comprehensively evaluate the environmental sustainability of agricultural 

practices, which is an important asset in stimulating sustainable farming.  

This PhD thesis starts with a general introduction (Chapter 1). First, a general view on 

agriculture in Europe is given. Then, the main agricultural policies are discussed. Policy can 

strongly influence the choices farmers make regarding land use, referred to as land use 

practices (LUPs) (e.g. crop rotation, fertilization). These LUPs have an impact on the 

agricultural soil quality, for which soil organic matter (SOM) is a key indicator. Therefore, in the 

third section, the main characteristics of SOM as well as its relationship with productivity are 

addressed. In the fourth section, the steps to conduct an LCA and the main gaps currently 

limiting a thorough evaluation of the environmental sustainability of agricultural systems are 

discussed. To conclude, in order to comprehensively evaluate the benefits of sustainable LUPs 

in LCA, one should be able to account for the impact of farm practices on soil quality and the 

ecosystem services (ES) delivered by an agro-ecosystem. An overview of currently existing 

tools and their limitations is given. 

In Chapter 2, insight is gained into a first complexity related to agricultural LCAs: a large 

variability exists among agricultural systems due to management decisions or natural 

conditions. To do so, a case study on grain maize production in Flanders has been performed. 

Four types of drivers for variability are distinguished: policy, farm management, year-to-year 

weather variation and innovation. For each driver, scenarios are elaborated using an emission-
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based (ReCiPe) and a resource-accounting life cycle impact assessment method (Cumulative 

Exergy Extraction from the Natural Environment, CEENE) to assess the environmental 

performance. Regarding the scenarios elaborated for the driver policy, which limits fertilization 

levels in a soil-specific way, the resource consumption is lower for non-sandy soils than for 

sandy soils. Farm management seems to have less influence on the environmental impact 

when considering the CEENE only. But choices such as fertilizer type have a large effect on 

emission-related problems (e.g. eutrophication). In contrast, year-to-year weather variation 

results in large differences in the environmental footprint. The best environmental performance 

is obtained by innovation as e.g. plant breeding results in a steadily increasing yield over 25 

years. Finally, a comparison between the environmental footprint of grain maize production in 

Flanders and a generically applied dataset, based on Swiss practices, endorse the importance 

to compile a local data inventory.  

Chapters 3-5 handle about one of the main gaps currently noticed in agricultural LCAs: the 

poorly integration of the impact of farm management on soil quality, and hence long-term 

productivity. To simulate the SOC evolution (soil organic carbon, SOM is often measured as 

SOC) due to farm management and the corresponding response of the biomass productivity 

on the change in SOC stock, the models RothC and EU-Rotate_N are used, respectively.  

First, in Chapter 3, we introduce an indicator called Agricultural Biomass Productivity Benefit 

of SOC management (ABB_SOC), which, relying on natural resource consumption (e.g. 

minerals, fossil fuels), enables to estimate the net effect of the efforts made to attain a better 

soil quality. Hereby the focus is put on SOC. First, a framework to describe the evolution of 

SOC stock due to farm management decisions is introduced. Then, if the SOC stock is lower 

than a defined threshold, the extent to which remediation measures are required, is used as a 

measure for the induced SOC losses. ABB_SOC values are calculated as the balance between 

the natural resource consumption of the inputs (including remediation efforts) and the desired 

output of arable crop production systems (i.e. harvested biomass). The developed indicator is 

applied on several rotation systems in Flanders, comparing different remediation strategies. 

The results reveal that the generally high benefits offset the effort to remediate SOC levels, 

but that results depend on the applied remediation actions. 

In Chapter 4, we investigate how to take into account the impact of LUPs on soil quality in 

LCA. Currently, no methods exist that quantify the relationship between the change in SOC 

and the long-term biomass productivity. We introduce three interdependent indicators, which 

are situated along the cause-effect chain accounting for the effect of LUPs on soil quality in 

relation to the area of protection natural resources. At the middle of the cause-effect chain 

(midpoint), the indicators cumulative SOC deficit (cSOCD) and cumulative biomass 

productivity loss (cBPL) are proposed to indicate cumulative losses in SOC and yield, 
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respectively, due to choices of LUPs. At the end of the cause-effect chain (endpoint), the 

indicator additional land requirement (ALR) is introduced to indicate the need of extra 

agricultural area necessary for provisioning of the lost biomass yield. Characterization factors 

are developed for a case study in Flanders. Different soil textures, initial SOC stocks, crop 

rotation systems and LUPs are considered. Because the reference state is based on 

sustainable LUPs, the developed framework may serve as a decision support tool towards a 

more sustainable agriculture. 

In Chapter 5, the influence policy can have on long-term agricultural resource productivity by 

stimulating/discouraging farmers to apply certain LUPs, is investigated. We introduce six policy 

strategies, each characterized by its own mix of LUPs, for the Flemish agricultural sector. 

Three strategies allow us to evaluate the impact of the European Union Common Agricultural 

Policy (CAP) in the past, while the others focus on the future: one strategy reflects the potential 

of the CAP and two other strategies consider the application of compost. The indicators 

cSOCD and cBPL are used to evaluate the impact of policy on the long-term productivity. To 

avoid burden shifting, also the resource footprint is calculated. Several farm management 

systems (FMS) are distinguished, each characterized by a specific combination of farm type, 

agricultural region, rotation system and manure type. The results highlight the impact of 

policies on long-term productivity gains. Furthermore, applying extra compost seems to be 

promising: it results in an increasing resource productivity and reduced resource footprint. As 

the results differ per FMS, a differentiated approach is advisable when specific LUPs are 

stimulated in the context of sustainable farming. 

A last challenge faced in this PhD thesis is the fact that, traditionally, LCAs only focus on the 

harvested products, while the supply of other ES is not captured. This contributes to the issue 

that the lower yields often reported for organic systems might outbalance the positive effect of 

using more environmental-friendly practices and result in lower environmental burden for 

conventional than organic products when LCA results are evaluated per product unit. In 

Chapter 6, we propose an approach to allocate the environmental impact among all delivered 

ES. This allocation procedure is based on the capacity of an agro-ecosystem to deliver ES, 

which will be different for conventional and organic systems. In this way, a more unbiased 

comparison of the environmental sustainability of organically and conventionally produced food 

is allowed. Using this approach, we demonstrate that for about half of the studied food products 

(including potatoes, maize), organic farming has clear environmental benefits in comparison 

to conventional cultivation methods. 

Finally, Chapter 7 presents the main conclusions as well as opportunities for future research. 

Perspectives regarding the development of a more comprehensive soil quality indicator, the 

enhancement of the evaluation of impact of LUPs on the long-term productivity related to the 
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AoP natural resources, and the increase of applicability regarding the integration of ES in LCA 

are discussed. To conclude, the work is situated into a broader perspective and deals with 

agriculture as part of the global ecosystem and the cohesion between policy and agriculture. 
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Samenvatting 

__________________________________________________________________________ 

De stijgende vraag naar voedsel, veevoer en brandstof heeft de landbouw onder toenemende 

druk gezet, wat geleid heeft tot intensivering van de landbouw. Hoewel dit intensief 

landbouwbeheer geresulteerd heeft in een productiviteitstoename, ging dit ook gepaard met 

een grote waaier aan milieuproblemen. Intensief gebruik van de landbouwbodem tast de 

bodemkwaliteit aan en hierdoor staat het vermogen om ook op lange termijn nog biomassa te 

kunnen produceren op het spel. Bij het streven naar duurzame landbouw is dus een 

doordachte selectie van landbouwpraktijken nodig om de impact op het milieu te verminderen 

en tegelijkertijd een toereikende bodemkwaliteit, en dus ook productiviteit op lange termijn, te 

kunnen waarborgen. Levenscyclusanalyse (LCA) kan helpen om de duurzaamheid van 

landbouwpraktijken te beoordelen. Gezien LCA oorspronkelijk was ontwikkeld voor industriële 

processen, moeilijkheden (bv. variabiliteit tussen landbouwsystemen) en tekortkomingen (bv. 

Impact op lange-termijn productiviteit) bestaan bij het uitvoeren van een LCA met betrekking 

tot de landbouwsector. De algemene doelstelling van deze doctoraatsthesis is dan ook om 

inzicht te krijgen in een aantal van deze specifieke kenmerken die het uitvoeren van een LCA 

in de landbouwsector moeilijker maken en methodologieën te ontwikkelen om enkele van deze 

uitdagingen het hoofd te kunnen bieden. Op deze manier kan de duurzaamheid van 

landbouwpraktijken meer allesomvattend geëvalueerd worden, wat een belangrijke troef is in 

het streven naar meer duurzame landbouw. 

Deze doctoraatsthesis begint met een algemene inleiding (Hoofdstuk 1). Eerst wordt een 

beeld geschetst van de landbouwsector in Europa. Vervolgens worden de belangrijkste 

landbouwbeleidsmaatregelen besproken. Het beleid kan de keuzes die landbouwers maken 

met betrekking tot landbouwpraktijken (bv. vruchtwisseling, bemesting), in deze thesis verder 

aangeduid als land use practices (LUPs), sterk beïnvloeden. LUPs hebben een impact op de 

bodemkwaliteit, waarvoor bodemorganische stof (soil organic matter, SOM) een belangrijke 

indicator is. Daarom wordt als derde onderdeel in dit hoofdstuk ingegaan op de belangrijkste 

kenmerken van SOM en wordt het verband tussen SOM en gewasopbrengst besproken. In 

het vierde deel worden de verschillende stappen die nodig zijn om een LCA te kunnen 

uitvoeren, en de belangrijkste hiaten die momenteel een grondige evaluatie van de 

milieuduurzaamheid van landbouwsystemen verhinderen, besproken. Tot slot, om de 

voordelen van duurzame LUPs in LCA te kunnen evalueren, moet men rekening kunnen 

houden met de impact van landbouwpraktijken op de bodemkwaliteit en de 
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ecosysteemdiensten (ecosystem services, ES) die door agro-ecosystemen worden geleverd. 

Een overzicht van de bestaande evaluatiemethodes en hun beperkingen wordt gegeven. 

Het doel van Hoofdstuk 2 is inzicht krijgen in een eerste complexiteit gerelateerd met LCAs 

met betrekking tot de landbouw, namelijk het feit dat landbouwsystemen gekenmerkt worden 

door een grote variabiliteit als gevolg van managementbeslissingen en lokale natuurlijke 

omstandigheden. Daarom hebben we de variatie in plantaardige productiesystemen 

bestudeerd en uitgewerkt voor korrelmaïs. Vier oorzaken voor variabiliteit worden 

onderscheiden: het beleid, landbouwpraktijken, het weer en innovatie. Voor elke factor worden 

scenario's uitgewerkt aan de hand van een emissie-georiënteerde (ReCiPe) en een 

grondstoffen-gebaseerde levenscyclusanalysemeetmethode (Cumulative Exergy Extraction 

from the Natural Environment, CEENE) om de milieuvoetafdruk te bepalen. Het beleid beperkt 

de bemestingsniveaus naargelang de bodemtextuur. Het grondstoffenverbruik blijkt lager te 

zijn voor de teelt op niet-zandgronden dan op zandgronden. De landbouwpraktijken lijken in 

mindere mate een invloed te hebben op de milieuvoetafdruk wanneer enkel met de resultaten 

van de CEENE rekening wordt gehouden. Maar keuzes gerelateerd aan het landbouwbeheer 

zoals bv. het type meststof hebben een groot effect op emissie-gerelateerde problemen (vb. 

eutrofiëring). De wisselende weersomstandigheden van jaar tot jaar leiden daarentegen tot 

grote verschillen in de milieuvoetafdruk. De beste milieuprestatie wordt verkregen door 

innovatie aangezien bijvoorbeeld plantenveredeling verondersteld wordt te resulteren in een 

gestaag stijgende opbrengst over een periode van 25 jaar. Tenslotte toont een vergelijking 

tussen de milieuvoetafdruk van graanmaïsproductie in Vlaanderen en een generieke 

databank, gebaseerd op Zwitserse landbouwpraktijken, het belang aan van het gebruik van 

lokale gegevens.  

In Hoofdstukken 3-5 wordt ingegaan op één van de belangrijkste tekortkomingen die 

momenteel in de LCAs voor de landbouw wordt geconstateerd: de gebrekkige integratie van 

het effect van LUPs op de bodemkwaliteit, en dus op de productiviteit op lange termijn. Om de 

evolutie van de organische koolstofvoorraad (soil organic carbon, SOC, SOM wordt vaak 

gemeten als SOC) in de bodem als gevolg van het bedrijfsbeheer en de respons van de 

productiviteit op die verandering in SOC te simuleren, worden respectievelijk de modellen 

RothC en EU-Rotate_N toegepast.  

In Hoofdstuk 3 introduceren we de indicator Agricultural Biomass Productivity Benefit of SOC 

management (ABB_SOC), die, op basis van het verbruik van natuurlijke grondstoffen (vb. 

mineralen, fossiele brandstof), een inschatting geeft van het netto-effect van de geleverde 

inspanningen om een betere bodemkwaliteit te bereiken. Hierbij ligt de nadruk op SOC. Eerst 

wordt een kader vastgesteld om de het verloop van de organische koolstofvoorraad als gevolg 

van beslissingen op het gebied van landbouwbeheer te beschrijven. Vervolgens wordt, indien 
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de organische koolstofvoorraad lager is dan een gedefinieerde drempelwaarde, de mate 

waarin herstelmaatregelen nodig zijn gebruikt als maatstaf voor de ontstane SOC-verliezen. 

ABB_SOC-waarden worden dan berekend als de balans tussen enerzijds het verbruik van 

natuurlijke grondstoffen gerelateerd aan de productie (inclusief de grondstoffen nodig om de 

herstelmaatregelen uit te voeren), en anderzijds de gewenste output van plantaardige 

productiesystemen (de geoogste gewassen). De ontwikkelde indicator wordt toegepast op 

verschillende rotatiesystemen in Vlaanderen, waarbij verschillende herstelmaatregelen 

worden vergeleken. Uit de resultaten blijkt dat, in het algemeen, de voordelen opwegen tegen 

de inspanningen om het SOC-niveau te herstellen, hoewel de resultaten sterk afhangen van 

de toegepaste herstelmaatregelen. 

In Hoofdstuk 4 wordt onderzocht hoe de impact van LUPs op bodemkwaliteit in de LCA-

methodologie in rekening kan gebracht worden. Momenteel zijn geen methodes beschikbaar 

die de verandering in SOC kwantitatief koppelen aan de productiviteit op lange termijn. We 

introduceren in dit hoofdstuk drie onderling afhankelijke indicatoren die zich langs de oorzaak-

gevolgketen situeren en rekening houden met de impact van LUPs op bodemkwaliteit in relatie 

tot de area of protection natuurlijke grondstoffen. Halverwege de oorzaak-gevolgketen 

(midpoint) worden de indicatoren ‘cumulatief tekort aan organische koolstof’ (cumulative SOC 

Deficit, cSOCD) en ‘cumulatief verlies aan biomassaproductiviteit’ (cumulative biomass 

productivity loss, cBPL) voorgesteld om respectievelijk de cumulatieve verliezen in SOC en 

opbrengst aan te geven als gevolg van de toegepaste LUPs. Aan het eind van de oorzaak-

gevolgketen (endpoint) wordt de indicator ‘extra landvereisten’ (additional land requirement, 

ALR) ingevoerd om de behoefte aan extra landbouwareaal aan te geven die nodig is om de 

biomassa die niet geproduceerd wordt door de verandering in SOC voorraad, toch te kunnen 

produceren. Voor Vlaanderen worden karakterisatiefactoren ontwikkeld, waarbij verschillende 

bodemtexturen, initiële organische koolstofvoorraden, gewasrotatiesystemen en LUPs in 

beschouwing genomen worden. Doordat de referentietoestand gebaseerd is op duurzame 

LUPs, kan de ontwikkelde methode als beslissingsondersteunend instrument dienen voor een 

duurzamere landbouw. 

In Hoofdstuk 5 wordt onderzocht welke invloed het beleid kan hebben op de lange-termijn 

landbouwproductiviteit door landbouwers te stimuleren of te ontmoedigen om bepaalde LUPs 

toe te passen. We introduceren zes beleidsstrategieën voor de Vlaamse landbouwsector, elk 

gekenmerkt door een eigen mix van LUPs. Drie strategieën laten ons toe om de impact van 

het Gemeenschappelijk Landbouwbeleid (GLB) van de Europese Unie uit het verleden te 

evalueren, terwijl de andere zich richten op de toekomst: één strategie gaat in op het potentieel 

van het GLB, terwijl twee strategieën focussen op mogelijkheden om compost te gebruiken. 

Om de impact van het beleid op de lange-termijn productiviteit te evalueren, wordt gebruik 
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gemaakt van de indicatoren cSOCD en cBPL. Ook de voetafdruk in termen van 

grondstoffenverbruik wordt berekend, om zo een verschuiving van de milieu-impact te 

voorkomen. Verschillende landbouwbedrijfssystemen (farm management systems, FMS) 

worden onderscheiden, elk gekenmerkt door een specifieke combinatie van bedrijfstype, 

landbouwregio, gewasrotatiesysteem en mesttype. De resultaten benadrukken de impact van 

het beleid op de toename in productiviteit op lange termijn. Bovendien lijkt het gebruik van 

extra compost veelbelovend: het resulteert in een hogere opbrengst en wordt gekenmerkt door 

een lager grondstoffenverbruik. Aangezien de resultaten per FMS verschillen, is een 

gedifferentieerde aanpak aan te bevelen wanneer specifieke LUPs worden gestimuleerd in de 

context van duurzame landbouw. 

Een laatste uitdaging met betrekking tot het uitvoeren van een LCA in de landbouwcontext die 

in deze doctoraatsthesis bestudeerd wordt, is het feit dat LCAs zich traditioneel enkel richten 

op de geoogste producten, terwijl het aanbod van andere ES geleverd door het 

landbouwsysteem niet in rekening wordt gebracht. Dit draagt ertoe bij dat, op basis van LCA-

resultaten, producten geteeld door conventionele landbouwpraktijken vaak positiever worden 

beoordeeld dan biologische levensmiddelen/diervoeders/brandstoffen. Namelijk wanneer de 

milieu-impact uitgedrukt wordt per kg geproduceerd voedsel, wegen de lagere opbrengsten 

gerapporteerd voor biologische landbouwsystemen vaak zwaarder door dan het gebruik van 

milieuvriendelijkere praktijken. In Hoofdstuk 6 stellen we een methode voor om de milieu-

impact te verdelen over alle geleverde ES. Deze procedure is gebaseerd op de capaciteit van 

een agro-ecosysteem om ES te leveren, dewelke verschillend is voor conventionele en 

biologische systemen. Door rekening te houden met alle ES geleverd door een agro-

ecosysteem, kan de ecologische duurzaamheid van biologisch en conventioneel 

geproduceerd voedsel eerlijk vergeleken worden. Na het toepassen van deze methode blijkt 

dat voor ongeveer de helft van de bestudeerde voedingsproducten (waaronder aardappelen, 

maïs…) de biologische teelt de voorkeur krijgt op de conventionele teeltmethoden. 

Tot slot worden in Hoofdstuk 7 de belangrijkste conclusies en enkele suggesties voor 

toekomstig onderzoek gepresenteerd. Drie mogelijkheden worden besproken: de ontwikkeling 

van een meer alomvattende bodemkwaliteitsindicator, een betere evaluatie van de impact van 

LUPs op de lange-termijn productiviteit in verband met de area of protection natuurlijke 

grondstoffen en de uitbreiding van de toepasbaarheid van de integratie van ES in LCA. Ten 

slotte wordt het werk dat uitgevoerd werd in deze doctoraatsstudie in een breder perspectief 

geplaatst: enerzijds wordt naar landbouw als onderdeel van het ecosysteem op globaal niveau 

gekeken en anderzijds naar de samenhang tussen het beleid en landbouw. 



   

-ix- 
 

List of Abbreviations 
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ABB_SOC Agricultural Biomass Productivity Benefit of SOC management  

ABB_SOCmonetary Agricultural Biomass Productivity Benefit of SOC management 

expressed in monetary units 

ALR Additional Land Requirement 

AoP Area of Protection 

AR Agricultural Region 

BIO Microbial Biomass 

BPP Biotic Production Potential 

C Carbon 

CAP Common Agricultural Policy 

cBPL Cumulative Biomass Productivity Loss 

CC Cover Crop 

CEC Cation Exchange Capacity 

CEENE Cumulative Exergy Extraction from the Natural Environment 

CF Characterization Factor 

CFC Chlorofluorocarbon 

CICES Common International Classification of Ecosystem Services 

ClC Climate Change 

cSOCD Cumulative Soil Organic Carbon Deficit 

DM Dry Matter 

DPM Decomposable Plant Material 

EEA European Environment Agency 

EFA Ecological Focus Area 

EQ Ecosystem Quality 

ES Ecosystem Services 

EScul Cultural Ecosystem Service 

ESprov Provisioning Ecosystem Service 

ESreg Regulating and Maintenance Ecosystem Service 

EU European Union 

FE Freshwater Eutrophication 

FET Freshwater Ecotoxicity 
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FL Fertilizer limitation level 

FMS Farm Management System 

FSA Farm Sustainability Assessment 

FT Farm Type 

FU Functional Unit 

FYM Farmyard Manure 

GHG Greenhouse Gas 

GW Ground Water 

GWP Global Warming Potential 

HANPP Human Appropriation of Net Primary Production 

HI Harvest Indices 

HT Human Toxicity 

HUM Humified Organic Matter 

ILCD International Reference Life Cycle Data System 

ILVO Research Institute for Agriculture, Fisheries and Food  

IOM Inert Organic Matter 

IPCC Intergovernmental Panel on Climate Change 

ISO International Organization for Standardization 

LANCA Land Use Indicator Value Calculation in Life Cycle Assessment 

LCA Life Cycle Assessment 

LCI Life Cycle Inventory 

LCIA Life Cycle Impact Assessment 

LUP Land Use Practice 

LUPCC Land Use Practice in which a cover crop is cultivated in the 

rotation system 

LUPCOM/MAN_CC Land Use Practice implying cover crop cultivaton in rotation 

system and 60% of normal quantity of manure is supplemented 

with green compost up to the fertilization standards 

LUPCOM15 Land Use Practice in which 15 tonne green compost per hectare 

is added above standard fertilization 

LUPmin Minimal Input Land Use Practices 

LUPprac Operational Land Use Practices (LUP in practice) 

LUPst Standard Land Use Practices 

LUPsus Sustainable Land Use Practices 

MAP Manure Action Plan 

ME Marine Eutrophication 
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MEA Millenium Ecosystem Assessment 

MT Marine Ecotoxicity 

N Nitrogen 

NMVOC Non-Methane Volatile Organic Carbon 

NPP Net Primary Production 

NR Natural resources 

OD Ozone Depletion 

OEF Organizational Environmental Footprint 

P Phosphorous 

PEF Product Environmental Footprint 

PM Particulate matter 

PMF Particulate Matter Formation 

POF Photochemical Oxidant Formation 

RAM Resource accounting method 

RF Resource footprint 

RFa Allocated resource footprint 

RFa,con Allocated resource footprint related to a conventional agricultural 

system 

RFa,org Allocated resource footprint related to an organic agricultural 

system 

RFcon Resource footprint related to a conventional agricultural system 

RForg Resource footprint related to an organic agricultural system 

RothC Rothamsted Carbon Model 

RPM Resistant Plant Material 

RS Rotation System 

SALCA-SQ Swiss Agricultural Life Cycle Assessment for Soil Quality 

SETAC Society of Environmental Toxicology and Chemistry 

SOC Soil Organic Carbon 

SOCinit Initial Soil Organic Carbon Stock 

SOCopt Optimal Soil Organic Carbon Stock 

SOCprac Soil Organic Carbon Stock under Operational Land Use 

Practices 

SOCsus Soil Organic Carbon Stock under Sustainable Land Use 

Practices 

SOC%init Initial Soil Organic Carbon Concentration 

SOC%opt Optimal Soil Organic Carbon Concentration 
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SOM Soil Organic Matter 

SW Surface Water 

TA Terrestrial Acidification 

TE Terrestrial Ecotoxicity 

TEEB The Economy of Ecosystems and Biodiversity 

UAA Utilized Agricultural Area 
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CHAPTER 1:  GENERAL INTRODUCTION AND OBJECTIVES 

__________________________________________________________________________________ 

1.1 The agricultural sector, a major holder of our territory 

Agriculture is one of the main land users in the European Union (EU-28). The utilized 

agricultural area (UAA) represented 41% in 2016, which corresponds to 179 million hectare 

(ha), and consisted of arable land (59%), permanent grassland and meadow (34%), and 

permanent crops such as vineyards and fruit trees (7%). The share of the different land crop 

types varies across the EU: while the Nordic member states are mainly characterized by arable 

land, the higher shares of permanent grassland in countries such as Austria and Ireland are 

explained by, amongst others, the climatic conditions and the large number of grazing animals 

(Figure 1-1) (Eurostat, 2018d, 2018e, 2018f). 

 
Figure 1-1: Share of different land uses of the utilized agricultural area (UAA) in the European Union in 

2013 (after Eurostat, 2018a). 

In the total of 106 million ha arable land in the EU-28, cereals clearly dominate by occupying 

around 57 million ha. Wheat and spelt are the most frequently cultivated cereals, followed by 

barley, and grain maize and corn-cob-mix, corresponding to 48, 20 and 19% of total cereal 

production volume, respectively. Worldwide, the EU-28 is ranked among the top four of 
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producers of wheat, maize and other coarse grains and is an important cereal trader. Also for 

sugar beets, the EU-28 is the world’s leading producer. Regarding the last years, more than 

half of the EU-28 sugar beet production is realized by France and Germany combined. In 

contrast, potato production (1.4% of the EU-28 arable land) is more distributed among the 

EU-28 member states. Concerning vegetables, the most important are tomatoes, carrots and 

onions. Although the share of vegetables in the UAA is rather small, the vegetable sector is 

key in terms of EU-28 agricultural output (European Commission, 2018g; Eurostat, 2018b, 

2018f).  

Yields of most crops in EU-28 increased over time. However, the average yield increase 

strongly differs among crops (e.g. it is higher for maize than for rapeseed), and has been 

stagnating in the last years. For instance, the average annual growth rate of cereal production 

amounted 0.9% year-1 between 1993 and 2007, is predicted to be 0.6% year-1 between 2008 

and 2019 and it is expected to decrease to 0.5% year-1 in the near future (2020-2030). The 

stagnation in yield is due, among others, to the strong progress achieved in the last decades 

which led to yields close to the attainable yield and consequently, does not leave much room 

for improvement, to a reduction in use of fertilizers which is driven by policy choices, and to 

climate change which is already affecting the yield and is expected to continue playing a role 

in slowing down yields (European Commission, 2018g; Moore and Lobell, 2015). This all puts 

pressure on farms, while they are already facing economic challenges, e.g. farmers have to 

deal with high production costs and high costs to comply with legislation, while trading prices 

are sometimes unfair (European Commission, 2017c). 

Regarding the agricultural sector in Flanders, the northern part of Belgium, the partitioning of 

the agricultural area follows a similar trend: 45% of the Flemish total territory consists of 

agricultural land. In 2017, Flanders’ UAA (610,971 ha) consisted for 60% out of arable land, 

while permanent grassland and meadow accounted for 36% and the remaining area was 

dedicated to permanent crops and cultivation in greenhouses (4%). The main part of the arable 

land was taken up by cereals (in particular winter wheat, winter barley and grain maize), 

followed by fodder crops (mainly silage maize), potatoes, and industrial crops (mainly sugar 

beets), representing 34, 34, 14, and 8% of the arable land, respectively (ADSEI, 2018).  

Livestock farming clearly dominates the agricultural sector in Flanders (50% of the farms), and 

arable farming is the main activity of 26% of the farms (Platteau et al., 2018). The number of 

farms is decreasing: in 2017, there were 23,225 farms, which is a reduction of more than 25% 

compared to 2007. In contrast, over a period of ten years, the farm size increased with one 

third to an average farm size of 26 ha in 2017. Flemish farms work therefore towards 

specialization and innovation (ADSEI, 2017; Platteau et al., 2018). 
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1.2 From yield-oriented to sustainability-oriented agriculture 

Agriculture has to deal with the growing demand for food, feed and fuel, due to the increase in 

both population and consumption per capita (Lambin et al., 2013; United Nations, 2015). To 

meet these growing demands, intensification characterized the EU agricultural policy during 

decades. This boosted agricultural productivity, but also gave rise to some environmental 

concerns (Eurostat, 2018c; National Research Council, 2010). Policy responded by 

implementing environmental standards and restrictions that farmers need to fulfil to target 

towards more sustainable production systems. This goes along with the increasing interest of 

the civil population for environment-friendly agricultural products (Eurostat, 2018c, 2018g; 

European Commission, 2017a).  

1.2.1 Agricultural intensification 

Agricultural intensification has resulted in an increased production per unit of land, keeping 

food prices at very low levels, but also an increasing scale of operation and farm sizes, 

specialization and concentration on a few crops, is observed. This was accompanied by an 

increased agricultural input (e.g. fertilizers, plant protection products, machinery) (Bürger et 

al., 2012; Eurostat 2018d). Part of nitrogen (N) and phosphorus (P) from mineral fertilizers and 

animal manure enters surface and groundwater, contributing to eutrophication and biodiversity 

loss (Tilman et al., 2001). Excessive use of N is also related to other environmental issues 

such as acidification, greenhouse gas (GHG) effects by dinitrogen oxide (N2O) emissions, and 

smog and ozone formation by nitrogen oxides (NOx) emissions (Stoate et al., 2001; Tillman et 

al., 2001). Adverse effects associated with the application of plant protection products are air, 

soil and water pollution, and biodiversity loss. Furthermore, the production and transport of 

these chemicals require fossil fuels, contributing to carbon dioxide (CO2) and sulfur dioxide 

(SO2) emissions (Stoate et al., 2001). The agricultural sector is facing a challenge, as it still 

accounts for 10% of total EU’s GHG emissions, notwithstanding declining trends in GHG 

emissions (mainly due to reduced N fertilizer use) and consumption of plant protection products 

are observable since 1990 (Eurostat 2018f). 

Furthermore, agricultural intensification is often related with unsustainable farming practices 

resulting in soil degradation, such as erosion, decrease in soil organic carbon (SOC), 

compaction, declining soil biodiversity, salinization, and contamination (Janvier et al., 2007; 

Louwagie et al., 2009; Techen and Helming, 2017). According to some estimations, more than 

half of the European territory had to deal with one or more types of soil degradation in the last 

few decades (Virto et al., 2014). The use of heavier machines, irrigation, and the application 

of fieldwork processes when soil water content is high, have strongly contributed to soil 
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compaction. Erosion is a natural process, intensified and accelerated by human practices (e.g. 

tillage techniques). The agricultural SOC stocks are strongly influenced by human 

interventions (e.g. ploughing, fertilization). SOC degradation has gained much attention in 

Europe due to the far-reaching consequences of SOC changes, as SOC affects chemical, 

physical and biological soil parameters (Louwagie et al., 2009; Virto et al., 2014). 

1.2.2 Policy as driver for a more sustainable agriculture 

European policy aims to meet the challenge of ensuring food security and reducing the 

pressure of farming practices on the environment (European Commission, 2018d). To achieve 

this, various agricultural and environmental policy measures and initiatives have been 

introduced at EU and regional level over the last two decades (e.g. the EU nitrates directive, 

initiatives in the Common Agricultural Policy to reduce the impact of intensive agricultural 

practices). Policies designed to support farmers or that tackle (environmental) issues related 

to agriculture have direct and indirect impact on farmers’ choices. 

1.2.2.1 The Common Agricultural Policy at a glance 

The EU Common Agricultural Policy (CAP) reflects the partnership between the EU and its 

farmers, and between agriculture and society. It is the policy that provides financial support to 

farmers in the EU member states. The CAP has gone through several reforms, evolving from 

a sole focus on surplus and food security, to a policy paying attention to the multiple functions 

that agriculture has in society (European Commission, 2018d).  

The CAP was launched in 1962 and finds its roots in the after-effects of World War II, with as 

goal ensuring affordable food for EU citizens and a fair standard of living for farmers. In this 

context, financial incentives were put in place to produce more by, for example, subsidizing 

farm investments in favor of farm growth, hence, stimulating agricultural intensification. The 

introduction of minimum prices encouraged farmers to produce as much food as possible, 

which contributed to over-production in the 1970s. Therefore, in the 1980s, quota were 

introduced for several agricultural products to bring production levels closer to market needs.  

This all led to a big reform of the CAP, which took place in 1992, the so-called MacSharry 

reform. The main modification was that price support was scaled down, with a shift from market 

support to producer support. At that time, farmers received direct income aid, which was, 

however, still coupled with the production volume. This reform coincided with the launch of the 

sustainable development principle. Since then, farmers are encouraged to a more 

environmentally friendly farming. The reform of Agenda 2000 subdivided the CAP into two 

pillars: direct income support (pillar I) and rural development (pillar II). With the reform of 2003, 

called the mid-term review, fundamental changes in payment were agreed. Farmers still 
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received direct income payments, but this was decoupled from production. In this way, farmers 

were free to orient their crop choices on the market while still enjoying a minimum income. The 

direct income support was, however, connected to some preconditions (‘cross-compliance’) 

including environmental and food safety, animal health and welfare, and environmental 

standards (e.g. minimum levels of SOC) (European Commission, 2018d; European Union, 

2017).  

With the current CAP, introduced by the reform of 2013, even a stronger focus is put on 

sustainable farming and innovation, while still providing affordable food and ensuring farmers 

a good living standard. The CAP still has as objectives supporting employment and growth in 

rural areas, and moving financial assistance towards the productive use of land. The two pillars 

are maintained, but the main measures due to reform concern a better targeting of income 

support to farmers most in need (e.g. young farmers), more equality in the distribution of 

support, and the greening of farm payments (European Commission, 2018c, 2018d; European 

Union, 2017). 

Over the past 30 years, the budget of the EU spent on the CAP has decreased sharply from 

almost 75% to currently 38% (CAP 2014-2020) (European Union, 2017). 75% of this budget is 

spent on pillar I, including direct payments (to ensure income stability in the face of e.g. 

weather variations) and market measures (in order to e.g. deal with difficult market situations 

such as sudden drop in demand). 30% of the direct income support is coupled to greening 

measures (European Union; 2016). These measures comprise (1) crop diversification (mainly 

to improve soil quality), (2) maintenance of a minimum area of permanent grassland, and (3) 

implementation of ecological focus areas (i.e. ecologically beneficial elements such as 

hedgerows or cover crops; primarily to safeguard and improve biodiversity; EFA) (European 

Commission, 2018c). While the implementation of pillar I is established by the EU, it is up to 

the member states/regions to flesh out the effective implementation of the rural development 

(pillar II). Out of the list of priorities and objectives defined by the EU, Flanders defined four 

strategic goals: (1) investing in young farmers and the future of Flanders agricultural sector; 

(2) investing in innovation and education; (3) increasing the viability and sustainability of the 

agricultural sector (economic and ecologic); and (4) enhancing the vitality of the countryside. 

The new CAP came into force in Flanders in 2015 (Department of Agriculture and Fisheries, 

2014).  

The CAP will again undergo a reform in 2020, to meet the changing citizen’s requirements and 

needs, and new economic circumstances. A key priority will be a simplification of the CAP to 

reduce implementation costs. Furthermore, the CAP will continue to ensure high-quality food, 

while higher ambitions for environmental and climate actions are defined (e.g. more focus on 
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the protection of biodiversity, enhancing ecosystem services) (European Commission, 2017b, 

2018d, 2018e).  

1.2.2.2 Other legislation important for the agricultural sector 

Associated with agricultural intensification, the use of inorganic fertilizers, in particular N and 

P fertilizers, grew rapidly. Policy introduced measures aiming to reduce environmental 

problems related to the excessive use of these mineral fertilizers. The main policy addressing 

problems related to N losses to the environment is the EU nitrates directive (91/676/EEG), 

which was introduced in 1991. The directive has two main objectives: (1) reducing water 

pollution by nitrates from agricultural sources and (2) preventing further pollution by promoting 

the use of good farming practices. This directive is implemented by EU member states. The 

states are required to designate nitrate vulnerable zones (i.e. all land that drains to waters that 

are or could become polluted by nitrates). For these zones, the directive sets an annual 

maximum of 170 kg N from livestock manure that can be applied per hectare. Next, the 

member states are required to draw up region or country specific action programs, mandatory 

for only the nitrate vulnerable zones or for the whole region/country. These action programs 

establish codes of good agricultural practices (e.g. organic fertilizer application periods, 

manure storage methods). The nitrates directive is subject to the cross-compliance rules of the 

CAP (European Commission, 2018a).  

The current action program for Flanders is the 5th Manure Action Plan (MAP), which entered 

into force in 2015. With MAP5, Flanders wants, in addition to fulfilling the goals related to water 

quality, also contribute to the improvement of the soil quality. Due to increasing concerns 

regarding high P concentrations in Flemish agricultural soils, strict standards for P use were 

introduced. Depending on the P concentration, fields are assigned to one out of four P-classes. 

The quantity of fertilizer that is allowed depends on the main crop and the P-class. Another 

particular characteristic of MAP5 is the evaluation of fertilization schemes at the farm level. So, 

application of a double amount of the normally applied quantity of manure on a field is allowed, 

as long as the sum of all doses over all fields (farm level) is below the permitted quantity (Vlaco, 

2018; VLM, 2015a). Furthermore, farms located in focus areas (these areas are defined based 

on nitrate concentrations (measured at MAP monitoring points) in surface and groundwater) 

need to apply extra measures. For instance, for these farms, a more strict organic manure 

application period is valid and they are obliged to sow a cover crop (if possible) (VLM, 2015a). 

MAP6 has been developed, however, it is not yet implemented in Flanders. MAP6 aims for, 

amongst others, a higher level of effectiveness by more strict implementation of the current 

measures. In addition, it intensifies area-oriented policies by distinguishing area types, ranging 

from 0 to 3, with higher values associated with more strict measures (Vlaamse Overheid, 

2018). 
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Also related to the cross-compliance of the CAP are the erosion control plans. On fields that 

are (very) prone to erosion, farmers are obliged to apply erosion control measures, while on 

fields with moderate sensitivity farmers are encouraged to do so. The measures depend on 

the type of crop and are mainly related to tillage techniques, fallow periods, implementation of 

grass strips and hedgerows, and cover crop cultivation (Departement Landbouw en Visserij, 

2018).  

Another important instrument, focusing on biodiversity, is Natura 2000, composed of the Birds 

and Habitats Directive. For agricultural land, the requirements are mainly related to the 

prevention of excessive nutrient use and losses (ANB, 2017). Moreover, voluntary initiatives 

exist to contribute to the environmental and ecological goals. For example, in Flanders, 

partnerships are set up (so called ‘agrobeheergroepen’) between local farmers and 

professional horticulturists to manage the agricultural landscape, nature, and water. They 

focus on a broad range of topics such as birds, hedgerow management, erosion, and 

agroforestry. This kind of collaborations allow to work more efficiently and to undertake bigger 

projects (ABC Eco2, 2018).  

1.3 The importance of soil organic matter 

1.3.1 Soil organic matter, a key for soil quality 

In the transition towards sustainable agriculture, the importance of soil quality was widely 

recognized. For instance, in 1993, the FAO defined five basic ‘pillars’ for sustainable land 

management, corresponding to (1) maintenance/enhancement of productivity, (2) reduction of 

production risks, (3) protection of the potential of natural resources and prevention of 

degradation of soil and water quality, (4) economic viability, and (5) social acceptability (FAO, 

1993). Several definitions of soil quality can be found in literature. They mainly focus on the 

functions of soils, often comprising both the role of soil for production and for environmental 

quality. In this context, the definition of Karlen et al. (1997) is widely accepted: “Soil quality is 

the capacity of a specific kind of soil to function, within natural or managed ecosystem 

boundaries, to sustain plant and animal productivity, maintain or enhance water and air quality, 

and support human health and habitation”. Key functions include physical stability and support, 

nutrient retention and cycling, transport and retention of solutes, buffering and filtering of 

potentially toxic material, water flow and retention of water, and maintenance of biodiversity 

(Garrigues et al., 2012). In the context of agriculture, the definition suggested by van Eekeren 

et al. (2010) might be more practical: “Agronomic soil quality is the sustained ability of a soil to 

(i) provide enough water and nutrients to crops, (ii) maximize the use efficiency of external 
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inputs, (iii) minimize negative influences on the environment and (iv) sustain soil biodiversity”. 

The capacity of soils to fulfill all these requirements will vary among soils as being dependent 

of a range of indicators such as available nutrients, salinity, or organic matter content 

(Garrigues et al., 2012). In this PhD thesis, the focus will be put on the role of soils regarding 

productivity, being of main relevance in the agricultural context. 

Soil organic matter (SOM) is the organic fraction of the soil; around half of it is carbon (C), the 

rest mainly consists out of oxygen, hydrogen, sulfur, nitrogen, and phosphorus. In the broadest 

sense, SOM is made up of living and non-living compounds. The living compounds comprise 

micro- and macro-organisms, while the non-living compounds refer to microbial, animal and 

plant residues in diverse stages of decomposition. Decomposition of organic matter by soil 

organisms results in the release of CO2 and mineral compounds (mineralization) that plants 

can take up. A fraction of the organic matter is not mineralized, but is transformed into stable 

organic compounds (humification). The speed of decomposition and the extent to which 

mineralization occurs depends on soil organisms, the organic matter properties, and 

environmental aspects such as temperature, and moisture. Consequently, SOM is a highly 

heterogeneous mixture of organic compounds, which is difficult to characterize (FAO, 2005; 

LNE, 2014). 

Although SOM makes up only a few percent of most soils, it is a key factor as it influences 

many soil functions as discussed before (FAO, 2005). For instance, SOM binds soil particles 

together in stable aggregates, in this way contributing to soil structure, decreasing erosion, and 

increasing soil permeability to water and air. Furthermore, it acts as a sponge, improving the 

soils water holding capacity. The darker color of SOM explains why soils with higher SOM 

content warm up faster, which influences the speed of decomposition. In addition to physical 

aspects, SOM also has chemical functions. For instance, SOM buffers the change in pH and 

increases soils cation exchange capacity (CEC). SOM also offers a binding site for e.g. plant 

protection products. The biological functions of SOM imply providing food for soil micro-

organisms and acting as a reservoir for nutrients in organic forms (FAO, 2005; LNE, 2014). 

Furthermore, SOM can serve as a habitat for soil organisms, and an increase in SOM will 

promote soil biodiversity, thus positively affecting biological control of pests and plant diseases 

(D’Hose et al., 2014). In soils with a high SOM content, roots can more easily penetrate 

(however, this is also related to other aspects such as aeration) and the drainage is better, as 

SOM has a low specific weight and thus reduces the soil density. Therefore, the risk of 

compaction diminishes, which also benefits the erosion resistance (Louwagie et al., 2009; 

Reubens et al., 2010). Many soil characteristics and processes are interrelated, rendering a 

very complex, dynamic system that is not yet completely understood (Figure 1-2).  
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Figure 1-2: Simplified representation of soil interactions related to SOM. Dashed arrows: direct influence 

of SOM on soil characteristics and processes; blue arrows: effect of soil life; green arrows: effects related 

to soil physical aspects; red arrows: effects related to soil chemical aspects; purple arrows: effects of 

soil processes (after Reubens et al., 2010).  

The main component of SOM is SOC. Worldwide, soils are important reservoirs of carbon and 

can therefore play a significant role in climate change mitigation. Depending on land use, 

vegetation cover and land management, the soil can be a source or a sink for atmospheric 

CO2 (FAO, 2005; Freibauer et al., 2004; Stockmann et al., 2013).  

As SOM is difficult to measure directly, often SOC is measured and then multiplied with a 

conversion factor. For Belgium, a factor of 2 is defined by Van Hove (1969). Internationally, a 

conversion factor of 1.72 is commonly used, assuming that the C content of SOM amounts 

58% (Brandão and Milà I Canals, 2013; Stolte et al., 2016). This factor has also been used 

throughout this PhD thesis. SOC is the most often reported soil parameter from long-term field 

experiments (Coleman et al., 1997; Reeves, 1997). Because of its influence on chemical, 

physical and biological processes, SOC is often seen as a good single indicator for soil quality 

(D’Hose et al., 2014; Milà i Canals et al., 2007c).  
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1.3.2 Relationship between soil organic matter and productivity 

SOM affects soil fertility under several headings. For instance, a higher SOM content results 

in an increase in readily available water and total soil water content, which mitigates the effect 

of drought stress and has a positive influence on productivity. Next, SOM content is positively 

related to the CEC and mineralization, essential components of nutrient availability. 

Furthermore, higher SOM stocks improve soil structure and workability (De Haan, 1977; LNE, 

2014; Loveland and Webb, 2003; Watts and Dexter, 1997).  

The positive feedback between SOM and crop yield has been investigated in multiple field 

experiments (Oberholzer et al., 2012). For instance, in Mikanová et al. (2012), several tillage 

strategies are compared, while the same quantity of fertilizer was added (i.e. 100 kg N ha -1). 

They found that for winter wheat, a rise of 0.86% SOM content in the topsoil resulted on 

average in an increase of more than 2 tonnes of grain yield per hectare. Oelofse et al. (2015) 

found no effect on productivity for winter wheat while a small effect for spring barley was 

noticed across a large range of SOM contents. Furthermore, long-term experiments have 

shown that higher crop yields are often obtained on soils with a higher SOM content compared 

to those on soils with a lower SOM content, regardless of the amount of N fertilizer applied 

(Johnston et al., 2009). Bai et al. (2018), studying 30 long-term experiments in Europe and 

China, established a clear positive relationship between additions of organic material, resulting 

in higher SOM stocks, and yield. However, in many experiments, it has proven difficult to define 

in absolute terms the exact relationship between SOM and yield as it is often not easy to 

disentangle the effect of SOM and that of other parameters (Hijbeek et al., 2017). Yet, along 

the lines of previously mentioned field experiments, Brandão and Milà I Canals (2013) state 

that, within certain thresholds, there seems to be a positive correlation between SOM content 

and yield. According to De Haan (1977), the fact that crop yields do not always increase with 

higher SOM contents can be attributed to the fact that sometimes the soil parameters improved 

by adding organic inputs are not the ones that limit the yield. Furthermore, the effect of SOM 

on yield can be neutralized or masked if sufficient mineral fertilizers are supplied (Hijbeek et 

al., 2017).  
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Box 1-1: Relationship between SOM and productivity  

In Bai et al. (2018), a review is made from long-term experiments (mainly in Europe) regarding the 

effects of agricultural management practices on soil quality. One of the aspects investigated, is the 

effect of organic material addition on SOM, while also measuring the yield. The response ratios 

calculated emphasize the relationship between organic material addition, SOM, and yield. Results of 

field experiments focusing on this relationship in Western Europe can be found in Hijbeek (2017) and 

D’Hose (2015). 

Based on a meta-analysis in Europe, Hijbeek (2017) studied the impact of organic inputs on the yield 

of root or tuber crops and cereals. First, the percentage increase in SOM over time for the duration 

of the experiment was calculated. Then, the increase in yield in relation to the relative increase in 

SOM is defined (Figure Box 1-1). On sandy soils, increase in yields from 3 to 7% are identified for 

some root or tuber crops and spring sown cereals, thanks to inputs of organic material, hence 

resulting in an increase in SOM, independent of the nutrient supply. In Figure Box 1-2, the impact of 

organic inputs on yield is presented per crop. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure Box 1-1: Increase in yield related to increase in SOM. x-axis: increase in SOM between treatment 

with only mineral fertilizer and treatment with addition of organic inputs. y-axis: difference in maximum 

yield between treatment with only mineral fertilizer and treatment with addition of organic inputs. Larger 

points indicate a smaller variance (Hijbeek, 2017). 

Figure Box 1-2: Influence of organic inputs on the yield of different crops. Circles are mean yield effects, 

lines represent the 95% confidence interval. The figures between brackets indicate the number of data 

sets. 
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Regarding Flanders, D’Hose (2015) investigated the effect of farm compost on soil quality and crop 

yield, using field experiments. He could conclude that the enhancement of SOM content was the main 

responsible for increasing crop yields. In the farm compost experiment on a loamy sand soil, multiple 

regressions pointed out SOM as the most important indicator positively influencing crop yields. Finally, 

the linear regression equations between crop yields and SOM (measured as SOC) showed 

significant, positive correlations for potato, fodder beet and forage maize. These relationships are 

summarized in Table Box 1-1. 

Table Box 1-1: Linear regressions between crop yields and SOC (as parameter to SOM) of the field plots 
with and without farm compost with different crops (n=18) (D’Hose, 2015) 

Regression equation R2 Sig 

Potatoyield= 9132 + 3747*SOC 0.47 ** 

Fodder beetyield= 18029 + 2902*SOC 0.40 ** 

Forage maizeyield= 16970 + 4016*SOC 0.26 * 

Sig: statistical significance indicated by non-significant (NS), significant at the 0.05 (*) or 0.01 (***)  
probability levels, respectively 

 
The highest slopes in the regression equations between crop yields and SOM were observed for 

forage maize and potato indicating that the expected increase in crop yield for an one-unit increase 

of SOM would be highest in these crops. In other words, forage maize and potato yields are expected 

to benefit most from an increase in SOM. According to D’Hose et al. (2014), a 0.1 percentage point 

increase of the SOC concentration (e.g. from 1.1% to 1.2%) would result in DM-yield increases of 3 

and 2% for potato and forage maize, respectively. 

 

1.3.3 Impact of farm management on soil organic matter dynamics 

Natural factors such as climate, soil characteristics, and soil organisms affect the (rate of) 

decomposition of SOM and its distribution among the different pools (FAO, 2005). In 

agricultural systems, however, human activities are among the most important drivers of SOM 

dynamics and biological activity (Louwagie et al., 2009). To maintain the SOM stock, the rate 

of addition of organic material (mainly by crop residues and organic fertilizers) must be in 

dynamic equilibrium with the rate of decomposition of SOM and losses by erosion (FAO, 2005; 

Stolte et al., 2016; Wiesmeier et al., 2016). Several farm management practices can be 

employed to maintain or increase the SOM stock.  

First, SOM enhancement can be achieved by increasing the input of organic materials into the 

soil (Louwagie et al., 2009). The first source are plants. A well balanced crop residue 

management can help maintain the SOM stock, however this is strongly dependent on the 

diversity and the kind of crops involved in the rotation system as well as the amount of crop 

residues harvested. For instance, rotation systems involving cereals (with possible 

incorporation of crop residues into the soil) are more appropriate than monoculture silage 
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maize (LNE, 2014; National Research Council, 2010; Nunes et al., 2018; Rombouts et al., 

2014; Smith et al., 2012). Next, cover crops are not only beneficial to protect soils against 

erosion, to reduce pests and diseases, and to suppress weeds, but they also add to the SOM 

pool. Although the terms ‘cover crop’, ‘green manure’ and ‘catch crop’ are often used 

interchangeably, they are related through different concepts. While cover crops refer to any 

plant grown to provide a soil cover, independent of whether or not it is later incorporated into 

the soil, it is called green manure when the cover crops are plowed into the soil. Finally, the 

term catch crop is used to specifically indicate the cover crops that are planted to reduce 

nutrient leaching (e.g. NO3
-) after harvesting the main crop (NCAT, 2003). The three functions 

can be combined as well. A range of cover crops can be used such as white mustard, fodder 

radish, and Italian ryegrass (Rombouts et al., 2014).  

Crop residues and cover crops are the base of organic material supply to the soil, but this is 

often not sufficient to improve or even maintain the SOM levels (LNE, 2014). Extra input by 

organic fertilizers is therefore required. These can be of animal (e.g. cattle or pig slurry, 

farmyard manure (FYM)), vegetal (e.g. green compost) or mixed origin (e.g. digestate) 

(Rombouts et al., 2014). Not only the quantity, but also the quality of the organic input supply 

and duration of application is very relevant (Bai et al., 2018; Oberholzer et al., 2012). Fertilizers 

differ in effective organic carbon content (i.e. the part of organic carbon still available a year 

after application and which will thus be available in the long term) (LNE, 2014; VLM, 2018). 

Also the C:N ratio of the organic material is a key parameter because of its impact on residue 

decomposition and nitrogen cycles. C and N cycles are coupled in the soil and are important 

for the microbial community. Organic fertilizers are also a source of other nutrients (e.g. N, P), 

which will often determine the maximum quantity that can be applied as the standards for N 

and P fertilization are quite strict in Flanders (Rombouts et al., 2014). Although compost, 

designated as soil improver rather than fertilizer, has many beneficial effects such as being a 

source of nutrients (e.g. potassium), enhancing biological diversity, releasing nutrients 

gradually and thus preventing nutrient leaching and contributing to soil fertility in the long term, 

it is still not applied on a large scale (National Research Council, 2010; Viaene et al., 2016). 

Based on a study by Viaene et al. (2016), the main barriers to compost application in Flanders 

are complex regulations, a surplus of manure (which is freely available), fear of insufficient 

local availability while strict regulations for transport apply, the conviction that the quality of 

compost is quite variable, concerns regarding risks for weed and contaminants, and lack of 

experience in the use of compost among farmers.  

The second group of practices refers to a reduction in soil disturbance and so decreased 

decomposition rates. Prominent examples are the cultivation of perennial crops and reduced 

or no tillage. Conventional tillage entails extra aeration, which stimulates the microbial fauna 
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and thus decomposition. On the other side, the repetitive disturbance of the soil has a negative 

effect on soil structure and soil moisture retention capacity and disturbs the habitat of for 

instance earthworms. In contrast, no-till or reduced tillage have been reported to decrease soil 

temperature and increase soil water content, which promotes the activity of soil fauna such as 

earthworms which are largely responsible for more stable humus production (Balesdent et al., 

2000; Barão et al., 2019; FAO, 2005; Louwagie et al., 2009). 

1.3.4 Soil organic matter trends in Europe and Flanders 

In Europe, around 45% of the mineral soils are characterized by a low SOM concentration 

(0-3.44%, corresponding to a SOC concentration of 0-2%) (Louwagie et al., 2009). The highest 

SOM concentrations were predicted in the Nordic countries, while the lowest SOM 

concentrations can be found in Mediterranean countries (Figure 1-3) (de Brogniez et al., 2015). 

Although changes in SOM levels resulting from agricultural intensification are rather slow, 

studies suggest that the SOM level in European agricultural land is decreasing (Jones et al., 

2012; Oberholzer et al., 2014). This decline is often related to land-use changes such as the 

conversion of pasture to cropland or to intensification of agricultural management (e.g. 

fertilization, crop rotation, tillage) (de Brogniez et al., 2015; Oberholzer et al., 2014). 
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Figure 1-3: Map of simulated soil organic carbon (SOC) content (g C kg-1) in top-soil layer (0-20 cm) in 

Europe (de Brogniez et al., 2015). 

The same declining SOM trend is noticeable in Flanders (van Wesemael et al., 2005). Surveys 

of arable land (where 210 000 soil samples were taken between 1989 and 1999) revealed 

widespread decreasing SOM stocks in cropland (Sleutel et al., 2003). Later on, Sleutel et al. 

(2006) investigated the SOM trends in Flanders between 1990 and 2003; they concluded an 

average rate of decrease of 0.19 t C ha-1 yr-1. According to the authors, this can be explained 

by changes in organic material input: less application of cattle manure and, to a lesser extent, 

changes in crop rotation. Also data of the Soil Service of Belgium indicate that, over years, the 

share of Belgian arable fields with low SOM concentrations, became larger (Figure 1-4) (Tits 

et al., 2016). 
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Figure 1-4: Partitioning of Belgian arable fields (%) over seven SOM classes (according to SOC 

concentration) over time according to the data of the Soil Service of Belgium. Their classification differs 

per soil textural class. The concentrations for the classes ‘very low’, ‘low’, ‘rather low’, ‘target zone’, 

‘rather high’, ‘high’, and ‘very high’ correspond to “<1.2”; “1.2-1.4”; “1.5-1.7”; “1.8-2.8”; “2.9-4.5”; 

“4.6-10.0”; “>10.0” for sandy soils; “<0.8”; “0.8-0.9”; “1.0-1.1”; “1.2-1.6”; “1.7-3.0”; “3.1-7.0”; “>7.0” for 

sandy loam and loam soils; and “<1.0”; “1.0-1.2”; “1.3-1.5”; “1.6-2.6”; “2.7-4.5”; “4.6-10.0”; “>10.0” for 

Polders, respectively. Based on Tits et al. (2016). 

According to some experts, the SOC concentrations as mentioned by the Soil Service of 

Belgium are too high and should be corrected by a factor of 0.75 (Sleutel, 2005, Sleutel, 

personal communication). To handle a conservative approach, this correction factor has been 

applied in the calculations presented in Chapter 4.  

1.3.5 Modeling of soil organic matter and yield 

A variety of models exists to describe the turnover of SOM in (agricultural) soils. Examples of 

frequently applied models are DNDC, CANDY, CENTURY, DAISY, and RothC (Campbell and 

Paustian, 2015; Stockmann et al., 2013). The models differ in terms of spatial scale, time-step 

used in the calculations, the extent of details needed regarding data inputs, and the level of 

complexity (Campbell and Paustian, 2015; Goglio et al., 2015; Stockmann et al., 2013).  

In this PhD thesis, we rely on the Rothamsted Carbon (RothC) model to simulate changes in 

SOM stock. This model was originally developed and parameterized to simulate the SOM 

dynamics in arable soils from the Rothamsted long-term field experiments (United Kingdom) 

(Coleman et al., 1997; Coleman and Jenkinson, 2014). In the meantime, RothC-26.3 has been 

tested and used in various ecosystems (e.g. grassland) and climatic conditions in Western and 

Central Europe (e.g. Belgium, United Kingdom, The Slovak Republic) (Barancikova et al., 

2010; Coleman et al., 1997; Milà i Canals et al., 2007c; van Wesemael et al., 2005). The model 

includes four active SOM pools and a small amount of inert organic material (IOM), which is 
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resistant to decomposition. The four active pools are: decomposable plant material (DPM),  

Resistant plant material (RPM), microbial biomass (BIO) and humified organic matter (HUM), 

each characterized by its own decomposition rate (first-order process). Depending on the 

DPM/RPM ratio of the incoming organic material, the input is split between the DPM and RPM 

pool. Next, both pools decomposes in CO2, BIO and HUM (Coleman and Jenkinson, 2014). 

The structure of the model is represented in Figure 1-5.  

 

Figure 1-5: Partitioning of the components of soil organic matter in RothC-26.3 (Coleman and 

Jenkinson, 2014). 

The simplicity of the model and the feasible requirements regarding input data explain the 

frequent use of RothC (Barancikova et al., 2010; Campbell and Paustian, 2015; Goglio et al., 

2015). Furthermore, RothC can also be run in the R environment by the R package SoilR, 

which allows easy modeling of several simulations (Sierra et al., 2012). 

In this study, the EU-Rotate_N model is used to evaluate the yield response to changes in 

SOM stock. This model was developed to improve the N management across Europe by 

assessing the effect of different crop rotations and fertilizer practices on losses of N to the 

environment (Rahn et al., 2010; Suárez-Rey et al., 2016). In addition to N dynamics, the model 

simulates crop growth on a daily basis. EU-Rotate_N has been evaluated under field conditions 

in several countries (e.g. Germany, Norway, Spain, Belgium) (De Waele et al., 2017; Nendel 

et al., 2013; Suárez-Rey et al., 2016).  

To simulate crop growth, the model applies a target yield approach, hence, requiring an 

estimation of a maximum achievable yield. In this way, there is no need to parameterize the 

large variety of crops for photosynthesis-driven algorithms. On a daily basis, the increment in 

plant dry matter is calculated, relying on the day degree and growth coefficients that depend 

on water supply and the %N in dry matter of the plant. Because changing the SOM stocks will 

affect the supply of N by mineralization, the growth coefficient and consequently also the dry 

matter yield will change (Rahn et al., 2010).  
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1.4 Environmental sustainability assessment methodologies 

for the agricultural sector 

To foster the transition towards a more sustainable agriculture, thorough sustainability 

assessments are required. According to the Brundtland report, sustainability is defined in terms 

of three pillars: environmental, social, and economic. According to this definition, all three 

pillars are equally important. Later on, three concentric circles were suggested to represent 

sustainability. As presented in Figure 1-6, economy exists within society, both economy and 

society are a wholly-owned subsidiary of the biosphere. In other words, biosphere stewardship 

is a precondition for sustainable development, i.e. it is required in order to sustain and improve 

our life-supporting environment for current and future human well-being. Human well-being is 

thus embedded in a robust biosphere. In this sense, it is emphasized that socio-ecological 

systems cannot be decoupled from the biosphere as they operate as part of it and are 

dependent on it (Folke et al., 2010, 2016). According to Folke et al. (2016), this stresses the 

need for a sustainability science from the viewpoint of the biosphere.  

 

Figure 1-6: Viewpoint on sustainable development. Economy and society as embedded within the 
biosphere (Folke et al., 2016).  

Attempts are being made to develop an assessment method to cover all three aspects of 

sustainability. For instance, the Sustainable Agriculture Initiative Platform launched the globally 

used Farm Sustainability Assessment (FSA) tool, which consists of an extensive questionnaire 

addressing sustainability impacts of farming. The outcome gives an indication to farmers about 

the sustainability performance of their farm on several aspects. Next, the FSA also provides a 

single benchmark to existing standards and schemes. So it can be used by farmers to assess 
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their farm’s sustainability and by companies to track sustainably produced agricultural raw 

materials (SAI Platform, 2018). Another example is the Life Cycle Sustainability Assessment 

methodology, which encompasses environmental Life Cycle Assessment (LCA), life cycle 

costing, and social LCA. This method intends to evaluate the full sustainability of products, but 

there is no consensus yet on how to integrate information on the three pillars. As a 

consequence, they are commonly assessed separately (Guinée et al., 2011; Kloeppffer, 2008).  

Given the wide range of environmental impacts to which agricultural production systems are 

contributing and the environmental challenges with which agriculture will have to deal over the 

next decades, the focus in this thesis is put on the environmental pillar of sustainability. A range 

of assessment methods exists. Some of them deliver an overview of the total environmental 

performance, while others focus on one particular aspect (e.g. evaluation of land use). For 

example, the ecological footprint represents the amount of biologically productive land and 

surface water area required to produce the resources consumed by the human population and 

to assimilate the wastes generated by fossil and nuclear fuel consumption (Haberl et al., 2004; 

Wackernagel, 2014). Land-use intensity can be represented by the socio-ecological indicator 

‘human appropriation of the net primary production’, measuring the human domination of the 

biosphere (Erb et al., 2009; Haberl et al., 2007). Other methods focus on more than one aspect 

of environmental sustainability. For instance, recent developments focus on ecosystem service 

assessment, in which changes in the supply of ecosystem services by the agro-ecosystem to 

humanity are assessed by e.g. ecological indicators or monetary valuation (Häyhä and 

Franzese, 2014). Finally, the frequently applied methodology LCA allows getting a more 

holistic overview of the environmental sustainability of agricultural products and is recognized 

as a robust methodology (Guinée et al., 2002). LCA is further explained in the following section. 

1.4.1 Life cycle assessment 

LCA is a tool to estimate the environmental burden of products (i.e. goods and services) from 

a lifecycle perspective (EC-JRC, 2010; Guinée et al., 2002). The product’s lifecycle involves 

several phases, i.e. going from raw material extraction, via production, distribution, and use 

phases, to waste management (including disposal as well as recycling) (‘cradle-to-grave’) 

(Finnveden et al., 2009). At every life cycle stage of the production chain, all relevant emissions 

and resources consumed, as well as the related environmental impact and resource depletion, 

are quantified (EC-JRC, 2010; Guinée et al., 2002). Hence, LCA allows identifying 

opportunities to improve the environmental performance at different phases of the life cycle of 

a product. It can also be used to inform decision-makers in government, industry and (non)-

governmental organizations (ISO, 2006b). 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/waste-management
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The first LCA studies date back from the 1970’s, however, a real breakthrough was achieved 

in the 1990’s, as reflected in a remarkable growth in scientific and coordination activities 

worldwide. In this period, efforts were initiated to harmonize the LCA methodology, with the 

Society of Environmental Toxicology and Chemistry (SETAC) playing a leading and 

coordinating role. Since 1994, the International Organization for Standardization (ISO) has 

been involved in LCA (Guinée et al., 2011). Currently, conventional LCA is standardized by 

the ISO 14040 and ISO 14044 (ISO, 2006a, b). These guidelines propose an iterative 

procedure of four phases: (1) Goal and scope definition, (2) Inventory analysis, (3) Impact 

assessment, and (4) Interpretation (Figure 1-7) (ISO, 2006a). 

 

Figure 1-7: The four stages of an LCA according to ISO (ISO, 2006a). 

In the first phase, the goal is defined, which should clearly state the intended applications, the 

reasons for carrying out the study, the intended audience and the (non-)comparative character 

of the study. Furthermore, this step includes a description of the process under investigation, 

its function, the system boundaries, potential allocation procedures, the environmental impact 

assessment methodology, the data (quality) requirements, and the assumptions and 

limitations. The scope should define the depth and detail of the study, showing that the study 

can address the stated goal (ISO, 2006a).  

The system boundaries are defined to specify which parts of the system are included and to 

delimit the lifecycle, considering that the system is still in accordance with the goal of the study 

(ISO, 2006a). In agricultural LCAs, the system boundaries often correspond with the fieldgate 

or farmgate (‘cradle-to-gate’) as usually multiple possibilities of end product processing exist, 

on which the farmer has no influence. The goal and scope is critical in drawing the system 



Chapter 1   

 

-22- 
 

boundaries, as especially in the agricultural sector, they can tremendously influence the LCA 

results (Caffrey and Veal, 2013). 

The function provided by the goods or services is defined by the functional unit, a quantifiable 

measure which presents a reference to which the inputs and outputs can be normalized 

(Finnveden et al., 2009; ISO, 2006b). In the agricultural context, plural functional units are 

possible. For instance, when the function is wheat production, the impacts can be expressed 

per kg wheat or per area of land (Harris and Narayanaswamy, 2009).  

To deal with processes for which multiple products can be identified (e.g. wheat and straw), 

an allocation approach is required. Allocation aims to partition the inputs and/or output flows 

between the various co-products. ISO 14044 suggests the following order to deal with the 

problem of multi-functionality: if possible, avoid allocation by splitting the process into sub-

processes or by system expansion; otherwise, use allocation based on physical relationships 

(e.g. mass, energy), and finally allocate relying on other relationships (e.g. economic value) 

(ISO, 2006b).  

The data inventory (second phase) involves the quantification of the inputs and outputs (e.g. 

material, energy) associated with a product or service through data collection and calculation 

procedures. The system is often split into a foreground system, for which specific data have to 

be collected during the LCA study, and the background processes, for which general data are 

gathered in life cycle inventory (LCI) databases such as ecoinvent (Guinée et al., 2002; Swiss 

Centre for Life Cycle Inventories, 2015b). 

The third step, life cycle impact assessment (LCIA), aims to understand and evaluate the 

potential environmental impacts of the product system. To transform the LCI data into LCIA 

results, several steps need to be followed. According to ISO 14044, selection of the impact 

categories, classification and characterization are mandatory elements; other elements such 

as normalization and weighting are optional (ISO, 2006b). During classification, the LCI results 

(i.e. emissions to and resources from the environment) are assigned to the impact categories 

to which they contribute (e.g. NOx emissions can contribute to acidification). To quantify the 

extent to which substances contribute to the selected impact categories (‘characterization’), 

the inventory data are multiplied with substance-specific characterization factors (CFs). Those 

factors quantitatively indicate the relative importance of a substance to a certain impact and 

allow expressing the potential environmental impact of all substances to an impact category in 

one common unit (Hauschild et al., 2013; ISO, 2006b). For example, when analyzing the 

impact category climate change, all emissions contributing to global warming are multiplied by 

their specific CF in order to estimate the potential impact of the product on climate change in 

one common unit: kg CO2-equivalents.  
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A cause-effect analysis can be made to show the causal relationship between the LCI data 

and their potential impact. Indicators (i.e. quantifiable representation of the impact categories) 

can exist at different stages in this pathway, for example at midpoint and endpoint level 

(Figure 1-8). Midpoint indicators indicate impacts which are situated along the impact pathway 

between emission or resource extraction and the endpoint level, and focus on single 

environmental problems (e.g. eutrophication) (Finnveden et al., 2009). In contrast, endpoint 

indicators represent the end of the cause-effect chain and aggregate environmental impacts 

into the main areas that society wants to protect or sustain, called areas of protection (AoPs) 

(EC-JRC, 2011; Finnveden et al., 2009). In traditional LCA, three AoPs are distinguished: 

human health, ecosystem quality and natural resources (Dewulf et al., 2015; EC-JRC, 2010; 

Sonderegger et al., 2017; Vidal-Legaz et al., 2017).  

 

Figure 1-8: Relationship between mid-and endpoint (area of protection) level. Adapted from the ILCD 

handbook (EC-JRC, 2010).  

Currently, a variety of impact assessment methods exist, each applying its own methodology 

to define the characterization factors for the incorporated impact categories (Hauschild et al., 

2013). The LCIA methods can be classified into emission-based (e.g. IPCC) and resource-

oriented methods (e.g. ecological footprint). Other methods aim to focus on both, emissions to 

the environment, and resources extracted from the environment (e.g. ReCiPe2016 (Huijbregts 

et al., 2017)). The European Commission has evaluated existing LCIA methods at midpoint 
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and endpoint level in their International Reference Life Cycle Data System (ILCD) Handbook 

(EC-JRC, 2011). In this ILCD Handbook, different midpoint and endpoint indicators regarding 

damage to the AoPs human health and ecosystem quality are recommended, while less 

agreement exists about how to model damages to the AoP natural resources (Dewulf et al., 

2015; EC-JRC, 2011; Frischknecht et al., 2016; Hauschild et al., 2013). In the studies of Dewulf 

et al. (2015) and Sonderegger et al., (2017), the first steps are made to a better understanding 

and a further elaboration of this AoP. As LCIA is a continually evolving field of research and 

keeps developing and improving methodologies, initiatives are undertaken to update the 

recommendations given in the ILCD Handbook. For instance, in the context of the United 

Nations Environmental Programme-Society of Environmental Toxicology and Chemistry 

(UNEP-SETAC) Life Cycle Initiative, the LCIA methods regarding climate change, human 

health impacts of fine particulate matter, water use impacts, and land use impacts on 

biodiversity were evaluated and “the current best available practice” was identified 

(Frischknecht et al., 2016). Regarding soil impact indicators, a qualitative evaluation of the 

more recently developed indicators, was performed by Vidal-Legaz et al. (2017).  

Finally, in the iterative interpretation phase, the LCI and/or LCIA results are interpreted and 

evaluated in relation to the defined goal and scope. This phase can include identification of 

significant issues, sensitivity analysis, conclusions, limitations and recommendations (ISO, 

2006a, b).  

Thanks to its holistic and systemic approach, LCA is capable to avoid environmental burden 

shifting between life cycle stages or different impact categories (Niero et al., 2015). And 

although the ISO standards have contributed to a broad acceptance and wide use of LCA, they 

are also criticized by some authors, for, amongst others, being for some cases too restrictive 

(e.g. regarding allocation) and for others too vague to give adequate guidance (Zamagni et al., 

2008). In addition to these standards, other official guidelines have been published as well. 

For instance, as mentioned before, the EC published the ILCD Handbook to overcome these 

problems, which is a detailed guide and covers all aspects of conducting an LCA, in line with 

the international standards (EC-JRC, 2010). In 2013, the European Commission published a 

Communication to the European Parliament and the Council called “Building the Single Market 

for Green Products: Facilitating better information on the environmental performance of 

products and organisations”. It introduces a standard methodology to measure and 

communicate the environmental performance of products and organizations throughout the 

lifecycle. The Product Environmental Footprint (PEF) methodology offers guidance (Product 

Environmental Footprint Category Rules) to make sure that the most relevant environmental 

impact categories and activities along the life cycle for a certain product category are included. 

The Organisation Environmental Footprint (OEF) applies to organizational activities as a whole 

http://ec.europa.eu/environment/eussd/smgp/index.htm
http://ec.europa.eu/environment/eussd/smgp/index.htm
http://ec.europa.eu/environment/eussd/smgp/index.htm
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(e.g. retail), so also taking into account supply chain activities. These methods offer 

frameworks of general requirements and principles, inter alia based on the ISO standards and 

the ILCD Handbook, which aim to harmonize environmental assessments of products, allowing 

easier comparison of results of studies about the same products (European Commission, 

2018e). 

1.4.2 Accounting for resource consumption in a lifecycle context 

Initially, LCAs were mainly focusing on emissions and related problems. Nowadays, increasing 

attention to resource use and awareness for resource depletion are reflected in the growing 

interest in methods accounting for resource use throughout the life cycle. Traditionally, 

resource-based LCIA methods are classified into three groups: (1) resource accounting 

methods (RAM), which account for the resources based on physical properties (e.g. mass, 

energy, exergy); (2) midpoint resource depletion methods, accounting for the impact of 

resource depletion; (3) endpoint methods which take into account the consequences of 

resource depletion (EC-JRC, 2011). An evaluation of abiotic resource LCIA methods is made 

by Alvarenga et al. (2016). 

In the first group, i.e. RAMs, resource consumption is usually represented by an inherent 

property of the resource flow (e.g. mass, energy), which allows them to aggregate different 

types of resources and present the total resource consumption in one common unit (e.g. kg or 

J) (EC-JRC, 2011). As these methods consider the consumed quantities, they do not assess 

resource scarcity or the provisioning capacity of resources (e.g. land), but, the obtained 

resource footprint is helpful to detect resource consuming steps in order to strive for a higher 

resource efficiency of the production system.  

Several RAMs have been developed (for a summary see Huysveld et al. (2015) and Alvarenga 

et al. (2016)). While some RAMs are based on mass or energy (e.g. Cumulative Energy 

Demand), thermodynamic accounting methods account for the consumption of solar energy 

(Solar Energy Demand) or exergy (e.g. Cumulative Exergy Extraction from the Natural 

Environment (CEENE)). Both, Liao et al. (2012) and Alvarenga et al. (2016) recommend the 

CEENE as (one of) the best thermodynamic-based LCIA methods, since it has a high scientific 

robustness and covers the largest number of natural resources, including land.  

CEENE quantifies the resource consumption by accounting for all exergy deprived from nature 

to produce the final product. Exergy is based on the second law of the thermodynamics1 and 

is defined as the maximum amount of useful work that can be obtained from a resource when 

                                                             
1 The second law of thermodynamics states that ‘every process transforms resources into work, heat, 
and/or products, by-products and wastes, and generates entropy’ (Huysveld et al., 2015)  
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it is brought into equilibrium with the environment (Dewulf et al., 2008; Szargut et al., 1988). In 

this way, the total resource consumption can be expressed in one unit: joules of exergy (Jex). 

CEENE covers the following groups of natural resources: fossil fuels, nuclear resources, 

abiotic renewable resources (wind, geothermal and hydropower), metal ores, minerals, water 

resources, and land and biotic resources and atmospheric resources (Alvarenga et al., 2013b; 

Dewulf et al., 2007). To date, three versions are available: CEENE 2007 (Dewulf et al., 2007) 

and CEENE 2013 (Alvarenga et al., 2013b), which differ in the way they account for land 

occupation, and CEENE 2014 (Taelman et al., 2014) in which CFs to account for marine 

resources are added. In the first version, the quantity of solar exergy deprived from the natural 

ecosystem due to land occupation by human-made systems is used as a proxy for land 

occupation. In order to account for site-dependent conditions (such as climate and soil texture), 

Alvarenga et al. (2013b) proposed the exergy content of the potential net primary production 

(NPP) to account for land occupation. Although Alvarenga et al. (2013b) computed spatially 

differentiated CFs at grid, region, country and continent level, this method does not distinguish 

between land use types and does not allow to account for differences in soil quality in 

agricultural systems.  

1.4.3 Challenges to use life cycle assessment in agricultural plant 

production systems 

LCA has its roots in studying the sustainability of the fossil-based industrialized sector. In the 

1990s, LCA pioneers started to assess the environmental impact of agricultural-related 

products due to the increasing awareness of the environmental burden related to growing and 

producing food products. However, significant differences exist between industrial and 

agricultural systems, which makes it often more complex to account for the environmental 

impact of the latter.  

A first difficulty is related to the choice of the functional unit. A majority of studies uses mass 

(kg), and, to a lesser extent, area (ha) as functional unit (Harris and Narayanaswamy, 2009; 

Notarnicola et al., 2017). The choice has, however, far-reaching consequences. For instance, 

although it has been generally acknowledged that organic farming has many environmental 

advantages compared to conventional farming, this is often not reflected in LCA results 

(Caffrey and Veal, 2013). Because conventional farming is often associated with a higher yield 

than organic farming, the impact per kg product will thus be higher for the latter. Some studies 

argue that, in contrast to LCAs in industrial sectors, single functional units, e.g. in terms of area 

or mass, do not reflect the true multifunctionality of agriculture. Alternative solutions for a mass-

based functional unit could be the nutritional value of agricultural food products or the economic 

value of harvested products (Caffrey and Veal, 2013; Harris and Narayanaswamy, 2009; 
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Nemecek et al., 2015; Notarnicola et al., 2017; Van Stappen et al., 2017). However, the output 

of an agricultural system is broader than only the harvested product, as it delivers a range of 

ecosystem services as well, which are commonly not covered by the functional unit. 

Secondly, allocation is particularly relevant in agricultural LCAs as agricultural systems consist 

of closely interlinked subsystems. Crops are often part of a cropping system and it is not easy 

to allocate the environmental burdens to one single crop. To avoid debatable assumptions, 

some studies emphasize that, if fitting into the goal and scope of the LCA study, the whole 

crop rotation should be modeled, enabling to consider interactions between crops within a crop 

rotation (e.g. nutrient or weed effects) (Goglio et al., 2018; Nemecek et al., 2015). Furthermore, 

often multiple products of one farm enterprise can be identified, and allocation is needed with 

respect to the co-products and emissions of e.g. nutrient inputs.  

A third challenge when conducting an agricultural LCA is compiling a representative data-

inventory, which is one of the main requirements to achieve reliable LCA results (Fedele et al., 

2014; Notarnicola et al., 2017). The main complexity herein is the large variability among 

agricultural systems. Plant production systems are very diverse due to the fact that farmers 

have to make a broad range of choices regarding e.g. the type and quantity of organic and 

mineral fertilization (within the bounds of legislation), the number and type of management 

practices (e.g. plowing or reduced tillage), and whether or not irrigating (Notarnicola et al., 

2017). These decisions are referred to as ‘land use practices’ (LUP). Next to human-controlled 

variability, agricultural production systems are also highly variable because of their 

dependence on farm site features such as soil texture, availability of water and nutrients and 

climate (Fedele et al., 2014, Van Stappen et al., 2017). Accounting for different site-specific 

and climatic conditions can have a significant effect on the LCA results (Martínez-Blanco et al., 

2013). Finally, some of the variability is due to the time-scale adopted (e.g. yield can strongly 

differ over years due to weather conditions) (Caffrey and Veal, 2013).  

A next aspect contributing to the complexity of the LCI stage is the fact that agricultural 

products use natural resources (e.g. solar energy, soil, nutrients) and rely on nature in a 

different way than industrial processes. This complicates the computation and inclusion of all 

environmental impacts and emissions. For instance, environmental mechanisms, which are 

sometimes difficult to control (e.g. erosion, nutrient leaching), will affect the agricultural system. 

Balances of soil nutrients (e.g. N, P) need careful consideration as they are influenced by plant 

uptake, weather conditions and fertilizer application (Harris and Narayanaswamy, 2009). Next, 

due to the open nature of agricultural systems, emissions such as N2O are often difficult to 

measure. Furthermore, a typical LCA focusses on one product (i.e. one crop). However, it is 

difficult to isolate one single product and define e.g. the nutrient inputs of this crop as the 
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performance of one crop is often significantly affected by the previous crops (Goglio et al., 

2018). 

At the more conceptual level, LCA focuses on the interactions between the processes in the 

technosphere and the natural environment (ecosphere). But although this distinction is quite 

clear when studying industrial processes, there is still no clear consensus on whether 

agricultural fields are part of the ecosphere or the technosphere (Rosenbaum et al., 2015). 

Originally, soil was defined as part of the technosphere, and merely regarded as a physical 

support for plants and a medium for delivering inputs (Notarnicola et al., 2017). However, soil 

is also a natural resource used by agricultural systems within which an agricultural impact can 

occur (Eady et al., 2017). This paradox has contributed to the fact that impacts on soil quality 

and soil structure were originally not accounted for. Furthermore, up to now, impacts on biotic 

natural resources did not get much attention in LCA. Agricultural crops are often not considered 

as a biotic natural resource, since they are considered as being part of a technological process, 

and hence part of the technosphere (Sonderegger et al., 2017). However, agricultural practices 

might often take a large toll on land resources and result in agricultural soil quality degradation 

(Schiefer et al., 2016; Vidal-Legaz et al., 2017). This in turn might affect or even threaten the 

long-term ability to produce biomass (Brandão and Milà I Canals, 2013), which is however a 

precondition for sustainable agriculture. Consequently, although biotic resources are 

considered as renewable, the persistent and substantial use of land and soil resources when 

applying farm management might result in biotic resource depletion. Nowadays, a lot of efforts 

have been made to include impacts of farm management on soil quality in LCA. The 

development of indicators is, however, challenged by the spatial and temporal variability of 

soils and the complex interactions among soil properties and processes (Garrigues et al., 

2012). By the start of this research, no indicators were available yet to quantify the impact of 

farm management on the long-term productivity.  

1.5 Evaluating the benefits of sustainable land use 

practices 

Policy puts pressure on the agricultural sector to move towards sustainable intensification, 

which refers to “assure food security, while minimizing resource use and exploiting the inherent 

capacity of soils to produce, and maintaining all other soil functions and ecosystem services” 

(Schiefer et al., 2016; Techen and Helming, 2017). In the past years, agricultural systems are 

considered more and more as part of the ecosystem, indicated by the term ‘agro-ecosystem’. 

It is in this view that new policies leave behind ‘the confrontation’ between natural systems and 
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agricultural systems. LCA studies should thus focus on the evaluation of agro-ecosystems. 

Therefore, it is important to be able to account for soil quality changes due to agricultural 

activities as well as modification in the potential to deliver ES when evaluating and comparing 

the sustainability of agricultural systems.  

1.5.1 Accounting for the impact of land use practices on soil quality in life 

cycle assessment  

Because farm management is clearly related to soil quality, which is a key when talking about 

long-term sustainable farming, LCA should be able to account for the impact of human 

interventions on the soil (Eady et al., 2017; Garrigues et al., 2012). The last decade, efforts 

have been made to include effects of human intervention on soil quality in LCA. While some 

of them focus on soil properties, others focus on soil degradation processes, such as 

compaction, erosion, or SOM degradation (Garrigues et al., 2013; Milà i Canals et al., 2007c; 

Núñez et al., 2012; Oberholzer et al., 2012). 

The use of the soil can impact both AoP Natural Resources and AoP Ecosystem quality 

(Taelman et al., 2016; Vidal-Legaz et al., 2017). This can be brought into relation with the 

definitions of soil quality discussed in section 1.3.1. The AoP ecosystem quality typically refers 

to the health of ecosystems and focuses on their intrinsic value (e.g. the ability of soils to 

sustain biodiversity). In contrast, the provisioning role of the natural environment is evaluated 

under the AoP Natural Resources (Dewulf et al., 2015). Being the main role of the agricultural 

sector, there is a need to be able to evaluate the impact of farm management on soil quality 

from the point of view of its provisioning function. Along the lines of the ILCD Handbook (EC-

JRC, 2011), in which several models accounting for the impact of land-use were evaluated, 

Vidal-Legaz et al. (2017) updated the review by also including those models accounting for the 

impact of soil that were developed after the publication of the ILCD Handbook. An overview of 

the models evaluated by Vidal-Legaz et al. (2017) and the corresponding AoP are presented 

in Table 1-1. The listed models are restricted to those models that have a very good 

compatibility with the LCA methodology.   
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Table 1-1: Models evaluating the impact of land use on soil. Main indicators and the corresponding Area 

of Protection (AoP), being ecosystem quality (EQ) or natural resources (NR) 

Model Main indicators  AoP 

Alvarenga et al. (2013b) exergy of natural land (biomass extraction-based) 

exergy of human-made land (potential NPP-based) 

NR1,2 

Alvarenga et al. (2015) human appropriation of NPP (HANPP) EQ1, NR2 

Brandão and Milà I 

Canals (2013) 

SOM as indicator for biotic production potential  NR1,2 

Garrigues et al. (2013) compaction: loss of pore volume  EQ (not 

indicated by 

Garrigues et 

al. (2013))1 

LANCA3 (Beck et al., 

2010; Bos et al., 2016) 

erosion resistance, mechanical filtration, 

physicochemical filtration, groundwater replenishment, 

biotic production 

no explicit 

links to AoP1 

Milà i Canals et al. 

(2007c)4 

SOM as indicator for life support functions EQ1,2 

Núñez et al. (2010) desertification index EQ (not 

indicated by 

Núñez et al. 

(2010))1 

Núñez et al. (2012) Emergy5 for NPP depletion NR, EQ1,2 

Saad et al. (2013) erosion resistance, mechanical filtration, 

physicochemical filtration, groundwater recharge 

EQ2 

SALCA-SQ6 

(Oberholzer et al., 2012) 

rooting depth, macro-pore volume, aggregate stability, 

organic carbon, heavy metals, organic pollutants, 

earthworm biomass, microbial biomass, microbial 

activity, risk of soil erosion, risk of soil compaction 

no explicit 

links to AoP1 

Stoessel et al. (2018)7 yield loss due to compaction NR 

1 Vidal-Legaz et al. (2017) 
2 Taelman et al. (2016) 
3 Land Use Indicator Value Calculation in Life Cycle Assessment 
4 Not evaluated by Vidal-Legaz et al. (2016), but selected as the most appropriate method by ILCD (EC-JRC, 

2011) 
5 “Emergy accounts for quality differences of the energy used to generate a product or service by converting 

raw units (e.g. kilograms soil and cubic meter water) to a common basis, i.e. units of solar energy” (Núñez et 

al., 2012) 
6 Swiss Agricultural Life Cycle Assessment for Soil Quality 
7 Not yet evaluated by Vidal-Legaz et al. (2016) 
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The number of methods evaluating the impact of farm management under the AoP natural 

resources (thus focusing on the provisioning role of agriculture) is limited (Table 1-1). Although 

being a crucial aspect when evaluating the sustainability in the agricultural sector, most 

methods do not enable to differentiate sufficiently among diverse types of land use intensities 

and management practices, except for the method of Brandão and Milà I Canals (2013) (Vidal-

Legaz et al., 2017). This method considers SOC as indicator to assess impacts on the biotic 

production potential (BPP), which in turn affects the AoP natural resources. BPP refers to the 

ability of an ecosystem to produce biomass in the future (Brandão and Milà I Canals, 2013). 

However, the method still does not allow to rank interventions and to evaluate if 

good/sustainable practices are put in place (Vidal-Legaz et al., 2017). Furthermore, although 

they emphasize that the change in SOC can be used as an indicator for impacts on BPP, they 

do not map the relationship between SOC stock and biomass productivity. So no endpoint 

indicator quantifying the impact of management practices on the long-term biotic resource 

potential was available when this PhD research was initiated.  

1.5.2 Ecosystem services to account for the benefits of sustainable 

farming practices 

Humans highly depend on the services provided by natural ecosystems, e.g. food, clean water, 

or clean air. The concept of ecosystem services (ES) describes the benefits that people obtain 

from ecosystems (Braat and de Groot, 2012). The most recent definition, proposed by Braat 

and de Groot (2012), is as follows: “Ecosystem Services are the direct and indirect fluxes of 

contributions of ecosystems to human wellbeing”.  

Three international classification systems have been developed to classify ES. The Millennium 

Ecosystem Assessment (MEA), was the first large scale ecosystem assessment and the 

release of this report has contributed to the integration of ES in policy decision-making (MEA, 

2005; Schwilch et al., 2016). The MEA categorizes the ES into four groups:  

 Provisioning services: products obtained from ecosystems (e.g. food, fiber); 

 Regulating services: benefits obtained from the regulation of ecosystem processes 

(e.g. erosion control, carbon sequestration); 

 Cultural services: non-material benefits (e.g. spiritual, cultural heritage); 

 Supporting services: services necessary for the production of all other ES (e.g. soil 

formation, nutrient cycling). 

This framework has been adopted and further refined by ‘The Economy of Ecosystems and 

Biodiversity’ (TEEB) (TEEB, 2010) and the ‘Common International Classification of Ecosystem 

Services’ (CICES) (Haines-Young and Potschin, 2018). Similar to the MEA, TEEB was 

developed under the UNEP umbrella. The TEEB mainly follows the MEA classification, 
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although they omitted the supporting services, as they consider them as a subset of ecological 

processes, but integrate the category ‘habitat services’. Further clarification about the 

ecosystem services is given by CICES, developed from the work on environmental accounting 

undertaken by the European Environment Agency (EEA). In their framework, ES either arise 

from biotic processes (living organisms) or from the interaction of living organisms and abiotic 

processes (Schwilch et al., 2016). CICES has a five-level hierarchical structure consisting of 

sections, divisions, groups, classes, and class types. The three major sections are adopted 

from the MEA: (1) provisioning; (2) regulating and maintenance; and (3) cultural services. The 

supporting services defined in the MEA are treated as part of underlying structures and 

processes of ecosystems, while the habitat services, considered as separate class in TEEB, 

are part of the broader section ‘regulating and maintenance services’ in CICES. CICES was 

updated in 2018 to the most recent version v.5.1, in which 90 class types are listed (Haines-

Young and Potschin, 2018).  

Ecosystems supply multiple services. However, when an ecosystem is managed to principally 

deliver one single service, e.g. agro-ecosystems for food production, other services are 

generally negatively affected. The other way around, in case of less intensive management, 

despite lower yields, other ES might be promoted. This is visualized in Figure 1-9, in which the 

generalized trade-offs between provisioning and other ES are given relative to levels of 

intensity of land use (Braat and de Groot, 2012). Soils provide and contribute to a range of 

ecosystem services far beyond only agricultural production (e.g. carbon sequestration, water 

purification) (Schwilch et al., 2016). So the implementation of sustainable farm management 

practices (e.g. better practices regarding soil quality) will consequently affect several ES 

delivered by the agro-ecosystems (Tang et al., 2018). 
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Figure 1-9: Generalized relationship between land-use and ecosystem services. The illustrative sum of 

provisioning, regulating and cultural ecosystem services is presented in comparison to intensity levels 

of land use. After (Braat and ten Brink, 2008; Braat and de Groot, 2012). 

1.6 Objectives and outline of this thesis 

In the transition towards sustainable agriculture, LCA can play an important role in evaluating 

and comparing the environmental sustainability of farming practices and agricultural products. 

However, due to the historical background of LCA (i.e. LCA was traditionally applied to 

industrial processes), gaps and difficulties exist when conducting an LCA with respect to the 

agricultural sector. As pointed out in the previous sections, some characteristics of the 

agricultural sector complicate the elaboration of a comprehensive LCA (e.g. variability among 

agricultural systems due to choices of farmers, or spatial variability). Furthermore, some 

aspects were just not yet integrated in LCA as being not or less relevant for industrial 

processes (e.g. long-term productivity). In this PhD thesis, we aim to enhance the 

understanding of a few challenges agricultural LCAs have to deal with and to propose 

methodologies to tackle these challenges in order to contribute to more comprehensive 

agricultural LCAs. The objective of this PhD dissertation is to address three main research 

issues, each responding to problems in, and shortcomings of, agricultural LCAs today. 

 A first challenge agricultural LCAs are facing is the large variability that exists among 

agricultural systems. Compiling a complete and representative dataset is time-

consuming and might be challenging. This variability is often ignored, and generic 

datasets instead of a local data inventory are frequently used. Therefore, the first goal 
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of this PhD thesis is to gain insight into the main drivers causing variability and 

the extent to which spatial and temporal variability may affect LCA results. To do so, a 

case study on grain maize production in Flanders has been performed. 

 A second aspect challenging agricultural LCAs is the fact that the impact of agricultural 

management on soil quality and hence productivity, is often not or rather poorly 

addressed. Therefore, the second objective of this work is to enable the 

quantification of the impact of farm management on long-term productivity in 

agricultural LCAs. Farming practices affect soil quality and hence the ability to produce 

biomass in the long term. As the long-term provision of biomass is a precondition for 

sustainable agriculture, this should be accounted for in LCAs. Therefore, we propose 

a framework and methodologies to deal with the impact of farm practices on biotic 

resource depletion, evaluated under the AoP natural resources. These methodologies 

have been applied to the Flemish agricultural sector. 

 A third issue related to agricultural LCAs is the fact that they neglect that agricultural 

systems are agro-ecosystems supplying more than the harvested crop to society. The 

product delivered by agriculture encompasses actually a whole bundle of ES, not only 

provisioning, but also regulating and maintenance as well as cultural ES. However, 

traditionally, LCAs only focus on the harvested product, while other aspects are not 

captured, resulting in an incomplete evaluation. The third objective is therefore to 

propose a procedure that allows to account for the delivery of a bundle of ES 

supplied by an agro-ecosystem in LCA. The environmental footprint, e.g. resource 

footprint, is not only to be allocated to the provided agricultural yield, but is also partially 

to be assigned to the non-commodities. This methodology is elaborated and applied 

to compare organic and conventional produced agricultural products. 

In the first chapter, a general description of the agricultural sector was given. The evolution 

known in farm management, partly due to policy, was described. Also the main parameter of 

soil quality, SOM, and its relationship to farm management were illustrated. A brief explanation 

of environmentally sustainability assessment tools such as LCA and ES assessment was 

given. Finally, in this chapter, an overview was presented of the challenges agricultural LCAs 

are still facing.  

To address the first objective, Chapter 2 represents a case study of grain maize production in 

Flanders. Four main types of drivers that cause variability are distinguished. They are related 

to natural conditions as well as decisions associated to farm management. By relying on 

scenarios, the impact of each driver on the environmental footprint is defined. To endorse the 

importance of using local LCI data, grain maize production in Flanders is compared to a 

generically applied dataset.  
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Chapters 3-5 focus on the quantification of the long-term productivity under the AoP natural 

resources (second objective). Chapter 3 introduces a natural resource balance indicator to 

evaluate SOC management (SOC refers to the carbon component of SOM). To do so, first a 

framework to describe the SOC trend due to farm management decisions is proposed. The 

extent to which remediation measures are required, is used as a measure for the induced SOC 

losses. Next, the balance between the natural resource consumption of the inputs (including 

remediation efforts) and the desired output of arable crop production system (biomass) is 

calculated and used as an indicator to estimate the net effect of the efforts made to attain a 

better soil quality. This indicator has been applied on a case study in Flanders. To respond to 

the issue that, under the AoP natural resources, effects of land use on long-term productivity 

are rather poorly addressed in LCA, Chapter 4 introduces three indicators, which allow to 

account for the impact of agricultural LUPs on long-term productivity in LCA. The first two 

indicators are situated at midpoint and indicate the change in SOC and yield due to farm 

management choices, SOC Change and Biomass Productivity Loss, respectively. Additional 

Land Requirement is an endpoint indicator, which indicates the need of extra agricultural area 

necessary for provisioning of the lost biomass yield. Characterization factors are developed for 

a case study in Flanders in which different soil textures, initial SOC stocks, crop rotation 

systems and LUPs are considered. These indicators are then applied in Chapter 5. In this 

chapter, we investigate to which extent policy can influence the long-term agricultural resource 

productivity by stimulating/discouraging farmers to apply certain land use practices (LUP). Six 

policy strategies are introduced, each characterized by their own mix of LUPs, for the Flemish 

agricultural sector. One group of strategies focuses on the impact of the CAP in the past, while 

others reflect the potential of the CAP and the application of compost. Both long-term 

productivity (relying on the developed indicators in Chapter 4) and resource footprint 

associated with these policy strategies are calculated for specific farm management systems 

in Flanders. 

In Chapter 6 (third objective), a methodology is proposed to account for the multifunctional 

role of agricultural systems. This becomes clear when comparing organic and conventional 

agro-ecosystems, among which considerable differences exist in farm management. Often, 

lower environmental burden is found for organic products when LCA results are considered 

per area and year basis. However, lower yields are generally reported for organic farming 

systems. Hence, when evaluating the impact per product unit (e.g. per kg product), the highest 

impacts are then assigned to organically produced products. Therefore, we suggest a 

methodology to account for the harvested product as well as non-commodities when 

calculating the environmental footprint. Actually, the agricultural product encompasses in 

addition to the harvested product also other ES (e.g. erosion regulation). That is why we 
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introduce the concept of an ES based environmental footprint. To do so, an allocation 

procedure based on the ES theory is introduced. This allocation approach is applied to organic 

and conventional produced agricultural products. The work presented in this chapter 

represents a first step to expand the narrow focus of LCA on the harvested products only to 

the multifunctional role of agriculture.  

Finally, a general discussion is provided, conclusions are drawn and perspectives for further 

research are presented (Chapter 7). An overview of the structure of this PhD and 

corresponding chapters is represented in Figure 1-10.  
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Figure 1-10: Structure of the PhD and its chapters.
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CHAPTER 2:  ENVIRONMENTAL LIFE CYCLE ASSESSMENT OF GRAIN 

MAIZE PRODUCTION: AN ANALYSIS OF FACTORS 

CAUSING VARIABILITY 

__________________________________________________________________________________ 

2.1 Introduction 

As discussed in Chapter 1, notwithstanding the higher crop yields that are attained, intensive 

agricultural practices potentially have a wide range of adverse environmental effects, e.g. a 

widespread nutrient pollution contributing to acidification, eutrophication, climate change, and 

degradation of soil quality (Brentrup et al., 2004; Foley et al., 2011; Meier et al., 2015; Nemecek 

et al., 2011). In response to the growing environmental awareness, decision-makers are 

expected to guide future developments towards more sustainable farming systems. Therefore, 

assessment tools are required that inform about the environmental profile of agricultural 

production systems, such as Life Cycle Assessment (LCA) (Meier et al., 2015). Although being 

proven to be a powerful tool it can be hindered by the lack of representative data inventories, 

a factor that has been recognized as one of the main drawbacks affecting the reliability of LCA, 

especially in the agricultural sector (Niero et al., 2015). Indeed, as mentioned in Chapter 1, the 

compilation of the data inventory is complicated by the large variability among agricultural 

systems. This variability is related to both natural conditions (e.g. soil texture, climate) and 

human-controlled factors (i.e. numerous management decisions and a variety of agricultural 

practices) ( Fedele et al., 2014; Nemecek et al., 2012; Renouf et al., 2010). 

Using general data for one specific case study is common practice in LCA because of lack of 

site-specific data, but can generate biased environmental impact results. Therefore, it is 

necessary to investigate which input factors influence the environmental performance the most 

and how they should be adapted to regional and temporal characteristics (Objective 1 of this 

PhD dissertation). In this study we investigate the influence of several changeable aspects on 

the environmental impacts of plant production systems through the modelling of different 

scenarios. We consider four sets of driving forces for changing the process inputs that may 

contribute to the variation in environmental impact between the scenarios.  

Firstly, variation caused by policy addresses the measures defined by policy makers to fulfil 

the commitment of sustainable agriculture (European Union, 2013). A key instrument for 

measures regarding agricultural management is the nitrates directive (Chapter 1). The nitrates 

directive has been translated into numerous country or region specific action programs. The 
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current Flemish action program is the 5th Manure Action Plan (MAP5), with the maximum 

allowed fertilization doses depending on the fertilizer type, crop and soil texture (e.g. sandy 

and non-sandy soils) (VLM, 2015a).  

A second type of variation is caused by farm management. A first aspect refers to the use of 

fertilizers. Additional to legislation limits, a thoughtful use of animal manure can still help avoid 

excess manufacturing and consumption of mineral fertilizers, which are one of the main 

responsibles for environmental impact (González-García et al., 2013; Meier et al., 2015). 

Another aspect of farm management implies the selection of a cultivation technique. According 

to Milà i Canals et al. (2006), ploughing operations require a high energy input compared to 

reduced cultivation (e.g. low or no tillage) and significantly contribute to erosion, but might 

result in improved yields over the short term (Hobbs et al., 2008; Milà i Canals et al., 2006). A 

last farm management aspect is the decision whether or not to cultivate cover crops, entailing 

positive (e.g. reduction of nutrient losses) and negative (higher resource consumption) effects 

(Knudsen et al., 2014). 

The third set of variables is special in a sense that mankind cannot control them. It includes 

aspects that can vary from year-to-year, as a result of ever changing natural conditions, 

especially the weather. An important aspect related to weather conditions is the crop yield 

(Renouf et al., 2010). However, crop yields are not solely dependent on the weather conditions, 

but may also vary across regions with the same climatic conditions by cause of different terrain 

factors (e.g. soil texture, soil quality) (Bürger et al., 2012; Pradhan et al., 2015; Renouf et al., 

2010). Next, there is an interaction between growing conditions such as weather and soil 

conditions. For instance, plant water availability and nutrient availability, both essential to plant 

growth, are impacted by soil texture. Also, temperature is important, as it influences biological 

and chemical soil processes, important to nutrient availability and root development. Next, 

heavy rain can contribute to erosion or soil compaction, negatively inf luencing the yield 

(Reubens et al., 2010). Furthermore, also the applied farming practices (e.g. fertilizer 

management, consumption of plant protection products and field-work processes such as 

irrigation) might affect the yield (Bürger et al., 2012; Pradhan et al., 2015; Renouf et al., 2010).  

Innovation is the fourth and last driving force, which takes into account the advancements of 

technology and scientific research. Two typical aspects are: (1) the improvement of engine and 

operational efficiency of off-road vehicles, and (2) the progress in crop improvement by plant 

breeding, resulting in higher yields or yield stability under biotic or abiotic stresses. As 

agricultural machinery has changed substantially over time, energy savings and emission 

reductions are remarkable (Van linden and Herman, 2014). Considering plant breeding, the 

increase in yield over years is significant for most agricultural crops, which will have a positive 
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effect on the overall environmental performance. This will be the case, in particular, if higher 

yields are achieved through increases in resource use efficiency. 

In this study we focus on the production of grain maize in Flanders. The EU is one of the 

world’s biggest producers of cereals (Chapter 1). Grain maize accounts for a high share in the 

total cereal production (Eurostat, 2018b). In Flanders, grain maize is one of the most cultivated 

cereals and covered 44 193 ha of the total arable land in Flanders in 2017 (ADSEI, 2018; 

Platteau et al., 2018).  

The work presented in thi this chapter aims to investigate influence of (1) policy, (2) farm 

management, (3) year-to-year weather variation and (4) innovation on the life cycle impact 

results of Flemish grain maize. We analyse how these drivers alter life cycle inventory 

parameters and we perform a life cycle impact analysis for several scenarios of cultivation of 

maize in Flanders. Hereby, we consider the current practices for maize cultivation in Flanders, 

which is that aboveground crop residues (i.e. maize straw) are not harvested. To offer a more 

holistic view of the environmental profile of the maize production system, we combine resource 

and emissions based LCA approaches. The environmental profile of the production of grain 

maize in Flanders is then compared to datasets from the background database ecoinvent 

(Swiss Centre for Life Cycle Inventories, 2015a), with a geographical focus to Switzerland. 

This work can be used by: 

 Decision makers and farmers to show how they can improve the environmental 

performance of agricultural systems 

 LCA practitioners to show possible variation and the difference between local data and 

generic databases 

 LCA method developers to show challenges for using LCA for agricultural production 

systems 

2.2 Material and methods 

2.2.1 Description of grain maize production in Flanders 

2.2.1.1 General system description and system boundaries 

This study focuses on the production of grain maize in Flanders. The system boundary involves 

the life cycle from cradle to the drying plant-exit gate (Figure 2-1), including all agricultural 

processes required to produce dried grain maize and all auxiliary processes such as agro-

chemicals production, and maintenance of vehicles in analogy to previous studies (Fedele et 

al., 2014; Milà i Canals et al., 2006; Nemecek and Erzinger, 2005). The functional unit (FU) is 
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defined as 1 kg grain with a moisture content of 14% at storage. The mass-based FU is 

adequate in this case study because the scope is the primary production (Milà i Canals et al., 

2006). The process is considered within a 12-month season of agricultural activity. However, 

for monoculture of grain maize, a fallow period is assumed after the cultivation of grain maize 

during the rest of the year. In Belgium, the sowing and harvesting times are typically fixed in 

April and October respectively, so that the moisture content at harvest is around 30%.  

 
Figure 2-1: Generic process flow diagram of a grain maize production system in Flanders. Based on 

Nemecek and Erzinger (2005). 

The foreground system is divided into two subsystems: field production, including field-work 

and growth processes, and product drying at a regional processing center. The field-work 

processes at a typical maize production farm in Flanders are (1) soil cultivation by ploughing 

(including the incorporation of crop residues into the soil), (2) combined harrowing and sowing 

in one pass, (3) fertilization by both, animal manure and mineral fertilizers, (4) application of 

plant protection products, generally in a single field pass, (5) harvesting, and finally (6) post-

harvest transport of the maize.  

This study was conducted in 2015, consequently data about allowed fertilizer quantity and 

composition are valid for this year. According to the nitrates directive, the maximum allowed 

quantity of livestock manure amounts to 170 kg N ha-1 yr-1, whereupon traditionally mineral 
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fertilizers are added until the legally permitted amounts of effective N of 135 kg ha-1 (sandy 

soils) or 150 kg ha-1 (non-sandy soils) are reached for the cultivation of monoculture grain 

maize in Flanders (VLM, 2015b). However, the applied dose of organic manure (e.g. solid 

manure, pig slurry) is mostly limited by the P standards (MAP5); according to the P load of the 

soil, the permitted dose of P fertilizer will differ. The common situation in Flanders in 2015 is a 

field according to class III, implying a fertilizer standard of 70 kg ha-1 P2O5 (VLM, 2015b). The 

delivery and storage of the animal manure are not included into the crop production system, 

although the system comprises the manure spreading processes and the corresponding 

emissions. All field-work processes are automated and appropriate technology is employed. 

Grain drying is included as a common post-harvest step to obtain a moisture content of 14% 

to enable storage. 

In the background system, raw material extraction (e.g. fossil fuels), production processes of 

inter alia mineral fertilizers and plant protection products, energy production and delivery, and 

the manufacturing and maintenance of machinery, buildings and equipment are considered. 

Distribution, processing and consumption of products are not included. Aboveground crop 

residues of grain maize are usually not harvested in Flanders, despite an increasing interest 

in the valorization of the maize straw as lignocellulosic biomass. Currently, they are 

incorporated into the soil. Therefore, no allocation is needed in the foreground system.  

2.2.1.2 Description of the scenarios under assessment 

Different scenarios are elaborated according to four groups of drivers for changing (amounts 

of) inputs. These drivers are (1) policy, (2) farm management, (3) year-to-year weather 

variation and (4) innovation. Most scenarios considered include a few changes at once, 

corresponding to the specific situation reflected in that scenario. An analysis per parameter is 

not performed, as our purpose is to evaluate realistic situations. On the one hand, this strategy 

allows to determine the influence of decisions made by policy and farmer, and on the other 

hand, it allows to determine to which extent the independent variables (e.g. natural processes, 

innovations) affect the impact results. Table 2-1 gives an overview of the scenarios, listed per 

driving force, and the main input parameters and preconditions that involve changes under the 

scenario. The scenarios are further described per driver category. Numerical values are 

presented in Table 2-2. The common situation (default scenario, corresponding to P1 and FM1) 

is characterized by a sandy soil, using pig slurry as organic fertilizer at a dose determined by 

the maximum allowable P dose according to MAP5, and then supplemented with mineral N 

fertilizers to meet the maximum allowable N amount (according to MAP5), ploughing as tillage 

operation and no irrigation. The data inventory for the default scenario is added in Appendix A, 

Table A1-5.   
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Table 2-1: Scenarios classified according to the drivers (1) policy (P), (2) farm management (FM), (3) 

year-to-year weather variation (Y) and (4) innovation (I) with corresponding modified input parameters 

considered in this study. Default situation is grain maize production on a sandy soil using pig slurry (P1, 

FM1) 

 Drivers and scenarios Affected parameters 
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Policy 

P1 Sand with fertilizer limitation level 1 x x   x x 

P2 Sandy loam2 with fertilizer limitation 2 x x   x x 

P3 Heavy silt with fertilizer limitation level 2  x x   x x 

Farm management 

FM1 Slurry  x x    

FM2 Solid manure  x x    

FM3 Digestate  x x    

FM4 Low tillage x   x x x 

FM5 No tillage x   x x x 

FM6 Cover crop  x   x x 

Year-to-year weather variation 

Y1 Low Yield conditions x      

Y2 High Yield conditions x      

Y3 Irrigation      x 

Y4 Additional use of plant protection products    x  x 

Innovation 

I1 Improvement of off-road vehicles      x 

I2 Maize variety x      

 

Driver ‘Policy’ 

The differences between the scenarios of the first group in Table 2-1 are due to policy, as 

Flemish guidelines stipulate different fertilization standards for different soil textures (sandy 

and non-sandy) (VLM, 2015a). Three scenarios are elaborated, namely the cultivation of grain 

maize on a sandy (P1), a sandy loam (P2) and a heavy silt (P3) soil, characterized by an 

increasing clay content, respectively (Figure A1-1). Adapted values for yield, erosion, and fuel 

consumption are taken into account as they are influenced by the soil characteristics 

(Table 2-2, Table A1-4) (Dressler et al., 2012; Vanden Nest, 2014a). 

                                                             
2 The English names of the different soil textures used throughout this chapter and the following chapters 

of this PhD thesis are a literal translation of the Dutch names and correspond in no way with the names 
of the USDA-Soil Taxonomy soil textural triangle diagram 
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Driver ‘Farm management’  

Farm management scenarios are related to management decisions concerning type of organic 

fertilizers chosen, field-work processes, and whether or not to cultivate cover crops. The most 

common farm management in Flanders for grain maize production includes: (1) pig slurry as 

organic fertilizer, (2) traditional ploughing, and (3) no cover crop. The scenarios investigated 

are based on interviews with farmers and research perspectives. Concerning organic 

fertilizers, as the average mineral composition and N efficiency coefficient depends on the type 

of organic manure used, the allowable amount of mineral fertilizers changes likewise (VLM, 

2015b). Concerning the field-work processes, the tillage practice is studied, which affects the 

energy input requirements and the amount of erosion (Finke et al., 1999). Two scenarios are 

investigated, using a shallow-working cultivator instead of a plough (low tillage), and no tillage. 

Based on Reubens et al. (2012), we assume in both cases a 5% reduction in grain maize yield 

and 24 and 40% less erosion for low and no tillage, respectively. An additional herbicide 

treatment was introduced in case of no tillage to suppress weed growth (Bürger et al., 2012; 

Hobbs et al., 2008). Finally, the cultivation of cover crops involves a reduction of erosion by 

30%. To account for the positive effect of cover crops on nitrate leaching, the amount of N 

required by grain maize is reduced by 20 kg N ha-1, in analogy to Nemecek and Kägi (2007). 

We assumed that the maize yield was not affected by the type of fertilization, nor the cultivation 

of cover crops. The yield for each scenario is presented in Table 2-2. 

Driver ‘Year-to-year weather variation’ 

The third group comprises the year-to-year weather variation aspects, resulting in scenarios 

regarding the variable yield and scenarios implying additional field-work processes to 

compensate for extreme climate conditions (e.g. drought). All other inputs are kept constant. 

Natural differences in climatic conditions between regions and time periods cause a variability 

in yields (Renouf et al., 2010), reflected in Y1 and Y2. The low (Y1) and high yield (Y2) 

scenarios are derived from the field trials of Pannecoucque et al. (2012) (Table A1-2) by 

running a Monte Carlo simulation with 103 iterations. The result is a probability distribution of 

1000 data of which the 2.5th and 97.5th percentile are taken as low and high yield, respectively. 

Extreme drought may require irrigation, a water supply of 161 m3 tonne-1 is estimated (Y3) 

(Pfister et al., 2011). Although irrigation is not a standard practice in Flanders when cultivating 

grain maize, it is more often applied in other countries, e.g. France (van der Velde et al., 2010). 

A last scenario, Y4, implies a second treatment of plant protection products (herbicides) to 

control weed growth that might be influenced by weather conditions. In scenarios Y3 and Y4, 

we assumed that the same yield is obtained thanks to these extra field-work processes 

(Table 2-2).  
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Driver ‘Innovation’ 

The fourth group comprises scenarios that deal with innovation aspects. First (I1), we estimate 

the influence of a reduction in the emissions by improvement of the off-road vehicles used by 

the cultivation of grain maize (tractors). According to Winther (2014), the last six emission 

levels are regarded, covering the period 1991-2015. Six engine technology stages are 

distinguished (1991 - Stage I, stage I, stage II, stage IIIA, stage IIIB, stage IV) with modified 

emission factors (Table A1-3). The differences between the stages are only based on exhaust 

emission reductions, as no information about reduced fuel consumption is available. The 

background processes are adapted (i.e. emission), while the foreground processes, i.e. the 

work processes, are kept constant. The second scenario (I2) investigates the effect of yield 

improvements. Assuming that farmers always choose among the best performing varieties 

available in the market, we can presume a yearly increase of the yield. Based on official variety 

trials of grain maize during the period 1994-2008, plant breeding resulted in an increase of 

2.8% per year (Van Waes, 2009). As the increase of the crop yield does not continue to rise 

as fast, we assume in this scenario an increase of 1% per year realized by plant breeding and 

farm management innovation (Table 2-2). The current impact results are compared to those 

of a future situation with the average yield determined by using a Monte Carlo simulation 

technique (sampling with 103 iterations). 

Clearly, the values presented in Table 2-2 refer to general cases. For instance, higher yields 

for maize are reported when conventional ploughing is applied compared to reduced tillage, 

but exact values for yield differences change over years and depend on the location (Van de 

Ven et al., 2014). Furthermore, expressing the differences in impact of reduced and no tillage 

on yield and erosion in exact figures is challenging, as it depends on a range of aspects, 

including location, weather, crops. We have chosen to work with values based on Reubens et 

al. (2012), verified by experts. Furthermore, based on personal communication and DOV 

(2019), general estimations for erosion are made, though this is also dependent on topography 

(DOV, 2019). Here we have used these values to define several scenarios. Of course, the 

number of scenarios could be extended by subdividing each scenario. For instance, regarding 

the scenario no tillage, the impact of a range of options regarding yield or erosion could be 

investigated. However, this would result in a huge number of possibilities to investigate, which 

is completely out of the scope of this study. Therefore, we selected not a range, but specific 

values for each scenario, as illustration. 
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Table 2-2: Data inventory for modified factors per scenario 

Modified factor Scenarios      Data source 1 

Policy driven scenarios        

 P1: FL12  
(Sand) 

P2: FL22  
(Sandy 
loam) 

P3: FL22  

(Heavy 
silt) 

    

Yield (kg ha-1; 14% moisture)  10276 11419 10671    Field trials  

Erosion (kg ha-1)  2500 10000 12000    DOV (2019), personal 
communication (ILVO) 

Clay content (%)  4.7 9 18    Harmonized World Database 
(FAO, 2009) 

P-AL (mg P kg-1) 350 290 290    Amery and Vandecasteele 
(2015) 

Fertilization: total P2O5 (kg ha-1) 70 70 70    VLM (2015b) 

Fertilization: total N (kg ha-1) 180 196 196    VLM (2015b) 

Farm management driven 
scenarios 

       

 FM1: 
Slurry 

FM2: Solid 
manure 

FM3:  
Digestate 

FM4: 
Reduced 

tillage 

FM5: No 
tillage 

FM6: 
Cover crop 

 

Yield (kg ha-1; 14% moisture) 10276 10276 10276 9762 9762 10276 Field trials conducted by ILVO 

Erosion (kg ha-1) 
2500 2500 2500 1750 1250 1750 

Based on DOV (2019) and 
personal communication (ILVO) 

Potassium chloride (kg K ha-1) 100 0 110 100 100 95 Van de Ven et al. (2013) 

Ammonium nitrate (kg N ha-1) 35 35 35 35 35 15 VLM (2015b) 

Plant protection product (kg 
active compounds ha-1) 

1.6 1.6 1.6 2.0 2.0 1.6 
Field trials 

Cover crop (ha ha-1 grain) 0 0 0 0 0 1.0  

Slurry spreading (m3 ha-1) 18 0 0 18 18 18 VLM (2015b) 

Digestate spreading (m3 ha-1) 0 0 20 0 0 0 VLM (2015b) 

Solid manure loading and 
spreading (kg ha-1) 

0 19000 0 0 0 0 
VLM (2015b) 

Application of plant protection 
product (# working pass) 

1 1 1 2 2 1 
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Tillage by plough (# working 
pass) 

1 1 1 0 0 1 
 

Tillage by cultivator (# working 
pass) 

0 0 0 1 0 0 
 

Seasonal fluctuations driven 
scenarios 

       

 Default Y1: Low 
yield 

Y2: High 
yield 

Y3: 
Irrigation 

Y4: 2 x 
plant 

protection 
product 

  

Yield (kg ha-1; 14% moisture) 10276 9085 11634 10276 10276  Field trials, ADSEI (2015b) 

Plant protection product (kg 
active compounds ha-1) 

1.6 1.6 1.6 1.6 3.2 
 Field trials 

Application of plant protection 
product (# working pass) 

1 1 1 1 2 
  

Irrigation (m3 ha-1) 0 0 0 1700 0  van der Velde et al. (2014) 

Innovation driven scenarios        

 Default I2: Maize 
variety 

     

Yield (kg ha-1; 14% moisture) 10276 13048         Personnal communication 
(ILVO), Van Waes (2009) 

1Data source or calculations/assumptions based on this data source 
2 FL: Fertilizer limitation level 
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2.2.1.3 Life cycle inventory 

To increase the representativeness, different data sources are combined to make up the 

inventory; this is called a modelling approach. Despite the characteristics of being rather 

complex and time-consuming, this procedure is highly valuable because of the resulting 

representative datasets and the flexibility to define different scenarios (Nemecek and Erzinger, 

2005).  

Data related to the foreground system were mainly gathered in field trials at the Research 

Institute for Agriculture, Fisheries and Food (ILVO) in the context of maize variety testing for 

the years 2010-2014 (Pannecoucque, 2014). The data were compared with economic data 

from national databases and scientific reports to check the results (ADSEI, 2015; FOD, 2015). 

Whereas one kilogram of dry grain (14% moisture) is chosen as FU, a well-advised mass yield 

(kggrain ha-1) must be determined to correctly model the process. The primary yield data are 

gathered from small scale variety trials (Pannecoucque, 2014) and reduced by 15% to get an 

estimation that is more representative for a standard farm situation (Gobin et al., 2013). The 

yield used in this study is the weighted average of the yield of the standard variety included in 

these variety trials, in a timeframe of five years (2010 – 2014) per soil texture, expressed by a 

moisture content at storage of 14%.  

The data concerning plant protection application and the selection of mineral fertilizer products 

were gathered in close collaboration with the experts involved in the field experiments at ILVO 

and from interviews with farmers. The amount of fertilizers applied (mineral as well as organic) 

is however determined by calculations based on the P and N limitations imposed by legislation, 

as most farmers in Flanders will apply the maximum fertilizer dose allowed. Additional 

information on the composition of organic and mineral fertilizers is taken into account (VLM, 

2015b). In Flanders, the most abundantly available animal manure is pig slurry. It is applied 

until the P and/or N limitations are reached. In contrast, the recommended quantity of K2O 

differs according to the situation such as rotation, or use of cover crops (Van de Ven et al., 

2013). Fuel consumption per soil texture by different machinery is based on Van linden and 

Herman (2014) (Table A1-4). Medium tractor size and machinery, corresponding to a machine 

power of 75 – 130 kW, accounting for 85% of the agricultural vehicle fleet in Flanders in 2007 

(Van linden and Herman, 2014) are used as standard. To indicate the motor efficiency, 

machinery of Stage IIIA is used as default, corresponding to the building year 2007 (Winther 

et al., 2010). For the inputs for the post-harvest drying process, data are retrieved from the 

ecoinvent v.3.1 database, because process data were not available. Numeric input values for 

grain maize production on a sandy soil (default scenario) can be found in Table A1-5.  
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Emissions of P to soil and water are calculated according to the methods described in 

Nemecek and Kägi (2007). Hereby, three different kinds of P emissions are distinguished: (1) 

leaching of soluble phosphate to the groundwater, (2) run-off of soluble phosphate to the 

surface water and (3) erosion of soil particles containing phosphorus. In these formulas, the 

first type of emission is related to the P2O5 content in slurry and the second type is influenced 

by the amount of P2O5 in slurry as well as applied mineral fertilizers, while the last one is mainly 

determined by the P content in the top soil and the amount of soil eroded. The amount of nitrate 

leaching is calculated by the formula presented by Emmenegger et al. (2009). Hereby, not only 

the fertilization but also climate (e.g. precipitation) and soil conditions (e.g. clay content) are 

decisive. The emissions of NH3 to the air are computed according to Foqué and Demeyer 

(2009) and are mainly determined by the fertilization type and placement depth, while the 

calculations for the emissions of CO2, N2O and NOx rely on Dauriat (2013). The specific values 

used to calculate all emissions are summarized in Table A1-1. Emissions due to application of 

plant protection products are calculated by the model of Dijkman et al. (2012), in which first a 

distribution of the applied plant protection products between crop and soil is estimated and 

next the fate of these plant protection products is considered. In this way, the distribution of 

active ingredients of plant protection products emitted to air, surface and groundwater, is 

quantified. For both, field emissions and flue gases, the emission factors are retrieved from the 

European Monitoring and Evaluation Programme/European Environment Agency guidebook, 

based on a Tier 3 modelling approach, which is equipment-specific and technology-stratified 

(Table A1-3) (Winther, 2014). Erosion is estimated using erosion susceptibility maps (DOV, 

2019).  

The ecoinvent v3.1 database is used to model the datasets in the background system, such 

as data on infrastructure, electricity, production of seed or plant protection products. Because 

of lack of detailed information on the shed for machinery and on the specific machinery 

assigned to the field-work processes, these values are also retrieved from the ecoinvent 

database. Table 2-3 lists the data sources of the main input and output products used to 

compile the grain maize production inventory.  
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Table 2-3: Summary of the data sources for life cycle inventory 

Inventory data Data Source Type Source 

Yield  Field trials conducted by ILVO /  

ADSEI, 2015 

Interviews/Database 

Plant protection products Field trials conducted by ILVO  Interviews 

Mineral fertilizers Van de Ven et al., 2013; VLM, 2015b Recommendation/Legislation 

Organic fertilizers VLM, 2015b Legislation 

Fuel consumption Van linden and Herman, 2014 Model 

Manufacturing processes 

(seed, plant protection 

products, mineral fertilizers) 

Ecoinvent v3.1 Database 

Drying of grain maize Ecoinvent v3.1 Database 

Infrastructure and 

machinery 

Ecoinvent v3.1 Database 

Electricity Ecoinvent v3.1 Database 

Field emissions Foqué and Demeyer, 2009; 

Nemecek and Kägi, 2007; 

Emmenegger et al., 2009; Dauriat, 

2013 

Model 

Emissions plant protection 

products 

Dijkman et al., 2012 Model 

Emissions machinery Winther et al., 2010 Model 

 

2.2.2 Life cycle impact assessment 

In the Life Cycle Impact Assessment phase (LCIA), the inventory results are assigned to 

different impact categories to evaluate environmental impacts (Roy et al., 2009). To cover both, 

the depletion of natural resources and the environmental impact due to emissions, two LCIA 

methodologies are applied. The CEENE (2013) (Alvarenga et al., 2013b; Dewulf et al., 2007) 

is chosen to construct the resource footprint (Chapter 1, section 1.4.2). The assessment of 

emissions is performed by the ReCiPe methodology with indicators at midpoint and endpoint. 

The latter results are analyzed through single scores, obtained after normalization by 

European factors and weighting at hierarchist perspective (Goedkoop et al., 2013). Only seven 

categories are taken from the ReCiPe midpoint method: ozone depletion (OD; kg CFC-11 eq, 

chlorofluorocarbon eq), photochemical oxidant formation (POF; kg NMVOC eq (non-methane 

volatile organic carbon)), particulate matter formation (PMF; kg PM10 eq (particulate matter)), 

climate change (ClC; kg CO2 eq), terrestrial acidification (TA; kg SO2 eq), freshwater 

eutrophication (FE; kg P eq) and marine eutrophication (ME; kg N eq), affected by N emissions 
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from the field. Nuclear power, as well as resource and land accounting categories are already 

accounted for by the CEENE methodology. 

Toxicity categories and soil quality aspects are not considered here. Toxicity categories are 

known to be characterized by a high uncertainty due to the fact that they are mainly determined 

by plant protection products and metals, which at the time are very case-specific with large 

variability, and cannot be accurately modelled due to the lack of appropriate knowledge. 

Furthermore, the partitioning of the plant protection products is not taken into consideration in 

ecoinvent, but plant protection products are fully assigned to the soil. Taking these facts into 

consideration, comparison between Flanders and Switzerland for toxicity categories would be 

biased. Therefore, the toxicity categories are not elaborated and are just discussed in 

Appendix A2 (Figures (A2-1) – (A2-4)). Soil quality aspects are not integrated in the applied 

impact methodologies. They should be calculated in addition, which is time consuming. This is 

however out of the scope of this study.  

2.3 Results and discussion 

2.3.1 Impact results of the scenarios under assessment 

The results of the LCIA are presented and discussed in terms of both their relevance for policy 

and life cycle methodological issues. Total impact results are summarized in Table 2-4. The 

scenarios are ranked according to their CEENE value, with minimal CEENE as most resource 

efficient scenario. The ReCiPe endpoint values indicate the environmental impact in terms of 

emissions. The default scenario corresponds to a sandy soil, using pig slurry (P1, FM1). 

Detailed information of the impact results is given in Table A2-1. 
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Table 2-4: Overview of the environmental footprint per scenario in ascending order of impact according 

to the CEENE. Both total CEENE and ReCiPe endpoint results are presented 

 Scenario Driver 

CEENE 

(MJex 

kgDM
-1) 

ReCiPe 

endpoint  

(points kgDM
-1) 

I2 Estimated yield in 25 years Innovation 22.15 0.067 

Y2 High yield conditions Year-to-year weather 

variation 
24.40  0.072 

P2 

Sandy loam with fertilizer 

limitation level 2  

 

Policy 24.90 0.073 

P3 
Heavy silt with fertilizer limitation 

level 2  
Policy 26.39 0.077 

FM2 Solid manure Farm management 27.07 0.078 

P1/FM1 Sand with fertilizer limitation 

level 1 / Slurry (default situation) 

Policy / Farm 

management 
27.15 0.077 

I1 
Engine technology  

(1991 – Stage I) 
Innovation 27.15  0.078 

FM3 Digestate Farm management 27.16  0.079 

Y4 
Application of additional plant 

protection products 

Year-to-year weather 

variation 
27.21 0.078 

FM6 Cover crop Farm management 27.32  0.080 

FM5 No tillage Farm management 28.30 0.081 

FM4 Reduced tillage Farm management 28.33 0.081 

Y1 Low yield conditions Year-to-year weather 

variation 
30.24 0.087 

Y3 Irrigation Year-to-year weather 

variation 
36.22 0.084 

 

2.3.1.1 Policy driven scenarios 

From a resource perspective, the cultivation of grain maize on a sandy loam soil (P2) scores 

the best (lowest CEENE) in most categories (Figure 2-2), despite the higher dose of N fertilizer 

allowed for non-sandy soils. This seems to be in contrast with the results of the study of Noya 

et al. (2015). They highlight the large contribution of mineral fertilizers to the environmental 

performance of maize production. However, the effect on the categories is in our study almost 

totally balanced by the gain in yield, which is 11.1% higher compared to a sandy soil (P1). The 

higher fuel consumption is displayed in the CEENE category fossil fuels. Regarding P3 with a 

yield comparable to P1 (+ 3.8%), higher CEENE values for the categories fossils, metals, and 

water are obtained due to a higher fuel and N fertilizers consumption. In absolute terms, the 

contribution of all resource categories is minimal in comparison to the category land and biotic 

resources, which accounts for 87.3, 86.0 and 86.6% of the total resource input in P1, P2 and 
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P3 respectively. From an emission perspective, the relatively small increases of P3 for the 

categories OD, POF, PMF, ClC, and TA compared to P1 are again due to the higher use of 

both mineral fertilizers and fuel which, in contrast to P2, cannot be mitigated by the slightly 

modified yield.  

 

Figure 2-2: Resource and emission footprint of 1 kg grain maize produced on different soil textures: 

sand (P1), sandy loam(P2) and heavy silt (P3). The CEENE and ReCiPe Method at midpoint are used. 

Maximum value per impact category = 100%. Renewable = Abiotic renewable resources; Fossil = fossil 

fuels; Nuclear = nuclear energy; Metal = metal ores; Minerals = minerals (and mineral aggregates); 

Water = water resources; Land = land and biotic resources; OD = ozone depletion; POF = photochemical 

oxidant formation; PMF = particulate matter formation; ClC = climate change; TA = terrestrial 

acidification; FE = freshwater eutrophication; ME = marine eutrophication. 

The impact results of the category freshwater eutrophication stand out, fully related to the 

higher P emissions for P2 and P3. Table 2-5 shows that, according to the formula of Nemecek 

and Kägi (2007), on a sandy soil (P1) only 16% of the P emissions to the surface water are 

assigned to erosion of particles while in P3 this accounts for 44%. Although the relative impact 

is the lowest for P1, in absolute terms the eutrophication is very high for all three scenarios, 

due to the high P load in the top soil in Flanders.  

Finally, marine eutrophication impacts are associated with nitrate leaching to the groundwater. 

For modelling the NO3
- losses, most parameters (such as annual precipitation and root depth) 

are considered to be equal in all three situations, but clay content is not. As mentioned by 

Dressler et al. (2012), NO3
- losses will be lower for soils with higher clay content, which is 

reflected in the impact results (Figure 2-2) with 31.0, 29.1 and 25.3 kg NO3
--N ha-1 ending up 
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in the groundwater in scenario P1, P2 and P3, respectively (based on formula presented by 

Emmenegger et al. (2009)).  

In analogy to the work of Noya et al. (2015), the yield is an important factor when studying the 

environmental performance of grain maize. Considering the total CEENE and ReCiPe endpoint 

results (Table 2-4), in terms of resource use, the yield is even decisive, while the higher 

eutrophication associated to the P3 scenario is reflected in the emission impact results.  

Policy and farmer related considerations 

Considering the results in the category ME caused by N emissions, the distinction in fertilization 

legislation between sandy and non-sandy soils is recommended. If a same amount of N 

fertilizer of non-sandy soils would be applied on sandy soils, the impact of ME would increase 

with 5%. However, when comparing different soil textures, the results must be carefully 

interpreted due to the dependence on the yield, which balances the results.  

If a reduction of 40% of erosion is assumed, the impact for FE is reduced by 6%, when relying 

on the model of Nemecek and Kägi (2007). In reality, the impact could be even stronger 

(Schiettecatte, 2006). The impact of this reduction is high, therefore erosion control measures 

are a key issue for agricultural policy (Platteau et al., 2014). This is not only because soil 

erosion diminishes soil fertility and consequently the long-term productivity, but also because 

erosion disrupts the P cycle and strongly contributes to the eutrophication of waters. However, 

for improving the ground and surface water quality, both erosion and leaching losses should 

be reduced. So, the attention given to these aspects by policy, is totally endorsed by the policy 

driven scenarios.  

Methodological considerations  

The environmental impact assessment of the cultivation of the same crop on different soil 

textures shows the influence of different amounts of applied fertilizer on resource use. Next, 

as also highlighted in the study of Fedele et al. (2014), the scenarios emphasize the need for 

specific data (e.g. soil texture) as fertilizer use is determined by the location, and fertilizer 

emissions are influenced by local soil conditions.  

In this context, formulas to calculate P and N emissions are crucial. These formulas should 

allow accounting for all soil conditions influencing the emissions. However, in LCA, often 

general formulas are suggested in order to minimize the data requirements for the LCA 

practitioner. Specifically, the formula of Nemecek and Kägi (2007) to calculate P emissions, 

has some clear shortcomings. This formula is used to model an average situation and is 

characterized by some simplifications. For that reason, it considers the amount of PO4
3- lost 

per hectare to ground and surface water due to leaching and run-off, independently of the soil 
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texture. In reality, soil texture is important and mainly sandy soils are susceptible to leaching 

due to a lower phosphate binding capacity compared to sandy loam and clay soils (Amery and 

Vandecasteele, 2015). P losses due to erosion also depend on the soil texture, with lower 

losses of phosphate on sandy soils, which is accounted for by the formula used (Nemecek and 

Kägi, 2007). While the P losses due to erosion do take soil specific characteristics into account 

(amount of erosion and P content in the top soil), the leaching losses do not. If e.g. the 

infiltration capacity of soils would be included, the results for leaching losses would improve.  

The results of the modeling of P emissions based on the formula of Nemecek and Kägi (2007) 

are summarized in Table 2-5. Important to keep in mind when interpreting this table is that the 

results are presented per kg grain, therefore the impact of the yield will balance the results. As 

discussed before, no difference between soil textures are obtained for P losses by leaching 

and run-off, while it is known that more leaching will occur at sandy soils, and more run-off at 

non-sandy soils. Next, values for run-off are high, compared to those for leaching (Amery and 

Vandecasteele, 2015). Therefore, in future LCA research, it might be relevant to use more 

complex models. For instance, De Bolle (2013), focused on phosphate leaching in Flanders, 

and she optimized a model for P losses due to leaching on sandy soils in Flanders. However, 

the level of detail attained in that study is probably too high for what is recommended in LCA 

context. Indeed, in LCA the models implemented should not be highly data-intensive. 

Therefore, further research is needed to identify an appropriate model for P losses that takes 

into account both leaching and erosion, which is essential for a representative LCA on crop 

production in open field. This model should attain the level of resolution and complexity 

appropriate in LCA context, while the requirements of input data are still feasible. 

Table 2-5: Modeling results of phosphate emissions due to fertilization (leaching to groundwater (GW) 

and surface water (SW)) and P emissions caused by erosion (Nemecek and Kägi, 2007). Results are 

presented for three scenarios: maize production on a sand (P1), sandy loam (P2) and heavy silt (P3) 

soil 

 P1 (Sand) P2 (Sandy loam) P3 (Heavy silt) 

Leaching of PO4
3- to GW (kg kg-1

grain) 2.46E-05 2.21E-05 2.36E-05 

Run-off of PO4
3- to SW (kg kg-1

grain) 8.43E-05 7.59E-05 8.12E-05 

P to SW due to erosion of particles (kg kg-1
grain) 1.58E-05 4.72E-05 6.32E-05 

Despite the fundamental role of erosion control in sustainable plant production systems, 

illustrated by the category FE, there is no international agreement on a harmonized LCA 

methodology that covers this aspect as such (Núñez et al., 2012). Until now, only one of the 

consequences of erosion is quantified, being the eutrophication of the surface water by P with 

non-specific data. Although it indicates the importance of P fertilizer limitations, it does not 

focus on other aspects of erosion, such as soil fertility losses. Topsoil losses and topsoil 
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organic carbon decline could be used to assess the damage to soil resources (Núñez et al., 

2012). 

2.3.1.2 Farm management scenarios 

In this section, we focus on three agricultural management practices: the choice of fertilizer, 

tillage and cover crop. Comparing first the impact results of the cultivation of grain maize with 

different organic fertilizers, the good environmental performance of FM2 (solid manure) on a 

resource basis is striking, especially for the category minerals (Figure 2-3). In contrast, the 

impact of digestate is dominant in this resource category, while its impact in other categories 

is only slightly higher than that of slurry (FM1). These differences are caused by the different 

nutrient composition per organic fertilizer (VLM, 2015b), resulting in distinct amounts of mineral 

fertilizers needed to comply with the crop demand. In comparison with FM1, FM2 resulted in a 

decrease of 95% of the CEENE in the category minerals because the production of 

dipotassium oxide (K2O) was avoided. The impact results on resource basis are linked to more 

environmental damage in the related emission categories (ClC, OD and POF), but are also 

strongly influenced by direct emissions from the field such as N2O. Due to the characteristics 

of the organic fertilizers used in this study, the application of solid manure or digestate causes 

more problems with eutrophication and acidification than slurry (which is directly injected in the 

soil). The applied models indicate an increase in NO3
- leaching (15 and 12%) and NH3 

emissions (49 and 42%) both affecting TA and ME. Due to the high P content of the slurry, the 

dose of slurry that can be applied is limited, and thus 7 and 11% more organic manure 

compared to FM1 is applied in FM2 and FM3 respectively (Table 2-2). Next, the NH3 emissions 

are the main cause of the increased impact in the category PMF for FM2 and FM3. In contrast 

to the declining PO4
3--emissions (-19% and -2%) for these scenarios, the impact results for FE 

are similar to that of FM1, as the same amount of erosion is assumed. 
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Figure 2-3: Environmental impact assessment of the production of 1 kg grain maize of the scenarios 

driven by farm management by using the CEENE and ReCiPe midpoint methodology. Maximum value 

per impact category= 100%. Renewable = Abiotic renewable resources; Fossil = fossil fuels; Nuclear = 

nuclear energy; Metal = metal ores; Minerals = minerals (and mineral aggregates); Water = water 

resources; Land = land and biotic resources; OD = ozone depletion; POF = photochemical oxidant 

formation; PMF = particulate matter formation; ClC = climate change; TA = terrestrial acidification; FE = 

freshwater eutrophication; ME = marine eutrophication. 

Three tillage methods are compared: conventional tillage (deep ploughing of the soil, 

presented in FM1), reduced tillage and no tillage (Figure 2-3). The expected better 

performance on a resource as well as emission basis due to other or less use of machinery is, 

however, counterbalanced by the effect of the lower yield when modified tillage is applied. 

Maintaining the same yield, the total CEENE reductions amount to 1.4 and 2.3% (excluding 

land resources), and the decrease in ReCiPe endpoints equals 0.5 and 0.8% for scenarios 

FM4 and FM5, respectively. This is consistent with the findings of Xue et al. (2014) that the 

energy and emission savings are rather small, as many other field-work processes are still 

incorporated.  

Cultivating cover crops requires extra field-work processes but causes less erosion (Finke et 

al., 1999). In this study, a reduced N gift is assumed, which explains the reduction in the 

category minerals, while in all other resource categories the influence of additional field-work 

processes can be noticed (Figure 2-3). They also explain the higher values for OD, POF, PMF, 

while land use is accountable for the increase in ClC. Less erosion results in a decrease in FE, 

while the category ME reflects the reduction of NO3
- leaching occurring when cultivating cover 

crops, analogous to Finke et al. (1999). 
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Policy and farmer related considerations 

Bound by P restrictions, a comparable amount of mineral fertilizers is still required when using 

digestate. And so, the impact results are in line with those of slurry, as slurry is commonly used 

in Flanders (and in this study) as agricultural animal input to feed the digester. A big drop in 

resource consumption could be realized if policy would recognize the thin fraction of digestate 

as a suitable alternative for mineral fertilizer, for it is a rich source of readily available N and K. 

When comparing the varying and contradicting impact results of the six farm managements 

scenarios according to the CEENE and ReCiPe endpoint methods (Table 2-4), it is not possible 

to indicate the most environmental-friendly practice. The potential for improvement is quite 

small, the maximum difference between FM scenarios amounts only 4.9% and 4.4% in terms 

of CEENE and ReCiPe endpoint, respectively. Nevertheless, as also emphasized by Finke et 

al. (1999) and Goglio et al. (2012), farm management can clearly influence the environmental 

performance of maize production systems. The same conclusions are made when comparing 

to Finke et al. (1999): tillage methods and cover crops do reduce erosion, and together with 

fertilization decisions, the farmer can have an influence on the main agricultural problems 

acidification and eutrophication. The fact that fertilization is also partly limited by legal 

restrictions emphasizes the importance of policy to take targeted measures. 

Methodological considerations 

As mentioned by Meier et al. (2015), next to farm management techniques, also fertilization 

influences N and C stocks and their dynamics in the soil in the long term. More specified 

models are thus needed to describe more in detail the N, P and C fluxes and their interactions. 

For example, according to the total impact results (Table 2-4), replacing slurry by digestate or 

solid manure cannot be recommended, just because the added value of these streams (e.g. 

contributing to the carbon content of the soil) is not considered. The situation is similar for FM4 

and FM5, with environmental footprints that do not agree with recommendations in agriculture 

(Reubens et al., 2012). The potential reduction of yield when changing tillage practices is 

reflected in the impact results, while many other benefits or burdens are not yet quantified. For 

instance, tillage operations may influence compaction and biodiversity, and are a key factor in 

erosion control (Garrigues et al., 2012; Núñez et al., 2012).  

Regarding cover crops, many advantages may not be inferred from the LCIA results such as 

the maintenance of the SOC content and improvement of the soil fertility (Hermans et al., 

2010). The effect of the cover crop on the P cycle and the P leaching risk (Vanden Nest et al., 

2014b) is not taken into account either. All these factors, known to positively contribute to soil 

quality, are not yet integrated in LCA methods. Unless these aspects are evaluated as well, it 

will be difficult to encourage these alternative farm management practices, because it will 
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remain unclear which practices lead to more sustainable production systems. So considering 

the farm management scenarios, we conclude that the real environmental performance is not 

reflected in the listed results because no soil quality aspects are considered. The spatial and 

temporal variability of the soil and the complex interactions between soil properties however, 

complicate the development of an integrated soil quality indicator. Several methods have been 

proposed to assess one aspect of soil quality or soil quality as a whole (Garrigues et al., 2012), 

but are not yet mature and generally applied. 

2.3.1.3 Year-to-year weather variation driven scenarios 

Weather conditions contribute to the yearly variation in yield (Fedele et al., 2014). 

Pannecoucque et al. (2012) report the yield of grain maize (14% moisture) for three 

consecutive years at different locations in Flanders for a set of ten different varieties 

(Table A1-2) as depicted in Figure 2-4. The results clearly demonstrate the temporal variation 

in yield. Differences between maize varieties remain, while a heat wave induced the strong 

yield reductions in the year 2012.  

 

Figure 2-4: Boxplot of the yield of grain maize (14% moisture) at different locations in Flanders (Belgium) 

for different varieties including a standard (n=10) and for the years 2010, 2011, 2012 (according to 

Pannecoucque et al., 2012). 

The impact of the yield fluctuations due to seasonal effects on the LCIA results is shown in 

Figure 2-5, Y1 and Y2 representing 9085 kg ha-1 (2.5th percentile) and 11634 kg ha-1 (97.5th 

percentile) respectively, with the sandy soil scenario as standard (10276 kg ha-1). As the same 

soil conditions are considered, we assumed that Y1 represents poor environmental conditions 



Chapter 2 

 

-62- 
 

while Y2 is obtained during favorable environmental conditions. In analogy to the study of Noya 

et al. (2015), the influence of the yield on the environmental footprint of maize production is 

high. According to the results in Table 2-4, the total CEENE for Y1 and Y2 amounts to +11% 

and -10% compared to the standard scenario; in terms of emissions, the total potential impact 

is respectively increased by 13% and reduced by 7%. But regarding specific impact categories 

such as FE and ME, the differences between Y1 and Y2 may reach even 28% and 27%, 

respectively. 

 

Figure 2-5: Life cycle impact results of the production of 1 kg grain maize according to the CEENE and 

ReCiPe midpoint methods for the scenarios standard (10276 kg ha-1), low (9085 kg ha-1), high (11634 

kg ha-1) yield (14% moisture) and expected yield in 25 years (13048 kg ha-1). Maximum value per impact 

category = 100%. Renewable = Abiotic renewable resources; Fossil = fossil fuels; Nuclear = nuclear 

energy; Metal = metal ores; Minerals = minerals (and mineral aggregates); Water = water resources; 

Land = land and biotic resources; OD = ozone depletion; POF = photochemical oxidant formation; PMF 

= particulate matter formation; ClC = climate change; TA = terrestrial acidification; FE = freshwater 

eutrophication; ME = marine eutrophication. 

Due to natural factors, farmers may be forced to introduce supplementary field work-

processes, e.g. irrigation or higher application (and consumption) of plant protection products. 

According to Goglio et al. (2012), irrigation is a high energy consuming process, which is 

reflected in Y3; the huge increase in water use is accompanied by a moderately higher 

resource consumption in all categories (Figure 2-6). In contrast to the extremely large increase 

in CEENE value (33%), the potential environmental impact in terms of emissions is only 
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increased with 9% (Table 2-4). These results strongly endorse the necessity to evaluate 

processes in terms of resources as well as emissions. Considering Y4, the consequently higher 

consumption of inputs involved in the production of plant protection products, such as 

electricity, metals and water, is only slightly reflected in the resource impact results 

(Figure 2-6). The impact results are in line with those of Fedele et al. (2014), in which the small 

contribution is explained by the limited amount of plant protection products used. 

 

Figure 2-6: Life cycle impact results according to the CEENE and ReCiPe midpoint method for the 

production of 1 kg grain maize (14% moisture), for the production of grain maize with extra field work-

processes: irrigation and additional application of plant protection products. Maximum value per impact 

category = 100%. Renewable = Abiotic renewable resources; Fossil = fossil fuels; Nuclear = nuclear 

energy; Metal = metal ores; Minerals = minerals (and mineral aggregates); Water = water resources; 

Land = land and biotic resources; OD = ozone depletion; POF = photochemical oxidant formation; PMF 

= particulate matter formation; ClC = climate change; TA = terrestrial acidification; FE = freshwater 

eutrophication; ME = marine eutrophication. 

Methodological considerations  

The influence of a modified yield was already discussed when comparing soil textures (section 

2.3.1.1), however, the effect of the yield differences due to climatic conditions is more 

pronounced here as it is the only input modified. Because the FU corresponds to the yield, the 

influence of a varying yield is noticeable in all impact categories.  

Analogous to the scenarios driven by farm management (section 2.3.1.2), not all 

consequences of irrigation are evaluated by LCA. As water is withdrawn from surface as well 

as groundwater, it may entail several additional problems. More irrigation is driving erosion 
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(Gobin et al., 2002) and irrigated land could in some regions become salinized; the extra water 

demand affects freshwater supply, and the extraction of groundwater may cause a decline of 

water tables (Foley et al., 2005). The influence of additional application of plant protection 

products is negligible in terms of the total CEENE results (+ 0.2%) and the total ReCiPe 

endpoint results (+ 0.3%) (Table 2-4), confirming the conclusion of Nemecek and Erzinger 

(2005) that the impact of manufacturing of plant protection products is relatively small. In 

contrast to the expectations, the contribution of an additional treatment with plant protection 

products is also very low for the toxicity impact results (Figure A2-4). According to Fedele et 

al. (2014), this can probably be explained by the limited amount of plant protection products 

used. However, as already mentioned, the treatment with plant protection products is 

characterized by high uncertainties, so more research is needed to investigate the toxicity 

impacts more in detail (European Commission, 2011). 

2.3.1.4 Innovation driven scenarios 

The advancements of technology and scientific research in the agricultural sector can lead to 

high variability in impact results over years. Figure 2-7 shows the decrease in environmental 

damage over the last 25 year caused by emissions of agricultural vehicles used for cultivating 

grain maize. The emissions limits for SO2, particulates, NMVOC, NOx, methane (CH4) and 

carbon monoxide (CO) have been strengthened over time. Comparing the oldest and newest 

stage, 89% less NMVOC are emitted, which contributes to the remarkable decrease of 38% in 

the category POF. The effect is magnified by the CO and NOx reductions, which affect both, 

POF and ME. The 92% decrease of particulates in the past 25 years explains the decreasing 

impact of PMF, while ClC is influenced by CH4, N2O and CO reductions. However, the 

decrease in the category ClC is very small as the contribution of other processes (e.g. drying) 

is predominant. The decrease of SO2 at last, results in a better emission footprint regarding TA 

and also partly PMF. More stringent NOx emission limits also led to less acidification. 

Regarding maize variety (I2), 25 years from now, the average yield is expected to be 

13048 kg ha-1. The expected improvement in terms of environmental performance is plotted in 

Figure 2-5. We assumed that only the yield will be changed, what basically represents an 

increase of the yield of newly created varieties through breeding, without any change on the 

inputs required. This results in a reduction by 18% of the total CEENE and by 17% of the 

ReCiPe endpoint results (Table 2-4). 

Policy and farmer related considerations 

Regarding European legislation, the emission objectives become more strict for the coming 

years. Additional measures concerning for example erosion mitigation, eutrophication, 

reduction of emitted pollutants will result in an even better environmental performance than 
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presented in the elaborated innovation scenario I2. This scenario underlines the necessity to 

continue breeding high-yielding, resource efficient varieties. 

 
Figure 2-7: Emission footprint per kg grain maize, comparing six engine technology stages of 

agricultural off-road vehicles, covering the period 1991-2015. The five impact categories of ReCiPe 

midpoint that are influenced, are shown. Maximum value per impact category = 100%. POF = 

photochemical oxidant formation; PMF = particulate matter formation; ClC = climate change; TA = 

terrestrial acidification; ME = marine eutrophication. 

Methodological considerations 

As mentioned by Milà i Canals et al. (2006), machinery use life may considerably impact the 

energy consumption and combustion emissions. The large impact differences, especially 

considering POF and PMF, demonstrate the importance of adapting the inventory to realistic 

input data of machinery. Average sales figures can give an indication, however, caution is 

needed when comparing situations as in former times and today or industrialized versus 

developing regions.  

In scenario I2, we adjusted the yield based on Van Waes (2009). Obviously, selecting the yield 

as FU resulted in strongly modified outcomes when the yield was changed (Figure 2-5).Other 

effects of plant breeding (e.g. higher input use efficiency, improved cold tolerance) or 

innovation aspects (e.g. reduced fuel consumption) will probably also affect the results, but 

cannot be quantified yet. Furthermore, climate change has also implications for crop 

productivity and crop quality. Crop yield will respond to both direct (e.g. changes in 
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temperature, change in CO2 concentration) and indirect effects of climate change (e.g. pests 

and pathogens) (Niero et al., 2015).  

2.3.2 Comparison of the grain maize production in Flanders and data from 

a generically applied database 

Generically applied data for grain maize production were retrieved from the ecoinvent v3.1 

database, using the process ‘Maize grain production, Swiss integrated production’, 

representing an average situation of grain maize in Switzerland. As default situation in 

Flanders, a standard farm management on a sandy soil is chosen, using pig slurry as organic 

fertilizer, representing the most common situation. In contrast, Swiss farms often use both, 

solid manure and slurry. Other differences are the amount of fertilizers consumed and the 

number of field-work processes (Table A1-6). Irrigation is systematically supplemented to all 

agricultural datasets in ecoinvent v3.1, although it is not always applied. In Flanders, irrigation 

of grain maize is not common practice. Furthermore, some preconditions remarkably differ, 

e.g. erosion (influenced by the slope) and the P content of the top soil (Table A1-6), influencing 

eutrophication. Important to indicate is that fertilization in Switzerland is based on Swiss 

recommendations, but since no rules exist about the partitioning between organic and mineral 

fertilizers to meet the legal limits (Swiss Centre for Life Cycle Inventories, 2015a), large 

variations can occur. 

In analogy to the findings of Dressler et al. (2012) in which maize production in Germany is 

studied, all impact results are influenced by regional variation (Figure 2-8). The differences in 

the categories representing resource consumption are due to the mentioned inventory 

differences: fertilizers affect especially the minerals, while the effect of additional work-

processes is mainly observable in all other categories. The error bars indicate the boundaries 

of the most and least favorable scenario in Flanders, represented by on the one hand high 

yield and newest technology (stage IV), and on the other hand low yield, organic fertilization 

by slurry, irrigation, additional use of plant protection products and old engine technology 

(1991-Stage I). These scenarios are probably unlikely to occur within the real operating facility, 

but can be regarded as limits of environmental impact. Considering the worst case scenario, 

the differences are mitigated, but other work-processes, different amount of irrigation, and 

different use of agrochemicals explain the remaining differences in impact results.  

Regarding emissions, the differences between Flanders and Switzerland in the categories FE 

and ME are remarkable, even considering the worst and best case scenarios. The results for 

FE are linked to the higher P load in the top soil and counterbalanced by the lower amount of 

erosion (Table A1-6). ME is mainly explained by the cultivation of the cover crop and another 
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fertilizer consumption, respectively determining 26% and 9% of the ME results in Switzerland 

(Swiss Centre for Life Cycle Inventories, 2015a). 

We can thus conclude that general processes retrieved from ecoinvent cannot be used to 

model local agricultural processes as such, considering the significant impact differences. As 

some aspects are not common practice in Flanders (e.g. irrigation), using one standard farm 

management for an entire region should be avoided. Major agricultural problems (such as 

mineral or metal depletion and eutrophication) are mainly influenced by local conditions, and 

so one should be careful when using general data. Encouraging good practices is only possible 

with specific data. Furthermore, differences in modelling inventories in ecoinvent and this study 

exist, which make comparisons difficult. 

 

Figure 2-8: LCIA results of the production of 1 kg dry grain maize in Flanders and Switzerland 

(Ecoinvent v3.1 ‘Maize grain production, Swiss integrated production’), using the CEENE and ReCiPe 

methodology at midpoint. The results of Flanders represent the standard Flemish farm situation (sandy 

soil, slurry, no cover crop, ploughing), while the results for Switzerland are retrieved from ecoinvent v3.1. 

The error bars indicate the impact results of the best (high yield, Stage IV technology) and worst (low 

yield, slurry, irrigation, additional use of plant protection products and engine technology corresponding 

to 1991 - Stage I) case scenario in Flanders. Maximum value per impact category = 100%. Renewable 

= Abiotic renewable resources; Fossil = fossil fuels; Nuclear = nuclear energy; Metal = metal ores; 

Minerals = minerals (and mineral aggregates); Water = water resources; Land = land and biotic 

resources; OD = ozone depletion; POF = photochemical oxidant formation; PMF = particulate matter 

formation; ClC = climate change; TA = terrestrial acidification; FE = freshwater eutrophication; ME = 

marine eutrophication. 
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2.4 Conclusions and Perspectives 

We have performed an environmental LCA of the production of grain maize in Flanders, relying 

on local soil characteristics, yield data and input parameters. In order to investigate which input 

factors influence the impact results the most, 15 scenarios classified according to four driving 

forces, were elaborated. Regarding the policy driven scenarios, we can conclude that, as a 

consequence of the higher yield, the non-sandy soils scenarios (P2 and P3) perform better 

despite the higher mineral fertilizer and fuel consumption. However, the results are the 

opposite for eutrophication caused by P emissions as a result of erosion, which is strongly 

related to the soil texture. From the farm management scenarios, we can infer that the choice 

of manure may especially affect acidification and eutrophication. Unfortunately, due to the 

implied yield reductions, the good environmental performance of low or no tillage is not 

highlighted by the selected impact methodologies. This is even strengthened in the case of 

cultivating a cover crop, because most of its positive effects are not reflected in the 

environmental performance or even not accounted for (e.g. influence on SOC content). 

Considering the aspects mankind cannot control, reflected in the year-to-year weather 

variation driven scenarios, the lowest impact results are achieved in the case of good 

environmental conditions related with a high yield. Irrigation is an extremely high resource 

consuming process, introducing more emissions, while the impact of using additional plant 

protection products is negligible in the impact categories considered (i.e. impact categories 

regarding toxicity are not discussed in this study). Finally, the innovation driven scenarios show 

us the importance of using up-to-date machinery data, as large improvements were achieved 

during the past years in the emission impact categories. Also future plant breeding, expected 

to result in higher yield, can potentially reduce the environmental impact by almost one third. 

From the comparison of the LCA of grain maize production in Flanders and Switzerland, we 

can conclude that local and adapted information is necessary regarding the big differences for 

most impact categories, which is in line with the findings of Fedele et al. (2014). As indicated 

by Bosco et al. (2013), high variability exists even among farms because of natural factors 

such as climate and soil, but also because of management factors, which both affect field-

emissions. This is confirmed by the impact results of all different scenarios and it is especially 

emphasized regarding different geographic locations. 

Regarding the policy scenarios, the differences in environmental footprint amount to 9% in 

terms of resources and 5% in terms of emissions. Although the influence of farm management 

operates in the small range of 5% and 4% for total CEENE and ReCiPe respectively, farmers 

and extension officers can significantly contribute to a better environmental performance by 

e.g. choosing the optimal manure type or tillage practice, hereby tackling specific 
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environmental problems (e.g. eutrophication). The widest range of environmental impact 

results is however due to natural conditions, the extreme situations differ 33% in terms of 

resources and 17% in terms of emissions. Finally, especially research in terms of innovation 

(e.g. yield improvement by plant breeding) can result in significant improvements in terms of 

sustainability. The environmental performance of maize production in 25 years may be even 

more pronounced; e.g. here we considered the situation that yield increases are due to 

improvements of the intrinsic yield capacity of the plants through breeding. However, breeding 

can potentially generate varieties with a higher input use efficiency (e.g. plant protection 

products and nutrients), or even varieties that combine both characteristics, resulting in an 

even lower environmental impact. Furthermore, cold tolerance can be improved allowing in 

early sowing and early harvest and hereby introducing the possibility to sow a cover crop on 

time (Sankaran et al., 2015). 

We conclude that a complete overall comparison and assessment of agricultural scenarios is 

only possible when soil quality aspects affected by both natural and farm management features 

are included in the evaluation. To improve the impact results by modifying farm practices, 

following (but not limited to) soil aspects must be taken into account: erosion, soil compaction, 

SOC content, soil contamination. Including these aspects in the LCA methodology is 

challenged by temporal and spatial variation, as indicated by the scenario results. It may be 

particularly challenging because quantifying these processes is not straightforward. Collecting 

the required extensive data is certainly difficult and time-consuming. Furthermore, many 

processes and interactions between processes that determine the soil characteristics are 

poorly known and not all of them can be quantified yet (e.g. the influence of cover crops on 

nutrient cycles). Nevertheless, implementation of soil quality in assessments of environmental 

impact is required and may be facilitated by local soil models. Whereas land competition and 

the importance of efficient land use are expected to increase, achieving sustainable plant 

production systems, in which soil quality is maintained or improved, is a major challenge. This 

study provides a first indication of the emissions and resource consumption of the production 

of grain maize characterized by different local natural conditions and different management 

options. The results are particularly relevant to support policy choices and farmers in their 

endeavor to improve the environmental performance of maize production systems.
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CHAPTER 3:  INTRODUCTION OF A NATURAL RESOURCE BALANCE 

INDICATOR TO ASSESS SOIL ORGANIC CARBON 

MANAGEMENT: AGRICULTURAL BIOMASS 

PRODUCTIVITY BENEFIT 

__________________________________________________________________________________ 

3.1 Introduction 

The growing population requires increased crop production for food and feed, which will give 

rise to a further intensification of the agricultural sector (Pradhan et al., 2015; United Nations, 

2017). Traditional techniques related to intensive agriculture have resulted in spectacular 

increases in productivity over time, but have also generated adverse environmental impacts 

and land degradation (Almagro et al., 2016; D’Hose et al., 2014). Worldwide, soil organic 

carbon (SOC)3 decline is considered as an environmental risk entailing far-reaching 

consequences as SOC is considered key for soil quality and crop productivity (Chapter 1, 

section 1.3.1). The relationship between SOC and yield as well as the impact of farm 

management on SOC have been thoroughly discussed in Chapter 1 (sections 1.3.2-1.3.3).  

Sustainable agricultural intensification relies to a large extent on the efficient exploitation of the 

available land. Alvarenga et al. (2013a) have developed a natural resource balance indicator 

allowing comparison of the land use efficiency of terrestrial biomass production systems 

(including agricultural systems). This indicator, called ‘Overall Net Annual Exergy Production’ 

(∆EP), weighs the total biomass production (main product, its above- and below-ground 

residues and weed) against the cumulative consumption of local (e.g. nutrients, CO2) and non-

local resources (e.g. plant protection products, mineral fertilizers), expressed in exergy 

(Alvarenga et al., 2013a). To get a holistic view, they used a life cycle perspective to perform 

a so called cradle-to-gate analysis (ISO, 2006a). Life cycle assessment (LCA) is a tool 

commonly used to quantify the potential environmental impacts due to human activities, linked 

to a certain product or service (Taelman et al., 2016). To perform the exergetic LCA, the 

resource-accounting method Cumulative Exergy Extraction from the Natural Environment 

(CEENE) is used (Dewulf et al., 2007). Although the indicator ∆EP offers an interesting way to 

account for the use efficiency of available land, one important aspect is not covered: the 

dependence of biomass production on soil quality, i.e. the legacy effect of a biomass 

                                                             
3 In this and the following chapters, SOC refers to the carbon component of SOM, SOM being an 
important soil quality indicator 
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production system on soil quality (Schrama et al., 2016). For example, decline of SOC can 

limit the soil’s future ability to provide nutrients, which may compromise the possibility to 

maintain highly productive systems (Brandão and Milà I Canals, 2013, Louwagie et al., 2009).  

Soil quality impacts must be accounted for in sustainability assessments of production systems 

in relation to the biomass provisioning capacity (Griffiths et al., 2010). The provisioning capacity 

is an important endpoint for the Area of Protection (AoP) natural resources (Taelman et al., 

2016). Biomass is a renewable fund resource, by definition a resource that can be regenerated 

within human lifetimes, but that can also be exhausted if overused. Here, due to human 

activities affecting the soil quality, we may deplete the biomass production capacity of the 

ecosystem (Dewulf et al., 2015; Sonderegger et al., 2017). Although it is relevant, there is not 

yet a standardized method to evaluate the impact of land use (and corresponding changes in 

soil quality) on the long-term ability to produce biomass (Chapter 1, section 1.5.1). Therefore, 

this is one of the main objectives of this PhD dissertation (Objective 2). 

In this chapter, we introduce a framework to compare the sustainability of agricultural crop 

production systems in terms of biomass productivity by accounting for changes in soil quality. 

To account for soil quality losses, we quantify the extent to which corrective actions are 

required to restore soil quality with reference to a baseline level. However, soil quality not only 

must be returned to the desired level but must also be maintained. This results in the following 

research question “How to assess changes in soil quality (with the focus on SOC) arising from 

different agricultural management options, and include changes in crop yield in environmental 

sustainability assessments?”. To answer this question, we introduce the indicator ‘Agricultural 

Biomass Productivity Benefit of SOC Management’. This indicator is based on a resource 

accounting approach and has been applied to several scenarios in Flanders (Belgium).  

3.2 Framework to assess soil organic carbon management 

3.2.1 Influence of farm management on soil organic carbon level and 

biomass productivity 

To study the impact of farm management decisions (e.g. crop rotation, choice of fertilizer) on 

the SOC level of agricultural soils over time, we introduce the framework as illustrated in 

Figure 3-1. The slope of the curve representing the SOC trend depends on the carbon input 

(by fertilization, crops) and carbon export by removal of crops (and crop residues) and SOC 

mineralization. First, we investigate what would happen if a chosen rotation system 

(corresponding with a certain fertilization scheme) was applied unmodified for 20 years. This 

corresponds to the average time required to get a new steady state level of OC as suggested 
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by the IPCC (2006). Then the situation is evaluated as follows: if the resulting SOC level is 

higher than a well-defined threshold, the situation is labeled as adequate while otherwise 

remediation techniques have to be applied. In the latter case, the period under study lasts from 

year 20 up to year 40, assuming that from an agricultural point of view it is desirable to restore 

the soil in 20 years (half of the average farmer’s career). In case of needed remediation, 

remediation has two steps: first the SOC stock is restored until the threshold (restoration 

period); then measures are taken to maintain this SOC concentration at this level for the 

remaining years (maintenance period). Per soil texture and per rotation system, the minimum 

number of measures to meet the threshold are determined.  

 
Figure 3-1: Simplified representation of SOC trends in arable cropland over time in case remediation is 

required. If the SOC concentration is lower than the threshold after 20 years, remediation actions are 

taken, implying a restoration and maintenance period.  

Using a fixed threshold to which the SOC level should be remediated enables the comparison 

of different crop rotation systems. Furthermore, as we strive to sustainable production systems, 

the threshold has to be set accordingly.  

3.2.1.1 Soil organic carbon modeling 

To predict the SOC evolution in arable topsoils, we used the Rothamsted Carbon Model 

(RothC) (Chapter 1, section 1.3.5). To expand the possibility of simulations, the RothC 26.3 

model was run in the R environment using the R package SoilR (Sierra et al., 2012).  

RothC requires three types of input: 

 Climatic data - monthly rainfall (mm), monthly evapotranspiration (mm), average 

monthly mean air temperature (°C);  
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 Soil data - clay content (%), inert organic carbon stock (t C ha-1), initial SOC stock 

(t C ha-1), depth of the soil layer considered (cm); and  

 Land use and land management data – soil cover, input of plant residues (t C ha-1), 

input of manure (t C ha-1), decomposability of the incoming plant material as the ratio 

Decomposable Plant Material (DPM)/Resistant Plant Material (RPM). 

To determine evapotranspiration, we used the Penman-Montheith equation (Allen et al., 1998). 

In the modeling, the upper 30 cm of the soil is considered. The inert organic carbon stock was 

calculated according to the Falloon equation (Falloon et al., 1998). The internal structure and 

internal parameters of the model were unaltered.  

3.2.1.2 Biomass productivity modeling 

As investigated by Brady et al. (2015), changing SOC levels affect agricultural productivity. To 

estimate the yield response to changes in SOC level, the EU-Rotate_N model (version 1.8) 

was used (Rahn et al., 2009). The model provides an estimate of the above-ground dry matter 

(DM) production (Chapter 1, section 1.3.5). 

The EU-Rotate_N model requires the following inputs (Rahn et al., 2009): 

 Geographical and climatic data – site properties, weather data (e.g. temperature, 

humidity); 

 Soil properties – soil water content (at permanent wilting point, field capacity and 

saturation), clay and sand content, bulk density, pH, organic matter content; and 

 Farm management data – date of field work processes (e.g. sowing, harvesting), 

information about irrigation, type and amount of N fertilization, information about crops 

and crop rotations (e.g. previous crop, average DM production). 

When climate, soil, and farm management characteristics are taken into account, the model 

can be used to calculate the annual aboveground biomass production for both potential cases: 

no remediation or remediation. Besides DM production, the model offers the marketable yield 

(Y) based on harvest indices (HI) (percentage harvested product per total DM production) 

(Rahn et al., 2010). When crop residues are harvested as marketable products (e.g. straw), 

harvest indices other than those offered by the model are needed; those can be calculated 

based on Rahn et al. (2010) and ADSEI (2017). The yield in this study corresponds to all 

harvested product (i.e. cereals: grains and straw).  

Over a period of 20 years, the cumulative yield surplus (t DM ha-1) is determined by Eq. 3-1 as 

the sum of the yearly difference between the yield under remediation regime (Yremediation ) and 

under a regime without remediation (Yno remediation). 
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 𝑌𝑠𝑢𝑟𝑝𝑙𝑢𝑠 = ∑ (𝑌𝑟𝑒𝑚𝑒𝑑𝑖𝑎𝑡𝑖𝑜𝑛,𝑡 − 𝑌𝑛𝑜 𝑟𝑒𝑚𝑒𝑑𝑖𝑎𝑡𝑖𝑜𝑛,𝑡)

𝑡=40

𝑡=21

 (3-1) 

3.2.2 Cost and exergy calculations 

The moisture content and the chemical composition of the biomass components of the crops 

are based on data from Federatie Nederlandse Diervoederketen (FND, 2016). This information 

is coupled with the exergy value of each chemical compound to calculate the exergy content 

of the crops (Appendix B, Table B1-1).  

To transform the consumption of non-local resources into exergy terms, the CEENE method 

is used (Chapter 1, section 1.4.2). Because land occupation in the CEENE method is 

accounted for by the potential NPP on a yearly basis at the field (Alvarenga et al., 2013b), we 

included no land occupation as input for the agricultural system to avoid double counting.  

For the remediation actions, we relied on the CEENE method to determine the exergetic 

resource consumption. Analogous to Nemecek and Kägi (2007), the processes related to the 

supply of manure are fully assigned to the animal production system. Therefore, no resource 

consumption is assigned to manure itself as it is only considered as a waste product of animal 

production systems. The inputs for applying manure are restricted to fuel consumption, while 

green manure cultivation requires seed and N fertilizers as well (Productschap Akkerbouw, 

2017). The cultivation of green manure mostly results in a smaller N application in the 

subsequent year, thus a reduction of 20 kg N ha-1 is taken into account (Nemecek and Kägi, 

2007). We have relied on data from the ecoinvent v.3.2 database to calculate the cumulative 

exergy consumption (Swiss Centre for Life Cycle Inventories, 2015b). 

The most convenient way to quantify investments is through monetary costs (euro). An 

average of the fuel price over the last 10 years is taken (ADSEI, 2017). The cost of other inputs 

(e.g. mineral fertilizer consumption) is retrieved from Productschap Akkerbouw (2017). To 

calculate the prices for crops, an average over five years is taken (Departement Landbouw en 

Visserij, 2017a; Synagra, 2017) (Table B1-1).  

3.2.3 Case studies 

3.2.3.1 General information about the case studies 

Soil organic carbon level in Flanders 

The assessment method is developed with crop production systems in Flanders (Belgium) as 

case study. The initial SOC concentration is based on data of the Bodemkundige Dienst van 

België, which collected SOC samples of croplands for the years 2012-2015 (Tits et al., 2016). 

Three SOC classes are distinguished: low, medium, and high. To calculate the area of Flemish 
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cropland per group, we rely on the area of cropland and average SOC concentrations as 

presented by Tits et al. (2016) (Table 3-1). A weighted average was made to determine an 

initial SOC concentration per group and per texture (Table 3-3). Then, based on Eq 3.2, the 

SOC stock can be calculated. In this PhD thesis, a soil depth of 30 cm is considered. 

𝑆𝑂𝐶 𝑠𝑡𝑜𝑐𝑘 (𝑡 ∙ ℎ𝑎−1) =  𝑂𝐶 (%) ∙ 𝑏𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑡 ∙ 𝑚−3) ∙ 𝑠𝑜𝑖𝑙 𝑑𝑒𝑝𝑡ℎ (𝑐𝑚) (3-2) 

In the context of the Common Agricultural Policy (CAP) (2015), Flanders imposes minimum 

SOC concentrations according to soil texture (Table 3-1). In case of non-compliance, the 

farmer is obliged to undertake remediation actions (VITO, 2015). These thresholds are the 

absolute minimum quality levels and thus indicate the need for remediation measures.  

Optimum SOC concentrations are however much higher (Table 3-1) (LNE, 2014). In Flanders, 

especially sandy loam and clay soils have lower SOC concentrations than the optimum range, 

i.e. 19 and 47% of the total Flemish sandy loam and clay cropland, respectively (Table 3-1) 

(LNE, 2014). Therefore, we focus on sandy loam and clay soils. The group ‘low’ of these 

textures corresponds to 9 and 6% of the total Flemish cropland, respectively (ADSEI, 2017). 

Table 3-1: Percentage distribution of arable soil samples into SOC concentration classes in Flanders 

(2012-2015) 

 SAND 
(42%)a 

SANDY LOAM 
(46%) a 

CLAY 
(12%) a 

LOW    

%OC <1.2 <0.9 <1.5 

% of samples 9 19 47 

MEDIUMb    

%OC 1.2-1.9 1.0-1.5 1.6-2.1 

% of samples  52 62 22 

HIGH    

%OC 2.0-4.5 1.6-3.0 2.2-4.5 

% of samples  39 18 31 

MINIMUM THRESHOLDc   

%OC 1.0 0.9 1.2 

a Percentage cultivated area of cereals, fodder and industrial crops per soil texture in Flanders. Reference 

year 2015 (ADSI, 2017) 
b Optimum range defined by Ghent University (LNE, 2014) 
c Minimum values for SOC content based on the Common Agricultural Policy (VITO, 2015) 

Thresholds chosen in this study are the minimum levels as defined by policy. This enables us 

to evaluate if the commonly applied rotation systems are adequate to sustain SOC levels in 

Flemish arable land and to study how to reduce the area of cropland with inadequate SOC 

levels. 
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Crop production systems 

Three commonly applied rotation systems are used: a two, three and four year crop rotation 

system (Table 3-2). The studied crops covered 77 and 84% of the cultivated crop area in 2015 

on sandy loam and clay soils in Flanders, respectively (ADSEI, 2017). Under current farm 

management in Flanders, crop residues of silage maize, winter wheat, and winter barley are 

harvested, while the residues from other crops are incorporated in the soil (VLM, personal 

communication). Information about the order of the crops and duration of the growth season is 

given in Figure B2-1 (Appendix B2). 

Table 3-2: Overview of the rotation systems used in the case studies 

 YEAR 1 YEAR 2 YEAR 3 YEAR 4 

Crop rotation system 2 (RS2) Winter wheat a Silage maize   

Crop rotation system 3 (RS3) Winter wheat a Winter barley a Sugar beet  

Crop rotation system 4 (RS4) Winter wheat a Winter barley a Potato Sugar beet 

a Harvesting crop residues, according to the common practice in Flanders (VLM, personal communication) 

Pig slurry is used as organic fertilizer at quantities based on either maximum allowable 

phosphorus (P) dose or maximum allowable total N quantity, i.e. 170 kg N ha-1 from animal 

manure. The EU Nitrates Directive (91/676/EEG) dictates the maximum quantity of livestock 

manure allowed. The allowed quantity of effective N supplied by fertilization depends on the 

crop under cultivation. The allowable P dose is regulated by the Flemish Action Program 

(MAP5, class III) (VLM, 2017). An overview of the quantity of manure applied is given in 

Table B1-2.  

Remediation strategies in Flanders 

Three strategies are considered effective for combating deficient SOC contents, all of which 

are common practice in Flanders. They all cover the minimum dose of stable organic that must 

be applied as regulated by law when the SOC content is lower than defined threshold values 

(VITO, 2015). 

The first remediation action is supplementary organic fertilization (in addition to the applied pig 

slurry). This is a common remediation method as it helps reduce the well-known manure 

surplus in Flanders (VLM, 2016). There are different options (e.g. farmyard manure (FYM), 

compost, digestate), but regarding the manure surplus in Flanders and its prominent beneficial 

effect of regular application on the SOC percentage, FYM is selected in this study (Sleutel et 

al., 2003; VLM, 2016). Thanks to the ‘farming system approach’, a double amount of the 

normally applied quantity of manure on a field is allowed, as long as the sum of all doses over 

all fields (farm level) is below the permitted quantity. Thus the remediation strategy implies that 
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the maximum quantity of permitted livestock manure is added, under limitation of fertilizer 

composition (N and P content) and fertilizer standards (VLM, 2017).  

The second option is to cultivate a green manure crop, which corresponds to one of the 

greening measures in the EU’s agricultural policy (CAP) (2015) (Departement Landbouw en 

Visserij, 2017b). White mustard (WM) is selected in this work because this crop was the most 

sown green manure in the Benelux for the last 10 years (Rombouts et al., 2014). Due to the 

limited possible sowing period and the rotations applied, this crop can only be cultivated after 

winter wheat (RS2), winter barley, and potato (Figure B2-1). 

Finally, a combination of the two previous methods (FYM+WM) can be applied to accelerate 

the recovery of the SOC stock.  

The manure applied per remediation action and per crop is presented in Table B1-2. Crop 

residue management is not examined in this study, because wheat and barley straw are 

traditionally collected and used at farm level. Incorporating the straw into the soil induces far-

reaching changes in farm management as other products to replace the straw are then needed 

and should be accounted for when describing the resource consumption. 

3.2.3.2 Data inventory 

RothC and EU-Rotate_N applied to Flemish case studies 

To run the models used to simulate SOC trends and yield data, the same inputs regarding 

weather conditions, soil and crop characteristics and farm management are used (Table 3-3). 

Climatic data are the calculated averages over the years 2006-2015, retrieved from the 

weather station in Melle (KMI, 2016). Soil related information is based on Sleutel (personal 

communication), and Bodemkundige Dienst van België (Tits et al., 2016), supplemented with 

generic data offered by Rahn et al. (2009). The EU-Rotate_N model requires the average 

productivity per crop and per texture, which is based on the average yield of the years 2007-

2015 and recalculated by the harvest indices to obtain total DM production. The yield data rely 

on economic data retrieved from a national database (Table B1-3) (ADSEI, 2017). The raw 

data are given in Table 3-3; more detailed data needed to run the EU-rotate_N model are given 

in Table B1-3.   
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Table 3-3: Summary of main required data to run the models RothC or/and EU-rotate_N 

CATEGORY Input data 

CLIMATE Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Temperature (°C) a 3.9 3.9 6.6 10.4 13.5 16.3 18.6 17.7 15.1 11.7 8.1 4.9 

Precipitation (mm) a 69 66 66 29 75 63 92 119 73 84 108 84 

Evapotranspiration 
(mm) b 

19 23 47 76 98 107 111 90 59 35 22 18 

CROP Potato 
Silage 
maize Sugar beet 

Winter 
barley d 

Winter 
wheat d 

White 
mustard 

Addition C (t C ha-1) c 1.56 1.11 2.78 2.72 2.53 1.66 
DPM/RPM c 4.9 0.5 10.6 3.1 2.7 2.2 
Harvest index 0.95 e 0.93 e 0.70 e 0.74 f 0.74 f  

MANURE Pig slurry Farmyard manure  

Addition C (t C/10 t) c 0.31 0.93  
DPM/RPM c 1.9 1.0  
%HUM c 4.83 8.43  

SOIL Sandy loam Clay  

Clay content (%) c 9.00 23.90  
Initial SOC concentration (low)  
(% OC) g 

0.83 1.34  

Initial SOC concentration 
(medium)  
(% OC) g 

1.21 1.85  

Initial SOC concentration (high)  
(% OC) g 

2.01 2.87  

Threshold SOC concentration 
(%OC) h 

0.90 1.20  

Soil density (t m-3) c 1.30 1.40  

a Based on KMI (2016) 
b Based on Allen et al. (1998) 
c Sleutel (personal communication) 
d Removal of crop residues 
e Rahn et al. (2010) 
f Based on Rahn et al. (2010) and ADSEI (2017) (years 2008-2015) 
g Tits et al. (2016) 
h Based on CAP, VITO (2015) 

Resource consumption of the remediation actions 

Fuel consumption per soil texture by equipment type is based on Van linden and Herman 

(2014), averages are taken over tractor and field size. The quantity of consumed seed and 

mineral fertilizers are based on Productschap Akkerbouw (2017) and Flemish regulations 

(VLM, 2017). To account for the cumulative consumption, data are retrieved from the ecoinvent 

v.3.2 database (Swiss Centre for Life Cycle Inventories, 2015b), adapted to the described 

Flemish values (Table B1-4). Table 3-4 summarizes the cost of the efforts expressed in 

monetary values (euro) and exergy.  
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Table 3-4: Costs in monetary and exergetic values per remediation action 

Inputs calculations Cultivation white 
mustard 

Manure application 

Application of FYM (MJex t-1)  26.84 
Cultivation of white mustard on sandy loam soil  
(MJex ha-1) 

5043.41  

Cultivation of white mustard on clay soil (MJex ha-1) 5512.95  
Fuel a (EUR L-1) 1.28 1.28 
Seed white mustard b (EUR kg-1) 2.90  
Mineral N fertilizer b (EUR kg-1) 0.50  

a Average of the price over the last 10 years based on ADSEI (2017) 
b Retrieved from Productschap Akkerbouw (2017)  

3.3 Results and Discussion 

3.3.1 Soil organic carbon and yield modeling applied on case studies in 

Flanders 

3.3.1.1 Soil organic carbon trends in Flemish arable land 

In this study, we search for the real minimal efforts that should be taken to obtain croplands 

with acceptable SOC levels. After 20 years of unmodified application of the same rotation 

systems (Figure 3-1), the cases elaborated for the ‘medium’ and ‘high’ groups never intersect 

the defined minimum threshold (Figures B2-2 and B2-3). This period of 20 years appears to 

confirm that the applied rotations are adequate for the Flemish fields when the initial SOC 

levels are not very low. Only the rotation systems in combination with low initial SOC level are 

further discussed. Also, cultivating a cover crop only (WM) seems to be an inadequate 

remediation technique for these case studies as the threshold is never reached in 20 years 

(Figure B2-4). Hence, only two remediation actions will be considered in what follows: 

application of FYM and the combination of two actions: FYM application and cultivation of WM. 

The SOC trend of the three rotation systems is illustrated in Figure 3-2.  
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Figure 3-2: Evolution of SOC stock of the elaborated case studies. Three rotation systems (RS) and 

two soil textures (sandy loam and clay) are distinguished. A: RS2 (sandy loam); B: RS3 (sandy loam); 

C: RS4 (sandy loam); D: RS2 (clay); E: RS3 (clay); F: RS4 (clay). RS2 corresponds to “winter wheat – 

silage maize”, RS3 to “winter wheat - winter barley – sugar beet”, and RS4 to “winter wheat – winter 

barley – potato – sugar beet”. SOC trend is displayed in case of no remediation, remediation with 

farmyard manure (FYM) and remediation with FYM and white mustard (WM). The threshold is defined 

per soil texture based on minimum values defined by Flemish policy. 

In case of no remediation, we can derive from Figure 3-2 that the average yearly decrease of 

SOC for the considered rotation systems ranges between 0.08 and 0.13 t C ha-1 yr-1 for sandy 

loam and between 0.30 and 0.38 t C ha-1 yr-1 for clay soils. This is slightly different from the 

results obtained by Sleutel et al. (2006), who estimated a yearly average decrease of SOC in 

Flanders of 0.19 t C ha-1 yr-1 (Chapter 1). However, we cannot compare the results as such. 

First, other case studies are used. In Sleutel et al. (2006), 116 locations were included, 

representing several soil textures, initial SOC stocks, soil densities, and rotation systems. In 

contrast, we define one initial SOC stock and soil density per soil texture (Figure 3-2). Before 

comparing the results of our study and those of Sleutel et al. (2006), the occurrence of each 
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soil texture and initial SOC stock in Flanders should be taken into account to calculate a 

weighted average of the yearly average SOC decreases. For instance, as indicated in 

Table 3-1; average SOC decrease is higher in clay soils, but these represent only a small 

fraction of the arable land in Flanders. Next, only three rotation systems are included in our 

study, no catch crop cultivation is assumed for the case of no remediation, and slurry is used 

in all cases as fertilizer. Third, other climate conditions are considered. While the study of 

Sleutel et al. (2006) considered the period 1990-2003, here the weather characteristics are the 

average over the years 2006-2015. Finally, the (steep) decrease during the first five years 

should be disregarded, as the initial decline in SOC might be influenced by model 

characteristics.  

In Table 3-5, the absolute values of the final simulated SOC stocks are presented for RS3 on 

a sandy loam soil. The values for the other rotation systems and for the clay soil are added in 

Tables (B1-5) – (B1-9).
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Table 3-5: Simulated SOC stocks with or without 20 years SOC storing management following 20 years of standard low C input management in case of a three-

year arable crop rotation (RS3) on a sandy loam soil. Aboveground dry matter (DM) production according to the SOC level is listed for FYM and FYM+WM 

    
NO REMEDIATION REMEDIATION BY FYM 

REMEDIATION 
BY WM 

REMEDIATION BY FYM + WM 

YEAR CROP 
OC              

(t C ha-1) 
DM  

(t ha-1) 
OC  

(t C ha-1) 

Efforts 
remediation 
(MJex ha-1) 

DM (t ha-1) OC (t C ha-1) 
OC         

(t C ha-1) 

Efforts 
remediation 
(MJex ha-1) 

Avoided 
burden 

(MJex ha-1) 

DM  
(t ha-1) 

1 Winter barley 29.6 15.0 30.7 376 15.1 30.3 31.4 5526   15.2 

2 Sugar beet 29.4 27.1 31.5 510 27.3 29.9 32.1 510 1627 27.3 

3 Winter wheat 29.5 16.5 32.0 617 16.5 29.9 32.8 617  16.5 

4 Winter barley 29.6 15.0 32.8 376 15.2 30.6 34.1 5526  15.3 

5 Sugar beet 29.4 27.1 33.4 510 27.3 30.2 34.4 510 1627 27.3 

6 Winter wheat 29.5 16.5 33.6 617 16.5 30.2 34.8 617  16.5 

7 Winter barley 29.5 15.0 34.2 376 15.3 30.9 35.9a 5526   15.3 

8 Sugar beet 29.4 27.1 34.7 510 27.3 30.4 35.5 510 1627 27.3 

9 Winter wheat 29.4 16.5 34.7 617 16.5 30.4 35.7 0  16.5 

10 Winter barley 29.5 15.0 35.3a 376 15.3 31.1 35.9 5526  15.3 

11 Sugar beet 29.4 27.1 35.2 510 27.3 30.6 35.0 510 1627 27.3 

12 Winter wheat 29.4 16.5 35.8 617 16.5 30.6 35.1 0  16.5 

13 Winter barley 29.5 15.0 35.9 376 15.2 31.3 36.1 5043  15.2 

14 Sugar beet 29.4 27.1 35.1 0 27.1 30.8 36.0 0 1627 27.1 

15 Winter wheat 29.4 16.5 35.8 617 16.5 30.8 35.4 0  16.5 

16 Winter barley 29.5 15.0 35.3 0 15.3 31.4 35.7 5043  15.2 

17 Sugar beet 29.4 27.1 34.8 0 27.1 30.9 35.7 0 1627 27.1 

18 Winter wheat 29.4 16.5 35.6 617 16.5 30.9 37.1 0  16.5 

19 Winter barley 29.5 15.0 35.1 0 15.2 31.6 36.8 5043  15.2 

20 Sugar beet 29.4 27.1 35.6 510 27.3 30.9 36.9 510 1627 27.3 

a SOC threshold of 35.1 t C ha-1 has been reached 



  Chapter 3 

-85- 
 

The restoration period is different for each remediation strategy. FYM+WM strongly shortens 

the restoration period compared to FYM only (Table 3-5). It is not necessary to continue yearly 

application of FYM. Therefore, we induce a maintenance period in which the SOC level is 

maintained at the threshold with a minimum of additional measures (Table 3-6). For the FYM 

remediation option, we searched for the minimum number of FYM applications, under 

precondition that the maximum allowed quantity is added. For the FYM+WM option, all 

possible years to cultivate WM are retained as government supports this action by the greening 

regulations (Departement Landbouw en Visserij, 2017b), and in addition, FYM is applied when 

necessary. This results in specific application cycles per case (Table 3-6), e.g. considering 

remediation FYM+WM, 6 times in 12 years, additional FYM is added to a sandy loam soil with 

RS2, while with RS3 only 4 times in 13 years, additional FYM is added. 

Table 3-6: Comparison between two remediation strategies ((1) farmyard manure (FYM) application 

and (2) FYM + white mustard (WM) cultivation) in terms of restoration and maintenance period for three 

different rotation systems (RS) (i.e. RS2, RS3, RS4) 

 FYM FYM + WM 
 Restoration Maintenance Restoration Maintenance  
 (# years 

restoration) 
(# years 

maintenance) 
(# 

applications 
FYM) 

(# years 
restoration) 

(# years 
maintenance) 

(# 
applications 

FYM) 

SANDY LOAM 
 

RS2 19 1 1 8 12 6 

RS3 10 10 6 7 13 4 

RS4 15 5 3 7 13 6 

CLAY 
 

RS2 20 0 0 6 14 10 

RS3 8 12 8 4 16 8 

RS4 15 5 4 6 14 8 

3.3.1.2 Impact of soil organic carbon level on biomass production 

The impact of the improved soil quality due to an increased SOC level by remediation actions 

is translated in benefits (yield surplus). The total aboveground DM production as calculated by 

the EU-Rotate_N model per year and per remediation action is presented in Table 3-5 and 

Tables (B1-5) – (B1-9). Based on the HI (Table 3-3), the yearly harvested biomass and 

consequently yield surplus can be calculated. Values are presented in Table 3-7, indicating 

increasing yield surplus going from RS2 to RS4 and RS3, as well as the favored method 

FYM+WM relative to FYM. As investigated by Oberholzer et al. (2014), crop yields change 

over time and their response to fertilization treatments are crop-specific. Furthermore, the 

crops respond differently at the ruling SOC content. For example, winter wheat does not 

respond to changing SOC levels (e.g. Table 3-5). This is in agreement with the findings of a 

study in Denmark comparing yields of winter wheat across a large range of SOC contents as well 
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as to the conclusions of a meta-analysis focusing on Western-Europe (Hijbeek, 2017; Oelofse et 

al., 2015). The lack of response of winter wheat to increase in SOC stock might be due to the 

fact SOC and N are not the limiting parameters for yield under the conditions tested, but other 

aspects might limit the growth (Brisson et al., 2010; De Baan, 1977). More information about 

the contribution of individual crops to the yield surplus during restoration and maintenance 

activities can be found in Tables (B1-10) – (B1-13).  

Table 3-7: Yield surplus and outcomes of the developed indicators ABB_SOC and ABB_SOCmonetary for 

the elaborated case studies in Flanders, expressed in exergy and monetary units, respectively. FYM: 

farmyard manure; WM: white mustard 

 YIELD SURPLUS 
 (t DM ha-1) 

ABB_SOC 
(GJex ha-1) 

ABB_SOCmonetary 
(EUR ha-1) 

 FYM FYM + WM FYM FYM + WM FYM FYM + WM 

SANDY LOAM 
 

Rotation system 2 (RS2) 1.0 1.3 8 -21 -12 -687 
Rotation system 3 (RS3) 3.9 4.2 62 45 524 -1 
Rotation system 4 (RS4) 2.6 2.8 38 4 175 -605 

CLAY 
 

Rotation system 2 (RS2) 0.9 1.2 7 -28 -47 -878 
Rotation system 3 (RS3) 2.7 2.7 40 14 240 -426 
Rotation system 4 (RS4) 2.1 2.3 30 -4 73 -824 

 

The relatively small yield increases are due to the high consumption of mineral fertilizers, which 

diminish the effect of SOC level on the biomass productivity (Brandão and Milà I Canals, 2013). 

The results for a smaller N gift are presented in Table B1-14. Furthermore, in the modeling, 

the same average weather conditions are used for every year, while in extreme weather 

circumstances, the influence of an improved SOC level would be more pronounced (e.g. 

through the positive effect of SOC on the water holding capacity of the soil). Next, the model 

focuses on the relationship between SOC and N to determine the yield, while other beneficial 

effects of SOC on yield are not considered. For instance, SOC affects the pH (Figure 1-2, 

Chapter 1), which will influence the soil biota (e.g. microbial communities, rain wurms). These 

biological components are amongst others of importance for mineralization (and thus nutrient 

availability to plants) and aeration of the soil, important aspects for crop productivity (Reubens 

et al., 2010). The impact of SOC on other physical aspects of soil quality (e.g., soil structure) 

and hence productivity, are not included. Consequently, though this modelling approach 

provides a first indication of the impact of SOC on crop yield, the effect might be more 

pronounced in reality. 

3.3.1.3 How to account for the efforts and the benefits 

The impact on SOC stock in arable land is accounted for by the efforts required to restore and 

subsequently maintain the SOC stock at the fixed threshold. The cost of restoration and 
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maintenance is the result of the duration of the restoration period and the frequency of 

maintenance actions. The most convenient way to account for the remediation strategies is 

monetary cost.  

Remediation requires an effort, but the improved SOC level subsequently entails benefits, 

expressed here by yield increase. In Figure 3-3, the cumulative ∆yield (based on Eq. 3-1) 

(t DM ha-1) and cumulative costs (EUR ha-1) are plotted with respect to time (presented for 

RS3, sandy loam soil). ∆yield increases over time as the SOC trends for no and remediation 

continue to diverge. For both cases (FYM and FYM+WM), yield increases are obtained for the 

period investigated, but the monetary cost of the two remediation actions differs greatly 

(Figure 3-3, Table 3-7). The cost of WM cultivation amounts to 98 and 111 EUR ha-1 for sandy 

loam and clay soils, respectively, while the cost for FYM equals only 18 EUR ha-1 (for both 

textures), which can be deduced relying on data from Tables 3-4 and B1-4.  

Figure 3-3: The cumulative values for the benefit (∆ yield increase) and effort (investments for SOC 

improvement) for two remediation actions. ∆ yield is calculated by the difference between the yield at 

time t with remediation and without remediation. This figure represents RS3 on sandy loam soil texture.  
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3.3.2 New concept to account for the impact of farm management on soil 

organic carbon stock 

3.3.2.1 Indicator ‘Agricultural Biomass Productivity Benefit of soil organic 

carbon management (ABB_SOC)’: concept and theory 

The framework to model SOC evolution and management presented in Figure 3-1 results in 

the following question: “Are the changes in soil quality arising from different management 

options beneficial, i.e. do they result in a higher crop productivity?”. 

The concept which allows us to answer this question is illustrated for a three year rotation 

system (Figure 3-4). The case of no remediation measures (Figure 3-4, left) is compared to 

the case in which remediation is performed to compensate for a deficient organic carbon level 

until a given target is reached (Figure 3-4, right). From a cradle-to-gate resource point of view, 

the inputs of the crop production systems comprise solar irradiation, local natural inputs 

consumed by the crops (e.g. solar radiation) and consumption of non-local resources (e.g. 

mineral fertilizers). In the remediated case, an additional input summarizing the resource 

consumption to increase and maintain the SOC level is added. Analogous to Alvarenga et al. 

(2013a), it is assumed that the same amounts of solar irradiation and natural inputs are 

consumed with or without remediation. The output of the agricultural system equals the 

productivity of the rotation system, measured by the harvested biomass. As higher SOC levels 

align with higher productivity, the amount of harvested biomass is higher in the restored and 

maintained case than in the base situation (no restoration).  

This concept results in an indicator, called ‘Agricultural Biomass Productivity Benefit of SOC 

Management’ (ABB_SOC). This indicator is calculated as the difference between the balance 

of outputs (A, Figure 3-4) and inputs (B and C, Figure 3-4) of the system with remediation and, 

vs. the balance of inputs (A’, Figure 3-4) and outputs (B’, Figure 3-4) of the system without 

remediation, over a period of 20 years (Eq. 3-2). When a cover crop is involved in the 

remediation, a smaller N gift in the subsequent year is required (B’- B). Maintenance of the 

SOC content is also accounted for to emphasize the goal of achieving sustainable crop 

production systems. 

 
 

𝐴𝐵𝐵_𝑆𝑂𝐶 = [𝐴 − (𝐵 + 𝐶)] − [𝐴′ − 𝐵′] (3-2) 
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Figure 3-4: Concept of resource accounting for agricultural systems taking soil quality into account as 

represented by SOC content. The balance between the inputs and outputs of two situations (no 

remediation and remediation) is made. The output (green) is represented by the cumulative exergy 

content of the harvested biomass. At remediation, the obtained yield surplus is indicated by the darker 

colors for each crop. The input equals the cumulative resource consumption of non-local resources 

(yellow) and remediation actions (brown). BO refers to the CEENE value of the basic operations, RO to 

that of the remediation operations. The solar irradiation and natural inputs are assumed to be equal in 

both situations and are therefore not represented. The concept is exemplified by a three year rotation 

system.  

A valid comparison between the resource consumption of the inputs (B and C, Figure 3-4) and 

the desired output of crop production systems (A, Figure 3-4), cannot be made if different units 

are used (Figure 3-3). Therefore, the final concept introduced to study the SOC management 

and its influence on biomass productivity is based on exergy. Cumulative exergy consumption 

is used to account for natural resources in all processes involved, starting from natural 

resources until the final product (Dewulf et al., 2007). The indicator created makes it possible 

to estimate the usefulness of improving soil quality by SOC remediation for a given agricultural 

crop production system, expressed in terms of resource consumption. A positive value of the 

indicator suggests that more exergetic biomass is produced than resources are extracted from 

the environment (in terms of exergy), utilized for the crop cultivation and restoration and 

maintenance of the SOC stock. 
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3.3.2.2 Indicator ‘Agricultural Biomass Productivity Benefit of soil organic 

carbon management’ applied to Flemish case studies 

Figure 3-5 reveals that mainly the maintenance period contributes to the yield surplus. In 

exergy terms, up to 75% (RS4, FYM+WM) for sandy loam and 80% (RS3, FYM+WM) for clay 

soils of the yield surplus are assigned to the maintenance period. RS2 (FYM) and RS4 (FYM) 

are characterized by a long restoration period (for both sandy loam and clay soils), 

consequently the yield surplus in exergy terms is mainly (or totally) assigned to this period. 

The exergetic cost for WM is reduced by the avoided burden of the N gift in the year after.  

 

Figure 3-5: Balance between the inputs needed to improve soil quality in terms of SOC and the benefits 

of higher soil quality (characterized by the SOC content) represented by an increasing yield potential, 

both expressed in exergy, over a period of 20 years.  

In terms of exergy, the ABB_SOC values denote that for most elaborated cases the efforts 

result in extra benefits compared to the situation in which no measures are taken (Table 3-7), 

indicating a reward from improving the soil quality. However, this is not the case for RS2 and 

remediation action FYM+WM in which the negative ABB_SOC values are due to the high 

exergetic cost of multiple application of WM, while only silage maize contributes to the yield 

improvements. For RS4 at clay soils (FYM+WM), the exergetic cost of the remediation actions 

is not compensated by the yield surplus. Similar trends are valid for both textures: higher values 

are obtained when only FYM is used as remediation option, and the results of RS3 are higher 

than those of RS4, which in turn is preferred over RS2.  

The ABB_SOC results shown in Table 3-7 are conservative. Not all positive effects are 

included, so caution is needed when comparing the remediation strategies. For instance, 
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cultivating a cover crop prevents erosion, which can have a positive impact on the yield (Van 

den Putte et al., 2010). Furthermore, also other benefits of remediation, including the impact 

on the soil biota and on soil structure, and the fact that remediation strategies can positively 

contribute to biocontrol (amongst others, disease suppression), should be accounted for in 

order to obtain a comprehensive evaluation of the remediation strategies (Nemecek et al., 

2015). Next, as discussed in section 3.1.1.2, the EU-rotate_N model does not include all 

positive effects of SOC increase to calculate the yield (e.g. biological fertility). These aspects 

would potentially result in an increase of the yield surplus, with a more pronounced 

differentiation between no remediation and remediation scenarios. Finally, an average of the 

weather conditions over the last years is considered. However, in case of extreme weather 

events, the yield of the fields under remediation, characterized by a higher SOC content, is 

expected to be less affected than the yield of the case ‘no remediation’. For instance, SOC 

positively influence water storage in dry periods. Therefore, the yield surplus and consequently 

also the ABB_SOC values will be higher. But again, the effect might differ by crop. 

While exergy values are independent of time and region, monetary values might be easier to 

communicate. Therefore, the natural resource balance indicator is also calculated in monetary 

units (EUR ha-1), indicated by ABB_SOCmonetary (Table 3-7). Again, the cost for FYM+WM is 

remarkable higher than for FYM. However, the results of ABB_SOCmonetary seem to be counter-

intuitive: investing in better soil quality is financially rewarding in only four out of twelve cases. 

Monetary values show some remarkable shortcomings compared to exergy. Next to the 

limitations of the models summarized before, there are some difficulties to define cost prices. 

Crop prices strongly fluctuate in time and across regions. It is therefore complex to define a 

representative price, which is essential for a good estimation of ABB_SOCmonetary. The cost of 

remediation by FYM is solely defined by the cost of fuel, also difficult to predict in the future. 

Further research on correct price setting is needed to improve the accuracy of the 

ABB_SOCmonetary. If the model results would be refined and a better estimation of the prices of 

the crops could be made, then the results in exergy and monetary terms could be compared. 

If there is still a discrepancy, this might indicate that resource consumption and resource 

efficiency is not fully covered in terms of economics, which could be a motivation for policy to 

take this aspect into account.  

Finally, it is important to point out that before recommendations can be made to farmers, an 

overall LCA should be conducted in order to take into account potential pollution swapping 

effects: application of FYM (as a source of P) can increase the soil P load and thus increase 

the risk for P leaching (Vanden Nest et al., 2016).  
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3.3.3 Opportunities and limitations 

3.3.3.1 Soil organic carbon stock 

The introduced concept is used to gain insight into the evolution and tendencies of SOC stocks 

of arable land and to indicate the important role of good agricultural practices in avoiding 

decline of SOC content. Other management practices might also impact the SOC stock, such 

as tillage operations, but are not yet integrated into the model applied (Mikanová et al., 2012). 

The impact of other good practices, though, such as compost application or ploughing the crop 

residues into the soil instead of harvesting them, was out of the scope of this study, but they 

can easily be investigated (D’Hose et al., 2016; Willekens et al., 2014).  

In the elaborated case studies, the focus was on arable crop production systems. Introducing 

vegetables in the crop rotations may result in high variation of the SOC trend over time. 

Furthermore, extreme conditions such as drought, flooding and N shortage may also lead to 

more pronounced differences in SOC changes and yield response. This is in line with the fact 

that multiple mechanisms exist through which SOC can affect the productivity (e.g. improved 

soil structure, improved water holding capacity), but that it is difficult to separate and quantify 

these effects (Brandão and Milà I Canals, 2013). Regarding remediation, the same remediation 

options were used for all rotation systems. However, depending on the crop, other remediation 

options may be favored by farmers.  

3.3.3.2 Agricultural Biomass Productivity Benefit of soil organic carbon 

management 

To simplify the development of the concept, we assumed that the natural inputs consumed by 

the crops at the specific area are independent on the SOC level. In reality, a higher SOC level 

will increase the nutrient availability, the water holding capacity of the soil and the cation 

exchange capacity, amongst others (Reubens et al., 2010), and may also affect P leaching 

risk. Next, higher SOC stocks due to remediation and thus more N available for crop growth 

will positively influence the leaf area index, and therefore the captation of solar radiation. 

However, quantifying the consumption of natural inputs at this level of detail is challenging and 

would require the incorporation of crop modelling approaches specific for each crop. Assuming 

that they are equal, is defensible as it corresponds to a worst case scenario, except in the case 

of a higher risk for nutrient leaching, i.e. higher emissions. Next, when the indicator is used to 

compare the exergy efficiency of cultivation systems in different countries, the importance of 

the threshold is reinforced. Legislation is an appropriate criterion, but optimum values might 

be more universal or more appropriate with respect to the initial SOC level (LNE, 2014).  
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3.3.3.3 Models 

In the RothC model, simplifications regarding the climate are made (i.e. same temperature 

progression in all years). The difficulty is that the aim of the natural balance indicator is to 

assess the benefits related to remediation in the long term. Ideally, several climate scenarios 

should be included. Climate change strongly influences the risk of SOC losses, since 

temperature and soil moisture are the key factors that control SOC mineralization (Wiesmeier 

et al., 2016). 

The EU-Rotate_N model was developed to emphasize the importance of N management. The 

relationship between SOC and N is used to estimate the yield. However, the generous and 

frequent use of mineral fertilizers often masks the effect of the SOC level on soil fertility, which 

is related to the biomass productivity (Brandão and Milà I Canals, 2013).  

Further, EU-Rotate_N does not take into consideration other key aspects contributing to the 

productivity (section 3.3.1.3). For instance, biological fertility is ignored, while SOC is an 

essential source of carbon and nutrients for (micro-)organisms. These organisms influence 

e.g. soil structure, SOC mineralization, and P availability, and hence productivity. Also other 

effects of SOC on crop yield (e.g. water storage in dry periods, water transport at rain events, 

effects on soil temperature) are not taken into account yet. Furthermore, yield is a result of a 

wide range of soil conditions (e.g. soil structure, amount of erosion, extent of compaction, 

availability of nutrients such as P) and weather conditions such as extreme events (Reubens 

et al., 2010) and their interactions; and although SOC is a key feature, caution is needed when 

interpreting the results as the model gives only an average representation and therefore a 

simple approximation of the reality.  

Anyhow, the use of the models allows quantification of the impact of remediation measures on 

SOC stock and biomass productivity. This is an important achievement of the work described 

here, as it is the first time that the relationship between SOC and yield is mapped over time. 

Obviously, the used models are a simplification of reality. Further research is needed to refine 

the data used as well as the models themselves. Uncertainty of the model parameters should 

be included to improve the quality of the results and enable a better interpretation of the output. 

However, one should keep in mind that in the LCA context, a compromise needs to be found 

between sufficient accuracy, data intensity, and the level of detail that is often not available 

when conducting an LCA. 

3.3.3.4 Applicability 

A possible extension of the concept presented here is putting the focus on other concerns 

related to farm management than SOC changes, such as erosion, or compaction. It remains 

however a challenge to address the mutual interaction of all these soil degradation processes, 
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which are dependent on highly interlinked and interdependent soil parameters, in interaction 

with management and climatic conditions.  

The concept is applied to Flanders, however, the use of exergy as unit facilitates the 

comparison between crop production systems worldwide, as the unit is not influenced by 

regional or temporal fluctuations as would be the case with a monetary unit. Although the 

concept fits to the problems developing countries are facing with (i.e. depletion of soils) and 

SOC remediation strategies are of high importance in those countries, some adaptations 

regarding the modeling are needed. Next to the need for appropriate data for climate, soil and 

plants, one should also select an applicable yield model and define realistic remediation 

strategies.  

3.3.3.5 Life-cycle perspective 

The used cradle-to-gate resource point of view already points in the direction of developing 

characterization factors to account for land use and express the impact of human interventions 

on the SOC stock of arable fields in LCA. As mentioned in Chapter 1, the method of Milà i 

Canals et al. (2007c) to assess land use impacts is recommended by the European 

Commission in the ILCD handbook when performing LCA (EC-JRC, 2011). Based on that 

research, characterization factors (CF) for different land use types have been developed 

(Brandão and Milà I Canals, 2013). The method of Brandão and Milà I Canals (2013) is 

considered as endpoint when referring to the AoP natural resources. However, they do not 

calculate the relationship between the SOC changes and the productivity.  

In this study, the relationship between the SOC level and yield is summarized by the ABB_SOC 

value. This is a first attempt to contribute to the need to develop an indicator that includes the 

effect of land use on primary production; as at endpoint no mature indicator is recommended 

in the ILCD Handbook (EC-JRC, 2011). The proposed indicator ABB_SOC offers a framework 

that can be situated at both, mid- and endpoint. Using the physical approach to calculate the 

ABB_SOC, the exergetic outcome gives an indication of the impact of agricultural management 

at soil quality, which can be situated at midpoint. In contrast, when the indicator is expressed 

in monetary values - in this way indicating the economic benefit of an improved SOC level - 

economic conditions and consequences are involved, hereby the indicator may be situated at 

the endpoint level. However, more research is needed before endpoint CFs can be developed 

that express the impacts of land use on the long-term ability of land to produce biomass, as 

fits into the Area of Protection (AoP) Natural Resources.  
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3.4 Conclusion 

Arable soils are subjected to intensive management, leading to a high risk of depleting the 

SOC content. In this study, we introduce the indicator ABB_SOC which allows to make a 

tradeoff between continuing the same agricultural management practices that lead to SOC 

depletion or investing in better soil quality by addition of organic material and hence the buildup 

of SOC. This framework was constructed from a resource point of view, which allows one to 

evaluate how efficient farm management is dealing with the available land.  

This case study was performed for the region of Flanders and compared different remediation 

strategies. The results reveal that the generally high benefits offset the effort to remediate SOC 

levels, but that results depend on the applied remediation actions. These results clearly show 

that to ensure the long-term ability of agricultural soils to provide biomass resources (a 

precondition of agricultural sustainability), the organic carbon level should be maintained.  

The concept presented here focuses only on SOC. So further elaboration and extension is 

needed to account for other soil degradation processes or additional advantages of carbon 

addition. 

Life cycle assessment is a comprehensive tool to evaluate the environmental impact of 

agricultural systems. Although general characterization factors exist to account for the 

assessment of agricultural land use on future biomass productivity, more specific data are still 

lacking (e.g. crop specific characterization factors). The results of this study can support further 

research on this topic.  
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CHAPTER 4:  ACCOUNTING FOR THE IMPACT OF AGRICULTURAL LAND 

USE PRACTICES ON SOIL ORGANIC CARBON STOCK AND 

YIELD UNDER THE AREA OF PROTECTION NATURAL 

RESOURCES - ILLUSTRATED FOR FLANDERS 

__________________________________________________________________________________ 

4.0 The context 

Traditionally, little attention was given to the sustainable use of biotic resources in life cycle 

assessment (LCA) (Chapter 1). Theoretically, they are renewable and therefore considered as 

freely available. But the pressure put on the agricultural ecosystem to respond the high 

demand of food, feed, materials, and energy have endangered their renewability by affecting 

the carrying capacity of the ecosystem (i.e. extracting and using resources (e.g. soil organic 

carbon (SOC)) at a higher rate than they can be regenerated) (Crenna et al., 2018; Dewulf et 

al., 2015). In Chapter 3, we developed a framework to account for changes in soil quality in 

environmental sustainability assessments. In this chapter, we build on the findings of Chapter 

3, but we now put the focus on the life cycle impact assessment phase. This fits into the context 

of the second objective of this PhD thesis: enabling the quantification of the long-term 

productivity in agricultural LCAs. 

4.1 Introduction 

Agricultural intensification is taking a large toll on land resources and results in agricultural soil 

quality degradation (Schiefer et al., 2016; Vidal-Legaz et al., 2017). This in turn might affect 

the long-term ability to produce biomass (Brandão and Milà i Canals, 2013). As soil quality is 

strongly linked to land management, appropriate land use practices (LUP) are becoming 

increasingly important (Schiefer et al., 2016).  

There is a need to assess the extent to which human interventions affect soil quality, and next 

to assess the long-term environmental consequences of these interventions. Life Cycle 

(Impact) Assessment (LC(I)A) methods are aggregated tools that allow the quantification of 

the potential environmental impact of a specific production system or service, as seen from a 

life cycle perspective (Vidal-Legaz et al., 2016). Given the central role of soil functions in 

agriculture, LCIA should allow to evaluate the impact of human activities on soil (Garrigues et 
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al., 2012). However, modeling the impact of LUPs on soil quality is challenging, due to the 

temporal and spatial variability of soil (e.g. in terms of soil moisture or microbial communities) 

and the complexity of soil processes makes it even more complicated (Goglio et al., 2015; 

Vidal-Legaz et al., 2017).  

As discussed in Chapter 1, LCIA results can be analyzed at midpoint level or at endpoint level. 

Sonderegger et al. (2017) state that soil quality changes are a fund resource problem (i.e. 

issues with soil properties can be remediated), which can be related to the areas of protection 

(AoP) ecosystem quality and natural resources. For instance, a change in SOC concentration 

can affect soil biodiversity (AoP ecosystem quality) and biomass productivity (AoP natural 

resources) (Chapter 1). 

Despite great and ongoing efforts, no consensus has yet been reached regarding a 

standardized mid- and/or endpoint method for a broad assessment of human pressures on soil 

quality (Sonderegger et al., 2017; Teillard et al., 2016; Vidal-Legaz et al., 2017). At midpoint, 

the European Commission recommends the method developed by Milà i Canals et al. (2007c) 

within the ILCD handbook (EC-JRC, 2011). This method considers SOC as a stand-alone 

indicator for life support functions of the soil, related to the AoP ecosystem quality. The method 

was updated by Brandão and Milà i Canals (2013) by considering SOC as indicator to assess 

impacts on the biotic production potential (BPP), which in turn affects the AoP natural 

resources (Chapter 1, section 1.5.1). Although they emphasize that the change in SOC can be 

used as indicator for impacts on BPP, this relationship was not quantified. At endpoint level, 

the ILCD handbook does not recommend any method at all (Vidal-Legaz et al., 2016). 

Several points of attention still remain regarding the integration of effects of LUPs on soil quality 

in LCIA. For example, it should be possible to differentiate between agricultural land use 

intensities and practices (Teillard et al., 2016; Vidal-Legaz et al., 2017). Furthermore, there 

should be more consistency between mid- and endpoint. Ideally, inventory data (representing 

agricultural practices) should be used to calculate the impacts at midpoint, which in turn are 

used to quantify the impacts at endpoint (Verones et al., 2017). To date, only Cao et al. (2015) 

have attempted this by linking midpoint land use indicators using a monetary approach to 

quantify the value of ecosystem services with a corresponding AoP.  

In this work, we focus on the provisioning role of the agricultural system, i.e. AoP natural 

resources, and address several issues regarding this AoP. Until now, none of the existing 

methods quantifies the relationship between SOC changes and productivity. Consequently, no 

method is recommended to assess the impact of LUPs at endpoint level. Furthermore, current 

methods make no distinction between different LUPs, which is important when applying LCIA 

results. Here we focus on SOC changes as declines in SOC represent one of the main threats 
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to agricultural soils (Stolte et al., 2016). This is because SOC is a key parameter in soil quality 

and agricultural productivity and is acknowledged as one of the most important parameters to 

assess the sustainability of cropping systems (Chapter 1). Analogous to Garrigues et al. 

(2012), we recognize that first a robust indicator of a single impact process is required before 

individual indicators could be aggregated into one indicator of general soil quality.  

First, we introduce an impact pathway for land use that clearly links the inventory data 

(representing agricultural LUPs) to mid- and endpoint indicators and to the AoP natural 

resources. Second, we use modeling approaches to quantify the impact of LUPs on SOC and 

yield losses, which in turn correspond with a need for additional land to produce the yield that 

has been lost. This results in three interdependent indicators: cumulative SOC Deficit (cSOCD) 

(early midpoint), cumulative biomass productivity loss (cBPL) (late midpoint) and additional 

land requirement (ALR) (endpoint). The framework to calculate CFs for the indicators is 

presented. Finally, to illustrate the framework, CFs are developed for several cropping systems 

in Flanders (northern part of Belgium).  

4.2 The conceptual framework 

The availability and/or production of natural resources and ecosystem processes are strongly 

interlinked. As a consequence, agricultural LUPs may affect several AoPs (section 4.1). While 

in general, indicators for expressing the impact on the AoPs human health and ecosystem 

quality are well-established, a more consistent assessment within the AoP natural resources 

is desirable (Sonderegger et al., 2017). For instance, the ILCD handbook does not recommend 

any method to quantify the impact of land use at endpoint level (Dewulf et al., 2015; EC-JRC, 

2011).  

For assessing the impacts of LUPs on the soil, we rely on the widely accepted framework of 

land use set out in the context of the UNEP-SETAC Life Cycle Initiative by Milà i Canals et al. 

(2007a). In that framework, the impact is calculated by taking into account the land use term 

(t, years), the surface of land used (A, m2) and the CF depicting the difference in soil quality 

(∆Q) between soil quality at reference situation (Qref) and under current land use (Qland use) 

(Eq. 4-1) (Cao et al., 2017; Milà i Canals et al., 2007a).  

𝐼𝑚𝑝𝑎𝑐𝑡 = 𝑡 ∙ 𝐴 ∙ ∆𝑄      with  ∆𝑄 =  𝑄𝑟𝑒𝑓 − 𝑄𝑙𝑎𝑛𝑑 𝑢𝑠𝑒 (4-1) 

The impact pathway for agricultural land use depicting the causal relationships from inventory 

data (i.e. LUPs) to mid- and endpoint indicators to impacts on the AoP natural resources is 

introduced in Figure 4-1. We use SOC as soil quality parameter. This choice is based on the 
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fact that SOC is a key component for long-term soil fertility in agricultural systems (Chapter 1). 

SOC content and yield are therefore closely related (Oberholzer et al., 2014). This cause-effect 

chain enables us (1) to assess the extent to which the SOC stock is affected by LUPs and (2) 

to assess how SOC affects biomass productivity and consequently the AoP natural resources.  

 

Figure 4-1: Cause-effect chain to account for effects of agricultural land use practices on soil quality 

under the area of protection (AoP) natural resources. They affect the SOC stock, which in turn leads to 

a loss of biomass productivity and additional land requirements.  

The impact pathway presented in Figure 4-1 starts from the soil properties (e.g. soil texture, 

soil density) and initial soil conditions (e.g. pH, initial SOC concentration), as they can influence 

the extent to which direct impacts take place, e.g. soils with a higher SOC stocks are less 

vulnerable to erosion (D’Hose et al., 2014). The life cycle inventory phase also includes 

collection of climate data, because weather conditions can affect soil processes. Information 

on land occupation does not only refer to the time and area, but is also associated with the 

applied LUPs, referring to the variety of choices a farmer can make, ranging from the choice 

of crop rotation to the choice of agricultural management practices (e.g. harvesting crop 

residues or not, type and amount of fertilizer). These LUPs clearly affect soil processes 

(D’Hose et al., 2014; Oberholzer et al., 2014). These driving forces, i.e. soil properties, initial 

soil conditions, climate conditions, and land use characterized by specific LUPs, will determine 

the impact on soil. The impacts on soil can be measured by several soil degradation indicators 

such as compaction, erosion, or change in SOC.  
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The impact of LUPs on soil quality is quantified by three LCIA indicators along the cause-effect 

chain (Figure 4-1). At early midpoint, the indicator cumulative SOC deficit (cSOCD) designates 

increases or decreases of SOC due to particular management practices, as compared to a 

reference system. The indicator cumulative biomass productivity loss (cBPL) is situated at late 

midpoint and indicates the changes of biomass yield due to the changes in SOC content. 

Finally, additional land requirement (ALR) is used as endpoint indicator. ALR corresponds to 

the area of productive land needed to compensate for the yield losses (induced by SOC losses 

due to LUPs).  

In this way, the midpoint indicators cSOCD and cBPL are used as building blocks for the 

indicator ALR at endpoint, as recommended by the original UNEP-SETAC LCIA framework 

(Verones et al., 2017).  

4.3 From conceptual framework to characterization factors 

In the following sections, we present our method, corresponding decisions and assumptions, 

and calculation steps. We elaborated the method for Flanders. As values for SOC stock and 

biomass productivity are obtained by modeling, a brief description of the models applied is 

provided, followed by a short description of the case study of Flanders. 

4.3.1 Method to assess impacts on soil 

4.3.1.1 Calculation criteria 

The reference period is the first aspect that must be agreed upon to calculate CFs for the three 

indicators. Especially for SOC modeling, an adequate time period is essential to notice the 

effects of LUPs on SOC stock. In general terms, changes in soil management practices require 

at least 20 years to reach a new equilibrium for SOC. Several studies suggest, however, an 

even longer period, because 20 years is often too short to get a new steady state (Goglio et 

al., 2015). Therefore, analogous to studies about SOC modeling (LNE, 2014), we use a 

reference period of 30 years. This might be a conservative approach.  

In this work, modeling is done for a period of 35 years, but the first five years are disregarded. 

This is because the initial decline or increase in SOC might be influenced by model 

characteristics. Viewed across all the years of agricultural activity, this does not compromise a 

correct calculation of CFs.  

Because the indicators are developed from the point of view of the AoP natural resources, we 

are striving for an optimization of the biomass productivity. This is related to the SOC stock 
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(t C ha-1), i.e. we are looking for the optimal SOC stock (SOCopt) in terms of productivity. To 

determine this SOCopt, we rely on a study of the Flemish Environment, Nature and Energy 

Department in which an optimal range of SOC concentration (%SOC) was determined per 

texture class. The lower limit of the range was based on the SOC concentration needed for a 

sufficient soil fertility, while above the upper limit, no further positive effects on soil fertility were 

observed, while the risk for negative effects related to N losses might increase (LNE, 2014). In 

this chapter, SOCopt is calculated based on the average of this range by making use of Eq. 3-2 

(Chapter 3). Only the upper 30 cm soil layer is considered, as the main effects of soil 

management are observed in this layer (Milà i Canals et al., 2007c). The average soil densities 

used in this study and the values of SOCopt for the considered soil textures are summarized in 

Table 4-1. 

Table 4-1: Soil densities and initial SOC stocks in Flanders (Belgium) per soil texture, considering a 
depth of 30 cm. Based on Tits et al. (2016) and Sleutel (personal communication) 

 Sand Sandy loam Clay 

Soil density (t m-3) 1.55 1.30 1.40 
SOCinit, p10 

a (t C ha-1) 39.99 24.96 33.18 
SOCinit, p25 

a (t C ha-1) 47.43 27.69 38.64 
SOCinit, p50 

a
 (t C ha-1) 54.87 32.76 48.72 

SOCinit, p70 
a
 (t C ha-1) 63.71 38.22 59.64 

SOCopt b (t C ha-1) 72.08 48.75 77.70 

a Based on Tits et al. (2016)  
b Based on the optimum range defined by Ghent University (LNE, 2014) 

Most of agricultural fields, however, are characterized by a lower SOC stock. For the situation 

in Flanders, five initial SOC stocks (SOCinit, t C ha-1) are distinguished: SOCinit,p10, SOCinit,p25, 

SOCinit,p50, SOCinit,p70, and SOCopt (Table 4-1). The five initial SOC stocks used in this study are 

based on SOC concentration data of croplands in Flanders for the years 2012-2015. (Sleutel, 

personal communication; Tits et al., 2016). The initial SOC concentrations (SOC%init) are 

summarized in Table C1-1. Based on soil density and assuming a soil depth of 30 cm, Eq. 3-

1 allows to calculate the initial SOC stocks. The indices refer to the percentiles, e.g. regarding 

SOCinit,p10 on a sandy soil, 10% of the crop fields in Belgium have a SOC concentration (% OC) 

lower than 0.86, in this study corresponding to a SOCinit of 39.99 t C ha-1, with an assumed soil 

density of 1.55 t m-3 and a soil depth of 30 cm (Eq. 3-1). 

The CFs are not developed for single crops, but for rotation systems as they are more 

representative of a sustainable situation. Furthermore, this makes it possible to account for 

interactions between preceding and subsequent crops (e.g. amount of residual N in soil 

available for following crop) (Brankatschk and Finkbeiner, 2015).  
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4.3.1.2 Step 1: Definition of sustainable land use practices 

Sustainable LUPs (LUPsus) are LUPs that safeguard the future biomass productivity. They 

correspond to the management practices needed to maintain the SOCopt over 30 years (i.e. 

reference period). Consequently, also the optimal yield (Yopt) is then obtained and maintained 

for this period of time. Management practices are, amongst others, cover crop cultivation (CC) 

and manure application. This management maintaining (or approaching as much as possible) 

the SOCopt is determined by modeling. The LUPsus depend on soil texture, SOCopt, and rotation 

system (R) (Eq. 4-2). 

𝐿𝑈𝑃𝑠𝑢𝑠 = 𝑓( 𝑡𝑒𝑥𝑡𝑢𝑟𝑒, 𝑆𝑂𝐶𝑜𝑝𝑡 , 𝑅) (4-2) 

In addition, the LUPsus are characterized by the minimal application of mineral N fertilizers 

needed to still obtain the optimal yield. A frequent use of mineral fertilizers influences the yield 

and may even mask the effect of the SOC mineralization on the yield (Brandão and Milà I 

Canals, 2013). However, by using a minimal amount of N fertilizers, the masking effect on the 

yield is minimized. Furthermore, the use of N fertilizers should be minimized to achieve 

sustainable systems as both, their production and consumption, contribute to adverse 

environmental impacts (e.g. eutrophication).  

4.3.1.3 Step 2: Application of sustainable land use practices 

Considering LUPsus, two situations are possible: (1) the SOC stock and yield need to be 

maintained at optimal levels or (2) the SOC stock and yield need to increase over years 

towards the optimal values. This depends on the SOCinit. 

a. If SOCinit = SOCopt  

If SOCinit equals SOCopt, the objective is to maintain (or approach as much as possible) SOCopt 

and corresponding yields for 30 years. 

b. If SOCinit < SOCopt 

If SOCinit is lower than SOCopt, the objective is optimization of the SOC stock and yield over 

years.  

If SOCinit is higher than SOCopt, the goal is still to maintain SOCopt, defined as being a 

sustainable goal. However, this is only the case for a small minority of the Flemish arable fields 

(Table 4-1). 

4.3.1.4 Step 3: Defining the reference state 

The SOC level and yield obtained by application of LUPsus, SOCsus and Ysus, respectively, 

correspond to the reference state (Eq. 4-3).  

𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑠𝑡𝑎𝑡𝑒 = 𝑓( 𝑡𝑒𝑥𝑡𝑢𝑟𝑒, 𝑆𝑂𝐶𝑖𝑛𝑖𝑡 , 𝑅, 𝐿𝑈𝑃𝑠𝑢𝑠) (4-3) 
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Dependent on SOCinit, the reference state will thus be different. In Figure 4.2, the reference 

state regarding SOC is illustrated. If SOCinit is equal to SOCopt, the reference state corresponds 

to the SOC stock obtained under application of LUPsus, and thus by definition correspond to 

SOCopt (Figure 4-2, left). If SOCinit is suboptimal, the reference state is equal to SOCsus, which 

is now lower than SOCopt (Figure 4-2, right). The reference state regarding the yield is defined 

in a similar way. As mentioned by Milà i Canals et al. (2007a), the reference state should be a 

desirable situation fitting with the goal and scope of the LCA. As the focus is the provisioning 

role of agricultural soil for crop production (i.e. AoP Natural resources), we choose a reference 

state which indicates a long-term crop productivity and which is, moreover, realistic and 

attainable.  

 

Figure 4-2: Reference state regarding SOC. Two situations are distinguished: SOCinit is optimal (left) or 

suboptimal (right). The reference state corresponds to the SOCsus obtained under LUPsus and thus 

depends on the SOCinit. 

We selected a reference situation that is not fixed over all situations. The use of a reference 

state that is independent of the initial soil state (e.g. using in all cases SOCopt as reference 

state) could result in misinterpretation when comparing two situations. For example, a situation 

with a high SOCinit but bad LUPs (resulting in soil quality decline in the long term) would wrongly 

be preferred over a production system with low SOCinit but in which sustainable practices are 

applied. As a consequence, the farmers would be punished for lower SOC init due to poor LUPs 

in the past.  

4.3.1.5 Step 4: Application of land use practices  

Next to LUPsus, also other LUPs can be applied. In this chapter, three LUP scenarios which 

can occur in practice (called LUPprac) are distinguished. The SOC stock and yield obtained by 

LUPprac are indicated by SOCprac and Yprac. The LUPprac are all characterized by a different SOC 

management (Table 4-2).  
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Table 4-2: SOC management measures per land use practice 

 Fertilization 
by slurry 

Cover crop Extra manure  Harvesting 
straw 

Sustainable LUP (LUPsus) yes yes a yes b no b 
Standard LUP (LUPst) yes yes a no yes 
Minimal input LUP 
(LUPmin) 

yes no no yes 

a Cover crop is cultivated whenever possible as it is strongly encouraged and sometimes mandatory by the 

government 
b Measures are implemented according to what is required to maintain SOCopt for 30 years 

LUPsus is characterized by a SOC management that safeguards the future biomass 

productivity, while standard LUPs (LUPst) and minimal input LUPs (LUPmin) result in a SOC 

level and yield lower than SOCsus and Ysus. Regarding the situation in Flanders, the specific 

characteristics and legislation restrictions are discussed in section 4.3.2.2. 

4.3.1.6 Step 4: Development of characterization factors 

Cumulative soil organic carbon deficit 

At early midpoint, the indicator cSOCD expresses the losses of SOC per m2 and per year. 

These losses are due to the application of LUPs other than LUPsus. Per year, the difference 

between SOCsus and SOCprac is calculated. The effect of LUPs on SOC stock can only be 

assessed over an adequate time period, and a 30-year-reference period was chosen (section 

4.3.1.1), during which the LUPs is applied. So to obtain the CF (indicated by ∆∑SOC), the 

average over 30 years is calculated (Eq. 4-4). 

∆∑𝑆𝑂𝐶 (𝑘𝑔 𝐶 𝑚−2𝑦𝑟−1) =
∑ (𝑆𝑂𝐶𝑖,𝑠𝑢𝑠 − 𝑆𝑂𝐶𝑖,𝑝𝑟𝑎𝑐)

𝑡𝑓𝑖𝑛

𝑖=𝑡𝑖𝑛𝑖

30
 (4-4) 

Calculations are from year 5 (tini) to year 34 (tfin) (section 4.3.1.1); i represents the calculation 

step.  

Analogous to the models of Milà i Canals et al. (2007c) and Brandão and Milà i Canals (2013), 

a positive value of ∆∑SOC indicates a C deficit, while negative values refer to C credits. 

Consequently, the higher the absolute values of CFs, the more the SOC stock is negatively 

affected.  

Cumulative biomass productivity loss 

At late midpoint, the CFs of the indicator cBPL are the yield losses (∆∑Y) calculated by taking 

the average difference per year between the yield under LUPsus (Ysus) and the yield obtained 

by the operational LUPs (Yprac) (Eq. 4-5). The yield losses can be expressed by dry matter 

(DM) or by C. 
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∆∑𝑌 (𝑘𝑔 𝐷𝑀 𝑚−2𝑦𝑟−1) =
∑ (𝑌𝑖,𝑠𝑢𝑠 − 𝑌𝑖,𝑝𝑟𝑎𝑐)

𝑡𝑓𝑖𝑛

𝑖=𝑡𝑖𝑛𝑖

30
 (4-5) 

Similar to the CF ∆∑SOC, a positive value of ∆∑Y corresponds to a loss of productivity, while 

negative values indicate productivity gains. 

Additional land requirement 

To evaluate the impacts on soil quality at endpoint, the area (m2) that on average would be 

needed to compensate the biomass loss due to non-sustainable LUPs over a certain time, is 

calculated (Eq. 4-6). ALR is an endpoint as it impacts all of society in terms of natural resources 

provisioning.  

𝐴𝐿𝑅 (𝑚2 𝑦𝑟 𝑚−2𝑦𝑟−1) =
∆∑𝑌

𝑌𝑠𝑢𝑠
 (4-6) 

4.3.2 Data acquisition 

4.3.2.1 Applied models 

To model the SOC stocks in the topsoil over time, we use the RothC 26.3 model, run in the R 

environment using the SoilR package (Coleman and Jenkinson, 2014; Sierra et al., 2012). This 

multi-compartmental decomposition model is characterized by its simplicity and limited 

requirements of input data, which is a prerequisite for use in LCA  

To simulate the yield in relation to the changing SOC stock, we applied the EU-Rotate_N model 

(version 1.8) (Rahn et al., 2010). Although this model was developed to improve crop N 

management practices throughout Europe, it also simulates crop growth, based on 

characteristics of crop residues and fertilization (quantity, N and C content). Next, the model 

enables us to calculate the minimum amount of N fertilizer needed to obtain a maximum yield 

at a certain SOC level for each crop in a specific rotation system.  

The models are described in Chapter 1 (section 1.3.5), a general overview of the required input 

data is given in Chapter 3 (section 3.2.3.2). Local data (e.g. climate and soil characteristics) 

are used to feed the models. These data can be found in the supporting information 

(Appendix C, Table C1-2). 

4.3.2.2 Case study: Flanders 

CFs have been developed for crop production systems in Flanders. For each aspect 

influencing the CFs, several options, typical for Flanders, are distinguished.  

 Soil texture: Three soil textures: sand, sandy loam and clay. 
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 Initial SOC levels: Five SOCinit: SOCinit,p10, SOCinit,p25, SOCinit,p50, SOCinit,p70, and SOCopt 

(Table 4-1).  

 Rotation system (R): Five commonly applied rotation systems in Flanders (Table 4-3) 

(Sleutel, VLM, personal communication).  

 Land use practice: Three LUP: LUPsus, LUPst, LUPmin (Table 4-2). SOC management 

measures differ per rotation system and imply:  

o Pig slurry: We assume that in all rotations pig slurry is used as organic fertilizer at 

quantities based on the maximum allowable livestock manure dose (EU Nitrate 

Directive (91/676/EEG) and maximum allowable P dose (Flanders Manure Action 

Plan 5, class III) (VLM, 2017).  

o Cover crop (CC): Calculations are based on white mustard, which is commonly 

cultivated in Flanders. 

o Extra manure: Surplus organic fertilization is provided by farmyard manure (FYM). 

On a field, a double amount of the normally applied quantity of manure is allowed, 

as long as the sum of all doses over all fields (farm level) is below the allowed 

volume (VLM, 2017). 

o Crop residue management: Straw of winter barley and winter wheat is commonly 

harvested but can also be incorporated into the soil to improve the SOC stock. 

An overview of the SOC management and N fertilizer consumption per LUP and rotation 

system is given in Table C2-1. 

In total, 225 cases in Flanders are distinguished, i.e. three soil textures, five initial SOC levels 

and three LUPs per rotation system (5) (Table 4-3).  

Table 4-3: Summary of the number of cases that are distinguished per rotation system  

 Texture SOCinit LUP Total number  

RS1: grain maize 3 5 3 45 
RS2: winter wheat - silage maize 3 5 3 45 
RS3: winter wheat – winter barley – sugar beet 3 5 3 45 
RS4: winter wheat – winter barley – potato – sugar 
beet 

3 5 3 45 

RS5: cauliflower –potato – leek - bean 3 5 3 45 
    225 
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4.4 Results  

4.4.1 Elaborated example 

The calculation of the CFs for RS3 on a sandy loam soil and SOC init,p50 is presented step by 

step. Note that in this case SOCinit is below SOCopt, meaning that LUPsus is directed towards 

an increase of SOC stock and yield.  

4.4.1.1 Sustainable land use practice 

The first step in developing CFs is determining the LUPsus. They correspond to those LUPs 

that ensure the maintenance of SOCopt for 30 years and are defined by making use of the 

RothC model. First, CC cultivation is implemented in the RS when possible. If this is still not 

sufficient, we define the minimum number of years that additional fertilization of FYM is 

required to maintain SOCopt for 30 years. For RS3, this corresponds to CC cultivation after 

winter barley, FYM is applied in 27 of 30 years, and straw of winter barley and winter wheat is 

incorporated into the soil. The quantities of manure applied are summarized in Appendix C2. 

4.4.1.2 Modeling results 

In Table 4-4, the results of modeling the SOC stocks (by RothC) and yield (by EU-Rotate_N) 

are presented.  

The results show that the choice of LUP is highly relevant. For instance, LUPsus and LUPst 

induce an increase in SOC stock of 20 and 2%, respectively, while LUPmin result in a decline 

of 4% (comparing year 5 and year 34). This is then translated into changes in biomass yield. 

Obviously, crops respond differently to changing SOC stocks (e.g. winter wheat is not 

responding, while the yield of winter barley changes from 14.9 to 15.3 t DM ha-1 yr-1 under 

LUPsus).  
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Table 4-4: Results of SOC stock (t C ha-1) and yield (t DM ha-1) modeling. The applied case study is 

RS3 (sugar beet, winter wheat, winter barley) on a sandy loam soil (SOCinit,p50). Yield of wheat and barley 

correspond to grain and straw. Results are given for sustainable (LUPsus), standard (LUPst) and minimal 

input (LUPmin) land use practices 

Year  
SOC stock a 

(t C ha-1) 
Biomass productivity b 

(t DM ha-1) 

  LUPsus LUPst LUPmin LUPsus LUPst LUPmin 

START  32.8 32.8 32.8    

1 sugar beet 33.0 32.0 32.0 26.9 25.5 25.5 

2 winter wheat 33.5 31.7 31.6 16.6 16.6 16.6 

3 winter barley 34.4 32.2 31.3 14.9 14.2 13.7 

4 sugar beet 34.2 31.4 30.9 26.9 25.5 25.5 

5 winter wheat 34.6 31.2 30.7 16.6 16.6 16.6 

6 winter barley 35.4 31.8 30.6 14.9 14.2 13.6 

7 sugar beet 35.2 31.2 30.2 27.0 25.4 25.4 

8 winter wheat 35.5 31.1 30.2 16.6 16.6 16.6 

9 winter barley 35.6 31.7 30.2 14.0 14.2 13.6 

10 sugar beet 35.5 31.1 29.9 27.0 25.4 25.3 

11 winter wheat 35.9 31.1 30.0 16.6 16.6 16.6 

12 winter barley 36.8 31.7 30.0 15.0 14.2 13.6 

13 sugar beet 36.6 31.2 29.8 27.0 25.4 25.3 

14 winter wheat 37.0 31.1 29.8 16.6 16.6 16.6 

15 winter barley 37.8 31.8 29.9 15.1 14.2 13.6 

16 sugar beet 37.6 31.3 29.7 27.1 25.4 25.3 

17 winter wheat 37.8 31.3 29.8 16.6 16.6 16.6 

18 winter barley 37.9 31.9 29.8 14.2 14.2 13.6 

19 sugar beet 37.8 31.4 29.7 27.1 25.5 25.3 

20 winter wheat 38.2 31.4 29.7 16.6 16.6 16.6 

21 winter barley 39.1 32.1 29.8 15.1 14.2 13.6 

22 sugar beet 38.8 31.5 29.6 27.1 25.5 25.3 

23 winter wheat 39.2 31.5 29.7 16.6 16.6 16.6 

24 winter barley 40.0 32.2 29.8 15.2 14.2 13.6 

25 sugar beet 39.7 31.7 29.6 27.1 25.5 25.3 

26 winter wheat 40.0 31.6 29.7 16.6 16.6 16.6 

27 winter barley 40.0 32.3 29.8 14.4 14.3 13.6 

28 sugar beet 39.8 31.8 29.6 27.1 25.5 25.3 

29 winter wheat 40.2 31.8 29.7 16.6 16.6 16.6 

30 winter barley 41.1 32.4 29.8 15.2 14.3 13.6 

31 sugar beet 40.8 31.9 29.6 27.1 25.5 25.3 

32 winter wheat 41.1 31.9 29.7 16.6 16.6 16.6 

33 winter barley 41.9 32.6 29.8 15.3 14.3 13.6 

34 sugar beet 41.6 32.0 29.6 27.1 25.5 25.3 

Average 5→34   38.3 31.7 29.9 19.5 18.8 18.5 

a RothC model (Coleman and Jenkinson, 2014) 
b EU-Rotate_N model (Rahn et al., 2010) 
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4.4.1.3 Calculation of characterization factors 

According to Eq. (4-4) – (4-6) and the modeled results summarized in Table 4-4, CFs can be 

calculated for the three indicators cSOCD, cBPL and ALR. Both the intermediate results and 

final CFs are given in Table 4-5.  

Table 4-5: Intermediate and final results of calculations of CFs for cSOCD, cBPL and ALR for RS3 on 

a sandy loam soil (SOCinit,p50) 

  LUPsus LUPst LUPmin 

cSOCD 

SOC deficit (SOCsus-SOCprac) over 30 years a  
(t C ha-1)  0 199 253 

∆∑SOC (t C ha-1 yr-1) 0 6.63 8.43 

∆∑SOC (kg C m-2 yr-1) 0 0.66 0.84 

cBPL 

Yield deficit (Ysus – Yprac) over 30 years a (t DM ha-1) 0 22.2 30.0 

∆∑Y (t DM ha-1 yr-1) 0 0.74 1.00 

∆∑Y (kg DM m-2 yr-1) 0 0.07 0.10 

ALR 

Average of yield obtained under LUPsus (Ysus) a  
(t DM ha-1 yr-1) 19.5   

ALR (m2 yr m-2 yr-1)  0 0.04 0.05 

 ALR (m2 yr ha-1 yr-1) 0 379 513 

a from year 5 to year 34  

As expected, lower CFs are obtained when performing better LUP. For instance, ∆∑SOC 

indicates that on average, per year and per m2, the soil contains 0.84 kg less C comparing 

LUPmin with LUPsus (RS3, sandy loam soil, SOCinit,p50). For the situation with LUPst, the SOC 

losses are up to 0.66 kg C yr-1 m-2 compared to the situation with LUPsus (Table 4-5). Regarding 

the indicator at late midpoint, the CFs express the amount of biomass that has not been 

produced due to the application of non-sustainable practices. By using LUPst instead of LUPmin, 

an increase of 26% in DM production can already be established (Table 4-5). ALR represents 

the amount of productive land that is needed to compensate for the yield losses caused by 

SOC changes induced by LUPs. So, when 1 m2 of RS3 is cultivated for one year on a sandy 

loam soil (SOCinit,p50) applying LUPmin, 5.13 x 10-2 m2 is needed to compensate for the 

1.00 x 10-1 kg DM m-2 yr-1 that has been lost (Table 4-5). This corresponds to an additional 

need of 513 m2 yr-1 when one hectare of RS3 is cultivated. For all three indicators, the CFs for 

LUPsus are zero as LUPsus is used as reference (ideal) state. The considerable differences in 

CFs between the LUPs confirm the need to distinguish between different land use intensities, 

as recommended by the UNEP-SETAC land use task force (Verones et al., 2017). 

We consider cBPL to be a late midpoint indicator. This is in contrast with the study of Vidal-

Legaz et al. (2017) who state that biomass production would be an endpoint indicator when 

focusing on the AoP natural resources, but a midpoint indicator when focusing on the AoP 

ecosystem quality. However, we consider ALR as endpoint indicator, representing the amount 

of productive land that is needed to compensate for the yield losses caused by SOC losses 
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induced by LUP. ALR could be further converted, e.g. to the economic value of agricultural 

land. In this way, it could be made coherent to other resource endpoint methods, e.g. CFs 

could then rely on the additional cost to buy land if land would become scarce. 

4.4.2 Characterization factors 

CFs are calculated for the three indicators for 225 cases in the agricultural sector in Flanders 

(Table 4-3). They are listed in Appendix C. Table C3-1 presents CFs for the indicator cSOCD. 

Hereby, no distinction is made between the different SOCinit, as for each SOC level, the same 

values were obtained. The CFs are independent of the SOCinit due to the model characteristics 

and the assumptions made. When discussing a certain rotation system, the amount of C added 

(e.g. by manure) is namely equal for every SOCinit. Consequently, the partitioning of C to the 

pools is equal. 

CFs for cBPL are expressed in kg DM ha-1 yr-1 and kg C ha-1 yr-1 and can be found in 

Tables C3-2 and C3-3, respectively. Regarding the ALR, the CFs are summarized in 

Table C3-4. Only the ALR allows for comparing rotation systems with each other as the yield 

dependency is eliminated by dividing ∆∑Y by the average yield (Eq. 4-6).  

Until now, CFs are only calculated for Flanders. When applying them to other countries, caution 

is needed. The absolute values are dependent on region specific data, e.g. climatic data, 

manure restrictions, and realistic SOCopt and Yopt. However, when comparing situations 

(rotation systems, LUP), the results presented here might already provide a good indication of 

tendencies.  

4.5 Discussion 

4.5.1 Critical look at the developed characterization factors 

Although the values provided here are a good indication of how LUPs affect SOC stock and 

yield, interpretation of the absolute values should be done with care. 

To calculate the CFs, models are used. Important inputs to these models are climate data. To 

calculate the CFs, the same weather conditions (averaged over the last 10 years) have been 

used for every year. But by relying on the average, the impact of extreme weather conditions 

is minimized. The values of SOC and yield mentioned in Table 4-4 need therefore careful 

interpretation. In case of warmer weather conditions, the rate of SOC mineralization is higher. 

For instance, the year 2017, a rather exceptionally dry year, was characterized by an average 

yearly temperature of 11.4°C, average precipitation of 65 mm per month, and a yearly 



  Chapter 4 

-113- 
 

evaporation of 713 mm (KMI, 2017). In contrast, the average values over the last 10 years 

used in this chapter were 10.9 °C, 77 mm, and 705 mm, respectively. If the weather data of 

2017 are used as input, the CFs ∆∑SOC for RS3 on a sandy loam soil and SOC init,p50 are 0.89 

and 1.10 kg C m-2 yr-1 for LUPst and LUPmin, respectively. These CFs are significantly higher 

than the CFs obtained by using average weather data (Table 4-4), corresponding to 0.66 and 

0.84 kg C m-2 yr-1, respectively. Of course, in reality, the extreme weather conditions of 2017 

are not occurring every year. One could suggest to use the real weather data of the last 30 

years. However, as the indicators are aiming for estimating the impact in the future, this might 

not be representative. A more realistic option could be to use data of some ‘typical years’ and 

combine them at random following the path that climate change scenarios indicate.   

Also yield is affected by changing climate conditions. SOC positively affects water storage in 

dry periods. Therefore, the difference in biomass produced under LUPsus on the one hand, and 

LUPst or LUPmin on the other hand, can be more pronounced in dry years. This should result in 

higher values for the CF ∑∆Y. Also in case of many rain events, soils with higher SOC stocks 

(under LUPsus) are in favor of soils containing less SOC. Other shortcomings of the EU-

Rotate_N model and the need for further research were already discussed in Chapter 3.  

Furthermore, modeling yield is even more challenging, as yield is a result of a complex 

interplay of various factors. For instance, frequent mineral fertilizer use influences the yield and 

may even mask the effect of SOC level on the yield (Chapter 3). However, our method 

assumes minimal N fertilizer consumption defined at SOCopt, thus minimizing the masking 

effect on the yield. Next, tremendously important soil related aspects such as extent of soil 

erosion can have a pronounced impact on the yield (Reubens et al., 2010). Finally, soil 

degradation processes are interrelated or can even strengthen each other (e.g. soils with a 

lower SOC level are more vulnerable to erosion and erosion in turn causes yield losses).  

Models are undeniably a simplification of reality. To improve the applicability of the indicators, 

studying uncertainty is an important precondition. Next to model uncertainty, also parameter 

uncertainty should be included (Huijbrechts, 1999). As the indicators are aiming to predict the 

impact on the long term, climate change poses an extra level of uncertainty, which should be 

accounted for. While it is possible to provide CFs for cSOCD for several climate change 

scenarios by using RothC, more sophisticated models than the EU-Rotate_N model are 

needed to simulate the impact of climate change on crop yield. On the one hand, higher CO2 

concentrations might result in higher photosynthetic efficiency and hence in an increased yield. 

On the other hand, a change in climate conditions as such (e.g. change in precipitation 

volumes and/or patterns) might lead to yield decreases. The impact will be different per crop 

type (Pavlik et al., 2018; Supit et al., 2012). According to Wiesmeier et al. (2016), contrary 

predictions for crops in certain regions can still be found. Therefore, a thorough study of the 
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available models able to simulate the impact of climate change on crop yield in Flanders is first 

needed. Then, a well-thought selection can be made.  

4.5.2 Innovative aspects of the indicators  

Many efforts have already been made to integrate soil quality effects in LCIA methods. In 

particular, Brandão and Milà i Canals (2013) offer a consistent framework to derive CFs for 

several land use types at climatic region level. Later, the spatial resolution was improved by 

Morais et al. (2016) who calculated CFs for European Union countries. Although both studies 

emphasize the key role of SOC in many soil processes (such as nutrient availability due to 

mineralization of SOC, which is strongly related to plant productivity) and use SOC depletion 

to represent the BPP, they do not quantify the link between SOC and biomass productivity. 

Here we illustrate how modeling can be used to estimate this relationship, allowing the 

development of more indicators along the cause-effect chain, and resulting in consistent mid- 

and endpoint indicators.  

An innovative aspect of the method presented here, is the included baseline. As discussed in 

section 4.3.1.4, we do not use a fixed reference state, although the state of the land after use 

and a sufficient relaxation period is the recommended baseline (Cao et al., 2017). In contrast, 

a realistic optimum of SOC stock and yield (i.e. SOCsus and Ysus) is chosen, to stimulate farmers 

to strive for realizable goals and to avoid that farmers would be punished for what happened 

in the past and which they don’t have impact on. The choice of reference state is based on the 

reasoning that once land is assigned to a specific farmer at one point in time, the main purpose 

of this land will be biomass productivity. Therefore, the applicability of the framework to develop 

CFs is restricted to the agricultural sector. 

The developed method distinguishes several LUPs at farm level, which is an improvement 

compared to former LCIA models. The efforts needed to obtain these higher yields (i.e. extra 

input) related to the more sustainable LUPs are however not accounted for. To get a more 

holistic overview, all environmental consequences of LUPs should be considered (e.g. impact 

of fuel use). 

The proposed framework allows the expansion of the number of CFs in two directions: at farm 

level or on a global scale. At farm level, it would be interesting to know the impact of other 

LUPs (e.g. using compost, tillage practices) and other rotation systems. On a global scale, the 

development of CFs would allow a comparison of plant production systems and the related 

flows of nutrients across the world. To compare the environmental sustainability of imported 

crops against inland crops, soil quality aspects should be included in the assessments.  
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4.5.3 The impact on the Area of Protection natural resources 

The LCA community has not reached consensus about the role of the AoP ‘natural resources’, 

in contrast to the AoP ‘ecosystem quality’ and ‘human health’, which are well documented and 

thoroughly discussed (Dewulf et al., 2015; Sonderegger et al., 2017). As mentioned in 

Chapter 1 (Table 1-1), depending on the point of view and research goal, some soil quality 

impact assessment indicators exist both for AoPs natural resources and ecosystem quality 

(Taelman et al., 2016; Vidal-Legaz et al., 2017). The distinction between these two AoPs is not 

always clear (EC-JRC, 2010). However, the AoP ecosystem quality considers ecosystems in 

terms of their function and structure and the impact of human interventions/use on ecosystem 

health, while the AoP natural resources addresses the provisioning role of the natural 

environment (Dewulf et al., 2015). 

Suboptimal agricultural land use can threaten the soil in several ways: either physical soil 

losses (e.g. erosion), changes in soil properties (e.g. SOC losses), or affecting the biological 

component of soil quality. However, when using sustainable practices, soil mass as well as its 

characteristics can be improved or preserved, confirming the assumption that soil is a fund 

resource (Sonderegger et al., 2017).  

As the focus of this study is on the agricultural sector in the context of the AoP natural 

resources, the main goal is a high productivity potential. Soil quality changes are therefore 

discussed from the viewpoint of a long-term ability to obtain a high biomass productivity. When 

modeling the CFs, this future perspective is addressed by calculating the factors as an average 

over 30 years. 

The proposed indicators cSOCD, cBPL, and ALR are expressed in kg C, kg DM and m2 yr, 

respectively. These units are easy to communicate to farmers and policy. In further research, 

cBPL and ALR can be calculated in terms of exergy as well, what could be a first step to 

combine these indicators with existing LCIA methodologies related to the AoP natural 

resources, such as CEENE (Chapter 7).  

Today, there is an ongoing discussion on the issue if agricultural soil is part of the technosphere 

or ecosphere (Chapter 1). This is associated with the definition of what kind of flows are 

elementary flows that belong to the LCI stage, and what kind of effects should be accounted 

for in the LCIA stage. Eady et al. (2017) suggest to include the flows that are relevant for soil 

processes (e.g. change in SOC), into the LCI stage. This because agricultural soils are highly 

changed by human interventions and should thus be considered as part of the technosphere. 

However, this raises the question of how to account for the impact to the technosphere. In 

contrast, in the study of Vidal-Legaz et al. (2017), in which a review is made of models 

accounting for the impact on soil quality, a cause-effect chain is given summarizing LCIA 
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models accounting for the impact of land use on soil quality, considering several soil 

degradation processes. Then, the intervention that is modeled in the LCI stage is land use, 

while the impacts on soil due to the application of several LUPs are estimated (LCIA stage). In 

this chapter, we started from the viewpoint of Vidal-Legaz et al. (2017): the main goal is to 

evaluate the impact of interventions on soil processes. Therefore, the impact on SOC is 

considered as midpoint (LCIA stage), while land use drives the impact assessment. However, 

we understand land use being dependent on inventory inputs (e.g. amount of fertilizer) and 

activities (e.g. crop residue management) rather than only land occupation, therefore all being 

relevant information that need to be included into the inventory.  

4.5.4 Impacts on soil quality 

Only one aspect of soil quality changes is highlighted in this research, namely SOC changes. 

Other soil degradation processes, such as compaction or erosion are disregarded. This is why 

the interpretation of the results should be done with care. In LCIA methods, the goal is often 

to aggregate indicators of all degradation processes into one indicator of impact on soil quality 

(Garrigues et al., 2012). Aggregating them into one single score should require that all impacts 

can be brought to the same denominator, that mutual interactions are quantified, and that the 

relative contribution of each indicator to the total impact on soil is determined, which could be 

a challenge. Furthermore, as mentioned by Vidal-Legaz et al. (2016), the main goal of LCA 

practitioners is often to compare the environmental performance of products or production 

systems, rather than to obtain one single value representing the full impact on the soil. The 

framework offered in this chapter can be expanded to other soil processes and can serve as a 

basis for future research to derive CFs for other soil degradation processes (Chapter 7). 

Therefore, we should rather opt for a range of consistent indicators that generate a broader 

view on the effects of LUPs on soil quality instead of one single soil quality score. 

4.6 Conclusions 

The present study offers an LCIA method to evaluate the impact of agricultural LUPs on soil. 

We focus on the AoP natural resources, and elaborate a cause-effect chain that depicts the 

provisioning role, being the main function of the agricultural system. 

Considering the AoP natural resources, despite the efforts made up till now, the indicators 

available up to now were not able to quantify the relationship between SOC and yield and 

endpoint indicators were rarely investigated. The cause-effect chain that we propose, focusing 

on SOC as an important feature of soil quality, represents a complementary approach to the 
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established methods to evaluate impacts on soil. Three indicators are proposed: two at 

midpoint (cSOCD and cBPL) and one at endpoint (ALR). CFs are calculated for several 

situations in Flanders, and the proposed framework can easily be applied to other regions. 

As the agricultural sector is forced to transform towards more sustainable practices, the 

baseline against which LUPs are compared is sustainable intensification (optimizing yield while 

minimizing adverse environmental impacts), thus indicating an attainable, non-hypothetical 

target. The developed framework stimulates decisions towards a more sustainable agriculture. 

Applying the indicators may be a helpful tool to motivate farmers to strive for sustainable land 

use practices.
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CHAPTER 5:  ASSESSING THE CONSEQUENCES OF POLICY 

MEASURES ON LONG-TERM AGRICULTURAL 

PRODUCTIVITY - QUANTIFICATION FOR FLANDERS 

__________________________________________________________________________ 

5.1 Introduction 

The main challenge that agriculture is facing is providing food and other bio-based resources 

for the growing population while simultaneously protecting the natural capital (Brady et al., 

2015). As discussed in Chapter 1, European Union’s (EU) Common Agricultural Policy (CAP) 

aims, amongst others, to protect farmers and guarantee them a reasonable standard of living 

while tackling this challenge (European Commission, 2018d). The CAP originally stimulated 

high yield production systems in order to ensure food security, thus promoting agricultural 

intensification (Stolte et al., 2016). The environmental concerns associated with intensive farm 

practices led to a redefinition of the objectives of the CAP from the rather narrow aim of 

providing affordable food to European citizens, to a policy that promotes sustainable farming 

(section 1.2.1, Chapter 1).  

Intensive farming has contributed to different forms of land degradation. In Europe, much 

attention has been given to loss of soil organic carbon (SOC) (Schiefer et al., 2016; Stolte et 

al., 2016), amongst others because SOC affects important functions such as productivity of 

agricultural soils (Chapter 1). Several decisions made by farmers (‘land use practices’ (LUP)) 

may impact the SOC stock (e.g. selection of rotation system, whether or not to cultivate cover 

crops (CC)) (section 1.3.3, Chapter 1).  

To evaluate and compare possible sustainable land management options, Life Cycle 

Assessment (LCA) has been identified as a powerful tool. When doing so, it is important to 

account for the impact of LUPs on soil quality (Vidal-Legaz et al., 2017). In Chapter 4, we 

developed a framework to assess long-term effects of agricultural LUPs on (the loss of) 

resource productivity under the AoP natural resources. The indicators ‘cumulative SOC deficit’ 

(cSOCD) and cumulative Biomass Productivity Loss’ (cBPL) were introduced. In addition to 

efficient exploitation of the available land by striving for good soil quality, sustainable land 

management implies the reduction of environmentally harmful agricultural inputs (e.g. 

excessive use of mineral fertilizers) (Alvarenga et al., 2013a; Schiefer et al., 2016). The LCIA 
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method CEENE (Cumulative Exergy Extraction from the Natural Environment) allows 

constructing the resource footprint (section 1.4.2, Chapter 1).  

LCA can therefore help evaluate the environmental sustainability of agricultural policy 

measures and to design sustainable policy alternatives. Policy is one of the main drivers to 

orient choices of farmers’ by stimulating or even prescribing certain LUPs (Stolte et al., 2016). 

A prominent example are the greening measures in the CAP reform, which affect farmers’ 

choices by stimulating crop diversification and CC cultivation, amongst others. In Flanders, the 

effect of the greening rules on CC cultivation is also reinforced by other policies. For instance, 

MAP5 (section 1.2.1, Chapter 1), which entered into force in 2015, stipulated focus areas 

(based on nitrates measurements) for which more strict regulations are valid to avoid 

exceedance of the nitrate concentration standards. One of those measures is the obligation to 

sow CCs after the main crop when possible (VLM, 2015a). In Chapter 4, positive effects of 

cover crops on long-term productivity are identified and quantified. However, the general 

perception is that these greening measures are mainly contributing to maintaining/increasing 

biodiversity (AoP ecosystem quality) (European Commission, 2011), while they have not yet 

been related to long-term productivity gains. Next, policy is able to guide farmers towards 

alternative fertilizers such as compost. Although farmers recognize that compost is an 

excellent soil improver, positively affecting soil quality and soil fertility at the longer term, they 

are hesitant to use compost in Flanders, due to, inter alia, concerns regarding the varying 

quality and availability, risks for weeds and contaminants, the surplus of slurry making it a 

much cheaper alternative, and the strict manure legislation posing limits on the amount of N 

and P that can be applied (Viaene et al., 2016).  

The objective of this chapter is to investigate the impact of existing and potential policy 

measures on the long-term resource productivity and resource footprint (AoP natural 

resources). We compare policy strategies that are expected to shift the mix of LUPs that 

farmers apply. While focusing on SOC and productivity, we will discuss (1) what has been 

realized thanks to the introduction of the greening rules in the CAP reform and other policies 

stimulating CC cultivation (looking at the past) and (2) the impact of future perspectives 

regarding improved LUPs with e.g. more CCs or the use of compost as fertilizer. We hereby 

focus on Flanders. To do so, we first describe the Flemish agricultural sector by discussing 

farm types (FT) and farm management systems (FMS) that we expect to be responsive to 

policy measures. Next, we introduce six policy strategies which all encourage/discourage 

certain LUPs, followed by the data collection needed to compare those strategies in terms of 

resource productivity and resource consumption. Finally, the results are discussed showing 

the (potential) impact of policy on long-term resource productivity and resource footprint. 
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5.2 Material and methods 

5.2.1 Arable farming in Flanders 

5.2.1.1 Farm types  

The Flemish utilized agricultural area, broadly consisting of (1) arable land, (2) permanent 

grassland and meadow, (3) perennial crops, and (4) cultivation in greenhouses, amounted 

610.971 ha in 2017 (FOD, 2018). In this study, we focus on arable land (423.023 ha), which 

comprises mostly cereals, fodder crops, and potatoes (Chapter 1).  

Some farms combine different activities (e.g. mixed arable crop and livestock farming), while 

others specialize in one particular type of farming (e.g. field vegetables). Bernaerts et al. (2014) 

defined a main FT for each Flemish municipality. This subdivision is based on the methodology 

of Danckaert et al. (2009), which takes two characteristics into account: the number of holdings 

per FT and the standard output. Similar agricultural profiles are clustered into one FT. They 

are named after the main activity (or product); in case of more than one prevailing activity, the 

activities are listed in order of importance. Table 5-1 summarizes the FTs considered in this 

study with their respective contribution to Flemish arable land.  

Table 5-1: Farm types and corresponding agricultural area in Flanders, based on Bernaerts et al. (2014) 

and FOD (2018)  

 Farm type (FT) % of total arable land 

FT1 Cattlea farming  6.6 

FT2 Intensive livestock farming (poultry, pigs) 43.4 

FT3 Field vegetables 3.4 

FT4 Mixed arable farming and intensive livestock farming (poultry, 

pigs) 

13.1 

FT5 Mixed dairy and intensive livestock farming (poultry, pigs) 7.1 

FT6 Mixed intensive livestock (poultry, pigs) and cattlea farming 15.9 

/ Not in study (fruit, glasshouses, …) 10.5 

a Dairy and beef 

The importance of arable land is not represented in this table. This is due to the characteristics 

used to assign the municipalities to a certain FT, i.e. number of holdings and the standard 

output. The latter is an indicator for the economic size of the farm. To calculate the standard 

output, the value of the production and no other costs were taken into account; therefore, it is 

no indicator for the economic profitability. Because lower standard outputs are reported for 

arable farms, their share is strongly reduced. So although a certain municipality is assigned to 
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the FT ‘intensive livestock farming’, still a substantial number of farms focusing on arable 

farming can be occur in this municipality. Next, the degree of specialization for arable farming 

is only 35%. This indicates that much of the arable land is assigned to other farm types, 

especially to FTs with high revenues such as livestock farming (Bernaerts et al., 2014).  

Based on Tits et al. (2016) and Geopunt (2018), for each municipality the most prevailing 

agricultural region (AR) was defined. When linking the ARs with the FTs (Figure 5-1), it is clear 

that some FTs occur predominantly in one AR (e.g. FT5), while other FTs are more randomly 

distributed (e.g. FT6). 

 

Figure 5-1: Distribution of farm types (FTs) (A) and agricultural regions (B) in Flanders, based on 

Bernaerts et al. (2014) and Geopunt (2018). In this study, ten municipalities (red line) are selected and 

used as base for the calculations (section 5.2.1.2). 

A. 

B. 
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5.2.1.2 Farm management systems  

By combining all FTs and ARs, there are 36 potential combinations, but only 23 combinations 

occur in Flanders (Appendix D1, Figure D1-1). Each FT-AR combination can be characterized 

by one typical manure type, and a representative rotation system (RS) can be determined. 

Each specific combination of these four characteristics is hereafter indicated as ‘farm 

management system’ (FMS). To define the FMS, the following choices are made:  

1. Farm type and agricultural region 

We include all 6 FTs listed in Table 5-1 and select the most frequently occurring ARs per FT, 

assuring that at least 70% of the arable land per FT is covered (Figure D1-1). In total, ten FT-

AR combinations are selected, corresponding to 71% of the Flemish arable land (Table 5-2).  

2. Manure type 

The type of manure (pig slurry or farmyard manure (FYM), which are the two most common 

types in Flanders (Vos, 2018)), assigned to each FT-AR corresponds to the most prominent 

available type in all Flemish municipalities belonging to this combination (reference year 2016) 

(Vos, 2018). 

3. Municipality 

We first select representative municipalities in order to determine a characteristic RS for each 

FT-AR combination, as large variation exists among regions and among farmers. The selection 

of representative municipalities is based on agricultural data from the national database 

(reference year 2016) (FOD, 2018). The selected municipalities per combination are 

characterized by (almost) the largest area of both utilized agricultural area and arable land in 

this FT-AR (e.g. large area of vegetables in FT3). 

4. Rotation system 

By investigating the agricultural plots of the years 2011-2017, a representative RS for each 

municipality, which corresponds to a specific FT-AR combination, is determined (Geopunt, 

2018). The representativeness was validated by experts (Department of Agriculture and 

Fisheries, personal communication). However, one must keep in mind that the selected RS 

represent only one of the possibilities. The selection of these RS is motivated in Appendix D1 

(Table D1-1).  

In Figure 5-2, the components of a FMS are schematically represented. Table 5-2 displays 

an overview of the ten FMS considered in this chapter. 
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Figure 5-2: Characteristics of a farm management system. 
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Table 5-2: Farm management systems with corresponding characteristics, occurrence in Flanders and representative municipality 

Farm 

management 

system 

(FMS) 

Farm 

type 

(FT) 

Agricultural 

region (AR) 

Typical manure 

type (pig 

slurry/farmyard 

manure (FYM)) 

of specific 

FT-AR  

Typical rotation system (RS) of specific FT-AR  Maximum 

number of 

cover crops 

(CC)a 

Occurrence 

of FT-AR (% 

of total 

Flemish 

arable land) 

Representative 

municipality 

FMS1 FT1 Sandy loam FYM Winter wheat – silage maize – silage maize (RS1) 2 5 Ninove 

FMS2 FT2 Sand Slurry Winter wheat – silage maize – potato – silage maize (RS2) 3 18 Assenede 

FMS3 FT2 Sandy loam Slurry Winter wheat – potato – silage maize (RS3) 2 16 Poperinge 

FMS4 FT3 Sand Slurry Cauliflower – potato – leek – bean (RS4) 2 2 Kortemark 

FMS5 FT3 Sandy loam Slurry Cauliflower – potato – leek – bean (RS4) 2 1 Ingelmunster 

FMS6 FT4 Sandy loam FYMb Winter wheat – potato – sugar beet – winter wheat - silage 

maize (RS5) 

3 6 Oudenaarde 

FMS7 FT4 Loam Slurry Winter wheat – potato – sugar beet – winter wheat - silage 

maize (RS5) 

3 5 Riemst 

FMS8 FT5 Campines Slurry Silage maize (RS6) 1 6 Peer 

FMS9 FT6 Sand Slurry Silage maize – silage maize – potato – grain maize (RS7) 3 9 Deinze 

FMS10 FT6 Polders FYM Winter wheat – silage maize (RS8) 1 3 Damme 

a Actual number of CCs cultivated is policy driven 
b Although pig slurry is expected for this FT, FYM is most prominent (Vos, 2018) 
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5.2.2 Agricultural policy strategies 

The choice of farmers to apply certain LUPs, which affect resource productivity, is often policy 

driven. In this study, we compare six policy strategies that all encourage/discourage certain 

LUPs. First, we focus on the past and estimate what has been realized by growing more CCs, 

stimulated by policy measures such as the greening measures of the CAP. Second, we look 

to the future by investigating the maximum potential of policy measures regarding CC and 

opportunities of fertilization by compost. 

5.2.2.1 Policy strategies reflecting the situation in the past 

The policies stimulating CC cultivation (e.g. greening rules of the CAP, MAP5) came into force 

in Flanders in 2015. We distinguish three strategies, all of them have a distinct distribution of 

areas that are covered with a RS including no, 1, 2, or 3 CCs, while organic fertilization is equal 

in all cases. The maximum number of CCs is different per RS as it depends on the crops 

included in the rotation. The three strategies are: 

 policy_noCC: no CC is cultivated; 

 policy2014: situation in 2014, before implementation of the new policies stimulating 

CC cultivation;  

 policy2016: situation in 2016, reflecting the impact of the policy measures 

implemented in 2015.  

We rely on data of Flanders’ Department of Agriculture and Fisheries to define the number of 

CCs which were cultivated in each representative municipality in 2014 and 2016 (Baeten, 

2018). The situation regarding CC cultivation in 2016 is similar to that of 2017 (Baeten, 2018), 

indicating that policy2016 is still reflecting the current situation. More information can be found 

in Appendix D1, Tables (D1-2) – (D1-11).  

5.2.2.2 Policy strategies reflecting future perspectives  

Three possible future strategies are introduced:  

 policy20xx: at all fields, RS with a maximum number of CCs are cultivated, while 

applying standard fertilization quantities (Appendix D2); 

 policy20yy: at all fields, RS with a maximum number of CCs are cultivated and a 

surplus of 15 t ha-1 green compost is applied above standard fertilization; 

 policy20zz: CC cultivation happens according to the situation in 2016, while 60% of 

the standard quantity of manure is supplemented with green compost up to the 

fertilization standards for N and P (VLM, 2018). 
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Policy20xx indicates what still can be realized when the policy rules would be fully exploited in 

terms of CC. Policy20yy goes beyond that by also incorporating compost, above the standard 

fertilization dose (Appendix D2). Consequently, this strategy is restricted by current legislation. 

In contrast, policy20zz reflects the actual situation (2016) regarding CC cultivation and 

complies with the current legislation. However, it still is a perspective as it implies an increase 

in the use of compost (section 5.1). 

5.2.2.3  Farmers respond to policy strategies with a certain land use 

practice 

Each of the strategies considered is characterized by a specific mix of LUPs. We distinguish 

several LUPs in relation to use of CCs and fertilization.  

o LUPCC0, LUPCC1, LUPCC2,…: respectively, 0, 1, 2,… CCs are cultivated per RS; 

manure (slurry/FYM) application up to fertilization standards;  

o LUPCOM15: maximum number of CCs in RS are cultivated; 15 t ha-1 green 

compost applied above normal fertilization dose;  

o LUPCOM/MAN_CC0, LUPCOM/MAN_CC1, LUPCOM/MAN_CC2,…: respectively, 0, 1, 2,… 

CCs are cultivated per RS; 60% of the normal quantity of manure is 

supplemented with green compost up to the fertilization standards. 

For each FMS, the distribution of LUPs applied on the total arable land related to a certain 

policy strategy is different. In Table 5-3, an example is given for FMS10. The data of the other 

FMS as well as information about fertilization doses related to each LUP, are summarized in 

Appendix D2.  

Table 5-3: Application degree (%) of land use practices (LUPs) per policy strategy (elaborated for 

FMS10). For policy2014, policy2016, and policy20zz (using 2016 as reference year), the distribution is 

based on data of the Flemish government (Baeten, 2018). Policy_noCC is a hypothetical situation, 

policy20xx and policy20yy reflect an assumption of the future response of farmers to policy measures  

 Application degree of LUPs (%) 
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LUPCC0 100 55 28 0 0 0 

LUPCC1 0 45 72 100 0 0 

LUPCOM15 0 0 0 0 100 0 

LUPMAN/COM_CC0 0 0 0 0 0 28 

LUPMAN/COM_CC1 0 0 0 0 0 72 
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5.2.3 Data collection 

5.2.3.1 Development of characterization factors 

The LCIA indicators cSOCD and cBPL are used to account for the long-term impact of 

agricultural LUPs on resource productivity under the AoP natural resources (Chapter 4). While 

the first designates long-term SOC changes due to particular LUPs, cBPL enables the 

assessment of how the change in SOC affects biomass productivity. 

In function of policy strategies, a range of LUPs and RS are analyzed. Therefore, we needed 

to develop additional characterization factors (CF; value indicating the impact of the LUP 

applied to a certain FT-AR on SOC and biomass productivity) to those available in Chapter 4. 

Calculation procedure 

For a discussion on the methodology used, see Chapter 4 and Appendix D3. In brief, with 

respect to this case study: 

1. Calculation criteria 

 Reference period is 30 years.  

 Optimal SOC stock (SOCopt) equals the average of the optimal SOC range in 

terms of productivity determined per AR (Table D3-1). 

 Initial SOC concentration (SOC%init) is defined per AR. SOC%init,p50 is selected, 

so that 50% of the crop fields have a SOC concentration lower or equal to this 

value. Initial SOC stock (SOCinit,p50, t C ha-1) is calculated by Eq. 3-1, assuming 

a soil depth of 30 cm (section 4.3.1, Chapter 4) (Table D3-1). 

 CFs are unique to and valid for a particular RS. 

2. Sustainable land use practices (LUPsus) 

LUPsus imply two aspects: 

 The SOC management needed to maintain (or approach) SOCopt for 30 years 

(Figure D3-1). LUPsus result also in an optimal yield (Yopt). In this study, the SOC 

management includes CC cultivation and, if needed, additional FYM application 

(above standard fertilization). The SOC management is determined by 

modeling and depends on soil texture, SOCopt, and RS (Table D3-2). All CCs 

are represented by white mustard. 

 The minimal consumption of mineral N fertilizers to still obtain Yopt, which is 

determined by modeling (Table D3-2). 
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3. Reference state 

SOCopt is used to define the LUPsus. However, SOCinit,p50 is lower than SOCopt. Thus, applying 

LUPsus at SOCinit,p50 results in an increase of SOC stock and yield over a period of years 

towards the optimal values. SOC stock and yield obtained when applying LUPsus, SOCsus and 

Ysus, respectively, correspond to the reference state.  

4. Application of land use practices as consequence of potential policy measures 

Policy measures may induce other LUPs than LUPsus (section 5.2.2). While LUPsus are 

characterized by SOC management that safeguards the long-term productivity, non-

sustainable LUPs result in a lower SOC stock, while other (advanced) LUPs may lead to a 

higher carbon storage (Figure D3-1). 

Applied models 

Analogous to Chapter 4, the globally-applied RothC 26.3 model, run in ‘R’ (SoilR package), is 

used to model the impact of LUPs on SOC stocks over time (Coleman and Jenkinson, 2014; 

Sierra et al., 2012). To simulate the yield response (dry matter (DM) production) to changes in 

SOC level, the EU-Rotate_N model (version 1.8) is used (Rahn et al., 2009). The model is also 

used to define the minimum amount of N fertilizer needed to obtain Yopt. The model input and 

fertilization data are summarized in Tables D2-3, D3-2 and D3-3.  

5.2.3.2 Life cycle based resource accounting 

Applying another LUP might imply other/extra inputs (e.g. fuel, seed for CC). To avoid burden 

shifting, we determine the resource footprint of each LUP. To do so, the thermodynamic LCIA 

method CEENE is applied. As discussed in Chapter 1, this method evaluates the cumulative 

resource consumption in terms of exergy and covers eight resource categories: fossil fuels, 

nuclear energy, metal ores, minerals, nuclear energy, water, abiotic renewable and land 

resources (Alvarenga et al., 2013b; Dewulf et al., 2007). In this way, we account for all natural 

resources necessary to cover the inputs related to the LUPs, such as fuel to apply extra 

compost, and seed for CCs.  

In this study, the LUPs differ in terms of fertilization or CC cultivation, and consequently, are 

all associated with a different resource consumption (Table D4-1). Furthermore, the LUPs 

affect the advised quantity of mineral N fertilizers, which is computed by making use of the 

Demeter-tool (LNE, 2014) as explained in Appendix D4 (Table D4-2). 

The exergetic value of the crops is calculated in Chapter 3, except for vegetables. In a similar 

way to the method in Chapter 3, their exergy content is determined (Table D4-1). 
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5.3 Results and discussion 

The calculated CFs for the indicators cSOCD and cBPL for the LUPs applied under the policy 

strategies are summarized in Tables (D5-1) - (D5-2). The CFs indicate the cumulative carbon 

deficit and cumulative yield loss per year, respectively, when considering a period of 30 years 

and calculating the average. These CFs are used to compare policy strategies in terms of 

resource productivity and resource consumption.  

5.3.1 Impact of policy on soil organic carbon stock and biomass 

productivity 

In Figure 5-3, the long-term effect on carbon and productivity by implementing other policy 

strategies than policy2014 is given per FMS. To do so, first, the yearly average of the 

cumulative SOC or yield credit/deficit that would exist when a certain policy strategy (and thus 

mix of LUPs) is applied over 30 years (section 5.2.3.1) is calculated. So, based on the 

occurrence of each LUP per policy strategy, a weighted average of the CFs is made. Then, 

the outcome is compared to the one of policy2014 (before implementation of policies 

stimulating CCs). In other words, the outcome represents the cumulative amount of carbon 

more available thanks to the implementation of other policy strategies than policy2014 (i.e. 

cumulative carbon surplus compared to policy2014). 

5.3.1.1 Looking at the past 

Figure 5-3A demonstrates what has been already achieved in terms of SOC, i.e. the cumulative 

carbon surplus compared to policy2014. For all FMS, policy_noCC is performing worse than 

policy2014, indicating the positive effect of CC cultivation on SOC stocks. However, there is a 

big variation among FMS. For instance regarding FMS4 and FMS6, the SOC stocks are, 

respectively, 0.18 and 2.41 t C ha-1 yr-1 lower than the fields under policy2014. This can be 

explained by a different area covered by RS without CCs in 2014, 33 and 88%, respectively 

(Table D1-5, D1-7). Striking is the impact of policy2016 for all FMS, proven by the significantly 

higher SOC stocks than under policy2014. The difference in yearly average cumulative carbon 

surplus range from 0.16 (FMS7) up to 1.67 t C ha-1 yr-1 (FMS8). The large variability between 

FMS can be explained by differences in increase in CC cultivation between 2014 and 2016 

(Tables (D1-2) – (D1-11)), and by specific characteristics of the FMS. Indeed, other RS (with 

different maximum number of CCs), other C addition due to other crops in RS and other 

manure type applied, and other ARs, all affect the SOC dynamics. 
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Calculating the weighted average among all FMS, the SOC stocks are 1.33 lower and 

0.83 t C ha-1 yr-1 higher compared to policy2014 when policy_noCC and policy2016, 

respectively, are implemented. 

The impact on yield is represented in Figure 5-3B. Each crop responds differently upon 

changes in SOC stock and fertilization (Chapter 4). Caution is needed when interpreting these 

results. As discussed in Chapters 3 and 4, the EU-Rotate_N model focuses on the relationship 

between C and N to determine the yield, while other potential positive effects of SOC changes 

on yield are neglected (sections 3.3.2-3.3.3, Chapter 3). Next, average climate data are used 

in the model, while extreme weather conditions will result in more pronounced results (section 

4.5.1, Chapter 4). Furthermore, other beneficial effects of CC cultivation, such as the impact 

on biological soil fertility and erosion prevention, which can therefore impact yield, are also not 

accounted for. Therefore, the results are rather conservative and are here only used to 

compare the results of several policy strategies against each other in relative terms. However, 

improvement in modeling is required and uncertainty data need to be added to discuss the 

absolute values of the figure. 

5.3.1.2 Future perspectives 

For all FMS, the improvement potential in terms of SOC when the maximum number of CCs 

would be cultivated, is in the same order of magnitude (policy20xx) (Figure 5-3C). The results 

are more pronounced for the strategies involving compost (policy20yy and policy20zz) 

because fertilization happens every year, while this is not the case for CCs cultivation. 

Furthermore, in policy20yy, extra compost is applied on top of maximum CC cultivation. Also, 

the effective organic carbon added by compost is higher than by CCs (Table D3-3). In 

Flanders, if policy20xx, policy20yy and policy20zz would be implemented for 30 years, the 

yearly average cumulative carbon credit compared to policy2014 would amount 2.39, 9.07 and 

8.59 t C ha-1 yr-1, respectively. 

The largest differences in SOC stocks between policy20yy and policy20zz are noticed for 

FMS1, FMS6 and FMS10, the FMS using FYM as organic fertilizer (Table 5-2). Since FYM 

has a higher C content than slurry, replacing part of the FYM by compost influences less the 

SOC dynamics than it is the case for slurry. While policy20yy reflects the perspective in terms 

of CC cultivation, for policy20zz, there is even room for improvement by maximum 

implementation of CCs compared to the situation of 2016. Therefore, this strategy seems to 

be very promising in terms of SOC. 

Regarding yield, the results are more scattered (Figure 5-3D). Extra CCs (policy20xx) and 

extra compost (policy20yy) result always in higher yields. In contrast, policy20zz seems the 

best strategy for FMS3, while it causes yield losses for FMS9. The yield changes are effects 
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of different amounts of N available for the crop: each LUP is associated with a certain SOC 

stock (which will mineralize) and particular quantity of effective N supplied by fertilization 

(Table D2-3). Again, the results need to be interpreted in the context of the use of a simplified 

model, the absolute values presented in Figure 5-3D are small. As discussed in section 5.3.1.1 

and in the previous chapters, the EU-Rotate_N model does not account for other beneficial 

effects on yield due to better soil quality. However, this is difficult to model as field studies show 

that compost affects several soil quality parameters in a positive way (SOC, pH, nutrients), but 

this does not always result in better crop yields (D’Hose et al., 2016; Hijbeek et al., 2017). 

If extrapolating the results to Flanders, taking into account the occurrence of each FT-AR, 

implementation of policy20xx, policy20yy and policy20zz (applied for 30 years) would result in 

a cumulated yield surplus of 4,434; 19,999; and 11,449 t DM yr-1, respectively. This is of course 

only a rough estimation, as RS will differ over Flanders, as well as SOC%init, and soil densities. 

But it indicates that, also for yield, the results are in general better for policy20yy and policy20zz 

than for policy20xx. However, keeping in mind that the SOC/yield improvement is not the main 

focus of policy when stimulating CC cultivation, the reflected added value of CCs on long-term 

resource productivity is a remarkable bonus. 
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Figure 5-3: Carbon (t C ha-1 yr-1) and yield (t DM ha-1 yr-1) surplus(+)/losses(-) due to the implementation of other policy strategies than policy2014. First, 

cumulative carbon and yield surplus are calculated over 30 years for each policy strategy, then the yearly average is calculated and compared to policy2014. 

A-B: looking at the past; C-D: future perspectives. Results are presented per farm management strategy (FMS).
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5.3.2 Impact of policy on the resource footprint 

Policy strategies characterized by LUPs including CC cultivation or use of compost are 

beneficial in terms of SOC stock and can positively affect the yield (section 5.3.1). However, 

those LUPs entail a certain resource consumption (e.g. fuel, seed) (Table D4-1). To compare 

these aspects, we calculate the exergetic benefit/loss of each policy strategy by making the 

balance between resource consumption and potential benefit (Table D4-3). The latter is 

represented by the increased or reduced need for mineral fertilizers when applying other LUPs 

than LUPCC0 (Table D4-2). Consequently, for all LUPs, the same amount of N available for the 

crops is assured, and thus no yield changes are assumed. A period of 30 years is considered 

and the yearly average is calculated. In Figure 5-4, the final results (i.e. resource consumption 

by LUPs and avoided synthetic fertilizer consumption) are presented taking policy2014 as 

baseline. Regarding e.g. FMS1, on average, 0.28 GJex ha-1 yr-1 of mineral fertilizer can be 

saved when policy2016 is implemented instead of policy2014, while an extra resource input 

(due to CC cultivation) of 0.37 GJex ha-1 yr-1 is required. This results in an exergy loss of 

0.09 GJex ha-1 yr-1. In contrast, for policy_noCC, the exergy benefits amounts 0.18 GJex ha-1 yr-1, 

because, although the N fertilizer consumption is 0.51 GJex ha-1 yr-1 higher, 0.69 GJex ha-1 yr-1 

less resources are required compared to policy2014. The high exergetic cost of CCs explains 

why policy_noCC results for all FMS in an exergy benefit compared to policy2014.  

For the strategies reflecting the future, the benefits generally do not outweigh the costs, due 

to the high number of CCs cultivated. The weighted average over Flanders shows an exergy 

benefit of 0.14 GJex ha-1 yr-1 for policy_noCC compared to policy2014, the other strategies 

result in an exergy loss of 0.09, 0.27, 0.09, and 1.51 GJex ha-1 yr-1 for policy2016, policy20xx, 

policy20yy, and policy20zz, respectively. Although the average net result (taken over 30 years) 

is negative for policy20yy, the balance between avoided N fertilizer and resource consumption 

becomes already positive in the short or medium term regarding the net results per year. To 

illustrate this, the required time, called pay-back time (tpb) is calculated. It ranges from 9 (FMS7) 

to 26 years (FMS6) (Figure 5-4). This indicates that policy20yy is a promising strategy in terms 

of exergy consumption. 

The strategies involving compost will perform even better in reality as the amount of avoided 

N fertilizer is underestimated in the longer term. When compost is applied, the amount of N 

available for plants in the first year (effective N) is only 15%. The rest is divided among different 

N pools, which are more rapidly or slowly decomposable. However, the Demeter-tool does not 

account for increased mineralized N in the soil thanks to compost application in the previous 

years. As the effective N amounts 60 and 30% for slurry and FYM, respectively, the 

underestimation is also valid (but to a lower extent) for those fertilizers.
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Figure 5-4: Exergy benefit/loss per farm management system (FMS) (GJex ha-1 yr-1) considering political strategies in the past (A) and in the future (B), compared 

to policy2014. Net results (GJex ha-1 yr-1). and pay-back time (tpb) (for policy20yy) are given.
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5.3.3 General comparison of agricultural policy strategies 

The improvement potential of policy measures stimulating CC cultivation is specified by the 

difference between policy2016 and policy20xx. While some FMS obtained already good results 

in 2016, other FMS can still realize significant improvements (Figure 5-3). The CAP’s greening 

rules and MAP5 came into force in 2015, both stimulating CC cultivation but with MAP5 paying 

special attention to focus areas. Not all municipalities belonging to a certain FT-AR are within 

these focus areas. Nevertheless, an overall clear increase in the number of CCs can be 

noticed, suggesting a big impact of the CAP’s greening rules on CC cultivation. As the 

implementation degree of the CAP strongly differs according to FMS, and the impact of 

compost also depends on the FMS, it can serve as an indication that a differentiated approach 

to stimulate certain policy strategies might be useful when striving for a more sustainable 

farming.  

To avoid burden shifting, it is important to combine the results of resource productivity and 

resource consumption. The results seems to be contradictory. For all FMS, policy_noCC is 

positively evaluated in terms of resource footprint. Indeed, policy_noCC has the lowest 

resource consumption, because this policy strategy entails no addition of extra manure nor CC 

cultivation. In contrast, policy_noCC requires more mineral N fertilizers than policy2014. If the 

balance is made between resource consumption and avoided synthetic fertilizer consumption 

in terms of exergy, policy_noCC is the only policy strategy for which the exergy balance is 

positive for all FMS (i.e. exergy benefit) (Figure 5-4). But, regarding Figure 5-3, policy_noCC 

does not contribute to long-term productivity. For the other strategies, the opposite is true. Only 

policy20yy gets a positive evaluation (in the short or medium term) for the two aspects. 

However, the results must be interpreted in a broader context. Although the average net results 

(in exergy) per year are often (slightly) negative (Figure 5-4), the implementation of other policy 

strategies induces changes in the type of resources consumed, e.g. a reduction of mineral 

fertilizers mainly diminishes the consumption of fossil fuel and water resources, while CCs 

require mainly land resources (to produce CC seed). Furthermore, positive effects other than 

reduction in yield losses or need for N are not yet accounted for (section 5.3.1). For instance, 

policy20zz combines the positive aspects of compost on soil quality while still utilizing manure 

(i.e. not contributing to manure surplus). For policy20yy, the long-term application of compost 

poses risks in terms of N and P leaching (D’Hose et al., 2016). This indicates the necessity to 

evaluate policy strategies not only for SOC or yield, but also in terms of resource consumption 

and the impact on the environment (e.g. eutrophication). 

In addition to the impact of policy on the AoP natural resources, policy also highlights the 

importance of agriculture to tackle climate change. By stimulating certain policy strategies, the 
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mineral fertilizer consumption will change, which can easily be expressed in terms of savings 

of global warming potential (GWP). Furthermore, the research performed regarding SOC stock 

could be translated into possible carbon sequestration (and thus contributing to savings in 

GWP). In this way, the results could also be interpreted in terms of benefits related to climate 

change. However, this is out of scope of this study, as then, the whole life cycle should be 

taken into account: e.g. not only the benefit of compost (reduced need for N), but also the 

emissions during composting. 

5.3.4  Estimation of the impact of policy on Flanders’ soil organic carbon 

stock 

For a general overview across Flanders, maps are created to represent the realized and 

potential impact of the CAP and other policies on the long-term resource productivity regarding 

SOC. Figure 5-5 shows the impact of the implementation of policy2016 instead of policy2014 

and policy20xx instead of policy_2016 for 30 years on the cumulative SOC stock. In this 

exercise, we added three FMS in order to be able to cover more municipalities (including now 

97% of the Flemish municipalities assigned to FT1-FT6) (Table D1-12). The municipalities are 

assigned to one FMS, assuming that the RS defined per FMS are the same over Flanders, 

while in reality RS can greatly differ per region. All municipalities belonging to one FT-AR 

combination are assumed to have the same characteristics, while in reality, differences in e.g. 

SOC%init and soil density can be noticed. To define the number of CCs cultivated in 2014 and 

2016, the same procedure is used as described in Appendix D1, however, not only the 

representative municipality is considered, but taking into account all municipalities belonging 

to the FT-AR combination. Being a strong simplification, the maps give a first impression of the 

cumulative carbon surplus that can be obtained if those policy strategies would be applied for 

30 years. The percentage improvement is then calculated. The maps can be interpreted as the 

(realized –Figure 5-5A- and potential –Figure 5-5B) impact of the CAP and other policies (e.g. 

MAP5) on SOC stock focusing on the AoP natural resources. The main changes are situated 

in regions with sandy loam soil texture, due to the lower SOCinit compared to the other soil 

textures, consequently, the CFs are bigger (Table D5-1). 
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Figure 5-5: Realized (A) and potential (B) improvement (%) on long-term resource productivity in terms 

of SOC stocks (0-30 cm) when policy2016 instead of policy2014 and policy20xx instead of policy2016, 

respectively, are applied. Calculations are based on cumulative carbon surplus when these policy 

strategies are implemented for 30 years. 

5.4 Conclusions 

In this study, we investigated to which extent policy affected or can affect the long-term 

resource productivity and resource footprint by comparing (potential) political measures that 

encourage certain LUPs. Subdividing the quite diverse Flemish agricultural sector into FMS 

allowed us to derive for each FMS the impact of policies in the past and in the future and to 

discover future opportunities in terms of compost use and cover crops. 

This study shows that, although productivity is not their main goal, policies such as the CAP’s 

greening measures and MAP5 significantly contribute to a better SOC and (to a lesser extent) 

B. 

A. 
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productivity. Measures that stimulate the use of compost seem promising. However, it is 

important to consider also the resource footprint as only for one strategy, the resource 

consumption outweighs the benefit (i.e. reduction in N fertilizer) in the short or medium term, 

while also being beneficial in terms of resource productivity. It would, however, be interesting 

to elaborate this assessment of policy measures by not only including the provisioning function 

of agricultural soils, but also other ecosystem services (e.g. carbon sequestration, biodiversity), 

which may support a more refined weighting of alternative policy options. 
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CHAPTER 6:  ENVIRONMENTAL SUSTAINABILITY OF CONVENTIONAL 

AND ORGANIC FARMING: ACCOUNTING FOR ECOSYSTEM 

SERVICES IN LIFE CYCLE ASSESSMENT 

__________________________________________________________________________________ 

6.0 Setting the scene  

6.0.1 Organic farming in Europe: the context  

Policy support and the growing interest of consumers for organic products, have resulted in a 

rapid expansion of the total area dedicated to organic agriculture during the past years 

(European Commission, 2018b; European Commission, 2016; Sahm et al., 2013). In the EU-

28, an increase from 5.0 million ha in 2002 to 11.9 million ha in 2016 was recorded, and this 

area is still expected to grow in the coming years (European Commission, 2016; Eurostat, 

2018g). While in 2016 the share of organic to total utilized agricultural area in the EU amounted 

6.7%, in Flanders it only accounted for 1.2% (2017), but a continuously increasing trend is also 

visible in Flanders (Eurostat, 2018g; Timmermans and Van Bellegem, 2018). Arable crops 

correspond to 45% of the EU organic area; for permanent grassland and permanent crops a 

share of 44 and 11%, respectively, is recorded (EU-28 - reference year 2016) (Eurostat, 

2018g).  

6.0.2 Towards sustainable farming practices 

Policy stimulates agriculture towards more sustainable farming practices (Chapter 1). 

Environmentally sustainable agriculture is, however, a broad concept which can be referred to 

as “environmentally friendly methods of farming that allow the efficient production of crops or 

livestock while safeguarding the natural environment, i.e. without damage to the farm as an 

ecosystem, including effects on soil, water supplies, biodiversity, or other surrounding natural 

resources” (SAI Platform, 2018; United Nations, 2006). In this sense, organic farming is one 

of the options available to move in the direction of more sustainable farming systems, as, 

according to the definition of the United Nations, organic agriculture is a “holistic production 

management whose primary goal is to optimize the health and productivity of interdependent 

communities of soil life, plants, animals and people” (United Nations, 2006). Obviously, also 

conventional farming can implement environmentally friendly management practices (e.g. 

reduced or no tillage), contributing to an overall increase of the sustainability of the agricultural 

sector (Gomiero et al., 2011).  
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In conventional farming, the number of environmentally friendly management practices and 

the intensity of their application can extremely vary, while in the organic sector, strict regulation 

and certification mechanisms are in place leaving less choice to the farmer. It is therefore 

important to define more sharply the context of the work presented in this chapter. In what 

follows, we refer to ‘conventional farming’ as farming that aims for a maximum productivity 

while meeting the requirements of legislation (e.g. the CAP) regarding environmental aspects, 

and refer to ‘organic farming’ as farming that is strictly regulated and needs to fulfill a list of 

specified requirements in order to get certified organic agricultural products (IFOAM, 2018). 

The main differences between organic and conventional farming as considered in this chapter 

are summarized in Table 6-1.  

Table 6-1: Main differences between organic and conventional arable farming practices, based on 

National Research Council. (2010) 

Organic Conventional 

Fertilization 

Mainly organic manure Organic manure + high consumption of mineral 
fertilizers  

Maintaining organic matter stock is very 
important 

Organic matter stock is important but not the 
main priority 

Compost is often applied Limited use of compost  

Limited use of natural and non-chemically 
treated mineral fertilizers 

Intensively use of mineral fertilizers (mainly 
natural products chemically treated) 

Soil cultivation 

Limited soil cultivation Tillage practices are standard 
Crop protection 

Naturally derived plant protection products Synthetically produced plant protection products 

Mainly mechanically Mainly chemically  

6.1 Introduction  

This chapter aims to feed the discussion on the third challenge mentioned in Chapter 1: 

accounting for ecosystem services (ES) in LCA in order to be able to compare different farming 

systems in terms of environmental sustainability beyond the (harvested) product level. A 

method is developed and applied to conventional and organic arable crop production systems. 

For several decades, agricultural intensification was the answer to meet the growing demands 

for food, feed and fuel (Foley et al., 2011). Because intensification is characterized by land 

management aiming a optimization of the productivity, often through the use of agrochemicals 

(e.g. fertilizers, plant protection products), irrigation and mechanization, it also contributed to 

increased resource consumption (e.g. water, energy, minerals), water and soil degradation, 

and widespread pollution (Foley et al., 2011; National Research Council, 2010). Furthermore, 
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intensive agricultural management is one of the drivers for, amongst others, biodiversity loss, 

erosion, changes to nitrogen and carbon cycles, and regime shifts in hydrological cycles, and 

in turn, for degradation of several ES (Lorenz and Lal, 2016; Meier et al., 2015; Sandhu et al., 

2010a).  

Organic agriculture is often put forward as a solution to reduce the negative impact of 

agriculture on the environment (Sandhu et al., 2010a; Seufert et al., 2012). It refers to systems 

targeting food production with minimal adverse impacts on ecosystems, animals and humans 

(National Research Council, 2010; Seufert et al., 2012). Instead of using synthetically 

produced inputs (mineral fertilizers, plant protection products), organic farm management 

practices rely on and benefit from biological cycles by e.g. appropriate selection of crop 

rotations and cover crops (soil fertility), well-considered choices regarding the timing of sowing 

and mechanical cultivation (weed control), and making use of biological control and natural 

plant protection products (pest control) (Gomiero et al., 2011; Meier et al., 2015; National 

Research Council, 2010). The impact of the adapted management is often reflected in a 

reduction of greenhouse gas (GHG) emissions and a better performance in terms of (but not 

limited to) biodiversity, water use efficiency, soil, water and air quality, and a variety of ES 

(Gomiero et al., 2011; Hole et al., 2005; Kremen and Miles, 2012; Lorenz and Lal, 2016). 

However, on average, a yield reduction of 20-40% is reported for arable crops in organic 

systems compared to conventional systems; with differences that strongly depend on site and 

system characteristics (Fedele et al., 2014; Gomiero et al., 2011; Kremen and Miles, 2012; 

Meier et al., 2015; Seufert et al., 2012; Winqvist et al., 2011). Thus, organic farming systems 

usually require more land to produce the same amount of output (e.g. food) and therefore, per 

product unit, their better environmental results might be cancelled out (Lorenz and Lal, 2016; 

Meier et al., 2015).  

A comparison of the performance of conventional and organic farming systems regarding 

environmental impact and productivity, is ideally based on comprehensive environmental 

assessment tools, such as the widely applied technique life cycle assessment (LCA) (Fedele 

et al., 2014; Meier et al., 2015). In agricultural context, often a cradle-to-farmgate analysis is 

conducted, then, a mass-based functional unit is regularly considered as most appropriate 

(Caffrey and Veal, 2013; Fedele et al., 2014). By doing so, the yield seems to be a crucial 

factor and might even be decisive (Noya et al., 2015). From the review of Meier et al. (2015), 

it can be deduced that for most LCA studies in which the environmental impact of products 

produced by conventional versus organic agriculture is compared, the lower yields attained in 

organic farming result in higher environmental impacts when evaluating per product unit. 

However, by only focusing on the delivered (i.e. harvested) product units, the multifunctional 

role of agriculture is neglected: agriculture does not only provide food, feed or fuel 
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(commodities), but also delivers numerous ES to society (non-commodities) in addition to the 

provisioning services (Meier et al., 2015; Power, 2010; Schader et al., 2012). To deal with 

multifunctionality in LCA (i.e. next to the function of food production, other functions are 

provided as well), allocation procedures can be applied. Allocation defines the share of the 

total environmental burden for each function that the production process fulfills (ISO, 2006b). 

Though, in current agricultural LCAs, the impacts are usually expressed per unit of 

food/feed/fuel product without allocation between commodities and non-commodities (Meier et 

al., 2015). Therefore, the impact assigned to the product is overestimated. Because the term 

‘agricultural product’ goes beyond the harvested product, and involves also a bundle of other 

ES delivered by agriculture, the impact should be allocated among the whole output of an 

agricultural system. 

Several allocation procedures exist to partition the inputs and outputs among the various co-

products (Chapter 1). For instance, allocation can be based on physical relationships (e.g. 

mass, energy) or using other relationships (e.g. economic value of products) between the 

delivered products and functions (ISO, 2006b). Since the output of an agricultural farming 

system entails a range of ES, it goes beyond the supply of products or energy and thus the 

first option cannot be applied. Next, defining the monetary value of specific ES might be 

challenging (Zhang et al., 2010). Therefore, another allocation procedure is required. The 

capacity of an ecosystem to deliver a certain number of ES, can be estimated and evaluated. 

This provision of ES will vary among agro-ecosystems as this is strongly linked to natural 

conditions (e.g. land cover, hydrology, soil conditions, fauna, climate) and human impact (e.g. 

land use, pollution) (Burkhard et al., 2012). While some ecosystems will mainly focus on a 

good supply of provisioning ES (e.g. conventional agro-ecosystems), others aim to offer a more 

broad range of ES (e.g. organic agro-ecosystem) (Sandhu et al., 2010a). Therefore, we 

propose to rely on ES assessment, which is used to address the extent to which provisioning 

and other ES are supplied by an agro-ecosystem, as a basis to allocate the environmental 

impact among the food/feed/fuel product and non-commodities. 

In this chapter, we want to stress that an agriculture product does not only refer to the 

harvested product but actually entails a range of ES. In particular, we rely on the concept of 

ES to strike a balance between the productivity and other non-commodities delivered by the 

agro-ecosystem in order to be able to compare the environmental sustainability of agricultural 

products produced in conventional and organic farming systems. Therefore, we propose an 

allocation procedure based on ES to divide the environmental impact over the whole set of 

agricultural outputs (i.e. provisioning and other ES) delivered by agriculture. As first step, the 

capacity of the terrestrial agro-ecosystems to supply a particular ES is evaluated and scored 

according to the approach presented by Burkhard et al. (2012). Next, the allocation factors for 
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a conventional and organic farming system are developed, which are then applied on arable 

farming systems to compare the resource footprint of conventional and organic agricultural 

products (food, feed) retrieved from lifecycle databases.  

6.2 Material and Methods 

6.2.1 Ecosystem service scoring 

6.2.1.1 Selection of ecosystem services related to terrestrial agro-ecosystems 

ES, which indicate the benefits that humans can obtain directly or indirectly from ecosystems 

(Costanza et al., 1997), can be classified according to several classification systems. In this 

study, we rely on the recently updated Common International Classification of Ecosystem 

Services (CICES) compiled by the European Environment Agency (Haines-Young and 

Potschin, 2018). They classify ES into ‘provisioning’, ‘regulating and maintenance’ and 

‘cultural’ ES, referred to as ESprov, ESreg, and EScul, respectively. The most recent version is 

v.5.1, which encompasses both biotic and abiotic ES. CICES consists out of 90 class types 

referring to the detailed benefits humans can obtain from ecosystems. 

In the previous chapters, the focus was on soil quality being an important precondition for 

sustainable farming, regarded from the viewpoint of the main function of soils for productivity. 

As discussed in Chapter 1, the definition of soil quality is actually broader, and also refers to 

the function of soils in environmental quality and even in human health. Therefore, soil quality 

can be related to the capacity of soils to supply ES, such as fresh water regulation, but for 

instance also the maintenance of global ecosystem functions (Vidal-Legaz et al., 2017). The 

relationship between land use practices (LUPs) affecting soil quality and agricultural production 

(corresponding to ESprov), is clearly demonstrated in Chapters 3-5. However, soils can of 

course also provide and affect the supply of a range of ES beyond agricultural production as 

such. Consequently, soil threats and prevention and remediation measures will impact a broad 

range of ES (Schwilch et al., 2016). For instance, the remediation measures investigated in 

Chapter 3 can prevent erosion, and affect nitrogen fixation, biodiversity, or SOC accumulation. 

Farming system practices such as tillage, fertilization schemes, and crop rotation strongly 

influence the capacity of agro-ecosystems to provide ES, such as pollination, pest, weed and 

disease control, nitrogen fixation, prevention of soil erosion, all aspects that ensure the delivery 

of other ES and goods (Bai et al., 2018; Gomiero et al., 2011; Kremen and Miles, 2012). 

Consequently, the supply of ES is different for organic and for conventional systems. It is well 

established that the delivery of environmental benefits is higher for organic than conventional 

agriculture, as schematically shown in Figure 6-1 (Sandhu et al., 2010a). 
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Figure 6-1: Supply of ecosystem services by agriculture. Ecosystem services are classified according 

to CICES. Modified after Sandhu et al. (2010a). 

In this study, we only focus on biotic ES as the biotic provisioning role might be considered the 

main function of agricultural systems. Out of the list of CICES, a number of ESprov and ESreg 

relevant and appropriate to conventional and organic arable crop systems are selected 

(Table 6-2). The ESprov refer to the supply of cultivated terrestrial plants and the contribution to 

genetic diversity by agro-ecosystems. For the selection of ESreg, two main criteria are used. 

First, we included those ES that have an effect on critical aspects to ensure the provisioning 

of agricultural food and feed. Second, as emphasized by policy (e.g. the CAP), agriculture can 

play an important role in society with respect to the climate. Therefore, those ES belonging to 

the group ‘atmospheric composition and conditions’ are also selected. We have only included 

ESprov and ESreg, because EScul are strongly related to human values and behavior, and 

patterns of e.g. economic organization. Therefore, perceptions of EScul to be (and the extent 

to be) of benefit to humans differ more among people or communities than it is the case for 

ESprov and ESreg (MEA, 2005). Assessment of EScul is thus rather subjective (Burkhard et al., 

2012), and therefore not included in this study. For both conventional and organic agro-

ecosystem, the same ES are selected, to cover the largest group of ES relevant for both. The 

extent to which the ES are supplied will however be different for the two types of agro-

ecosystem (Figure 6-1). Table 6-2 presents an overview of the selected ES according to the 

CICES classification. 
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Table 6-2: Selected biotic ecosystem services (ES) related to arable conventional and organic agro-ecosystems. Next, also the capacity of the agro-ecosystem 

to supply provisioning (ESprov) and regulating and maintenance (ESreg) ES is indicated by values ranging from 0 to 5, going from no relevant capacity to very 

high relevant capacity, respectively. Scoring is based on expert knowledge and literature review (Appendix E1) 

Section Division Group Class Code Example 
Conven
tional 

Organic 

Provisioning  

Biomass 
Cultivated terrestrial 
plants for nutrition, 
materials or energy 

Cultivated terrestrial plants (including fungi, 
algae) grown for nutritional purposes 

1.1.1.1 Cereals 5 3 

Fibers and other materials from cultivated 
plants, fungi, … for direct use or processing  

1.1.1.2 Flax 5 3 

Cultivated plants (including fungi, algae) 
grown as a source of energy 

1.1.1.3 Miscanthus 2 1 

Genetic 
material 
from all 
biota 

Genetic material from 
plants, algae or fungi 

Seeds, spores and other plant materials 
collected for maintaining or establishing a 
population 

1.2.1.1 Seed collection 2 4 

Regulating 
and 

maintenance  

Regulation 
of physical, 
chemical, 
biological 
conditions 

Regulation of baseline 
flows and extreme events 

Control of erosion rates  2.2.1.1 The capacity of vegetation to 
prevent or reduce the incidence 
of soil erosion 

0 1 

Hydrological cycle and water flow regulation 2.2.1.3 The capacity of vegetation to 
retain water and release it slowly 

2 2 

Lifecycle maintenance, 
habitat and gene pool 

protection 

Pollination 2.2.2.1 Providing a habitat for native 
pollinators 

2 3 

Maintaining nursery populations and habitats 
(Including gene pool protection) 

2.2.2.3 Providing nursery habitats 2 4 

Pest and disease control 

Pest control (including invasive species) 2.2.3.1 Providing a habitat for native pest 
control agents 

2 4 

Disease control Atmospheric composition and 
conditions 

2.2.3.2 Presence of native disease 
control agents 

2 4 

Regulation of soil quality 
 

Weathering processes and their effect on soil 
quality 

2.2.4.1 Inorganic nutrient release in 
cultivated fields 

2 4 

Decomposition and fixing processes and their 
effect on soil quality 

2.2.4.2 Decomposition of plant residue 2 4 

Atmospheric composition 
and conditions 

Regulation of chemical composition of 
atmosphere and oceans 

2.2.6.1 Sequestration of carbon in 
biomass and soil 

1 2 

Regulation of temperature and humidity, 
including ventilation and transpiration 

2.2.6.2 Evaporative cooling 1 1 
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6.2.1.2 Assigning scores to ecosystem services 

The number of ES and the extent to which a particular area can supply ES are influenced by 

human interventions (e.g. human induced land cover, land use practices, impact of human 

activities on climate change). In this study, we use the approach presented by Burkhard et al. 

(2012). They evaluate several land cover classes according to their capacity to deliver a 

specific bundle of ES within a given time period. Therefore, Burkhard et al. (2012) propose a 

scale ranging from 0 to 5. Going in increasing order, the numbers correspond respectively to 

“no relevant capacity to supply the selected ES”, “low relevant capacity”, “relevant capacity”, 

“medium relevant capacity”, “high relevant capacity”, and “very high relevant capacity”. The 

distinguished land cover classes correspond to those suggested by the EU program CORINE 

in which 44 land cover classes are grouped into five main categories: artificial areas, 

agricultural areas, forests and semi-natural areas, wetlands, and water bodies (EEA, 1994). 

The values assigned to each combination of land cover class and ES are mainly derived by 

the authors as hypotheses of the potential capacity to deliver ES, based on experience from 

several case studies conducted in Europe (Appendix E1, Table E1-1) (Burkhard et al., 2012).  

In this chapter, an approach analogous to that of Burkhard et al. (2012) is used to evaluate the 

conventional and organic arable agro-ecosystems regarding their capacity to deliver ES. When 

possible, the scores of Burkhard et al. (2012) are adopted. However, Burkhard et al. (2012) 

rely on the MEA classification for ES (while in this chapter, we use the CICES classification), 

and, the CORINE classification does not make a distinction between organic and conventional 

farming, so more values were required. Supplemental scoring is based on elaborated case 

studies related to the delivery of ES by conventional and organic farming systems (Kremen 

and Miles, 2012; Lorenz and Lal, 2016; National Research Council, 2010; Reganold and 

Wachter, 2016; Sandhu et al., 2015, 2010a; 2007; Schader et al., 2012), after which the scores 

are verified by ES experts from national and international institutes (ILVO, personal 

communication, JRC, personal communication). The final scores are presented in Table 6-2 

and in Appendix E1, Table E1-2 (with indication of references).  

These scores refer to regular conventional and organic agro-ecosystems. However, a high 

degree of variability exists within both conventional or organic systems. For instance when 

aiming towards more sustainable farm practices, decisions regarding implementation of semi-

natural elements such as vegetated field margins or hedgerows can be taken. Next, farmers 

need to make a range of choices regarding amongst others fertilization, or crop rotation. This 

will all influence the capacity to supply ES, and, consequently, the scores in Table 6-2. 

Therefore, per case study, the values are critically examined. 
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6.2.2 Case studies 

6.2.2.1 Selection of products 

We compare the environmental impact of products of which production data are available for 

both, conventional and organic farming. Agricultural food products produced by both 

conventional and organic systems, are e.g. available in the LCI databases Ecoinvent (Swiss 

Centre for Life Cycle Inventories, 2015b) and Agribalyse (INRA, 2018; Koch and Salou, 2013). 

A selection of products is made (Table 6-3). In Ecoinvent, Swiss or global yield averages are 

available; we used the Swiss products as reference. Agribalyse is a French LCI database for 

which average yield data over several regions in France are used. The motivation for the 

selection as well as background information related to data collection are presented in 

Appendix E2.  

Table 6-3: Selected arable products of the databases Ecoinvent and Agribalyse with corresponding 

yield under conventional and organic farming practices, Ycon and Yorg, respectively 

Product 

Yield under 
conventional farming 

(Ycon)  
(kg DM ha-1) 

Yield under organic 
farming (Yorg)  
(kg DM ha-1) 

Ratio  
Yorg/Ycon (%) 

Database 

Barley grain 5804 3530 61 Ecoinvent 

Carrot 7752 5100 66 Agribalyse 

Faba bean 4411 2175 49 Agribalyse 

Maize grain 8011 6688 83 Ecoinvent 

Maize silage 17208 13766 80 Ecoinvent 

Potato 9020 5040 56 Ecoinvent 

Protein pea 3341 2648 79 Ecoinvent 

Rape seed 2739 1780 65 Ecoinvent 

Rye grain 6409 3546 55 Ecoinvent 

Triticale grain 4420 2550 58 Agribalyse 

Wheat grain 5461 3459 63 Ecoinvent 

 

The yield data in Table 6-3 are generic and represent an average over several years 

(Appendix E2), but they can differ from Flemish data. The choice to retrieve data from life cycle 

inventory databases in this study is twofold. First, compiling a data inventory is very time-

consuming. In addition, the purpose of this Chapter is rather to present a conceptual framework 

than the collection of Flemish data for these crops. Second, the selection of ES as well as the 

scores assigned to them, are carried out from the viewpoint to represent regular conventional 

and organic agro-ecosystems, in general. Furthermore, the values adopted from Burkhard et 

al. (2012) are based on Western-Europe case studies and do not represent any specific 

situation. The production processes in the life cycle inventory databases are meant to 

represent general farms. So both the data inventory and scores of ES are characterized by the 
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same level of detail. It is therefore important to keep in mind that if selecting and scoring of ES 

is performed for a specific case study, also the data inventory (including yield) need to be 

changed accordingly in order to calculate the environmental impact. 

6.2.2.2 Life cycle impact assessment method 

To account for the resource footprint of the production of food products, the CEENE method is 

used (Chapter 1) (Alvarenga et al., 2013b; Dewulf et al., 2007).  

6.3 Results and discussion 

6.3.1 Methodological development to calculate an ecosystem services 

allocated resource footprint 

The inputs related to farm management practices do not only result in the provisioning of the 

harvested product, but also contribute to the delivery of a range of other ES. Consequently, 

the environmental impact should not be fully allocated to the harvested product, which is, 

however, mostly done in agricultural LCAs when expressing the impact per product unit. In 

contrast, the environmental impact must be allocated among all outputs delivered by the agro-

ecosystem.  

In this study, we distinguish two groups over which the impact should be allocated: on the one 

hand, the supplied ESprov, and on the other hand, the ESreg. Therefore, we need to compute 

allocation factors that indicate the fraction of the impact that is assigned to ESprov (fprov,con and 

fprov,org for a conventional and organic system, respectively). Consequently, the rest of the 

environmental impact is allocated to ESreg, indicated by the allocation factors freg,con 

(conventional system) and freg,org (organic system). This relationship is indicated by Eqs. 6-1 

and 6-2. The allocation approach is schematically represented in Figure 6-2. 

𝑓𝑝𝑟𝑜𝑣,𝑐𝑜𝑛 + 𝑓𝑟𝑒𝑔,𝑐𝑜𝑛 = 1 (6-1) 

 

𝑓𝑝𝑟𝑜𝑣,𝑜𝑟𝑔 + 𝑓𝑟𝑒𝑔,𝑜𝑟𝑔 = 1 (6-2) 
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Figure 6-2: Visualization of the allocation of the environmental impact to the output of an agro-

ecosystem. The input includes provisioning (ESprov) and regulating and maintenance (ESreg) ecosystem 

services. A: allocation as traditionally applied in agricultural LCAs. B: new allocation approach for a 

conventional and an organic agro-ecosystem. The thickness of the arrows represents the share of the 

environmental burdens allocated to the products. fprov,con and freg,con are the allocation factors indicating 

the fraction of the environmental burden allocated to ESprov and ESreg, respectively, for a conventional 

system. Analogous, fprov,org and freg,org are the allocation factors for the organic system. 

6.3.1.1 Calculation of allocation factors 

In this study, we propose to allocate the environmental impact according to the capacity of an 

agro-ecosystem to deliver ESprov and ESreg. Because the capacity to supply ESprov and ESreg is 

different for a conventional and organic system (Figure 6-1), the allocation factors will also be 

dissimilar, although the same procedure to compute the allocation factors is applied. First, 

relying on the scores assigned to the selected ESprov and ESreg (Table 6-2), we compute the 

average capacity to deliver ESprov, called (capacity to supply ESprov)av, for a conventional and 

organic system by Eqs. 6-3 and 6-4, respectively. nprov refers to the number of ESprov selected 

in this chapter, corresponding to 4 for both the conventional and organic system.  

(𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑡𝑜 𝑠𝑢𝑝𝑝𝑙𝑦 𝐸𝑆𝑝𝑟𝑜𝑣)𝑎𝑣,𝑐𝑜𝑛 =
(∑ 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑡𝑜 𝑠𝑢𝑝𝑝𝑙𝑦 𝐸𝑆𝑝𝑟𝑜𝑣 )

𝑐𝑜𝑛

𝑛𝑝𝑟𝑜𝑣,𝑐𝑜𝑛
 (6-3) 

 

(𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑡𝑜 𝑠𝑢𝑝𝑝𝑙𝑦 𝐸𝑆𝑝𝑟𝑜𝑣)𝑎𝑣,𝑜𝑟𝑔 =
(∑ 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑡𝑜 𝑠𝑢𝑝𝑝𝑙𝑦 𝐸𝑆𝑝𝑟𝑜𝑣 )

𝑜𝑟𝑔

𝑛𝑝𝑟𝑜𝑣,𝑜𝑟𝑔
 (6-4) 
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Analogous to Eqs. 6-3 and 6-4, the average capacity to supply ESreg ((capacity to supply 

ESreg)av) is calculated relying on the total capacity to supply ESreg and nreg (i.e. the number of 

ESreg included in the assessment).  

Then, the allocation factor indicating the fraction of the environmental burden assigned to the 

ESprov for a conventional systems (fprov,con) is calculated by Eq. 6-5.  

𝑓𝑝𝑟𝑜𝑣,𝑐𝑜𝑛 =
(𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑡𝑜 𝑠𝑢𝑝𝑝𝑙𝑦 𝐸𝑆𝑝𝑟𝑜𝑣 )𝑎𝑣,𝑐𝑜𝑛

(𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑡𝑜 𝑠𝑢𝑝𝑝𝑙𝑦 𝐸𝑆𝑝𝑟𝑜𝑣)𝑎𝑣,𝑐𝑜𝑛 + (𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑡𝑜 𝑠𝑢𝑝𝑝𝑙𝑦 𝐸𝑆𝑟𝑒𝑔)𝑎𝑣,𝑐𝑜𝑛
 (6-5) 

 

Analogous, the allocation factor fprov,org for the ESprov regarding an organic system can be 

calculated by Eq. 6-6. 

𝑓𝑝𝑟𝑜𝑣,𝑜𝑟𝑔 =
(𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑡𝑜 𝑠𝑢𝑝𝑝𝑙𝑦 𝐸𝑆𝑝𝑟𝑜𝑣 )𝑎𝑣,𝑜𝑟𝑔

(𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑡𝑜 𝑠𝑢𝑝𝑝𝑙𝑦 𝐸𝑆𝑝𝑟𝑜𝑣 )𝑎𝑣,𝑜𝑟𝑔 + (𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑡𝑜 𝑠𝑢𝑝𝑝𝑙𝑦 𝐸𝑆𝑟𝑒𝑔)𝑎𝑣,𝑜𝑟𝑔
 (6-6) 

 

Based on Eqs. 6-1 and 6-2, freg,con and freg,org, respectively, are then calculated. 

Applying Eqs. 6-3 and 6-5, fprov,con and freg,con equal 0.69 and 0.31, respectively. For the organic 

system we rely on Eqs. 6-4 and 6-6; the allocation factors amount 0.49 and 0.51 for fprov,org and 

freg,org, respectively. So for a conventional system, two third of the input should be allocated to 

the ESprov, being of main importance for a conventional farming system. In contrast, for an 

organic system, more than half of the inputs should be assigned to ESreg, reflecting that the 

focus of organic farming is to deliver a range of ESreg as well. The values are summarized in 

Table 6-4. 

Table 6-4: Allocation factors fprov and freg for conventional and organic farming systems and intermediate 

results. fprov and freg indicate the share of the environmental impact that needs to be assigned to 

provisioning (ESprov) and regulating and maintenance (ESreg) ecosystem services, respectively 

  conventional organic 

ESprov 

nprov 4 4 

∑(capacity to supply ESprov) 14 11 

(capacity to supply ESprov)av 3.50 2.75 

ESreg 

nreg 10 10 

∑ (capacity to supply ESreg) 16 29 

(capacity to supply ESreg)av 1.60 2.90 

Allocation factors 
fprov 0.69 0.49 

freg 0.31 0.51 
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6.3.1.2 Calculation of the resource footprint 

In this chapter, we calculate the resource footprint (RF) to assess the resource consumption 

related to the production of agricultural products. Relying on the allocation approach according 

to the ES theory, the new (allocated) RF (RFa) of one agricultural product unit corresponds to 

the environmental impact assigned to ESprov and is calculated by Eq. 6-7 regarding a 

conventional system and Eq. 6-8 for an organic system. RFcon and RForg refer to the RF of a 

product without allocation between ESprov and ESreg. 

𝑅𝐹𝑎,𝑐𝑜𝑛 = 𝑅𝐹𝑐𝑜𝑛 ∙ 𝑓𝑝𝑟𝑜𝑣,𝑐𝑜𝑛 (6-7) 

 

𝑅𝐹𝑎,𝑜𝑟𝑔 = 𝑅𝐹𝑜𝑟𝑔 ∙ 𝑓𝑝𝑟𝑜𝑣,𝑜𝑟𝑔  (6-8) 

6.3.2 Allocated resource footprint  

In this chapter, we determine the RF by the LCIA methodology CEENE. The resource footprint 

is expressed per kg dry matter (DM). For almost all crops discussed in this study, the standard 

RF (i.e. 100% allocation to the product) is higher for one kg of product produced by organic 

farming practices compared to production by conventional practices (Table 6-5). For instance, 

one kg DM of barley entails a resource consumption of 41.5 MJex under conventional farming, 

compared to 63.9 MJex under organic farming (Table 6-5), due to the lower Yorg than Ycon 

(Table 6-3). When applying Eq. 6-7 to obtain the allocated RF, RFcon is multiplied with 0.69 

(fprov,con); the RF is thus reduced by 31% and only amounts 28.5 MJex (kg DM)-1. In the case of 

organic farming, the RFa,org equals 31.1 MJex (kg DM)-1. The allocation approach according to 

the ES concept contributes to a more balanced way to compare the RF related to conventional 

and organic barley production, as we now only account for the environmental impact that is 

related to the provisioning function of the agro-ecosystem. Even when allocation is performed, 

a higher RF is recorded for the organic product, but the difference in environmental impact 

between organic and conventional becomes smaller. The ratio of the RF of organic to 

conventional farming decreased from 154 to 109% (Table 6-5).  

Because fprov,org is lower than fprov,con, a higher reduction of the RF of organic products can be 

noticed. Consequently, the ratio of the RFa,org over RFa,con, which gives an indication of the 

difference between RF of conventional and organic products, is smaller than the ratio of RForg 

over RFcon. The smallest differences in RF between organic and conventional cultivation are 

noticed for carrot (RForg 19% lower than RFcon) and potato (RForg 6% higher than RFcon). In 

general, the difference between RFa,org and RFa,con is for most products rather small, even for 7 

out of 11 products less than 20% (Table 6-5). Through ES based allocation, we can deduce 

that the difference in environmental impact of conventional and organic products is actually 
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smaller than generally accepted. However, the allocation procedure does not result in the 

conclusion that organic farming is always favored in terms of environmental sustainability. The 

standard (unallocated) RF is lower for almost all crops cultivated under conventional farming 

than when organically produced. However, the RFa is for almost half of the crops lower when 

produced by organic instead of conventional practices (Table 6-5). So although for many crops 

less inputs of agro-chemicals and fuel are associated with organic farming practices, the RFa 

is not for all cases lower for organic practices, which emphasizes the important effect of the 

yield on the impact results and the importance of efficient use of land resource when assessing 

the environmental sustainability. 

Table 6-5: Resource footprint of conventional (RFcon) and organic systems (RForg) and allocated RF 

when applying allocation based on ecosystem service scoring (RFa,con and RFa,org for conventional and 

organic system, respectively). The green colored numbers correspond to the lowest resource footprint 

(conventionally or organically produced product) 

 
Environmental impact fully allocated 

to the harvested products 
Environmental impact allocated to the 

supplied provisioning ecosystem 
services 

Product 
RFcon  
(MJex  

(kg DM) -1) 

RForg  

(MJex  
(kg DM) -1) 

Ratio 
RForg/RFcon 

(%) 

RFa,con 
(MJex  

(kg DM) -1) 

RFa,org 

(MJex  
(kg DM) -1) 

Ratio 
RFa,org/RFa,con 

(%) 

Barley grain 41.5 63.9 154 28.5 31.1 109 

Carrot 51.7 41.7 81 35.0 20.0 57 

Faba bean 54.8 118.3 216 37.6 57.6 153 

Maize grain 41.6 51.7 124 28.6 25.2 88 

Maize silage 17.9 21.8 121 12.5 10.7 86 

Potato 65.5 69.5 106 45.0 33.6 75 

Protein pea 81.3 103.3 127 55.7 50.3 90 

Rape seed 92.6 131.8 142 63.5 64.2 101 

Rye grain 33.9 57.3 169 23.3 27.9 120 

Triticale grain 54.0 100.1 185 37.1 48.7 131 

Wheat grain 44.6 65.6 147 30.6 32.0 104 

 

Because fprov,org is lower than fprov,con, a higher reduction of the RF of organic products can be 

noticed. Consequently, the ratio of the RFa,org over RFa,con, which gives an indication of the 

difference between RF of conventional and organic products, is smaller than the ratio of RForg 

over RFcon. The smallest differences in RF between organic and conventional cultivation are 

noticed for carrot (RForg 19% lower than RFcon) and potato (RForg 6% higher than RFcon). In 

general, the difference between RFa,org and RFa,con is for most products rather small, even for 7 

out of 11 products less than 20% (Table 6-5). Through ES based allocation, we can deduce 

that the difference in environmental impact of conventional and organic products is actually 

smaller than generally accepted. However, the allocation procedure does not result in the 

conclusion that organic farming is always favored in terms of environmental sustainability. The 
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standard (unallocated) RF is lower for almost all crops cultivated under conventional farming 

than when organically produced. However, the RFa is for almost half of the crops lower when 

produced by organic instead of conventional practices (Table 6-5). So although for many crops 

less inputs of agro-chemicals and fuel are associated with organic farming practices, the RFa 

is not for all cases lower for organic practices, which emphasizes the important effect of the 

yield on the impact results and the importance of efficient use of land resource when assessing 

the environmental sustainability. 

Despite the fact that the allocation factors weigh the RF in terms of ES and will reduce the 

RForg more than RFcon, cereals under conventional agriculture are preferable to organic cereals 

(except maize) regarding RFa (Table 6-5). Whereas the resource consumption per area is quite 

similar for those cereals (Table E3-1), the lower yields obtained under organic practices (up to 

45% lower) strongly affect the impact results (Table 6-3). In other words: the additional ESreg 

provided by organically growing cereals do not outbalance the lower yield. An increase of Yorg 

or a reduction of RForg for these cereals would be required to balance the impact results. For 

maize and peas, the differences in RFa for conventional and organic production are small. 

While, analogous to the case of the cereals, the resource consumption per area is quite similar 

for maize and peas produced under conventional and organic agriculture (Table E3-1), the 

differences between Yorg and Ycon are only about 20% (Table 6-3), the minimum observed 

difference of the considered crops. Because the yield is only slightly higher for conventional 

farming, it does not cancel out the additional ESreg provided by the organic system, and thus 

the lowest RFa are reported for organically produced maize and peas. More pronounced are 

the results for carrots and potato. Organically grown carrots have a lower RF than 

conventionally produced carrots, thanks to the greatly reduced resource consumption 

associated with organic cultivation (Table E3-1), which diminishes the effect of a lower Yorg 

compared to Ycon on the RF. Obviously, applying allocation results in a more pronounced 

environmental performance in favor of organic carrots. Also for potato a large difference 

between Yorg and Ycon can be reported, i.e. Yorg is 44% lower than Ycon, but (similar to carrots) 

this has been outweighed by the large difference in resource consumption per cultivated area 

(Table E3-1), which contributes to having the lowest RFa under organic farming. 

6.3.3 A closer look at the allocation approach 

6.3.3.1 A range of choices affecting the allocation factors 

The allocation factors presented here are a first attempt to make a more complete comparison 

of the environmental sustainability of organic and conventional production systems. The 

developed procedure, however, required some choices and assumptions.  
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First, we have made a general selection of ES related to agro-ecosystems. However, the 

number of selected ES (nprov and nreg) might be different when focusing on a particular case 

study about which more specific information regarding farm practices is available. Certain 

practices or decisions (e.g. greening measures) will vary (the focus of) the range of ES supplied 

by the farm system.  

Per case study, the number of selected ES might vary, but it is important to include the same 

ES (and thus the same number of ES) for organic and conventional farming in the comparison. 

Current agricultural LCAs generally evaluate the impact of the harvested product. In this 

research, however, we compare the environmental sustainability of 1 kg product, including the 

harvested product as well as other relevant ESprov. To ensure that we make a unbiased 

comparison of the environmental sustainability of the product produced under conventional 

and organic agriculture, the same basket of products must thus be considered. 

As discussed, the product in the case of allocation refers to all ESprov. Most of the ESprov 

selected in this study belong to the CICES division ‘biomass’, which gets a higher score for the 

conventional farming system, but one ES assigned to the division ‘genetic material from all 

biota’ is also included (Table 6-2). Because this ES gets a higher score for the organic than for 

the conventional system, the sum of the scores given to ESprov becomes more balanced for 

both systems. Including both CICES divisions in our assessment is supported by the LCA 

viewpoint. The AoP natural resources includes biotic and abiotic resources. According to 

Taelman et al. (2016), LCIA methods evaluating the impact of land use on biotic resources can 

be classified into methods accounting for a change in (1) biomass or (2) genetic resources, 

thus corresponding with the two divisions distinguished by CICES regarding the biotic ESprov.  

Finally, also the relative 0-5 scoring procedure retrieved from Burkhard et al. (2012) can have 

a large impact on the value of the allocation factors. If possible, we have adopted the scores 

from that study (Table E1-2). As the scores related to the organic system were missing, we 

needed to add them. So the scoring used in this work can be debated as it depends on the 

information considered by Burkhard et al. (2012) to define the scores for the conventional 

system, and on the experience and knowledge of the experts consulted to assign scores to the 

organic system. Therefore, it needs corroboration with e.g. an international expert panel before 

it may be considered in e.g. policy making. The consultation of a broad expert panel would 

allow to make a second table collecting the variability on the scores. This would make it 

possible to estimate the uncertainty of the results. 

It should be kept in mind that the main goal of this chapter is to offer and test a methodology 

to account for ES in LCA in order to comprehensively compare the environmental sustainability 

of crops produced by conventional or organic farming. At first sight, the applied approach 
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including a thorough literature review and expert judgement, seems to be adequate to define 

the scores needed in this research. For any particular case study, even when the same ES are 

selected, these values should always be checked critically and, if needed, adapted. Indeed, 

some measures or choices of farmers might change the capacity of the ecosystem to supply 

ES.  

6.3.3.2 Broaden the applicability  

In this study, we put the focus on arable crops. However, the concept could also be applied to 

grassland and permanent crops. This might involve a different number of ES, and a new 

scoring of the ES would be required. 

Furthermore, in this study, only ESprov and ESreg are addressed, assuming EScul being of minor 

importance and challenging to score. But for specific agro-ecosystems, also EScul could be of 

high relevance for humans. The environmental burden should then be allocated to ESprov, ESreg 

and EScul. This would imply a recalculation of the factors fprov and freg, and fcul (i.e. allocation 

factor indicating the share of environmental impact that need to be assigned to the EScul) 

should then be calculated. Consequently, the share of ESprov would even further decrease. The 

approach in this study (excluding EScul) can thus be considered as representing the 

conservative approach. Scoring of EScul is however more difficult as it is often subjective and 

less scientific research is available compromising a good choice of score values. 

6.3.3.3 Exploring other options to calculate the allocation factors 

In this study, we rely on the average capacity to deliver ESprov and ESreg in the allocation 

approach. In this sense, an equal weight is attached to ESprov and ESreg (both can get a 

maximum score of 5). Another option could be to use the ratio of the total capacity to supply 

ESprov and the total capacity of ES delivered in order to compute fprov. Clearly, nreg is higher 

than nprov. Consequently, more weight is attached to the ESreg. This would be reflected in the 

results: fprov,con would equal 0.47 and fprov,org only 0.28 (Table E4-1). Consequently, for almost 

all crops, the lowest RFa is then reported for organically produced crops (Table E4-2). On the 

one hand, one could argue that the priorities are then clearly reflected in the allocation factors, 

but, on the other hand, the availability of ESreg in CICES which can be associated with plant 

production systems, is higher than the number of biotic ESprov relevant in the agricultural 

context. In addition, the number and the selection of ES depend on the choices made by the 

LCA practitioner.  

A second option could be to give a weight to the bundle of ESprov and ESreg, instead of using 

the averages. For instance, the share of ESprov to the total bundle of ES could be used as 

weighting factor. Or, this weighting factor could also be defined arbitrary, e.g. a weight of 0.6 

could be assigned to ESprov and thus 0.4 for ESreg, estimating ESprov of higher importance for 
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agricultural production systems. Further research is needed to investigate the reliability of 

these options. 

Another option for allocation could be to rely on the monetary value of ES instead of using the 

ES assessment approach of Burkhard et al. (2012). Cao et al. (2015) use monetary values to 

evaluate land use impacts on ES. The economic value corresponds to the economic costs to 

society to compensate for the loss in the ES provided. These authors rely on six existing 

biophysical impact indicators from soil ecological functions (e.g. biotic production potential 

(Brandão and Milà I Canals, 2013) and fresh water regulation potential (Saad et al., 2013)), 

which are then converted into economic valuation of ES loss. The advantage is that all ES are 

expressed in one single unit (Cao et al., 2015), as in the approach of Burkhard et al. (2012). 

The main difficulty is that no indicators are yet available for many ES. Thus, applying this 

methodology for the broad range of ES related to agro-ecosystems, as investigated in this 

study, is not yet possible. 

A valuable alternative option to the scoring approach of Burkhard et al. (2012), could be the 

use of response ratios used in meta-analyses. A response ratio is the ratio of the mean 

outcome to the one of the reference and indicates the effect size. These are not dependent on 

the opinion of experts but based on scientific measurements. For instance, response ratios for 

organic and conventional yield, or response ratios regarding the impact of organic farming on 

biodiversity can be found in literature (Ponisio et al., 2014; Tuck et al., 2014). However, up to 

now, the number of response ratios found for ES delivered by organic and conventional farming 

is limited. Furthermore, while it is emphasized throughout this chapter that local data should 

be applied when available, and that the scores assigned to the ES should then be adapted 

accordingly, this would not be possible when applying response ratios. Next, the calculation of 

the allocation factors should be reconsidered, because a response ratio is not necessarily a 

value between 0 and 1. Adding the scores as such, would favor some ES that have larger 

values, giving them a higher weight. First, a good overview of all response ratios available 

should be given, then, the potential to use response ratios to calculate allocation factors could 

be further investigated. 

6.3.4  The allocation approach in the life cycle assessment context 

According to the ISO standards, system expansion is preferred above allocation (ISO, 2006b). 

Other researchers debate this and state that the choice is being dependent on the situation 

(Zamagni et al., 2008). In the context of this study, it might not be easy to apply system 

expansion. One could suggest to add a certain area that can deliver the missing ES or yield. 

But the additional area to provide e.g. the missing yield will immediately deliver other ES as 

well. The supply of these ES will probably not exactly match the expectations (what and how 
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much). So it will be difficult to obtain a comparable basket of products. Another option for 

system expansion could be to focus on the supply of ES. For instance, to improve the supply 

of the ES regarding soil quality, extra compost could be added. However, it might be 

complicated to define for each ES a particular method to improve the supply of ES. And again, 

this might influence other ES as well, influencing the basket of products.  

Regarding the allocation factors, they rely on the potential of agro-ecosystems to supply ES. 

While typical allocation factors in LCA are calculated from the effective outputs in LCA, the 

allocation factors proposed in this chapter are only indirectly based on the outputs of the agro-

ecosystem. More particularly, they are not based on quantitative data. In contrast, scores are 

assigned to the potential to deliver ES. These scores allow to express all outputs of the agro-

ecosystem in one common unit. Next, these scores represent the outputs of the agro-

ecosystem. For specific case studies, these scores might be adapted, and consequently, the 

allocation factors will change as well.  

ES assessment and LCA are clearly linked. While LCA will focus on the damage to the 

ecosystems by changing the supply of ES due to human interventions (negative effect), ES 

assessment presents the positive service delivered by ecosystems (positive impact). For 

several impact categories and ES, the same aspect is discussed, e.g. erosion, carbon 

sequestration. In the last decade, the importance to integrate ES in LCA has been 

acknowledged and is also emphasized by the UNEP-SETAC Life Cycle Initiative. In this 

context, guidelines to account for the impact of land use on biodiversity and ecosystem 

services are presented by Köllner et al. (2013). They propose a cause-effect chain in which 

biodiversity damage potential and ecosystem services damage potential are distinguished as 

main impacts (endpoint). The latter is based on the structure of the Millenium Ecosystem 

Assessment classification and is linked to the impacts of land use to the following ES and 

corresponding impact categories: potential to produce biomass (biotic production potential), 

the impact on climate by influencing the carbon sequestration (Climate Regulation Potential); 

the impacts on water quantity and quality (freshwater regulation and water purification 

potential), and the impacts on soil quantity and quality (erosion regulation potential). The 

ecosystem service damage potential depends then on the difference in quality between the 

system under study and a reference. CFs have been elaborated in Saad et al. (2013). They 

are clearly aiming to calculate the impact of land use on the potential to supply an ES. Köllner 

et al. (2013) mention that the list of impact categories considered can be extended, because 

up to now, only a limited number of impact categories are considered. A clear advantage of 

this approach is the fact that the impact on the included ES is studied in detail and is 

quantitatively determined. This method is undoubtedly different from the method presented in 

this chapter. Here, the focus is on the potential of ecosystems to supply ES. Therefore, ES are 
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considered as (co-)products. This method does not allow to quantitatively define the impact of 

land use on the ES. Instead, scores are assigned to the ES based on expert opinions. One 

advantage of the method presented here is that it allows to include a broad range of ES, which 

is not yet possible for the method of Köllner et al. (2013). In addition, not only the impact of 

land use but also of other farm management decisions are considered in this assessment. So, 

here the focus is to address the multifunctional role of agriculture by a broad overview and 

qualitative estimation, while the approach suggested by Köllner et al. (2013) is more focussed 

on a quantitative estimation for specific ES. 

6.4 Conclusions 

In this chapter, we address the shortcoming that the multifunctional role of agricultural systems 

is often not integrated in LCA. This results in contra-intuitive results when comparing the 

environmental sustainability of organic and conventional agro-ecosystems. Often, a lower 

environmental burden is found for organic products when LCA results are considered per area 

and per year basis. However, lower yields are generally reported for organic farming systems. 

Hence, when evaluating the impact per product unit (e.g. per kg product), the highest impacts 

are then assigned to organically produced products. However, the product provided by an 

agricultural system is more than the harvested product, and includes actually a bundle of ES. 

In this study, we propose allocation factors based on the capacity to supply ES to assign the 

environmental impact to both the produced ESprov and the ESreg. By doing so, we stress the 

multifunctional role of agriculture and acknowledge the efforts made by farmers that not only 

aim to increase the productivity but are conducted in the context of environmental sustainability 

(e.g. practices to maintain a good soil quality). Therefore, the environmental impact should not 

only be allocated to the harvested product but to all ES supplied. 

In this study, allocation factors are developed for arable land crops but they can easily be 

determined for permanent grassland and permanent crops. Ideally, guidance on how the 

scores would change when implementing nature-oriented measures or applying 

environmentally sound practices, should be developed, as this will affect the supply of ES. 

Further research is also needed about how ES can be weighted in relation to each other. 

However, this research is a good basis to further integrate the multifunctional role of agriculture 

in environmental sustainability assessments, and to demonstrate the value of LCAs to highlight 

efforts towards sustainable agriculture.  



 

 



   

 
 

 
 
 
 

 

CHAPTER 7 
 

 

 

 

 

 

 

 

 

 

 

GENERAL DISCUSSION AND PERSPECTIVES 



   

-164- 
 

CHAPTER 7:  GENERAL DISCUSSION AND PERSPECTIVES 

__________________________________________________________________________________ 

Throughout this PhD thesis, we gained a better understanding of a few challenges agricultural 

LCAs have to deal with and we proposed methodologies to face some of these challenges. 

This final chapter starts with a brief summary of the results obtained. Then we present 

perspectives for future research regarding agricultural LCAs. One focus is on a more 

comprehensive evaluation of the impact of LUPs on soil quality and productivity. To do so, we 

list recommendations and limitations towards the development of a more comprehensive LCIA 

soil quality indicator. Another focus is on the methods introduced in this PhD thesis regarding 

the evaluation of soil quality under the AoP natural resources: these methods are critically 

examined and opportunities to improve or enlarge their applicability are discussed. A last focus 

is on further perspectives regarding the integration of ES in LCA. To conclude, this work is 

situated into a broader perspective: on the one hand, agriculture as part of the global 

ecosystem, and on the other hand, the cohesion between policy and agriculture.  

7.1  Main results of this PhD thesis 

LCA can play an important role in the transition towards more sustainable agricultural 

practices. However, due to typical characteristics of the agricultural sector and the historical 

background of LCA, there are still some difficulties or gaps to conduct a comprehensive 

agricultural LCA (Chapter 1). Throughout the chapters of this PhD thesis, three objectives 

were addressed, each corresponding to a challenge and/or shortcoming of agricultural 

LCAs today. The main findings and results are summarized per objective in Table 7-1. 

Regarding the first objective (Chapter 2), i.e. gaining insight into spatial and temporal 

variability, we can conclude that the use of local data will give more representative results. 

This conclusion is based on a case study on grain maize production. The comparison between 

the environmental footprint of grain maize production using data from Flanders and using a 

generically applied dataset shows the necessity to compile a local data inventory. Next, four 

types of drivers for variability are distinguished, which allows us to get insight into the main 

aspects causing variability and the extent to which they affect the LCA results. For each 

driver, both an emission and resource based LCA are conducted. The results endorse the 

importance of performing both types of LCA to avoid burden shifting and to get a more 

complete view on the environmental footprint of an agricultural production system. In addition, 

we conclude that before specific recommendations can be made (e.g. regarding farm 
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management), investigation of alternative models regarding P emissions and evaluation of the 

impact of farm management on soil quality are needed. 

Regarding the second objective, accounting for the impact of LUPs on long-term productivity, 

the focus is put on SOC as important feature of soil quality. First, a framework to describe the 

evolution of SOC stock due to farm management is built (Chapter 3). Based on modeling, the 

time needed to replenish the SOC stock by several remediation strategies, until a threshold 

is reached, can be defined. Relying on this framework, a natural resource balance indicator 

(ABB_SOC) is introduced, which estimates whether improving the SOC stock by 

appropriate remediation measures is beneficial in terms of resource consumption (i.e. 

the resource consumption is compared to the potential yield improvement). The use of exergy 

allows to express the results in units which are independent of time and region. We show that 

the benefits offset the effort required to remediate SOC levels, but that results depend on 

the applied remediation actions. To ensure the long-term ability of agricultural soils to 

provide biomass resources (a precondition of agricultural sustainability), the SOC level should 

be maintained. To account for this in LCA, a cause-effect chain that depicts the provisioning 

role has been elaborated (Chapter 4). Three interdependent LCIA indicators are introduced, 

which, for the first time, allow quantifying the effect of LUPs on soil quality and 

productivity and evaluate their effect at mid- and endpoint level with respect to potential 

damage to the AoP natural resources. The baseline against which LUPs is compared is 

sustainable intensification (optimizing yield while minimizing adverse environmental impacts), 

which represents an attainable, non-hypothetical target. Based on modeling, CFs are 

developed for Flanders. The LCIA indicators have been applied in Chapter 5 to investigate to 

which extent policy affected or can affect the long-term resource productivity and 

resource footprint by comparing (potential) political measures that encourage certain LUPs. 

The diverse Flemish agricultural sector has been subdivided into FMS in order to derive for 

each FMS the impact of policies in the past and in the future and to discover future 

opportunities in terms of the use of compost and of cover crops. 

In Chapter 6, we address the shortcoming that the multifunctional role of agricultural systems 

is often not considered in LCAs (third objective). The product provided by an agricultural 

system is actually a bundle of ES. An allocation approach is proposed based on the capacity 

to supply different ES. In this way, the environmental impact is not only allocated to the 

harvested product but to all ES supplied. This methodology is elaborated and applied to 

compare the environmental sustainability of organically and conventionally produced 

products. We demonstrate that this approach contributes to a more comprehensive 

evaluation. 
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Table 7-1: Main conclusions or results related to the objectives of this PhD thesis. AoP: area of protection; CF: characterization factor, ES: ecosystem service, 
LUP: land use practice, RS: rotation system  

Main 
conclusions 
related to 
research 

objective 1 
(Chapter 2) 

Spatial variability Temporal variability   
 Based on scenario analysis: 

case-specific data are 
recommended 

 Large variation between local 
data and databases 

 Need for better evaluation of P 
emissions  

 Coupled emission and resource-
based LCA is relevant 

 Based on scenario 
analysis: 
representative 
machinery data is 
needed  

 Important to use 
representative yield 
(regarding the 
temporal variability)  

  

Main results 
related to 
research 

objective 2 
(Chapters 3-5) 

Modeling impact of LUPs on SOC 
and yield  

(Chapters 3 - 4) 

Natural resource balance 
indicator  

(Chapter 3) 

Indicators to evaluate long-
term productivity  

(Chapter 4) 

Impact of policy on long-
term resource 

productivity (Chapter 5) 
 Long-term impact 

 Inclusion of several fertilization 
strategies 

 Modeling of several LUPs 

 Modeling of several RS 
 

 

 Framework to account 
for impact of LUPs on 
SOC on the long term 

 Indicator to account 
for net effect of efforts 
towards better soil 
quality 

 Several remediation 
strategies, soil 
textures and RS 

 Monetary and 
exergetic units 

 Elaborated cause-effect 
chain 

 Indicators at mid- and 
endpoint related to AoP 
natural resources 

 Established approach to 
compute CFs for arable 
crops 

 List of CFs for Flanders: 
distinguishing LUPs, RS, 
SOCinit, and soil texture 

 Evaluation of long-term 
productivity in Flanders 

 Distinction between 
farm types 

 Evaluation of existing 
(e.g. CAP) and potential 
(compost) policy 
measures 

 Coupling of applied 
LUPs and resource 
footprint  

Main results 
related to 
research 

objective 3 
(Chapter 6) 

ES assessment Allocation approach   

 Scoring of ESprov and ESreg 

 Scores for organic and 
conventional arable farming 
(general) 

 Potential to adapt to particular 
case-studies 

 Established approach applicable 
to grassland and permanent 
crops 

 Accounting for 
multifunctional role of 
agriculture 

 Unbiased comparison 
of environmental 
sustainability of 
conventionally and 
organically produced 
crops  
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7.2 Towards one comprehensive life cycle impact assessment 

indicator of soil quality 

The importance of soil quality with respect to sustainable agriculture is irrefutable. Therefore, 

the second objective in this PhD thesis was to enable accounting for the impact of human 

practices on soil quality and hence on the long-term productivity. But defining soil quality in the 

context of LCA is challenging, due to the temporal and spatial variability as well as the 

complexity of and the interaction between soil quality impacts (Garrigues et al., 2012). To 

address this complexity, we decided to use one important parameter to represent soil quality, 

namely SOC (Chapters 3-5), analogous to methods such as those of Milà i Canals et al. 

(2007c) or Brandão and Milà I Canals (2013).  

Even though SOC plays a role in many soil processes, the use of SOC as stand-alone indicator 

implies that some soil functions are disregarded. To offer a more holistic approach to evaluate 

the impact of agricultural practices on soil quality, multiple indicator methods are often 

suggested (e.g. SALCA-SQ, LANCA) (Beck et al., 2010; Bos et al., 2016; Oberholzer et al., 

2012; Vidal-Legaz et al., 2017). However, none of the multi-indicator models explicitly link all 

impacts to the long-term productivity under the AoP natural resources. We acknowledge the 

limitation of the use of only one parameter to describe soil quality, and so we explore the 

feasibility to develop indicators that regard other soil degradation processes than SOC 

degradation and account for the impact on the long-term productivity. Next, we discuss the 

potential and relevance to aggregate these indicators into one single comprehensive indicator. 

7.2.1 Soil degradation processes 

The diversity of intrinsic soil properties as well as climate influence and the variety in soil 

management by humans, result in a large range of risks and soil degradation processes 

occurring in Europe (Virto et al., 2014). In the framework of the European ENVASSO project, 

SOC decline, erosion, biodiversity loss, contamination, sealing, compaction and salinization 

are identified as the main threats to soils in Europe (Huber et al., 2007). Regarding Flanders, 

in addition to a decline in SOC, soil erosion and compaction are considered as the main 

concerns in agriculture (LNE, 2019). While SOC is an important parameter influencing erosion 

and compaction (Figure 1-2, Chapter 1), they are both, in turn, influenced by a range of other 

soil characteristics, climate conditions, human interventions, and interacting soil degradation 

processes. These degradation processes all directly or indirectly affect the yield (Reubens et 

al., 2010). Figure 7-1 depicts a simplified representation of influencing aspects. 
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Figure 7-1: Simplified representation of soil parameters and characteristics having an effect on 

compaction, erosion and SOC degradation. Based on Reubens et al. (2010). 

7.2.2 Development of LCIA indicators accounting for the impact of land 

use practices on soil degradation processes and yield 

For each soil degradation process, as we did for SOC degradation (Figure 4-1), an impact 

pathway towards the AoP natural resources should be built. In this section, we explore the 

required steps to elaborate this pathway for soil compaction. We start with general information 

about compaction, and continue with a description of the models needed to simulate the impact 

of LUPs on compaction and productivity. Next, we discuss the required assumptions to develop 

LCIA indicators. We conclude with a short discussion on the applicability to other soil 

degradation processes.  

7.2.2.1 General characteristics of soil compaction 

When the soil is compacted, the air is displaced from the pores between the soil particles, 

which results in a decrease of soil volume (Defossez and Richard, 2002). Hence, the spatial 

arrangement, the size, the shape, and the internal cohesion of the soil aggregates will alter 

(Defossez and Richard, 2002; Prosenols, 2011). This affects many soil characteristics, such 

as air capacity, infiltration, water-holding capacity, soil biological activity and root development, 
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and it increases the risk of erosion. This, in turn, might influence soil functions that are 

important for crop production. A negative effect on plant growth and agricultural yields is 

therefore often observed with compacted agricultural soils (Arvidsson and Håkansson, 2014; 

Prosenols, 2011; Virto et al., 2014).  

Soil compaction of arable land is mainly induced by the use of heavy agricultural machinery, 

especially when used under wet conditions (Stoessel et al., 2018; Stolte et al., 2016). However, 

soil compaction susceptibility is determined by an interplay of many aspects such as soil 

texture, SOC concentration, calcium/magnesium (Ca/Mg) ratio that affects the soil structure, 

and soil moisture content (Figure 7-1) (Prosenols, 2011; Reubens et al., 2010).  

7.2.2.2 Accounting for the impact of soil compaction in life cycle 

assessment 

Modeling 

A first need is a model to simulate the impact of LUPs on soil compaction, which can be 

expressed in a change of one of the key parameters for soil compaction such as soil density, 

pore volume, porosity, or penetration resistance (Garrigues et al., 2013; Stoessel et al., 2018; 

Stolte et al., 2016). A second need is a model to simulate the impact on biomass productivity, 

starting from the simulated impact on soil compaction. The choice of a model is always a 

compromise between sufficient accuracy, data intensity, and the level of detail that is often not 

available when conducting an LCA.  

According to Garrigues et al. (2013), COMPSOIL passes this balancing test. This model gives 

an estimation of the bulk density after each machine operation (Defossez and Richard, 2002; 

Sullivan et al., 1999). Garrigues et al. (2013) relied on this model when introducing their soil 

compaction indicator that quantifies the loss of pore volume due to the field-work practices for 

a given an agricultural production system. Their methodology could be used to evaluate the 

impact of LUPs on soil compaction in Flanders at early midpoint. However, not all Flemish soil 

textures are covered by COMPSOIL. Moreover, the model might simplify the impact too much. 

Soilflex is often put forward as being more complete, although requiring more specific data 

(Keller et al., 2007).  

To model yield changes induced by soil compaction, one could rely on crop productivity models 

(e.g. WOFOST, SWAP) (Supit et al., 1994; van Dam et al., 1997). However, they often require 

specific information, moreover, the change in bulk density might not be the only input 

parameter of the model that is modified due to soil compaction (e.g. also a change in soil water 

content may occur). Another option is the empiric model of Arvidsson and Håkansson (1991). 

Although used by Stoessel et al. (2018) to build an LCIA indicator accounting for compaction 

induced yield losses, we emphasize that validation of the model in Flanders is required, 
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because the empiric model is mainly established by Swedish field trials from the years 1982-

1990. More recent Swedish data about the relationship between yield and compaction for 

certain crops were presented in the study of Arvidsson and Håkansson (2014), however, the 

statistical analysis was inconclusive regarding the yield changes. Further research to estimate 

the relationship between compaction and yield is thus needed. 

Indicators to account for the impact of land use practices on soil compaction and yield 

Ideally, an indicator at early midpoint (the impact of LUPs on compaction), late midpoint (impact 

of compaction on productivity) and endpoint (additional land requirement) should be 

developed. However, we see some challenges to develop the corresponding CFs.  

First, the novelty of the indicators is that they are built from the viewpoint of long-term 

productivity. While RothC is accounting for SOC accumulation over the years, it will be more 

challenging to model the impact on bulk density (or any soil compaction indicator) in the long 

term. COMPSOIL does only account for single time steps and is neglecting interactions 

between subsequent years. The model, for instance, requires the initial bulk density as input. 

If we want to model several years, should we assume the final bulk density of the previous 

year to be the initial bulk density of the current year? Or, might this be affected by natural 

recovery or mechanically treatment? Furthermore, it is difficult to approximate the effect of 

mechanically loosening of the soil, as well as to estimate how long the positive impact of e.g. 

a deep ripper will last (Fedagrim, personal communication). Further research is thus required. 

It is recommended to study other models than COMPSOIL and give special attention to models 

that focus on other aspects of soil compaction, such as its effect on water profiles, as it may 

offer opportunities to model the impact on the long-term. 

Second, the CFs should give us the opportunity to compare the effect of several LUPs in terms 

of soil compaction and yield. In the case of SOC, LUPsus refer to those practices maintaining 

the SOC stock (when the initial SOC stock equals the optimal situation) or attempting to 

optimize the SOC stock (if the initial SOC stock is suboptimal). Regarding compaction, LUPsus 

should thus be sufficient to maintain a soil with good initial characteristics in optimal condition 

to avoid compaction. However, applying LUPsus at a strongly compacted soil might be not 

sufficient to realize de-compaction. This might in particular be the case for a compacted 

subsoil, as its restoration is much more difficult than the remediation of surface compaction. 

Let us illustrate with mechanically deep tillage, a practice that is often suggested to fight 

compaction. This action involves heavy tractors passing over the soil again, which makes these 

soils potentially more susceptible to re-compaction (Prosenols, 2011). LUPsus may not be 

sufficient to overcome the compaction problem and consequently, the added value of applying 

LUPsus compared to non-sustainable practices to already compacted soils might insufficiently 
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or not be reflected in the CFs. Furthermore, the mechanisms for yield increase after re-

compaction of loosened soil are not yet clear (Arvidsson and Håkansson, 2014). Therefore, 

more research is needed in order to properly define LUPsus to fight compaction.  

So, the bottleneck is mainly the presence of appropriate models that enable long-term 

modeling of compaction and biomass productivity. An overview of the best fitting models is a 

necessary next step.  

Recently, Stoessel et al. (2018) introduced an indicator accounting for the percent annual 

average yield loss due to compaction relying on the empirical model of Arvidsson and 

Håkansson (1991). Although the applicability of the empirical model in Flanders should be 

investigated, the study offers a well-thought basis, such as a data inventory of machinery for 

several crops, and a proposal to allocate the effect of recovery over the studied period. 

However, some limitations and differences with our proposed approach to develop indicators 

similar to those for SOC degradation hinder the immediate application. For instance, a time-

perspective of 100 year is used, further elaboration of how to define the moisture content is 

needed, and transparency about yield data is missing.  

7.2.2.3 Applicability to other soil degradation processes 

Regarding the inclusion of soil degradation processes in LCA, we assume that indicators for 

both compaction and erosion processes, could be developed by a similar approach to the one 

for SOC degradation. At early midpoint, the indicators would refer to a change in a key 

parameter for the respective process (e.g. change in pore volume for compaction, change in 

mass of soil for erosion), whereas at late midpoint and for all processes, the indicators could 

refer to the impact on biomass productivity. This can then easily be translated into additional 

land requirements to compensate for the yield losses. Figure 7-2 illustrates the impact pathway 

for these three soil degradation processes. 

Regarding the main soil threats in Europe, selecting appropriate models to estimate the impact 

of LUPs on the soil degradation processes, and the corresponding impact on the biomass 

productivity, might be challenging for some degradation processes. As discussed in the study 

of Stolte et al. (2016), they all directly or indirectly contribute to yield losses. However, the 

literature on soil threats and their relationship with productivity is scattered, and publications 

are often only descriptive. Here again, more research is needed to quantify these relationships 

(Stolte et al., 2016).  
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Figure 7-2: Proposal of impact pathway for soil degradation processes SOC degradation, compaction, and erosion. Dashed brown lines indicate the pathway 

when aggregating impact processes into one single soil quality indicator. Based on Figure 4-1 (Chapter 4) and Stoessel et al. (2018).
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7.2.3 Challenges to develop one single indicator 

Although it seems to be possible to develop a similar cause-effect chain and impact indicators 

for several soil degradation processes, it remains a challenge to aggregate the information of 

the different indicators towards the development of a single soil quality indicator. Adapted from 

the studies of Garrigues et al. (2012) and Stoessel et al. (2018), we propose the impact 

pathway of this hypothetical indicator in Figure 7-2 (only considering SOC degradation, 

compaction, and erosion).  

A first difficulty is the many interactions that exist between soil characteristics and soil 

processes. There are connections between distinct soil threats as well. The mutual 

interrelationships between several soil threats and the extent to which they interfere 

(qualitatively expressed) are mapped in Figure 7-3 (Stolte et al., 2016).  

 
Figure 7-3: The mutual interrelationships between several soil threats and the extent to which they 

interfere. The size of the dots indicates the impact: low, moderate, and large for small, medium, and 

large dots, respectively. Impacts can be both negative (red dot) or positive.(green dot). After Stolte et 

al. (2016).  

In most cases, worsening the state of one soil threat will strengthen another one (e.g. a 

reduction in SOC will increase the vulnerability to erosion due to, amongst others, a change in 

aggregate stability). The opposite might be true as well, e.g. soil sealing might prevent 

contaminant dispersion (Milà i Canals et al., 2007c; Reubens et al., 2010; Stolte et al., 2016). 

However, not all effects are indicated in Figure 7-3. For instance, it is indicated that biodiversity 

is affected by all soil degradation processes, however, the effect of a change in biodiversity is 

rather poorly understood and therefore not taken into account by the authors (Stolte et al., 

2016). Efforts to map the relationships and attempts to estimate the extent to which they 
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interfere should be continued, as this is a first precondition for one general indicator (Garrigues 

et al., 2012).  

Second, to aggregate all separate indicators into one comprehensive indicator requires a 

common unit. Because the relationship between erosion or compaction and productivity is 

acknowledged by many studies, an estimation of the loss in biomass productivity due to the 

particular soil threat seems to be a promising solution. However, as mentioned before, such a 

relationship has not been established for all soil threats. 

7.2.4 Is there a need for one comprehensive indicator? 

In the previous sections, we showed that an estimation of the impact of erosion and compaction 

on biomass productivity might be feasible. But the complex soil functioning and the 

interrelationship between soil factors might limit the aggregation into one single soil quality 

indicator. We wonder, however, if it is relevant to strive for one single comprehensive soil 

quality indicator. 

The use of one single indicator allows an easy comparison of agricultural production systems 

in terms of long-term productivity. Unfortunately, this aggregation also results in a loss of 

information. Aggregating distinct indicators into one single score does not distinguish the main 

contributing factors in terms of soil quality loss; hence, no information is included on what 

should be focused on to move to more sustainable production systems. The clue will be to find 

a compromise between avoiding a large number of indicators that need to be interpreted and 

weighed against each other, and guaranteeing a sufficiently robust description of the soil 

processes in the assessment (De Laurentiss et al., 2019).  

An advisable and interesting approach might be the multi-indicator model as proposed in 

Figure 7-2. Including several indicators will give a better view on the soil quality. If comparing 

systems would lead to contradictory results, one could question what the key driver would be 

to indicate the best or least sustainable option. However, to our opinion, the use of more 

indicators gives the opportunity to show the points of attention for both systems under 

comparison, rather than promoting one system. In any case, it is important to be aware that 

some of the soil degradation processes and corresponding yield losses might strengthen each 

other. Vidal-Legaz et al. (2017) suggest that, in case of models comprising many indicators, 

statistical analysis is needed to investigate the redundancy of information offered by some 

indicators. Also the sensitivity of the use of multiple indicators instead of a single one should 

be tested.  

To conclude, the first requirement to build a holistic multi-indicator model is the establishment 

of robust indicators for single processes. This has been realized for SOC in this PhD thesis. 
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More research is needed the develop indicators that focus on erosion and compaction, 

following the same approach as for SOC degradation. In a next phase, these could be used to 

develop a multi-indicator model which may contribute to a more complete evaluation of the 

agricultural long-term productivity under the AoP natural resources.  

7.3 Accounting for the long-term productivity under the 

area of protection natural resources 

7.3.1 Critical reflection 

Although acknowledged that biotic provisioning is not inexhaustible unless a range of 

preconditions is fulfilled (e.g. sufficient level of soil quality, adequate amount of water available, 

sufficient level of nutrient availability), no LCIA method was quantifying the impact of 

agricultural production on the long-term ability of agro-ecosystems to provide biotic resources 

(Objective 2). The challenges to account for the impact of LUPs on soil quality and hence on 

productivity, were addressed in Chapters 3, 4, and 5.  

In Chapter 3, a framework is proposed to study the impact of farm management decisions on 

the SOC stock over time (Figure 3-1). Two remarkable aspects are the choice of the 

benchmark (corresponding to a minimal level of SOC as defined by policy) and the long-term 

perspective regarding remediation (referring to a restoration and maintenance period). Both 

are made from the viewpoint of sustainable agriculture, which implies that a minimal level of 

soil quality must be maintained. Relying on this framework, ABB_SOC is introduced, which 

tells you whether improving the SOC stock by appropriate remediation measures is beneficial 

in terms of resources (i.e. the resource consumption is compared against potential yield 

improvements). It thus goes beyond traditional LCA by also considering the additional resource 

consumption associated with recovery and maintenance of the SOC stock. Despite the insights 

gained throughout this study, there is still room for improvement (e.g. use of other remediation 

strategies such as compost, and considering the use of natural inputs such as nutrients). The 

applicability can also be increased by developing natural resource balance indicators for other 

soil degradation processes than SOC changes, based on the recommendations and 

reservations discussed in section 7.2.  

Although built from the life-cycle perspective, the proposed methodology in Chapter 3 could 

not be implemented as indicator in LCIA methodologies such as CEENE to account for the use 

of soil resources as it compares all inputs and outputs related to an agricultural production 



Chapter 7 

 

-176- 
 

system at once. However, it forms the basis of the development of the LCIA indicators in 

Chapter 4.  

In Chapter 4, the focus has been put on the development of LCIA indicators which allows one 

to account for the impact of LUPs on soil quality (represented by SOC) and yield under the 

AoP Natural Resources. For the first time, the relationship between SOC and yield changes 

has been mapped and represented in CFs in function of LCA. Three indicators have been 

proposed along the cause-effect chain. While it is clear that cSOCD is a midpoint indicator, as 

it refers to a change in SOC stock, defining cBPL (change in yield) as late midpoint indicator 

is more debatable. As mentioned in section 4.4.1, the method of Brandão and Milà I Canals 

(2013), in which changes in the level of SOC are used as indicator for the biotic production 

potential (although this relationship is not quantified), can be situated at endpoint, despite no 

cause-effect chain is represented by the authors (Brandão and Milà I Canals, 2013; Vidal-

Legaz et al., 2017). However, analogous to the evaluation of other natural resources, the 

endpoint indicator should attempt to address the consequences of the depletion of (biotic) 

resources for society (EC-JRC, 2011). ALR, which represents the hypothetical area of 

productive land needed to compensate for the yield losses, is therefore more appropriate to 

indicate the impacts of yield losses to society.  

In Chapter 5, the indicators are applied to evaluate the long-term productivity in Flanders. 

Similar to the case of ABB_SOC, both long-term productivity and resource consumption are 

evaluated. However, also other co-effects of remediation strategies (Chapter 3) or promising 

LUPs (Chapter 5) should be investigated in order to avoid burden shifting. For instance, 

compost is positively evaluated in terms of resource consumption (it contributes to a lower 

mineral N-fertilizer need), but the use of compost may result in gaseous and leachate 

emissions (Hargreaves et al., 2008). On the other hand, compost results in higher 

sequestration of C into the soil, which can be translated into saved CO2 emissions (Martínez-

Blanco et al., 2013). An emission based LCA would thus be relevant and is essential before 

promoting one particular LUP.  

7.3.2 Potential developments 

In this PhD thesis, the first steps were taken to account for the impact of LUPs on the long-

term productivity under the AoP natural resources. However, further research can improve and 

increase the applicability of the developed indicators. In this section, we discuss six future 

potential developments, represented in Figure 7-4. 
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Figure 7-4: Overview of the results and the main opportunities to improve and increase the applicability 
of the introduced concepts in this PhD thesis to evaluate the impact of land use practices (LUPs) on the 
long-term productivity of agro-ecosystems under the area of protection natural resources. 

7.3.2.1 Modeling improvement 

The models RothC and EU-Rotate_N have been applied to simulate the impact of the 

production of currently grown crops and existing rotation systems in Flanders on future SOC 

and yield, respectively. However, they only give a simplification of the real impact, as not all 

relationships and effects are covered by the proposed models. These shortcomings have been 

pointed out throughout the PhD thesis. For instance, extreme weather conditions will affect 

SOC changes but are not covered. In addition, numerous aspects of SOC affect the yield (e.g. 

impact on soil structure or water holding capacity), while the yield determination is only based 

on the relationship between C and N. Indeed, a higher mineralization is taking place at higher 

SOC levels, resulting in higher yields (Milà i Canals et al., 2007c; Rahn et al., 2010; Reubens 

et al., 2010). Furthermore, the models are also limited in the number of input parameters 

included. For instance, it is not possible to simulate the effect of tillage practices on SOC in 

RothC, or to estimate the indirect effect of cover crop cultivation on the yield (by e.g. preventing 

erosion) in the EU-Rotate_N model. Therefore, it could be interesting to consider the potential 

of other models, although they often require input data on a level of detail that is in many cases 

not available to LCA practitioners (Goglio et al., 2015).  

The need for reliable input data is an important prerequisite in order to use modeling for new 

opportunities. If the required data can be collected (e.g. DPM/RPM ratio), modeling could help 

answer questions such as ‘How sustainable is it to cultivate soy in Flanders?’, or ‘Is a more 

varied Flemish agricultural landscape including quinoa, miscanthus, and marigold instead of 
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only feed and food products, a good idea in terms of sustainability?’, and ‘To which extent can 

crop residues of grain maize be harvested without compromising the soil quality?’. However, 

the collection of input data is often challenging and it would therefore be interesting to add the 

data uncertainty of the original data.  

7.3.2.2  Calculation of uncertainty 

In this PhD thesis, aspects related to uncertainty of the estimations have not been considered. 

However, this is an important aspect that needs to be considered to further improve the 

applicability of this work. Several sources of uncertainty in LCA can be distinguished, such as 

parameter uncertainty, model uncertainty, or uncertainty due to choices (Huijbrechts, 1999; 

Rosenbaum, 2018).  

To deal with parameter uncertainty, a Monte Carlo analysis is often conducted (Groen and 

Heijungs, 2017). It iteratively runs the model a fixed number of times (e.g. 1000) and for each 

model run, a value for each parameter out of the uncertainty distribution is randomly sampled. 

The method varies thus all parameters at the same time. The iterations result in an uncertainty 

distribution for the final outcome (Rosenbaum, 2018). An important precondition is that input 

parameters have to be specified as uncertainty distributions. Regarding the input parameters 

of the RothC and EU-Rotate_N model, this could be easily defined for initial SOC 

concentrations. In addition, other characteristics such as soil densities or clay content per soil 

texture could be taken into account. However, it might be more challenging to find data about 

uncertainty distributions of parameters such as the carbon content of manure and crops. Next, 

one should keep in mind that some input parameters of both models are the same. Therefore, 

the correlations between input parameters might not be ignored during calculation of the 

uncertainty, to avoid that they are counted twice (Groen and Heijungs, 2017). So, a next step 

in this research should be the calculation of the uncertainty of the calculated CFs (Chapter 4) 

by a Monte Carlo analysis. The uncertainty could then also be used in the interpretation of the 

comparison of FMS in terms of long-term productivity (regarding SOC stocks) and resource 

footprint (Chapter 5). Also for the resource footprint, the LCA software Simapro allows using 

Monte Carlo to define uncertainty (Pré, 2019).  

Next to parameter uncertainty, model uncertainty is a second main source of uncertainty to 

deal with. The uncertainty of RothC has already been tested for Belgium. Van Wesemael et al. 

(2005) compared values of SOC stocks from 1960 to 1990 and 2000 with simulations run by 

the RothC model. The comparison at two time slices allowed estimating the uncertainty of the 

model, which appeared to range from 7.5 to 14.4%, being in the same order of magnitude as 

that of other long-term experiments (in Belgium or elsewhere) (van Wesemael et al., 2005). 

More recently, RothC ‘s accuracy was tested for three long-term field trials in Belgium (De 
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Clercq, 2017). While positively evaluated for many fertilizer treatments (e.g. mineral 

fertilization, manure treatments), the authors found that the model overestimated SOC 

accumulation for compost treatments (De Clercq, 2017). This exercise was however based on 

limited to a small number of fields. Although a more moderate ratio of DPM, RPM and humified 

organic matter was used in our study compared to the one applied by De Clercq (2017), it can 

be assumed that the model overestimates the stabilization of compost in the soil in the long 

term. More research regarding Flemish field trials is needed to confirm this statement. Next to 

RothC, also the uncertainty associated with the EU-Rotate_N model should be investigated, 

relying for instance on field-experiments. 

However, the major difficulty related to uncertainty analysis is however that the indicators are 

aiming to estimate the impact on biotic depletion in the long term (future). It means that no 

validation of the model is possible to verify future trends. Furthermore, distribution of part of 

the input parameters are not fixed (e.g. climate data). In order to consider the effect of possible 

changing parameters in future, scenario analysis is a convenient solution. Wiesmeier et al. 

(2016) introduced several scenarios to study the effect of climate change and carbon input 

trends on SOC stocks in the following 100 years. Both variables are indicated as being decisive 

parameters for the SOC trend of agricultural arable soils. Estimation of C inputs in future is 

difficult as it depends of many factors such as the future trend of crop breeding, or land 

management. Figure 7-5A and Figure 7-5B show the impact of climate change on SOC 

assuming the same C input, while Figure 7-5C compares the effect of different C inputs. The 

latter indicates that even under an increased carbon input of 20%, the SOC stock cannot be 

maintained when the moderate climate scenario of IPCC is assumed. So the introduction of 

scenarios could be of added value for the estimation of biotic resource depletion, although it is 

challenging due to the uncertain behavior of many decisive factors for SOC accumulation and 

yield (e.g. how do crops respond to climate change?).  

The last group of uncertainty, uncertainty due to choices, is unavoidable in LCA, as it has to 

deal with choices regarding, amongst others, functional unit, choice of allocation procedure, 

selection of LCIA categories and methodologies. In LCA, we actually have to deal with an 

accumulation of uncertainties and it is challenging to cover them all. However, as mentioned 

before, it might be very relevant in further research to calculate parameter uncertainty for the 

main inputs (e.g. SOC%init, soil density) for which uncertainty distributions are available.  
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Figure 7-5: Simulated SOC trend over time. Projected development of SOC stocks of cropland soils in 

Bavaria between 2000 and 2095 (A) under current climate and land use conditions (reference scenario) 

and (B) under a moderate climate scenario of the IPCC and constant C input. The mean values with 

standard deviation from 21 sites are presented. The net SOC change as difference between the 

reference scenario and three climate change/C input scenarios is depicted in (C) (Wiesmeier et al., 

2016). 

7.3.2.3 Monetization 

A potential further elaboration of the endpoint indicator is a second aspect to be considered in 

future research. Monetary values could be proposed in order to be more coherent with other 

endpoint indicators for resource depletion. However, the economic value of agricultural land is 

quite variable among regions. In Flanders, for instance, the prices, on average, are ranging 

from 37.000 up to 64.000 EUR ha-1 in 2018 (Landbouwleven, 2018). Furthermore, the existing 

endpoint methods for natural resources do not account for the cost of the resource (here 

agricultural land) as such, but they often correspond to the surplus cost, i.e. potential extra 

costs related to future provisioning of these resources. For the quantification of the surplus 

cost, they take into account the scarcity in the future and other developments such as the 

marginal increase of the production cost due to a decrease in availability of the resource 

(ReCiPe) (Goedkoop et al., 2013; Sonderegger et al., 2017). To be compatible, the endpoint 

indicator should thus refer to the additional cost for agricultural land due to future scarcity. 
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Estimating the changes in agricultural land prices over time might introduce a high level of 

uncertainty. Furthermore, the price of agricultural land is strongly region and country specific 

(Eurostat, 2018a). For that reason, we do not consider the monetization of the endpoint 

indicator by using the price of land as a promising suggestion to enhance the transferability 

and applicability to other regions. 

Another option for endpoint expressed in monetary values could be the surplus cost of the 

crops due to a decrease of production over time (induced by SOC changes). However, the 

effect of a lower production of e.g. cereals in Flanders, will be almost negligible in the context 

of the international price. According to agro-economists, monetization of the impact of yield 

losses would be challenging and based on a big range of assumptions (e.g. estimation of crop 

preferences of consumers over time) (Buysse, personal communication). Whether this could 

be a viable option, is definitely subject to further research.  

7.3.2.4 Expand geographical area 

In this section, we explore the potential to use the developed concepts from Chapter 3 and 4 

in other regions to meet the challenge of the spatial variability of the soil. This is an important 

concept in LCA, because LCA is a system approach, aiming to avoid shifting the environmental 

impact from one region to another (Stoessel et al., 2018). As the interconnection between 

systems in the agricultural sector is high (import of seed, feed), it is necessary to be able to 

apply the LCIA indicators in more than one geographical agro-region. We already offered a list 

of site-dependent CFs that are yet only applicable in Flanders (Chapters 4 and 5). Here, we 

give an overview of recommendations and points of attention when applying the concepts to 

other regions and countries as well. The focus will be on European crops of which the data are 

available in ecoinvent (i.e. barley grain, bean, maize grain, potato, silage maize, sugar beet, 

wheat grain), and that are available for at least one of the following countries: France, 

Germany, Spain, and Switzerland. In Table 7-2, we list the information that we need to collect 

in order to increase the applicability. 

A first point of attention is related to the data inventory. In ecoinvent, specific regions per 

country are selected to represent the whole country (Nemecek and Schnetzer, 2011). To be 

compatible, the averages that need to be calculated regarding climatic and soil data should be 

based on the same regions. If available, more recent data should be used than those 

mentioned in the ecoinvent report. Next, rotation systems as well as fertilization strategies are 

region-dependent, so it is recommended to enquire about common practices. In countries such 

as Germany, only in particular regions, organic fertilization is applied. This is also reflected in 

the input data in ecoinvent. We propose that the fertilization strategy as mentioned by 

ecoinvent could correspond to the standard practice. The definition of LUPsus will remain, but 
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the focus to maintain the SOC stock by appropriate management might shift from applying 

additional fertilization to proper crop residue management.  

Table 7-2: Required data for modeling SOC trend and yield in other regions than Flanders. Data 
characteristics and potential sources are given 

Model inputs Data characteristics Potential source 

Climate conditions 
Evaporation Average per country over last 10 

years 
Weather station 

Evapotranspiration Average per country Penman-Montheith 
equation (Allen et al., 1998) 

Temperature Average per country over last 10 
years 

Weather station 

Crop 
C addition to soil Can be adopted from Flandersa   
DPM/RPM Can be adopted from Flandersa   
Rotation system Can be adopted from Flandersb   
Yield Average over region and over 

years  
ecoinventc, national 
databases 

Soil 
Initial SOC content Distinction between soil textures Global databases e.g. 

HWSDd 
Optimum range of SOC Can be adopted from Flandersa  
Soil characteristics (e.g. clay 
content, soil density) 

Average per soil texture Global databases e.g. 
HWSD 

Land use practices 
Fertilization Type, amount, composition Upper limit is based on 

policy  
Date of field-work processes Averages  Field experiments 

a If no other data are available, otherwise, more specific data are advisable 
b If no other data are available and on the precondition that the same crops are produced in those countries  
c Background information can be found in the ecoinvent report (Nemecek and Schnetzer, 2011 
d Harmonized World Soil Database (FAO et al., 2009) 

A second point of attention is illustrated in Table 7-2. Crop characteristics such as DPM/RPM 

ratio can be adopted from Flanders. This is valid for crops produced in Germany and France, 

as these values were established based on long-term experiments in Germany (Sleutel, 

personal communication, VLM, personal communication). However, dependent on the region 

under study, other climatic conditions are valid (e.g. in Spain), which might influence the 

DPM/RPM ratio. This is also true for the soil characteristics (e.g. optimal range of SOC). 

Further research about this topic is certainly required. 

We can conclude that, with limited efforts, CFs could be computed for other countries as well. 

Computing CFs for crops available in ecoinvent is an interesting perspective, as it would 

support the practical use of the indicators. However, the use of site-specific CFs is always 

preferred in LCA studies and it is possible if detailed data on the studied production system 

are available. 
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Regarding the applicability of the indicator ABB_SOC in other countries, most of the required 

modifications are analogous to those for the LCIA indicators, such as the model inputs 

(Table 7-2). Another aspect is the definition of the threshold, which is based on Flemish policy, 

but could be used as a good threshold for other European countries. The potential applicability 

of the indicator ABB_SOC in developing countries has been already discussed in 

section 3.3.3.4. Next, to a thorough choice regarding the threshold, also the remediation 

strategies should be adapted to be relevant and feasible for these regions.  

7.3.2.5 Expand to other crops 

In this PhD thesis, the focus was put on arable crops. In the light of the bio-economy, it would 

be interesting to be able to evaluate if the cultivation of a perennial crop such as Miscanthus 

is preferred above an arable rotation system at a specific field. Some issues still complicate 

this evaluation. At first, the management is totally different, which might raise problems to 

define LUPsus in order to compute CFs. For instance, cover crops cannot be grown, and 

traditionally, only a limited amount of organic fertilization is applied. Furthermore, Miscanthus 

is often suggested to be cultivated in more marginal fields, with lower SOC stocks (Snauwaert 

and Ghekiere, 2012). From this viewpoint, the definition of LUPsus should be rethought to 

enable an unbiased comparison.  

7.3.2.6 Accounting for soil quality changes in the CEENE method  

The LCIA method CEENE (Chapter 1, section 1.4.2) has been used throughout this PhD thesis 

to calculate the resource footprint of agricultural products. Regarding their resource footprint, 

the main share of the resource consumption can be assigned to the category ‘land and biotic 

resources’ (Chapter 2). These land and biotic resources are calculated according to Alvarenga 

et al. (2013b) in which the CF for land use in man-made systems corresponds to the natural 

potential NPP. Although spatial differentiation is made (e.g. continental, country), no distinction 

is made between land use intensities and land use types. Especially regarding agricultural land 

use, the method shows some limitations. The current impact category only refers to land 

occupation and does not include land use. Therefore, we propose to add an extra impact 

category in addition to the land resource category, called ‘soil use’ category. In this context, 

the cause-effect chain and indicators proposed in Chapter 4 can be of added value. We 

assume that, the higher the impact of LUPs on soil quality, the more soil resources are 

consumed, which then can affect the long-term productivity. The CFs of the indicator cBPL 

could be a good approximation, although the loss of DM must be expressed in MJex (section 

4.5.3). The creation of the extra impact category would enable the distinction between 

extensive and intensive agricultural production systems. Although land occupation is equal for 
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both systems (visible in the land resource category), the impact on soil quality is strongly 

different (reflected in the soil use category).  

However, the question remains if this new ‘soil use’ impact category can be integrated as such 

into the current CEENE methodology. The CEENE indicator accounts for the cumulative 

exergy extraction from the natural environment. It is namely strongly influenced by human 

interventions (e.g., addition of mineral fertilizers). However, many soil nutrients are a result of 

soil processes (e.g., SOC mineralization), which are dependent on natural factors. To avoid 

double counting, one could argue to only account for a part of it, but the difficulty is to define 

the share (Figure 7-6). More research is needed to investigate the potential of this option. Until 

then, it might be better to consider the cBPL expressed in exergy as stand-alone indicator, 

which focuses on the impact of soil use on the biotic resource provisioning, thus affecting the 

AoP natural resources. Later on, it might form the basis for the development of a new impact 

methodology regarding biotic resource depletion.  

Figure 7-6: Evolution of accounting for land resources in the CEENE method and a first proposal to 

further improvement. NPP: net primary production; cBPL: cumulative biomass productivity loss. 

7.4 Integrating the concept of ecosystem services in life 

cycle assessment 

LCA is aiming to support sustainable agricultural systems. Therefore, they should include more 

than only a reduction in emissions or resource consumption, but also ensure the supply of ES 

(Zhang et al., 2010). A first attempt to show the relevance and even necessity to account for 

all ES that are delivered by an agro-ecosystem (instead of only the harvested product) when 

comparing the environmental sustainability of products, is elaborated in Chapter 6. The 

introduction of the allocation approach based on the ES theory, allows one to compare 
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products cultivated by organic or conventional practices more comprehensively. However, 

further elaboration of this method to improve the results as well as the applicability is required. 

While the need for corroboration with e.g. an international expert to check the scores assigned 

to the ES, and the potential to also include EScul next to ESprov and ESreg, has been discussed 

in section 6.4; other opportunities regarding improvement of the proposed approach are 

presented in Figure 7-7.  

 
Figure 7-7: Overview of the results and insights obtained throughout this PhD thesis regarding the 

introduced approach to account for ecosystem services in LCA. Next, the main opportunities to improve 

and increase the applicability are summarized. 

The different scores assigned to the ES delivered by organic and conventional systems are 

amongst others due to the application of other LUPs. However, also within one type of farming, 

many choices regarding LUPs are made. Consequently, we propose that this allocation 

approach could also be applied to compare the environmental sustainability of products 

produced by other LUPs (e.g. other fertilization or tillage practices). To make this allocation 

approach more standardized, a range of ES scores related to several LUPs should be made 

available to avoid that the LCA practitioner has to conduct a thorough literature research and/or 

expert review. A range of scores should be evaluated to allow that several LUPs can be 

combined.  

Second, the procedure can easily be expanded to grassland and permanent crops and also 

expansion to other types of farming is possible, e.g. agroforestry. More research is needed to 

select the relevant ES as well as to score the capacity to supply ES. Furthermore, if the aim is 

to compare the environmental sustainability of a product produced by agroforestry and 

conventional practices, a well-thought selection of the functional unit is essential.  

Recently, the UNEP-SETAC Life Cycle Initiative proposed an updated LCIA framework in 

which six damage categories (endpoint level) are distinguished: human health, ecosystem 
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quality, natural resources and ES, socio-economic assets, cultural heritage, and natural 

heritage (Frischknecht et al., 2016). ES are thus considered as a joint AoP with natural 

resources, measured as damage to resources (e.g. loss of availability of crops, loss of water 

flow regulation potential) (Verones et al., 2017). More research is needed as ES do not only 

have an instrumental value (i.e. values that are of clear utility to humans) and can thus be 

considered as part of the natural resources, but also include cultural values, which are more 

related to social LCA (Pavan and Ometto, 2018; Verones et al., 2017).  

7.5 A broader perspective on sustainable agriculture 

7.5.1 Agriculture as part of the global ecosystem 

Originally, the focus of agriculture was on the crop production. Later on, the attention was 

refocused on the importance of the agricultural system being part of an ecosystem, so-called 

agro-ecosystem. Currently, agro-ecosystems are looked at from a broader viewpoint: they are 

not isolated cases, but are part of a bigger picture and should even be considered at global 

level. 

This is reflected in the attention that is given to the impact of agriculture on climate change 

(Figure 7-8). The modeling of the impacts of LUPs on SOC (elaborated in Chapter 4) could 

also be relevant in the context of climate change as it gives insight into carbon sequestration 

as well. However, modeling the effect of LUPs on SOC is only the first step, as all emissions 

associated with the application of the LUPs must be determined, together with potential 

avoidance of extra mineral fertilization (Chapter 5). So to contribute to a better understanding 

and evaluation of agricultural systems as part of the global ecosystem, the modeling of SOC 

should be accompanied by an LCA in terms of emissions. Climate change is though only one 

of the many pressures agriculture has to deal with. The growing global demand for food, feed, 

energy and materials and the competition for resources, mainly regarding P nutrients, should 

also be considered at broader scale to avoid burden shifting. 
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Figure 7-8: Simplified representation of the contribution of agriculture to climate change (Liu et al., 

2015). 

Also in the context of a circular economy, it is important to not approach the agricultural system 

from a narrow point of view, but take into account the interactions with other (production) 

systems as well. Circular economy refers namely to a minimal use of external inputs, the 

attempt to close nutrient loops, a reduction in environmental footprint and the valorization of 

agri-food waste (Agrocycle, 2017). Also here, agricultural LCAs could help balance decisions, 

for instance regarding the use of crop residues. Residues could be a promising feedstock, but 

they should not be removed at the expense of carbon sequestration and the long-term 

productivity. Therefore, comprehensive LCAs of one agricultural system, together with 

mapping the interactions with other systems and the calculation of the related environmental 

footprint, are highly recommended.  

7.5.2 Policy as driver for changes  

The role of policy in agriculture has been emphasized throughout this PhD thesis. First, policy 

is the authority imposing standards. In Chapter 2, the scenarios regarding policy as driver for 

changes were considered with respect to the fertilization standards In Chapter 3, the CAP 

defined the threshold, chosen as minimal level of SOC that should be reached and/or 

maintained. Next, in Chapter 5, we mentioned that MAP5 dictated the cultivation of cover crops 

in focus areas. All these examples refer to mandatory policy rules. But, policy can also be a 
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driver for decisions regarding LUPs without being obligatory. Often, the motivation will be linked 

to a certain compensation e.g. in terms of subsidies, as is the case with the greening rules. 

Next, policy can also be considered as the authority that communicates research results and 

informs farmers, e.g. regarding the advantages and limitations of the use of compost. Policy 

can give insight into the role of agriculture to society and their vision on agriculture in the future. 

Currently, the CAP aims to pay attention to the multiple functions that agriculture has in society 

(European Commission, 2018d). To motivate farmers towards this concept, the importance of 

the supply of other ES next to ESprov should be reflected in the financial support given to 

farmers.  

For instance, organic systems are aiming to deliver a range of ESreg in addition to the ESprov. 

While the production of food, which is the main objective of farming systems, is directly 

financially compensated, the attention that farmers might give to the application of more 

sustainable LUPs, which results in the delivery of a range of ESreg, is often not directly valued. 

For instance, regarding organic farming, less than 50% of the inputs is allocated to the ESprov 

(Chapter 6), so more than half of the efforts made by the farmers are not directly financially 

compensated. However, there are financial compensations to support organic farming by 

pillar II of the CAP (i.e. rural development). For instance, in Flanders, extra financial benefits 

are given to organic farms by the support for the development of small agricultural businesses. 

Next, one measure is directed at support per hectare during the conversion period to organic 

production and even afterwards (Department of Agriculture and Fisheries, 2016). So this 

financial support and the higher prices for organic products are the main instruments to 

compensate the organic farmers for the lower yields. The financial support is thus not directly 

linked to the supply of particular ES, but the efforts to contribute to a better environmental 

performance (and higher delivery of ES) are assured by the specified requirements that organic 

farmers need to fulfill to acquire the organic label (Borgo et al., 2018).  

Up to now, there exists no policy that only addresses ES, but the ES concept is implicitly 

embedded in several policies with respect to natural resources and nature (Bouwma et al., 

2018). However, to motivate farmers to strive for the provisioning of a whole range of ES, a 

good framework is essential. For instance, in Austria, the project ‘Humusaufbau’ aims to 

promote sustainable LUPs that contribute to C storage. Farmers need to comply with a range 

of preconditions regarding carbon storage over time to get financial compensation for the 

additional efforts (i.e. 30 EUR per tonne CO2) (Verein Ökoregion Kaindorf, 2018). This method 

might be promising, however, it remains challenging to assign an economic value to this and 

other ES. Furthermore, in the transition towards the vision of agriculture as part of the global 

ecosystem, a standardized method should be developed to evaluate and value the delivered 

ES, valid for different countries. The European Commission is taking the first steps in the 
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context of the 7th Environmental Action Programme, which first objective consists of protecting, 

conserving and enhancing the natural capital in the EU. Therefore, natural capital accounting 

might offer a promising framework, which allows one to measure the changes in the stock and 

flows of natural resources as well as services in a particular ecosystem or region. In the context 

of the Environmental Action Programme, an integrated natural accounting system focusing on 

ES is being developed. The systematic data that will be provided are comparable over time 

and can be used to integrate the value of ES into decision making and to establish in monetary 

terms the benefits of investing in sustainable management of the natural capital (European 

Commission, 2018f). This research might then be useful to evaluate the efforts that farmers 

make regarding the provisioning of ES and serve as a good basis for an elaborated financial 

framework in the context of agricultural systems being part of the global ecosystem.  

Today, the importance of ES is, however, recognized by policy. As mentioned in Chapter 1, 

the CAP will undergo a reform in 2020. In the new CAP, more attention will be given to 

ecosystem services. One of the nine objectives proposed by the EU Commission for the post 

2020 CAP will be as follows: ‘contribute to the protection of biodiversity, enhance ecosystem 

services and preserve habitats and landscapes’. In order to address this and also the other 

objectives, a strategic plan will need to be prepared by each member state. In this plan, an 

analysis of the current situation regarding the strengths, weaknesses, opportunities and threats 

needs to be made, and needs, targets and interventions to reach these targets will have to be 

defined. In contrast to the current CAP, this will be coupled to Pillar I and Pillar 2 (instead of 

only Pillar 2) (European Union, 2019). 

7.6 Concluding remarks 

This PhD dissertation brought insight into challenges that agricultural LCAs have to deal with. 

First, it is indicated that the use of local data is highly recommended to conduct an LCA in an 

agricultural context. Next, a first attempt has been made to include the impact of LUPs on soil 

quality and hence long-term productivity. Further research is needed to improve the modeling 

in order to more comprehensively quantify the impact of LUPs on SOC and on yield and to 

include the evaluation of other soil degradation processes as well. Finally, the allocation 

approach based on the ES theory allows a more correct evaluation of the environmental 

sustainability of conventionally and organic produced food/feed products. The insights gained 

throughout this PhD thesis can be used to better evaluate the environmental sustainability of 

agricultural production systems in the transition towards sustainable agriculture. However, the 

quality and the applicability of the proposed approaches to account for the impact of LUPs on 

the long-term productivity, and to integrate ES in LCA, need further improvement. 
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Supplementary Material A1: Data inventory 

Soil texture triangle 

 

Figure A1-1: Soil texture triangle made by ‘Centrum van Bodemkartering’, relying on the distinction 
between soil texture classes used by national soil mapping (Van Ranst and Sys, 2000). The selected 
soil texture classes in Chapter 2 (sand, sandy loam, and heavy silt) are indicated in red.  
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Data inventory emissions 

Table A1-1: Characteristics of soil, climate and plant in order to model emissions 

Characteristic Unit  

Heavy metal contentsa Cd mg kg-1
soil 0.2 

 Cu mg kg-1
soil 5 

 Zn mg kg-1
soil 30 

 Pb mg kg-1
soil 20 

 Ni mg kg-1
soil 8 

 Cr mg kg-1
soil  25 

 Hg mg kg-1
soil 0.05 

    

Precipitationb mm yr-1 800 

Root depth maizec m 1.8 

Clay contentd Sand % 4.7 

 Sandy loam % 9 

 Heavy silt % 18 

P-ALe Sandy soils mg kg-1
soil 350 

 Non-sand soils mg kg-1
soil 290 

a Based on Ecoinvent v. 3.1 

b Based on KMI 

c Soil and health (2015). 

d Harmonized World Soil Database (FAO et al., 2009) 

e Amery and Vandecasteele (2015) 

Data inventory background processes 

Table A1-2: Yield of grain maize in Flanders at 14% moisture. According to Pannecoucque et al. (2012) 

 Yield 2010 (kg ha-1) Yield 2011 (kg ha-1) Yield 2012 (kg ha-1) 

Variety 1 12650 12939 11669 

Variety 2 12462 12496 11424 

Variety 3 12753 13341 11608 

Variety 4 11788 11343 10485 

Variety 5 13345 13180 11467 

Variety 6 13127 13333 11642 

Variety 7 12803 12260 11495 

Variety 8 13304 13087 11716 

Variety 9 12527 12094 11083 

Variety 10 12897 12661 11865 
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Table A1-3: Emission factors Flanders, for off-road vehicles medium class (75-130 kW), Tier 3 (Winther, 

2014) 

 
1990 - 
stage I 

stage I stage II stage IIIA stage IIIB stage IV 

 kg ha-1 kg ha-1 kg ha-1 kg ha-1 kg ha-1 kg ha-1 

Chromium 7.64E-07 7.64E-07 7.64E-07 7.64E-07 7.64E-07 7.64E-07 

Benzene 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

Selenium 1.53E-07 1.53E-07 1.53E-07 1.53E-07 1.53E-07 1.53E-07 

Ammonia 3.59E-04 3.59E-04 3.59E-04 3.59E-04 3.59E-04 3.59E-04 
PAH, polycyclic aromatic 
hydrocarbons 2.94E-05 2.94E-05 2.94E-05 2.94E-05 2.94E-05 2.94E-05 

Cadmium 1.53E-07 1.53E-07 1.53E-07 1.53E-07 1.53E-07 1.53E-07 

Sulfur dioxide 3.06E-02 3.06E-02 3.06E-02 1.53E-03 3.06E-04 3.06E-04 

Particulates, < 2.5 um 7.18E-02 3.59E-02 3.59E-02 3.59E-02 5.38E-03 5.38E-03 

Copper 2.60E-05 2.60E-05 2.60E-05 2.60E-05 2.60E-05 2.60E-05 

Nickel 1.07E-06 1.07E-06 1.07E-06 1.07E-06 1.07E-06 1.07E-06 

Dinitrogen monoxide 6.28E-03 6.28E-03 6.28E-03 6.28E-03 6.28E-03 6.28E-03 

Carbon dioxide, fossil 4.83E+01 4.83E+01 4.83E+01 4.83E+01 4.83E+01 4.83E+01 
NMVOC, non-methane volatile 
organic compounds 2.15E-01 7.18E-02 5.38E-02 5.38E-02 2.33E-02 2.33E-02 

Zinc 1.53E-05 1.53E-05 1.53E-05 1.53E-05 1.53E-05 1.53E-05 

Nitrogen oxides 2.39E+00 1.45E+00 9.33E-01 5.82E-01 5.33E-01 7.18E-02 

Benzo(a)pyrene 6.11E-07 6.11E-07 6.11E-07 6.11E-07 6.11E-07 6.11E-07 

Methane, fossil 5.17E-03 1.72E-03 1.29E-03 1.29E-03 5.60E-04 5.60E-04 

Carbon monoxide, fossil 6.28E-01 2.69E-01 2.69E-01 2.69E-01 2.69E-01 2.69E-01 

 

 

Table A1-4: Fuel consumption per soil texture (sand, sandy loam, and heavy silt) for the Flemish 

lowlands, determined by calculations based on Van linden and Herman (2014). Medium tractor size and 

machinery are used, corresponding to a machine power of 75 – 130 kW. The plot sizes were used 

according to their distribution in Flanders 

Field-work process Fuel consumption (L ha-1) 

 Sand Sandy loam Heavy silt 

Application mineral fertilizers 1.17 1.17 1.17 

Application organic fertilizer 16.55 19.42 23.69 

Application plant protection products 1.07 1.07 1.07 

Harvesting 22.56 22.56 22.56 

Ploughing 23.58 23.07 23.12 

Sowing 9.79 13.09 20.02 

Sowing green manure1 7.24 - - 

Tillage, cultivator1 7.24 - - 

Total fuel consumption 74.72 81.01 91.63 
1Not commonly applied in Flanders 
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Data inventory grain maize 

Table A1-5: Data inventory input for the production of 1 ha grain maize on a sandy soil in Flanders, considering one year (corresponding to the default scenario). 

The yield amounts to 10276 kg ha-1(moisture 14%) 

Flow Unit Data Source 

Land use      

Occupation, arable, non-irrigated, intensive m2a 9.73E-01 Calculations, based on (Pannecoucque, 2014) 

Transformation, from arable, non-irrigated, 
intensive 

m2 9.73E-01 Calculations, based on (Pannecoucque, 2014) 

Transformation, to arable, non-irrigated, 
intensive 

m2 9.73E-01 Calculations, based on (Pannecoucque, 2014) 

Resource in air      

Carbon dioxide, in air kg 3.21E+00 Biobased innovation gardens (Biobased Garden, 2015) 

Resource biotic      

Energy, gross calorific value, in biomass MJ 1.43E+01 Calculations, based on ecoinvent v3.1 (Maize grain production, Swiss integrated 
production) 

Mineral fertilizers      

Potassium chloride, as K2O kg 9.73E-03 Calculations, based on legislation (VLM, 2015b) 

Ammonium nitrate kg 3.42E-03 Calculations, based on legislation (VLM, 2015b) 

Plant protection products      

Plant protection product (Dimethenamide) kg 1.13E-04 Farmers and experts (De Vliegher, personal communication, Pannecoucque et al., 
2012) 

Plant protection product (Triazine-
compounds) 

kg 3.70E-05 Farmers and experts (De Vliegher, personal communication, Pannecoucque et al., 
2012) 

Plant protection product (Benzoic-
compounds)  

kg 4.87E-06 Farmers and experts (De Vliegher, personal communication, Pannecoucque et al., 
2012) 

Plant protection product ([sulfonyl]urea-
compounds) 

kg 2.92E-06 Farmers and experts (De Vliegher, personal communication, Pannecoucque et al., 
2012) 

Work processes      

Application of plant protection product by field 
sprayer 

ha 9.73E-05 Calculations, based on ecoinvent v3.1 (Maize grain production, Swiss integrated 
production) 

Combine harvesting ha 9.73E-05 Calculations, based on ecoinvent v3.1 (Maize grain production, Swiss integrated 
production) 
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Fertilizing, by broadcaster  ha 9.73E-05 Calculations, based on ecoinvent v3.1 (Maize grain production, Swiss integrated 
production) 

Drying of maize straw and whole-plant 
Flanders 

l 4.10E-01 Calculations, based on ecoinvent v3.1 (Maize grain production, Swiss integrated 
production) 

Liquid manure spreading, by vacuum tanker  m3 1.75E-03 Calculations, based on ecoinvent v3.1 (Maize grain production, Swiss integrated 
production) 

Sowing ha 9.73E-05 Calculations, based on ecoinvent v3.1 (Maize grain production, Swiss integrated 
production) 

Tillage, ploughing ha 9.73E-05 Calculations, based on ecoinvent v3.1 (Maize grain production, Swiss integrated 
production) 

Transport, tractor and trailer t*km 1.13E-02 Calculations, based on ecoinvent v3.1 (Maize grain production, Swiss integrated 
production) 

Seed      

Maize seed kg 2.43E-03 (Felten et al., 2013) 

Electricity / supply mix      

Electricity, low voltage, at grid kWh 3.80E-03 Calculations, based on ecoinvent v3.1 (Maize grain production, Swiss integrated 
production) 
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Table A1-6: Main characteristics and primary input data in reference to 1 hectare of cultivated area of grain maize in Flanders and Switzerland. The data for 

Flanders corresponds to the default scenario 

 Unit Flanders Switzerland(*)  
Seeds kg 25 25 
Plant protection products  kg 1.56 1.62 
Mineral fertilizers     

N kg 35 66 
P2O5 kg 0 22 
K2O kg 100 0 

Organic fertilizers    
Liquid manure t 19 12 
Solid manure t 0 7.8 

Processes on the field    
Field-work processes with 

corresponding number of field 
passes 

 Ploughing (1), Sowing (1), Fertilization (1), 
Application of plant protection products (1), 
Combine harvesting (1) 

Ploughing (1), Harrowing (2), Hoeing (1), 
Sowing (1), Fertilization (3), Application of 
plant protection products (2), Irrigation (1), 
Combine harvesting (1) 

Fuel kg 66 81 
Water m3 0 440 

Characteristics    
Cover crop  No Yes 

Erosion kg 2500 421 
Slope % 2 5 

P-content of top soil g P kgsoil
-1 0.35 0.95 

Yield (14 % moisture) kg 10276 9279 

(*) According to ecoinvent v3.1 ‘Maize grain production, Swiss integrated production’ 
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Supplementary Material A2: Impact results 

Impact results scenarios (numeric values) 
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Table A2-1: Impact results of the production of 1 kg grain (14% moisture) according to the CEENE and ReCiPe midpoint methodologies. The results of the 

scenarios elaborated are presented per driver 

   Policy  Farm management  Year-to-year weather variation Innovation 

   P1 P2 P3 FM1 FM2 FM3 FM4 FM5 FM6 Y1 Y2 Y3 Y4 
I1 (1991-
Stage 1) 

I1 
(Stage 

IV) I2 

C   
E 

E
N
E 

Abiotic renewable 
resources MJex kg-1 

4.09E-02 4.05E-02 4.13E-02 4.09E-02 3.88E-02 4.12E-02 4.16E-02 4.15E-02 4.06E-02 4.22E-02 3.98E-02 9.96E-02 4.28E-02 4.09E-02 4.09E-02 3.92E-02 

Fossil fuels MJex kg-1 3.13E+00 3.16E+00 3.28E+00 3.13E+00 3.08E+00 3.15E+00 3.11E+00 3.08E+00 3.12E+00 3.22E+00 3.05E+00 3.74E+00 3.17E+00 3.14E+00 3.14E+00 2.99E+00 

Nuclear energy MJex kg-1 8.66E-02 8.39E-02 8.71E-02 8.66E-02 8.51E-02 8.68E-02 8.89E-02 8.87E-02 8.61E-02 9.14E-02 8.23E-02 2.07E-01 9.11E-02 8.66E-02 8.66E-02 8.36E-02 

Metal ores MJex kg-1 2.32E-04 2.36E-04 2.42E-04 2.32E-04 2.25E-04 2.32E-04 2.36E-04 2.36E-04 2.19E-04 2.40E-04 2.24E-04 5.16E-04 2.37E-04 2.33E-03 2.33E-03 2.21E-04 

Minerals (and 
mineral 
aggregates) MJex kg-1 

5.12E-03 4.62E-03 5.01E-03 5.12E-03 2.46E-04 5.60E-03 5.40E-03 5.40E-03 4.89E-03 5.77E-03 4.53E-03 5.28E-04 5.22E-03 5.12E-03 5.12E-03 4.05E-03 

Water Resources MJex kg-1 1.79E-01 1.84E-01 1.92E-01 1.79E-01 1.67E-01 1.80E-01 1.84E-01 1.83E-01 1.80E-01 1.89E-01 1.69E-01 8.39E+00 1.89E-01 1.79E-01 1.79E-01 1.64E-01 

Land and biotic 
resources MJex kg-1 

2.37E+01 2.14E+01 2.32E+01 2.37E+01 2.37E+01 2.37E+01 2.49E+01 2.49E+01 2.39E+01 2.67E+01 2.10E+01 2.38E+01 2.37E+01 2.37E+01 2.37E+01 1.89E+01 

R
e

C 
i 
P

e  
 

M

i 
D
p

o 
i 
n 

t 

                  

Ozone depletion 
kg CFC-11 
eq kg-1 

2.54E-08 2.56E-08 2.70E-08 2.54E-08 2.51E-08 2.56E-08 2.51E-08 2.47E-08 2.56E-08 2.64E-08 2.46E-08 2.80E-08 2.62E-08 2.55E-08 2.55E-08 2.39E-08 

Photochemical 
oxidant formation 

kg NMVOC 
kg-1 

1.76E-03 1.76E-03 1.78E-03 1.76E-03 1.74E-03 1.78E-03 1.73E-03 1.70E-03 1.82E-03 1.82E-03 1.71E-03 1.86E-03 1.77E-03 2.52E-03 1.90E-03 1.67E-03 

Particulate matter 
formation 

kg PM10 
eq kg-1 

1.26E-03 1.24E-03 1.30E-03 1.26E-03 1.57E-03 1.54E-03 1.32E-03 1.31E-03 1.28E-03 1.39E-03 1.20E-03 1.30E-03 1.27E-03 1.48E-03 1.33E-03 1.13E-03 

Climate change 
kg CO2 eq 
kg-1 

4.05E-01 4.08E-01 4.27E-01 4.05E-01 3.78E-01 4.27E-01 4.10E-01 4.07E-01 4.26E-01 4.28E-01 3.84E-01 4.42E-01 4.07E-01 4.09E-01 4.09E-01 3.68E-01 

Terrestrial 
acidification 

kg SO2 eq 
kg-1 

6.26E-03 6.12E-03 6.25E-03 6.26E-03 8.71E-03 8.41E-03 6.72E-03 6.70E-03 6.36E-03 7.14E-03 5.90E-03 6.35E-03 6.31E-03 6.94E-03 6.30E-03 5.42E-03 

Freshwater 
eutrophication 

kg P eq kg-

1 
5.80E-05 8.57E-05 1.06E-04 5.80E-05 5.80E-05 5.80E-05 8.67E-05 4.59E-05 6.27E-05 1.20E-04 9.38E-05 1.08E-04 1.08E-04 1.08E-04 1.08E-04 7.90E-05 

Marine 
eutrophication 

kg N eq kg-

1 
3.08E-03 2.74E-03 2.67E-03 3.08E-03 3.58E-03 3.49E-03 3.25E-03 3.25E-03 2.01E-03 3.49E-03 2.73E-03 3.08E-03 3.08E-03 3.38E-03 3.36E-03 2.44E-03 

Human toxicity 
kg 1,4-DB 

eq kg-1 
3.69E-02 3.37E-02 3.55E-02 3.69E-02 3.89E-02 1.28E-02 3.84E-02 3.84E-02 3.63E-02 4.05E-02 3.37E-02 3.84E-02 3.72E-02 3.81E-02 3.81E-02 3.11E-02 

Terrestrial 
ecotoxicity 

kg 1,4-DB 
eq kg-1 

1.61E-04 1,38E-01 1.46E-04 1.61E-04 1.49E-04 3.29E-05 1.70E-04 1.71E-04 2.62E-04 1.81E-04 1.43E-04 1.64E-04 1.62E-04 1.66E-04 1.66E-04 1.29E-04 

Freshwater 
ecotoxicity 

kg 1,4-DB 
eq kg-1 

2.53E-04 3.99E-03 4.88E-04 2.53E-04 2.49E-04 1.86E-04 2.54E-04 2.43E-04 2.44E-04 2.78E-04 2.30E-04 2.62E-04 2.63E-04 2.59E-04 2.59E-04 2.11E-04 

Marine ecotoxicity 
kg 1,4-DB 
eq kg-1 

2.53E-04 3.91E-03 4.70E-04 2.53E-04 2.54E-04 1.97E-04 2.47E-04 2.38E-04 2.44E-04 2.74E-04 2.34E-04 2.62E-04 2.63E-04 2.61E-04 2.61E-04 2.61E-04 
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Toxicity impact results 

The ReCiPe midpoint is used to evaluate the toxicity; four categories are considered: human 

toxicity (HT; kg 1,4-DB eq (1,4-dichlorobenzene)), terrestrial ecotoxicity (TE; kg 1,4-DB eq), 

freshwater ecotoxicity (FET; kg 1,4-DB eq) and marine ecotoxicity (MT; kg 1,4-DB eq). The 

different scenarios are discussed per driver. 

Driver ‘Policy’ 

The influence of the yield is clearly demonstrated in Figure A2-1 for the categories HT and TE. 

For the categories FET and MT, however, is the contribution of the additional applied N fertilizer 

predominant on the effect of the yield. The difference between P2 and P3 (with a same amount 

of fertilizers) is explained by the different yield in scenarios P2 and P3.  

 
Figure A2-1: Emission footprint of 1 kg grain maize produced on different soil textures: sand (P1), sandy 

loam (P2) and heavy silt (P3). ReCiPe Method at midpoint is used. Maximum value per impact category 

= 100%. HT = Human toxicity; TE = Terrestrial ecotoxicity; FET = Freshwater ecotoxicity; MT = Marine 

ecotoxicity. 

Driver ‘Farm management’ 

The impact results of the farm management decisions concerning toxicity are shown in 

Figure A2-2. Considering the fertilizer type, strong reductions are obtained by using digestate, 

while the results are similar for FM1 and FM2. The differences are mainly related to the heavy 

metal content of the organic fertilizers. The results must therefore be carefully interpreted, as 

composition of digestate can differ strongly. The positive impact of the reduced tillage methods 

is counterbalanced by the effect of the reduced yield. Hereby, the positive influence of using 
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less or other machinery and consequentially lower consumption of diesel is almost not 

reflected. The additional field-work processes for the cultivation of cover crops induce an 

increase in TE compared to FM1, while the reduced amount of N fertilizers explains the 

reduction in FET and MT. 

 
Figure A2-2: Environmental impact assessment of the production of 1 kg grain maize of the scenarios 
driven by farm management by using the ReCiPe midpoint methodology. Maximum value per impact 
category= 100%. HT = Human toxicity; TE = Terrestrial ecotoxicity; FET = Freshwater ecotoxicity; MT = 
Marine ecotoxicity. 

Driver ‘Year-to-year weather variation’ 

Since only the yield has changed along the scenarios Y1 and Y2, the reduction is fully 

explained by this factor (Figure A2-3). The difference between Y1 and Y2 amounts to 20%, 

26%, 21% and 17% for the categories HT, TE, FET and MT, respectively. 

In Figure A2-4, the toxicity impact results of additional field-work processes are presented. 

Irrigation results in a slightly worse environmental performance while the influence of the higher 

consumption of crop protection products in Y4 is even less (except for FET). According to 

Fedele et al. (2014), this can probably be explained by the low amount of plant protection 

products consumed.  
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Figure A2-3: Life cycle impact results according to the CEENE and ReCiPe midpoint method for the 

production of 1 kg grain maize (14% moisture), for the production of grain maize with extra field work-

processes: irrigation and additional application of plant protection products. Maximum value per impact 

category = 100%. HT = Human toxicity; TE = Terrestrial ecotoxicity; FET = Freshwater ecotoxicity; MT 

= Marine ecotoxicity. 

 

 

Figure A2-4: Life cycle impact results of the production of 1 kg grain maize according to the ReCiPe 

midpoint method for the scenarios standard (10276 kg ha-1), low (9085 kg ha-1), high (11634 kg ha-1) 

yield (14% moisture) and expected yield in 25 years (13048 kg ha-1). Maximum value per impact 

category = 100%. HT = Human toxicity; TE = Terrestrial ecotoxicity; FET = Freshwater ecotoxicity; MT 

= Marine ecotoxicity.  
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Driver ‘Innovation’ 

Plant breeding will result in a higher yield. The toxicity impact results will decrease, which is 

represented in Figure A2-3. The reduction of emissions have however no influence on the 

toxicity impact results, and are therefore not discussed. 

 

Discussion of the results 

In analogy to the other categories, the yield is of major influence. Furthermore, the benefit of 

using digestate is clearly remarkable in terms of toxicity. It is important to keep in mind that the 

composition of digestate is a decisive factor in the assessment, however, the composition can 

differ strongly and entails a high uncertainty. The advantages of applying reduced or no tillage 

are however not reflected in the impact results, while irrigation seems also in terms of toxicity 

to be an unfriendly environmental process. The additional use of plant protection products does 

not have a big influence on the impact results. However, especially for plant protection products 

and metals, the toxicity results should be evaluated with caution (European Commission, 

2011). 
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Supplementary Material B1: Tables 

Exergy calculations 

Table B1-1: Plant characteristics and summarize of exergy values. Calculations based on Szargut et 
al. (1988) a. Prices (euro) per crop 

 Potatoes Silage 
maize 

Sugar 
beets 

Winter 
barley 

Winter 
barley, 
straw 

Winter 
wheat 

Winter 
wheat, 
straw 

Exergy 
(average of 

components) 
(kJex g-1) 

Moisture (-) 0.75 0.52 0.78 0.15 0.15 0.15 0.15  
Carbohydrates 
(kJ kg-1) 

3654 4399 4322 13425 14630 13565 14643 19.57 

Lipids (kJ kg-1) 23 274 80 1121 865 864 419 38.89 
Proteins (kJ kg-1) 518 224 275 - 1087 2593 1024 25.44 
Ash (kJ kg-1) 25 28 101 43 151 31 184 2.04 b 
TOTAL  
(MJex (kg DM) -1) 

21.43 18.12 18.38 16.79 19.46 19.25 18.04  

PRICE (EUR t-1) 250c 170d 41e 184e 194e  

a Szargut et al. (1988).  
b Van den Berg et al. (1998)  
c PCA (2017) 
d Synagra (2017) 
e Departement Landbouw en Visserij (2017a) 
 

Background information  

Table B1-2: Manure application per rotation for pig slurry and farmyard manure. Based on VLM (2016). 

FYM: farmyard manure; WM: white mustard 

 
No 

remediation Remediation FYM Remediation FYM + WM 

 
Pig slurry  

(t ha-1) 
Pig slurry  

(t ha-1) 
Farmyard 

manure (t ha-1) 
Pig slurry  

(t ha-1) 
Farmyard 

manure (t ha-1) 

ROTATION 2      

silage maize 14 14 23 14 23 

winter wheat a 10 10 14 14 23 

ROTATION 3      

sugar beet 11 11 19 11 19 

winter wheat 14 14 23 14 23 

winter barley a 10 10 14 14 18 

ROTATION 4      

winter wheat 10 14 14 14 23 

winter barley a 10 10 14 14 18 

potato a 14 14 23 14 23 

sugar beet 11 11 19 11 19 

a Crop followed by the cultivation of white mustard when remediation FYM+WM is applied 
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Table B1-3: Crop and soil information to run the EU-Rotate_N model 

CROP 
 Above ground biomass production (t DM ha-1)a N fertilizer (kg N ha-1) 

 Sandy loam Clay  
Potato 14.2 13.9 65 
Silage maize 27.1 25.4 35 
Sugar beet 27.3 25.9 49 
Winter barley b 15.5 16.4 43 
Winter wheat b 16.5 16.9 85 

 SOIL  

Permanent welting point 
(m3 m-3) c 

0.16 0.27  

Field capacity (m3 m-3)c 0.28 0.39  
Saturation (m3 m-3)d 0.46 0.51  

 SITE  

N deposition (kg ha-1)e 23.9    

a ADSEI (2017) (years 2008-2015) and Rahn et al. (2010) 
b including straw 
c (Rahn et al. 2009) 
d Plant & Soil Sciences eLibrary. (2017).  
e VMM (2017)  

 
Table B1-4: Inputs per remediation action 

 Cultivation white 
mustard 

Manure application 

FUEL CONSUMPTION   
Application of solid manure (sandy loam, clay) a, b  

(L ha-1) 
 14.40 

Fertilizing, by broadcaster (sandy loam, clay) b, c  

(L ha-1) 
1.17  

Sowing (clay) b, d (L ha-1) 17.40  
Sowing (sandy loam) b, d (L ha-1) 11.40  
Tillage, cultivator (clay) b, e (L ha-1) 11.25  
Tillage, cultivator (sandy loam) b, e (L ha-1) 7.10  
PRODUCTS   
N fertilizer f, g (kg ha-1) 30  
Seed, white mustard g, h (kg ha-1) 20  

a based on ecoinvent process "Solid manure loading and spreading, by hydraulic loader and 

spreader", adapted fuel consumption 
b Fuel consumption based on Van linden and Herman (2014) 
c based on ecoinvent process "Fertilising, by broadcaster", adapted fuel consumption 
d based on ecoinvent process "Sowing", adapted fuel consumption 
e based on ecoinvent process "Tillage, harrowing", adapted fuel consumption 
f represented by ecoinvent process "Ammonium nitrate, as N" 
g retrieved from Productschap Akkerbouw (2017)  
h represented by ecoinvent process "Rape seed, for sowing ", analogous to the ecoinvent process 

"Green manure, Swiss integrated production" 
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Results case study 

Model outputs and intermediate results 

Table B1-5: SOC trend over time for a two year rotation system (RS2) at a sandy loam soil. Threshold 

equals 35.1 t ha-1. Aboveground dry matter (DM) production according to the SOC level is listed for FYM 

and FYM+WM. Remediation efforts are expressed in exergy 

    
No  

remediation 
Remediation  

by FYM 
Remed.  
by WM 

Remediation  
by FYM+WM 

Year Crop 
OC  
(t C  
ha-1) 

DM 
 (t  

ha-1) 

OC  
(t C 
ha-1) 

Efforts  
remediation  
(MJex ha-1) 

DM 
 (t  

ha-1) 

OC  
(t C ha-1) 

OC  
(t C 
ha-1) 

Efforts  
remediation 
(MJex ha-1) 

Av.burden  
(MJex  
ha-1) 

DM  
(t ha-

1) 

1 
winter  
wheat 28.1 19.7 29.4 617 19.8 28.2 29.5 617  19.8 

2 
winter  
barley 28.2 16.5 30.1 376 16.5 29.0 31.4 5660  16.6 

3 potato 28.0 19.7 30.8 617 19.8 28.6 31.9 617 1627 19.8 

4 
sugar  
beet 28.1 16.5 31.2 376 16.5 29.3 33.3 5660  16.6 

5 
winter  
wheat 27.9 19.7 31.8 617 19.8 28.9 33.6 617 1627 19.8 

6 
winter  
barley 27.9 16.5 32.1 376 16.5 29.5 34.8 5660  16.6 

7 potato 27.7 19.7 32.5 617 19.8 29.0 34.9 617 1627 19.8 

8 
sugar  
beet 27.8 16.5 32.8 376 16.5 29.6 36.0 5660   16.6 

9 
winter  
wheat 27.6 19.7 33.1 617 19.8 29.1 35.1 617 1627 19.8 

10 
winter  
barley 27.7 16.5 33.3 376 16.5 29.7 35.3 5043  16.6 

11 potato 27.5 19.7 33.7 617 19.8 29.2 35.1 617 1627 19.8 

12 
sugar  
beet 27.6 16.5 33.8 376 16.5 29.8 35.7 5043  16.6 

13 
winter  
wheat 27.4 19.7 34.2 617 19.8 29.3 35.1 617 1627 19.8 

14 
winter  
barley 27.5 16.5 34.3 376 16.5 29.9 35.8 5043  16.6 

15 potato 27.3 19.7 34.6 617 19.8 29.4 35.3 617 1627 19.8 

16 
sugar  
beet 27.4 16.5 34.7 376 16.5 29.9 36.1 5043  16.6 

17 
winter  
wheat 27.1 19.7 35.0 617 19.8 29.4 35.5 617 1627 19.8 

18 
Winter 
barley 27.3 16.5 35.1 376 16.5 30.0 36.1 5043  16.6 

19 potato 27.0 19.7 35.4 617 19.8 29.4 35.8 617 1627 19.8 

20 
sugar  
beet 27.1 16.5 35.2 376 16.5 29.8 36.3 5043   16.6 
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Table B1-6: SOC trend over time for a four year rotation system (RS4) at a sandy loam soil. Threshold 

equals 35.1 t ha-1. Aboveground dry matter (DM) production according to the SOC level is listed for FYM 

and FYM+WM. Remediation efforts are expressed in exergy 

    
No  

remediation 
Remediation  

by FYM 
Remed. 
 by WM 

Remediation 
 by FYM+WM 

Year Crop 

OC  
(t C  

ha-1) 

DM 
 (t  

ha-1) 

OC  
(t C 
ha-1) 

Efforts 
remediation 
(MJex ha-1) 

DM 
 (t  

ha-1) 

OC  
(t C ha-1) 

OC  
(t C 
ha-1) 

Efforts 
remediation 
(MJex ha-1) 

Av.burden  
(MJex  
ha-1) 

DM  
(t 
ha-1) 

1 

winter  
wheat 28.8 16.5 29.5 376 16.5 28.8 30.1 617  16.5 

2 

winter  
barley 28.9 14.5 30.3 376 14.6 29.6 31.8 5526  14.6 

3 potato 28.5 14.2 31.0 617 14.2 29.7 32.8 5660 1627 14.2 

4 

sugar  
beet 28.5 26.6 31.6 510 27.2 29.4 33.0 510 1627 27.3 

5 

winter  
wheat 28.7 16.5 32.0 376 16.5 29.5 33.8 617  16.5 

6 

winter  
barley 28.8 14.5 32.5 376 14.6 30.2 35.0 5526  14.7 

7 potato 28.4 14.2 32.9 617 14.2 30.3 35.6 5660 1627 14.2 

8 

sugar  
beet 28.4 26.6 33.2 510 27.2 29.9 35.3 510 1627 27.3 

9 

winter  
wheat 28.6 16.5 33.5 376 16.5 29.9 35.8 617  16.5 

10 

winter  
barley 28.7 14.5 33.8 376 14.7 30.6 35.9 5043  14.7 

11 potato 28.4 14.2 34.1 617 14.2 30.6 36.5 5660 1627 14.2 

12 

sugar  
beet 28.3 26.6 34.4 510 27.3 30.2 35.5 0 1627 26.7 

13 

winter  
wheat 28.5 16.5 34.7 376 16.5 30.2 36.1 617  16.5 

14 

winter  
barley 28.6 14.5 34.9 376 14.7 30.9 36.3 5043  14.7 

15 potato 28.3 14.2 35.1 617 14.2 30.9 35.8 5043 1627 14.2 

16 

sugar  
beet 28.3 26.6 35.1 510 27.3 30.5 36.1 510 1627 27.3 

17 

winter  
wheat 28.4 16.5 35.4 376 16.5 30.5 35.5 0  16.5 

18 

Winter 
barley 28.5 14.4 35.1 0 14.7 31.1 35.9 5043  14.7 

19 potato 28.2 14.2 35.2 617 14.2 31.1 35.6 5043 1627 14.2 

20 

sugar  
beet 28.2 26.6 35.8 0 26.7 30.5 35.8 510 1627 27.3 
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Table B1-7: SOC trend over time for a two year rotation system (RS2) at a clay soil. Threshold equals 

50.4 t ha-1. Aboveground dry matter (DM) production according to the SOC level is listed for FYM and 

FYM+WM. Remediation efforts are expressed in exergy 

    
No  

remediation 
Remediation 

 by FYM 
Remed.  
by WM 

Remediation by  
FYM+WM 

Year Crop 

OC  
(t C  
ha-1) 

DM 
 (t  

ha-1) 

OC  
(t C 
ha-1) 

Efforts 
remediation 
(MJex ha-1) 

DM 
 (t  

ha-1) 

OC  
(t C ha-1) 

OC  
(t C 
ha-1) 

Efforts 
remediation 
(MJex ha-1) 

Av.burden  
(MJex  
ha-1) 

DM  
(t 

ha-1) 

1 
winter  
wheat 44.6 18.9 45.9 617 19.0 44.6 46.0 617  19.0 

2 
winter  
barley 44.5 17.0 46.4 376 17.0 45.3 47.8 6130  17.0 

3 potato 44.1 18.9 47.0 617 19.0 44.8 48.2 617 1627 19.0 

4 
sugar  
beet 44.1 17.0 47.3 376 17.0 45.4 49.6 6130  17.0 

5 
winter  
wheat 43.7 18.9 47.8 617 19.0 44.8 49.7 617 1627 19.0 

6 
winter  
barley 43.7 17.0 48.0 376 17.0 45.3 50.9 6130   17.0 

7 potato 43.3 18.9 48.3 617 19.0 44.7 50.3 617 1627 19.0 

8 
sugar  
beet 43.3 17.0 48.5 376 17.0 45.2 50.5 6130  17.0 

9 
winter  
wheat 42.9 18.9 48.8 617 19.0 44.6 49.9 617 1627 19.0 

10 
winter  
barley 42.9 17.0 48.9 376 17.0 45.1 50.6 5513  17.0 

11 potato 42.5 18.9 49.1 617 19.0 44.5 50.1 617 1627 19.0 

12 
sugar  
beet 42.5 17.0 49.2 376 17.0 45.0 50.7 6130  17.0 

13 
winter  
wheat 42.2 18.9 49.4 617 19.0 44.3 50.2 0 1627 18.9 

14 
winter  
barley 42.2 17.0 49.4 376 17.0 44.8 50.9 5513  17.0 

15 potato 41.8 18.9 49.6 617 19.0 44.2 50.4 617 1627 19.0 

16 
sugar  
beet 41.8 17.0 49.7 376 17.0 44.7 51.1 6130  17.0 

17 
winter  
wheat 41.5 18.9 49.9 617 19.0 44.0 50.6 617 1627 19.0 

18 
Winter 
barley 41.5 17.0 49.9 376 17.0 44.5 51.4 5513  17.0 

19 potato 41.1 18.9 50.1 617 19.0 43.9 50.9 617 1627 19.0 

20 
sugar  
beet 41.1 17.0 50.4 376 17.0 44.1 51.5 6130   17.0 
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Table B1-8: SOC trend over time for a three-year rotation system (RS3) at a clay soil. Threshold equals 

50.4 t ha-1. Aboveground dry matter (DM) production according to the SOC level is listed for FYM and 

FYM+WM. Remediation efforts are expressed in exergy 

    

No  
remediation 

Remediation 
 by FYM 

Remed.  
by WM 

Remediation by  
FYM+WM 

Year Crop 

OC  
(t C  
ha-1) 

DM 
 (t  

ha-1) 

OC  
(t C 
ha-1) 

Efforts 
remediation 
(MJex ha-1) 

DM 
 (t  

ha-1) 

OC  
(t C ha-1) 

OC  
(t C 
ha-1) 

Efforts 
remediation 
(MJex ha-1) 

Av.burden  
(MJex  
ha-1) 

DM  
(t 

ha-1) 

1 
winter  
wheat 46.4 15.6 47.3 376 15.7 47.2 48.0 5996  15.7 

2 
winter  
barley 46.1 25.5 48.2 510 25.9 46.6 48.7 510 1627 25.9 

3 potato 46.1 17.0 48.5 617 17.0 46.6 49.2 617  17.0 

4 
sugar  
beet 46.0 15.6 49.1 376 15.8 47.2 50.5 5996  15.8 

5 
winter  
wheat 45.7 25.5 49.7 510 25.9 46.6 50.5 510 1627 25.2 

6 
winter  
barley 45.7 17.0 49.8 617 17.0 46.5 49.9 617  17.0 

7 potato 45.7 15.6 50.3 376 15.8 47.1 50.8 5513  15.8 

8 
sugar  
beet 45.4 25.5 50.7 510 25.9 46.5 50.5 0 1627 25.7 

9 
winter  
wheat 45.3 17.0 50.9 617 17.0 46.4 50.4 617  17.0 

10 
winter  
barley 45.3 15.6 51.0 376 15.8 47.0 51.3 5513  15.8 

11 potato 45.0 25.5 50.1 0 25.7 46.4 50.5 510 1627 25.9 

12 
sugar  
beet 45.0 17.0 50.7 617 17.0 46.3 50.8 617  17.0 

13 
winter  
wheat 44.9 15.6 50.1 0 15.8 46.9 51.1 5513  15.8 

14 
winter  
barley 44.7 25.5 50.4 510 25.9 46.3 51.1 0 1627 25.7 

15 potato 44.6 17.0 51.1 617 17.0 46.2 50.9 617  17.0 

16 
sugar  
beet 44.6 15.6 51.2 376 15.8 46.7 51.5 5513  15.8 

17 
winter  
wheat 44.3 25.5 50.4 0 25.7 46.2 51.5 510 1627 25.9 

18 
Winter 
barley 44.3 17.0 51.1 617 17.0 46.0 50.9 617  17.0 

19 potato 44.3 15.6 50.5 0 15.8 46.6 52.1 5513  15.8 

20 
sugar  
beet 44.0 25.5 50.7 510 25.9 45.9 51.4 0 1627 25.7 
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Table B1-9: SOC trend over time for a four year rotation system (RS4) at a clay soil. Threshold equals 
50.4 t ha-1. Aboveground dry matter (DM) production according to the SOC level is listed for FYM and 
FYM+WM. Remediation efforts are expressed in exergy 

    

No  
remediation Remediation by FYM 

Remediation  
by WM 

Remediation by  
FYM+WM 

Year Crop 
OC  
(t C  
ha-1) 

DM 
 (t ha-1) 

OC  
(t C 
ha-1) 

Efforts 
remediation 
(MJex ha-1) 

DM 
 (t  

ha-1) 

OC  
(t C ha-1) 

OC 
(t C 
ha-1) 

Efforts 
remediation 
(MJex ha-1) 

Av.burden 
(MJex  
ha-1) 

DM  
(t 

ha-1) 

1 
winter  
wheat 45.5 17.0 45.5 376 17.0 45.6 46.9 617  17.0 

2 
winter  
barley 45.5 15.7 46.4 376 15.7 46.3 48.5 5996  15.7 

3 potato 45.0 13.9 47.0 617 13.9 46.3 49.5 6130 1627 13.9 

4 
sugar  
beet 44.9 25.4 47.6 510 25.9 45.9 49.6 510 1627 25.9 

5 
winter  
wheat 44.9 17.0 48.1 376 17.0 45.8 50.3 617  17.0 

6 
winter  
barley 44.9 15.6 48.4 376 15.7 46.5 51.5 5996   15.8 

7 potato 44.4 13.9 48.8 617 13.9 46.4 51.4 6130 1627 25.9 

8 
sugar  
beet 44.3 25.4 49.1 510 25.9 45.9 51.2 510 1627 17.0 

9 
winter  
wheat 44.3 17.0 49.4 376 17.0 45.8 50.3 0  15.8 

10 
winter  
barley 44.3 15.6 49.6 376 15.8 46.4 50.3 5513  13.9 

11 potato 43.8 13.9 49.8 617 13.9 46.3 51.0 6130 1627 25.9 

12 
sugar  
beet 43.7 25.4 50.0 510 25.9 45.8 51.0 510 1627 17.0 

13 
winter  
wheat 43.7 17.0 50.2 376 17.0 45.7 50.4 0  15.8 

14 
winter  
barley 43.8 15.6 50.3 376 15.8 46.3 50.4 5513  13.9 

15 potato 43.3 13.9 50.5 617 13.9 46.2 51.2 6130 1627 25.9 

16 
sugar  
beet 43.2 25.4 50.5 510 25.9 45.7 51.2 510 1627 17.0 

17 
winter  
wheat 43.2 17.0 51.1 376 17.0 45.6 50.5 0  15.8 

18 
Winter 
barley 43.2 15.6 50.5 0 15.8 46.2 50.7 5513  13.9 

19 potato 42.8 13.9 50.9 617 13.9 46.1 51.5 6130 1627 25.9 

20 
sugar  
beet 42.7 25.4 50.8 510 25.9 45.4 51.6 510 1627 17.0 
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Final results 

Table B1-10: Overview for rotation systems RS2, RS3, and RS4 at sandy loam soil of harvested 

biomass (indicated by yield), efforts, and balance between efforts and beneftis regarding the restoration 

period. FYM: organic carbon addition by extra farmyard manure applications; FYM+WM: organic carbon 

addition by farmyard manure application and cultivation of white mustard. 

 SANDY LOAM RESTORATION 

 

# years of 
restoration 

sum ∆ 
yield (t 

DM ha-1) 
sum ∆ yield 
(MJex ha-1) 

cost repair 
(MJex ha-1) 

avoided 
burden 
(MJex  
ha-1) 

∆benefit-consumption 
(MJex ha-1) 

 FYM 
FYM 
+ WM FYM 

FYM 
+ 

WM FYM 
FYM 
+ WM FYM 

FYM 
+ WM  

FYM + 
WM FYM 

FYM + 
WM 

FYM + 
WM + 

av. 
burden 

               

rotation 2 19 8   17694 8931 9556 25113   8138 -16181 -11300 

silage maize   1.0 0.5 17694 8931 6174 2470  4882 11520 6462  

winter wheat    0.0 0.0 0 0 3382 22643   -33382 -22643  

              

rotation 3 10 7   35228 27891 4886 18835   31894 9057 12311 

sugar beets   1.3 0.9 23159 16211 1530 1020  3255 22629 15191  

winter wheat   0.0 0.0 0 0 1852 1235   -1852 -1235  

winter barley    0.7 0.7 12978 11680 1503 16580   10566 -4900  

               

rotation 4 15 7   32751 12900 7006 24120   25745 -11220 -6338 

winter wheat   0.0 0.0 0 0 1503 1235   -1503 -1235  

potatoes    0.0 0.0 0 0 2470 11322  3255 -2470 -11322  

winter barley   0.5 0.2 8306 3893 1503 11053   6803 -7160  

sugar beets    1.3 0.5 24445 9006 1530 510  1627 22915 8496  
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Table B1-11: Overview for rotation systems RS2, RS3 and RS4 at sandy loam soil of harvested biomass 

(indicated by yield), efforts, and balance between efforts and benefits regarding the maintenance period. 

FYM: organic carbon addition by extra farmyard manure application; FYM + WM: organic carbon 

addition by farmyard manure application and cultivation of white mustard 

 SANDY LOAM MAINTENANCE 

 

# years of 
restoration 

sum ∆ 
yield  
(t DM  
ha-1) 

sum ∆ yield 
(MJex ha-1) 

cost repair 
(MJex ha-1) 

avoided 
burden 
(MJex  
ha-1) 

∆benefit-consumption 
(MJex ha-1) 

 FYM 
FYM 
+ WM FYM 

FYM 
+ 

WM FYM 
FYM 
+ WM FYM 

FYM 
+ WM  

FYM + 
WM FYM 

FYM + 
WM 

FYM + 
WM + 

av. 
burden 

                           

rotation 2 1 12 0.0 0.8 0 14155 376 33965   -376 -19180 -10046 

silage maize 0 6 0.0 0.8 0 15155 0 3704  9764 0 10451  

winter wheat  1 6 0.0 0 0 0 376 30260   -376 -30260  

              

rotation 3 10 13 2.2 2.6 39963 46689 3033 22187   36930 24502 31011 

sugar beets 4 5 1.7 1.8 30878 33452 2040 1530  6509 28838 31922  

winter wheat 3 4 0.0 0.0 0 0 617 0   -617 0  

winter barley  3 4 0.5 0.8 9084 13237 376 20657   8709 -7419  

               

rotation 4 5 13 0.8 2.1 14186 37779 1503 37451   12683 328 10091 

winter wheat 1 3 0 0 0 0 376 5043   -376 -5043  

potatoes  1 3 0 0 0 0 617 15748  4882 -617 -15748  

winter barley 1 3 0.2 0.5 3893 9474 0 15130   3893 -5656  

sugar beets  2 4 0.6 1.5 10293 28305 510 1530  4882 9783 26775  
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Table B1-12: Overview for rotation systems RS2, RS3 and RS4 at clay soil of harvested biomass 

(indicated by yield), efforts, and balance between efforts and benefits regarding the restoration period. 

FYM: organic carbon addition by farmyard manure application; FYM + WM: organic carbon addition by 

farmyard manure application and cultivation of white mustard 

 CLAY RESTORATION 

 

# years of 
restoration 

sum ∆ 
yield (t 

DM ha-1) 
sum ∆ yield 
(MJex ha-1) 

cost repair 
(MJex ha-1) 

avoided 
burden 
(MJex  
ha-1) 

∆benefit-consumption 
(MJex ha-1) 

 FYM 
FYM 
+ YM FYM 

FYM 
+ 

WM FYM 

FYM 
+ 

WM FYM 
FYM + 

WM  
FYM + 

WM FYM 
FYM + 

WM 

FYM + 
WM + 

av. 
burden 

               

rotation 2 20 6   16852 6909 9932 20243   6920 -13334 -8452 

silage maize   0.9 0.4 16852 6909 6174 1852  4882 10678 5057  

winter wheat    0.0 0.0 0 0 3758 18391   -3758 -18391  

              

rotation 3 8 4   21928 9814 3892 13120   18036 -3306 -1678 

sugar beets   0.8 0.3 15439 5661 1530 510  1627 13909 5151  

winter wheat   0.0 0.0 0 0 1235 617   -1235 -617  

winter barley    0.4 0.2 6489 4153 1127 11992   5361 -7389  

               

rotation 4 15 6   23192 9029 7006 19867   16186 -10839 -7584 

winter wheat   0.0 0.0 0 0 1503 1235   -1503 -1235  

potatoes    0.0 0.0 0 0 2470 6130   -2470 -6130  

winter barley   0.2 0.1 3893 2596 1503 11992  1627 2390 -9397  

sugar beets    1.1 0.4 19299 6433 1530 510  1627 17769 5923  

 

  



Appendix B 

 

-216- 
 

Table B1-13: Overview for rotation systems RS2, RS3 and RS4 at clay soil of harvested biomass 

(indicated by yield), efforts, and balance between efforts and benefits regarding the maintenance period. 

FYM: organic carbon addition by farmyard manure application; FYM + WM: organic carbon addition by 

farmyard manure application and cultivation of white mustard 

 CLAY MAINTENANCE 

 

# years of 
restoration 

sum  
∆ yield  
(t DM  
ha-1) 

sum ∆ yield 
(MJex ha-1) 

cost repair 
(MJex ha-1) 

avoided 
burden 
(MJex  
ha-1) 

∆benefit-consumption 
(MJex ha-1) 

 FYM 
FYM 
+ YM FYM 

FYM 
+ 

WM FYM 
FYM 
+ WM FYM 

FYM 
+ WM  

FYM + 
WM FYM 

FYM + 
WM 

FYM + 
WM + 

av. 
burden 

                            

rotation 2 0 14   0 14155 0 44765   0 -30609 -19218 

silage maize 0 7 0.0 0.8 0 14155 0 3704  11391 0 10451  

winter wheat  0 7 0.0 0.0 0 0 0 41060   0 -41060  

              

rotation 3 12 16   26593 39224 4241 32182   22352 7043 15179 

sugar beets 4 6 0.9 1.4 16211 26247 1020 1530  8136 15191 24717  

winter wheat 4 5 0.0 0.0 0 0 2470 3087   -2470 -3087  

winter barley  4 5 0.6 0.7 10382 12978 752 27565   9631 -14587  

               

rotation 4 5 14   15462 33519 2013 43100   13448 -9582 3437 

winter wheat 1 3 0.0 0.0 0 0 376 0   -376 0  

potatoes  1 4 0.0 0.0 0 0 617 24521  6509 -617 -24521  

winter barley 1 3 0.2 0.4 2596 7787 0 16539   2596 -8752  

sugar beets  2 4 0.7 1.4 12866 25732 1020 2040  6509 11846 23692  

 

Table B1-14: Yield surplus (over 20 years), total cost of remediation measures and outcomes of the 

developed indicator (AEB-SOC) for the elaborated case studies in Flanders for a reduced nitrogen gift 

(60% of the standard amount is used). FYM: farmyard manure; WM: white mustard 

FERTILIZATION 

 Potato Silage maize Sugar beet Winter barley a Winter wheat a 

N fertilizer  
(kg N ha-1) 39 22 30 26 51 

YIELD AND SOC MODELING 

 Yield surplus (t DM ha-1) 𝐴𝐵𝐵_𝑆𝑂𝐶 (GJex ha-1) 

 FYM FYM + YM FYM FYM + YM 
SANDY LOAM 
Rotation 2 23 25 408 410 

Rotation 3 11 12 189 180 

Rotation 4 8 9 141 119 

CLAY 
Rotation 2 17 19 307 294 

Rotation 3 8 9 136 123 

Rotation 4 8 9 133 115 
  a including straw  
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Supplementary Material B2: Figures 

Rotation systems 

 

 

Figure B2-1: Rotation scheme of the applied cases, general data for Flanders (VLM, 2016). 

  



Appendix B 

 

-218- 
 

Medium and high initial soil organic carbon level 

Figure B2-2: Evolution of SOC stock over 20 years for three rotation systems on a sandy loam soil. A: 

medium initial SOC level. B: high initial SOC level. 

 

 
Figure B2-3: Evolution of SOC stock over 20 years for three rotation systems on a clay soil. A: medium 
initial SOC level. B: high initial SOC level. 
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Cover crop as remediation action 

 

Figure B2-4: SOC trend of the elaborated case studies at a low initial SOC level, the remediation 
technique is cultivation of white mustard. A: sandy loam, RS2; B: sandy loam, RS3; C: sandy loam, RS4; 

D: clay, RS2, E: clay, RS3, F: clay, RS4. ---- no remediation; restoration white mustard;  
threshold. 
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Supplementary Material C1: Background data 

Initial soil organic carbon stocks 

For the situation in Flanders, five initial SOC concentrations (SOC%init, %OC) are distinguished: 

SOC%init,p10, SOC%init,p25, SOC%init,p50, SOC%init,p70, and SOC%opt (Table C1-1). These SOCinit are 

based on data of the SOC concentrations of croplands in Flanders for the years 2012-2015 

(Sleutel, personal communication; Tits et al., 2016). Based on these SOC%init, the initial SOC 

stocks (SOCinit, t ha-1) can be calculated (Eq. C1-1). Therefore, the soil depth and soil density 

need to be defined. The soil depth considered is 30 cm, the selected soil densities in this study 

are given in Table C1-1. The values of the SOC stock are summarized in Table C1-1. 

𝑆𝑂𝐶 𝑠𝑡𝑜𝑐𝑘 (𝑡 ∙ ℎ𝑎−1) =  𝑂𝐶 (%) ∙ 𝑏𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑡 ∙ 𝑚−3) ∙ 𝑠𝑜𝑖𝑙 𝑑𝑒𝑝𝑡ℎ (𝑐𝑚) (C1-1) 

 

Table C1-1: Soil densities and initial SOC stocks in Flanders (Belgium) per soil texture, considering a 
depth of 30 cm. Based on Tits et al. (2016) and Sleutel (personal communication) 

 Sand Sandy loam Clay 

SOC concentration    
SOC%init, p10 

a (% OC) 0.86 0.64 0.79 
SOC%init, p25 

a (% OC) 1.02 0.71 0.92 
SOC%init, p50 

a
 (% OC) 1.18 0.84 1.16 

SOC%init, p70 
a
 (% OC) 1.37 0.98 1.42 

SOC%opt b (% OC) 1.55 1.25 1.85 
    
SOC stock    
Soil density (t m-3) 1.55 1.30 1.40 
SOCinit, p10 

a (t ha-1) 39.99 24.96 33.18 
SOCinit, p25 

a (t ha-1) 47.43 27.69 38.64 
SOCinit, p50 

a
 (t ha-1) 54.87 32.76 48.72 

SOCinit, p70 
a
 (t ha-1) 63.71 38.22 59.64 

SOCopt b (t ha-1) 72.08 48.75 77.70 

a Based on Tits et al. (2016)  
b Based on the optimum range defined by Ghent University (LNE, 2014) 
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Model information 

Table C1-2: Summary of main required data to run the models RothC or/and EU-rotate_N 

Category Input data 

CLIMATE Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Temperature (°C) a 3.9 3.9 6.6 10.4 13.5 16.3 18.6 17.7 15.1 11.7 8.1 4.9 
Precipitation (mm) a 69 66 66 29 75 63 92 119 73 84 108 84 
Evapotranspiration (mm) b 19 23 47 76 98 107 111 90 59 35 22 18 

CROP Bean 
Cauli-
flower 

Grain 
maize Leek Potato 

Silage 
maize 

Sugar 
beet 

Winter 
barley d 

Winter 
wheat d 

White 
mustar

d   

Addition C (t C ha-1) c 1.56 1.52 3.89 1.25 1.56 1.11 2.78 2.72 2.53 1.66   
DPM/RPM c 5.2 4.5 3.1 4.5 4.9 0.5 10.6 3.1 2.7 2.2   

MANURE 
Pig 

slurry FYM  

Addition C (t C/10 t) c 0.31 0.93  
DPM/RPM c 1.9 1.0  
%HUM c 4.83 8.43  

SOIL Sand 
Sandy 
loam Clay  

Clay content (%) c 4.7 9.0 23.9  
Soil density (t m-3) c 1.55 1.30 1.40  
Permanent welting point  
(m3 m-3) e 0.07 0.16 0.27  
Field capacity (m3 m-3)e 0.17 0.28 0.39  
Saturation (m3 m-3)f 0.43 0.46 0.51  

a Based on KMI (2016) 
b Based on Allen et al. (1998) 
c Sleutel (personal communication) 
d Removal of crop residues 
e Rahn et al. (2009) 
f Plant & Soil Science eLibrary (2017)  
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Supplementary Material C2: Fertilization and soil organic 

carbon management  

Mineral fertilization is based on the EU-Rotate_N model (Rahn et al., 2010). The minimal 

amount of N-fertilizers needed to obtain the maximum yield at SOCopt is determined. N 

fertilization needs to meet the legislation (VLM, 2017). 

SOC management differs according to the land use practices (LUP). In all cases, pig slurry is 

used as commonly applied organic fertilizer in Belgium. Sustainable LUPs (LUPsus) are 

characterized by cover crop cultivation (when possible), as this is strongly motivated by the 

government. If this measure is not sufficient yet to maintain SOCopt for 30 years, farmyard 

manure (FYM) is applied. Next, in Flanders it is common practice to harvest barley and wheat 

straw, however, if needed to maintain the SOCopt, incorporation of the straw into the soil can 

serve as additional measure. While standard LUPs (LUPst) are characterized by pig slurry and 

cover crop cultivation as carbon input, minimal input LUPs (LUPmin) only use pig slurry. An 

overview of the measures is given in Table C2-1. 
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Table C2-1: Fertilization information. Minimal mineral fertilizer consumption and organic carbon management per land use practice (LUP). Three LUPs are 

distinguished: sustainable, standard and minimal input LUP, corresponding to LUPsus, LUPst, and LUPmin, respectively 

  Mineral 
fertilizer 

consumption 

Organic carbon management 

   LUPsus LUPst LUPmin
a 

  

Ammonium 
nitrate 

fertilizer 
(kg ha-1) 

Pig 
slurry 
(t ha-1) 

FYMb 

(t ha-1) 

Followed 
by cover 
crop (y/n) 

Crop 
residues 

harvested 
(y/n) 

Pig 
slurry  
(t ha-1) 

Followed 
by cover 
crop (y/n) 

Crop 
residues 

harvested 
(y/n) 

Pig slurry 
(t ha-1) 

Crop 
residues 

harvested 
(y/n) 

SAND 

Rotation system 1           
Grain maize -c 14 23 n n 14 n n 14 n 
Rotation system 2           
Winter wheat 69 14 23 y n 14 y y 10 y 
Silage maize 192 14 23 n n 14 n n 14 n 
Rotation system 3           
Winter wheat 40 14 23 n n 14 n y 14 y 
Winter barley 87 14 18 y n 14 y y 10 y 
Sugar beet 162 11 19 n n 11 n n 11 n 
Rotation system 4           
Winter wheat 39 14 23 n n 14 n y 10 y 
Winter barley 101 14 18 y n 14 y y 10 y 
Potato 139 14 23 y n 14 y n 14 n 
Sugar beet 155 11 19 n n 11 n n 11 n 
Rotation system 5           
Cauliflower 82 11 17 y n 11 y n 11 n 
Potato 130 14 23 n n 14 n n 14 n 
Leek 269 11 17 n n 11 n n 11 n 
Bean 47 11 17 y n 11 y n 11 n 

            

SANDY 
LOAM 

Rotation system 1           
Grain maize -c 14 23d n n 14 n n 14 n 
Rotation system 2           
Winter wheat -c 14 23e y y 14 y y 10 y 
Silage maize 225 14 23 n n 14 n n 14 n 
Rotation system 3           
Winter wheat -c 14 23 n y 14 n y 14 y 
Winter barley 81 14 18f y y 14 y y 10 y 
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Sugar beet 113 11 11 n n 11 n n 11 n 
Rotation system 4           
Winter wheat  14 23 n y 14 n y 10 y 
Winter barley 80 14 18 y y 14 y y 10 y 
Potato 133 14 23g y n 14 y n 14 n 
Sugar beet 177 11 19 n n 11 n n 11 n 
Rotation system 5           
Cauliflower 99 11 19 y n 11 y n 11 n 
Potato 189 14 23 n n 14 n n 14 n 
Leek 173 11 19 n n 11 n n 11 n 
Bean 51 11 19 y n 11 y n 11 n 

            

CLAY 

Rotation system 1           
Grain maize -c 14 23 n n 14 n n 14 n 
Rotation system 2           
Winter wheat -c 14 23 y n 14 y y 10 y 
Silage maize 209 14 23 n n 14 n n 14 n 
Rotation system 3           
Winter wheat -c 14 23 n n 14 n y 14 y 
Winter barley 104 14 18 y n 14 y y 10 y 
Sugar beet 91 11 19 n n 11 n n 11 n 
Rotation system 4           
Winter wheat -c 14 23 n n 14 n y 10 y 
Winter barley 104 14 18 y n 14 y y 10 y 
Potato 124 14 23 y n 14 y n 14 n 
Sugar beet 109 11 19 n n 11 n n 11 n 
Rotation system 5           
Cauliflower 243 11 19 y n 11 y n 11 n 
Potato 182 14 23 n n 14 n n 14 n 
Leek 132 11 19 n n 11 n n 11 n 
Bean 49 11 19 y n 11 y n 11 n 

a no cover crop cultivation 
b yearly added, unless otherwise indicated 
c yield independent of amount N fertilizer applied 
d application of FYM happens one on two years 
e application of FYM happens 2 on 3 times that winter wheat is cultivated 
f application of FYM happens 2 on 3 times that winter barley is cultivated 
g application of FYM happens 1 on 2 times that potatoes are cultivated 
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Supplementary Material C3: Characterization factors 

Characterization factors corresponding to the indicator ‘cumulative soil organic carbon deficit (cSOCD)’ 

Table C3-1: Characterization factors to account for the impact of agricultural land use practices on soil, expressed by SOC changes (∆∑SOC, kg SOC m-2 yr-1) 

(early midpoint). LUPsus, LUPst and LUPmin correspond to sustainable, standard and minimal input land use practices, respectively. Three soil textures and five 

rotation systems (RS) are studied 

  ∆∑SOC (kg SOC m-2 yr-1) 

 SAND SANDY LOAM CLAY 

  LUPsus LUPst LUPmin LUPsus LUPst LUPmin LUPsus LUPst LUPmin 

RS1: grain maize 0.00E+00 7.95E-01 7.95E-01 0.00E+00 4.31E-01 4.31E-01 0.00E+00 9.14E-01 9.14E-01 

RS2: winter wheat - silage maize 0.00E+00 1.06E+00 1.32E+00 0.00E+00 7.05E-01 9.83E-01 0.00E+00 1.23E+00 1.54E+00 

RS3: winter wheat - winter barley - sugar beet 0.00E+00 9.34E-01 1.10E+00 0.00E+00 6.63E-01 8.43E-01 0.00E+00 1.16E+00 1.36E+00 

RS4: winter wheat- winter barley - potato - sugar 
beet 

0.00E+00 9.55E-01 1.20E+00 0.00E+00 6.54E-01 9.18E-01 0.00E+00 1.11E+00 1.41E+00 

RS5: cauliflower - potato - leek - bean 0.00E+00 6.41E-01 8.73E-01 0.00E+00 7.24E-01 9.71E-01 0.00E+00 7.96E-01 1.08E+00 
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Characterization factors corresponding to the indicator ‘cumulative biomass productivity loss (cBPL)’ 

Table C3-2: Characterization factors corresponding to the indicator cumulative biomass productivity loss (cBPL). They account for the impact of agricultural 

land use practices on soil, expressed by yield losses (∆∑Y, kg DM m-2 yr-1) (late midpoint). LUPsus, LUPst and LUPmin correspond to sustainable, standard and 

minimal input land use practices, respectively. Different initial SOC stocks (SOCinit) are indicated by percentiles p10, p25, p50, p70 and optimal stock (SOCopt). 

Three soil textures and five rotation systems (RS) are studied 

 ∆∑Y (kg DM m-2 yr-1) 

 SAND  SANDY LOAM  CLAY 

 SOCinit LUPsus LUPst LUPmin  LUPsus LUPst LUPmin  LUPsus LUPst LUPmin 

RS1: grain maize            

SOCinit, p10 0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00 

SOCinit, p25 0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00 

SOCinit, p50 0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00 

SOCinit, p70 0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00 

SOCopt 0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00 

RS2: winter wheat - grain maize            

SOCinit, p10 0.00E+00 4.80E-02 8.57E-02  0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00 

SOCinit, p25 0.00E+00 3.70E-02 7.33E-02  0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00 

SOCinit, p50 0.00E+00 2.67E-02 6.17E-02  0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00 

SOCinit, p70 0.00E+00 1.80E-02 4.63E-02  0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00 

SOCopt 0.00E+00 1.37E-02 3.37E-02  0.00E+00 5.00E-03 5.00E-03  0.00E+00 5.00E-03 0.00E+00 

RS3: winter wheat - winter barley –  
sugar beet 

           

SOCinit, p10 0.00E+00 7.63E-02 1.05E-01  0.00E+00 8.43E-02 1.14E-01  0.00E+00 8.30E-02 1.05E-01 

SOCinit, p25 0.00E+00 7.23E-02 9.90E-02  0.00E+00 8.03E-02 1.08E-01  0.00E+00 7.80E-02 1.01E-01 

SOCinit, p50 0.00E+00 6.67E-02 9.13E-02  0.00E+00 7.40E-02 1.00E-01  0.00E+00 6.83E-02 8.97E-02 

SOCinit, p70 0.00E+00 5.83E-02 8.07E-02  0.00E+00 6.67E-02 8.97E-02  0.00E+00 6.00E-02 7.83E-02 

SOCopt 0.00E+00 5.47E-02 7.43E-02  0.00E+00 5.80E-02 7.83E-02  0.00E+00 5.03E-02 6.50E-02 

RS4: winter wheat - winter barley –  
potato - sugar beet 

          

SOCinit, p10 0.00E+00 5.22E-02 7.14E-02  0.00E+00 4.49E-02 7.03E-02  0.00E+00 6.87E-02 8.71E-02 

SOCinit, p25 0.00E+00 4.81E-02 6.68E-02  0.00E+00 4.20E-02 6.54E-02  0.00E+00 6.33E-02 8.45E-02 
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SOCinit, p50 0.00E+00 4.45E-02 6.21E-02  0.00E+00 3.89E-02 6.02E-02  0.00E+00 5.58E-02 7.37E-02 

SOCinit, p70 0.00E+00 3.93E-02 5.50E-02  0.00E+00 3.40E-02 5.31E-02  0.00E+00 4.76E-02 6.43E-02 

SOCopt 0.00E+00 3.78E-02 5.15E-02  0.00E+00 2.79E-02 4.53E-02  0.00E+00 4.12E-02 5.40E-02 

RS5: cauliflower - potato – leek 
 - bean 

           

SOCinit, p10 0.00E+00 1.19E-02 1.33E-02  0.00E+00 5.75E-03 7.18E-03  0.00E+00 5.07E-03 6.11E-03 

SOCinit, p25 0.00E+00 1.00E-02 1.11E-02  0.00E+00 4.93E-03 6.29E-03  0.00E+00 4.11E-03 4.96E-03 

SOCinit, p50 0.00E+00 7.96E-03 9.11E-03  0.00E+00 3.57E-03 4.64E-03  0.00E+00 2.71E-03 3.21E-03 

SOCinit, p70 0.00E+00 5.96E-03 7.00E-03  0.00E+00 2.21E-03 3.18E-03  0.00E+00 1.86E-03 2.18E-03 

SOCopt 0.00E+00 7.07E-03 7.96E-03  0.00E+00 3.86E-03 4.32E-03  0.00E+00 3.93E-03 4.11E-03 
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Table C3-3: Characterization factors corresponding to the indicator cumulative biomass productivity loss (cBPL). They account for the impact of agricultural 

land use practices on soil, expressed by yield losses (∆∑Y, kg C m-2 yr-1) (late midpoint). LUPsus, LUPst and LUPmin correspond to sustainable, standard and 

minimal input land use practices, respectively. Different initial SOC stocks (SOCinit) are indicated by percentiles p10, p25, p50, p70 and optimal stock (SOCopt). 

Three soil textures and five rotation systems (RS) are studied 

  ∆∑Y (kg C m-2 yr-1) 

 SAND  SANDY LOAM  CLAY 

 SOCinit LUPsus LUPst LUPmin  LUPsus LUPst LUPmin  LUPsus LUPst LUPmin 

RS1: grain maize             

SOCinit, p10 0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00 

SOCinit, p25 0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00 

SOCinit, p50 0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00 

SOCinit, p70 0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00 

SOCopt 0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00 

RS2: winter wheat - grain maize            

SOCinit, p10 0.00E+00 2.40E-02 4.29E-02  0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00 

SOCinit, p25 0.00E+00 1.85E-02 3.67E-02  0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00 

SOCinit, p50 0.00E+00 1.34E-02 3.09E-02  0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00 

SOCinit, p70 0.00E+00 9.00E-03 2.32E-02  0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00 

SOCopt 0.00E+00 6.85E-03 1.69E-02  0.00E+00 2.50E-03 2.50E-03  0.00E+00 2.50E-03 0.00E+00 

RS3: winter wheat - winter barley  
- sugar beet 

   
 

   
 

   

SOCinit, p10 0.00E+00 3.82E-02 5.25E-02  0.00E+00 4.22E-02 5.70E-02  0.00E+00 4.15E-02 5.25E-02 

SOCinit, p25 0.00E+00 3.62E-02 4.95E-02  0.00E+00 4.02E-02 5.40E-02  0.00E+00 3.90E-02 5.05E-02 

SOCinit, p50 0.00E+00 3.34E-02 4.57E-02  0.00E+00 3.70E-02 5.00E-02  0.00E+00 3.42E-02 4.49E-02 

SOCinit, p70 0.00E+00 2.92E-02 4.04E-02  0.00E+00 3.34E-02 4.49E-02  0.00E+00 3.00E-02 3.92E-02 

SOCopt 0.00E+00 2.74E-02 3.72E-02  0.00E+00 2.90E-02 3.92E-02  0.00E+00 2.52E-02 3.25E-02 

RS4: winter wheat - winter barley  
- potato - sugar beet 

   
 

   
 

   

SOCinit, p10 0.00E+00 2.61E-02 3.57E-02  0.00E+00 2.25E-02 3.52E-02  0.00E+00 3.44E-02 4.36E-02 

SOCinit, p25 0.00E+00 2.41E-02 3.34E-02  0.00E+00 2.10E-02 3.27E-02  0.00E+00 3.17E-02 4.23E-02 
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SOCinit, p50 0.00E+00 2.23E-02 3.11E-02  0.00E+00 1.95E-02 3.01E-02  0.00E+00 2.79E-02 3.69E-02 

SOCinit, p70 0.00E+00 1.97E-02 2.75E-02  0.00E+00 1.70E-02 2.66E-02  0.00E+00 2.38E-02 3.22E-02 

SOCopt 0.00E+00 1.89E-02 2.58E-02  0.00E+00 1.40E-02 2.27E-02  0.00E+00 2.06E-02 2.70E-02 

RS5: cauliflower - potato - leek  
- bean 

   
 

   
 

   

SOCinit, p10 0.00E+00 5.95E-03 6.65E-03  0.00E+00 2.88E-03 3.59E-03  0.00E+00 2.54E-03 3.06E-03 

SOCinit, p25 0.00E+00 5.00E-03 5.55E-03  0.00E+00 2.47E-03 3.15E-03  0.00E+00 2.06E-03 2.48E-03 

SOCinit, p50 0.00E+00 3.98E-03 4.56E-03  0.00E+00 1.79E-03 2.32E-03  0.00E+00 1.36E-03 1.61E-03 

SOCinit, p70 0.00E+00 2.98E-03 3.50E-03  0.00E+00 1.11E-03 1.59E-03  0.00E+00 9.30E-04 1.09E-03 

SOCopt 0.00E+00 3.54E-03 3.98E-03   0.00E+00 1.93E-03 2.16E-03   0.00E+00 1.97E-03 2.06E-03 
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Characterization factors corresponding to the indicator ‘additional land requirement (ALR)’ 

Table C3-4: Characterization factors to account for the impact of agricultural land use practices on soil,, expressed by additional land requirement (ALR, m2 m-2) 

(endpoint). LUPsus, LUPst and LUPmin correspond to sustainable, standard and minimal input land use practices, respectively. Different initial SOC stocks (SOCinit) 

are indicated by percentiles p10, p25, p50, p70 and optimal stock (SOCopt). Three soil textures and five rotation systems (RS) are studied 

  ALR (m2 yr m-2 yr-1) 

 SAND  SANDY LOAM  CLAY 

 SOCinit LUPsus LUPst LUPmin   LUPsus LUPst LUPmin   LUPsus LUPst LUPmin 

RS1: grain maize            

SOCinit, p10 0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00 

SOCinit, p25 0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00 

SOCinit, p50 0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00 

SOCinit, p70 0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00 

SOCopt 0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00 

RS2: winter wheat - grain maize            

SOCinit, p10 0.00E+00 2.81E-02 5.01E-02  0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00 

SOCinit, p25 0.00E+00 2.16E-02 4.28E-02  0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00 

SOCinit, p50 0.00E+00 1.55E-02 3.59E-02  0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00 

SOCinit, p70 0.00E+00 1.04E-02 2.69E-02  0.00E+00 0.00E+00 0.00E+00  0.00E+00 0.00E+00 0.00E+00 

SOCopt 0.00E+00 7.88E-03 1.94E-02  0.00E+00 2.72E-03 2.72E-03  0.00E+00 2.79E-03 0.00E+00 

RS3: winter wheat - winter barley  
- sugar beet 

 
   

 
      

SOCinit, p10 0.00E+00 4.06E-02 5.57E-02  0.00E+00 4.36E-02 5.88E-02  0.00E+00 4.34E-02 5.50E-02 

SOCinit, p25 0.00E+00 3.81E-02 5.22E-02  0.00E+00 4.14E-02 5.59E-02  0.00E+00 4.06E-02 5.24E-02 

SOCinit, p50 0.00E+00 3.49E-02 4.78E-02  0.00E+00 3.79E-02 5.13E-02  0.00E+00 3.54E-02 4.64E-02 

SOCinit, p70 0.00E+00 3.03E-02 4.19E-02  0.00E+00 3.40E-02 4.57E-02  0.00E+00 3.09E-02 4.04E-02 

SOCopt 0.00E+00 2.81E-02 3.83E-02  0.00E+00 2.92E-02 3.95E-02  0.00E+00 2.57E-02 3.32E-02 

RS4: winter wheat - winter barley  
- potato - sugar beet 

 
   

 
     

 

SOCinit, p10 0.00E+00 2.99E-02 4.08E-02  0.00E+00 2.50E-02 3.91E-02  0.00E+00 3.88E-02 4.92E-02 

SOCinit, p25 0.00E+00 2.73E-02 3.80E-02  0.00E+00 2.33E-02 3.63E-02  0.00E+00 3.57E-02 4.76E-02 
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SOCinit, p50 0.00E+00 2.51E-02 3.50E-02  0.00E+00 2.15E-02 3.33E-02  0.00E+00 3.13E-02 4.14E-02 

SOCinit, p70 0.00E+00 2.21E-02 3.09E-02  0.00E+00 1.88E-02 2.93E-02  0.00E+00 2.66E-02 3.59E-02 

SOCopt 0.00E+00 2.09E-02 2.85E-02  0.00E+00 1.52E-02 2.46E-02  0.00E+00 2.27E-02 2.98E-02 

RS5: cauliflower - potato - leek  
- bean 

 
   

 
      

SOCinit, p10 0.00E+00 1.78E-02 1.99E-02  0.00E+00 8.58E-03 1.07E-02  0.00E+00 7.57E-03 9.12E-03 

SOCinit, p25 0.00E+00 1.50E-02 1.66E-02  0.00E+00 7.35E-03 9.38E-03  0.00E+00 6.13E-03 7.41E-03 

SOCinit, p50 0.00E+00 1.19E-02 1.36E-02  0.00E+00 5.33E-03 6.93E-03  0.00E+00 4.05E-03 4.80E-03 

SOCinit, p70 0.00E+00 8.90E-03 1.04E-02  0.00E+00 3.30E-03 4.74E-03  0.00E+00 2.77E-03 3.25E-03 

SOCopt 0.00E+00 1.07E-02 1.21E-02   0.00E+00 5.84E-03 6.55E-03   0.00E+00 5.95E-03 6.23E-03 
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Supplementary Material D1: Agricultural sector in Flanders 

Farm types (FT) and agricultural regions (AR) 

To select a number of combinations of FT and AR to be studied, we consider the following 

aspects: 

- FT1-FT6 must be represented (Table 5-1) 

- For each FT, we select the most occurring AR, in total describing at least minimum 

70% of the arable land area 

When doing so, we obtain a selection of 10 FT-AR combinations. 
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Figure D1-1: Occurrence (%, area based) of farm types (FTs) and distribution across agricultural 

regions (ARs) in Flanders. Based on Bernaerts et al. (2014) and FOD (2018). 
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Farm management systems (FMS) 

Representativeness of the defined rotation systems (RS) 

In Table D1-1, the ratio of the arable land on which the crops of the selected RS are cultivated 

(Acrops) to the total amount of arable land in this municipality (Afarmland) is given (Baeten, 2018). 

Next, the ratio between the amount of arable land that in theory can be involved in these RS 

(ARS), by only accounting for those crops without another specified preceding or subsequent 

crop, to Acrops is also given (Baeten, 2018). The data are valid for the year 2016. In most FMS, 

the ratios are close to or higher than 50%, justifying the choice for these RS. Exceptions are 

FMS4 and FMS5, which focus on RS including vegetables. However, the selected cities are 

one of the cities cultivating the highest amount of vegetables in Flanders (FOD, 2018). As they 

cultivate, next to vegetables, many other arable crops, the share of vegetables to the total 

amount of crops is rather small.  

Table D1-1: Representativeness of the rotation systems (RS) for the farm management systems (FMS). 

Based on data of 2016 (Baeten, 2018) 

FMS 
Representative 

municipality 
Typical RS of a specific FT-AEZ 

Acrops/Afarmland 
(%) 

ARS/ Acrops 
(%) 

FMS1 Ninove 
Winter wheat – silage maize – silage maize 
(RS1) 

61 85 

FMS2 Assenede 
Winter wheat – silage maize – potato – 
silage maize (RS2) 

66 68 

FMS3 Poperinge Winter wheat – potato – silage maize (RS3) 57 67 

FMS4 Kortemark Cauliflower – potato – leek – bean (RS4) 62 8 

FMS5 Ingelmunster Cauliflower – potato – leek – bean (RS4) 37 78 

FMS6 Oudenaarde 
Winter wheat – potato – sugar beet – winter 
wheat - silage maize (RS5) 

72 72 

FMS7 Riemst 
Winter wheat – potato – sugar beet – winter 
wheat - silage maize (RS5) 

67 67 

FMS8 Peer Silage maize (RS6) 49 49 

FMS9 Deinze 
Silage maize – silage maize – potato – grain 
maize (RS7) 

65 65 

FMS10 Damme Winter wheat – silage maize (RS8) 60 60 

 

Number of cover crops (CCs) cultivated per farm management system (FMS) 

To define the number of CCs per FMS in 2014 and 2016, we have relied on data of Flanders 

Department of Agriculture and Fisheries (Baeten, 2018). For each municipality, we only 

considered the crops involved in the typical RS. To determine the total area of those crops, we 

only accounted for those fields on which no other preceding or following crop than those in our 

RS was specified (ARS). Then, we assume that the number of hectares covered by this RS 

corresponds to the land area of the crop fewest cultivated.  
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To determine the percentage of CCs implemented per RS, we considered all types of CCs 

registered in the data. To define the number of CCs cultivated in 2014 or 2016, we first 

calculated the percentage of crops followed by a CC (only considering the possible crops in 

this RS, thus only considering those crops without a preceding or following crop that does not 

belong to the RS). The same partitioning is then applied on the RS. This is of course only an 

assumption as, for example, some of the crops might be involved in RS in which it might not 

be possible to sow CCs, consequently a higher amount of crops followed by a CC would then 

be cultivated in our specific RS. However, also the opposite can be true. Therefore, the 

assumption is a good compromise.  

Table D1-2: Area arable land (%) covered with 0, 1, or 2 cover crops per policy strategy for FMS1 

(931 ha) 

 Policy strategy Cover crop (CC) cultivation 

  0 CC 
(%) 

1 CC 
(%) 

2 CC 
(%) 

PAST 
policy_noCC 100 0 0 
policy2014 35 64 1 
Policy2016 18 60 22 

FUTURE 
policy20xx 0 0 100 
policy20yy 0 0 100 
policy20zz 18 60 22 

Table D1-3: Area arable land (%) covered with 0, 1, 2 or 3 cover crops per policy strategy for FMS2 

(2208 ha) 

 Policy strategy Cover crop (CC) cultivation 

  
0 CC (%) 1 CC (%) 2 CC (%) 3 CC (%) 

PAST 

policy_noCC 100 0 0 0 

policy2014 35 44 11 10 

Policy2016 10 26 31 33 

FUTURE 

policy20xx 0 0 0 100 

policy20yy 0 0 0 100 

policy20zz 10 26 31 33 

Table D1-4: Area arable land (%) covered with 0, 1 or 2 cover crops per policy strategy for FMS3 

(3046 ha) 

 Policy strategy Cover crop (CC) cultivation 

  0 CC 
(%) 

1 CC 
(%) 

2 CC 
(%) 

PAST 
policy_noCC 100 0 0 
policy2014 24 75 1 
Policy2016 9 80 11 

FUTURE 
policy20xx 0 0 100 
policy20yy 0 0 100 
policy20zz 9 80 11 
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Table D1-5: Area arable land (%) covered with 0, 1 or 2 cover crops per policy strategy for FMS4 

(144 ha) 

 Policy strategy Cover crop (CC) cultivation 

  0 CC 
(%) 

1 CC 
(%) 

2 CC 
(%) 

PAST 
policy_noCC 100 0 0 
policy2014 88 8 4 
Policy2016 21 67 12 

FUTURE 
policy20xx 0 0 100 
policy20yy 0 0 100 
policy20zz 21 67 12 

Table D1-6: Area arable land (%) covered with 0, 1or 2 cover crops per policy strategy for FMS5 

(217 ha) 

 Policy strategy Cover crop (CC) cultivation 

  0 CC 
(%) 

1 CC 
(%) 

2 CC 
(%) 

PAST 
policy_noCC 100 0 0 
policy2014 73 20 7 
policy2016 20 54 27 

FUTURE 
policy20xx 0 0 100 
policy20yy 0 0 100 
policy20zz 20 54 27 

Table D1-7: Area arable land (%) covered with 0, 1, 2 or 3 cover crops per policy strategy for FMS6 

(1255 ha) 

 Policy strategy Cover crop (CC) cultivation 

  
0 CC (%) 1 CC (%) 2 CC (%) 3 CC (%) 

PAST 

policy_noCC 100 0 0 0 

policy2014 33 0 65 2 

Policy2016 11 0 82 7 

FUTURE 

policy20xx 0 0 0 100 

policy20yy 0 0 0 100 

policy20zz 11 0 82 7 

Table D1-8: Area arable land (%) covered with 0, 1, 2 or 3 cover crops per policy strategy for FMS7 

(1086 ha) 

 Policy strategy Cover crop (CC) cultivation 

  
0 CC (%) 1 CC (%) 2 CC (%) 3 CC (%) 

PAST 

policy_noCC 100 0 0 0 

policy2014 25 0 73 2 

policy2016 19 0 78 3 

FUTURE 

policy20xx 0 0 0 100 

policy20yy 0 0 0 100 

policy20zz 19 0 78 3 
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Table D1-9: Area arable land (%) covered with 0 or 1 cover crop per policy strategy for FMS8 (1465 ha) 

 Policy strategy Cover crop (CC) 
cultivation 

  0 CC (%) 1 CC (%) 

PAST 
policy_noCC 100 0 
policy2014 77 23 
policy2016 38 62 

FUTURE 
policy20xx 0 100 
policy20yy 0 100 
policy20zz 38 62 

Table D1-10: Area arable land (%) covered with 0, 1, 2 or 3 cover crops per policy strategy for FMS9 

(1142 ha) 

 Policy strategy Cover crop (CC) cultivation 

  
0 CC (%) 1 CC (%) 2 CC (%) 3 CC (%) 

PAST 

policy_noCC 100 0 0 0 

policy2014 84 15 0 1 

Policy2016 53 32 0 15 

FUTURE 

Policy20xx 0 0 0 100 

Policy20yy 0 0 0 100 

Policy20zz 53 32 0 15 

Table D1-11: Area arable land (%) covered with 0 or 1 cover crop per policy strategy for FMS10 

(1632 ha) 

 Policy strategy Cover crop (CC) cultivation 

  0 CC (%) 1 CC (%) 

PAST 
policy_noCC 100 0 
policy2014 55 45 
policy2016 28 72 

FUTURE 
policy20xx 0 100 
policy20yy 0 100 
policy20zz 28 72 
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Overview of FMS in Flanders 

Table D1-12: Overview of considered farm management systems (FMS), with corresponding farm type 

(FT), agricultural region (AR), rotation system (RS) and standard fertilizer type (pig slurry or farmyard 

manure (FYM)) 

FMS Farm 
type 

AR Rotation system typical for FT-AEZ Manure 
(slurry/FYM) 

FMS1 FT1 Sandy loam RS 1 Winter wheat – silage maize – silage 
maize 

FYM 

FMS2 FT2 Sand RS 2 Winter wheat – silage maize – potato – 
silage maize 

Slurry 

FMS3 FT2 Sandy loam RS 3 Winter wheat – potato – silage maize Slurry 
FMS4 FT3 Sand RS 4 Cauliflower – potato – leek - bean Slurry 
FMS5 FT3 Sandy loam RS 4 Cauliflower – potato – leek - bean Slurry 
FMS6 FT4 Sandy loam RS 5 Winter wheat – potato – sugar beet – 

winter wheat - silage maize  
FYM 

FMS7 FT4 Loam RS 5 Winter wheat – potato – sugar beet – 
winter wheat - silage maize  

Slurry 

FMS8 FT5 Kempen RS 6 Silage maize Slurry 
FMS9 FT6 Sand RS 7 Silage maize – silage maize – potato – 

grain maize 
Slurry 

FMS10 FT6 Polders RS 8 Winter wheat – silage maize FYM 
FMS11 FT1 Sand RS 1 Winter wheat – silage maize – silage 

maize  
FYM 

FMS12 FT2 Polders RS 2 Winter wheat – silage maize – potato – 
silage maize 

Slurry 

FMS13 FT6 Sandy loam RS 8 Winter wheat – silage maize FYM 
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Supplementary Material D2: Land use practices applied in the policy strategies 

Relationship between policy strategies and land use practices 

Table D2-1: Overview of policy strategies and land use practices (LUP) 

 Policy strategy LUP 
  LUPCC

0 
LUPCC1, 

LUPCC2, … 
LUPCOM15 LUPCOM/MAN_CC0 LUPCOM/MAN_CC1, 

LUPCOM/MAN_CC2, 
… 

PAST 

policy_noCC X     
policy2014 X X    
policy2016 X X    

FUTURE 

policy20xx  X    
policy20yy   X   
policy20zz    X X 
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Table D2-2: Area arable land (%) to which each land use practice (LUP) is applied per policy strategy 

 
FMS1 FMS2 FMS3 FMS4 
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LUPCC0 100 35 18 0 0 0 100 35 10 0 0 0 100 24 9 0 0 0 100 88 21 0 0 0 

LUPCC1 0 64 60 0 0 0 0 44 26 0 0 0 0 75 80 0 0 0 0 8 67 0 0 0 

LUPCC2 0 1 22 100 0 0 0 11 31 0 0 0 0 1 11 100 0 0 0 4 12 100 0 0 

LUPCC3 - - - - - - 0 10 33 100 0 0 - - - - - - - - - - - - 

LUPCOM15 0 0 0 0 100 0 0 0 0 0 100 0 0 0 0 0 100 0 0 0 0 0 100 0 

LUPMAN/COM_CC0 0 0 0 0 0 18 0 0 0 0 0 10 0 0 0 0 0 9 0 0 0 0 0 21 

LUPMAN/COM_CC1 0 0 0 0 0 60 0 0 0 0 0 26 0 0 0 0 0 80 0 0 0 0 0 67 

LUPMAN/COM_CC2 0 0 0 0 0 22 0 0 0 0 0 31 0 0 0 0 0 11 0 0 0 0 0 12 

LUPMAN/COM_CC3 - - - - - - 0 0 0 0 0 33 - - - - - - - - - - - - 

 
FMS5 FMS6 FMS7 FMS8 

 PAST FUTURE PAST FUTURE PAST FUTURE PAST FUTURE 

LUPCC0 100 73 20 0 0 0 100 33 11 0 0 0 100 25 19 0 0 0 100 77 38 0 0 0 

LUPCC1 0 20 54 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 23 62 100 0 0 

LUPCC2 0 7 27 100 0 0 0 65 82 0 0 0 0 73 78 0 0 0 - - - - - - 

LUPCC3 - - - - - - 0 2 7 100 0 0 0 2 3 100 0 0 - - - - - - 

LUPCOM15 0 0 0 0 100 0 0 0 0 0 100 0 0 0 0 0 100 0 0 0 0 0 100 0 

LUPMAN/COM_CC0 0 0 0 0 0 20 0 0 0 0 0 11 0 0 0 0 0 19 0 0 0 0 0 38 

LUPMAN/COM_CC1 0 0 0 0 0 54 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 62 

LUPMAN/COM_CC2 0 0 0 0 0 27 0 0 0 0 0 82 0 0 0 0 0 78 - - - - - - 

LUPMAN/COM_CC3 - - - - - - 0 0 0 0 0 7 0 0 0 0 0 3 - - - - - - 
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 FMS9 FMS10           
 

 

 PAST FUTURE PAST FUTURE     

LUPCC0 100 84 53 0 0 0 100 55 28 0 0 0             

LUPCC1 0 15 32 0 0 0 0 45 72 100 0 0             

LUPCC2 0 0 0 0 0 0 - - - - - -             

LUPCC3 0 1 15 100 0 0 - - - - - -             

LUPCOM15 0 0 0 0 100 0 0 0 0 0 100 0             

LUPMAN/COM_CC0 0 0 0 0 0 53 0 0 0 0 0 28             

LUPMAN/COM_CC1 0 0 0 0 0 32 0 0 0 0 0 72             

LUPMAN/COM_CC2 0 0 0 0 0 0 - - - - - -             

LUPMAN/COM_CC3 0 0 0 0 0 15 - - - - - -             
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Fertilization doses 

We assume that in all rotations pig slurry or FYM is used as organic fertilizer (see Table 5-2) 

at quantities based on the maximum allowable livestock manure dose (EU Nitrate Directive 

(91/676/EEG; 170 kg total N ha-1) and maximum allowable P dose (Flanders Manure Action 

Plan 5, class III) (normal fertilization doses) (VLM, 2018).  

On a field, a double amount of the normally applied quantity of manure is allowed, as long as 

the sum of all doses over all fields (farm level) is below the allowed volume (VLM, 2018). 

Consequently, extra compost applied on all fields is restricted by the fertilization standards, so 

policy20yy goes beyond the current legislation. See VLM (2018) for background data about 

Flemish fertilization standards and composition. 
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Table D2-3: Fertilization doses per crop 

  only animal manurea replacement part manure supplemented with compostb 
manure + 15 tonne 

compostc 

 Pig slurryd FYMe slurry + compostf FYM + compost    

       
slurry 

compo
st 

slurry + 
compost 

FYM compost 
FYM + 
compost 

slurry + 
compost 

FYM + 
compost 

  t ha-1 
kg 

effective 
N ha-1 g 

t ha-1 
kg 

effective 
N ha-1 

t ha-1 t ha-1 
kg effective N 

ha-1 
t ha-1 t ha-1 

kg effective 
N ha-1 

kg effective N 
ha-1 

kg 
effective N 

ha-1 

bean 11 62 19 40 7 16 54 11 16 41 78 56 

cauliflower 11 62 19 40 7 16 54 11 16 41 78 56 

grain maize 14 79 24 51 9 20 68 14 20 52 95 67 

leek 11 62 19 40 7 16 54 11 16 41 78 56 

potato 14 79 24 51 9 20 68 14 20 52 95 67 
silage 
maize 

14 79 24 51 9 20 68 14 20 52 
95 67 

sugar beet 11 62 19 40 7 16 54 11 16 41 78 56 
winter 
wheat  

14 79 24 51 9 20 68 14 20 52 
95 67 

winter 
barley  

14 79 24 51 9 20 68 14 20 52 
95 67 

a Valid for LUPCC0, LUPCC1, LUPCC2, LUPCC3, LUPCOM15 

b Valid for LUPMAN/COM_CC0, LUPMAN/COM_CC1, LUPMAN/COM_CC2, LUPMAN/COM_CC3 

c Valid for LUPCOM15 

d pig slurry: 9.2 kg N t-1; 0.31 C/10 t; effective N by slurry fertilization: 60% of total N; 4.9 kg P2O5 t-1 
e farmyard manure (FYM): 7.1 kg N t-1; 0.93 C/10 t; effective N by FYM fertilization: 30% of total N; 2.9 kg P2O5 t-1 
f green compost: 7.0 kg N t-1; 1.16 C/10 t; effective N by compost fertilization: 15% of total N; 2.8 kg P2O5 t-1 
g effective N is the amount of N that is supposed to be plant-available in the first year after application 
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Supplementary Material D3: Development of 

characterization factors 

Calculation criteria 

In Chapter 4, five initial SOC concentrations (SOC%init, %OC) are distinguished (Sleutel, 

personal communication; Tits et al., 2016). In this study, SOC%init,p50 is selected, which means 

that 50% of the crop fields in Belgium have a SOC level (%) lower than or equal to SOC%init,p50 

(defined per AR).Based on the SOC%init, the initial SOC stocks (SOCinit, t ha-1) for several ARs 

are calculated based on Eq. C1-1. The soil depth is 30 cm and soil densities are given in 

Table D3-1.  

Table D3-1: Soil characteristics. Initial and optimal soil organic carbon (SOC) concentration and SOC 
stock associated with given soil densities and a soil depth of 30 cm 

 Sand/Kempen Sandy loam Loam Polders 

SOC%init,p50 (%) 1.18 0.84 0.85 1.16 
SOC%opt (%) 1.55 1.25 1.5 1.85 
Soil density (t m-3) 1.55 1.3 1.4 1.4 

SOCinit,p50 (t C ha-1) 54.9 31.5 38.25 48.7 
SOCopt (t C ha-1) 72.1 48.8 63.0 77.7 

 

Characteristics of sustainable land use practices (LUPsus) 

We assume that in all rotations pig slurry or FYM is used as organic fertilizer at quantities 

based on the maximum allowable livestock manure dose (EU Nitrate Directive (91/676/EEG; 

170 kg total N ha-1) and maximum allowable P dose (Flanders Manure Action Plan 5, class III) 

(normal fertilization doses) (VLM, 2018). Regarding LUPsus, if needed to maintain SOCopt (for 

30 years), extra fertilization is realized by applying extra FYM. That can be justified because 

on a field, a double amount of the normally applied quantity of manure is allowed, as long as 

the sum of all doses over all fields (farm level) is below the allowed volume (VLM, 2018).  
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Table D3-2: Organic and mineral fertilization doses for sustainable land use practices (LUPsus) 

    

 
Fertilization 
(standard) 

Extra FYMa under 
LUPsus

b 
Minimal mineral 

fertilizationd 

FMS AR RS crops type Slurry/FYM FYM # times c NH4NO3 

         t ha-1 t ha-1  kg ha-1 

FMS1 sandy loam RS1 winter wheat FYM 24 0  200 

   silage maize FYM 24 24 1 on 3 370 

   silage maize FYM 24 0  354 

FMS2 sand RS2 winter wheat slurry 14 24 y 200 

   silage maize slurry 14 24 y 208 

   potato slurry 14 24 y 130 

   silage maize slurry 14 24 y 292 

FMS3 sandy loam RS3 winter wheat slurry 14 24 2on 3 200 

   potato slurry 14 24 y 127 

   silage maize slurry 14 24 2 on 3 249 

FMS4 sand RS4 cauliflower slurry 11 19 y 82 

   potato slurry 14 24 y 130 

   leek slurry 11 19 y 268 

   bean slurry 11 19 y 47 

FMS5 sandy loam RS4 cauliflower slurry 11 19 y 99 

   potato slurry 14 24 y 189 

   leek slurry 11 19 y 172 

   bean slurry 11 19 y 51 

FMS6 sandy loam RS5 winter wheat FYM 24 0  200 

   potato FYM 24 24 1on 4 158 

   sugar beet FYM 19 19 1 on 4 174 

   winter wheat FYM 24 0  200 

   silage maize FYM 24 24 1 on 4 283 
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FMS7 loam RS5 winter wheat slurry 14 24 y 200 

   potato slurry 14 24 y 127 

   sugar beet slurry 11 24 y 183 

   winter wheat slurry 14 24 y 200 

   silage maize slurry 14 24 y 358 

FMS8 Kempen RS6 silage maize slurry 14 24 y 185 

FMS9 sand RS7 silage maize slurry 14 24 y 155 

   silage maize slurry 14 24 y 292 

   potato slurry 14 24 y 130 

   grain maize slurry 14 24 y 70 

FMS10 polders RS8 winter wheat FYM 24 24 1on 2 200 

   silage maize FYM 24 24 y 151 

FMS11 sand RS1 winter wheat FYM 24 24 1 on 2 200 

   silage maize FYM 24 24 y 317 

   silage maize FYM 24 24 y 270 

FMS12 Polders RS2 winter wheat slurry 14 24 y 200 

   silage maize slurry 14 24 y 205 

   potato slurry 14 24 y 185 

   silage maize slurry 14 24 y 348 

FMS13 sandy loam RS8 winter wheat FYM 24 0  200 

      silage maize FYM 24 24 2 on 5 282 
a FYM: farmyard manure 
b LUPsus : sustainable land use practices imply normal fertilization supplemented with FYM 
c ‘y’ corresponds to yearly application of FYM, if different, e.g. 1 on 3, this corresponds to application of FYM 1 on 3 times that this crop is cultivated 
d characteristic of LUPsus: minimal fertilization dose to obtain maximum yield (based on EU-Rotate_N-model; see also Appendix D3 and table D3-3). The need for mineral N 

fertilizer in the LUPsus scenario is then used for the other LUPs as well. 
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Calculation of characterization factors 

cSOCD 

cSOCD indicates the yearly average difference between SOC stock under LUPsus and under 

LUPs in practice (LUPprac). To enable the assessment of the long-term capacity to produce 

biomass, the CF (indicated by ∆∑SOC) is calculated by taking the average over 30 year 

(Eq. D3-1). Calculations are from year 5 (tini) to year 34 (tfin) (Chapter 4); i represents the 

calculation step. The upper 30 cm soil layer is considered. 

∆∑𝑆𝑂𝐶 (𝑡 𝐶 ℎ𝑎−1𝑦𝑟−1) =
∑ (𝑆𝑂𝐶𝑖,𝑠𝑢𝑠 − 𝑆𝑂𝐶𝑖,𝑝𝑟𝑎𝑐)

𝑡𝑓𝑖𝑛

𝑖=𝑡𝑖𝑛𝑖

30
 

 

(D3-1) 

Positive values of ∆∑SOC indicate carbon losses, while negative values refer to carbon credits 

(Figure D3-1). 

BPL 

In a similar way, the CFs of cBPL refer to the yield losses (∆∑Y) due to the application of LUPs 

other than LUPsus. The yield losses are expressed in tonne dry matter (DM) per hectare and 

per year, by taking an average over 30 years (Eq. D3-2). 

∆∑𝑌 (𝑡 𝐷𝑀 ℎ𝑎−1𝑦𝑟−1) =
∑ (𝑌𝑖,𝑠𝑢𝑠 − 𝑌𝑖,𝑝𝑟𝑎𝑐)

𝑡𝑓𝑖𝑛

𝑖=𝑡𝑖𝑛𝑖

30
 (D3-2) 

Calculation of impact 

The impact (losses or gain of carbon (t C) or yield (t DM)) is calculated by multiplying the CF 

by the studied term (t, years) and land area(A, ha) (Eq. D3-3). 

𝐼𝑚𝑝𝑎𝑐𝑡 = 𝐶𝐹 ∙ 𝑡 ∙ 𝐴 (D3-3) 
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Figure D3-1: Development of characterization factors regarding SOC. A.: Defining sustainable land use 

practices (LUPsus). B1.: Non-sustainable LUPs result in lower SOC stock than SOCsus (carbon deficit). 

B2.: Advanced LUPs result in higher SOC stock than SOCsus (carbon credit). Reference state 

corresponds to SOC stock obtained under LUPsus at prevailing SOCinit (Based on Chapter 4, Figure 4-2). 

Modeling 

The RothC 26.3 model, run using R (SoilR package), is used to model the impact of LUPs on 

SOC stocks over time (Coleman and Jenkinson, 2014; Sierra et al., 2012). This globally-

applied model was originally developed to predict the SOC turnover rate in temperate arable 

topsoils, but has in the meantime been parameterized and used for a variety of ecosystems 

and climates (Coleman and Jenkinson, 2014; Goglio et al., 2015; Milà i Canals et al., 2007c). 

To simulate the yield response to changes in LUPs and SOC level, the EU-Rotate_N model 

(version 1.8) was used (Rahn et al., 2009; Rahn et al., 2010). This model, mainly developed 

to improve crop N management throughout Europe, provides an estimate of the above-ground 

DM production. The model is also used to define the minimum amount of N fertilizer needed 

to obtain the maximum yield (Yopt at SOCopt). The amount of mineral fertilizer was determined 

for LUPsus (Table D3-2) and the same amount was then used for the other LUPs. The local 

input data, such as climatic and soil data, expected yield, and fertilization information, are 

summarized in Tables D3-2 and Table D2-3 (fertilization data for LUPsus and the other LUPs, 

respectively) and Table D3-3. 
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Table D3-3: Input data to run the models RothC and EU-Rotate_N model. Data is based on Chapter 4, supplemented with data of additional fertilizer and soil 

texture (LNE, 2014) 

Category Input data 

CLIMATE Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Temperature (°C)  3.9 3.9 6.6 10.4 13.5 16.3 18.6 17.7 15.1 11.7 8.1 4.9 
Precipitation (mm)  69 66 66 29 75 63 92 119 73 84 108 84 
Evapotranspiration (mm)  19 23 47 76 98 107 111 90 59 35 22 18 

CROP Bean 
Cauli-
flower 

Grain 
maize Leek Potato 

Silage 
maize 

Sugar 
beet 

Winter 
wheat  

White 
mustar

d    

Addition C (t C ha-1)  1.56 1.52 3.89 1.25 1.56 1.11 2.78 2.53 1.66    
DPM/RPM  5.2 4.5 3.1 4.5 4.9 0.5 10.6 2.7 2.2    
Effective organic carbon  
(t C ha-1)b  0.46 0.47 1.33 0.38 0.47 0.64 0.81 1.04 0.63    

MANURE 
Pig 

slurry FYM 
Green 

compost  

Addition C (t C/10 t) a 0.31 0.93 1.16  
Effective organic carbon (t C/10 
tonne) 0.12 0.46 1.10  

SOIL Sand 
Sandy 
loam Clay Loam  

Clay content (%) a 4.7 9.0 23.9 19.0  
Soil density (t m-3) a 1.55 1.30 1.40 1.40  
Permanent wilting point (m3 m-3) c 0.07 0.16 0.27 0.15  
Field capacity (m3 m-3) c 0.17 0.28 0.39 0.25  
Saturation (m3 m-3) d 0.43 0.46 0.51 0.48  

a LNE, 2014 
b Effective organic carbon (EOC is the amount of C which remains in the soil one year after incorporation of organic carbon from manure and plant residues). 
c Rahn et al. (2009) 
d Retrieved from https://passel,unl,edu/pages/informationmodule,php?idinformationmodule=1130447039&topicorder=10&maxto=10 

https://passel,unl,edu/pages/informationmodule,php?idinformationmodule=1130447039&topicorder=10&maxto=10
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Supplementary Material D4: Resource consumption 

Fuel consumption (amongst others for sowing CCs or fertilization) is determined per equipment 

type and per soil texture, based on Van linden and Herman (2014). In the life-cycle approach, 

fuel consumption for application on the field is the only input for fertilization by slurry or FYM, 

as the products themselves are considered as waste (from other agricultural systems). In 

contrast, CC cultivation requires also seed, quantity based on the ecoinvent database (v.3.2), 

and extra fuel consumption (sowing the CC) (Swiss Centre for Life Cycle Inventories, 2015b). 

Also for compost production and application, we rely on the ecoinvent database (which also 

includes fuel needed for the collection of residues). We used the CEENE method to calculate 

the cumulative exergy consumption. To determine the exergy content of the crops in the RS, 

we rely on the data of Chapter 3 and made a weighted average to obtain one value per RS. 

However, the exergy content of the vegetables were not yet calculated in Chapter 3. In a similar 

way, their exergy content is calculated by coupling the chemical composition and moisture 

content of the biomass with the exergy value of each chemical compound (Chapter 3; FND, 

2016). 

Table D4-1: Exergy values for the several inputs and processes, based on Ecoinvent (v.3.2), Van 
linden and Herman (2014), FND (2016) and Chapter 3 

Exergy values     

White mustard     

Cultivation white mustard on sandy soil 0.26 MJex m-2 

Cultivation white mustard on sandy loam soil 0.29 MJex m-2 

Cultivation white mustard on clay soil 0.34 MJex m-2 

Mineral fertilization   

Mineral fertilization 0.01 MJex m-2 

Nitrogen fertiliser, as N {RER}| calcium ammonium nitrate production  64.80 MJex kg-1 

Organic fertilization   

Liquid manure spreading 43.57 MJex m-3 

FYM application 0.03 MJex kg-1 

Compost application 0.08 MJex kg-1 

Rotation system   

RS1: Winter wheat – silage maize – silage maize 18.35 MJex kg-1DM RS 

RS2: Winter wheat – silage maize – potato – silage maize 26.52 MJex kg-1DM RS 

RS3: Winter wheat – potato – silage maize 19.28 MJex kg-1DM RS 

RS4: Cauliflower – potato – leek - bean 26.43 MJex kg-1DM RS 

RS5: Winter wheat – potato – sugar beet – winter wheat - silage maize  29.31 MJex kg-1DM RS 

RS6: Silage maize 18.12 MJex kg-1DM RS 

RS7: Silage maize – silage maize – potato – grain maize 22.93 MJex kg-1DM RS 

RS8: Winter wheat – silage maize 18.47 MJex kg-1DM RS 
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Application of FYM and compost and CC cultivation affect the mineral N fertilizer need, 

because not all organic fertilizers release the same amount of mineral N (available to the crop) 

in the first year after application, because cover crops also provide mineral N to the main crop, 

and different SOC values lead to different mineralization over time. Therefore, for each RS, 

soil texture, and LUP (corresponding to another organic fertilization dose, Table D2-3), the 

advised N fertilizer quantity is modeled by the Demeter-tool, a Flemish model which gives 

information about C and N (LNE, 2014). To simulate CC cultivation, white mustard is always 

used, however, in reality also other CCs are cultivated. We use this modeled advised N 

fertilizer quantity, which is higher than the minimal amount of N fertilizer used to define the CF 

(as defined in Chapter 4), as we want to assess the real resource consumption when applying 

these LUP. Relying on the Demeter-tool, per FMS and per LUP, an advised quantity of effective 

N (needed to add by organic of mineral fertilization) can be calculated per year. The difference 

between the advised quantity and the amount of effective N already added by organic 

fertilization corresponds to the amount of N that should be supplemented by mineral N 

fertilizers. Finally, the average over 30 years is taken. In Table D4-2, the amount of mineral N 

fertilizer avoided or to be supplemented by applying other LUPs than LUPCC0, is given per LUP 

and per FMS.  

Regarding FMS1, FMS6, and FMS10, which are the FMS using FYM, replacing part of the 

manure by compost results always in a certain amount of N fertilizer that can be avoided, while 

this is not always the case for the FMS which are using slurry. This is due to the amount of 

effective N per fertilization strategy. In case of FYM, the two options ‘only using FYM’ and 

‘replacement of part of FYM by compost’ are characterized by a similar supply of effective N. 

In contrast, ‘replacement part of the slurry by compost’ results in a lower supply of effective N 

than in the case of ‘only using slurry’ (Table D2-3), which thus results in in a higher need of 

mineral N fertilizer. In the cases of FMS2, FMS8, and FMS9, the advised quantity of mineral N 

fertilizer is higher than legally allowed (more strict standards are valid for sandy soils).  
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Table D4-2: Average amount of N fertilizer avoided (positive values) or to be supplemented (negative values) over a 30 year period by applying other land use 

practices (LUP) than LUPCC0, based on Demeter-tool (LNE, 2014). Values are listed per farm management system (FMS) 

 LUPCC0 LUPCC1 LUPCC2 LUPCC3 LUPMAN/COM_CC0 LUPMAN/COM_CC1 LUPMAN/COM_CC2 LUPMAN/COM_CC3 LUPCOM15 

 
kg N  

ha-1 yr-1 
kg N  

ha-1 yr-1 
kg N  

ha-1 yr-1 
kg N  

ha-1 yr-1 kg N ha-1 yr-1 kg N ha-1 yr-1 kg N ha-1 yr-1 kg N ha-1 yr-1 
kg N  

ha-1 yr-1 

FMS1 0 12 23  5 16 27  44 

FMS2 0 9 17 25 -4 5 13 21 45 

FMS3 0 12 23  -3 8 19  44 

FMS4 0 9 18  -3 4 13  37 

FMS5 0 9 18  -4 5 14  38 

FMS6 0 / 15 22 7 / 19 26 42 

FMS7 0 / 14 21 -1 / 12 19 43 

FMS8 0 33   -4 -30   54 

FMS9 0 8 / 24 -3 4 / 21 45 

FMS10 0 19   8 24   40 
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Table D4-3: Average exergy value of extra or avoided inputs over a 30 years period due to the use of other land use practices (LUP) than LUPCC0. The values 

are listed per farm management system (FMS) and given for each policy strategy 

 cover crop 
application 
slurry/FYM 

application 
compost 

N fertilizer 
avoided  cover crop 

application 
slurry/FYM 

application 
compost 

N fertilizer 
avoided 

 GJex ha-1 yr-1 GJex ha-1 yr-1 GJex ha-1 yr-1 GJex ha-1 yr-1  GJex ha-1 yr-1 GJex ha-1 yr-1 GJex ha-1 yr-1 GJex ha-1 yr-1 

FMS 1     FMS 6     

Policy_noCC 0.00 0.61 0.00 0.00 Policy_noCC 0.00 0.57 0.00 0.00 

Policy2014 0.63 0.67 0.00 0.51 Policy2014 0.77 0.64 0.00 0.64 

Policy2016 0.99 0.68 0.00 0.79 Policy2016 1.06 0.66 0.00 0.88 

Policy20xx 1.90 0.70 0.00 1.50 Policy20xx 1.71 0.68 0.00 1.39 

Policy20yy 1.90 0.70 1.15 2.86 Policy20yy 1.71 0.68 1.15 2.73 

Policy20zz 0.99 0.43 1.59 1.07 Policy20zz 1.06 0.41 1.51 1.20 

FMS 2     FMS 7     

Policy_noCC 0.00 0.56 0.00 0.00 Policy_noCC 0.00 0.51 0.00 0.00 

Policy2014 0.62 0.59 0.00 0.54 Policy2014 0.87 0.57 0.00 0.69 

Policy2016 1.21 0.61 0.00 1.02 Policy2016 0.94 0.57 0.00 0.75 

Policy20xx 1.94 0.61 0.00 1.61 Policy20xx 1.71 0.58 0.00 1.36 

Policy20yy 1.94 0.61 1.15 2.90 Policy20yy 1.71 0.58 1.15 2.77 

Policy20zz 1.21 0.37 1.55 0.76 Policy20zz 0.94 0.35 1.51 0.62 

FMS 3     FMS 8     

Policy_noCC 0.00 0.55 0.00 0.00 Policy_noCC 0.00 0.61 0.00 0.00 

Policy2014 0.72 0.60 0.00 0.57 Policy2014 0.60 0.61 0.00 0.50 

Policy2016 0.97 0.60 0.00 0.76 Policy2016 1.61 0.61 0.00 1.35 

Policy20xx 1.90 0.61 0.00 1.50 Policy20xx 2.59 0.61 0.00 2.16 

Policy20yy 1.90 0.61 1.15 2.83 Policy20yy 2.59 0.61 1.15 3.50 

Policy20zz 0.97 0.37 1.54 0.54 Policy20zz 1.61 0.37 1.54 1.11 

FMS 4     FMS 9     

Policy_noCC 0.00 0.51 0.00 0.00 Policy_noCC 0.00 0.61 0.00 0.00 

Policy2014 0.10 0.51 0.00 0.09 Policy2014 0.11 0.61 0.00 0.09 

Policy2016 0.59 0.51 0.00 0.51 Policy2016 0.50 0.61 0.00 0.40 

Policy20xx 1.29 0.51 0.00 1.14 Policy20xx 1.94 0.61 0.00 1.56 
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Policy20yy 1.29 0.51 1.15 2.41 Policy20yy 1.94 0.61 1.15 2.91 

Policy20zz 0.59 0.32 1.21 0.25 Policy20zz 0.50 0.37 1.54 0.17 

FMS 5     FMS 10     

Policy_noCC 0.00 0.51 0.00 0.00 Policy_noCC 0.00 0.58 0.00 0.00 

Policy2014 0.25 0.51 0.00 0.20 Policy2014 0.76 0.65 0.00 0.55 

Policy2016 0.76 0.51 0.00 0.61 Policy2016 1.21 0.69 0.00 0.87 

Policy20xx 1.43 0.51 0.00 1.14 Policy20xx 1.68 0.73 0.00 1.21 

Policy20yy 1.43 0.51 1.15 2.46 Policy20yy 1.68 0.73 1.15 2.61 

Policy20zz 0.76 0.32 1.37 0.38 Policy20zz 1.21 0.41 1.66 1.27 
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Supplementary Material D5: Characterization factors for rotation systems in Flanders 

Table D5-1: Characterization factors of indicator cumulative Soil Organic Carbon Deficit (cSOCD) for several land use practices (LUP) for rotation systems (RS) 
in Flanders for indicator cSOCD (t C ha-1 yr-1). The RS are assigned to a farm management system (FMS) 

 FMS1 FMS2 FMS3 FMS4 FMS5 FMS6 FMS7 FMS8 FMS9 FMS10 FMS11 FMS12 FMS13 

 
sandy 
loam sand 

sandy 
loam sand 

sandy 
loam 

sandy 
loam loam Kempen sand polders sand polders 

sandy 
loam 

t C ha-1 yr-1 RS1 RS2 RS3 RS4 RS4 RS5 RS5 RS6 RS7 RS8 RS1 RS2 RS8 

LUPCC0 5.43E+00 1.16E+01 1.02E+01 9.25E+00 9.72E+00 6.11E+00 1.24E+01 1.22E+01 1.08E+01 1.22E+01 1.08E+01 1.37E+01 6.12E+00 

LUPCC1 2.78E+00 1.02E+01 8.26E+00 8.15E+00 8.55E+00 3.70E+00 1.12E+01 7.95E+00 9.65E+00 7.21E+00 8.35E+00 1.19E+01 1.84E+00 

LUPCC2 1.02E+00 9.09E+00 6.59E+00 6.92E+00 7.24E+00 2.53E+00 9.83E+00 / 8.52E+00 / 6.69E+00 1.05E+01 / 

LUPCC3 / 7.95E+00 / / / 1.51E+00 8.75E+00 / 7.95E+00 / / 9.14E+00 / 

LUPMAN/COM_CC0 -2.75E+00 3.44E+00 1.63E+00 2.50E+00 2.66E+00 -2.16E+00 2.59E+00 4.20E+00 2.77E+00 2.22E+00 3.03E+00 3.34E+00 -1.46E+00 

LUPMAN/COM_CC1 -3.15E+00 2.16E+00 -1.34E-01 1.41E+00 1.50E+00 -1.91E+00 2.09E+00 -7.39E-02 1.62E+00 1.09E+00 2.68E+00 2.64E+00 -4.09E+00 

LUPMAN/COM_CC2 -4.91E+00 1.07E+00 
-

1.80E+00 1.78E-01 1.86E-01 -3.08E+00 1.45E+00 / 5.00E-01 / 1.02E+00 1.26E+00 / 

LUPMAN/COM_CC3 / -7.38E-02 / / / -4.10E+00 3.71E-01 / -7.38E-02 / / -8.49E-02 / 

LUPCOM15 -5.76E+00 1.47E+00 -1.85E-01 4.39E-01 4.60E-01 -5.27E+00 1.68E+00 1.47E+00 1.47E+00 -2.42E-01 2.07E-01 1.69E+00 -4.94E+00 

LUPsus 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
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Table D5-2: Characterization factors of cumulative Biomass Productivity Loss (cBPL) for several land use practices (LUP) for rotation systems (RS) in Flanders 
for indicator cBPL (t DM ha-1 yr-1). The RS are assigned to a farm management system (FMS) 

 FMS1 FMS2 FMS3 FMS4 FMS5 FMS6 FMS7 FMS8 FMS9 FMS10 FMS11 FMS12 FMS13 

 
sandy 
loam sand 

sandy 
loam sand 

sandy 
loam 

sandy 
loam loam Kempen sand polders sand polders 

sandy 
loam 

t DM ha-1 yr-1 RS1 RS2 RS3 RS4 RS4 RS5 RS5 RS6 RS7 RS8 RS1 RS2 RS8 

LUPCC0 4.67E-02 9.29E-02 5.67E-02 9.32E-02 4.29E-02 4.67E-02 2.10E-01 0.00E+00 6.92E-02 0.00E+00 7.67E-02 0.00E+00 3.67E-02 

LUPCC1 3.00E-02 8.04E-02 3.00E-02 8.75E-02 3.86E-02 4.38E-02 2.07E-01 0.00E+00 6.56E-02 0.00E+00 5.67E-02 0.00E+00 1.67E-02 

LUPCC2 1.00E-02 7.05E-02 2.67E-02 8.21E-02 3.36E-02 4.10E-02 1.73E-01 / 5.94E-02 / 5.00E-02 0.00E+00 / 

LUPCC3 / 5.71E-02 / / / 3.48E-02 1.53E-01 / 5.63E-02 / / 0.00E+00 / 

LUPMAN/COM_CC0 -1.33E-02 7.50E-02 -6.67E-03 1.57E-02 1.00E-02 -6.19E-02 8.00E-02 0.00E+00 7.50E-02 0.00E+00 5.67E-02 0.00E+00 -3.33E-03 

LUPMAN/COM_CC1 -1.33E-02 6.87E-02 -6.67E-03 1.46E-02 1.00E-02 -6.19E-02 8.00E-02 0.00E+00 7.50E-02 0.00E+00 5.67E-02 0.00E+00 -3.33E-03 

LUPMAN/COM_CC2 -1.67E-02 5.00E-02 -1.00E-02 1.36E-02 9.64E-03 -6.48E-02 8.00E-02 / 7.50E-02 / 4.00E-02 0.00E+00 / 

LUPMAN/COM_CC3 / 5.00E-02 / / / -6.48E-02 7.67E-02 / 7.50E-02 / / 0.00E+00 / 

LUPCOM15 -4.67E-02 2.19E-02 -6.67E-03 8.93E-04 -2.50E-02 -9.33E-02 1.90E-02 0.00E+00 0.00E+00 0.00E+00 6.67E-03 0.00E+00 -4.67E-02 

LUPsus 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
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Supplementary Material E1: Ecosystem service assessment 

Table E1-1: Capacity of the different terrestrial CORINE land cover classes to supply ecosystem services (ES). The values range from 0 to 5, going from no 

relevant capacity to very high relevant capacity, respectively (Burkhard et al., 2012) 
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ARTIFICIAL 
AREA 

Urban fabric 
Continuous urban fabric 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

Discontinuous urban fabric 1 0 1 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

Industrial, 
commercial and 
transport units 

Industrial or commercial units 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

Road and rail networks and 
associated land 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Port areas 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 1 0 

Airports 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Mine, dump and 
construction 

sites 

Mineral extraction sites 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 

Dump sites 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

Construction sites 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Artificial, non-
agricultural 

vegetated areas 

Green urban areas 0 0 0 0 0 1 0 0 0 0 0 2 1 0 2 1 2 1 1 1 3 0 

Sport and leisure facilities 0 0 0 0 0 0 0 0 0 0 0 1 1 0 2 1 1 1 1 1 5 0 

AGRICULTURAL 
AREA 

Arable land 
Non-irrigated arable land 5 5 5 0 0 0 0 0 2 1 0 2 1 1 1 0 0 0 0 0 1 0 

Permanently irrigated land 5 5 2 0 0 0 0 0 1 1 0 3 1 1 0 0 0 0 0 0 1 0 
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Rice fields 5 0 2 0 0 0 0 0 0 0 0 2 0 0 2 0 0 0 0 0 1 0 

Permanent 
crops 

Vineyards 4 0 0 0 0 0 0 1 1 0 0 1 1 0 1 0 0 0 0 0 5 0 

Fruit trees and berry plantations 5 0 0 0 0 0 4 4 1 0 0 2 2 2 2 2 2 1 1 5 5 0 

Olive groves 4 0 0 0 0 0 4 4 1 0 0 1 1 0 1 1 1 1 1 0 5 0 

Pastures Pastures 0 5 5 0 0 0 0 0 1 0 0 1 1 1 1 0 4 0 0 0 3 0 

Heterogeneous 
agricultural 

areas 

Annual crops associated with 
permanent crops 

5 5 5 0 0 0 0 0 1 1 0 2 1 1 1 1 1 0 0 0 1 0 

Complex cultivation patterns 4 0 3 0 0 0 0 0 1 2 0 2 1 1 1 0 0 0 0 0 2 0 

Land principally occupied by 
agriculture, with significant areas 
of natural vegetation 

3 3 2 0 0 3 3 3 2 1 0 3 2 1 2 1 3 0 1 0 2 3 

Agro-forestry areas 3 3 2 0 0 0 3 3 2 0 0 2 1 1 1 1 2 1 1 3 3 0 

FOREST AND 
SEMINATURAL 

AREAS 

Forest 

Broad-leaved forest 0 0 1 0 0 5 5 5 1 5 0 5 4 3 2 5 5 5 5 5 5 5 

Coniferous forest 0 0 1 0 0 5 5 5 1 5 0 5 4 3 2 5 5 5 5 5 5 5 

Mixed forest 0 0 1 0 0 5 5 5 1 5 0 5 4 3 2 5 5 5 5 5 5 5 

Shrub and/or 
herbaceous 
vegetation 
association 

Natural grassland 0 3 0 0 0 2 0 0 0 0 0 2 3 1 1 0 5 5 5 0 3 3 

Moors and heathland 0 2 0 0 0 1 0 2 2 0 0 4 3 2 2 0 0 3 4 2 5 5 

Sclerophyllous vegetation 0 2 0 0 0 1 0 2 0 3 0 2 1 1 1 0 0 0 0 2 2 4 

Transitional woodland/shrub 0 2 0 0 0 1 0 2 1 0 0 1 0 0 0 0 0 0 0 2 2 2 

Open spaces 
with little or no 

vegetation 

Beaches, dunes, sands 0 0 0 0 0 0 0 0 1 0 0 0 0 5 1 0 0 0 0 0 5 2 

Bare rock 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 1 0 4 0 

Sparsely vegetated areas 0 0 0 0 0 0 0 0 0 0 0 1 0 1 1 0 0 0 0 0 0 0 

Burnt areas 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

Glaciers and perpetual snow 0 0 0 0 0 0 0 0 0 0 0 3 3 0 4 0 0 0 0 0 5 0 
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Table E1-2: Capacity of the agro-ecosystem arable land to supply ecosystem services. The values 

range from 0 to 5, going from no relevant capacity to very high relevant capacity, respectively. Scoring 

is based on literature review and verified by experts 

  Conventional Organic b 

Provisioning ecosystem services   
Cultivated terrestrial plants (including fungi, algae) 
grown for nutritional purposes 5a 3 

Fibres and other materials from cultivated plants, fungi, 
algae and bacteria for direct use or processing 
(excluding genetic materials) 

5 3 

Cultivated plants (including fungi, algae) grown as a 
source of energy  2 1 

Seeds, spores and other plant materials collected for 
maintaining or establishing a population 

2 4 

Regulating and maintenance ecosystem services   

Control of erosion rates 0 1 

Hydrological cycle and water flow regulation 2 2 

Pollination  2 3 

Maintaining nursery populations and habitats (Including 
gene pool protection) 

2 4 

Pest control (including invasive species)  2 4 

Disease control  2 4 

Weathering processes and their effect on soil quality 
2 4 

Decomposition and fixing processes and their effect on 
soil quality  

2 4 

Regulation of chemical composition of atmosphere and 
oceans 

1 2 

Regulation of temperature and humidity, including 
ventilation and transpiration 

1 1 

a italic scores are based on Burkhard et al. (2012) 
b based on (Kremen and Miles, 2012; Lorenz and Lal, 2016; National Research Council, 2010; Reganold and 

Wachter, 2016; Sandhu et al., 2015, 2010a, 2010b, 2007; Schader et al., 2012) 
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Supplementary Material E2: Food and feed products 

retrieved from life cycle inventory databases 

Ten arable food crops are available for both organic and conventional production in the 

ecoinvent database (Table E2-1). For most crops, the yield data were retrieved from the farm 

accountancy data network statistics of the Agroscope Reckenholz-Tänikon Research Station. 

To collect their data, they rely on an annual evaluation of accountancies of 3500 farms in 

Switzerland. For those crops, the weighted averages for the Swiss lowlands over the period 

1996-2003 were used. Exceptions are silage maize, faba beans and soybean. The yield of 

silage maize is based on variety-trials (1996-2003), for which only 85% of the yield was then 

taken into account. For the yield of organic silage maize, 80% of the yield was considered 

(based on expert knowledge). For both, faba beans and soybean, the yield under conventional 

and organic farming was estimated by experts, as no (or not enough) data was available 

(Nemecek and Schnetzer, 2011). Therefore, they were excluded in this study. In the Agribalyse 

database, data for four arable crops cultivated under conventional and organic farming are 

available (Koch and Salou, 2013). For conventional practices, a weighted average over France 

is made, while the yield under organic farming is based on a study case. Two organic 

processes of wheat grain are provided, each characterized by a different preceding crop and 

another yield. However, no information is given about which one is comparable with the 

conventional system. Furthermore, since wheat grain production is already retrieved from the 

ecoinvent database, wheat grain production available in Agribalyse is not included in this study. 

Table E2-1: Overview of organically and conventionally produced arable crops in the life cycle inventory 
databases Ecoinvent and Agribalyse 

Product 

Yield under 
conventional 
farming (Ycon)  

(kg ha-1) 

Yield under 
organic farming 

(Yorg) (kg ha-1) 

Ratio  
Yorg/Ycon (%) 

Database 
Included 

in this 
study 

Barley grain 6828 4153 61% Ecoinvent Yes 

Carrot 64.00 42500 66% Agribalyse Yes 

Faba bean 3782 3384 89% Ecoinvent No 

Faba bean 5070 2500 49% Agribalyse Yes 

Maize grain 9315 7777 83% Ecoinvent Yes 

Maize silage 61457 49166 80% Ecoinvent Yes 

Potato 41001 22908 56% Ecoinvent Yes 

Protein pea 3840 3044 79% Ecoinvent Yes 

Rape seed 3113 2023 65% Ecoinvent Yes 

Rye grain 7540 4172 55% Ecoinvent Yes 

Soft wheat grain 5966 4000 67% Agribalyse No 

Soybean 2933 2806 96% Ecoinvent No 

Triticale grain 5200 3000 58% Agribalyse Yes 

Wheat grain 6425 4069 63% Ecoinvent Yes 
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Supplementary Material E3: Resource footprint 

Table E3-1: Area-based resource footprint produced by conventional and organic agriculture, RFcon and 

RForg, respectively 

 RFcon (GJex ha-1) RForg (GJex ha-1)  
Barley grain 241.0 225.5 -6% 
Carrot 398.6 212.5 -47% 
Faba bean 241.6 257.3 7% 
Maize grain 333.5 346.1 4% 
Maize silage 309.7 300.9 -3% 
Potato 590.4 350.5 -41% 
Protein pea 271.5 273.7 1% 
Rape seed 253.7 234.7 -8% 
Rye grain 217.2 203.2 -6% 
Triticale grain 238.7 255.2 7% 
Wheat grain 243.5 227.1 -7% 
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Supplementary Material E4: Allocation factors 

Table E4-1: Allocation factors fprov and freg for conventional and organic system and intermediate results 

    conventional organic 

ESprov nprov 4 4 

 ∑(capacity to supply ESprov) 14 11 

ESreg nreg 10 10 

 ∑(capacity to supply ESreg) 16 29 

Allocation 
factors 

fprov 0.47 0.28 

freg 0.53 0.73 

 

Table E4-2: Resource footprint of conventional (RFcon) and organic systems (RForg) and allocated RF 

when applying allocation based on ecosystem service assessment (RFa,con and RFa,org for conventional 

and organic system, respectively). Allocation is based on the total capacity to supply ES. Green values 

indicate the lowest RF 

Product 
RFcon 

(MJex kg-1) 
RForg 

(MJex kg-1) 
Ratio 

RForg/RFcon 
RFa,con 
(MJex  
kg-1) 

RFa,org 

(MJex  
kg-1) 

Ratio RFa,org/RFa,con 

Barley grain 35.3 54.3 154% 16.5 14.9 91% 

Carrot 6.2 5.0 81% 2.9 1.4 48% 

Faba bean 47.7 102.9 216% 22.2 28.3 127% 

Maize grain 35.8 44.5 124% 16.7 12.2 73% 

Maize silage 5.0 6.1 121% 2.4 1.7 72% 

Potato 14.4 15.3 106% 6.7 4.2 63% 

Protein pea 70.7 89.9 127% 33.0 24.7 75% 

Rape seed 81.5 116.0 142% 38.0 31.9 84% 

Rye grain 28.8 48.7 169% 13.4 13.4 100% 

Triticale grain 45.9 85.1 185% 21.4 23.4 109% 

Wheat grain 37.9 55.8 147% 17.7 15.3 87% 
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Daarnaast wil ik mijn dank ook uitspreken aan Hilde en Bart. Hilde, bedankt om me, telkens 

dat ik met kleine vragen aan je deur stond, te helpen. Bart, bij de start was het thema ‘bodem’ 

iets wat heel ver buiten mijn vertrouwde omgeving lag. Bedankt voor de vele uitleg, raad en 

verbeteringen op ‘eerste versies’ die ik van jou gekregen heb. 

Furthermore, I like to acknowledge all the members of the examination committee for carefully 

reading this PhD thesis and their valuable feedback. Besides, I would also like to express my 

gratitude to all co-authors, in particular Rodrigo Alvarenga, Steven De Meester, Jo Dewulf , 

Tommy D’Hose, Hilde Muylle, Thomas Nemecek, Andreas Roesch, Isabel Roldán-Ruiz, Greet 

Ruysschaert, Carlos Sierra, Steven Sleutel, Bart Vandecasteele, and Veerle Van linden. 

Zoals iedereen die ooit een LCA uitvoerde wel weet, is het verzamelen van data noodzakelijk, 

maar niet altijd even evident. Ik heb aan talrijke deuren meermaals aangeklopt. In het bijzonder 
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zou ik de volgende mensen willen bedanken: Fien Amery, Tim Baeten, Evelien Cronin, Tommy 

D’Hose, Tom De Swaef, Joachim Maes, Greet Ruysschaert, Joke Pannecoucque, Joost 

Salomez, Steven Sleutel, Laura Van Vooren, Greet Verlinden, en Freya Zutterman. 

Een doctoraat met twee standplaatsen betekent dat dit project vanuit meerdere invalshoeken 

werd benaderd. Het betekent ook dat ik te maken kreeg met een dubbel aantal vergaderingen 

en presentaties, maar vooral ook met een dubbel uitgebreid netwerk en bovenal twee groepen 

van fijne collega’s. 

Een dankjewel aan de collega’s van ILVO (P39). Zelfs al bracht ik het laatste jaar wat minder 

tijd bij jullie door, toch werd ik steeds hartelijk verwelkomd. Een heel speciaal dankjewel aan 

de (ik noem het nu maar zo) ‘oude groep van Isabel’. Ik heb genoten van de etentjes na de 

seminaries of voor de kerstvakantie. En ondanks het feit dat ik met onderzoek bezig was dat 

vaak ver van jullie expertise lag, hebben jullie steeds veel inspanningen geleverd om bij elke 

lunchsessie te begrijpen waar ik mee bezig was… Jullie doordachte vragen daagden mij 

steeds opnieuw uit om een stapje achteruit te zetten en zo mijn onderzoek ook vanuit een 

ander oogpunt te bekijken.  

I would also like to thank my colleagues at STenVOC for making it a nice experience to work. 

Thanks to Rodrigo, Sophie and Nils for the interesting discussions during these four years. A 

special word of thanks to the STenVOC party team for organizing all these nice activities/after 

work drinks. When I started here, I was still figuring out how to deal with a gluten free diet. As 

years ago, it was not always easy to find a restaurant to eat, the solution was that our whole 

group went for dinner to a gluten free restaurant... Thanks for this, I really appreciate all efforts 

you have made. Furthermore, Gaby, it was really nice that we were (more or less) finishing at 

the same time. Wouter, Sophie, Pieter, and Fernanda, although I like to teach, it was/is of 

course much nicer to do this together with you. And finally, a special word of thanks goes to 

my current and previous colleagues from the ground floor (Ha, Trang, Duc Anh, Katrijn, 

Kamilla, Peter, Sophie, Astrid, Hina, Margot, Pieter, Nils, Ligia, Philipp, and in particular Lore) 

for the nice talks, discussions and motivation during these 4 years. Now it will be my turn to 

motivate you .  

En dan, om toch heel eventjes de analogie te maken… zoals bij een voetbalploeg de twaalfde 

man heel belangrijk is, wil ik ook mijn supportersclub in de bloemetjes zetten. En hierbij wil ik 

de spotlights extra richten op Sara, Elien, Lien en Marlies C.: dank je wel voor de vele lieve 

berichtjes, extra steun, maar ook voor de ontspanning de afgelopen maanden. Natuurlijk ook 

aan alle andere vrienden (jullie zijn te talrijk om hier bij naam te noemen): een grote dankjewel 

om steeds opnieuw te zorgen voor de leuke ontspanning, uitstapjes, deugddoende babbels, 

etentjes, reisje, enzovoort. We gaan zeker verder op hetzelfde elan;).  
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Tot slot wil ik graag mijn ouders, zus en schoonbroer bedanken, de supporters van op de 

eerste rij.... Het is niet mogelijk om alles op te noemen waar ik jullie voor wil bedanken. Ik doe 

een poging: mama en papa: dank je wel voor de steun, de nuchterheid, het luisterend oor en 

het altijd opnieuw klaarstaan om te helpen en bij te springen. Niels en Annelien, mijn grote zus 

en ook wel voorbeeld, ik vat het heel kort samen: dank jullie wel om er altijd voor mij te zijn. 

En last but not least… mijn metekindje Felix, dank je wel om met jouw lach steeds een glimlach 

op mijn gezicht te toveren. 

Lieselot Boone 

Gent, mei 2019 



 

 

 


