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Summary in English 

Land provides food security, materials and shelter to an increasing population and is a 

fundamental economic asset for development. The recent expansion of bioenergy crops and 

the effects of climate changes have intensified the stress on this limited resource. In 2010, 

Land-use Changes were responsible for 11% of global GHG emissions. Land Use and Land-

Use Changes (LULUC) information have become essential to estimate and reduce the 

impacts of anthropogenic land use and conversion. Global scale models of products’ life 

cycle are necessary to establish relationships between commodities, activities and land-use 

impacts. Land is in fact not only directly required for food and feed production but also 

indirectly present in the value chain of manufactured goods and services. Life Cycle 

Assessment (LCA) is a framework for investigating the potential environmental consequences 

throughout the entire life-cycle of products. However, methodologies for assessing 

environmental effects of LULUC are currently disputed or not fully captured in LCA analyses 

and socioeconomic impacts are often missing. 

Based on system analysis, this work investigates LULUC assessment practices within the LCA 

frameworks, focusing mainly on methodological aspects of inventory data modeling. The 

objective is to provide a contribution to models’ development, following an assessment of 

their limitations and the identification of potential areas of improvement. A major limitation of 

current LULUC models is the availability of globally consistent datasets. A main outcome of 

this project is therefore, a database containing a collection of country-specific globally 

consistent set of LULUC matrixes, mapping global LULUC. The matrix structure is inspired by 

the IPCC ‘Good Practices Guidance for LULUC and forestry. The research also investigates 

how methodological assumptions influence the final results of Land-use Change models. The 

results show high variability of the outcome when indirect Land-Use Change (LUC) effects 

are included and different time horizon and climate metrics are applied. In particular, the 

results show the importance of applying a time-dependent climate metric, instead of the 

commonly used static approach. In order to obtain a time-dependent Life Cycle Inventory of 

forest carbon fluxes, the research developed a flexible model facilitating the implementation 

of time-dependent impact assessments of bio-based products in LCA.  

The outcome intends to facilitate the implementation of a global and non-restrictive 

modeling framework, for inclusion of both direct and indirect land-use changes effects. It 

shows the importance of a critical interpretation of results with respect to the approaches 

used and the occurrence of the specific conditions for their validity. The work also discusses 

the relation between post-positivism and LCA developments and its methodological 

implications. LULUC modeling requires a multidisciplinary approach and the integration of 
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different disciplines. Moving beyond a purely post-positivist use of LCA would facilitate the 

implementation of a multidisciplinary approach, capturing the interdisciplinary character of 

land-use studies.  
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Sammendrag på Dansk 

Vores jordressource er forudsætningen for fødevaresikkerhed og forsyning af materialer til en 

stadigt stigende befolkning. Den nye vækst i bioenergiafgrøder og virkningerne af 

klimaændringer har intensiveret belastningen på denne begrænsede ressource. I 2010 var 

ændringer i arealanvendelse ansvarlig for 11 % af de globale udledninger af drivhusgasser. 

Viden om arealanvendelse og de menneskeskabte ændringer i arealanvendelse (LULUC) er 

derfor blevet afgørende for at vurdere og reducere virkningerne af vores udnyttelse af denne 

ressource. For at etablere forbindelser mellem vores forbrug og effekterne af 

arealanvendelse, er modeller i global skala over produkternes livscyklus nødvendige. En 

livscyklusvurdering (LCA) er en ramme for undersøgelse af de mulige miljømæssige 

konsekvenser i hele produktets livscyklus. Imidlertid sættes der for tiden spørgsmålstegn ved 

metoderne til vurdering af de miljømæssige virkninger af LULUC og derfor indgår disse ofte 

ikke i livscyklusvurderinger. Ligeledes inddrages oftest ikke de socioøkonomiske virkninger af 

LULUC.  

Baseret på systemanalyse, er der i dette arbejde undersøgt praksis for LULUC-vurderinger 

inden for rammerne af LCA, især med fokus på metodemæssige aspekter i forhold til 

modellering. Målet var - med udgangspunkt i en vurdering af de eksisterende modellers 

fordele og ulemper - at bidrage til at forbedre disse. En stor begrænsning i de eksisterende 

LULUC-modeller er tilgængeligheden af globale konsistente datasæt. Derfor er et væsentligt 

resultat af dette projekt en database, der indeholder en samling af landespecifikke globale 

konsistente sæt at LULUC-matricer, der kortlægger LULUC globalt. Matrixstrukturen er 

inspireret af IPCC’s ‘Good Practices Guidance for LULUC and forestry’. Endvidere er det 

undersøgt, hvordan metodologiske antagelser har indflydelse på slutresultaterne af modeller 

for ændringer i arealanvendelse. Resultaterne viser en stor variation i resultaterne, når 

indirekte virkninger af ændringer i arealanvendelse (LUC) medtages og når forskellige 

tidshorisonter og metoder til vurdering af klimaeffekter anvendes. Især viser resultaterne 

betydningen af at anvende en tidsafhængig klimavurdering i stedet for den almindeligt 

anvendte statiske fremgangsmåde. For at inkludere de tidsafhængige aspekter af 

kulstofstrømme ved anvendelse af træprodukter, blev der udviklet en fleksibel model, der 

muliggjorde implementering heraf i vurderinger af drivhusgasemissioner fra biobaserede 

produkter i LCA. 

De samlede resultater sigter mod at muliggøre implementering af en global og ikke-restriktiv 

ramme for modellering af ændringer i arealanvendelse, der medtager både direkte og 

indirekte virkninger. Det viser vigtigheden af en kritisk tolkning af resultaterne, hvad angår de 

anvendte fremgangsmåder og forekomsten af de specifikke betingelser for validiteten af 
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dem. Endvidere diskuteres forholdet mellem en post-positivistisk analysetilgang og 

udviklingen i LCA og dets konsekvenser for metoden. LULUC-modellering kræver en 

tværfaglig fremgangsmåde og integrering af forskellige discipliner. Derfor anbefales det at 

gå ud over en ren post-positivistisk tilgang, da det vil muliggøre den tværfaglige natur, som er 

nødvendig for undersøgelse og beskrivelse af betydningen af ændret global 

arealanvendelse.   
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Preface  

This text was written to fulfill the formal requirements of a PhD project and to be granted 

admission to the final PhD dissertation. For this purpose, the thesis is composed of two parts: 

the first is a stand-alone text. In chapter one the context of the research and the research 

objectives are shortly introduced. Chapter two explains the overall methodology; it introduces 

relevant concepts and theories and presents the research design. Chapter three summarizes 

the results of the individual papers while chapter four discusses the results across articles. The 

second part is a collection of the research articles published or submitted in peer-reviewed 

international scientific journals, containing more detailed information on the specific topics. 

The final outcome presented here aims at advancing the field of land use and land–use 

changes  modeling in Life Cycle Assessment, mainly for environmental management 

purposes although not exclusively. The focus on inventory data modeling reflects indeed the 

hope that these results will support environmental as well as socioeconomic analyses. More 

generally the wish is that the field as a whole will rapidly move towards a (much needed) 

more holistic assessment of the effects of human-induced land use and land-use changes, 

focusing jointly on ecosystems, equity, justice and development. Among other things, it is also 

hoped that the conclusions and the activities carried out during this PhD project promote a 

dialogue between science and a wider public audience and advance the discussion and the 

societal awareness on LULUC causes and consequences. 

 

 

 

 

 

Michele De Rosa 

 Aalborg, October 2016 
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“Buy land, they don’t make it anymore”  

M. Twain 

 

 

 

I - Introduction 

 

 

1.1 Background and rationale 

There are countless reasons why the concept of land is fascinating. Land represents the 

physical space on which humanity is grounded. It hosts life and allows species’ livelihood by 

offering food, shelter and materials. Land is a natural chemical laboratory, where agents 

have reacted daily and for millennia, allowing photosynthesis, natural biochemical cycles, 

organic and inorganic matter formation and degradation. Land availability and land uses are 

one of the hotspots in the complex relationships between natural resource management and 

human society, a case in which nature-society relations intertwine. Land perfectly embodies 

the commons and the human right to their access, as cultural and natural resources 

accessible to all members of a society. 

Contrasting with its multi-functionality, land is fundamentally a constraint resource. The 

limited available land represents also a tangible metaphor of the natural resource constraints 

faced by modern consumerist society. Land has been shaped by anthropogenic activities 

since humans began farming for food production, even though the production capacity and 

the global population were limited compared to present days. Although earlier agricultural 

developments also had significant environmental consequences (Ruddiman 2003), they 

were not comparable with the scale of modern environmental effects and land availability 

was not a major concern (Lambin and Geist 2008). With the rise of industrial agriculture, 

human influence on land resources assumed a different scale and land has gained 
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extraordinary importance in modern economies. During the last 300 years, between 42 and 

68% of the land surface has been subjected to land-use activities (Hurtt et al. 2006). Farmed 

land supplies food, feed and pastures for a global population, increasing in number and 

affluence; it provides materials, fibers, fuel wood and, more recently, industrial-scale biofuels 

and carbon sequestration capacity (Figure 1).  

The world’s population is expected to grow to approximately 9 billion before plateauing, 

presumably in the middle of the 21st century, while higher purchasing power accelerates the 

consumption of processed food and material goods (Godfray et al. 2010). The damages that 

these activities cause on ecosystems and human health challenge the current development 

paradigm requiring continuous economic development. The paradigm relies on increasing 

efficiency to reduce impacts, achieved through continuous technological improvements. 

Therefore, the optimization of production processes is not only an option but an 

unquestionable imperative of modern society. A dramatic increase in efficiency of 

agricultural production has occurred during the last fifty years, due to the rise of ‘Green 

Revolution’ technologies (Matson et al. 1997) but it has not been free of costs. These activities 

have been responsible for major transformation of the Earth’s surface, determining major 

environmental damages and social changes: greenhouse gasses (GHG) emissions related to 

agricultural activities have contributed in altering biochemical flows of e.g. carbon, nitrogen, 

potassium; land-uses modified the hydrologic cycle and caused the decline of genetic 

diversity (Foley et al. 2005). Industrial agriculture has transformed the way man and nature 

interact and the production relationships between product and producer. Concerns over the 

wide range of damages linked to human activities led to the rise of the sustainable 

development framework in late ‘80s, extending environmental concerns to socioeconomic 

issues (UNWCED 1987). Simultaneously with the ascent of the forward-looking sustainable 

development paradigm in recent years, human development has been recognized as in 

danger to be jeopardized by threats such as food scarcity and climatic changes (Foley et al. 

2011, Godfray et al. 2010).  

The assessment of impacts caused by production processes is crucial to determine the 

efficiency of a system and whether it can be further improved. Understanding the long-term 

effects of activities requiring land use and identifying potential improvements has hence 

become a necessity to increase the efficiency of modern agricultural systems. Two main 

types of human intervention on land are distinguished: land occupation refers to human uses 

of land while land transformation to changes in land use type (Canals et al. 2007).   
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Figure 1 – Main land use types and economic sectors with respective bio-based products provided 

With Land Use and Land-Use Changes (LULUC) is generally meant the human-induced 

replacement of natural land types or changes in management practices within a land use 

type, such as crop intensification (Schubert 2009). The holistic assessment of environmental, 

economic and social performances of land-use activities has however proven to be a non-

trivial task. Environmental damages have quickly gained the attention of the international 

scientific community (Rockström et al. 2009, Steffen et al. 2015) favoring ecological aspects 

of sustainability in assessment practices. Following the worrying increase of carbon dioxide 

concentration in the atmosphere that has occurred in the last century and the related climate 

consequences, the atmospheric concentration of GHG has become an indicator to measure 

the rate of human impact on ecosystems (Steffen et al. 2007, Weidema et al. 2008).  

The popularity of the single indicator paralleled the scientific efforts and the remarkable 

achievements of the Intergovernmental Panel on Climate Change (IPCC) in providing 

scientific basis to develop climate-related policies. The IPCC estimated that in 2010 land-use 

changes have been responsible for 11% of the total anthropogenic GHG emissions (IPCC 

2014). Inventory data collection efforts have been directed to GHG flows and Land-Use 
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Changes (LUC) have gained attention in carbon footprinting, a simplified environmental 

assessment concerning one impact category: climate changes.  

Despite the fact that LULUC models have mainly been concerned with climate-related 

impacts or - more generally - environmental impacts, consensus methodologies and 

modeling approaches to quantify these damages appears far from being reached. The 

causal link between land uses and loss of primary forests is not clear yet and even carbon 

footprints have often omitted LUC-related  emissions (Russell 2011). In order to trace the 

cause-effect relationship between the demand of a product and LULUC impacts triggered, 

market information are often employed. In market economy the demand influences the 

supply on a global level. Therefore, LUC impacts may occur as a consequence of product 

demand on a global scale, which means they can take place as an indirect consequence of 

changes in market demand in different parts of the world and in different times. The debate 

on direct and indirect effects of LUC accelerated in 2008, when surprising results on the 

negative impacts of biofuel production due to indirect GHG emissions were published 

(Fargione et al. 2008, Searchinger et al. 2008) underlining the importance of accounting for 

indirect damages. 

In 2013 the International Organization for Standard (ISO) defined direct Land-Use Changes 

(dLUC) as “changes in human use or management of land within the boundaries of the 

product system being assessed” while indirect Land-Use Changes (iLUC) as “change in the 

use or management of land which is a consequence of direct land use change, but which 

occurs outside the product system being assessed” (ISO/TS-14067 2013). Yet, this definition is 

ambiguous, since what is outside the product system should in principle not be affected by 

changes. Indirect LUC is perhaps better defined as a “shifts in land use induced by a change 

in the production level of an  agricultural  product  elsewhere,  often  mediated  by  markets  

or  driven by policies” (Allwood et al. 2014). This definition sheds light on an important aspect, 

which is the mediation of markets and policies in determining the functional relationship 

between biomass production (determined by market demand) and actual damage caused 

by LUCs. Since, under the current economic regime, markets are global and bio-based 

products are traded on global markets, LUCs need to be modelled globally. The attempt of 

capturing market mechanisms may result in increasing the complexity and uncertainty of 

models attempting to assess LULUC damages. Complexity is introduced by time and space 

dependent factors. Many production processes require land area for a determined time but 

not all land occupations are equal in terms of damage caused, how long the damage 

and/or the land occupation persist. Potential impacts depend also on the life-time of 

products, the location and type of land where the impacts take place. Indirect LUC impacts 
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can occur in very different locations than the original land use, i.e. as an “upstream 

consequence” of the land use under study (Schmidt et al. 2015). 

A system approach and product life-cycle perspective is therefore necessary to assess the 

consequences of products or processes during their entire life cycle, i.e. from raw material 

extraction to processing, transportation use and disposal. Life Cycle Assessment (LCA) is a 

framework originally developed for environmental analysis that appears particularly relevant 

for this purpose. LCA has undergone steady and fast development in the last twenty-five 

years (De Rosa and Rydberg 2016).  

When including LULUC emissions in carbon footprinting, LCA practitioners are confronted 

with a number of methodological assumptions affecting the final assessment results (Ahlgren 

and Di Lucia 2014, Warner et al. 2014). Since biomass growth and decomposition occurs 

over several years, a dynamic assessment (Kendall 2012), i.e. a time-dependent account of 

CO2 emission and sink, is preferable (Guest et al. 2013, Cherubini and Strømman 2011, 

Cherubini 2010). Yet, it is usually not performed due to the difficulty in obtaining dynamic 

inventory data of GHG fluxes. The time-dependency of LUC-related climate effects poses 

challenges both in data collection and impact assessment. Inventory data of carbon fluxes 

over time are difficult to model due to the complexity of processes involved in the carbon 

cycle and readily available dynamic inventory data are rare.  

Practitioners face a number of other methodological choices when accounting for LULUC in 

LCA. The choice of carbon pools to include in LCA is also disputed. Soil Organic Carbon 

(SOC) changes are often excluded from the account due to the difficulties in tracing SOC 

changes, even though methodologies for inclusion of SOC in LCA also exists (Petersen et al. 

2013). Different climate indicators (or metrics) translating the GHG emission into potential 

impacts also exist. They can express the impacts at different points along the impact 

pathways: closer to the final damage they cause (end-point), e.g. in terms of actual 

temperature increase (Kirschbaum 2014, Shine et al. 2005), or somewhere in the middle 

(mid-point), e.g. in terms of increase in radiative forcing. The impact is commonly distributed 

over a number of years that depends on the goal of the study but the choice of the time 

frame selected is ultimately arbitrary. Authors have also proposed alternative methods to 

avoid the arbitrary distribution of emission over time (Kloverpris and Mueller 2013) but the 

method does not avoid the use of an arbitrary time horizon (TH) when defining the climate 

metric and a consensus methodology does not exists. 

LUC analyses have shown both the potentials and the limitations of the LCA framework, 

resulting in often unresolved disputes in the scientific community. Attempts to identify 
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sustainable development strategies have recently focused the attentions on the full life cycle 

of products, popularizing concepts such as Cradle to Cradle, the Circular Economy and the 

Bio-based economy, which rely on renewable and bio-based resources. However, they 

require an accurate assessment of the actual effects throughout the whole products life-cycle 

in order to ensure a positive balance of efforts and benefits. These developments have made 

the accuracy of LCA results even more relevant and improvements of the LCA analyses more 

urgent.  

1.2 Problem statement 

Land is a fundamental and constrained resource, providing food and bio-based products, 

sustaining genetic diversity, ecosystem services and mitigating the adverse impact of climate 

changes. Land uses supporting technological solutions and policies designed to achieve 

sustainable development require an accurate assessment of the benefits claimed and the 

potential effects before their implementation. Life Cycle Assessment technics have been 

recognized as a valuable systemic approach for the integrated assessment of LULUC 

sustainability performances. Yet, models’ limitations, the lack of consensus methodologies 

and limited inventory data hinder the sound development of an integrated life-cycle 

assessment of agricultural products and undermine the robustness of commonly performed 

carbon footprinting. Improving the robustness of LULUC assessment practices and the 

availability of inventory data is therefore a priority. 

 

1.3 Aims and Objectives 

This work aims at critically analyzing current LULUC assessment practices in Life Cycle 

Assessment with the objective to identify key limitations and propose methodological 

improvement to overcome them. Particular attention is dedicated to the widespread use of 

LCA for carbon footprinting. The study focuses especially on inventory modeling, although 

the effects of inventory and methodological choices on impact assessment are also 

investigated. The scope of the study encompasses the temporal and spatial dynamics of 

LULUC. 

By improving the inventory modeling, a goal is also to contribute more broadly to the 

development of LULUC-related damage assessment. Through reflections on current LULUC 

assessments practices, the work intend to discuss the major obstacles frequently encountered 

in LCA and suggest alternatives towards more holistic modeling practices.  This may also 
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promote a dialogue between science and a wider public audience and advance the 

discussion and the societal awareness on LULUC causes and consequences. 

The specific objectives of the work are: 

 

1. to investigate exiting LULUC assessment practices with a life-cycle perspective, 

analyzing limitations and their respective causes in order to identify potential areas of 

improvement; 

2. to map global LULUC detailing the spatial origin of marginal land; 

3. to investigate the influence on results of methodological choices currently affecting 

Land-use Change modeling practices; 

4. to facilitate the implementation in Life Cycle Assessment of time-dependent emission 

accounts of bio-based products, developing a flexible model for obtaining a dynamic 

inventory of carbon fluxes.  

5. to investigate the limitation of current LCA practices, contextualizing them in the 

debate around the sustainability of land uses, and to discuss the influences of 

epistemological choices on models result and decision making.  

1.3.1 Research Questions 

Overall research question:  

• How can land-use change effects triggered by the demand of bio-based product be 

holistically assessed? 

Sub-research questions:  

• What are the strengths and limitations of current Land-Use Changes assessment 

practices in LCA? 

• How can global LULUC be consistently identified globally, distinguishing land use 

types?  

• How do methodological choices affect LCA climate impact results?  

o How can the time-dependent inventory modeling of forest carbon fluxes be 

facilitated in LCA? 

• What are the major obstacles towards the use of LCA for a holistic analysis of LULUC? 

What further developments are needed to overcome them? 
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1.3.2 Hypothesis 

The underlying hypothesis of this work is that current LULUC assessment practices can and 

should be fundamentally improved in order to support decision towards more sustainable 

development patterns. In particular, incomplete or inaccurate inventory data may produce 

biased assessments, prioritizing sub-optimum technological solutions and not necessarily 

reflecting the state-of-the-art knowledge developed within the multidisciplinary context of 

land-use science. Moreover, methodological choices may have large effect on the final 

assessment results, effects that are often overlooked. Decision-making based on current 

practices may therefore be improved via methodological advancements and benefit from 

the integration of existing multi-disciplinary knowledge. 

 

1.4 Overall approach of the thesis 

1.4.1 Methodological approach 

The research questions are addressed in five research articles representing the backbone of 

this dissertation. The papers provide methodological developments of LUC modeling 

practices within the framework of LCA and deals with aspects such as carbon footprinting, 

inventory data of LUC and their current limitations. The research questions where addressed 

by using different methods, ranging from semi-structured interviews and literature review to 

the application of the LCA framework to a case study and the use of GIS software. The 

methods applied are therefore both quantitative and qualitative, reflecting the 

interdisciplinary character of the research topic.  

1.4.2 The inspirational role of conferences and changes of environment  

The work presented in this dissertation is mainly the result of individual literature reviews, desk 

research and computer modeling. It has, however, been very much influenced by different 

research environments in Denmark and during the periods abroad as a visiting researcher at 

the Life Cycle Management Center of Massey University in New Zealand and the Center for 

International Forestry Research (CIFOR) in Indonesia. The cooperation with expert 

researchers in the field and the presentations and discussion of preliminary findings at 

international scientific conferences (Table 1) have shaped and largely contributed to the 

research development.  
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Working with LULUC on a global scale means, to some extent, to deal with large scale land 

transformations, such as deforestations of primary forests and large scale plantations (e.g. 

palm oil). 

Table 1 – List of conferences attended during the PhD project with respective venue and activity 
carried out. 

Conference Venue Activity 

SETAC 19th LCA Case Study Symposium (2013) Rome Platform Presentation 

SETAC Europe 24th Annual Meeting (2014) Basel Poster and Platform Presentation 

9th International LCA of Foods Conference (2014) San Francisco Poster Presentation  

SETAC Europe 25th Annual Meeting (2015) Barcelona Attendee  

7th Life cycle Management Conference (2015) Bordeaux Poster and Platform Presentation 

SETAC Europe 26th Annual Meeting (2016) Nantes Special Invitee 

10th International LCA of Foods Conference (2016) Dublin Poster Presentation 

Therefore, it has been particularly inspiring and educational to join for a week a CIFOR crew 

carrying out field work (Figure 2) at the Tanjung Puting National Park, in the south-west part 

of central Kalimantan, Indonesia. The Park is composed by a unique variety of tropical forest 

types. 

Approximately 40% of it is composed by primary forests of different kind, such as tropical 

dryland forest, peat swamp forest, mangrove and coastal beach forest; about 60% of the 

area is instead degraded or secondary forest. Moreover, the park is surrounded by deforested 

area and dried peat forest removed for oil palm plantation developments. Visiting the park 

has therefore provided me with the invaluable opportunity to gain direct understanding of 

these diverse ecosystems and their characteristics, of the land transformation steps, drivers 

and consequences, to get in contact with the social context around them and to interview 

different stakeholders of the local population. The study trip provided important insights and 

benchmarks useful when designing and refining the LULUC matrix presented in section 3.2.   

 

Figure 2 – Pictures taken in the Tanjung Puting National Park, central Kalimantan (Borneo, Indonesia) 
during field work. 
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1.4.3 Organization of the thesis 

The rest of this dissertation provides, in chapter 2, an overall introduction of the theories and 

methods that have to a different extent influenced this work and the scientific debate in 

which the results are intervening. Chapter 2 ends with a table schematizing the research 

design in relation to the research questions. Chapter 3 is a short summary of the results, 

provided by directly answering the research question of section 1.3.1. Each scientific research 

article, available in appendix, has in fact been planned as a direct outcome of a research 

question. The chapter only presents enough details of the results to allow establishing a 

coherent flow among them. Further details concerning methodological aspects of the 

research carried out can be found in the specific paper the research question refers to or in 

the respective supplemental information. Chapter four presents a broader discussion of the 

results across the articles, crosscutting the research questions as much as the topics possibly 

allowed. The overall conclusions of the dissertation are presented in Chapter 5. Chapter 6 

discusses the outlooks and further research areas, and providing perspective to the results 

and conclusions of this dissertation. The five scientific papers are included in the appendices. 
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“Remember that all models are wrong; the practical question is how wrong do they have to 

be to not be useful." 

 

G.E.P. Box & N.R. Draper, in Empirical Model-Building and Response Surfaces (1987) 

 

 

 

II - Theories and Methods 

 

2.1 Land as a multi-disciplinary issue 

Human land uses and human induced land-use changes involve a number of economic and 

non-economic activities. Economic activities are mainly related to food production and 

consumption (including livestock), although crops for energy purposes, fiber and wood crops 

have recently gained importance. They also concern the provision of infrastructures, such as 

housing, transport networks and employment. Non-economic activities refer instead to 

functions of land that are typically not directly associated with economic benefits although 

alterations of these function could translate in monetary costs. These are usually referred to as 

ecosystem services and include: provision and maintenance of landscapes, genetic diversity, 

and flood control, water and soil services as well as aesthetic, educational and cultural value. 

Obviously, human land-use activities are strictly dependent on the global economy: market 

supply and demand, price variations and the substitutability of bio-based products to serve 

similar purposes are therefore all relevant information in land-use studies. Land-use science 

also addresses geography and geomorphology since the suitability of determined land types 

and locations for a specific purpose is equally important. Soil science and chemistry provide 

crucial information for crop production while biology accounts for the biological and genetic 

diversity hosted by natural and managed land. Climate science investigates the potential of 

land uses for climate changes mitigation purposes. Several branches of social science 

research the interactions between human and land; these may concern political, ecological, 

property, production or power relationships issues.  
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2.2 Systems approach and integrated assessment 

In order to capture the complex dynamics of land systems described above it is necessary to 

adopt a holistic analytic approach. The General System Theory (GST) draws from Smuts’ 

concept of holism (Smuts 1926) and Systems Thinking (Senge 1997) and is particularly 

relevant for this purpose. A system could be an artificial organization or a natural 

environment formed by different components and their interrelationships, such as the 

ecosystem. GST or System Science, refers to the use of various tools for the study of systems, 

physical, biological, chemical, social, economic etc.) and their properties as wholes instead of 

as a collection of independent parts.  

The interdisciplinary study of systems has undoubtedly influenced the holistic view of 

sustainable development. System Science is also the root of the System Approach, a more 

quantitative interpretation of GST: “The systems approach (…) is quantitative and objective. It 

makes possible the consideration of all needed data, requirements, and (often conflicting) 

factors that usually constitute the heart of a complex, real-life problem. It recognizes the need 

for carefully worked out compromises, trade-offs among the competing issues (such as time 

versus cost). It provides for simulation and modeling so as to make possible the predicting of 

performance before the entire system is brought into being. It makes feasible the selection of 

the best approach from the many alternatives” (Ramo and Clair 1998). The quantitative 

character of the system approach is reflected in sustainability assessment decision making 

tools and the definition of Ramo and Clair also underlines the challenge of compromising 

when dealing with complex issues. System approach definition explicitly refers to modeling 

and simulations to represent reality in order to predict systems’ behavior and control them.  

Models tackling complex interdisciplinary matters typically utilize integrated assessment 

practices. With integrated assessment is meant as ‘a structured process of dealing with 

complex issues, using knowledge from various scientific disciplines and/or stakeholders, such 

that integrated insights are made available to decision makers’ (Rotmans 1998). Merging 

multidisciplinary information into one model requires blending different knowledges 

informed by several disciplines in a common framework. However, systems approach and 

integrated assessments are concepts rather than tools themselves. In the last twenty-five 

years Life Cycle Assessment (LCA) has been a useful framework to integrate interdisciplinary 

knowledge around a thematic area, successfully applied for environmental analyses. LCA 

was initially applied as a ‘cradle-to-grave’ environmental assessment framework but has 

rapidly become an established science-based comparative assessment tool. Consistently 

with the definition of Systems Approach, LCA is a quantitative modeling framework assessing 
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performances of products or processes accounting for compromising and competing issues. It 

draws from System Thinking the notion of a system as composed by parts, delimited by 

temporal and spatial boundaries, receiving inputs and sending outputs to the wider 

environment. The framework has been extensively  and increasingly used for environmental 

assessments of the agricultural and forestry sector (Roy et al. 2009, Dalgaard et al. 2008, 

Schmidt 2010) and LCA applications to LULUC have informed public agricultural policies 

(Schmidt et al. 2009, Cherubini and Strømman 2011) and private investments (Tuomisto et al. 

2012, Agusdinata et al. 2011, Yan et al. 2011), such as for example the EU and USA biofuel 

policies (Kim and Dale 2005, Broch et al. 2013, Vázquez-Rowe et al. 2014). Today, LCA is 

considered by the European Commission as “the best framework for assessing the potential 

environmental impacts of products currently available” (European Commission 2015). The 

Commission launched a European Platform on Life Cycle Assessment promoting ‘Life Cycle 

Thinking’: the objective is to extend the LCA framework also to the economic and social 

dimensions through Life Cycle Costing (LCC) and Social Life Cycle Assessment (SLCA) (UNEP 

2009, Sala et al. 2013). The application of the framework to the three dimension of 

sustainable development is known as Life Cycle Sustainability Assessment (LCSA). Due to the 

rapid spreading of LCA as a prominent tool for decision support, the improvement of LCA 

accuracy and the broadening of its scope has become relevant in environmental science 

and beyond, to holistically assess the consequences of LULUC for biomass production 

throughout the entire product life-cycle.  

 

2.3 Life Cycle Assessment: a tool for systemic analysis 

As described above, Life Cycle Assessment is a framework for environmental assessment that 

has been extensively used in the last two decades. The formalization of the LCA framework 

for environmental assessment as known today dates back to 1991 (Jensen and Postlethwaite 

2008), only four years later than sustainable development was formally defined as 

“development that meets the needs of the present without compromising the ability of future 

generations to meet their own needs” (UNWCED 1987). More recently, the International 

Organization for Standardization (ISO) defined LCA as a “compilation and evaluation of 

inputs, outputs and the potential environmental impacts of a product system through its life 

cycle” (ISO 2006).  

The framework has developed dramatically also with regard to the assessment land uses 

damages caused by bio-based products. The following section presents an overall 

introduction to the general framework of LCA with regard to LUC.  
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2.3.1 Key concepts  

In literature there are two main LCA methodological approaches: attributional and 

consequential LCA.   

“The Attributional approach (also called “accounting” or “descriptive approach”) attempts to 

provide information on what portion of global burdens can be associated with a product 

(and its life cycle). In theory, if one were to conduct attributional LCAs of all final products, 

one would end up with the total observed environmental burdens worldwide. The systems 

analyzed ideally contain processes that are actually directly linked by (physical, energy, and 

service) flows to the unit process that supplies the functional unit or reference flow. 

Consequential approach (also called “change-oriented approach”):  The consequential 

approach attempts to provide information on the environmental burdens that occur, directly 

or indirectly, as a consequence of a decision (usually represented by changes in demand for 

a product). In theory, the systems analyzed in these LCAs are made up only of processes that 

are actually affected by the decision, that is, that change their output due to a signal they 

receive from a cause-and-effect chain whose origin is a particular decision” (UNEP-SETAC 

2011). 

The consequential approach is predominantly used for scientific purposes due to its 

compliance to ISO specifications and suitability for supporting decision making processes. 

Further references to LCA in this work implicitly refer to consequential LCA. An extensive 

discussion on consequential LCA approach and arguments for its application can be found in 

Weidema (2003).  

The ISO (2006) definition of LCA refers to a product system being assessed through its life-

cycle. Product systems requiring land may be the life cycles of woody products, such as 

furniture, construction materials and utensils, or food, e.g. dairy products, plant based food, or 

fibers such as cotton, paper or woody biomass for energy production and biofuels. The 

product system is composed by several processes and the smallest process for which input 

and output data can be collected is defined as the unit process. The collection of input and 

output inventory data is therefore a key step in LCA. Land is an input to one or more unit 

processes of any bio-based product. Land can also be an output of a process (or activity), e.g. 

land intensification or transformation from land not in use to land in use, which allows freeing 

of previously occupied land resources. The product system is a collection of unit processes 

(ISO 2006). Any exchange, input or output, of materials or energy with a unit process directly 

with the natural environment is an elementary flow (Figure 3). 
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An elementary flow is an exchange between the product system and nature without 

previous or further human transformation (ISO 2006). A material input from nature could be 

fossil or solar energy sources while an output could be carbon dioxide emissions to the 

environment. Strictly speaking, land is neither a form of energy nor of material. Typically, it is 

considered as a resource input directly from the environment, thus as an elementary flow. In 

this work land is considered as an elementary flow only when it is an input to land 

transformation activities, while the output of the land transformation activity is the ‘product’’ 

transformed land. Thus, it is the product land that is an input to activities demanding land as 

explained in Schmidt et al. (2015): “land is defined as the capacity for biomass production”. 

The market activities for biomass production, i.e. the market for land, “are separate 

activities/processes between the supplying and using transforming activities. The output of a 

market activity for a product is the consumption mix of that product”.  

 

Figure 3 – Schematic illustration of a product system including unit processes, system boundaries and 
elementary flows. Own elaboration from ISO 14040 (2006). 

The system boundaries define what is assumed within the product system in terms of 

geographical, temporal and technological delimitations. Typically, data concerning specific 

processes of interests in a study are directly collected by the practitioner and define what is 
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commonly referred to as the foreground system; data on exchanges with processes beyond 

the foreground system but within the system boundaries, i.e. the background system, are 

usually drawn from existing databases. 

2.3.2 LCA framework: methodological overview 

ISO defined the LCA framework as composed by the four stages shown in Figure 4 (ISO 

2006). LCA is an iterative process, since the phases are mutually influenced; initial steps may 

be revisited as more detailed information arise during the investigation, thus forcing 

continuous adjustment. The goal and scope defines the objective of the study by defining a 

few crucial aspects such as the functional unit, the reference flow and the system boundaries, 

defined in the previous section. The functional unit provides a quantified reference unit; it 

quantitatively describes the performances of the product system in terms of e.g. quantity, 

duration and qualitative characteristics. The reference flows instead quantifies the amount of 

products required to deliver the functions described by the functional unit (ISO 2006). Land 

occupation is expressed in terms of quantity, how much, and duration, for how long, and 

could be expressed e.g. in hectare per year. The reference flow of the activity land supply 

should be expressed taking into account the different productivity of lands depending on 

climatic condition, geographical location, morphology etc. This could be done for example 

weighting land resources required (in terms of area) by their Net Primary Productivity (NPP) 

that is the capacity of plants to take up carbon dioxide compared to how much is emitted by 

them in a given location (Haberl et al. 2007).  

 

Figure 4 – Life Cycle Assessment Phases. From ISO 14040 (2006). 
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Through functional unit and reference flow, the product system is accurately defined. This is 

particularly important in comparative LCA, where two product systems providing equal 

functional unit are compared. However, a specific product system may cause very different 

potential damages than an alternative product system delivering the same function. 

Therefore, it is important to bear in mind that LCA results specifically refer to a chosen product 

system(s), although this may not necessarily be the only or the most efficient one in fulfilling 

the actual needs leading to the demand of a product. 

In the second phase, inventory data on input and output for each unit process identified are 

collected in relation to the functional unit. For example, land (or, more exactly, the production 

capacity of land) is a necessary input to a process representing agricultural production. The 

LCI introduces uncertainties that should be carefully taken into account, especially in relation 

to the processes that mostly contribute to exchanges in the product systems. In analyses of 

bio-based products the identification of land types, the distinction between them and their 

geographical location is crucial since land is likely to be one of the main product flows. The 

availability of a consistent dataset able to globally identify land-use change dynamics is also 

a relevant aspect in LCI modeling, since iLUC occurs on a global scale.  

The Life Cycle Impact Assessment (LCIA) is the third LCA stage. LCIA compiles the outcome 

of the LCI into impact categories: the exchanges identified by the LCI are assigned to specific 

impact categories (classification); the contribution of each inventory flows to impacts is 

quantified based on indicator aggregating impact categories (characterization). Impacts can 

potentially arise both due to input or output flows. Global warming is a typical impact 

category associate with land use activity, especially to output emissions of carbon dioxide 

(see section 2.4.3).  

Finally, the last LCA phase consists in interpreting the LCA results according to the stated goal 

and scope in order to provide conclusion and recommendations. Sensitivity and/or 

uncertainty analysis may be carried out at this stage in order to support the interpretation of 

results. 

 

2.4 Modeling Land-Use Changes in LCA: challenges and key elements 

In agricultural science with marginal land is meant land with little agricultural value, e.g. 

because of low productivity, land difficult to access or to farm. This definition may cause 

confusion with the concept of marginal uses of land in consequential LCA, derived from the 
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concept of marginal suppliers in economics. Marginal suppliers are the suppliers which are 

more likely to respond to a change in demand for a product or service or, in other words, “the 

suppliers that will change their production capacity in response to an accumulated change 

in demand for the product” (www.consequential-lca.org). According to the consequential 

LCA definition of marginal, here with marginal use of land is meant the land, with specific 

characteristics and location, transformed due to a change in demand of bio-based product. 

This land could also be a highly productive and already in use or forested land and, 

therefore, in this case the word marginal does not refer to land with low productivity or little 

agricultural value. 

The application of the LCA framework to bio-based products presents some specific 

challenges. The identification of the location of productive land resources, their 

characteristics and former uses are some of the key necessary information. Land is often 

characterized in terms of land cover type or land use type, distinctions necessary to define 

specific land classes. Nevertheless, similar land classes may present substantially different 

characteristics, depending on their geographical location and land-use types. Forested land 

present additional challenges, due to the high variety of forest biomes. Moreover, because of 

the long time necessary for forest biomass to reach a mature level, alteration of forest biomes 

typically cause long-term effects that are harder to model and to predict. Generally 

speaking, several processes with different characteristics occur in distinct components of 

what is generically referred to as land: soil, above ground biomass, below ground biomass, 

the genetic diversity they host and the progressive interaction of those elements between 

them and with external agents are all part of ‘land’ dynamics. This work focuses to a great 

extent on land carbon dynamics. The carbon cycle is a good example of the influence of 

those elements on the entire cycle and how the modeling of these interactions affects the 

results of LCA analyses. Before presenting the details of the research carried out, the 

following subsections aim at focusing the attention of the reader on some key LUC modeling 

aspects and the challenges they pose in LCA modeling. 

2.4.1 Land classification 

A comprehensive land classification is necessary to analyze land transformations and 

occupations estimating quantity, location and duration of the activity. The classification can 

be in terms of land cover types, e.g. differentiating physical characteristics of natural or 

managed land such as vegetation and infrastructure, or in terms of land uses if the specific 

use is relevant for damage assessment. Land uses refer to the human activities occurring and 

are necessary to distinguish different levels of management intensity to maintain an artificial 

http://www.consequential-lca.org/
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land cover. Land cover classifications do not necessarily distinguish between land uses. 

Canopy cover categorization of vegetation for example do not inform on whether the 

vegetation is natural, planted, managed or not. Yet, changes in land cover types may help to 

identify land transformations from one land use type to another. For sustainability 

assessments the land classification should distinguish between classes i.e. between inputs, 

intensity of use and physical conditions. Existing land classification systems and databases 

include: the International Geosphere Biosphere Program Data (IGBP) developed a database 

with 1 km resolution based on 17 land cover classes (Loveland and Belward 1997); the 

Global Land Cover 2000 (Bartholomé and Belward 2005), a global product obtained 

aggregating harmonized regional products dividing the global surface in 18 regions; the 

Land Cover Classification System (LCCS) a standardize classification system (Di Gregorio 

2005) developed by Food and Agriculture Organization (FAO) and United Nation 

Environmental Program (UNEP). LCCS allows to add attributes to further classify land 

regionally bases on environmental or technical attributes. Land classification systems are built 

for different purposes and not all necessary reflects the need of LCA. GlobCover (Arino et al. 

2007) for example is not regularly updated thus not allowing analyses of changes in land 

uses. Some classifications system are based on land cover classes; others, like LCCS, allow to 

distinguish between land uses further defining technical and environmental attributes i.e., e.g. 

organic or conventional cropland and pasture, irrigation. This would be an advantage for 

sustainability assessment purposes but such classification would increase significantly the 

model complexity and the data required as for example in the CORINE Plus system (Koellner 

and Scholz 2008). The most comprehensive life cycle inventory database for environmental 

analyses, Ecoinvent, used in its version 2 a simplified version of CORINE Plus classifying land 

uses for industrial purposes; the most recent version, Ecoinvent 3, further merged forest land 

use classes while expanding the classification of crop and pasture land differentiating 

management practices. Classifications for LCA purposes have also been suggested (Koellner 

et al. 2013b) but a commonly accepted classification does not exist yet.  

This work uses as starting point the MODIS Collection 5 Land Cover Type product (Friedl et al. 

2010) generated in a 46-m spatial resolution covering a temporal range between 2001 and 

2012 based on the IGBP DISCover Data Set Land Cover Classification System (Loveland and 

Belward 1997) classification system. The IGBP land cover classification does not provide 

information on the actual land-use. The classes are designed to univocally identify land 

based on land characteristics, such as canopy cover, vegetation height, soil type and 

temperature. These characteristics do not provide sufficient information to support 

environmental impact analyses related to LUC because they do not reveal the land-use type 

necessary to distinguish between different forest land and woody plantations. Therefore, the 
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forest land classes are then first aggregated in one unique generic category and then 

disaggregated according to FAOSTAT forest land categories as further explained in Paper II 

in the appendices, De Rosa et al. (2016b, in review), including the FAOSTAT category 

Permanent Crops while maintaining the remaining land categories as in the IGPB 

classification. 

2.4.2 Geographical details 

The necessary level of geographical detail or regionalization of inventories fundamentally 

depends on the goal and scope of the study. Regional data are typically required to support 

a more accurate impact assessment, since land-use impacts depend on land characteristics 

and these in turn are site-specific. For accurate global analyses of LUC the availability of 

regional data is a crucial factor. Different regional classification systems exist, typically based 

on ecological and biological land characteristics: geographical regions are identified based 

on environmental properties, climatic conditions and hence biodiversity content (Holdridge 

1947, Olson et al. 2001). For global analysis of LULUC regional inventory data based on 

biomes or ecoregions are rare and the political borders of nations are used to distinguish 

regions. Border-based regions do not necessary correspond to ecoregions, especially for 

large countries but the approximation may serve as a first step for globally consistent 

analyses (Koellner et al. 2013a). In the context of this work, nation-based region were used to 

globally identify land types.  

2.4.3 Land-use, and forestry 

Deforestation, especially in carbon rich tropical areas, has been a major concern for climate 

scientist. Information on global forest trend area is particularly relevant to monitor the global 

carbon fluxes. The Earth has lost 3% of the total forest area in the last twenty-five years, mostly 

in tropical areas, although the deforestation rate has decreased in the last ten years due to 

the forested surface increase in temperate latitudes (Keenan et al. 2015). Data on LUC and 

deforestation are useful to private and public organizations for decision making on policies 

and investments. Global and globally consistent data over time are especially useful. 

However, the level of details and precision typically increases in national and regional data. 

Sub-national data are also more commonly spatially explicit, i.e. not only the area but to 

location of the change is geographically identified, while global data on land and forest 

changes are usually not spatially explicit or have a lower level of spatial details. A major 

challenge remains therefore the production of spatially explicit, globally consistent regional 

datasets on land-use changes and forestry. For this reason, the main objective of Paper II (De 

Rosa et al. 2016b, in review) is to provide a database containing country-based LUC matrixes 
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distinguishing between natural forest land types and woody plantations (permanent crops) 

as explained ins section 2.4.1.  

The steep increase in carbon dioxide (CO2) atmospheric concentration caused by human 

activities, including agriculture, has reasonably raised the concern about the global 

temperatures increase and the climate changes effects. Carbon dioxide is stored in oceans, 

in the biosphere and in fossil reservoirs. Oceans contain the biggest carbon pool in absolute 

terms. Land stores instead the largest biological reservoir of carbon (Ciais et al. 2013) and the 

one mostly affected by human activities together with fossil reservoirs. Forest play a 

particularly important role in the global carbon cycle and in climate change mitigation 

strategies acting globally as a net carbon sink (FAO/JRC 2012). Therefore, the carbon fluxes 

of LULUC involving forested land deserve special attention.  

Accounting for the climate effects of LUC is complicated by the time-dependence of CO2 

emissions and sinks in woody biomass. The growth rate of trees and woody biomass 

decomposition is slower compared to crop or grass biomass and it occurs over a longer time 

frame. The carbon emission and sink profile of bio-based product is hence dynamic, which 

means it changes over time. However, the time-dependent profile of carbon fluxes in forestry 

activities are often omitted (Babaizadeh et al. 2015, Iritani et al. 2015, Klein et al. 2015) 

because the net carbon balance is considered null (e.g. Kim and Dale 2008, Mirabella et al. 

2014, Pinsonnault et al. 2014). This is due to the simplifying assumptions that the total carbon 

sequestered in growing biomass offsets the total carbon emitted due to wood harvest 

activities. Although the assumption might be approximately valid, the timing of emission and 

sink are not simultaneous: while the woody biomass regrows, the carbon emitted by 

harvested biomass may have different fate, depending on the biomass use (Cherubini et al. 

2011). If the biomass is incinerated for biofuel purposes or used in short-lived products, 

carbon dioxide released would remain in the atmosphere during with a net carbon emission 

during the biomass regrowth. The carbon dioxide released may therefore contribute to 

global warming and the climate impact could not be considered neutral.  

Models accounting for single or multiple components of the carbon cycle exist, e.g. carbon 

accumulation in biomass, carbon emission due to biomass decomposition or soil carbon 

dynamics (Coleman and Jenkinson 1996, Kirschbaum 2000, Tuomi et al. 2011) as 

methodologies for a time-dependent assessment of wood-based product also exist (Masera 

et al. 2003, Kindermann et al. 2008, Cherubini et al. 2013). Their application has high input 

data requirements to describe complex biological processes such as photosynthesis, plant 

respiration, and soil-dependent decomposition of below ground biomass. Those data may 
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be available for specific site or test fields but are generally not available to LCA practitioners. 

The availability of dynamic inventory of carbon fluxes remains therefore limited.  

In order to facilitate a time-dependent accounting of carbon fluxes in LCA applications, a 

simplified forest model is developed in paper IV (De Rosa et al. 2016d). The model provides a 

time-dependent LCI of forest carbon fluxes per unit of product applicable globally to any 

forest type. The simplification does not hamper the consistency of the results. Yet, the purpose 

is not to replace more advanced models, but rather to provide an alternative to LCA 

practitioners when the numerous input data required by more advanced models are not 

available.  

2.4.4 Land-Use Changes modeling approaches 

A broad range of modeling approaches attempting to capture LULUC dynamics can be 

found in the literature. In order to identify limits and potential improvements of LULUC 

modeling practices in LCA, it is useful to categorize the existing LUC modeling approaches 

according to their main characteristics (Figure 5) and compare their performances.  

 
Figure 5 – Distinction between LUC modeling approaches and respective sub-categories.  
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A clear distinction between models is disputable due to the multi-disciplinary character of 

land-use analyses. However, a general distinction is useful to compare how different 

approaches deal with the major challenges of LULUC modeling in LCA and how they 

perform in solving them. Figure 5 shows the three main approaches identifiable in the 

literature (De Rosa et al. 2016a): 

• Economic Equilibrium Models (EEM), relying principally on economic models and 

data; 

• Causal-descriptive models (CDM), attempting to establish cause-effect relationships 

between product systems and potential impacts; 

• Normative Models (NM), based on pre-established rule-based norms to allocate LUC-

related impacts. 

A more detailed description of the three categories is provided in De Rosa et al. (2016a). The 

performances of different approaches in addressing the LULUC modeling challenges 

discussed above are assessed by comparing six models, identified as representative of each 

subcategory showed in Figure 5, as further explained in Paper I (De Rosa et al. 2016a). Table 

2 shows the ad hoc review criteria used for the assessment.  

The result of the comparison represents the first and crucial step of this research. First, it allows 

identifying the most suitable modeling framework for LCA applications; secondly, it allows 

identifying weaknesses and potential areas of improvements on which the rest of the 

research focuses.  

2.5 Beyond post-positivism: a critical use of LCA  

This section describes the ontology and epistemology of the research. With ontology is meant 

the study of nature, or more generally reality. Simplifying, the meaning of ontology might be 

interpreted as an answer to the question “What is reality?”. Epistemology is the study of the 

nature of knowledge and its limits, i.e. answering the question “How do we know what reality 

is?”.  

LCA is ontologically a post-positivist framework: it understands reality as something 

measurable although not only empirically but mediated by conjectures (Kuhn 1970), such as 

LULUC models and the assumptions that characterize them. Grounded in General System 

Theory and the System Approach described in section 2.2., LCA is a quantitative tool 

inherently routed in post-positivism. Hence, the use of LCA implies acknowledging the 

adoption of a post-positivist epistemology.  
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The influence of modeling choices (Figure 5) and methodological assumptions (described in 

section 2.4) on the outcome of LUC studies can be significant and difficult to trace in complex 

models.  

Table 2 - List of criteria grouped in four categories. Each criterion answers a specific question in the 
right-hand column. 

A – Completeness of scope How accurately does the model assess the environmental 
mechanisms associated with land use changes? 

i   - Dataset What is the quality of the underlying study’s dataset? 
ii  - Land Classification How detailed are the land types classified by the model? 
iii - Origin of Marginal Land  How accurate is the identification of the marginal land type? 
iv - Co-product How accurately does the model deal with the account of co-

product effect? 
v  - Distribution of Emissions How well is the challenge of associating time of emissions to the 

activity addressed? 
B - Impact Assessment 
Relevance 

To what extent are the critical impacts of LUC included and 
modeled in accordance with the current state of the art? 

vi   - Non GHG Impacts How accurately are non-GHG impacts considered in the model? 
vii  - Other non-Environmental 
Impacts 

How accurately are non-Environmental Impacts considered in the 
model? 

C - Scientific Robustness and 
Certainty 

How scientifically robust is the model, can it be validated against 
monitoring data, and are uncertainties reported? 

viii - Peer-review To what extent has the model been peer-reviewed? 
ix   - Uncertainties How accurately are scenario and model uncertainty stated and 

quantified? 
x    - Updating How well is the model prepared/designed for updating for further 

development? 
xi  - Science-Based How well is the model grounded in a science-based approach? 
D - Transparency, 
Reproducibility and 
Applicability 

How accessible is the model, the model documentation and the 
input data? Is the model applicable in different contexts? 

xii  -  Documentation What is the quality and accessibility of the model documentation? 
xiii - Input Data What is the traceability and accessibility of the input data used? 

xiv – Applicability 
What is the model’s degree of flexibility in its applicability to other 
contexts/products? 

xv  - Transparency How reproducible is the model and transparent its documentation? 
  

The identification of the elementary flows to be included in an LCA are ultimately 

determined by the goal and scope of the study and by the definition of the system 

boundaries. It could be argued that these are not arbitrary but, theoretically, should always 

be scientifically justified. Yet, the legitimacy of different modeling choices and assumptions 

may be scientifically justifiable although leading to rather different conclusions for a number 

of reasons that can be schematized as follow: 

1. The practitioner is not aware of the existence of other impacted elements (in the 

environment or in society, e.g. damages on ecosystem, human health or 
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socioeconomic stability) or of the occurrence of other non-accounted pathways 

leading to further damages to the elements already included in the study. A practical 

example of this case could be the fact that for decades releasing carbon dioxide in 

the atmosphere was not considered a problem, or not prioritized among the 

environmental problems to address, perhaps because the scientific evidences of 

climate changes were not as strong as today or because the impacts of climate 

changes were not as visible as they currently are. 

2. The practitioner is aware of the fact that there may be other elements impacted but 

deliberately exclude them from the assessment, either because methodologies to 

detect them are not available or based on assumption that there will not be further 

damages as a consequence of the activities assessed. An example of this case could 

be the choice to exclude iLUC-related emissions in carbon footprinting based on the 

argument that available methodologies to model iLUC effects are currently disputed 

and not internationally agreed upon (Finkebeiner 2013) although there are several 

valid scientific arguments not to exclude them (Muñoz et al. 2014). 

3. In LCA terms, some damages are simply considered outside the goal and scope of 

the study and certain elements considered outside the system boundaries of the 

study. A carbon footprint is a simplified LCA that only accounts for impacts on the 

Earth’s temperature hence legitimately excluding other pollutants and their respective 

impacts. Defining the system boundary of an LCA as from cradle to gate is also a 

common choice, which excludes any impacts occurring outside the production’s 

venue of a good. 

These examples show the importance of modeling choices and assumption and their 

implications on assessment results. The adoption of a purely post-positivist epistemology in 

LCA Analysis risks underestimating the mediating role of conjectures and assumptions in 

determining the type of reality we perceive through them and obscures their origin of 

motivations. 

As an interdisciplinary tool,  the hybrid nature of LCA draws from different branches of 

science, both quantitative and qualitative: LCI dipping into engineering (applied and natural 

science) and economy (social science); LCIA drawing knowledge from environmental 

mechanisms (life and natural science) and social science (waiting system of different 

impacts). Quantitative natural science is often perceived antipodal to social science, the 

‘objectivity’ of numbers free from value choices, over a more subjective, fluid, qualitative 

interpretation of facts. Nevertheless, all knowledge is ‘situated knowledge’ (Haraway 1991, 

Nightingale 2003). Quantitative methods do not reflect to a lesser extent norms and values 
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than qualitative ones. Value choices hidden in models are often a result of norms of the 

different parties found in society.  

Complementary to the post-positivist lens, a different epistemological approach may help to 

better contextualize LCA results, considering alternatives and examining winners and losers. 

With this respect a dialectic approach may be desirable to uncover the apparent 

contradiction of reality expressed by measured quantities and the value choices behind 

models; it would facilitate a more critical interpretation of results, questioning the authority of 

the matter-of-fact (Marcuse 2013). Since the concept of ecology and sustainability are 

inherently political, Political Ecology comes at hand because it provides perspectives and 

arguments to reveal political forces determining environmental management practices, 

transformations and access. Political is here meant as derived from the Greek politikos which 

means a matter of public concern.  

Applications of LCA beyond a post-positivist epistemology are rare but they are beginning to 

appear (Oulu 2015, Bergmann and Holmberg 2016) as the popularity of LCA is increasing 

and different application of the tool start to be debated outside the niches of isolated 

scientific fields.  

Political Ecology also informs the research design of this dissertation. Typical of Political 

Ecology is a dialectical epistemology, i.e. through the negation of what first appears as ‘the 

reality’, carrying out an analysis beyond the individual phenomenon, reflecting on the 

interactions and changes, in time and space, and their effect.  

In conclusion, a quantitative tool such as LCA has certainly a post-positivist epistemological 

background. Yet, the influence of Political Ecology and of a dialectic epistemology has 

strongly shaped the research design and activities of this research and the way LCA was 

applied. The influence is more visible in addressing the last research question, as shown in 

Table 3 below. 
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2.6 Research design 

Table 3 schematically presents the research activities carried out during the PhD project and 

the theories and methods applied to address the research questions.  

Table 3 - Table of research design 

Research question Required activities Materials and Methods Theories 

How can land-use 
change effects 
triggered by the 
demand of bio-based 
product be holistically 
assessed? 

• Assessment of current 
modeling practices 

• Life Cycle Inventory 
modeling improvements 

• Identification of 
fundamental  challenges 
and potential 
improvements 

• Integrated 
assessment  

• System Thinking 
• Life Cycle Assessment 

• General System 
Theory 

• Climate Change 
Science 

• Post-positivism 
• Political Ecology 

 What are the strengths 
and limitations of 
current Land-use 
Changes assessment 
practices in LCA? 

• Classification and 
comparison of main 
existing methodological 
approaches  

• Identification of their 
strengths and weaknesses  

• Literature review 
• Semi-structured 

interviews 
• Life Cycle Assessment 

• Quantitative 
comparative 
assessment 

• Peer-comparison 
analysis 

 How can global LULUC 
be consistently 
identified globally, 
distinguishing land use 
types? 

• Identifying land-use 
classes and changes 
between classes globally 

• Spatially-explicit global 
information on LULUC 

• MODIS Collection 5 
• FAOSTAT dataset 

• Post-positivism 
• Statistical analysis 

 How do 
methodological 
choices affect LCA 
climate impact results? 

• Quantitative assessment 
of LCA results of 
commonly disputed 
methodological choices  

• Carbon footprinting 
• Critical analysis of 

methodological 
choices 

• Climate Change 
Science 

o How can the time-
dependent inventory 
modeling of forest 
carbon fluxes be 
facilitated in LCA? 

• Simplification of model for 
obtaining time-
dependent data on 
carbon fluxes 

• Net Primary 
Productivity 

• CARBINE model for 
biomass growth 

• Woody biomass 
decay dynamic  

• Post-positivism 
• Climate Change 

Science  
 

 What are the major 
obstacles towards the 
use of LCA for a holistic 
analysis of LULUC? 
What further 
developments are 
needed to overcome 
them? 

• Analyzing the theoretical 
foundation of quantitative 
methodological choices  

• Qualitative assessment of 
modeling practices  

• Multi-disciplinary 
analysis of LULUC in 
Life Cycle Assessment 

• Life Cycle 
Management 

• General System 
Theory 

• Political Ecology  
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2.7 Communication and science divulgation 

Communication and science divulgation to the general public are an overarching goal of 

the project in parallel with the research activities. Since science is here interpreted as a 

transforming agent in society, the role of scientists is to actively engage in matters of public 

concerns, rather than of neutral providers of knowledge. Scientific information supports 

decisions affecting the commons and their access to the public. Reaching the public 

audience and engaging in the public debate is necessary to ensure the correct interpretation 

of scientific results and help non-technical audience to understand their relevance to society. 

In doing so, scientists ultimately enable public opinion to influence politics and thus 

development patterns. The democratic process is based on information which is in turn 

based on knowledge. Scientists, major knowledge ‘producers’, have the responsibility to 

facilitate the correct use of this knowledge. 

Thus, the project was carried out with the particular attention to science communicate and 

divulgation. Outreaching involved science divulgation activities, presentation in schools, the 

use of multimedia technologies, academic teaching, and interviews.  

 

Figure 6 – Picture from the 1st SETAC Science Slam competition application video in 2014 
 (https://www.youtube.com/watch?v=gUbBVh_dvFQ). 

 

  

https://www.youtube.com/watch?v=gUbBVh_dvFQ
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“Sadly, it's much easier to create a desert than a forest.” 

 James Lovelock: 

 

III – Results 

 

How can land-use change effects triggered by the demand of bio-based product be 

holistically assessed? 

This section introduces the overall results of the dissertation answering the main research 

question. The comparison of modeling approaches in paper I (De Rosa et al. 2016a) shows 

that, while CDM are a suitable framework for a holistic assessment of LULUC activities in LCA, 

the incomplete development of methodologies still prevents an actual sustainability 

assessment. The more advanced ‘traditional’ environmental LCA allows a rather accurate 

environmental analysis. Yet, coarse global inventory LULUC data appears among the major 

limitations towards an environmental and socio-economic LCA analysis able to capture the 

dynamic of a globalized market economy. The methodology to obtain global LULUC 

matrixes presented in paper II (De Rosa et al. 2016b, in review) provides a database to 

support such analyses.  

Paper I also shows that an accurate assessment entails complex modeling practices, which 

increase the number of methodological assumptions. While uncertainty analyses are 

frequently presented in LCAs, the effects of methodological assumptions on results are rarely 

investigated. Paper III (De Rosa et al. 2016c, in review) discusses the effects on assessment 

results of common alternative modeling choices made in LCA of bio-based material. The 

study shows the importance of including iLUC effects and of a time-dependent account of 

CO2 emission and sink. The methodological choices applied should reflect the objective of 

the study and should be justified and clearly documented to allow a correct interpretation of 

the results. Limits also exists in the more developed carbon footprinting methodology, since a 

static account is often carried out instead of a more sound time-dependent account of CO2 

emissions and sinks, due to the scarce availability of time-dependent data.  Paper IV (De 

Rosa et al. 2016d) presents a simplified forest model developed for LCA use to obtain a 

dynamic inventory of CO2 fluxes.  
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A critical interpretation of results and of modeling assumptions is more generally required 

especially when the outcome of LCAs are intended to support large-scale decision making 

processes such as policy making. Paper V argues that LCA modeling assumptions are not 

exempt from value choices reflecting a particular epistemology. The choice of functional unit 

and reference scenario in LCA are the most sensitive to these value choices and should 

therefore always be adequately motivated to facilitate the correct interpretation of the 

results. Further integration of interdisciplinary knowledge and multidisciplinary approaches 

under the LCA framework may be facilitated by the adoption of an interpretivist, dialectic 

epistemology, contributing to consolidate and strengthen the robustness of LCA results.  

The following sections summarize the main findings of the PhD project by specifically 

answering the research questions. The results were obtained applying the theories, methods 

and frameworks introduced in chapter 2. Further details concerning the results presented 

here can be found in the annexes publications in appendix.   

 

3.1 What are the strengths and limitations of current Land-Use Changes assessment 

practices in LCA? 

Generally speaking, the strength and weaknesses of Land-Use Change assessment practices 

in LCA strongly depends on the model framework employed. A clear and net distinction 

between frameworks is however not always possible, since multi-disciplinary models often 

tend to include elements belonging to different frameworks. In order to perform a more 

detailed assessment, six models representing the main characteristics of each model 

category as given in Figure 5 were compared and assessed (De Rosa et al. 2016a). Based on 

this comparison, the results show that: 

• For the purpose of LCA, the Casual-Descriptive models (CDM) assessed present some 

advantages, especially in terms of transparency and reproducibility. However, the 

applicability of the framework to global LULUC analyses depends on the model 

design, e.g. the geographical scale, and completeness of inventory data collected 

across countries and crop types. 

• Economic Equilibrium Models (EEM) show potential advantages in identifying the 

origins of land resources, especially when linked to geographical and bio-physical 

models, such as GTAP-AEZ. Nevertheless, the uncertainty of economic models is high 

and the transparency of the disputable. Land transformation and competition is 

calculated based on economic assumptions and mathematical functions that cannot 
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be calibrated with real data. Moreover, EEM take into account short-term fluctuations 

of market prices while in LCA is typically taken a medium/long-term perspective 

assuming full elasticity of supply. 

• Normative Models (NM) are simpler and more transparent but are grounded on rule-

based assumptions that are not sufficiently scientifically proved and may provide 

misleading results. 

• Regardless of the specific framework adopted, models are stronger if designed to be 

applicable to a generic framework, globally and to any land-use type, rather than to 

a specific case-study, in order to capture the global consequences of LULUC, e.g. 

iLUC. 

• The Life Cycle Inventory is typically limited to a few inventory flows, most frequently 

CO2, limiting the impact assessment to carbon footprinting or other impact categories 

derived or supported by data on CO2 flows. The LCI and the whole model would 

benefit from the inclusion of a broader range of inventory flows in order to support a 

wider impact assessment. Yet, this would require reprioritizing the studies’ goal and 

rethinking their scope. 

Globally consistent information on LULUC distinguishing land management type do not exist, 

making the identification of the origin of land resources a weak point of the inventory data 

modeling. CDM may benefit from the use of economic data, e.g. short-term price and cross-

price elasticity, to improve the LCI (e.g. identifying the origin and type of land necessary for 

the production of a good), although that would decrease the transparency of the models, 

and would change the scope of the analysis to the short-term, as in EEM. Alternatively, the 

inventory of CDM could be improved by using time-series of statistical data to draw 

predictions on future scenarios.  

 

3.2  How can global LULUC be consistently identified globally, distinguishing land use types? 

The lack of global inventory data on land uses is generally a weak point, since data on land 

uses and land mobility are highly uncertain. Global remote sensed data, such as MODIS 

Collection 5 product (Friedl et al. 2010), provide time series of geographically-explicit land 

cover type changes. However, defining land classes by land cover type does not allow 

distinguishing between land management types, a distinction especially relevant to 

distinguish natural forests from forest plantations or any other land with managed woody 

vegetation.  
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FAOSTAT land use data (2015) instead, distinguish between land-use types and other forest 

types, i.e. primary forest and other forest land, plantations or permanent crops, but are not 

geographically-explicit and the land classes are more aggregated than other land 

classification systems. Combining remote sensed data with FAOSTAT statistics may offer 

opportunities to overcome the limitations of the two approaches respectively. Nevertheless, 

the inconsistencies between land classification systems and land type definitions make the 

integration of datasets challenging. Moreover, both FAOSTAT and MODIS data are not 

exempt from uncertainties that may increase exponentially by combining them.  

The work in De Rosa et al. (2016b, in review) proposes a methodology to create LUC matrixes 

merging the strengths of both MODIS and FAOSTAT datasets (Figure 7). A number of 

algorithms disaggregate forest land categories according to FAOSTAT land classes and 

check the consistency of the LUC obtained. The algorithms automatically adjust the results 

according to FAOSTAT distribution of land uses when inconsistencies are detected. The final 

result is a collection of 291 country-based LULUC matrixes grouped in a database mapping 

land uses and land-use changes between land classes.  

 
Figure 7 - Graphic representation of the methodology to create - from MODIS Collection 5 land cover 
data - matrix version 1 and matrix version 2. The numbers and the category names in the tables are 
merely illustrative. 

The database contains two version of each matrix: the first version - V1 - is exclusively based 

on MODIS data, maintaining the spatially-explicit characteristic. V1 serves as a starting point 

to obtain the second version - V2 - where the spatially-explicit information is partially lost to 

classify forest land types according to FAOSTAT forest land classification. The remaining land 

classes of V2 are equal to V1, based on the more disaggregated IGBP land classification 
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system. The two versions of the matrix also allows a joint and more precise interpretation of 

the single-matrix results. The database supports land-use analyses based on a unique and 

consistent global database distinguishing between land use types. The matrix format 

provides information on e.g. expansions or losses of forest and crop land types, detecting the 

location and the type of land conversion, such as deforestation and agricultural land 

abandonment. 

Overall, the globally aggregate matrix V2 shows the following global trends: 

• a substantial decrease of natural forest land, mainly occurring in Papua New Guinea, 

Indonesia and Brazil, caused by forest degradation (transformation into shrubland, 

savanna and mosaics of natural vegetation and cropland), and an expansion of 

grassland; 

• a rather stable cropland area, although with an increasing area of mosaics of 

cropland and natural vegetation, which, in turn, changes into forested land and 

woody vegetation. Cropland is mainly decreasing in US and Eastern Europe and 

increasing in African countries e.g. Nigeria, Mali, and Ethiopia;  

• an increase in open shrubland, mainly at the expense of barren land and grassland; 

• an expansion of grassland  in barren or sparsely vegetated land, cropland and forest 

land. 

The last two points may be partially justified by crop land abandonment. 

 

3.3 How do methodological choices affect LCA climate impact results? 

Carbon footprinting of the agro-food and forestry products require a number of sensitive 

methodological choices whose effect on the assessment is often overlooked. Paper III (De 

Rosa et al. 2016c, in review) investigates the influence on the carbon footprinting results of 

some among the most disputed methodological choices: the inclusion or exclusion of iLUC 

CO2 fluxes, the choice of the Time Horizon (TH) and the climate indicator, as well as the 

carbon pools included in the study, testing eight modeling scenarios as shown in Table 4.  

The scenarios are tested for a specific case study and the methodological choices compared 

individually while keeping the other to a default scenario (scenario one in Table 4 and Figure 

8), to ensure the comparability of the results. The case study was the production of sawn 

spruce grown in Götaland, Sweden, and the functional unit was the “demand of 1 m3 of 

structural spruce timber as construction material at sawmill gate, including the full life cycle”. 

Indirect LUC was modelled as in Schmidt at al. (2015), identified as a favorable framework in 
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Paper I. The results show high variability when a single methodological choice is modified, 

ranging from a net emission of 3220 kg CO2 equivalent (scenario 4 in Figure 8) to a net sink 

of 24 kg CO2 equivalent (scenario 6 in Figure 8).  

Table 4 - Scenarios analyzed in the study. The tested variables are in bold. The first scenario contains 
the default values. 

Test 
iLUC  
account 

Climate Indicator 
Time 
Horizon 

Forest carbon 
stock modeling 

1 Yes GWP (time dependent) 100 All Carbon  pools 

2 No GWP (time dependent) 100 All Carbon  pools 

3 Yes Static metric (1 for t∊[0;TH], and 0 for 

t>TH years) 

100 All Carbon  pools 

4 Yes GWP (time dependent) 20 All Carbon  pools 

5 Yes GTP (time dependent) 20 All Carbon  pools 

6 Yes GTP (time dependent) 100 All Carbon  pools 

7 Yes GWP (time dependent) 100 AG Carbon 

8 Yes GWP (time dependent) 100 Stem Carbon 

The wide variation of results is independent on uncertainties in inventory data, since the LCI 

model was common to all the scenarios tested. This means that an uncertainty analysis 

would have not provided any insight on the causes of this variability. The highest variation of 

results is caused by changes of TH and climate metric, followed by the iLUC contribution (387 

kg CO2, scenario 1 in Figure 8). As further explained in De Rosa et al. (2016c, in review), the 

study also compared a static and dynamic application of the climate metric: the commonly 

applied static approach does not capture the climate implication caused by the timing of 

emission and sink but weights the impact of GHG emissions occurring from t [0;TH} equally 

while emissions occurring beyond the TH are cut off. The dynamic approach instead, weights 

the GHG fluxes for a time-dependent characterization factor, which depends on the time 

horizon. 

The outcome suggests the following recommendations: i) the time-dependence of CO2 

fluxes should always be reflected in LCA of wood products since the slow biomass growth 

and decomposition highly affect the timing of CO2 uptake and emissions and the 

consequent climate impacts. ii) Currently the use and meaning of existing climate metrics is 

disputed: since they represent different effects, the choice of metrics should always be 

motivated by the specific climate change impacts addressed. For example, if the analysis 

provides indication on long-term climate effects, e.g. sea level rise, it would be preferable to 
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use GTP100 or GWP500, or higher; for short-term climate effects, e.g. increase in frequency of 

extreme weather conditions, a climate metric providing indication on the peak temperature 

as GWP100 or GTP20 would be more suitable. iii) The contribution of iLUC emissions is not 

negligible when compared to other sensitive methodological choices. Moreover, the market 

for forest land (or land suitable for forestry production) is currently global, and forestry 

products are easily and cheaply transported over large distances. Therefore, iLUC effects 

should always be included unless it can be demonstrated that the used land is flexible and 

not connected with the market for land fit for forestry. iv) It is generally recommended to 

include all carbon pools affected by forestry activities, including both above and below 

ground carbon. 

 
Figure 8 - Comparison of the results obtained from the carbon footprinting through the eight different 
scenarios modelled (summarized below the chart) defining the functional unit as “demand of 1 m3 of 
structural spruce timber as construction material at sawmill gate, including the full life cycle”. The 
columns show the CO2 eq. emission (positive value) or uptake (negative value) for each LCA process. 
The label on the columns shows the net fluxes of CO2 eq. also represented by the black inner columns. 
The time dependent application of the climate metrics is indicated with ‘(t.d.)’. 
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3.3.1 How can the time-dependent inventory modeling of forest carbon fluxes be facilitated 
in LCA? 

In order to answer the research question in section 3.3, it was necessary to model the time-

dependent fluxes of CO2 occurring in the studied area during the biomass rotation time (De 

Rosa et al. 2016d). Although the relevance of a time-dependent account of CO2 fluxes is 

acknowledged, static accounts are still commonly used: the availability of time-dependent 

CO2 inventory data is in fact frequently not present in available databases and LCIA 

methods; models calculating the dynamic CO2 fluxes exist but are typically complex and 

require several detailed input data, often unavailable to LCA practitioners.  

Thus, a simplified forest model facilitating a time-dependent account of CO2 fluxes in LCA 

application was developed. The model requires a limited amount of input parameters shown 

in Table 5.  

Table 5 - List of input data and parameters required by the model 

Variables Units Symbol Type 
Rotation time  year T Parameter  
Thinning intensity (at year t) % τt Parameter 
Biomass  Annual increment  m3 ha-1 y-

1 
BAI Inventory data 

Basic Wood Density (conversion factor m3- ton) t dm m-3 BWD Inventory data 
Carbon factor (carbon content in wood) t dm-1 Ci Inventory data 
Ratio BG/AG - RAG/BG Inventory data 
Biomass conversion and expansion factor: 

merchantable     growing stock volume to above-
ground biomass 

t dm m-3 BCEFS Inventory data 

Share of above ground woody debris harvested % HAG Parameter 
Share of below ground woody debris harvested % HBG Parameter 
AG decay parameter for sigmoidal decay dynamic - aAG Inventory data,  

(Freschet et al. 
2012) 

AG decay parameter for sigmoidal decay dynamic - bAG  
BG decay parameter for sigmoidal decay dynamic - aBG “ 
BG decay parameter for sigmoidal decay dynamic - bBG “ 
AG decay parameter for exponential decay dynamic - kAG “ 
BG decay parameter for exponential decay dynamic - kBG “ 
AG decay parameter for linear decay dynamic - mAG “ 
BG decay parameter for linear decay dynamic - mBG “ 
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Given a forest area for which the input parameters in Table 5 are known, the model provides 

a dynamic (i.e. time-dependent) inventory of CO2 emissions and sinks. The approximations 

introduced for the simplifications do not alter the final result significantly compared to more 

sophisticated models with higher data input requirements (De Rosa et al. 2016d). Most 

importantly, providing a dynamic inventory, the model facilitates a time-dependent account 

of carbon fluxes in forested areas, a more sound methodology compared to a static 

approach, as discussed in section 2.4.3. The parameters allow a flexible application of the 

model to different scenarios defined by the user. The model accounts for both above and 

below ground biomass with the option to distinctly describe the above and below biomass 

carbon growth and decay dynamic. 

 

3.4 What are the major obstacles towards the use of LCA for a holistic analysis of LULUC?  

      What further developments are needed to overcome them? 

The complex dynamics behind LULUC are currently not holistically captured by life cycle 

analyses. Indirect effects and socio-economics impacts of production are often ignored 

(Brandao and Weidema 2014, Weidema 2016). While it is commonly agreed that more 

accurate inventory data are necessary to add new elementary flows to the impact 

assessment, a holistic assessment of socio-economic impacts is currently hampered by 

epistemological barriers: research efforts often address the question “how do we measure?” 

rather than “what are we measuring (or should we measure) and why?”.  

The inclination towards one approach rather than the other is determined, not always 

consciously, by an epistemological choice. LCA is a post-positivist framework for quantitative 

assessment, an epistemological approach that arguably suits natural science investigations. 

Yet, as described in section 2.5, LCA is a very interdisciplinary tool that encompasses multiple 

scientific realms, well beyond natural science. The choice of the functional unit and the 

reference scenario, are influenced by the epistemological approach (De Rosa 2016, in 

review). A post-positivist epistemology leads to defining the functional unit in terms of a unit 

of product belonging to a determined ‘product category’ able to provide a function, and 

quantifying direct damages in the value chain of this product. For example, an LCA of 

product A, or a comparison of product A and product B, does not question whether the 

product category to which they belong is the least impacting option to fulfill a determined 

function (e.g. the consumption of pork or beef meat to supply the necessary protein intake).  
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This epistemological approach prevents accounting for the exploration of real alternative 

solutions. It also confines the assessment to directly measurable damages since indirect 

effects are determined by intangible relationships not empirically observable. Thus, a post-

positivist epistemology may lead to misleading results especially if LCA is used for broader 

decision making, such as by national and international institutions for policy making (De Rosa 

2016, in review). 

On the contrary, an ‘interpretivist’ approach grounded on the dialectic method allows moving 

beyond the observable facts, tracing the indirect consequences of actions; it facilitate the 

identification of the needs to be fulfilled through a function. A dialectic epistemology allows a 

thorough interpretation of the measured facts, including the ‘social science’ dimension; it 

examines the context and its contradictions; it focuses on what is at stake and the 

stakeholders at play, the power relationships among them and, thus, on identifying winners 

and losers. In this way, the functional unit would be more appropriately defined in terms of 

need fulfillment (e.g. protein intake instead of meat) exploring a broader range of 

possibilities, potentially affecting completely different production systems. It would also favor 

the inclusion of indirect consequences triggered by the production activity, a practice that 

necessarily requires investigating beyond the directly measurable and observed ‘facts’ (De 

Rosa 2016, in review).  

The failure to make an epistemological distinction between methodologies applied to 

natural science and to a socially-mediated realm, such as the quantitative assessment of 

impacts caused by anthropogenic activities particularly penalizes the socio-economic 

assessment. The fact that the assessment of socio-economic impacts in LCA is lagging 

behind is also a consequence of this epistemological approach. Moreover, recent proposals 

to advance life cycle analysis towards a sustainability assessment are mostly based on the 

inclusion of directly measurable socioeconomic indicators, not addressing the completeness 

of the damages assesses and, therefore, not facilitating a holistic assessment. The role of 

state, international institutions, markets and money in affecting production would continue to 

be overlooked until the analysis is confined to an account of directly measurable quantities.  

The effect on policy making of including indirect effects such as iLUC in LULUC carbon 

footprinting is an example of the extent to which results can be affected by epistemological 

approaches. Nevertheless, methodologies for the inclusion of indirect effect are still debated 

and they are mainly limited to carbon footprinting.  
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“Adding CO2 to the air is like throwing another blanket on the bed” 

 James Hansen 

 

 

 

IV – Discussion  

This chapter aims at linking the findings of this work across the papers in order to discuss the 

results in a broader perspective. It is therefore divided in main thematic areas which are, to a 

different extend, touched upon in the scientific articles. 

 

4.1   Advantages of a flexible modeling framework  

It is challenging to validate global land use change models and assess model uncertainties. 

The calibration of land competition simulation with real data is in fact virtually impossible at a 

global scale. Calibration is typically done for a specific location, based on data for 

determined area or region and therefore reflects specific cases and conditions. The 

Computable General Equilibrium (CGE) models simulate land mobility across uses through 

the Constant Elasticity of Transformation (CET) which distributes the productivity-adjusted 

land to alternative uses based on the land transformation elasticity. The CET concept was first 

advanced by Powell and Gruen (1968) but was intended only for local mapping of dual 

supply relations and to short-term supply response. Since the original concept has later been 

used for generalized global application with larger product systems, Shumway and Powell 

himself felt the need to published another paper (1984) in which they warned about the 

magnitude of error introduced and suggested possible resolutions. More generally, they 

learned from this experience “the importance of providing a less restrictive framework for 

analysis” (Shumway and Powell 1984).  

The method to estimate the CET applied in GTAP has been recently improved (Li et al. 2012) 

applying a maximum likelihood estimation process as a methodology generally applicable 

to identify the land affected by changes in demand. However, the method has only been 

implemented for a few crop types and has not been implemented yet for other region in the 

world other than the U.S., limiting the potential for large scale policy analysis, e.g. biofuel 
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policies including the EU, Brazil etc. The basic idea of Economic LUC models is to use crop 

and country specific prices information and elasticity to model iLUC. However, many bio-

based products are substitutable and modeling specific crop market may unnecessarily 

increase the complexity and the uncertainty of LULUC models. The high complexity of nested 

econometric models limits their transparency and the application to a further modeling 

framework, such as LCA, adding another level to the nested structure.  

 A major incongruence arises when implementing CGE modeling approaches to LCA 

applications, since “EEM-based results account for fluctuations of market prices due to short-

term inelasticity of supply, while in LCA applications is normal practice to assume full 

elasticity of supply in the long-term” (De Rosa et al. 2016a). A flexible causal-descriptive 

modeling framework of the kind developed by Schmidt et al. (2015) shows advantages for 

implementation in LCA analyses of LULUC on a global scale: in causal-descriptive models 

market trend can be used to identify location, time and mode of land transformation and the 

causal chain from land use to damages, with no need to use price information and the CET 

function.  

The research present in this dissertation is designed to facilitate the application of a flexible 

framework, particularly addressing inventory modeling issues, since the analysis in De Rosa et 

al. (2016a) pointed out this as a major weakness of CDMs. The models comparison (paper I) 

also revealed that, frequently, modeling of LULUC are case study-specific, developed for a 

determined region or crop, making the framework non-applicable to different scenarios. The 

LULUC database and the model for the account of forest carbon fluxes in LCA (paper II) are 

instead designed to suit any crop type and location, in order to increase their applicability 

and reproducibility and facilitate the LCI modeling. A non-restrictive modeling framework 

does not prevent to integrate more detailed data on specific crops or regions whenever 

available. For example, when complete and accurate data are available to obtain a time-

dependent inventory of CO2 fluxes (e.g. in case of a test field) more sophisticated models as 

CO2FIX (Masera et al. 2003) could be applied and should be preferred to the simpler 

parametric model presented here. The simplified model has the advantage to facilitate the 

implementation of a dynamic inventory avoiding that, due to lack of inventory data, a static 

approach is instead chosen.  
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4.2 Geographic identification of global land-use changes 

The LULUC matrixes database presented in paper II is the first of this kind, developed 

following the guidelines of the IPCC ‘Good Practices Guidance for LULUCF’ (2003). The 

database supports global LUC analyses based on available statistical data and satellite 

imageries. It quantifies land transformation such as deforestation, abandonment of 

agricultural land and it supports the identification of marginal uses of land in consequential 

LCA.  

In an unconstraint and competitive market an additional demand of a unit product leads, in 

the long-term, to the increase in production of a unit product supplied (Weidema 2003).  

Since in LCA it is assumed long-term full elasticity of supply, this is also valid for the supply of 

land’s production capacity. Thus, an additional demand of biomass entails the supply of an 

additional production of biomass. The demand for additional production capacity can be 

satisfied either by transforming natural land into agricultural land or by intensifying already 

productive agricultural land (Schmidt et al. 2015). Therefore, the identification of (the location 

and the type of) the land supplying the production capacity becomes essential to assess the 

environmental consequences of LUC triggered by changes in products demand. 

The global LULUC matrixes database facilitates analyses of global trends in land-use 

mobility, identifying location with increasing or decreasing naturally vegetated land. 

Moreover, the database provides a quantitative assessment of land-use transitions involving 

not only forested land but also agricultural land, which allows to identify and quantify the 

abandonment of agricultural land. This is particularly relevant, since abandoned agricultural 

land is typically excluded in land-use modeling. LULUC matrixes show that in some cases the 

amount of abandoned agricultural land is not negligible and the assumption that all 

agricultural land is already in use may not hold. In Eastern Europe for example, crop land has 

drastically decreased, especially in Poland and Ukraine (Table 6). Table 6 shows some 

discrepancies between FAOSTAT data and the data in matrix V2. This is mostly the case for 

countries with a large surface, such as India and China, where land transition has occurred in 

both direction, i.e. loss and gains of crop land, not necessary in the same location and the 

reliability of FAOSTAT statistical data is lower. In countries where the trend is consistent in one 

direction as in Poland, the difference between the two datasets is very small.  

The country-based matrixes also shed lights on land-use changes that, for some reason, are 

not reported in official statistics, for example forests that have been illegally cleared and are 

not included in FAOSTAT data due to lack of systematic quantification, even when the 

activities are detected, for example by NGOs.  The loss of primary forest in Papua New 
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Guinea between 2001 and 2012 may be a good example of this case: FAOSTAT data do not 

report Papua New Guinea among the top ten countries for loss of primary forest in that 

period, while the country topped the list according to the data from matrix V2. The result of 

matrix V2 (74,017 km2, Table S1 of the supporting information in De Rosa et al. (2016b, in 

review) however, seems in line with the estimates of the 2015 Forest Resource Assessment 

(FRA) report concerning primary forest loss between 2000 and 2015 (83,380 km2), which 

expected Papua New Guinea to be the country with the highest loss of primary forest in the 

period 2000-2015. The LULUC matrix database does not include forecasting since data are 

relative to the period 2001-2012. This is a limit that could be overcome by e.g.  triangulating 

the matrixes’ data with population trends and GDP forecasts. The methodology applied 

allows updating the database once new FAOSTAT and MODIS data are available. MODIS 

Collection 6 product is currently being tested and will be available soon. 

Table 6 - The 10 countries suffering the largest cropland area losses and gains [km2]; data obtained 
from the FAOSTAT and matrix V2 database, within the timeframe 2001-2012. 

 

Cropland (FAOSTAT) Cropland (Matrix V2)

Country
Loss 
2001-2012

Total 2012 Country
Loss 
2001-2012

Total  2012

1 U.S.A. -202,925 1,551,075 1 U.S.A. -115,977 1,229,479

2 China -101,849 1,065,211 2 Kazakhstan -110,227 174,035

3 Russian Federation -41,100 1,197,500 3 Australia -69,984 442,262

4 India -37,790 1,565,460 4 South Africa -39,943 69,518

5 Turkey -32,240 205,770 5 Argentina -38,063 425,343

6 Australia -26,940 471,130 6 Poland -26,392 114,792

7 Poland -26,590 109,250 7 Chile -21,200 16,036

8 Italy -12,210 71,180 8 Uruguay -20,361 16,319

9 South Africa -11,850 125,000 9 Ukraine -19,130 406,997

10 Pakistan -10,600 302,400 10 Mongolia -14,384 18,069

Country
Gain 
2001-2012

Total 2012 Country
Gain 
2001-2012

Total  2012

1 Brazil 135,360 726,070 1 India 116,954 1,628,857

2 Argentina 120,080 397,540 2 Nigeria 56,954 189,376

3 Ethiopia 54,376 153,460 3 Canada 56,394 472,439

4 U.R. of Tanzania 50,700 136,000 4 Brazil 51,017 327,276

5 Indonesia 33,000 235,000 5 China 45,001 1,500,116

6 Mali 23,610 68,610 6 Pakistan 44,008 221,037

7 Nigeria 20,000 350,000 7 Spain 35,050 184,835

8 Niger 19,300 159,000 8 Ethiopia 29,048 132,591

9 Angola 17,000 47,000 9 Morocco 21,071 82,341

10 Mozambique 16,500 56,500 10 Mali 19,847 34,783



- 43 - 
 

Other high resolution products do exist, such as the European Space Agency’s Global Land 

Cover maps, Landcover30, and Hansen et al. (2013) data. Yet, none of these data provide 

either a full land cover classifications or time series. In particular, the European Space Agency 

product does not provide time series; Landcover30 separate layers exist in 30-m resolution: 

Global Tree Cover for circa 2010, Global Water for 2000 – 2012, and Global Bare Ground for 

circa 2010 but none of these data exist with a temporal resolution comparable to MODIS. 

Hansen et al. (2013) data covers forest changes for 2000 – 2014. They are based on Landsat 

archives, but focus only on forest changes. Therefore, MODIS Collection 5 product has been 

preferred to obtain annually datasets showing both spatially and timely consistency. 

 

4.3   Climate metric and goal and scope of study 

Section 3.4 showed how methodological choices affect LCA results and that the choice of 

the climate metric is especially relevant. The GWP measures the cumulative radiative forcing 

caused by a pulse GHG emissions during the following biomass rotation time, while the GTP 

measures the effect of GHG emissions closer to the end-point, i.e. further down the effects 

chain, measuring the potential temperature effect of GHG emissions at a given point in time 

(Shine et al. 2005). The two metrics cannot provide a comparable result, since they reflect a 

different concept and it would be misleading to compare the quantitative result they provide 

without a correct interpretation of their meaning’ (De Rosa et al. 2016c, in review).  

Since the metrics are meant to reflect different climate effects, their choice should be 

consistently made according to the climate change impact addressed. For long-term effects, 

such as sea level rises, the difference between GTP and GWP is smaller, although it would be 

preferable to use a longer time horizon, e.g. GWP 500 and GTP 100. For measures of shorter-

term climate effects, such as extreme climate event, the GTP 20 is more appropriate. These 

results also correspond with the interpretation of the climate metrics by Weidema and 

Brandão (2015) and Levasseur (2016). However, despite the GWP is the most popular and 

commonly applied metric, its shortcoming are known and were already discussed at the 

IPCC expert workshop in 2009 (Plattner et al. 2009).  The GWP is closer to a mid-point metric 

which means it does not express the impacts in terms of actual effects on climatic changes, 

the end-point. Moreover, a metric based on cumulative radiative forcing assuming constant 

GHG concentration as a background condition is not only unrealistic but in contradiction with 

the goal of setting policies aiming at avoiding a determined peak temperature (Smith et al. 

2012), such as the 2ºC temperature increase  agreed in Copenhagen in 2009. GTP was 

developed to link climate actions to a peak temperature target but, in order to do that, it does 
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not capture climatic impacts that are not caused by a peak temperature but by cumulative 

warming, such as sea-level rise (Vermeer and Rahmstorf 2009). In other words, neither GWP 

nor GTP can be considered as comprehensive climate metrics, since both exclude 

determined climatic effects. Regardless of the climate change impact addressed, defined by 

the goal and scope of a study, modeling climate-change impacts with GWP or GTP as in 

section 3.4 does not allow to capture the multiple functional relationship that could exist 

between global temperature changes and a determined impact. For this reason, Kirschbaum 

(2014) identified three main types of climate–change impacts and proposed an improved 

metric, the Climate-Change Impact Potential (CCIP) to capture them, namely: 

1. Impacts directly related to high temperatures, such as extreme weather events, which 

are captured by a peak temperature metric as GTP; 

2. Impacts related to the rate of temperature increase: these are impacts caused by 

climate changes occurring too fast to leave species sufficient time for adapting to 

new conditions. An example is the extinction of species found only in narrow 

temperature ranges; 

3. Impacts related to the cumulative warming, meaning not only to the intensity of the 

temperature increase but also to the prolonged exposure to a higher temperature, 

such as sea-level rise. 

Therefore, an alternative approach to choosing a metric according to the climate impact 

addressed could be using a metric based on a more comprehensive approach, e.g. CCIP. In 

any case, the choice of the metric, as of any other methodological choice, should be 

transparent and sufficiently motivated. Nevertheless, the extensive use of GWP appears, 

often justifiable only by its widespread acceptance, perhaps due to the familiarity of 

practitioners with this metric, rather than its appropriateness.  

An further application of the LULUC database (paper II) could be to express in terms of CCIP 

the climate effects of the LUC between the land category of matrix V1 or V2 in a given time-

frame, e.g. 2001-2012. 
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We know only a single science, the science of history. One can look at history from two sides 

and divide it into the history of nature and the history of men. The two sides are, however, 

inseparable; the history of nature and the history of men are dependent on each other so 

long as men exist.” 

 

K. Marx, German Ideology (1845) 

 

 

 

V – Conclusions 

LULUC modeling necessarily requires a multidisciplinary approach and the integration of 

different disciplines. Establishing the cause–effect relationships between product demand 

and resulting LULUC (defining the impact pathway) is not a trivial task. An increasing model 

complexity typically comes at the expenses of a decreasing transparency. Causal-descriptive 

modeling approaches seem to provide a suitable framework, compatible with LCA, 

compromising between transparency and complexity. Yet, the generic applicability of 

specific models depends on whether they are designed for global analyses or for crop or 

location-dependent case studies. A flexible framework is preferable because, although it 

may reduce the level of regional details, it better captures global LULUC trends, the 

substitutability of many land-based products and reduces models’ uncertainties.  

The LULUC country-specific matrixes provide a globally consistent datasets merging 

FAOSTAT and MODIS Collection 5 product data from 2001 to 2012. Each country-specific 

matrix was developed in two versions: the spatially-explicit V1 that did not distinguish 

between land-use types, and V2, disaggregating forest land type according to land-use 

types as suggested by the IPCC. The database facilitates the identification of the origin of 

land providing the production capacity to supply bio-based products.  

Methodological choices have a significant impact on LCA results of LULUC and are 

frequently overlooked. This work showed the impact of some among the most common and 

often disputed methodological choices in carbon footprinting of bio-based products. High 

variability of the results is associated with the choice of time horizon and climate metric 
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applied. These choices should be carefully justified and should be consistent with the goal 

and scope of the study. In particular, results show the importance of applying a time-

dependent climate metric, instead of the commonly used static approach, in order to weight 

with a characterization factor GHG fluxes occurring at a different point in time, and thus 

reflecting the actual climate effect. The iLUC contribution to GHG fluxes is non-negligible 

compared to the effects of other methodological choices.  

A time-dependent account of CO2 fluxes is often not performed in LCA of agricultural and 

especially wood products. This is due to the scarce availability of time-dependent inventory 

data and the challenges faced by practitioners in obtaining them through existing complex 

forest models. The flexible parametric model proposed in paper IV provides a time-

dependent (year-by-year) inventory of forest CO2 fluxes designed for LCA applications. The 

inventory facilitates a dynamic account of forest carbon fluxes.  

A major obstacles towards the development of a holistic assessment of global land-use 

impacts, both environment and socioeconomic, seems to be the excessive data requirement, 

especially data on social conditions, given their inherent subjective character. However, 

beyond LCA, investigations upon the social dimension of land-use occupations have been 

extensively carried on in the context of different disciplines. This knowledge is consolidated 

and published in scientific journals, presumably not familiar to LCA practitioners, and could 

benefit the understanding of social impacts of LULUC and the definition of the impact 

pathways. Undoubtedly, the acquisition of these insights in the LCA framework would present 

further challenges. Yet, it is currently obstructed by the unquestioned post-positivist 

epistemological approach of LCA studies which does not fit the multidisciplinary ambition of 

LCA.  

The choices of the functional unit and the reference scenario of LULUC models in LCA are 

particularly affected by the current epistemological approach. A product-based functional 

unit tends to focus on a narrow range of products rather than addressing more broadly the 

fulfillment of the needs identified by the functional unit. Long-term socioeconomic 

implications of land deals, which anticipate land-use changes, affecting the livelihood of 

local populations are ignored because are assumed as part of a pre-existing reference 

scenario. Thus, the analyses and results are not only affected by scarce data availability, 

modeling assumptions and uncertainties, typically addressed in quantitative models, but also 

reflect a particular epistemological choice. 
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VI – Outlooks 

 

 

 

Science is constantly under development by definition and LULUC modeling is not an 

exception. There are a number of potential developments of this work and further research is 

certainly needed. First and foremost, the land-use database should be updated once MODIS 

Collection 6 product will be released. Matrix V2 is designed to be easily updated once new 

data are included in the model. The database contains data from 2001 to 2012, the most 

recent year for which MODIS data were available when the work was finalized, although 

FAOSTAT land use data were already available until 2013. It is necessary that both FAOSTAT 

and MODIS data are available for the same time-span in order to obtain matrix V2 data.  

Predicting future trends in LUC is essential in consequential LCA to identify the marginal 

supply of land, i.e. from where, when and how future capacity for biomass production will be 

delivered. Regardless of the LCA approach used, it is also essential to identify iLUC effects. 

Currently the LULUC database does not include predictions or future land-use trend. Future 

scenarios can be predicted through linear regression based on historical data. Nevertheless, it 

was chosen not to forecast future scenario based solely on historical land-use trends, due to 

the high uncertainty the result would have had. It may instead be preferable to forecast 

future scenarios using not only LULUC trends by triangulating different data types, such as 

trends in land transformation and intensification activities (e.g. using data on fertilizer 

application and water use) in relation to the potentially achievable primary productivity of 

specific regions. Data on regional economic and population trends may be also integrated to 

identify geographic locations where land abandonment in rural areas could increase or 

where land intensification may occur.  

Further improvements in inventory data are certainly required for better identifying the causal 

links leading to iLUC effects. While it is true that the link between demand for land and actual 

land use change triggered is not fully captured yet in current practices, this cannot be an 

argument for excluding iLUCs. Advancements in iLUC modeling have already contributed to 

modifying the European Union Renewable Energy Directive and the Fuel Quality Directive. 

They were both amended In 2015to limit the production of biofuel from crop grown on 
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agricultural land in favor of advanced (i.e. second generation) biofuels, which use various 

type of biomass, ranging from agricultural wastes to animal biomass or grown on non-

agricultural land.  

Hybrid LCA technics may also come at hand to improve LCI modeling for LULUC analyses. 

Hybrid LCA merges traditional process-based LCA (PLCA) with economic Input-Output (IO) 

databases. A drawback of PLCA is that collecting data for each process in the life cycle is 

time consuming and provides an incomplete picture of the product systems, because cut-offs 

limit the inventory data collection to an incomplete system with predefined boundaries. 

While PLCA relies on bottom-up inventory data collection, hybrid LCA merges process-based 

LCA with economic IO databases covering the complete economy. This allows benefitting 

from the high level of completeness of the IO data for identifying global trends of the land 

market and from the higher level of detail of PLCA relating to specific bio-based product. 

During the last fifteen years hybrid LCA approach has been often perceived with skepticism 

due perhaps to an initial knowledge gap between the two disciplines and a consolidated 

tradition in applying PLCA the approach. However, recent developments in Multi-region IO 

(MRIO) databases have provided more details on product and industries with a better 

geographical coverage (e.g. EXIOBASE, the World IO database and GTAP), while largely 

improving the homogeneity of data. Recently MRIO also include 'hybrid units', i.e. not only 

monetary and physical units, making them more similar to traditional process based data. 

These developments have opened considerable opportunities to use hybrid LCA 

approaches, making use of IO database of the kind used by EEM such as GTAP without 

necessarily using EEM in LCA analysis, thus avoiding the inconveniences described in De 

Rosa et al. (2016a).   

Further research is also required for integrating socio-economic aspects in LCA analyses. The 

data requirement is a major obstacle that this research has addressed with the land-use 

database. However, developments of social footprint technics are still slow. IO data could 

support a top-down approach for social footprinting of LULUC activity. Developments in this 

direction are already occurring (e.g. Weidema 2016). The risk is that they remain confined in 

the context of post-positivist quantitative science, preventing the inclusion of already 

available, and in some cases established knowledge, developed in the context of other 

disciplines. The top-down approaches should, therefore, not be an alternative to PLCA but 

should rather establish the foundation of a multidisciplinary framework. It should be 

complementary to drawing from alternative sources, in order to define and refine the impact 

pathways.  
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Currently iLUC effects are a concern solely in carbon footprinting accounting only for 

potential global warming impacts, resulting in an increase of the Earth’s surface temperature. 

Yet, if a link between land uses in an area and LUC in a different geographic area located 

somewhere else in the world exist, there is no reason to assume that these would uniquely 

concern impacts on global warming. A dialectical epistemological approach may therefore 

also favor developments toward the identification of other environmental and 

socioeconomic indirect effects linked to land uses and the LUC triggered. A more holistic 

assessment of iLUC effects is very much necessary to improve agricultural and biofuel 

policies towards a truly sustainable future.  
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a b s t r a c t

Land demand is driven by an increasing population and changing consumption patterns. When land is
required Land Use Changes (LUC) are triggered, causing several environmental and social impacts.
Particularly topical is the assessment of indirect LUC effects. Several methodological approaches have
been proposed for carrying out the assessment. In this paper we classified LUC models for Life Cycle
Assessment (LCA) applications into three main categories: Economic, CausaleDescriptive and Normative
models. Six models were selected as representative of these three categories and compared according to
fifteen criteria covering: modeling framework, impact categories assessed and model transparency. The
results show that, progresses have been made in the Economic General Equilibrium Models and the
CausaleDescriptive Models compared. CausaleDescriptive models appear more suitable for long-term
assessments in the LCA context while the compared economic models are more suitable for short/
medium-term assessments of LUC consequences. As LUC dynamics involve interdisciplinary knowl-
edge, a combination of economic, biophysical and statistical data is however required to achieve a robust
assessment of complex LUC dynamics.

There is still considerable scope for improving current LUC models. In particular, there is room for
improving precision of data, identification of marginal land and inclusion of a broader range of impact
categories. Current models mainly focus on GHG emission-related impacts and rarely on other envi-
ronmental impacts such as nutrient leaching, biodiversity impacts and water resource depletion. Socio-
economic analyses of LUC patterns are currently excluded from LCA analysis, preventing a holistic
assessment of land occupation impacts.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Since humans began using agricultural techniques for food
production, the land surface has been shaped and affected by
anthropogenic activities. With the industrialization of the agricul-
tural sector the impact of these activities has become significant.
Currently farmed land supplies food, feed and pastures for a global
population that is increasing in number and affluence and it is
production site for the supply of fibers, fuel wood and, more
recently, industrial-scale biofuels. These activities are responsible
for both environmental and social impacts.

Land use was long underestimated or ignored in environ-
mental assessments (Lindeijer, 2000) but is increasingly being
included in impact assessments. Land Use Change (LUC) impacts
have recently been introduced in environmental (Banse et al.,
2008) and economic analyses (Hertel et al., 2009a). The debate
around LUC effects accelerated with the publication of two arti-
cles by respectively Fargione et al. (2008) and Searchinger et al.
(2008). Until then the term LUC referred to direct Land Use
Change effects (dLUC), such as greenhouse gas (GHG) emissions
from the actual locality where the land use was changed. Fargione
et al. (2008) and Searchinger et al. (2008) instead investigated the
relevance of indirect LUC (iLUC) effects which is a change in land
use caused indirectly as an upstream consequence of a direct LUC
taking place somewhere else in the world. ILUC and dLUC were
defined in ISO standards only in 2012 (ISO/TS-14067, 2013): dLUC
as a “change in human use or management of land within the
boundaries of the product system being assessed”; iLUC as a
“change in the use or management of land which is a conse-
quence of direct land use change, but which occurs outside the
product system being assessed”. Yet, this definition is ambiguous:
if iLUC impacts are to be considered as outside of the product
system (system boundaries in LCA), there would be no reason to
account for them.

Different approaches and models have been proposed in recent
years to solve these controversies but a broad consensus on them
still needs to be reached (Warner et al., 2014). The controversies
include the theoretical framework as well as the modeling ap-
proaches for the complex global land use dynamics, where diffi-
culties relate to: the identification of the marginal land;
establishing the relationship between the demand for agricultural
products and land use changes; accounting for the effect of by-
products; and the overall level of uncertainty caused by the mul-
tiple modeling assumptions (Marelli et al., 2011). The first rather
high GHG emissions estimations caused by iLUC gave rise to serious
concern (Searchinger et al., 2008; Fargione et al., 2008). Further
research has downgraded the importance of the assessed effects:
recent works show, for example, lower estimated iLUC GHG emis-
sions from corn ethanol in newer studies (Dunn et al., 2013) due to
the refinement and improvement of models. Some authors
conclude that iLUC emissions might even be irrelevant (Kim and
Dale, 2011); other studies have found iLUC effects to have neither
disappeared nor to be considered as negligible (USA-EPA, 2010;
Escobar et al., 2014; Moreira et al., 2014; Prapaspongsa and
Gheewala, 2014). Indeed, with the current ethanol and biodiesel
production trend, increasing population and per-capita consump-
tion, it seems difficult to challenge the hypothesis that iLUC is
taking place. Tyner et al. (2010) estimated that in the USA a third of
corn production is intended to supply the demand of ethanol. In the
meantime, the annual yields are stationary or declining while crop
demand is increasing, leading to a constant increase in crop prices
(Brand~ao, 2012). Moreover, there remain challenges in measuring
themagnitude of iLUC and related effects, andmodels still contain a
fair level of uncertainties, mainly related to data availability and
modeling constraints.
- 68
With regard to the models, following the mature debate
around climate change mitigation strategies they have mainly
focused on GHG emissions from land use changes. There are,
however, also other effects associated with increasing land use
such as environmental impacts in the form of soil and water re-
sources depletion, air quality, biodiversity loss (Wicke et al., 2012),
but also social and economic impacts with effects on local com-
munities and their economy, on indigenous rights and land use
rights. In life cycle assessments they are often not included, or
only partially, in the assessment of LUC impacts (Gawel and
Ludwig, 2011). Therefore, recommendations suggested by such
models might be biased and imbalanced towards a vision built
into the models' framework.

A complete product/process assessment is often carried out
within the framework of a Life Cycle Assessment (LCA) and the
debate on LUCmodeling has become central in the LCA community.
Analyses of LUC effects in LCA make often use of case studies and
are thus limited in scope to a determined product, e.g. biofuels
(Hansen et al., 2014; Warner et al., 2014) and animal feeds (van
Zanten et al., 2015), or geographically to a specific region
(V�azquez-Rowe et al., 2013; Reinhard and Zah, 2011). Comparisons
of LUC assessment results show that LUC estimates have a high
range of variability (e.g. Ahlgren and Di Lucia, 2014). A comparison
of methodological frameworks would be appropriate for an inves-
tigation of the reason beyond this variability and the potential for
harmonizing LUC in LCA. This paper therefore aims at scrutinizing
and comparing six LUC modeling approaches, each representing a
different model category and respective subcategories. Strengths
and weaknesses are discussed with regards to their application and
integration within the LCA framework, of which the LUC modules
form an integral part.

2. Materials and methods

Broadly speaking, threemain approaches for LUC analysis can be
recognizedmore or less explicitly in the literature: (1) Analyses that
rely primarily upon economic models and data (e.g. Searchinger
et al., 2008; Weiss and Leip, 2012; Stevenson et al., 2013); (2) an-
alyses that rely equally on multiple approaches and data to deter-
mine causeeeffect relationships (e.g. Cherubini, 2010; Schmidinger
and Stehfest, 2012; Schmidt et al., 2015); and (3) role-based ana-
lyses where a norm is established to allocate LUC-related impacts
(e.g. Audsley et al., 2009; Vellinga et al., 2013; Persson et al., 2014).
The category of bio-physical models has also been used in literature
(Nassar et al., 2011) and a rough distinction has also been made
between economic or bio-physical LUC methodologies (Fritsche
et al., 2010).

2.1. Mapping LUC modeling frameworks

Any sharp distinction between LUC modeling frameworks can
certainly be disputed, since analyses of land transformation rely on
interdisciplinary knowledge: bio-physical models may be inte-
grated in other methodologies to incorporate geo-spatial infor-
mation, especially on land cover, land availability land
characteristics and suitability; economic information may be used
to describe market trends and relationships between substitutable
products; and normative models also ground their role-based
approach on information drawn from statistical analysis and
studies of different nature. Yet, for the purpose of this manuscript, it
is useful to make a general distinction between LUC models to
reflect the main (though often not unique) characteristics of their
methodologies as follows: Economic Equilibrium Model (EEM),
CausaleDescriptive Model (CDM) and role-based normative Model
(NM).
 -
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EEMs are based on the economic equilibrium theory (Starr Ross,
1997): changes in supply and demand cause fluctuations of the
price of goods until an equilibrium point “Supply ¼ demand” is
reached, resulting in a new price. Any time an activity requires land
as a productive resource, the equilibrium moves towards another
point with a new configuration of land occupation, prices and
supply/demand, from which the LUC effect can be estimated. Eco-
nomic equilibrium theory is founded on two fundamental as-
sumptions: first, global production and consumption determine the
price for each good and only a producer who can profit by selling at
that price can, in the long run, participate in the world market.
Second, the Armington (1969) assumption claims that bilateral
trade relationships influence trade. Hence, the origin and prices of
goods are key parameters in economic models. EEMs are further
divided into Partial Equilibrium models (PE) and Computable
General equilibrium models (CGE). Large-scale PE models include
FASOM developed by the U.S. Environmental Protection Agency
(Adams et al., 1996) and the ‘Common Agricultural Policy Region-
alized Impact Modeling System’ (CAPRI, 2012), developed by Eu-
ropean Commission research funds. A pioneering PE model is the
FAPRIeCARD model (Food and Agriculture Research Institute and
the Centre for Agricultural and Rural Development) established in
1984. An example of CGE model is the FARM model (Darwin et al.,
1995) based on the model framework of the Global Trade Analysis
Project (GTAP), which developed several versions of CGE models
(GTAP, 2014). GTAP is a global network of researchers coordinated
by Purdue University, whose models and databases are also used in
other CGE models (e.g. IMAGE, LEITAP). Integrated analysis of the
EU agricultural policies also combined CAPRI and the general
equilibrium model GTAP (Britz and Hertel, 2011; Pelikan et al.,
2015).

The EEMs of Land Use impacts are also partitioned into dynamic
and static models (Golub et al., 2014). Static models take a snapshot
of an economic system for a certain year: variables from previous
years can be represented by constant values. Dynamic models are
commonly used to describe economic systems that are influenced
by events taking place in previous years (e.g. changes in amount of
goods in stock, harvesting of long-lived biomass etc.). The capacity
of dynamic models to take into account the timing of events makes
Fig. 1. Modeling frameworks and respective sub-categories. The dashed arrows indicate th
relevant for other modeling approaches.
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them more computationally intensive compared with static
models.

CDMs describe future states of a system based on causeeeffect
relationships. These can be determined from a combination of
biological and physical land characteristics, own and cross-price
elasticities, statistical data, etc. On these bases, causeeeffect re-
lationships are established and the related impacts quantified. They
tend to be simpler than EEMs (Nassar et al., 2011), reducing the
computational effort and data requirement, and they appear
conceptually easier. CDMs do not exclude economic aspects that
drive the supply/demand patterns; rather, they forecast future
production and consumption patterns based on current market
trends and assumptions on agriculture supply/demand trajectories.
Based on this scenario, future land uses and their geographic origin
can be estimated. Several CDMs have been developed to account for
case-specific LUC-related impacts while flexible and more general
frameworks are rare (Fig. 1).

Normative Models are simplified approaches that attempt to
establish assumptions based on statistical metadata (Audsley et al.,
2009). Often NMs do not distinguish between dLUC and iLUC and
include a generic LUC factor that de facto excludes iLUC from the
model, avoiding the most controversial aspect. That makes them
easily applicable and, therefore, widely used. PAS2050 (2011a) is a
framework that includes LUC-driven GHG emissions that was also
used for the PEF-guide (European Commission, 2014) and the GHG-
protocol (WRI/WBCSD, 2011) and is therefore widely used by LCA
practitioners. Flynn et al. (2012) proposed a NM based on IPCC
national GHG inventory methodologies to assess LUC impacts from
crops. The model is intended to be applied in contexts where
complex process-based spatial models to provide agro-economic
information are not available, such as in developing countries,
and when information on crop origin and growing conditions is
limited. The model allows the conversion of unit area emissions
from LUC from hectares to tones on a product basis (Flynn et al.,
2012), but the analysis is restricted to the top 20 producing coun-
tries of the assessed product, and a single yield value is assumed for
each country. A normative approach is adopted for calculating a
LUC factor for biofuel production by Fritsche et al. (2010): 25% of
production is assumed as coming from intensification of land
at the division of models into generic and specific land use and location could also be



Table 1
The table presents the six compared models and model categories.

Model Model type or main characteristic Selected LUC Models

Economic Equilibrium Models (EEM) Partial Equilibrium (PE) model CAPRI
Computable General Equilibrium (CGE) model GTAP-AEZ
Hybrid CGEePE model EU-JRC

Causaledescriptive Models (CDM) Country and product specific; participative model Bauen et al. (2010)
Spatially & LU flexible; avoiding allocation of emissions Schmidt et al. (2015)

Normative Models (NM) No distinction d/iLUC PAS 2050
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already in use or “set free” land, with a zero displacement risk, and
75% from “new land” responsible for iLUC effects.
2.2. Model comparison

In order to gain insight in the differences among the charac-
teristics of models affecting the LUC assessment, this paper focuses
on a comparison of six modeling frameworks, one for each model
category identified in Fig. 1. The models in Table 1 were compared
as examples of LUC modeling frameworks supported by public in-
stitutions. They were promoted and/or used to support decision
making by national and international institutions as the European
Union (EU) (e.g. CAPRI and JRC), the United States Environmental
Protection Agency (US-EPA) for GTAP, the UK Department of
Transport (Bauen et al., 2010), the Danish Environmental Protection
Agency (see Høst-Madsen et al., 2014) and the Danish Energy
Agency (see Schmidt and Mu~noz, 2014) for Schmidt et al. (2015)
and the British Standards Institution (PAS, 2050).

The first three models in Table 1 are EEMs. The PE model
Common Agricultural Policy Regional Impact (CAPRI, 2012) is an
agricultural sector PE model developed by the EU research fund for
policy impact assessment in the EU. The Global Trade Analysis
Project (GTAP, 2014) developed a Land Use Data base and the
GTAPE-AEZ Model, incorporating agro-ecologically zoned land use
data and land-based greenhouse gases emissions into the GTAP
framework (Hertel et al., 2009a). The EU Joint Research Center
(JRC) developed a harmonized spatial dataset integrating data ob-
tained from the CGE model IFPRI-MIRAGE and the PE model
AGLINK-COSIMO (Hiederer et al., 2010). The hybrid model, here
referred to as JRC, assesses GHG changes (including soil) caused by
the production of biofuels, in order to assess the impact of biofuel
production on land use change.
Table 2
List of criteria grouped in four categories. Each criterion answers a specific question in t

A e Completeness of scope How accurately does the model assess the
i e Dataset What is the quality of the underlying study's
ii e Land Classification How detailed are the land types classified by
iii e Origin of Marginal Land How accurate is the identification of the mar
iv e Co-product How accurately does the model deal with th
v e Distribution of Emissions How well is the challenge of associating time
B e Impact Assessment Relevance To what extent are the critical impacts of L
vi e Non GHG Impacts How accurately are non-GHG impacts consid
vii e Other non-Environmental Impacts How accurately are non-Environmental Impa
C e Scientific Robustness and Certainty How scientifically robust is the model, can
Viii e Peer-review To what extent has the model been peer-rev
ix e Uncertainties How accurately are scenario and model unce
x e Updating How well is the model prepared/designed fo
xi e Science-Based How well is the model grounded in a science
D e Transparency, Reproducibility and
Applicability

How accessible is the model, the model doc

xii e Documentation What is the quality and accessibility of the m
Xiii e Input Data What is the traceability and accessibility of t
xiv e Applicability What is the model's degree of flexibility in it
xv e Transparency How reproducible is the model and transpar
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The two CDMs in Table 1 are Bauen et al. (2010) and Schmidt
et al. (2015). Bauen et al. (2010) developed a regional CDM,
commissioned by the UK Department of Transport, to assess the
GHG emission associated with iLUC from biofuel production. A
distinctive aspect of the model is that, through a more transparent
and participative approach, it attempts to overcome previous
models' limitations by consulting a panel of experts and stake-
holders in the development process. The CDM framework devel-
oped by Schmidt et al. (2015) is applicable to any land or crop and
geographic location and specifically aims at including iLUC in LCA
analysis. Building upon the work of Kloverpris and Mueller (2013),
the model proposes a method to overcome a frequently used
normative assumption to distribute emission overtime. Prior to
formal publication, the framework was published in a report
(Schmidt et al., 2013) and applied to several case studies
(Bundgaard et al., 2014; Dalgaard et al., 2014; Bidstrup et al., 2015;
Schmidt, 2015).

The Publicly Available Specifications (PAS 2050, 2011a, 2011b)
PAS2050 (Table 1) is a Normative Model developed by the British
Standards Institution (BSI) and widely used in LCA for assessing the
life cycle GHG emissions of goods and services. It has been highly
influential in terms of setting the standard in both the GHG emis-
sion protocol and the PEF guidelines developed by the in-house
science service of the European Commission and the Institute for
Environment and Sustainability (JRC-IES).
2.3. Review criteria

Models performances were assessed based on a set of ad hoc
criteria. These were partly based on the criteria from the LCIA
methods review of the International Reference Life Cycle Data
System (ILCD) Handbook (Hauschild et al., 2013) and partly on
other examples of quantitative comparative assessments (Pizzol
he right-hand column.

environmental mechanisms associated with land use changes?
dataset?
the model?
ginal land type?
e account of co-product effect?
of emissions to the activity addressed?
UC included and modeled in accordance with the current state of the art?
ered in the model?
cts considered in the model?
it be validated against monitoring data, and are uncertainties reported?
iewed?
rtainty stated and quantified?
r updating for further development?
-based approach?
umentation and the input data? Is the model applicable in different contexts?

odel documentation?
he input data used?
s applicability to other contexts/products?
ent its documentation?

 -



Table 3
Results of the paired comparison analysis applied to the five selected models.

Economic models CausaleDescriptive models Normative model

CAPRI GTAP-AEZ JRC Bauen et al. Schmidt et al. PAS 2050

A e Completeness of scope
i e Dataset 3 4 4 3 3 2
ii e Land classification 2 5 4 2 3 2
iii e Origin of marginal land 2 4 5 1 3 0
iv e Co-product 3 3 2 3 0 0
v e Distribution of emissions 1 1 1 2 5 1
Group A average score 2.2 3.4 3.2 2.2 2.8 1.0
B e Impact Assessment Relevance
vi e Non GHG Emission 2 0 0 0 0 0
vii e Other non-Environmental Impacts 1 0 0 0 0 0
Group B average score 1.5 0 0 0 0 0
C e Scientific Robustness and Certainty
viii e Peer-review 5 5 3 2 4 2
ix e Uncertainties 2 3 1 3 2 0
x e Updating 5 5 2 1 4 1
xi e Science-Based 4 4 4 3 5 1
Group C average score 4.0 4.3 2.5 2.3 3.8 1.0
D e Transparency, reproducibility and applicability
xii e Documentation 4 3 4 4 4 5
xiii e Input Data 2 2 3 4 5 5
xiv e Applicability 2 5 3 1 5 5
xv e Transparency 3 2 3 4 5 5
Group D average score 2.8 3.0 3.3 3.3 4.7 5.0
Total average score 2.7 3.1 2.6 2.2 3.2 1.9
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et al., 2014). Table 2 summarizes the criteria and the corresponding
research questions used for the evaluation.

For each model, data on the assessment criteria were system-
atically collected in a review grid. The data were collected from
official reports or articles and from complementary sources, such as
applications of the models to case studies (all cited in the present
manuscript). However, to ensure that no key information was
missing, authors of the respective model were asked to review and
if necessary integrate the quality and accuracy of the information
collected in the review grid for their respective model. Once all data
were available, the performances of the models were scored
through a paired comparison analysis: for each criterion, the
models were compared against each other and ranked by assigning
a comparative value ranging from 0 to 5, according to the following
evaluation scale: 5 e Very good/high; 4 e Good/High; 3 e Fair; 2 e

Poor/Low; 1 e Very poor/low; 0 e None/Not existing. The scores
were not weighted as each criterion was regarded as equally
important.

The semi-quantitative approach was chosen for communication
purposes. For the same reason, a score was calculated also for each
group of criteria and for the total average.
3. Results and discussion

The results of the comparison are schematically presented in
Table 3. Four model's authors checked and provided feedback
concerning the review grid of their respective models. The CAPRI
and GTAP-AEZ authors did not provide any additional input since
they believed the model documentation already provides all the
necessary information. The table also presents the average model
score for each group of criteria and the overall average. The final
score shows considerably homogeneous values, with the exception
of the Bauen et al. (2010) and the PAS2050 models, where the total
average score is below 2.5. The reason is that Bauen et al. (2010)
model is restricted to a regionalized analysis of the biofuel sector
and PAS2050 excludes for simplicity iLUC from the model. In the
following sections, the results are presented and discussed for each
of the four groups of criteria.
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3.1. Group A criteria: completeness of scope

EEMs appear generally more robust for group ‘A’ criteria:
excluding criterion v (Distribution of emissions), the average score
obtained by EEM for Group A criteria is in fact 3, or 3.8 if excluding
the lowest value obtained by CAPRI, while the average score ob-
tained by the CDM for the first four criteria is 2.3. CAPRI scored the
lowest of the EEMs because the PE model focuses on the European
agricultural sector and global analyses are possible only when
pairing it with other LUC models (Britz and Hertel, 2011).

The average EEMs score of 3 excluded criterion v (Distribution of
emissions) from group ‘A’ because the values for this criterion are
rather disparate between the Schmidt et al. (2015) and other ap-
proaches. Only the Schmidt et al. (2015) model in fact suggests a
methodology for handling the distribution of the emissions. Other
EEMs leave this aspect to the users. To some extent EEMs consider
the issue outside the scope of LUC modeling and as a general
problem to be dealt with when emission impacts are accounted for.
Economic models have usually a national level of data aggregation;
in some cases efforts have been made to further regionalize
models: CAPRI divides the EU territory into about 250 sub-regions
(CAPRI, 2012) identified by level 2 of the Nomenclature of Units for
Territorial Statistics (NUTS2). Raw data composing the CAPRI
database are mainly drawn from ‘well-documented, official and
harmonized data sources’ (CAPRI, 2012) such as FAOSTAT, OECD,
EUROSTAT and the Farm Accounting Data Network (FADN). Land
use data are prepared outside the CAPRI system, drawn from land
use and land cover data but no particular plausibility check is car-
ried out on these datasets. Land uses are classified according to the
Land Use/Cover Area frame statistical Survey (LUCAS), which
means 36 cropland classes and two of permanent grass rearranged
according to the 21 land use classes present in CAPRI (CAPRI, 2012).
Since CAPRI has been built to model agricultural activities, agri-
cultural land use types are much more detailed than distinctions
between different forest land types (criterion ii).

The Global Trade Analysis Project (GTAP) develops databases
and CGEmodels which have recently been improved (GTAP version
8 database has been released in 2012) to better assess LUC impacts.
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For this purpose it has further been regionalized, linking it to 18
agro-ecological zones (AEZ) model (Hertel et al., 2010; Fischer et al.,
2012): since land types differ, land substitutability is possible only
among zones showing similar characteristics such as moisture,
climate and precipitation. GTAP-AEZ is a special version of the
model adapted to estimating LUC. The biofuel sector is here better
represented through disaggregation of corn and sugarcane ethanol,
and biodiesel. Environmental issues, such as climate change,
resource use and technological progress in agriculture, are better
represented by dynamic models; GTAP-Dyn, a dynamic version of
GTAP (Ianchovichina and Walmsley, 2012), aims to project future
land use change patterns linked to the growth rate in each region of
the world to identify marginal land. Forest dynamics are included
with the integration of the Global Timber Model (Sohngen and
Mendelsohn, 2006) and land heterogeneity is limited by the use
of AEZ. GTAP regulates land mobility across uses by an improved
Constant Elasticity of Transformation (CET) nesting structure,
estimating land supply elasticity using a maximum likelihood
estimation process (Li et al., 2012). In CGE models the CET function
simulates the competition for land through the elasticity of land
transformation function ‘s’ (Hertel et al., 2009b, 2010). Land
transformation elasticity distributes the productivity-adjusted land
to its alternative uses. Theweakness of the s function lies in the fact
that actual observations of land allocation are rare and productivity
adjusted land is not observable (Li et al., 2012). In other words,
estimates of elasticity are difficult to obtain and therefore the s
function is often founded on role-based assumptions (Boeters et al.,
2008). When observations of land allocation are available, s can be
calibrated with estimates of land supply elasticities (Ahmed et al.,
2008) but the result is not exempt from uncertainties and reflect
specific circumstances (Li et al., 2012). The GTAP database is built
upon the integration of several datasets on the harvested area,
production and yields of a crop (FAO, 2006; Monfreda et al., 2008).
However, accounting at global scale for interaction between
different economic sectors and regions poses some problems and
for this reason the GTAP database aggregates all crop productions
into eight sectors. Generally, wide-ranging projects such as CAPRI
and GTAP rely on larger economic resources to develop and
maintain large datasets. The GTAP-AEZ database is available for a
fee.

The hybrid JRC model relies on Land Degradation Assessment in
Drylands (LADA) land use system maps by FAO, FAO production
statistics and the cropland demand data acquired by the CGEmodel
IFPRI-MIRAGE and the PE model AGLINK-COSIMO. It spatially al-
locates agricultural land demand; by combining different datasets
to estimate existing cropped areas, land availability and land suit-
ability, it predicts the geographic location where the land use
change may occur (the location of the marginal land) and creates a
land suitability map. The model provides precise results with re-
gard to GHG emissions by iLUC since it also includes information on
soil properties (such as carbon content) drawn from the Harmo-
nized World Soil Database. However, the land demand spatial
allocation module also increases the overall complexity, assump-
tions and, consequently, themodel uncertainties. Themodel adopts
a detailed land use change classification (22 land types) drawn from
the GlobCover project.

When the compared EEMs are used to LUC analyses in LCA, the
large uncertainties related to the CET and s function propagate
through the LCA model too. Additionally, the assumptions deter-
mining those functions are hard to detect and remain unknown to
both LCA practitioners and the public. Consequently, it may
become difficult to trace the effect of uncertainties caused by
multiple parameters in nested models. Both PE and CGE models
use existing data rather than future prediction to characterize
economic flows. The PE models represent only a subset of
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economic sectors for a country or region, with no link to other
economic sectors. In other words, it gives an incomplete but rather
detailed picture of it. CGE models are more complete, attempting
to account for the entire economic flow between different pro-
duction sectors within the economic system (national or global).
Nevertheless, due to its complexity, this approach results in a loss
of detail for some economic sectors; the representation of land
uses, land use alternatives and emissions for instance, cannot be
sufficiently detailed or they are not represented at all, making the
CGE often unsuitable for modeling land use change. Complexity
also adds uncertainties difficult to estimate in CGE models (Dunn
et al., 2013).

Bauen et al. (2010) developed a CDM to assess iLUC from five
biofuels, taking into account future yield and trends in land change,
products substitutability and the effect of co-products. Data were
extrapolated from FAOSTAT, the FAPRI dataset, and the US depart-
ment of AgricultureeForeign Agricultural Service (USDA FAS) Land
is classified according to historic land use changes over the period
2001e2007, estimated by Winrock International using MODIS
satellite data. A peculiar characteristic of this study is that future
predictions were estimated consulting a panel of expert and
stakeholders, to integrate their views into the assessment and
guarantee a more democratic approach compared to the economic
model approach. However, the regional focus and product-
orientation make the model unfit for application in different con-
texts, a limitation generally observed in many CDMs e.g. Cederberg
et al. (2011). An important limitation of the Bauen et al. (2010)
model is that it does not identify the origin of marginal land. The
location of marginal land is simply discussed by looking at bio-
physical data such has the extent of Imperata grassland in
Indonesia.

Based on global statistics (FAOSTAT, FAO) and IPCC guidelines,
the Schmidt et al. (2015) model is applicable to all crops and regions
in the world. Despite being a CDM, it draws upon a range of
different toolboxes; economic tools, such as cross-price elasticity
tables, are used to identify product substitutes and calculate the
related environmental consequences (e.g. GHG emissions impact
measured by GWP). The authors draw on bio-physical relations and
statistical data to identify the marginal land and the share of land
intensification. The model assumes that changes in land uses are a
consequence of change in land demand; land is treated as any other
LCA input and land productivity (the reference flow) is measured in
Net Primary Productivity (NPP) (Haberl et al., 2007). The result is a
CDM tending towards a hybrid approach. The limit of this approach
is that its validity is limited by the hypothesis that land demand is
constantly increasing worldwide, and although at present this is
globally a valid hypothesis, demand will inevitability fall at some
point because land is a resource ultimately limited by land avail-
ability. Schmidt et al. (2015) conceptually include in the model
three ‘sources’ of marginal land: land expansion, land intensifica-
tion and reduced consumption. Marginal land provided by reduced
consumption would trigger social effects. However, the authors do
not recommend including reduced consumption as a source of
marginal land as a default assumptions, since it is normal practice
in LCA to assume full elasticity of supply in the long term (including
land): in a competitive unconstrainedmarket a change in consumer
demand will cause an equal change in supply in the long term.
Using ‘reduced consumption’ as a source of marginal land may be
included for specific short or medium term analysis. The location
and type of marginal land and rate of intensifications is identified
from FAOSTAT statistics on net forest extent per country and pro-
duction statistics per hectare.

PAS2050 consider the identification of marginal land as being
outside the scope of the model since the model only considers
dLUC. The model only accounts for the GHG emissions from the
 -
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specific occupied land if the dLUC has taken placewithin a period of
20 years prior to the assessment. The choice of 20 years is rule
based and the exclusion of iLUC is not scientifically justified but left
out for simplicity. Since the controversy in LUC is exactly on how to
model the complex causeeeffect relationships that trigger iLUC, the
PAS2050 approach chose to avoid the controversy. Other authors
have elected to exclude iLUC due to uncertainties and transparency
problems (Finkbeiner, 2013) while others have criticized this po-
sition (Mu~noz et al., 2014).

The inclusion of co-product (criterion iv) is a controversial
aspect. EEMs and the CDM of Bauen et al. (2010) include to some
extent co-products: CAPRI identifies agricultural co-products pro-
duced by means of a physical replacement ratio; the GTAP-AEZ
model includes as co-products corn ethanol on a substitution ba-
sis using prices. The JRC model is not transparent regarding the
inclusion of co-products because they are implicitly included in the
underlying economic models. The author explained that:

“the JRC spatial allocation model takes results of economic models
(PE and CGE) as input for the allocation. Therefore, by-products are
accounted for in the input data used” (Marelli, 2014).

Taking the LCA framework as a modeling framework, the
PAS2050 and Schmidt et al. (2015) models do not account for co-
product effects. Schmidt in fact explains that the effect of co-
products is:

“not relevant for the model since the ‘production’ of land is
something that takes place upstream to the production of land
using products.” Therefore, “the modelling of co-product takes
place in another part of the product system that the land trans-
forming activity and this is modelled following ISO 14044”
(Schmidt, 2014).

In other words, in LCA the effect of co-product should not be
modeled together with the land occupation dynamics causing LUC,
as it belongs to part of the product system not related to the pro-
vision of land. Since economic models are not explicitly designed
for LCA application and do not necessarily follow the LCA frame-
work, their assessment is at product level and may include co-
product. Accounting for the effect of co-products in the life cycle
inventory phase of the LUC model may therefore lead to double
counting if LCA users are not made aware of this distinction.

Within the LCA framework CDMs are also partitioned into
models using averages of historical data and future oriented
models; the latter may also use historical data but for the prediction
of future trends, which can also diverge from historical patterns.
This difference is also reflected in the LCA approach chosen of either
Attributional (A)LCA or Consequential (C)LCA (Sanchez et al., 2012).
The dispute between ALCAeCLCA is beyond the scope of this paper.
Thorough discussions on the details of the two approaches can be
found in the scientific literature (e.g. Weidema, 2003; Schmidt,
2008; Thomassen et al., 2008; Finnveden et al., 2009; Rehl et al.,
2012).

A limit of all LUC models, regardless of the approach used, is the
time allocation of the emission over an arbitrary period of time,
generally 20 years (Fritsche et al., 2010; IFPRI, 2010) or 30 years
(Bauen et al., 2010). Bauen et al. (2010) chose a time of both 30 and
100 years to estimate the effect on the results. However, since the
choice of the time is rule-based, Schmidt et al. (2015) proposed an
alternative approach, avoiding time allocation of emission, similar
to that proposed by Kloverpris and Mueller (2013). The model is
applicable to any phenomenon causing LUC, based on current
trends and future predictions of land uses. The starting point is the
principle that land baseline is dynamic rather than static; therefore
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in a region with an expanding agricultural area, further occupation
of land is seen as “accelerated expansion” and in a region with
decreasing agricultural area as a “delayed reversion” (Kloverpris
and Mueller, 2013). Since Kloverpris and Mueller (2013) and
Schmidt et al. (2015) avoid time allocation of emissions as they
consider increasing land demand as a dynamic baseline; the result
is only a time shift in the emission profile and consequently in the
measured Global Warming Potential (GWP) effect. In this way, the
GWP is calculated from the accelerated expansion of land and the
resulting effect is included only in the specific year the activity ‘land
occupation’ is taking place. Therefore, the emissions do not need to
be allocated over an arbitrary period of time. In accordance with an
LCA framework Schmidt et al. see “Land” as an input to a process
creating an output (the product), which in LCAs is treated any other
process input.

3.2. Group B criteria: impact assessment relevance

Group ‘B’ criteria show interesting results: at present, the focus of
LUC models is almost exclusively restricted to GHG emissions
impact. CAPRI is the only model featuring other environmental in-
dicators accounting for ammonia emissions, NPK leaching, water
balances, and nitrate concentration in water and chemical emis-
sions. In linewith the scopeof themodel, these indicators are related
to agricultural activities. There are, however, other consequences
triggered by increasing land use, both environmental (Wicke et al.,
2012), social and economic. They are not included in life cycle
assessmentof LUC theyarenot included, oronlypartially (Gawel and
Ludwig, 2011). The framework of the environmental LCA is
expanding towards a more inclusive life cycle sustainability
assessment (Weidema, 2006; UNEP, 2009; Sala et al., 2013; Zamagni
et al., 2013). Yet, LUC models still quantify mainly the GHG
emissions-related impact, overlooking other LUC environmental
effects such as the impact on biodiversity, soil degradation, water
use, but also LUC-related social and economic impacts. Societal risks
such as the lack of livelihood for local communities, employment
opportunities, land use right, are generally missing due to the
methodological deficits of LCAwheremethods have either not been
developedorare at averyearlystage (Pawelzik et al., 2013). Theprice
elasticity and marginal supplier concepts currently applied in mar-
ket equilibrium models and consequential LCA, do not register any
social implications from changed production practices and sup-
pliers. Current LUCmodels neglect these aspectswhich are essential
for a holistic assessment. The inability to include a full range of im-
pacts caused by LUC is a notable shortcoming. A more thorough
analysis might in fact lead to very different results, suggesting other
development patterns than the one indicated by current analysis. In
order to fill this gap, more LCA elementary flows related to social
impactsmight be necessary in the life cycle inventory, as well as the
development of social life cycle impact assessment since currently
the inclusion of forest and land use dynamics in LUC models is still
weak (Newell and Vos, 2012).

From an LCA perspective, it might be argued that LUC models
are more a data inventory than an impact assessment, and a wider
assessment of LUC impacts would be an impact assessment prob-
lem rather than an inventory one. However, the underlying data for
quantification of LUC GHG emission (land classes, marginal land,
yields etc.) could potentially allow a broader impact assessment:
for example, when occupation of new land (forest land) and its
location are identified, it is possible to estimate the potential risks
of biodiversity loss. Impacts on biodiversity are pointed out to be
most serious when new land is occupied and comprehensive LUC
models should include its assessment. A further widening of the
assessment to include environmental aspects such as soil deple-
tion, water use and also non-environmental issues like social and
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economic impact necessitates the collection of further data and an
expansion of the goal and scope of the model.

3.3. Group C criteria: scientific robustness and certainty

CAPRI and GTAP models have been peer-reviewed in scientific
journal articles available on the model webpage. The CDM by
Schmidt et al. (2015) has recently been published. The Bauen et al.
(2010) and PAS2050 models achieve lower score in Group C criteria
mainly because the models were not peer-reviewed in scientific
articles and were not meant to be updated. However, their devel-
opment involved multiple stakeholders and panels of experts.
Bauen et al. (2010) was not peer-reviewed, but:

“feedbacks were provided by a peer review panel commissioned by
DEFRA, comprised of relevant experts” (Chudziak, 2014).

Analogously, nor has the PAS2050 model been peer-reviewed in
international journals, but the guidelines have been informed by a
panel of specialists advising the British Standards Institution (BSI).

Uncertainties (criterion ix) are a major obstacle in assessing
iLUC. CAPRI and GTAP-AEZ take into account yield uncertainties but
a distinction between agro-ecological zones is only made by the
latter. Uncertainty analysis is generally poor and more difficult to
assess in complex EEMs than CDMs and NMs. It appears especially
challenging to estimate uncertainties resulting from the use of
nestedmodels with a high complexity as for GTAP-AEZ. Bauen et al.
(2010) provide uncertainty ranges for carbon stock data. At present,
uncertainty analyses of the JRC model have not been undertaken
(Hiederer et al., 2010). The JRC model does not directly assess un-
certainties, even though the PE and CGE models upon which it is
based show their sensitivity to main assumptions.

When EEMs and their databases are maintained by large sci-
entific networks or institutions they are more likely to be updated
and peer-reviewed. Based on a large project, the CAPRI and GTAP
models are constantly updated, while Bauen et al. (2010) and the
JRC model provide suggestions for further developments but are
not regularly updated. Schmidt et al. (2015) have updated the
model annually or bi-annually since its first release in 2010. The
PAS2050 model only suggests following the GHG emissions data
updated by the IPCC.

Overall, the models are science-based, with the exception of
PAS2050, intentionally role-based and excluding a priori iLUC, the
most controversial aspect of LUC modeling. While earning the
highest score in Group D criteria, PAS2050 pays for its simplicity in
terms of robustness and certainty. With the exception of PAS2050,
the assumptions behind the models are in fact generally science-
based (criterion xi). However, normative assumptions can be
found also in non-normative models: rule-based modeling choices
include the exclusion of marginal land assessment in Bauen et al.
(2010) and the allocation over an arbitrary period of 20 or 30
years for calculating the GHG emissions effect adopted by all the
reviewed models, with the exception of Schmidt et al. Distributing
GHG emission overtime is a widely used normative approach that
can be found for example both in analyses using CDM and EEM but
which is not scientifically justifiable. The complex system of
equations upon which EEMs are based also relies on assumptions
that are often the subject of debate: on one hand, PE models cap-
ture LUC through own- and cross-price elasticity reflecting the
response of land use to prices. This method may be sufficiently
accurate in regions with no additional land available because the
competition from crops for the limited land available depends
directly on price changes; yet in areas with available potential
agricultural land (e.g. native vegetation and managed pastures)
own- and cross-price elasticity fail to describe the contribution of a
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specific biomass production to land conversion at the frontier. On
the other hand, CGEmodels rely on the CET functions to capture the
competition for land which depends on the parameter s; different
values of s exist for each level of the specific CGEs land allocation
tree (regulating the substitutability of land classes defined in the
models) and different allocation trees are used by different CGE
models with the result that the assumptions behind the CET
function are not intuitively understandable for anyone but for the
people running the CGE models (Nassar et al., 2011) and therefore
also difficult to dispute.

3.4. Group D criteria: transparency, reproducibility and
applicability

Model documentation is generally good and easily accessible.
The GTAP-AEZ documentation is extensive but scattered in books,
articles and reports and does not clearly defines its application in an
LCA context. In this regard, the documentation provided by the
PAS2050 and Schmidt et al. (2015) is clearer. The weakness of
models resulting from the Group A criteria is generally balanced by
the strength with the Group D criteria. Vice versa, the robustness of
the complex methodological framework of the EEMs (group A
criteria) tended to be lost in the Group D criteria, reflecting a
resulting loss of transparency, clarity and traceability of themodels.
The average score obtained by EEMs with group D criteria was 3,
while the average score obtained by the CDMs and the NMswas 4.4.
The trend is especially visible in the traceability of the input data
(criterion xiii) and overall transparency of the model (criterion xv).
Due to the considerable number of assumptions (economic trends,
market variables) and the complexity of the model framework (CET
function, price elasticity, etc.), EEMs results are rather complex: the
extent to which they depend on the assumptions are not intuitively
understandable (Nassar et al., 2011). The use of prices and price
elasticity to determine yield change and cropped area variations in
EEM does not reflect the role of other factors, such as technological
and infrastructure constraints, yearly harvest capacity, trade
agreement, etc. in determining those changes. Even when these
factors affect prices, the price response is not visible in the short
term. Yet, the complexity of the EEMs does not broaden the spec-
trum of the analysis and aspects such as land degradation and
biodiversity are generally not included in these models. The lower
score obtained for criterion xiv (Applicability) by the CAPRI, JRC and
Bauen et al. models reflect, respectively, the limited focus on agri-
culture, the analysis restricted to biofuel production and the choice
of a regional scope. An important limitation to the applicability of
CAPRI is in fact that the focus is restricted to agricultural production
in the EU: forest land, water, and urban areas are all aggregated into
a category ‘other’ (than agricultural land), limiting the capability to
assess the impact of land occupation other than for agricultural
activities. For Bauen et al. (2010) and the JRC models the focus is
limited to biofuels. New projects are under evaluation tomodify the
JRC model in order to make it suitable for any LUC analysis and
extend the impact assessment to biodiversity (Marelli, 2014). The
applicability of the Bauen et al. (2010) model is also limited due to
the participative approach that requires consulting a panel of ex-
perts and stakeholders in the development process. But this
approach does increase the transparency of the model. In contrast,
GTAP-AEZ, Schmidt et al. (2015) and PAS 2050 models are designed
to be applied regardless of location and economic sector and
therefore achieve a high score in terms of applicability.

In LCA applications it is normal practice to assume long-term
full elasticity of supply in a competitive unconstrained market.
EEM-based results may instead reflect fluctuations of market prices
due to a short-term inelastic supply: in fact a demand increase (or
supply decrease) would lead to a higher equilibrium price and vice
 -
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versa. Both assumptions are legitimate and formally correct but
based on a different conceptual time period. Thus, modeling ap-
proaches based on the EEMs but applied to LCA analyses may
generate incongruences between background assumptions that are
obscure to practitioners and the final audience.

While simplicity tends to guarantee a lower level of complete-
ness (Group A criteria), it tends to correspond with a higher degree
of transparency (criterion xv). It is, for example, easier to apply and
understand a models such as PAS2050 and Bauen et al. (2010),
while the acquisition of LCI data through complex economic
models reduces the transparency of both model and input data and
requires expert knowledge beyond the field of LCA. Moreover,
GTAP-AEZ data are available for a fee.

4. Conclusion

Modeling LUC dynamics requires interdisciplinary knowledge,
and diverse approaches to intertwine different disciplines.
Considerable progress has been made to adapt Economic Equilib-
rium Models (EEMs) and CausaleDescriptive Models (CDMs) to
capture the complex dynamic of land use changes. Transparency is
usually inversely proportional to complexity but complexity of
models is to some extent necessary to establish a causal link be-
tween product demand and physical LUC. New studies aiming at
collecting global land use and yield data will in the future help to
reduce this complexity. The present study indicates that currently
EEMs such as GTAP-AEZ, linked to bio-physical and geographic
models, are better to identify marginal land, providing a precise
picture of LUC and particularly iLUC. However, it remains chal-
lenging to assess how accurately this picture reflects the reality:
EEMs model land competition and transformation through math-
ematical functions that are difficult to calibrate with real data.
When calibration is made, it is not free from uncertainties and re-
flects case-specific scenarios. The assumptions determining those
functions are hard to detect and there is a risk they may remain
unknown to both LCA practitioners and their audience. The effect of
uncertainties caused by multiple parameters in nested models may
in fact be difficult to reveal.

A potential incongruence between EEM and LCA applications
may occur because EEM-based results account for fluctuations of
market prices due to short-term inelasticity of supply, while in
LCA applications is normal practice to assume full elasticity of
supply in the long term. Modeling frameworks assessing LUC at
product level, such as CAPRI, GTAP-AEZ, JRC and Bauen et al.
(2010), may include in the account the effect of co-products that
should not be included by LUC models in LCA, since they belong to
a part of the product system not related to the provision of land.
Accounting for co-products in the LUC module may lead to double
counting if the users are not made aware of this distinction. CDMs
specifically designed for LCA application such as Schmidt et al.
(2015) may facilitate the inclusion of LUC without necessitating
complex methodological choices. Nevertheless, CDMs might be
further improved by drawing on EEM modeling approaches to
improve the identification of marginal land. Time allocation of
emissions over an arbitrary period of time could be avoided
regardless of the modeling approach chosen, as proposed by
Schmidt et al. (2015) NMs are intrinsically based on simplified
normative assumptions and may not be suitable for policy support
or decision-making processes.

A substantial limitation of current models it appears to be the
inability to include the full range of LUC-related impacts: the focus
is generally restricted to a limited number of environmental issues
such as GHG emissions impact. A more comprehensive analysis,
including a broader range of both environmental and non-
environmental issues, might show different results and suggest
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different development patterns. It is therefore in this direction that
further research might be required.
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ABSTRACT 
Land Use and Land-use Changes (LULUC) information is essential to determine the environmental impacts of anthropogenic land-
use and conversion. However, existing datasets are either local-scale or they quantify land occupation per land-use type rather than 
providing information on land-use changes. Here we combined the strengths of the remotely-sensed MODIS land cover dataset and 
FAOSTAT land-use data to obtain a database including a collection of 231 country-specific LULUC matrixes, as suggested by the 
IPCC. We produced two versions of each matrix: version 1, identifying forest land based on canopy cover criteria; version 2, 
distinguishing primary, secondary, planted forests and permanent crops. The outcome was a first country-based, consistent set of 
spatially-explicit LULUC matrixes. The database facilitates a more holistic assessment of land-use changes, quantifying changes that 
occur between land classes from 2001 to 2012, providing crucial information for assessing environmental impacts caused by 
LULUC. The data allow global-scale land-use change analyses, requiring a distinction between land types based not only on land 
cover but also on land-uses. The spatially explicit dataset may also serve as a starting point for further studies aiming at determining 
the drivers of land-use change supported by spatial statistical modeling. 

Keywords: Land-use, Land-Use Changes, Agriculture, Forestry, Life Cycle Assessment  

1. Introduction 

Land plays a fundamental role for human subsistence. Between 42 and 68% of the land surface has been 
subjected to land use activities during the last 300 years1. In 2005 Land-use Changes were responsible for 
12.2% of the 2005 global GHG emissions2. Since land is a finite resource with multiple functions, the 
increasing human population growth and consumption3, the expansion of bioenergy crops, and the effects of 
climate change have recently increased the stress on global land resources4. The study of Land Use and 
Land-use Changes (LULUC) has therefore become crucial in environmental science5 and models for the 
assessment of land cover change, land deforestation, degradation, abandonment and urbanization, such as the 
CLUE model6, 7, have been developed. The assessment of land cover changes has become crucial also in Life 
Cycle Assessment (LCA), a framework for integrated assessment considered by the European Union as “the 
best framework for assessing the potential environmental impacts of products currently available”8. 
Nevertheless, the debate on LULUC modeling appears far from settled. 

Modeling the environmental, economic and social impacts of LULUC on a global scale has proven 
controversial in economy-wide models such as input/output and LCA analyses9, 10. LUC analyses are often 
limited in scope to a determined product or region due to a lack of global LUC datasets and challenges in 
identifying the land affected as a consequence of changes in product demand11. Particularly disputed is the 
modeling of indirect Land-use Changes (iLUC): iLUC “refers to shifts in land use induced by a change in 
the production level of an  agricultural  product  elsewhere,  often  mediated  by  markets  or  driven by 
policies”12. What seems to be lacking are therefore consistent global LULUC data13, providing spatially 
explicit information on both the total area for each land-use type and land-use changes between them14. In 
recent years, there have been significant developments in measuring and monitoring LULUC data: remote 
sensing techniques provide global land cover maps and datasets15, 16; advancements in collecting and 
reporting international and regional land data allows development of more consistent databases for 
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comparisons over time and between countries17. Yet, neither remotely-sensed data nor country-based land-
use statistics can alone provide spatially-explicit information on LULUC by land-use types18. On the one 
hand, using remotely-sensed land cover classifications is challenging for the distinction between managed 
and unmanaged land, e.g. distinguishing by canopy cover criteria between large-scale primary forests and 
planted forests or managed tree plantations. Satellite imageries, in fact, typically identify land according to 
characteristics such as canopy cover, vegetation height, soil type and temperature rather than land-uses. On 
the other hand, national statistics have their limitations in terms of data quality and consistency between 
countries16 and quantify land occupation by land-use type rather than providing explicit information on land-
use changes. 

In order to overcome these limitations, we combined the strengths of both state-of the-art remote-sensing 
global land cover datasets15, the Forest Resource Assessment dataset17 and the FAOSTAT country-based 
land-use statistical database19. The aim was to obtain a LULUC database that included a collection of 
country-specific globally consistent sets of spatially-explicit LULUC matrixes, as suggested by the IPCC 
‘Good Practices Guidance for LULUCF’14. The matrixes show LULUC for the periods 2001 to 2012, 2005 
to 2010, 2010 to 2012, and annually from 2001 - 02 to 2011 - 12. While examples of regional LUC matrixes 
exist20-22, the purpose of the LULUC database presented here was to identify globally and nationally the land 
undergoing a change from one land category to another between two reference years, from 2001 to 2012, 
based on global datasets. The paper also presents and discusses in more detail the results for countries where 
the most significant changes in forest and cropland area occurred from 2001 to 2012 to give an example of 
matrix interpretation and to illustrate their potential applications.   

2. Materials and Methods 

We produced two versions of the LULUC matrix: the first version - V1 - was based on the MODIS 
Collection 5 Land Cover Type product15 and the International Geosphere-Biosphere Program (IGBP) land 
classification system. The area undergoing a transition between land classes is represented by grid cells 
geographically identified (spatially-explicit). The second version - V2 - combined the remotely-sensed data 
with country-based land-use statistics. To do this, we aggregated the IGBP forest classes based on land cover 
types in a generic forest class and then disaggregated it in forest-related land-use categories according to 
FAOSTAT land categories. For a graphical overview of all the methodologies see Figure S1 in the 
supporting information. 

2.1 LULUC matrix version 1 

The source of land cover information was the MODIS Collection 5 Land Cover Type product15 generated in 
a 461-m spatial resolution covering a temporal range between 2001 and 2012 and based on the IGBP 
DISCover Data Set Land Cover Classification System23.  To provide a LULUC matrix for each country we 
used the TOOL tabulate area in ArcGIS. TOOL calculates the cross-tabulated area between two datasets - in 
this case land cover data from 2001 and 2012 - and provides a table with area information within defined 
zones. For each country, land covers from 2012 defined the zones and land covers from 2001 defined the 
raster from which the areas were to be summarized within each zone. This provided a table with information 
on how much area remained within the same land cover class from 2001 to 2012, how much had changed, 
and what it changed into. This procedure was repeated for each country (Global administrative areas 
http://www.gadm.org) – for a total of 231 country-specific LULUC matrixes. Analogously, matrixes were 
produced for the periods 2005-2010, 2010–2012, and for each of the years from 2001-02 to 2011-12. 
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Furthermore, we aggregated the values to generate six continental matrixes for the same timeframes. The 16 
land cover classes generated 240 land cover changes, which is the number of cells in matrix V1 excluding 
the 16 diagonal values. The diagonal values represent instead the land uses that did not undergo a change. 
The spatially-explicit MODIS data allowed the creation of geographic maps of LULUC. In order to 
univocally identify the changes, we first assigned a sequential number, from 1 to 16, to the land categories of 
matrix V1 (Fig. 1). We then assigned a unique code to each LULUC by multiplying the land use in year y by 
a factor 100 and then added to this the sequential number of the land category in y+Δ. For example, the 
number 203 coded for a land cover type 2 (Evergreen broadleaf forest) in 2001, becoming land cover type 3 
(Deciduous needleleaf forest) in 2012. In this way it was possible to distinguish the 240 different LULUCs 
by a univocal integer number. The overall validation accuracy of the MODIS maps across all land classes is 
75%; “The error variance on this estimate is 1.3%, yielding a 95% confidence interval of 72.3–77.4%.”15. A 
few classes belonging to a similar ecological subset, such as savannas, woody savannas and open shrubland 
show a lower accuracy, due to the confusion arising when distinguishing land classes with very similar 
characteristics15. The accuracy would obviously increase by merging some of the land classes with similar 
characteristics, such as savannas and woody savannas, open and closed shrubland, cropland and 
cropland/natural vegetation mosaics. Yet we chose not to merge classes, leaving the option for users to 
aggregate results, depending on their needs. 

The limits of the IGBP land cover classification lie in not providing information on the actual land-use. The 
categories are, in fact, designed to univocally identify land based on land characteristics, such as canopy 
cover, vegetation height, soil type and temperature. These characteristics do not provide sufficient 
information to support environmental impact analyses related to LUC because they do not reveal whether the 
land is managed or unmanaged. 

2.2 LULUC matrix version 2 

The second version - V2 - of the matrix was designed to represent the tree-covered land, i.e. 
evergreen/deciduous needleleaf/broadleaf forest, mixed forest and woody savanna, according to the 
FAOSTAT forest land categories and to include the FAOSTAT category Permanent Crops while maintaining 
the remaining land categories as in the IGPB classification (Fig. 1). The Forest land cover classes of V1 were 
first aggregated into a Forest category, a provisional working category, and then disaggregated as shown in 
Figure 1 using FAOSTAT and Forest Resources Assessment (FRA) data17. Although the names of the forest 
land categories of matrix V2 echo FAOSTAT forest land categories, the forest area may be different because 
the FAOSTAT definition of forest land does not correspond to the IGPB definition23, 24. The generic 
FOREST working category of Figure 2 was disaggregated in matrix V2 by applying the ratio of the 
FAOSTAT forest subcategories Primary forest, Other naturally regenerated forest and Planted forest out of 
the total forested land reported in FAOSTAT. The IGBP classification system of forest in matrix V1 as land 
with a canopy cover >60% and a tree height of >2m was assumed to include permanent crops, e.g. fruit trees 
and plantations. Since IGBP land cover types do not distinguish the area of permanent crops, V2 included the 
FAOSTAT land category Permanent crops (Pc).  
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Figure 1- Land categories in LULUC matrix version 1 (V1) and matrix version 2 (V2). V1 categories corresponded to the IGBP DISCover land 
categories. In both versions of the matrix, Land-use Changes could occur between any land categories. The arrows represent the relationships between 
the categories of matrix V1 and V2. The dashed line indicates that land classes initially classified as non-forest but already showing woody vegetation 
in matrix V1 (closed and open shrub land) were included in the forest classes in matrix V2 if later they met the criteria to be classified as forest, in 
order to be consistent with the FAOSTAT definition of forest. FAOSTAT (2016) in fact defines as forest also land types not as yet having reached the 
forest canopy cover (or height) threshold but ‘able to reach these thresholds in situ’.  

 

Figure 2 – Working matrix illustrating the procedure for transforming matrix V1 into matrix V2. The dashed red lines indicate the 
aggregated Forest working category. The equations presented in this section refer to i and j in this figure, where they assume values 
of 1 ≤ i ≤ 3 and 5 ≤ j ≤ 14, respectively, as indicated by the values of ‘Initial Area’ in row 18 and ‘Final Area’ in column Q.  
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Figure 2 illustrates the structure of matrix version 2 as drawn from matrix version 1 and FAOSTAT data. 
The aggregated FOREST category Fag in Figure 1 is represented by the red dashed line in Figure 2. The area 
of permanent crops in year y (Pcy) was drawn by FAOSTAT and subtracted from the area identified as forest 
not undergoing changes by satellite imagery in Matrix V1. The dashed lines in Figure 1 indicate that non-
forest land with woody vegetation (i.e. land classified as open and closed shrubland) not yet reaching the 
forest thresholds in year y but “able to reach these threshold in situ” 24 was classed in matrix V2 as forest 
land cover type, consistent with the FAOSTAT definition. Consequently, cells from G3 to G7 and H3 to H7 
in matrix V2 (Fig. 2) cannot assume any value, because they were already classed as forest lands. Further 
details concerning the calculation of the forest land and loss and gain of permanent crops – respectively FOUT, 
PcOUT and FIN, PcIN in Figure 2 - as well as the calculation of the diagonal values, are provided in the 
supporting information (SI), document ‘SI 1’.  

3. Results and discussion 

The outcome was a first country-based globally consistent set of spatially-explicit LULUC matrixes. The 
matrixes were grouped in a database containing LULUC matrix V1 and V2 for 231 countries and six 
aggregate matrixes for Africa, Asia, Europe, Oceania, Northern/Central America and South America, 
respectively (see also Fig. S3 in ‘SI 1’). The database is available as a comma-separated csv file (supporting 
information in ‘SI 2’). For each country and continent 14 matrixes were generated with the following 
reference years: 2001-2012; 2005-2010; 2010-2012 and eleven annual LULUC matrixes, from year 2001-02 
to year 2011-12. The globally aggregated matrixes V1 and V2 for the same timeframe are shown in Figure 3 
(see also Fig. S2 in ‘SI 1’).  
Between 2001 and 2012 the majority of the world forests were evergreen broadleaf forests and the most 
extensive land cover type on Earth was barren and sparsely vegetated land followed by open shrubland, as 
shown in Figure 3(a). These were also the land cover types undergoing the most change globally from 2001 
to 2012. Matrix V2 in Figure 3(b) enables natural forest to be distinguished from planted forest and 
permanent crops. Overall, the aggregate matrix in Figure 3(b) shows: 

• a substantial decrease of natural forest land, caused by forest degradation (transformation into 
shrubland, savanna and mosaics of natural vegetation and cropland), cropland and grassland 
expansion; 

• a rather stable cropland area, although with an increasing area of mosaics of cropland and natural 
vegetation, which, in turn, changes into forested land and woody vegetation; 

• a global increase in open shrubland, mainly at the expense of barren land and grassland; 
• a global expansion of grassland  in barren or sparsely vegetated land, cropland and forest land. 

The matrixes aggregated per continent (SI 1, Appendix A) showed a decrease of Primary forest land, 
especially in Africa and South America, a minor decrease in Oceania and Asia and a slight increase in 
Europe (SI 1, Fig. S3). More detailed information concerning LULUC within a single continent can be 
obtained from matrix V1 and V2 aggregated per continent (SI 1, Appendix A) and by analyzing the country-
based matrixes (SI 1, Appendix B, SI 2 and 3).  

Figure 3 - Global LULUC matrix V1 (a) and V2 (b) for the period 2001-2012. The values in the diagonal represent the amount of land-use type that 
did not undergo any change. The size of the blue bars in the diagonal cells indicates the extent of land not undergoing a change compared to the other 
diagonal values. The remaining off-diagonal cells are represented by a red color scale, underlining the most significant land-use changes between land 
classes.  
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The database was designed to support spatially-explicit analyses of national, regional and global LULUC and 
advanced LUC analyses. The novelty appeared to be the outstanding ability to visualize land-uses and land-
use transitions for a specific country in a specific timeframe, distinguishing between managed and 
unmanaged land such as primary forest from secondary forest, planted forests and permanent crops. The 
matrixes also allow the identification and quantification of deforestation and land-use type following land 
clearing activities; areas where cropland is expanding or decreasing; identification of land not in use or 
unproductive arable land; the location and therefore the potential productivity of land in transition, etc. There 
was a substantial difference between the two versions of the matrixes since they provided complementary but 
not comparable results and therefore required pairwise analysis. An example of analysis at continent level is 
provided in SI 1, section 2.1. 

In order to give an example of country-level applications through simple analyses, we focus here on the most 
significant changes in forest and cropland area occurring in the period 2001-2012. We therefore discuss LUC 
involving forest categories in Brazil, Indonesia and Papua New Guinea (PNG) based on the considerations 
made in SI 1, section 2.2 (SI 1, Table S1), and the LUC involving cropland in the United States (SI 1, Table 
S1). Matrix V1 and V2 for these countries are available in Appendix B (SI 1).  

3.1 Brazil 

The predominant LUC in Brazil included forest land, savanna, grassland and cropland/natural vegetation 
mosaics (Appendix B, Table SB1 and SB2, in SI 1). V1 fully corresponded to the IGBP classification system 
and to the spatially-explicit MODIS data, allowing the creation of geographic maps of LULUC. The maps 
were generated assigning a unique code to each land-use change. The coding was done by multiplying the 
land use type sequential number in year y by a factor 100 and then adding the land cover in y+Δ, as 
explained in section 2.1. V1 therefore allowed the generation of geographic maps of the LUC to better 
interpret the LUC dynamics identified by both matrix V1 and V2. Figure 4 shows the location of the 
Brazilian LUC of non-woody land types, with increases or decreases of canopy cover and including 
wetlands. Large LUCs between forest land types and wetlands were found in the proximity of lakes or rivers 
such as along the Amazon River. They might therefore be the result of floods and changes in water level 
rather than of anthropogenic activities such as forest clearing. LUC involving a decrease in canopy cover 
may indicate forest degradation caused by deforestation activities. This was especially evident along the 
southern border of Amazonia (brown colors in Fig. 4). In some areas these decreases in canopy cover were 
located close to areas where savanna turned into forest (dark green in Fig. 4, Box 1), suggesting a natural 
regeneration process of recently cleared land. Areas with LUC involving an increase in canopy cover from 
cropland (lighter green in Fig. 4, Box 2) were clearly distinguishable geographically from areas with 
decreasing canopy cover.  As explained in section 2, matrix V2 distinguishes between forest management 
practices by using FAOSTAT forest definitions, i.e. primary, planted or other naturally regenerated forests 
and permanent crops. Despite a significant area of naturally regenerating forest, the decrease of both primary 
forest and especially secondary forest in Brazil covered a rather extensive area. The forest disturbance 
seemed to be driven particularly by timber extraction: changes of forest land into savannas were the 
dominant LUC over other changes such as into cropland/natural vegetation mosaics or grassland, while there 
were no substantial changes in permanent crops.  

In order to validate the data with previous findings, we compared our results with the results of Richards25, 
showing the link between expansion of soybean in Brazil and increasing biofuel demand in the northern 
hemisphere. This demand increases soybean prices and encourages soybean production in Brazil mainly in 
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areas previously occupied by beef cattle, hence displacing beef cattle production to make room for soybean 
production. The displaced pasture land for cattle results in further deforestation, especially near the Amazon 
rainforest border. We generated a similar map as in Richards25 for validation and the results appeared very 
similar. In the area identified by Richards25, the transition from beef cattle production to soybean production 
corresponds to changes in non-woody land as in our map (in gray in Fig. S4). Likewise, the transition of 
forest to pasture for beef cattle production near the Amazon border corresponds to a decreasing canopy cover 
(in brown in Fig. S4) in our study.  

 

 
Figure 4 - Main land cover change in Brazil from 2001 to 2012. 1 and 2 indicate the zoom level.  

3.2 Indonesia and Papua New Guinea (PNG) 

Indonesia and PNG’s Matrixes V1 and V2 for 2001-2012 are presented in Table SB3 and SB4, and SB5 and 
SB6, respectively (Appendix B, SI 1). Matrix V1 (Table SB3) shows an extensive area of about 90,000 km2 
converted from evergreen broadleaf forest to cropland/natural vegetation mosaics  and about 98,000km2 for 
the opposite. Most of the LUC occurred in Sumatra and West Kalimantan (Fig. 5), areas that have knowingly 
experienced recent intense forest clearing and palm oil plantation development. We found that in these 
regions LUC was mainly dominated by changes from broadleaf forest to cropland/natural vegetation mosaics 
and vice versa (Table SB3, SI 1), occurring in adjacent geographical locations (Fig. 5, Box 1). While matrix 
V1 did not distinguish between natural regrowth and evergreen broadleaf plantations (e.g. palm oil), 
Indonesia matrix V2 (Table SB4, SI 1) distinguished between mosaics of cropland and natural vegetation 
turning into permanent crops or naturally regenerated forest following logging activities (Fig. 5). These 
findings confirm the results of Margono et al.26 who found a large forest loss in the Sumatra area from 2000 
to 2012, and Gunarso et al.27 who found a large increase in palm oil production from 1990 to 2010 in this 
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area. The fact that we find these two occurrences in adjacent locations indicates an ongoing process of forest 
clearing combined with growth of palm trees for palm oil production.      

 
Figure 5 - Main land cover change in Indonesia and Papua New Guinea from 2001 to 2012. 1 and 2 indicate the zoom level.  

Between 2001 and 2012 PNG experienced a loss of about 31% of its primary forests according to both 
LULUC matrix V2 and the FAOSTAT database (Table 1 and 2 in SI 1). In the same period Indonesia lost 
approximately 5.4% of its primary forest while Brazil lost around 3.4%.  In PNG, 56,440 km2 of primary 
forest turned into forest with visible indications of human activities or degraded forest, such as selectively 
logged-over areas and forests with a mix of naturally regenerated trees and planted/seeded trees. A large area 
of primary forest, nearly 12,000 km2, was also transformed into permanent wetland together with almost 
4,000 km2 of naturally regenerated forests, while 10,111 km2 of land identified as permanent wetland 
changed into other naturally regenerated forest (Appendix B, Table SB5 and SB6, SI 1). In the same 
timeframe Indonesia’s LULUC matrix V2 identified 23,509 km2 of primary forest lost to wetland and 14,652 
km2 for the reverse process, while 19,570 km2 of wetland was identified as changing to permanent crops 
(Appendix B, Table SB3 and SB4). The intense exchange between forest land categories and wetland 
appeared common in tropical and subtropical countries with extensive areas of peat swamp forests, forests 
located in the proximity of rivers or lakes and mangrove forests, as for example in PNG and Indonesia (Fig. 
5, Box 2) and Brazil (Fig. 4, Box 1), and thus did not identify logging activities. Yet, the irregular patches of 
closely spaced land where the canopy cover was increasing and decreasing (Fig. 5, Box 2) suggested that in 
the case of PNG the extensive area of recently cleared forest may have been left after clearing to natural 
regeneration. In 2014, 3.8 million m3 tropical  wood was exported from Papua New Guinea, making the 
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country the largest exporter of tropical wood28. Land clearing in PNG seems therefore mainly driven by 
cheap timber extraction rather than by increasing land demand. 

Single-year matrixes could also provide additional information on how best to interpret the LUC matrixes. 
They can be used to detect irregular trends and inconsistencies in both satellite data and national statistic. 
Figure 6, for example, allows the distinction of more permanent LUC from short-term changes caused by 
classification of land in rapid transition over a set timeframe, as in the case of cleared forests and natural 
forest regeneration or plantation growth. The algorithms redistributing land in matrix V2 received as input 
parameters MODIS and FAOSTAT data on land-use and classification for the relative timeframe. The final 
land classification calculated by a single-year matrix (e.g., 2002 area of primary forest in matrix V2 2001-
2002) did not affect the initial area of the following single-year matrix (e.g., 2002 area of primary forest in 
matrix V2 2002-2003). Consequently, different values for the same reference time and land-use type could 
be observed as a result of input data error or incorrect classification of satellite imageries. Papua New Guinea 
primary forests and other naturally regenerated forests showed a continued decrease and increase, 
respectively (Fig. 6), while permanent crops showed a discontinuity in 2007-08, although the value remained 
nearly constant in the timeframe. FAOSTAT permanent crop data for PNG are, in fact, based on manual 
estimations and may not accurately reflect the LULUCs involving permanent crops. Savannas also showed a 
constant decrease, despite the amount of land identified as savanna being small compared to the total area of 
the country, and hence more likely to be affected by classification errors. Areas classified as wetland and 
cropland/natural vegetation mosaics (Fig. 6) were vaster than the savannah type but subjected to rapid 
changes (most likely as a consequence of floods or storms) and appeared therefore more fragmented. It was, 
however, possible to identify a clear trend also for those land classes. 
 

 
Figure 6 – Annual LULUC for six land-use classes calculated by the single-year  V2 LULUC Matrixes for Papua New Guinea 2001-2012. 
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3.3 United States  

The three most common land classes in the U.S. were grassland, cropland and open shrubland and the most 
common LUCs between 2001-2012 occurred between grassland and open shrubland and grassland and 
cropland (Appendix B, Table SB9 and SB10, respectively, SI 1). Here we focus on the LUC of cropland 
abandonments in the U.S., which is the highest cropland area reduction of all countries in 2001-2012 (Table 
S3, SI 1), decreasing by approx. 115.000 km2 and of cropland/natural vegetation mosaics by approx. 46.000 
km2. These severe land cover changes appear to be scattered mainly across the eastern parts of U.S. (purple 
color, Fig. 7). These areas show the locations where the cropland area has decreased: grassland and cropland 
have turned into cropland/natural vegetation mosaics, and savannas into open shrubland. The locations of 
land abandonments  appear to confirm the findings of Davis et al.29. The figure also identifies the location 
with a clearly increasing (in green) and decreasing (in orange) trend in canopy cover in distinctly separated 
areas.  

 

Figure 7 - Main land cover change in the U.S. from 2001 to 2012. The lower box indicates the zoom level.  

The cropland area also decreased in Europe (Table S3, SI 1). Poland had the largest loss of cropland at 
26,000 km2 - 23% of the total cropland in 2012 (Table S3, SI 1). In line with the European trend, The Polish 
cropland loss was in favor of the cropland/natural vegetation mosaics land type, which, in turn, changed in 
favor of mixed forest (Appendix B, Table SB7, SI 1) identified as planted forests in matrix V2 (Appendix B, 
Table B8, SI 1). Ukraine also showed a net loss of cropland of around 20,000 km2 (SI 3) and a net change 
from cropland to cropland/natural vegetation mosaics of roughly 27,000 km2. In the same period about 6,000 
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km2 of cropland/natural vegetation mosaics turned into mixed forest. These data on Poland and Ukraine 
suggest a steady abandonment of cropland, most of which remained fallow afterwards. A similar trend was 
identified in other eastern European countries, for example Romania and Bulgaria (SI 1 and 2). There was no 
substantial difference between matrix V1 and V2 concerning the land cover types identifying cropland 
abandonment (Fig. 2). It was therefore possible to explicitly identify the geographical location where 
cropland changes occurred.  

3.4 Outlook 

The database could support a number of applications: it facilitates a more holistic assessment of land-use 
changes, explicitly quantifying changes occurring between land classes – 240 LUC for matrix V1 and 183 
for matrix V2. It could support global-scale land-use change analyses, requiring a distinction between land 
types based not only on land cover but also on land-uses. The matrixes provided a good overview of where 
and what type of LUC occurred. This information is crucial when calculating LULUC emissions for, e.g., 
national and global emission inventories. Furthermore, the information contained in the LUC matrixes also 
provides an important input for economy-wide models that focus on iLUC. Economy-wide models can 
include LCA, input-output (IO) models and general and partial economic equilibrium models. The spatially 
explicit dataset constituted by matrix V1 may serve as a starting point for further studies aiming at 
determining the drivers of land-use change supported by spatial statistical modeling. The drivers of land 
abandonment, for example, could be stepwise assessed globally, regionally, and locally. This could shed 
light on potential dependencies between geographical characteristics, LUC drivers and their intensity30. The 
single-year matrixes could also allow the assessment of not only the location but also the rate of change. The 
rate can be calculated by detecting the change over a time period for each cell31. The database was designed 
to be modified and include MODIS Collection 6 product when available and FAOSTAT updates. The 
accuracy of matrix V2 was affected by the lack of FAOSTAT data (e.g., data on primary forest or permanent 
crops); analogously, FAOSTAT proxy data based on manual estimation with high uncertainties implied a 
higher uncertainty also of the data reported in matrix V2. 
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Supporting information 1 (SI 1) 

1. Materials and methods 

1.1 Disaggregation of the forest land category  

Figure S1 below schematically summarizes the steps to obtain matrix V1 and V2. This section presents details 
concerning the calculations to obtain matrix V2 from matrix V1. The quantities in the equations below are 
shown in Figure 2 in the manuscript.  

 
Figure S1 - Graphic representation of the methodology to create - from MODIS Collection 5 land cover data - matrix version 1 and 
matrix version 2. The numbers and the category names in the tables are merely illustrative. 

The area of permanent crops in year y (Pcy) was drawn by FAOSTAT and subtracted from the area identified as 
forest not undergoing changes by satellite imagery in matrix V1. The value in cell B3 in Figure 2 therefore 
represents the actual forested area, without permanent crops, obtained as follows: 

𝐹𝑦 = 𝐹𝑎𝑎 − 𝑃𝑃𝑦   (1) 

where Fy is the total forest area not undergoing changes from year y to y+Δ in matrix V2 (cell B3 in Fig. 2); Fag 
is the aggregated total forest area drawn by matrix V1 in year y, indicated as FOREST (Fag) in Figure 1; Pcy is 
the area occupied by permanent crops in year y. The dashed lines in Figure 1 indicate that non-forest land with 
woody vegetation (i.e. land classified as open and closed shrubland) not yet having reached the forest thresholds 
in year y but “able to reach these threshold in situ” (FAOSTAT 2016) was included in matrix V2 as forest land 
cover type, consistent with the FAOSTAT definition. Consequently, cells from G3 to G7 and H3 to H7 in matrix 
V2 (Fig. 2) cannot assume any value, because they were already included as forest lands. The values of cells B4 
to B6 were calculated by distributing Fy proportionally to FAOSTAT forest land subcategories in year y:  
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𝐹𝑖𝑦 = 𝐹𝑦 ∗ �
𝐹𝑖𝑦
𝐹𝑦𝑦𝑦𝑦

�
𝐹𝐹𝑦𝐹𝑦𝐹𝑦

 with 1 ≤ 𝑖 ≤ 3         (2) 

where i distinguishes the value in year y for the three forest subcategories in matrix V2: Primary forest F1y, Other 

naturally generated forest F2y and Planted forest F3y; Fy is calculated in Eq. (1); � 𝐹𝑖𝑖
𝐹𝑖𝑦𝑦𝑦

�
𝐹𝐹𝑦𝐹𝑦𝐹𝑦

 is the ratio of 

total forest land that was Primary forest (i=1) or Other naturally generated forest (i=2) or Planted forest (i=3) in 
year y calculated by using FAOSTAT data. Similarly, in Figure 2 the final forest area in cells C3 to E3 (F𝑖(y+Δ)) 
was calculated by Eq. 2 for year y+Δ and the area covered by permanent crops in year y+Δ (Pcy+ Δ) was drawn by 
FAOSTAT (cell F3).  

1.2 Calculation of the forest land and permanent crop loss (OUT) and gain (IN) 

The area of forest and permanent crops lost (OUT), represented by the orange-colored area in Figure 2, was:  

𝐹𝑦𝑂𝑦 = �(𝐹𝑖𝑦𝑂𝑦)
3

𝑖=1

+ 𝑃𝑃𝑦𝑂𝑦  = ���𝐹𝑖𝑖𝑦𝑂𝑦�
14

𝑖=5

3

𝑖=1

+ �𝑃𝑃𝑖𝑦𝑂𝑦

14

𝑖=5

   (3) 

where FijOUT and PCjOUT were calculated by proportionally distributing the values Fjy in Figure 2 as shown below:  

𝐹𝑖𝑖𝑦𝑂𝑦 = 𝐹𝑖𝑦 ∗ �
𝐹𝑖𝑦
𝐹𝑎𝑎

�  with 1 ≤ 𝑖 ≤ 3 and 5 ≤ 𝑗 ≤ 14        (4)  

𝑃𝑃𝑖𝑦𝑂𝑦 = 𝑃𝑃𝑦 ∗ �
𝑃𝑃𝑦
𝐹𝑎𝑎

�  with 5 ≤ 𝑗 ≤ 14                              (5) 

where i distinguishes the three forest subcategories in matrix V2: Primary forest, Other naturally generated forest 
and Planted forest; j distinguishes the non-forest land categories in matrix V2, from the fifth land category, 
Closed Shrubland, to the fourteenth, Water; Fiy is the initial amount of the forest category i in year y; Fjy is the 
total amount of forest category i changing into a non-forest land class (j) from year y to y+Δ; Pcy is the amount 
of Permanent crops in year y; FijOUT  represents  the area of forest subcategory i in year y that became a non-
forest land category j in year y+Δ (e.g., any cells from C8 to C17 for i=1); PcjOUT  represents  the area of 
permanent crops in year y that became a non-forest land category j in year y+Δ (cells from F8 to F17 in Fig. 2); 
Fag was defined in Eq. 1.  

Similarly, the area of forest and permanent crops gained (IN) - represented by the green area in Figure 2 – was 
calculated as:  

𝐹𝐼𝐼 = �(𝐹𝑖𝐼𝐼)
3

𝑖=2

+ 𝑃𝑃𝐼𝐼 = ���𝐹𝑖𝑖𝐼𝐼�
14

𝑖=7

3

𝑖=2

+ �𝑃𝑃𝑖𝐼𝐼

14

𝑖=7

             (6) 

The value for i=1 was excluded to maintain coherence with the FAOSTAT land category definition of primary 
forest, where primary forest is defined as forests “where there are no clearly visible indications of human 
activities and the ecological processes are not significantly disturbed” (FAOSTAT 2016). The quantities in Eq. 
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6 were calculated for each cell of the green area in Figure 2 by proportionally distributing the aggregated values 
Fj(y+Δ) as follows: 

𝐹𝑖𝑖𝐼𝐼 = �𝐹𝑖(𝑦+𝛥) − 𝐹𝑖𝑖� ∗ �
𝐹𝑖(𝑦+𝛥)

𝐹𝐼𝐼(𝑦+𝛥)
�  with 2 ≤ 𝑖 ≤ 3 and 7 ≤ 𝑗 ≤ 14        (7)  

𝑃𝑃𝑖𝐼𝐼 = �𝑃𝑃𝑦+𝛥 − 𝑃𝑃𝑖� ∗ �
𝐹𝑖(𝑦+𝛥)

𝐹𝐼𝐼(𝑦+𝛥)
�  with  7 ≤ 𝑗 ≤ 14                                 (8) 

 𝐹𝐼𝐼(𝑦+𝛥) = �𝐹𝑖(𝑦+𝛥)

14

𝑖=7

             (9) 

where i distinguishes two forest subcategories in matrix V2: Other naturally generated forest and Planted forest; j 
distinguishes the non-forest land categories in matrix V2, from the seventh land category, Savanna, to the 
fourteenth, Water; 𝐹𝑖𝑖𝐼𝐼 is the area of non-forest land category j in year y that became a forest subcategory i in 
year y+Δ (e.g., any cells from I5 to P5 for i=2); 𝑃𝑃𝑖𝐼𝐼 is the area of non-forest land category j in year y that 
became permanent crops in year y+Δ (e.g., any cell from I7 to P7 in Figure 2); 𝐹𝐼𝐼(𝑦+𝛥) is the sum of Fj(y+Δ) in 
Figure 2, which is the sum of categories j in year y that became forest land category or permanent crop in year 
y+Δ; 𝐹𝑖𝑖 is the area covered by forest subcategory i in year y that did not undergo any change; 𝑃𝑃𝑖 is the area of 
permanent crops in year y that did not undergo any change. Equations 3 and 6 as described above are static: they 
do not depend on the relationship between the net change of forest land from year y to y+Δ of matrix V1, i.e., 
𝛥𝐹𝑣1 = 𝑌0 − 𝑋0 (Fig. 2), and the FAOSTAT net forest land change 𝛥𝐹𝐹𝐹𝑦𝐹𝑦𝐹𝑦 = (𝐹𝑦+𝛥 − 𝐹𝑦)𝐹𝐹𝑦𝐹𝑦𝐹𝑦. Since the 
land categories of matrix V1 did not allow the distinction between managed and unmanaged woodland, ΔFv1 
could be different from the ΔFFAOSTAT calculated in the same timeframe.  As a result, matrix V1 could show an 
increasing forest land area in countries where FAOSTAT registered a decrease of forest land: e.g., where the 
increase in managed land with woody vegetation surpassing the forest definition threshold is higher than the rate 
of deforestation during the analyzed timeframe; or vice versa, a decreasing forest land area in countries where 
FAOSTAT registered an increase of forest land.  

1.3 Conditional value of forest and permanent crop losses  

In order to correct the net forest change obtained by matrix V1 ΔFv1 according to ΔFFAOSTAT and interpreting the 
LUC information of matrix V1 correctly, matrix V2 adjusted the area of woodland lost (indicated by OUT in the 
orange area in Figure 2) and gained (indicated with IN in the green area in Figure 2) according to the 
relationships between ΔFv1 and ΔFFAOSTAT  as given below.  

Case A: ΔFFAOSTAT - ΔFv1 ≤ 0 
In this case V1 underestimates the forest loss compared to the FAOSTAT net forest land change and therefore no 
limitation to the forest loss (indicated by OUT in the orange area in Figure 2) registered in matrix V1 was 
applied. The woodland area (Fag in Figure 1) undergoing a change, i.e. transformed into non-woodland according 
to matrix V1and represented by FOUT and PcOUT in Figure 2, was proportionally distributed among the  j land 
categories with 5≤ j ≤ 14 in Figure 2. The total area lost by the forest land classes and permanent crops of matrix 
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V2 in favor of all the other categories was therefore 𝐹𝑖𝑖𝑦𝑂𝑦𝐹 = 𝐹𝑖𝑖𝑦𝑂𝑦  and 𝑃𝑃𝑖𝑦𝑂𝑦𝐹 = 𝑃𝑃𝑖𝑦𝑂𝑦 (see Eq. 4 and 5) 
and, consequently,  𝐹𝑦𝑂𝑦𝐹 = 𝐹𝑦𝑂𝑦 as in Eq. 3. 

Case B: ΔFFAOSTAT - ΔFv1 > 0 
In this case V1 overestimates the forest loss compared to FAOSTAT net forest land change and therefore in 
matrix V2 only the quantity 𝐹𝑦𝑂𝑦𝐵 < 𝐹𝑦𝑂𝑦𝐹  is proportionally distributed among the j land categories with 5≤ j ≤ 14 
in Figure 2 and the remaining added to the respective diagonal value, representing the land not undergoing a 
change. The total area lost by the forest land classes and permanent crops of matrix V2 in favor of all the other 
categories was therefore calculated as 𝐹𝑦𝑂𝑦𝐵 = 𝐹𝐼𝐼 + 𝐹𝑦 − 𝐹𝑦+∆  and 𝐹𝑖𝑖𝑦𝑂𝑦𝐵 = 𝐹𝑖𝑖𝑦𝑂𝑦 ∗ 𝐹𝑦𝑂𝑦𝐵 /𝐹𝑦𝑂𝑦   

1.4 Conditional value of forest and permanent crop gains  

The final land area of other natural regenerated forests, planted forests and permanent crops was calculated in 
Eq. (2) for y+Δ. As for FOUT, FIN depended on the FAOSTAT-based values 𝐹𝑖(𝑦+∆) with 1< i <3 and 𝑃𝑃(𝑦+∆), 
generating two scenarios, depending on the relationship between 𝛥𝑖 = ∑ �𝐹𝑖(𝑦+∆) − 𝐹𝑖𝑖� + �𝑃𝑃(𝑦+∆) −3

𝑖=2

𝑃𝑃𝑖� and 𝐹𝐼𝐼(𝑦+∆): 
 
𝐶𝐶𝐶𝐶 𝐶: ∆𝑖  ≤ 𝐹𝐼𝐼(𝑦+∆) 
In this case 𝐹𝐼𝐼(𝑦+∆) (Eq. 9) was sufficient to reach the final values 𝐹𝑖(𝑦+∆) with 1< i <3 and 𝑃𝑃(𝑦+∆). Only the 
land area required to reach those values was assumed to be converted into other regenerated or planted forests 
and permanent crops and therefore 𝐹𝑖𝑖𝐼𝐼𝐶 = 𝐹𝑖𝑖𝐼𝐼   and  𝑃𝑃𝑖𝐼𝐼𝐶 = 𝑃𝑃𝑖𝐼𝐼   (see Eq. 7 and 8) and 𝐹𝐼𝐼𝐶 = 𝐹𝐼𝐼 as in Eq. 
5. 

 
𝐶𝐶𝐶𝐶 𝐷: ∆𝑖  > 𝐹𝐼𝐼(𝑦+∆) 
In this case all the available 𝐹𝐼𝐼(𝑦+∆)  was assumed to be converted into a forest subcategory or permanent crops 
and proportionally distributed among them as follows: 

𝐹𝑖𝑖𝐼𝐼𝐷 = �𝐹𝑖(𝑦+𝛥) − 𝐹𝑖𝑖� ∗ �
𝐹𝑖(𝑦+𝛥)

∆𝑖
�  with 2 ≤ 𝑖 ≤ 3 and 7 ≤ 𝑗 ≤ 14        (10)  

𝑃𝑃𝑖𝐼𝐼𝐷 = �𝑃𝑃𝑦+𝛥 − 𝑃𝑃𝑖� ∗ �
𝐹𝑖(𝑦+𝛥)

∆𝑖
�  with  7 ≤ 𝑗 ≤ 14                                 (11) 

This was also the only case in which the land area represented by 𝐹𝐼𝐼(𝑦+∆) would not be sufficient to reach the 
calculated values F𝑖(y+Δ) with 1< i <3 and Pc(y+Δ) – drawn by the FAOSTAT forest land type ratios (see Eq. 2) - 
resulting therefore in a difference between the calculated values and the final values appearing in matrix V2.  

1.5 Calculation of the area of land not undergoing LUC (diagonal values) 

The areas of the three subcategories i of forest land in matrix V2 on the diagonal (not undergoing any change) 
𝐹𝑖𝑖 were calculated as follows: 

𝐹𝑖𝑖 = 𝐹𝑖𝑦 − 𝐹𝑖𝑦𝑂𝑦                                         (12)  
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𝐹𝑖𝑦𝑂𝑦 = �𝐹𝑖𝑖𝑦𝑂𝑦

14

𝑖=5

  with 1 ≤ 𝑖 ≤ 3        (13)   

where i distinguishes the value on the diagonal of the three forest subcategories in matrix V2: Primary forest 𝐹1𝑖 , 
Other naturally generated forest 𝐹2𝑖 and Planted forest 𝐹3𝑖;  𝐹𝑖𝑦is calculated in Eq. 2; j distinguishes the non-
forest land categories in matrix V2 from the fifth land category, Closed Shrublands, to the fourteenth, Water; 
𝐹𝑖𝑦𝑂𝑦 represents the area of forest subcategory i in year y that became a non-forest land category j in year y+Δ 
(e.g., the sum of cells C8 to C17 for i=1); 𝐹𝑖𝑖𝑦𝑂𝑦  is calculated in Eq. 4. Similarly, the value on the diagonal 𝑃𝑃𝑖 
representing the area of permanent crops not undergoing a change from year y to y+Δ was calculated as:  

𝑃𝑃𝑖 = 𝑃𝑃𝑦 − 𝑃𝑃𝑦𝑂𝑦           (14) 

The values of LUC in matrix V2 involving neither forest subcategories nor permanent crops were equal to those 
in matrix V1 and were marked with ‘V1’ in Figure  2. The definition of primary forest suggests that only other 
naturally regenerated forest becomes primary if the area is left untouched long enough. Hence, the value of other 
naturally generated land becoming primary forest F2,1 (cell D4) was calculated as:  

𝐹2,1 = 𝐹1(𝑦+𝛥) − 𝐹1𝑖            (15) 

When Case B occurs, not all the land area 𝐹𝑦𝑂𝑦𝑦 (sum of 𝐹𝑖𝑦 for 5 ≤ j ≤ 14) is transferred to 𝐹𝑦𝑂𝑦 (Eq. 3). The 
remaining land area is considered as unchanged and added to the respective diagonal value  
𝐹𝑖𝑖 and 𝑃𝑃𝑖. Similarly, when Case C occurs, not all the land area 𝐹𝐼𝐼(𝑦+∆) (Eq. 9) is transferred to 𝐹𝐼𝐼 (Eq. 6) 
and the remaining land area is considered as unchanged and added to the respective diagonal value 𝐷𝑖.  

2. Results aggregated per continent and validation with FAOSTAT and FRA results 
 
2.1 Results aggregated per continent 
There was a substantial difference between the two matrix versions : V1 was based on the IGBP classification 
system, explicating the forest land cover type but not distinguishing between land-use types, e.g. natural forest 
and managed forest land or plantations; V2 distinguished the forest land types as in FAOSTAT, separating 
permanent crops and planted forests by primary and naturally regenerated forests. The two versions provided 
complementary but not comparable results and therefore needed a pairwise analysis. Matrix V1 showed, for 
example, that in Asia between 2001 and 2012 the most diffuse forest land class was evergreen broadleaf forest 
which increased by almost 170,000 km2 (Table SA3 in appendix below); matrix V2 (Table SA4), however, 
showed that most of the forest land type identified by matrix V1 was non-primary forest or planted forest and 
broadleaf crops, e.g. palm oil plantations: in 11 years the amount of Asian natural forest decreased by around 
115,000 km2, while planted forests and permanent crops increased by approximately 430,000 km2. Land types 
with similar definitions, or with differences in definitions determined by thresholds, such as Cropland and 
cropland/natural vegetation mosaics or open and closed shrubland, may often be confused with the land 
classification algorithms, amplifying the interclass LUC reported. Looking at the net exchange between two land 
classes may therefore help to identify land conversion patterns, especially among similar land classes. The most 
prominent land types in Europe, for example, were cropland,  mixed forests, and cropland/natural vegetation 
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mosaics (Appendix A, Table SA5); between 2001 and 2012 the area of primary forest increased by 28,500 km2, 
while cropland decreased by 65,000 km2 (Appendix A, Table SA6). 

 

  
Figure S2 - Percentage of global surface experiencing a change in land cover type during 2001-2012. Positive values indicate a net expansion while 
negative values a net reduction of land cover type. 

  

Figure S3 – Percentage of the continent surface - for each of the six continents - experiencing a change in land type during the period 2001-2012. Positive 
values indicate a net expansion while negative values a net reduction of land cover type. The Russian Federation was excluded from the aggregated value 
of both Europe and Asia due to the vastness and the peculiar characteristics of its area, extensively situated above the Arctic Circle. 
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The net land-use change between cropland and cropland/natural vegetation mosaics was 115,000 km2 in favor of 
the latter. At the same time, a net cropland/natural vegetation mosaics area of 39,000 km2 became Other naturally 
regenerated forest, indicating an overall decrease of cropland in favor of a progressive increase of forested area. 
Analogously, northern-central America experienced a reduction of cropland (-76,000 km2) and cropland/natural 
vegetation mosaics (-82,000 km2) and an increase in mainly grassland and planted forests (Appendix A, Table 
SA8). As expected, results show that the most severe deforestation - in terms of area loss - occurred in South 
America; natural forests were largely converted into savanna land type for a net loss of around 270,000 km2 - 
most likely indicating forest land degradation.  

2.2 Validation with FAOSTAT and FRA results 
As expected, matrix V1 could not distinguish between natural and planted forests (Table S1). Eight of the top 10 
countries experiencing most forest loss according to V2 (Table S1) also appeared on the top 10 listing based on 
FAOSTAT (Table S2). The top-five list of countries experiencing most primary forest loss in V2 (Table S1) 
mirrored the list in the F.R.A. database (Table S2). The difference in values was due to the difference in forest 
definition between the FAOSTAT (canopy cover >10% and tree height > 5 m)  and IGBP (canopy cover >60% 
and tree height >2 m) classification system. 

Table S1 –Top 10 countries listed by total forest area loss and primary forest area loss [km2] obtained with the V2 of the database and the total forest area 
loss obtained with V1, within timeframe 2001-2012. 

 

Table S3 lists the 10 countries suffering the largest cropland area losses and gains obtained through the 
FAOSTAT database and matrix V2. While some countries in Table 3 were present in both the FAOSTAT and 
matrix V2 list of cropland area loss (e.g., USA, South Africa, Poland, Australia) and gain (e.g., Brazil, Mali, 
Nigeria), the results for other countries (e.g., India and China) were rather different, where FAOSTAT showed a 
cropland area loss and matrix V2 a net gain. This may either be the consequence of a different interpretation of 
cropland or because the IGBP classification system distinguished between cropland from cropland/natural 
vegetation mosaics classes. It may also underline potential weaknesses in the FAOSTAT data: India and China’s 
FAOSTAT cropland land areas are in fact based on manual estimation, as reported on the FAOSTAT database. 
It should also be noted that the 45,000 km2 of cropland gain found by matrix V2 corresponds to a change of only 

Forest (Matrix V1)*  Forest area (Matrix V2) Primary forest  (Matrix V2)

Country
Loss 
2001-2012

Country
Loss 
2001-2012

Total 2012 Country
Loss 
2001-2012

Total  2012

1 Brazil 168,793 1 Brazil 204,660 4,019,187 1 Papua New Guinea 74,017 235,810

2 Mozambique 39,876 2 Indonesia 76,261 1,175,914 2 Brazil 57,018 1,651,605

3 Angola 22,980 3 Nigeria 59,760 109,049 3 Gabon 39,129 149,897

4 Côte d'Ivoire 22,152 4 Argentina 52,863 420,206 4 Indonesia 31,774 590,209

5
United Republic 
of Tanzania

21,655 5 Bolivia 46,265 614,465 5 Bolivia 23,257 406,072

6 Bolivia 16,025 6
Democratic Republic 
of the Congo

43,549 1,951,693 6
Central African 
Republic

18,525 48,828

7 Madagascar 12,996 7 Myanmar 41,615 450,863 7 Mexico 18,392 323,282

8 Zambia 12,826 8 Paraguay 38,774 218,665 8
Democratic Republic 
of the Congo

16,210 1,310,856

9
Democratic 
Republic of the 

12,394 9 Cameroon 36,459 296,922 9 Guyana 14,331 74,226

10 Argentina 12,238 10 Australia 35,862 930,189 10 Peru 13,408 659,553

* V1 does not distinguish between managed and unmanaged forest
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3% of the total cropland. The LUC results should therefore be interpreted taking into account also the total land 
area for the respective category. 

Table S2 – The ten countries suffering the largest total forest area loss and primary forest area loss [km2], obtained from the FAOSTAT and F.R.A. 
databases, within the timeframe 2001-2012. 

 

 Forest area (FAOSTAT) Primary forest  (FAOSTAT) Primary Forest (F.R.A. )

Country
Loss 
2001-2012

Total 2012 Country
Loss 
2001-2012

Total  2012 Country
Loss 
2000-2015*

1 Brazil 218,760 4,964,900 1 Brazil 69,974 2,026,910 1 Papua New Guinea 82,380

2 Indonesia 60,354 930,632 2 Papua New Guinea 60,412 192,466 2 Brazil 77,750

3 Australia 47,740 1,238,270 3 Gabon 35,820 137,220 3 Gabon 48,300

4 Nigeria 45,056 82,218 4 Indonesia 25,146 467,098 4 Indonesia 34,290

5
United Republic of
Tanzania 

43,440 471,760 5 Bolivia 21,056 367,640 5 Bolivia 28,820

6 Bolivia 41,886 556,310 6 Mexico 18,844 331,232 6 Mexico 22,470

7 Myanmar 38,784 306,802 7 Peru 13,464 662,304 7 Peru 18,940

8 Zimbabwe 35,678 149,992 8 Guyana 13,200 68,370 8 Guyana 18,000

9 Argentina 35,228 280,024 9
Democratic Republic
 of the Congo

12,750 1,031,066 9
Democratic Republic
 of the Congo

17,690

10
Democratic Republic
 of the Congo

34,254 1,535,122 10 Ecuador 8,465 126,982 10 Ecuador 11,543

* Data for 2001 to 2004 not present in the Forest Ressource Assessment (FRA) 2015 report. 2015 data are based on estimates
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Table S3 - The 10 countries suffering the largest cropland area losses and gains [km2]; data obtained from the FAOSTAT and matrix V2  database, within 
the timeframe 2001-2012. 

 

 
2.3 Validation of Brazilian LULUC patterns 
Figure S4 supports the discussion in section 3.1 in the manuscript where the Brazilian LUC patterns identified by 
Richards23 are compared with our findings in Figure S4.  

Cropland (FAOSTAT) Cropland (Matrix V2)

Country
Loss 
2001-2012

Total 2012 Country
Loss 
2001-2012

Total  2012

1 U.S.A. -202,925 1,551,075 1 U.S.A. -115,977 1,229,479

2 China -101,849 1,065,211 2 Kazakhstan -110,227 174,035

3 Russian Federation -41,100 1,197,500 3 Australia -69,984 442,262

4 India -37,790 1,565,460 4 South Africa -39,943 69,518

5 Turkey -32,240 205,770 5 Argentina -38,063 425,343

6 Australia -26,940 471,130 6 Poland -26,392 114,792

7 Poland -26,590 109,250 7 Chile -21,200 16,036

8 Italy -12,210 71,180 8 Uruguay -20,361 16,319

9 South Africa -11,850 125,000 9 Ukraine -19,130 406,997

10 Pakistan -10,600 302,400 10 Mongolia -14,384 18,069

Country
Gain 
2001-2012

Total 2012 Country
Gain 
2001-2012

Total  2012

1 Brazil 135,360 726,070 1 India 116,954 1,628,857

2 Argentina 120,080 397,540 2 Nigeria 56,954 189,376

3 Ethiopia 54,376 153,460 3 Canada 56,394 472,439

4 U.R. of Tanzania 50,700 136,000 4 Brazil 51,017 327,276

5 Indonesia 33,000 235,000 5 China 45,001 1,500,116

6 Mali 23,610 68,610 6 Pakistan 44,008 221,037

7 Nigeria 20,000 350,000 7 Spain 35,050 184,835

8 Niger 19,300 159,000 8 Ethiopia 29,048 132,591

9 Angola 17,000 47,000 9 Morocco 21,071 82,341

10 Mozambique 16,500 56,500 10 Mali 19,847 34,783
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Figure S4 - Main land cover change in Brazil from 2001 to 2012. 1 and 2 indicate the zoom level of the areas for which 
results are compared with Richards23. 
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2.4 Uncertainty analysis of V2 results 
The original data for this work and the algorithms implemented in matrix V2 combining MODIS and FAOSTAT data to 
provide the final land cover values do not give true replicates to enable the inherent variation of the yearly reported 
estimates of land area by land cover type to be estimated. However, we noticed that most of the land-cover types aggregated 
per continent showed a quasi-linear trend. Thus, in order to obtain an estimate of the variation in the yearly data of land 
cover per continent we performed a linear regression between year and land-cover type values by continent. 

Table S4 - Assessment of variation in estimates of V2 land-cover type areas assuming a linear land-cover change trends per land cover type. The table 
shows the values of mean land cover type, residual standard error and the coefficient of variation. The land-cover values for the test were obtained 
aggregating per continents; the values were then summed annually. 

 

Land cover type Mean  
(km2) 

Residual standard  
error  

Coefficient of  
variation 

Primary forest 1,742,363 34,010 1.95 

Other naturally regenerated forest 3,233,451 54,240 1.68 

Planted forest 300,481 5,013 1.67 

Permanent crops 211,152 2,415 1.14 

Grassland 2,656,581 77,790 2.93 

Croplands 1,726,578 39,160 2.27 

Urban and built-up area 92,687 761.2 0.82 

  
 

 Some land-cover changes showed a regular but non-linear trend and therefore were not included in the test. Final values for 
land cover types were therefore first aggregated per continent and then summed annually. Land-cover types were summed 
annually independently for the Russian Federation since neitherEuropean nor Asian territories include its territories in our 
dataset. An ordinary least squares regression between year and the 14 land cover types was then performed, providing a 
combined residual standard error (Table S4).  

The coefficients of variation show generally low values (from 0.82–2.93, Table S4). The test shows that, overall, the 
algorithm implemented in matrix V2 from V1 generally does not produce suspiciously irregular patterns in the relationship 
between year and final land cover type..  
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3. Appendices 

Appendix A 

The following tables report the aggregated matrix V1 and V2 for the six continents. The graphic in the tables 
helps to visualize hotspots and general trends. The numbers in bold on the diagonal represent the size of the land 
that did not undergo any change. The size of the blue bars in the diagonal cells indicates the extent of land not 
undergoing a change compared to the other diagonal values. The remaining off-diagonal cells are represented 
with a red color scale, underlining the most significant land-use changes between land classes. The matrixes 
presented here are also included in the database (see SI 2).  

Table SA1 – 2001-2012 Africa LULUC matrix V1 

 

Table SA2 - 2001-2012 Africa LULUC matrix V2 
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Final area
[km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²]

Evergreen needleleaf forest 61 128 16 19 369 206 133 1.088 65 159 120 40 0 34 35 228 2.700

Evergreen broadleaf forest 793 2.127.518 216 6.969 20.851 2.243 721 102.816 23.697 4.916 63.546 7.252 0 56.689 159 2.075 2.420.461

Deciduous needleleaf forest 5 153 4 5 21 14 12 42 17 34 58 47 0 27 9 23 469

Deciduous broadleaf forest 1 1.440 1 8.718 1.364 4.258 1.399 7.611 6.314 2.666 64 500 0 1.269 1 12 35.619

Mixed forest 95 2.565 39 605 7.106 486 258 14.624 6.006 1.342 1.086 1.441 0 1.796 55 349 37.853

Closed shrublands 14 144 20 339 328 21.134 17.751 2.021 10.345 14.983 376 1.130 0 1.110 121 150 69.967

Open shrublands 3 61 1 550 409 19.124 1.780.656 10.351 120.769 338.993 164 33.093 0 57.520 239.068 519 2.601.283

Woody savannas 74 95.094 27 32.942 75.108 16.690 12.946 3.074.333 620.285 41.838 8.732 60.356 0 249.068 138 286 4.287.917

Savannas 26 6.128 10 30.683 34.907 47.798 86.808 508.083 3.060.115 119.002 2.404 87.395 0 248.112 153 238 4.231.861

Grasslands 21 1.627 8 2.030 3.548 34.705 310.477 51.030 195.709 1.250.080 627 135.689 0 256.724 145.610 1.643 2.389.529

Permanent wetlands 1.849 36.124 309 1.615 11.095 4.135 1.427 34.113 19.157 5.330 51.098 7.939 88 6.061 1.870 4.850 187.060

Croplands 47 3.392 35 944 4.193 4.787 69.630 51.976 172.280 138.720 1.409 417.472 0 188.572 10.203 587 1.064.248

Urban build-up areas 0 0 0 0 0 0 0 0 0 0 38 0 40.990 0 0 2 41.029

Cropland/nat. vegetat. mosaics 64 89.662 12 3.999 10.191 7.685 40.856 280.059 369.397 271.415 2.954 146.544 0 1.038.718 42.709 502 2.304.767

Barren or sparsely vegetated 10 51 8 74 99 164 110.600 297 466 79.250 202 1.662 0 27.106 9.880.170 3.671 10.103.830

Water 67 412 49 172 967 309 417 585 390 1.146 1.649 414 5 349 3.625 205.466 216.021

Initial area 3.128 2.364.499 755 89.665 170.556 163.737 2.434.089 4.139.029 4.605.013 2.269.875 134.527 900.975 41.082 2.133.156 10.323.927 220.602 29.994.615

Net change -428 55.962 -285 -54.046 -132.703 -93.770 167.194 148.888 -373.152 119.654 52.534 163.273 -53 171.612 -220.097 -4.581 0
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Area

[km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²]

Primary forest 1.162.970 174.598 - - - - - - - - - - - - 1.337.568

Other naturally regener. forest 0 3.945.097 0 0 - - 422.330 32.786 47.360 44.805 0 198.741 256 1.912 4.693.286

Planted forest 0 0 105.178 0 - - 27.514 2.136 3.085 2.919 0 12.947 17 125 153.920

Permanent crops 0 0 0 234.341 - - 58.893 4.572 6.604 6.248 0 27.714 36 267 338.675

Closed shrublands 593 2.101 54 120 21.134 17.751 10.345 14.983 376 1.130 0 1.110 121 150 69.967

Open shrublands 2.353 8.336 213 474 19.124 1.780.656 120.769 338.993 164 33.093 0 57.520 239.068 519 2.601.283

Savannas 119.941 424.880 10.847 24.168 47.798 86.808 3.207.763 119.002 2.404 87.395 0 248.112 153 238 4.379.509

Grasslands 12.052 42.693 1.090 2.429 34.705 310.477 195.709 1.261.542 627 135.689 0 256.724 145.610 1.643 2.400.991

Permanent wetlands 17.604 62.361 1.592 3.547 4.135 1.427 19.157 5.330 67.655 7.939 88 6.061 1.870 4.850 203.617

Croplands 12.533 44.396 1.133 2.525 4.787 69.630 172.280 138.720 1.409 433.136 0 188.572 10.203 587 1.079.912

Urban build-up areas 0 0 0 0 0 0 0 0 38 0 40.990 0 0 2 41.029

Cropland/nat. vegetat. mosaics 79.429 281.369 7.183 16.005 7.685 40.856 369.397 271.415 2.954 146.544 0 1.108.199 42.709 502 2.374.248

Barren or sparsely vegetated 111 394 10 22 164 110.600 466 79.250 202 1.662 0 27.106 9.880.259 3.671 10.103.920

Water 466 1.650 42 94 309 417 390 1.146 1.649 414 5 349 3.625 206.135 216.689

Initial Area 1.408.053 4.987.875 127.343 283.726 139.841 2.418.621 4.605.013 2.269.875 134.527 900.975 41.082 2.133.156 10.323.927 220.602 29.994.615

NET change -70.485 -294.589 26.577 54.949 -69.874 182.662 -225.504 131.116 69.091 178.937 -53 241.092 -220.008 -3.912 0
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Table SA4 –2001-2012 Asia LULUC matrix V2 
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Final area
[km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²]

Evergreen needleleaf forest 32.941 574 514 239 48.271 3.122 2.963 18.123 2.729 20.922 1.652 5.513 0 3.491 1.824 2.173 145.051

Evergreen broadleaf forest 1.108 2.378.524 145 5.280 88.133 3.535 305 113.108 23.074 3.707 63.393 19.292 0 216.303 115 1.171 2.917.193

Deciduous needleleaf forest 105 111 2.279 106 9.261 114 197 2.859 380 1.236 227 881 0 1.263 118 248 19.386

Deciduous broadleaf forest 119 3.178 14 65.390 64.115 1.007 55 17.801 1.351 2.139 63 4.017 0 20.825 4 22 180.101

Mixed forest 32.164 42.763 7.279 94.238 1.398.113 32.337 4.152 343.221 27.050 60.778 11.230 97.776 0 138.619 640 2.158 2.292.517

Closed shrublands 92 232 18 145 3.480 4.243 3.238 3.869 1.094 3.455 276 6.124 0 2.349 198 123 28.936

Open shrublands 182 95 46 129 747 2.171 824.557 3.426 827 212.150 84 67.111 0 23.180 334.178 677 1.469.562

Woody savannas 2.057 96.421 392 23.495 154.755 10.700 9.305 719.036 47.224 35.989 5.568 100.790 0 156.024 338 616 1.362.709

Savannas 148 3.271 52 742 2.612 773 960 9.647 16.660 2.785 277 3.060 0 12.204 40 61 53.293

Grasslands 1.833 2.289 749 1.512 34.990 8.227 349.159 44.068 11.369 6.252.776 1.089 372.597 0 61.795 521.623 26.793 7.690.869

Permanent wetlands 2.624 56.033 640 1.296 12.355 5.271 1.786 17.223 4.327 9.882 63.957 25.671 432 13.484 3.442 5.300 223.725

Croplands 1.481 17.461 343 2.859 36.036 16.135 168.616 135.802 14.456 393.057 6.838 3.314.237 0 407.129 19.596 3.866 4.537.913

Urban build-up areas 0 0 0 0 0 0 0 0 0 0 167 0 229.039 0 0 11 229.217

Cropland/nat. vegetat. mosaics 702 146.327 371 9.987 54.471 6.331 11.398 146.822 67.048 69.185 7.113 379.719 0 958.292 2.696 984 1.861.444

Barren or sparsely vegetated 337 345 31 47 715 400 168.024 1.001 593 217.457 410 6.823 0 4.808 7.386.857 25.803 7.813.652

Water 1.065 948 199 153 2.769 776 3.015 2.390 425 26.226 3.028 2.847 20 2.561 62.331 339.873 448.627

Initial area 76.959 2.748.575 13.072 205.618 1.910.823 95.142 1.547.729 1.578.398 218.605 7.311.746 165.372 4.406.458 229.491 2.022.327 8.334.001 409.879 31.274.195

Net change 68.092 168.618 6.314 -25.517 381.694 -66.206 -78.168 -215.688 -165.313 379.123 58.353 131.455 -274 -160.883 -520.349 38.748 0
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Area

[km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²]

Primary forest 1.105.413 132.251 - - - - - - - - - - - - 1.237.663

Other naturally regener. forest 0 3.144.633 0 0 - - 43.405 53.196 35.016 97.321 0 228.742 1.296 2.723 3.606.331

Planted forest 0 0 881.701 0 - - 34.683 42.506 27.980 77.765 0 182.778 1.035 2.176 1.250.625

Permanent crops 0 0 0 570.027 - - 23.720 29.071 19.136 53.184 0 125.004 708 1.488 822.338

Closed shrublands 1.485 4.402 1.184 766 4.243 3.238 1.094 3.455 276 6.124 0 2.349 198 123 28.936

Open shrublands 877 2.598 699 452 2.171 824.557 827 212.150 84 67.111 0 23.180 334.178 677 1.469.562

Savannas 3.121 9.252 2.489 1.609 773 960 16.660 2.785 277 3.060 0 12.204 40 61 53.293

Grasslands 16.189 47.991 12.913 8.348 8.227 349.159 11.369 6.252.776 1.089 372.597 0 61.795 521.623 26.793 7.690.869

Permanent wetlands 17.086 50.648 13.628 8.810 5.271 1.786 4.327 9.882 63.957 25.671 432 13.484 3.442 5.300 223.725

Croplands 36.755 108.957 29.317 18.954 16.135 168.616 14.456 393.057 6.838 3.314.237 0 407.129 19.596 3.866 4.537.913

Urban build-up areas 0 0 0 0 0 0 0 0 167 0 229.039 0 0 11 229.217

Cropland/nat. vegetat. mosaics 67.961 201.465 54.208 35.046 6.331 11.398 67.048 69.185 7.113 379.719 0 958.292 2.696 984 1.861.444

Barren or sparsely vegetated 469 1.391 374 242 400 168.024 593 217.457 410 6.823 0 4.808 7.386.857 25.803 7.813.652

Water 1.426 4.227 1.137 735 776 3.015 425 26.226 3.028 2.847 20 2.561 62.331 339.873 448.627

Initial Area 1.250.782 3.707.816 997.650 644.989 44.327 1.530.753 218.605 7.311.746 165.372 4.406.458 229.491 2.022.327 8.334.001 409.879 31.274.195

NET change -13.119 -101.484 252.975 177.349 -15.391 -61.191 -165.313 379.123 58.353 131.455 -274 -160.883 -520.349 38.748 0
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Table SA5 - 2001-2012 Europe LULUC matrix V1 

 

  

Table SA6 - 2001-2012 Europe LULUC matrix V2 
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Final area
[km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²]

Evergreen needleleaf forest 208.466 134 1.048 374 72.960 804 7.853 72.862 5.521 7.452 1.154 2.874 0 9.181 758 4.411 395.852

Evergreen broadleaf forest 111 285 3 4 305 7 6 190 13 64 10 50 0 430 2 16 1.494

Deciduous needleleaf forest 1.038 11 141 36 738 67 428 1.500 312 664 345 416 0 897 82 246 6.919

Deciduous broadleaf forest 420 18 33 89.592 33.467 52 189 1.722 126 722 4 2.300 0 26.343 0 11 155.001

Mixed forest 95.735 1.038 1.284 45.928 670.373 586 5.439 80.600 6.875 18.766 1.022 20.671 0 115.771 183 1.584 1.065.857

Closed shrublands 78 5 11 12 321 1.297 1.918 2.802 1.041 1.119 39 678 0 125 13 15 9.475

Open shrublands 1.236 3 114 55 1.765 2.356 151.973 12.395 4.585 60.501 306 6.334 0 1.628 825 909 244.983

Woody savannas 34.966 105 1.569 1.072 30.862 4.884 31.118 281.186 28.562 21.175 2.746 32.489 0 18.411 368 2.658 492.170

Savannas 1.077 6 94 72 1.239 655 6.184 16.276 15.656 9.473 124 5.679 0 2.106 33 106 58.779

Grasslands 1.375 466 194 2.487 13.480 1.122 50.234 11.089 4.418 270.276 238 40.755 0 32.977 8.586 10.956 448.653

Permanent wetlands 896 41 481 105 3.068 329 891 3.734 764 2.085 2.203 935 39 2.209 320 1.017 19.115

Croplands 326 144 40 923 8.874 270 45.393 16.078 3.008 65.431 53 1.561.507 0 154.759 83 68 1.856.957

Urban build-up areas 0 0 0 0 0 0 0 0 0 0 87 0 122.129 0 0 6 122.221

Cropland/nat. vegetat. mosaics 2.412 983 251 15.373 40.132 151 2.107 14.731 2.206 27.259 87 270.504 0 499.968 24 88 876.276

Barren or sparsely vegetated 178 4 68 3 141 23 506 221 78 3.239 165 41 0 71 4.164 2.318 11.220

Water 6.898 17 387 28 3.390 103 2.552 4.419 465 7.557 1.044 123 12 205 6.235 138.780 172.216

Initial area 355.212 3.259 5.717 156.065 881.115 12.706 306.792 519.805 73.629 495.781 9.627 1.945.358 122.179 865.082 21.676 163.188 5.937.190

Net change 40.640 -1.764 1.201 -1.064 184.742 -3.231 -61.809 -27.635 -14.849 -47.129 9.488 -88.401 42 11.195 -10.456 9.029 0
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Area

[km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²]

Primary forest 426.594 74.275 - - - - - - - - - - - - 500.869

Other naturally regener. forest 0 1.010.079 0 0 - - 20.291 23.934 2.588 28.814 0 83.810 683 4.374 1.174.573

Planted forest 0 0 120.766 0 - - 3.880 4.577 495 5.510 0 16.026 131 836 152.221

Permanent crops 0 0 0 149.894 - - 698 824 89 992 0 2.884 23 151 155.555

Closed shrublands 773 1.966 219 272 1.297 1.918 1.041 1.119 39 678 0 125 13 15 9.475

Open shrublands 3.728 9.475 1.055 1.310 2.356 151.973 4.585 60.501 306 6.334 0 1.628 825 909 244.983

Savannas 4.493 11.420 1.272 1.579 655 6.184 32.195 9.473 124 5.679 0 2.106 33 106 75.318

Grasslands 6.966 17.706 1.972 2.448 1.122 50.234 4.418 289.784 238 40.755 0 32.977 8.586 10.956 468.161

Permanent wetlands 1.993 5.066 564 700 329 891 764 2.085 4.312 935 39 2.209 320 1.017 21.224

Croplands 6.318 16.059 1.788 2.220 270 45.393 3.008 65.431 53 1.584.993 0 154.759 83 68 1.880.443

Urban build-up areas 0 0 0 0 0 0 0 0 87 0 122.129 0 0 6 122.221

Cropland/nat. vegetat. mosaics 17.691 44.968 5.008 6.216 151 2.107 2.206 27.259 87 270.504 0 568.281 24 88 944.589

Barren or sparsely vegetated 147 375 42 52 23 506 78 3.239 165 41 0 71 4.721 2.318 11.777

Water 3.625 9.215 1.026 1.274 103 2.552 465 7.557 1.044 123 12 205 6.235 142.345 175.781

Initial Area 472.327 1.200.603 133.713 165.963 6.305 261.760 73.629 495.781 9.627 1.945.358 122.179 865.082 21.676 163.188 5.937.190

NET change 28.541 -26.030 18.508 -10.408 3.170 -16.776 1.690 -27.621 11.598 -64.915 42 79.507 -9.900 12.594 0
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Table SA7 - 2001-2012 Northern/Central America LULUC matrix V1 

 

  

Table SA8 - 2001-2012 Northern/Central America LULUC matrix V2 
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Final area
[km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²]

Evergreen needleleaf forest 1.447.079 1.845 28.392 2.053 226.495 2.009 61.670 289.140 120.512 101.792 20.817 14.752 0 50.285 2.349 24.525 2.393.713

Evergreen broadleaf forest 273 348.431 21 3.667 20.452 287 199 41.118 4.595 790 7.474 3.101 0 43.374 49 102 473.932

Deciduous needleleaf forest 6.387 18 5.709 175 4.452 292 16.393 11.179 8.920 7.139 16.952 350 0 2.035 1.235 7.628 88.864

Deciduous broadleaf forest 213 3.680 33 366.548 54.979 175 261 23.231 2.561 1.235 197 2.882 0 55.616 9 36 511.659

Mixed forest 151.450 22.360 10.002 108.755 1.262.652 2.260 30.140 231.647 23.309 14.509 22.743 9.663 0 160.623 842 10.942 2.061.896

Closed shrublands 597 160 107 210 912 14.509 10.163 11.648 3.336 4.887 552 1.729 0 4.020 72 98 53.000

Open shrublands 13.752 35 15.692 590 6.391 30.289 2.975.691 123.443 100.324 612.597 36.000 31.424 0 19.349 75.670 20.026 4.061.273

Woody savannas 122.199 29.622 19.709 34.456 192.684 13.304 148.653 1.119.198 197.571 75.385 39.172 32.221 0 109.284 2.568 19.737 2.155.764

Savannas 12.804 697 10.174 931 5.382 1.320 106.771 55.295 111.293 37.391 11.558 4.019 0 10.735 595 3.635 372.602

Grasslands 12.362 345 6.956 1.817 9.593 9.978 556.822 74.267 60.981 3.144.974 20.149 212.967 0 64.137 191.596 174.893 4.541.836

Permanent wetlands 10.327 4.679 13.745 1.435 16.950 3.517 86.032 36.572 23.126 26.260 135.970 4.354 107 12.446 3.484 11.026 390.032

Croplands 591 1.894 68 1.846 6.984 2.291 14.539 31.568 6.661 186.076 960 1.477.810 0 164.364 571 447 1.896.670

Urban build-up areas 0 0 0 0 0 0 0 0 0 0 117 0 142.006 0 0 7 142.130

Cropland/nat. vegetat. mosaics 4.093 24.351 526 48.257 36.769 3.018 6.284 75.216 30.705 41.743 871 198.087 0 964.300 97 218 1.434.536

Barren or sparsely vegetated 636 39 739 46 1.273 108 23.379 1.295 651 26.701 2.830 379 0 334 134.920 23.028 216.361

Water 31.662 226 4.430 478 9.890 604 23.941 20.589 7.690 66.670 19.664 977 14 1.820 85.484 3.187.034 3.461.172

Initial area 1.814.425 438.382 116.303 571.267 1.855.859 83.961 4.060.938 2.145.405 702.236 4.348.149 336.027 1.994.715 142.126 1.662.722 499.542 3.483.381 24.255.440

Net change 579.288 35.550 -27.439 -59.607 206.036 -30.962 334 10.359 -329.634 193.687 54.005 -98.044 3 -228.186 -283.181 -22.209 0
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Area

[km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²]

Primary forest 2.737.672 339.833 - - - - - - - - - - - - 3.077.505

Other naturally regener. forest 0 2.987.426 0 5.086 - - 197.248 110.828 59.238 34.746 0 232.424 3.891 34.746 3.665.633

Planted forest 0 0 321.004 617 - - 36.037 20.248 10.823 6.348 0 42.464 711 6.348 444.600

Permanent crops 0 0 0 74.310 - - 0 0 0 0 0 0 0 0 74.310

Closed shrublands 5.773 7.016 677 169 14.509 10.163 3.336 4.887 552 1.729 0 4.020 72 98 53.000

Open shrublands 67.703 82.283 7.938 1.979 30.289 2.975.691 100.324 612.597 36.000 31.424 0 19.349 75.670 20.026 4.061.273

Savannas 36.109 43.886 4.234 1.055 1.320 106.771 235.475 37.391 11.558 4.019 0 10.735 595 3.635 496.784

Grasslands 44.601 54.206 5.230 1.304 9.978 556.822 60.981 3.214.748 20.149 212.967 0 64.137 191.596 174.893 4.611.610

Permanent wetlands 35.442 43.075 4.156 1.036 3.517 86.032 23.126 26.260 173.265 4.354 107 12.446 3.484 11.026 427.327

Croplands 18.185 22.102 2.132 531 2.291 14.539 6.661 186.076 960 1.499.685 0 164.364 571 447 1.918.545

Urban build-up areas 0 0 0 0 0 0 0 0 117 0 142.006 0 0 7 142.130

Cropland/nat. vegetat. mosaics 80.112 97.365 9.393 2.341 3.018 6.284 30.705 41.743 871 198.087 0 1.110.629 97 218 1.580.865

Barren or sparsely vegetated 1.706 2.074 200 50 108 23.379 651 26.701 2.830 379 0 334 137.370 23.028 218.811

Water 28.484 34.619 3.340 832 604 23.941 7.690 66.670 19.664 977 14 1.820 85.484 3.208.909 3.483.048

Initial Area 3.055.787 3.713.884 358.304 89.310 65.634 3.803.622 702.236 4.348.149 336.027 1.994.715 142.126 1.662.722 499.542 3.483.381 24.255.440

NET change 21.718 -48.251 86.296 -15.000 -12.634 257.651 -205.452 263.461 91.300 -76.169 3 -81.858 -280.731 -334 0
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Table SA9 - 2001-2012 Oceania LULUC matrix V1 

 

  

Table SA10 - 2001-2012 Oceania LULUC matrix V2 
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Final area
[km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²]

Evergreen needleleaf forest 1.399 832 19 8 848 126 39 134 15 487 128 20 0 8 23 369 4.454

Evergreen broadleaf forest 1.398 708.907 45 2.276 27.820 1.154 171 32.255 4.559 8.030 11.922 7.321 0 13.545 42 441 819.885

Deciduous needleleaf forest 7 61 4 1 21 13 14 21 3 150 12 36 0 6 9 14 373

Deciduous broadleaf forest 9 197 1 143 508 82 347 2.795 432 155 9 381 0 189 1 8 5.257

Mixed forest 308 22.867 18 282 17.438 153 302 2.910 384 2.803 203 1.326 0 507 23 383 49.908

Closed shrublands 95 635 18 25 271 9.507 18.016 1.156 1.848 1.654 94 392 0 204 25 86 34.027

Open shrublands 5 43 5 179 437 61.384 4.195.444 45.684 98.498 442.281 37 51.974 0 9.510 133.413 2.645 5.041.540

Woody savannas 216 17.449 21 3.117 11.886 7.309 59.119 391.531 94.477 17.068 305 24.418 0 12.694 31 127 639.768

Savannas 6 580 1 873 869 29.940 78.206 109.171 387.092 21.033 67 4.915 0 21.622 15 36 654.426

Grasslands 142 11.433 35 714 2.545 12.073 102.581 31.896 61.989 257.684 71 77.482 0 10.141 1.191 2.594 572.572

Permanent wetlands 268 16.494 38 509 2.903 865 562 6.724 1.861 1.442 14.450 2.146 65 1.313 302 752 50.692

Croplands 1 4.935 9 348 1.444 534 18.654 25.537 4.798 33.050 79 363.173 0 14.132 98 108 466.901

Urban build-up areas 0 0 0 0 0 0 0 0 0 0 21 0 10.520 0 0 1 10.542

Cropland/nat. vegetat. mosaics 0 3.787 1 328 1.148 702 7.188 13.817 10.872 4.907 132 10.122 0 16.593 57 96 69.750

Barren or sparsely vegetated 2 22 1 7 17 27 7.622 99 11 2.114 43 52 0 41 59.956 3.513 73.527

Water 198 779 21 47 581 150 1.427 331 61 1.699 841 348 1 201 2.422 24.511 33.619

Initial area 4.054 789.022 238 8.857 68.737 124.018 4.489.692 664.060 666.902 794.557 28.414 544.107 10.587 100.706 197.607 35.683 8.527.241

Net change 400 30.863 135 -3.600 -18.829 -89.991 551.848 -24.292 -12.476 -221.985 22.278 -77.206 -45 -30.955 -124.079 -2.064 0
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Area

[km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²]

Primary forest 255.423 0 - - - - - - - - - - - - 255.423

Other naturally regener. forest 8.260 1.056.382 0 0 - - 92.683 26.628 11.673 31.090 0 25.009 119 1.245 1.253.088

Planted forest 254 0 27.267 0 - - 5.320 1.528 670 1.785 0 1.435 7 71 38.338

Permanent crops 104 0 0 11.864 - - 1.869 537 235 627 0 504 2 25 15.769

Closed shrublands 363 1.454 38 16 9.507 18.016 1.848 1.654 94 392 0 204 25 86 33.698

Open shrublands 7.655 30.628 791 344 61.384 4.195.444 98.498 442.281 37 51.974 0 9.510 133.413 2.645 5.034.604

Savannas 18.415 73.674 1.902 827 29.940 78.206 387.092 21.033 67 4.915 0 21.622 15 36 637.743

Grasslands 7.723 30.900 798 347 12.073 102.581 61.989 257.684 71 77.482 0 10.141 1.191 2.594 565.575

Permanent wetlands 4.449 17.798 459 200 865 562 1.861 1.442 14.450 2.146 65 1.313 302 752 46.662

Croplands 5.330 21.325 550 239 534 18.654 4.798 33.050 79 363.173 0 14.132 98 108 462.072

Urban build-up areas 0 0 0 0 0 0 0 0 21 0 10.520 0 0 1 10.542

Cropland/nat. vegetat. mosaics 3.151 12.608 325 142 702 7.188 10.872 4.907 132 10.122 0 16.593 57 96 66.895

Barren or sparsely vegetated 24 97 3 1 27 7.622 11 2.114 43 52 0 41 59.956 3.513 73.505

Water 323 1.293 33 15 150 1.427 61 1.699 841 348 1 201 2.422 24.511 33.326

Initial Area 311.476 1.246.160 32.166 13.995 115.182 4.429.699 666.902 794.557 28.414 544.107 10.587 100.706 197.607 35.683 8.527.241

NET change -56.054 6.929 6.172 1.774 -81.484 604.905 -29.159 -228.982 18.248 -82.035 -45 -33.810 -124.101 -2.357 0
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Table SA11 - 2001-2012 South America LULUC matrix V1 

 

  

Table SA12 - 2001-2012 South America LULUC matrix V2 
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Final area
[km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²]

Evergreen needleleaf forest 5.622 1.583 111 375 9.511 412 999 869 231 4.543 1.082 114 0 83 724 1.866 28.125

Evergreen broadleaf forest 2.213 6.112.102 271 20.775 40.087 3.623 1.563 69.940 91.321 20.365 66.988 10.760 0 117.382 205 1.360 6.558.956

Deciduous needleleaf forest 56 137 23 23 224 37 146 125 52 542 63 33 0 29 121 95 1.707

Deciduous broadleaf forest 611 14.545 11 367.543 31.642 1.448 1.468 99.880 28.350 12.070 1.011 3.036 0 9.806 26 274 571.721

Mixed forest 12.393 40.315 126 6.581 108.168 1.217 2.658 13.024 7.831 17.033 2.313 2.225 0 4.226 579 3.001 221.689

Closed shrublands 181 657 44 722 1.635 3.297 3.429 3.123 4.823 4.214 478 639 0 1.285 273 364 25.163

Open shrublands 140 451 32 2.015 2.679 5.176 1.265.078 15.302 12.539 153.899 243 18.097 0 12.190 45.985 2.140 1.535.966

Woody savannas 567 76.062 55 84.093 31.729 5.706 5.281 295.006 236.498 37.292 3.829 20.935 0 66.002 219 493 863.767

Savannas 119 155.578 20 28.458 19.241 33.414 23.767 247.095 2.262.721 263.332 3.243 66.507 0 353.404 175 172 3.457.246

Grasslands 1.737 17.564 268 21.909 26.930 11.135 126.133 80.489 177.391 952.132 5.116 135.767 0 69.490 21.375 5.100 1.652.536

Permanent wetlands 2.044 49.303 349 5.219 13.213 5.633 1.842 26.257 24.421 19.114 91.047 9.222 256 13.522 2.257 6.119 269.818

Croplands 262 17.599 70 14.633 10.207 3.328 7.487 36.839 81.881 80.746 3.548 515.060 0 98.815 1.079 641 872.195

Urban build-up areas 0 0 0 0 0 0 0 0 0 0 84 0 81.054 0 0 10 81.148

Cropland/nat. vegetat. mosaics 88 104.284 24 7.826 9.117 5.348 6.505 56.372 264.083 83.915 2.738 100.794 0 328.205 566 637 970.502

Barren or sparsely vegetated 67 144 13 66 224 197 30.395 210 190 20.529 341 266 0 605 456.320 8.865 518.433

Water 1.518 2.726 158 484 4.058 782 3.065 2.135 1.139 9.022 5.172 2.308 20 1.240 9.343 137.441 180.611

Initial area 27.617 6.593.048 1.577 560.722 308.666 80.751 1.479.818 946.665 3.193.470 1.678.747 187.297 885.763 81.329 1.076.285 539.247 168.578 17.809.581

Net change 508 -34.093 130 11.000 -86.977 -55.588 56.148 -82.898 263.775 -26.211 82.520 -13.568 -182 -105.783 -20.814 12.033 0
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Area

[km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²]

Primary forest 3.444.959 332.834 - - - - - - - - - - - - 3.777.793

Other naturally regener. forest 0 3.484.052 0 0 - - 268.543 67.706 55.500 27.352 0 145.615 1.382 5.226 4.055.375

Planted forest 0 0 86.501 0 - - 21.009 5.297 4.342 2.140 0 11.392 108 409 131.197

Permanent crops 0 0 0 122.611 - - 9.040 2.279 1.868 921 0 4.902 47 176 141.844

Closed shrublands 2.933 3.250 74 104 3.297 3.429 4.823 4.214 478 639 0 1.285 273 364 25.163

Open shrublands 9.508 10.534 239 338 5.176 1.265.078 12.539 153.899 243 18.097 0 12.190 45.985 2.140 1.535.966

Savannas 207.736 230.164 5.216 7.394 33.414 23.767 2.328.412 263.332 3.243 66.507 0 353.404 175 172 3.522.936

Grasslands 68.658 76.071 1.724 2.444 11.135 126.133 177.391 968.694 5.116 135.767 0 69.490 21.375 5.100 1.669.098

Permanent wetlands 44.445 49.243 1.116 1.582 5.633 1.842 24.421 19.114 104.623 9.222 256 13.522 2.257 6.119 283.394

Croplands 36.709 40.672 922 1.307 3.328 7.487 81.881 80.746 3.548 521.750 0 98.815 1.079 641 878.886

Urban build-up areas 0 0 0 0 0 0 0 0 84 0 81.054 0 0 10 81.148

Cropland/nat. vegetat. mosaics 81.945 90.792 2.058 2.917 5.348 6.505 264.083 83.915 2.738 100.794 0 363.825 566 637 1.006.122

Barren or sparsely vegetated 334 370 8 12 197 30.395 190 20.529 341 266 0 605 456.658 8.865 518.771

Water 5.109 5.660 128 182 782 3.065 1.139 9.022 5.172 2.308 20 1.240 9.343 138.720 181.889

Initial Area 3.902.336 4.323.642 97.986 138.890 68.308 1.467.702 3.193.470 1.678.747 187.297 885.763 81.329 1.076.285 539.247 168.578 17.809.581

NET change -124.543 -268.267 33.211 2.954 -43.146 68.264 329.466 -9.649 96.097 -6.878 -182 -70.163 -20.476 13.311 0
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Appendix B 

The following tables report matrix V1 and V2 for the countries mentioned in the manuscript or in the SI 1. The 
graphic in the tables helps to visualize hotspots and general trends. The numbers in bold on the diagonal 
represent the size of the land that did not undergo any change. The size of the blue bars in the diagonal cells 
indicates the extent of land not undergoing a change compared to the other diagonal values. The remaining off-
diagonal cells are represented with a red color scale, underlining the most significant land-use changes between 
land classes. The matrixes presented here are also included in the database (see SI 2). 

Table SB1 - 2001-2012 Brazil LULUC matrix V1 

 

Table SB2 - 2001-2012 Brazil LULUC matrix V2 
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area

[km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²]

Evergreen needleleaf forest 182 346 3 7 194 142 17 80 57 28 676 26 0 19 6 139 1.924

Evergreen broadleaf forest 382 3.463.049 48 8.540 11.007 1.450 83 34.627 46.201 3.129 30.115 4.002 0 50.103 27 416 3.653.179

Deciduous needleleaf forest 2 15 2 1 9 5 7 36 23 30 16 11 0 7 1 5 173

Deciduous broadleaf forest 10 2.017 1 5.246 716 212 23 6.447 7.664 399 185 447 0 1.430 0 6 24.804

Mixed forest 72 2.547 20 575 1.126 454 44 2.852 3.637 487 1.010 622 0 1.393 26 152 15.015

Closed shrublands 6 155 2 69 98 511 210 506 2.837 880 118 307 0 685 26 33 6.443

Open shrublands 1 41 0 46 25 839 6.176 769 9.818 9.747 14 1.364 0 1.335 100 25 30.301

Woody savannas 44 45.692 7 13.520 11.207 2.756 1.110 120.695 149.229 7.537 1.298 10.245 0 30.298 6 44 393.689

Savannas 45 136.080 3 19.348 13.259 31.388 20.742 188.084 2.016.386 202.272 1.482 52.921 0 282.570 34 35 2.964.651

Grasslands 12 3.136 14 989 1.110 2.984 5.055 12.997 96.546 144.542 348 16.276 0 22.397 387 155 306.946

Permanent wetlands 1.083 25.599 190 1.943 5.805 3.329 848 14.344 13.239 4.424 49.789 3.846 122 5.910 1.032 3.306 134.807

Croplands 5 9.628 14 1.430 2.114 1.885 1.915 16.087 64.271 38.631 470 134.286 0 56.413 36 91 327.276

Urban build-up areas 0 0 0 0 0 0 0 0 0 0 40 0 39.524 0 0 2 39.566

Cropland/nat. vegetat. mosaics 3 66.557 2 2.012 3.834 3.775 1.462 29.097 167.522 40.948 683 51.337 0 190.988 73 39 558.331

Barren or sparsely vegetated 2 29 3 21 23 73 262 80 136 567 127 83 0 116 1.552 410 3.486

Water 119 1.303 84 178 876 421 378 896 678 1.814 3.000 489 3 636 1.491 60.110 72.477

Initial area 1.970 3.756.194 394 53.927 51.401 50.223 38.334 427.597 2.578.243 455.436 89.372 276.259 39.650 644.300 4.798 64.969 8.533.067

Net change -47 -103.016 -221 -29.123 -36.386 -43.781 -8.032 -33.908 386.408 -148.490 45.436 51.017 -84 -85.969 -1.313 7.509 0
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Area

[km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²]

Primary forest 1.485.927 165.678 - - - - - - - - - - - - 1.651.605

Other naturally regener. forest 1.984.412 - - 191.657 10.759 30.861 14.227 0 77.151 62 706 2.309.837

Planted forest 37.308 - - 12.036 676 1.938 893 0 4.845 4 44 57.745

Permanent crops 64.303 - - 3.117 175 502 231 0 1.255 1 11 69.596

Closed shrublands 333 481 8 14 511 210 2.837 880 118 307 0 685 26 33 6.443

Open shrublands 351 508 9 15 839 6.176 9.818 9.747 14 1.364 0 1.335 100 25 30.301

Savannas 141.857 205.262 3.562 6.139 31.388 20.742 2.016.386 202.272 1.482 52.921 0 282.570 34 35 2.964.651

Grasslands 7.258 10.502 182 314 2.984 5.055 96.546 144.542 348 16.276 0 22.397 387 155 306.946

Permanent wetlands 19.466 28.167 489 842 3.329 848 13.239 4.424 49.789 3.846 122 5.910 1.032 3.306 134.807

Croplands 11.640 16.842 292 504 1.885 1.915 64.271 38.631 470 134.286 0 56.413 36 91 327.276

Urban build-up areas 0 0 0 0 0 0 0 0 40 0 39.524 0 0 2 39.566

Cropland/nat. vegetat. mosaics 40.354 58.392 1.013 1.746 3.775 1.462 167.522 40.948 683 51.337 0 190.988 73 39 558.331

Barren or sparsely vegetated 63 91 2 3 73 262 136 567 127 83 0 116 1.552 410 3.486

Water 1.374 1.988 34 59 421 378 678 1.814 3.000 489 3 636 1.491 60.110 72.477

Initial Area 1.708.623 2.472.325 42.900 73.940 45.205 37.049 2.578.243 455.436 89.372 276.259 39.650 644.300 4.798 64.969 8.533.067

NET change -57.018 -162.489 14.846 -4.344 -38.762 -6.747 386.408 -148.490 45.436 51.017 -84 -85.969 -1.313 7.509 0
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Table SB3 - 2001-2012 Indonesia LULUC matrix V1 

 

 

Table SB4 - 2001-2012 Indonesia LULUC matrix V2 
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area

[km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²]

Evergreen needleleaf forest 40 241 4 6 126 43 8 48 21 65 158 29 0 13 4 29 835

Evergreen broadleaf forest 499 1.195.845 113 2.873 8.176 844 124 14.644 11.416 2.293 46.139 8.812 0 98.457 39 771 1.391.045

Deciduous needleleaf forest 2 52 6 0 15 4 1 6 5 7 13 13 0 5 1 2 133

Deciduous broadleaf forest 1 151 0 64 22 3 1 97 55 3 12 32 0 104 1 1 545

Mixed forest 51 1.828 12 129 813 59 14 623 274 217 389 280 0 519 12 28 5.248

Closed shrublands 3 135 0 7 28 50 29 84 59 149 34 39 0 61 3 4 686

Open shrublands 0 30 0 4 6 8 55 32 15 33 7 25 0 20 5 5 244

Woody savannas 8 4.344 2 983 1.093 146 33 6.604 4.094 381 378 1.135 0 7.392 1 11 26.604

Savannas 3 1.812 1 390 394 273 20 2.419 9.483 352 132 970 0 5.889 2 4 22.146

Grasslands 5 1.252 3 14 96 132 260 408 377 1.719 87 417 0 572 24 16 5.381

Permanent wetlands 427 43.701 164 604 3.661 955 223 4.971 2.173 753 26.385 4.268 161 5.521 384 1.279 95.630

Croplands 10 9.117 7 174 374 191 107 1.841 2.237 346 786 20.741 0 10.999 36 129 47.094

Urban build-up areas 0 0 0 0 0 0 0 0 0 0 53 0 11.082 0 0 0 11.135

Cropland/nat. vegetat. mosaics 7 90.708 5 796 1.412 574 137 9.484 19.758 1.508 4.418 25.328 0 125.015 46 263 279.457

Barren or sparsely vegetated 3 35 1 1 15 56 35 10 6 69 63 61 0 11 206 88 661

Water 27 287 18 10 311 178 81 67 39 153 942 117 2 44 747 9.301 12.324

Initial area 1.086 1.349.537 337 6.055 16.542 3.515 1.129 41.337 50.013 8.049 79.995 62.265 11.245 254.622 1.510 11.932 1.899.171
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Area

[km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²]

Primary forest 544.958 45.251 - - - - - - - - - - - - 590.209

Other naturally regener. forest 467.163 - - 4.937 923 14.652 3.205 0 33.135 18 262 524.293

Planted forest 39.738 - - 1.873 350 5.558 1.216 0 12.570 7 99 61.412

Permanent crops 143.691 - - 6.594 1.233 19.570 4.281 0 44.258 24 350 220.000

Closed shrublands 113 106 8 30 50 29 59 149 34 39 0 61 3 4 686

Open shrublands 32 30 2 8 8 55 15 33 7 25 0 20 5 5 244

Savannas 2.205 2.073 161 581 273 20 11.945 352 132 970 0 5.889 2 4 24.609

Grasslands 781 734 57 206 132 260 377 2.179 87 417 0 572 24 16 5.842

Permanent wetlands 23.509 22.105 1.714 6.199 955 223 2.173 753 33.693 4.268 161 5.521 384 1.279 102.939

Croplands 5.061 4.759 369 1.334 191 107 2.237 346 786 22.339 0 10.999 36 129 48.693

Urban build-up areas 0 0 0 0 0 0 0 0 53 0 11.082 0 0 0 11.135

Cropland/nat. vegetat. mosaics 44.979 42.293 3.280 11.860 574 137 19.758 1.508 4.418 25.328 0 141.543 46 263 295.985

Barren or sparsely vegetated 28 27 2 7 56 35 6 69 63 61 0 11 215 88 669

Water 317 298 23 83 178 81 39 153 942 117 2 44 747 9.432 12.455

Initial Area 621.982 584.838 45.354 164.000 2.416 948 50.013 8.049 79.995 62.265 11.245 254.622 1.510 11.932 1.899.171

NET change -31.774 -60.545 16.057 56.000 -1.730 -704 -25.405 -2.207 22.943 -13.572 -110 41.363 -841 523 0
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Table SB5 - 2001-2012 Papua New Guinea LULUC matrix V1 

 

 

Table SB6 - 2001-2012 Papua New Guinea LULUC matrix V2 
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Final area
 [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²]

Evergreen needleleaf forest 16 44 0 1 28 4 0 2 0 5 51 0 0 0 0 17 169

Evergreen broadleaf forest 156 378.409 23 539 6.572 306 34 6.790 2.319 1.136 10.079 843 0 8.908 6 121 416.240

Deciduous needleleaf forest 1 28 2 0 2 1 0 1 0 1 1 0 0 0 0 0 37

Deciduous broadleaf forest 0 21 0 5 6 1 0 24 8 1 2 2 0 18 0 0 87

Mixed forest 16 691 1 3 208 12 2 81 21 52 65 6 0 43 0 2 1.204

Closed shrublands 0 28 0 1 7 13 2 22 7 22 4 0 0 4 0 0 111

Open shrublands 0 5 0 0 0 1 9 6 1 2 0 0 0 1 0 0 26

Woody savannas 4 958 1 31 385 43 6 1.710 386 164 55 31 0 754 1 3 4.532

Savannas 0 96 0 8 15 5 2 95 208 54 7 12 0 272 1 1 776

Grasslands 2 295 1 2 53 9 8 97 21 451 8 14 0 34 1 2 997

Permanent wetlands 118 13.401 9 101 1.052 201 17 1.367 365 128 8.082 162 11 815 37 268 26.132

Croplands 0 134 0 6 28 8 12 52 42 22 11 55 0 166 3 4 542

Urban build-up areas 0 0 0 0 0 0 0 0 0 0 4 0 211 0 0 0 216

Cropland/nat. vegetat. mosaics 0 2.209 0 66 401 52 11 803 1.804 545 71 205 0 6.636 6 10 12.819

Barren or sparsely vegetated 0 2 0 0 0 0 4 1 0 0 3 0 0 0 4 1 15

Water 8 91 1 2 79 8 1 5 3 7 273 1 0 6 37 1.615 2.137

Initial area 322 396.411 37 765 8.836 664 108 11.054 5.186 2.589 18.717 1.332 222 17.656 97 2.044 466.041

Net change -153 19.829 0 -678 -7.632 -553 -82 -6.522 -4.410 -1.592 7.415 -790 -6 -4.837 -82 93 0
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Area

[km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²]

Primary forest 235.810 0 - - - - - - - - - - - - 235.810

Other naturally regener. forest 56.440 96.771 0 0 - - 2.696 1.341 10.111 870 0 9.588 8 142 177.966

Planted forest 0 0 0 0 - - 0 0 0 0 0 0 0 0 0

Permanent crops 2.252 0 0 5.893 - - 38 19 142 12 0 135 0 2 8.493

Closed shrublands 43 14 0 1 13 2 7 22 4 0 0 4 0 0 111

Open shrublands 8 3 0 0 1 9 1 2 0 0 0 1 0 0 26

Savannas 159 52 0 3 5 2 208 54 7 12 0 272 1 1 776

Grasslands 333 110 0 7 9 8 21 451 8 14 0 34 1 2 997

Permanent wetlands 11.899 3.910 0 238 201 17 365 128 8.082 162 11 815 37 268 26.132

Croplands 163 54 0 3 8 12 42 22 11 55 0 166 3 4 542

Urban build-up areas 0 0 0 0 0 0 0 0 4 0 211 0 0 0 216

Cropland/nat. vegetat. mosaics 2.580 848 0 52 52 11 1.804 545 71 205 0 6.636 6 10 12.819

Barren or sparsely vegetated 2 1 0 0 0 4 0 0 3 0 0 0 4 1 15

Water 137 45 0 3 8 1 3 7 273 1 0 6 37 1.615 2.137

Initial Area 309.827 101.807 0 6.200 298 65 5.186 2.589 18.717 1.332 222 17.656 97 2.044 466.041

NET change -74.017 76.159 0 2.293 -187 -39 -4.410 -1.592 7.415 -790 -6 -4.837 -82 93 0
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Table SB7 - 2001-2012 Poland LULUC matrix V1 

 

 

Table SB8 - 2001-2012 Poland LULUC matrix V2 
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Final area
 [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²]

Evergreen needleleaf forest 16.632 5 22 11 5.009 13 4 689 87 105 33 232 0 644 6 42 23.533

Evergreen broadleaf forest 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Deciduous needleleaf forest 23 1 2 1 74 1 0 28 8 7 5 47 0 86 1 3 286

Deciduous broadleaf forest 5 0 1 185 540 0 1 8 1 8 0 13 0 324 0 0 1.086

Mixed forest 8.105 41 73 628 48.262 8 12 1.687 248 298 26 1.144 0 6.868 3 38 67.439

Closed shrublands 0 0 0 0 0 0 0 1 0 0 0 1 0 1 0 0 3

Open shrublands 0 0 0 0 2 0 0 2 0 1 0 4 0 8 0 0 16

Woody savannas 74 2 8 6 256 2 1 109 20 38 8 104 0 179 2 9 818

Savannas 6 0 0 1 28 0 0 18 6 5 1 23 0 25 0 0 115

Grasslands 23 3 4 4 137 3 5 60 24 129 3 340 0 466 2 2 1.203

Permanent wetlands 80 2 12 8 214 4 1 85 20 64 32 107 8 255 5 14 911

Croplands 22 6 2 4 643 2 4 77 27 262 4 102.685 0 11.002 0 1 114.739

Urban build-up areas 0 0 0 0 0 0 0 0 0 0 8 0 7.923 0 0 0 7.931

Cropland/nat. vegetat. mosaics 273 57 37 170 4.214 4 21 658 225 751 10 36.482 0 49.252 0 4 92.156

Barren or sparsely vegetated 1 0 0 0 2 0 0 0 0 2 1 0 0 0 1 2 10

Water 73 0 2 1 61 0 1 5 1 2 13 3 0 12 5 518 698

Initial area 25.318 117 163 1.019 59.442 36 50 3.427 666 1.673 143 141.184 7.931 69.122 23 633 310.945

Net change -1.785 -117 123 67 7.998 -33 -34 -2.609 -551 -470 768 -26.444 0 23.034 -14 64 0
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Area

[km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²]

Primary forest 451 91 - - - - - - - - - - - - 542

Other naturally regener. forest 3.108 - - 25 31 5 106 0 558 1 6 3.840

Planted forest 75.743 - - 297 372 59 1.259 0 6.623 9 76 84.438

Permanent crops 3.134 - - 29 36 6 122 0 644 1 7 3.980

Closed shrublands 0 0 1 0 0 0 0 0 0 1 0 1 0 0 3

Open shrublands 0 0 4 0 0 0 0 1 0 4 0 8 0 0 16

Savannas 0 2 49 2 0 0 19 5 1 23 0 25 0 0 127

Grasslands 1 9 212 9 3 5 24 145 3 340 0 466 2 2 1.219

Permanent wetlands 2 16 369 15 4 1 20 64 34 107 8 255 5 14 914

Croplands 4 29 692 29 2 4 27 262 4 102.737 0 11.002 0 1 114.792

Urban build-up areas 0 0 0 0 0 0 0 0 8 0 7.923 0 0 0 7.931

Cropland/nat. vegetat. mosaics 30 210 4.964 205 4 21 225 751 10 36.482 0 49.528 0 4 92.432

Barren or sparsely vegetated 0 0 3 0 0 0 0 2 1 0 0 0 1 2 10

Water 1 6 130 5 0 1 1 2 13 3 0 12 5 521 701

Initial Area 489 3.471 82.167 3.400 12 32 666 1.673 143 141.184 7.931 69.122 23 633 310.945

NET change 53 370 2.271 580 -9 -16 -538 -454 771 -26.392 0 23.310 -13 68 0
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Table SB9 - 2001-2012 USA LULUC matrix V1 

 

Table SB10 - 2001-2012 USA LULUC matrix V2 
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area

[km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²]

Evergreen needleleaf forest 346.654 1.782 1.033 847 48.374 1.692 7.499 77.424 18.626 58.238 2.634 10.133 0 19.181 915 4.264 599.297

Evergreen broadleaf forest 126 13.910 3 342 6.272 176 138 9.629 139 169 499 94 0 481 25 33 32.036

Deciduous needleleaf forest 336 7 118 84 580 79 1.120 1.767 566 1.262 440 157 0 426 277 495 7.715

Deciduous broadleaf forest 121 264 9 347.145 42.481 102 124 2.834 121 1.059 165 1.124 0 43.899 8 28 439.481

Mixed forest 32.989 17.471 664 89.058 413.624 1.546 6.233 95.431 3.995 4.386 7.970 3.552 0 54.481 226 2.047 733.673

Closed shrublands 516 59 12 115 639 11.082 4.063 10.203 2.685 3.221 219 794 0 3.040 30 59 36.737

Open shrublands 3.349 26 506 183 1.244 6.409 970.655 54.593 18.100 250.072 1.731 6.653 0 4.157 38.096 5.259 1.361.032

Woody savannas 25.049 10.971 667 16.887 101.591 6.927 49.173 504.631 34.566 31.559 4.485 13.944 0 42.782 1.007 3.760 847.998

Savannas 1.379 17 105 161 936 811 8.483 16.292 14.850 9.091 262 1.183 0 1.076 75 222 54.944

Grasslands 5.812 149 443 1.338 3.320 5.348 229.314 47.087 33.387 2.049.062 1.731 188.966 0 48.875 17.014 17.532 2.649.376

Permanent wetlands 1.858 1.693 433 780 6.587 2.834 2.014 8.255 1.473 6.065 18.295 1.303 79 2.525 1.491 1.769 57.454

Croplands 298 129 50 813 2.306 700 7.271 15.672 1.852 90.806 407 1.012.157 0 94.667 385 200 1.227.714

Urban build-up areas 0 0 0 0 0 0 0 0 0 0 103 0 120.686 0 0 6 120.795

Cropland/nat. vegetat. mosaics 806 287 90 44.380 20.681 1.274 985 40.251 2.605 23.041 144 105.089 0 615.064 25 114 854.835

Barren or sparsely vegetated 72 21 21 16 134 30 11.415 239 133 8.371 257 100 0 72 72.141 2.903 95.926

Water 4.047 83 214 185 2.200 227 5.665 4.999 1.284 8.283 1.476 208 13 486 10.922 309.313 349.605

Initial area 423.411 46.868 4.367 502.332 650.970 39.238 1.304.153 889.307 134.381 2.544.684 40.817 1.345.456 120.778 931.212 142.637 348.005 9.468.616

Net change 175.886 -14.832 3.348 -62.851 82.703 -2.501 56.879 -41.309 -79.438 104.692 16.636 -117.742 17 -76.377 -46.711 1.600 0
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[km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²] [km²]

Primary forest 543.506 92.284 - - - - - - - - - - - - 635.789

Other naturally regener. forest 1.455.605 - - 46.735 77.879 13.045 23.365 0 129.902 1.979 8.561 1.757.071

Planted forest 170.776 - - 7.408 12.344 2.068 3.704 0 20.590 314 1.357 218.560

Permanent crops 23.812 - - 339 565 95 170 0 943 14 62 26.000

Closed shrublands 2.745 7.817 862 120 11.082 4.063 2.685 3.221 219 794 0 3.040 30 59 36.737

Open shrublands 14.242 40.560 4.475 624 6.409 970.655 18.100 250.072 1.731 6.653 0 4.157 38.096 5.259 1.361.032

Savannas 4.491 12.791 1.411 197 811 8.483 18.381 9.091 262 1.183 0 1.076 75 222 58.475

Grasslands 13.825 39.373 4.344 606 5.348 229.314 33.387 2.054.946 1.731 188.966 0 48.875 17.014 17.532 2.655.260

Permanent wetlands 4.662 13.276 1.465 204 2.834 2.014 1.473 6.065 19.280 1.303 79 2.525 1.491 1.769 58.440

Croplands 4.581 13.047 1.439 201 700 7.271 1.852 90.806 407 1.013.922 0 94.667 385 200 1.229.479

Urban build-up areas 0 0 0 0 0 0 0 0 103 0 120.686 0 0 6 120.795

Cropland/nat. vegetat. mosaics 25.320 72.110 7.956 1.109 1.274 985 2.605 23.041 144 105.089 0 624.879 25 114 864.651

Barren or sparsely vegetated 120 341 38 5 30 11.415 133 8.371 257 100 0 72 72.291 2.903 96.076

Water 2.789 7.942 876 122 227 5.665 1.284 8.283 1.476 208 13 486 10.922 309.960 350.252

Initial Area 616.279 1.755.145 193.642 27.000 28.715 1.239.865 134.381 2.544.684 40.817 1.345.456 120.778 931.212 142.637 348.005 9.468.616

NET change 19.510 1.927 24.918 -1.000 8.021 121.167 -75.906 110.577 17.622 -115.977 17 -66.562 -46.561 2.247 0
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Abstract 

Purpose Life Cycle Assessment (LCA) is broadly applied to assess the environmental impact of products through their 

life cycle. LCA of bio-based products is particularly challenging due to the uncertainties in modelling the natural 

biomass production process. While uncertainties related to inventory data are often addressed in LCA by performing 

sensitivity analyses, the sensitivity of results to LCA methodologies chosen is seldom addressed. This work investigates 

the influence of common methodological choices on LCA climate impact results of forestry products.  

Methods Performing a consequential LCA framework, the study compares results obtained through different choices 

concerning four methodological aspects: the modelling of land use change effects, the choice of climate metric for 

impact assessment, the choice of time horizon applied and the completeness of the forest carbon stock modelled. Eight 

scenarios were tested, applied to the same case study to ensure the full comparability of the results. A dynamic life 

cycle inventory of annual forest biomass production and degradation was obtained through a methodology accounting 

dynamically for the annual carbon fluxes in a forest plot.  

Results and discussion The results obtained for the eight scenarios showed a great variability of the estimated climate 

effect, ranging from a net carbon sequestration of 24  kg CO2 equivalents to a net carbon emission of 3220 kg CO2 

equivalents, though seven out of eight scenario resulted in a net carbon emission. The results are particularly sensitive 

to the choice of time horizon, especially when combined with the choice of static or dynamic climate indicator and 

different climate metrics as GWP and GTP. The case study showed a lower variability of results to the choice of forest 

carbon stock compared to the effect of the other tested assumptions.  

Conclusions LCA results of forestry products were highly sensitive to the tested methodological choices. A description 

and motivation of these choices is required for a clear and critical interpretation of the results. The choice of climate 

indicator and TH applied depends on the goal and scope of the study and strongly affects the contribution to climate 

impact results of all LCA processes. Those choices need to be carefully discussed and should be in accordance with the 

goal of the study, since different climate metric and TH have distinct interpretations. The interpretation of different 

climate indicators and their time horizons should be linked with the considered end-points of climate change. 

 

Keywords Life Cycle Assessment, Forest carbon cycle, Forestry, indirect Land Use Change, Carbon footprint 

  

- 119 -



1. Introduction  

Wood has  been vastly used as a construction material until the advent of modern densely populated urban areas, when 

timber was set aside because of its poor fire performances (Smith and Snow 2008). The climate change mitigation 

debate is now contributing to the re-emergence  of timber as alternative construction material. Existing studies indicate 

that wood has a lower embodied energy than functionally equivalent construction materials such as concrete (Falk 

2009), and a lower carbon footprint (Gustavsson et al. 2006). However, comparing the environmental performances of 

products requires a thorough analysis of their contribution to different impact categories (Werner and Richter 2007).  

 

Life Cycle Assessment (LCA) is a comprehensive methodology often used to assess climate impacts of products such as 

wood (Klein et al. 2015) and to compare the impacts of wood against other construction materials (Gerilla et al. 2007, 

Zabalza Bribián et al. 2011, Dolan and Harte 2014). Nevertheless, modelling the potential climate impact of forestry 

products in LCA is not straightforward. The assessment may depend on value choices, such as different understanding 

of sustainability (including impacts on biodiversity, choice of normalization and weighting factors); type and version of 

data used in the analysis (e.g. yield increase, waste volume, etc.); different understanding and interpretation of data or 

scarce data availability. Sensitivity analyses are increasingly performed in LCA to quantify data uncertainties, to study 

how they propagate through models and affect its quantitative output (Finnveden et al. 2009). Methodological choices 

also play a key role in assessing the climate impact of bio-based material (Holtsmark 2012, 2013, Pawelzik et al. 2013). 

Nonetheless, they have received less attention and typically, concern few debated aspects as the choice of allocation 

methods, reference systems and functional unit (e.g. Gnansounou et al. 2009). Carbon foot printing, a simplified LCA 

concerning solely the impact category Global Warming, depends for example on the goal and scope of the study, impact 

categories and processes involved (Klein et al. 2015), the reference scenario considered for estimation of the climate 

impact (Kløverpris and Mueller 2013) and method accounting for soil carbon (Newell and Vos 2012, Petersen et al. 

2013). LCA studies for the forestry sector are particularly challenging because some fundamental aspects still lack 

consensus methodologies, such as: Land Use Change (LUC) effects (Wicke et al. 2012, Warner et al. 2014, De Rosa et 

al. 2016a), static or dynamic account of carbon fluxes (Cherubini et al. 2011, Cherubini et al. 2013), the choice of 

climate indicator and time horizon (TH) applied (Fuglestvedt et al. 2003, Shine et al. 2005, Jonker et al. 2014), the 

application of different carbon-cycle models (Helin et al. 2013) and trade-offs between accuracy and complexity of the 

model (e.g. inclusion or exclusion of soil carbon). The magnitude of LUC effects, and methods to include them in LCA 

have been the subject of several studies (e.g. Fargione et al. 2008, Kim and Dale 2011, Marshall et al. 2011, Brandão 

2012, Broth et al. 2013, de Sa et al. 2013, Schmidt et al. 2015) but the topic is still debated due to its complexity and 

extensive data requirement. Despite emissions related to LUC are estimated to be around 9% of global CO2 emissions 

(Le Quéré et al. 2012), methods to include them in LCA are still debated (De Rosa et al. 2016a) and the missing 

consensus has generated a wide range of different results (Ahlgren and Di Lucia 2014). Climate metrics measure the 

effect of greenhouse gas (GHG) emissions. A static metric would not take into account the timing of carbon emission 

and sink, and consider the annual average carbon stock in the forest (Eriksson et al. 2010): carbon fluxes are accounted 

in the production process if taking place within the set time horizon and excluded if taking place beyond the time 

horizon. A dynamic approach instead weights the emissions for a time-dependent factor accounting for the real climate 

impact of the emissions (Levasseur et al. 2010). Other than a static or dynamic approach, different climate indicators are 

available to modellers e.g. the most commonly used Global Warming Potential (GWP, Houghton et al. 1990) and 

- 120 -



Global Temperature Potential (GTP, Shine et al. 2005), or other newly developed as the Climate Change Impact 

Potential  (CCIP, Kirschbaum 2014). Yet, these indicators are often used with different time horizons (e.g. 20, 30, 100 

or 500 years) depending on the objective of the model. Trade-off between model accuracy and complexity occurs when 

defining the carbon pool to be included in the model. Carbon in forests is present in stems, branches, roots, soil, woody 

debris and litter. Despite methodologies to account for soil carbon in LCA exist (e.g. Coleman and Jenkinson 2008, 

Petersen et al. 2013) they have a high input requirement in spite of scarce data availability. Moreover, a dynamic 

account of carbon dynamics in the distinct carbon pools have  been performed only by few studies (Cherubini et al. 

2013, Guest et al. 2013, Tittmann and Yeh 2013) and it requires further input data. 

Even though studies that compare methodological assumptions exist, a systematic comparison of their relative effect on 

final results is missing (Jonker et al. 2014). The objective of this study was therefore to assess the combined influence 

on results of four fundamental methodological challenges in LCA of forestry products: 1) the inclusion of LUC effects; 

2) the choice of a climate metric, 3) the choice of the time horizon used for the climate metric, 4) the inclusion and 

modelling of changes in the forest carbon pool. The comparison was carried on the same case study to ensure full 

comparability of the result. This allowed assessment of  the sensitivity within  the selected assumptions in terms of their 

contributions to LCA processes. A systematic statistical analysis (e.g. global sensitivity analysis) of the effect of all 

possible combinations of methodological assumptions in the LCA of forest products was considered outside the scope 

of the study. 

2. Methods 

We compared eight scenarios obtained by combining the four methodological assumptions described in section 

2.1. All scenarios were applied to the same case study and Functional Unit (section 2.2) ensuring the 

comparability of the results. Calculations were performed using the LCA software SimaPro v.8. In accordance 

with the consequential LCA framework, the modelling of multifunctional processes generating by-products was 

done by applying substitution (Weidema 2001, Ekvall and Weidema 2004).  

2.1 Methodological assumptions  

Foe each methodological issues we selected a limited number of commonly adopted choices. The purpose was in 

fact to analyse the sensitivity of results in relation to the most common methodological assumptions in LCA 

rather than to compare all possible choices concerning an individual methodological issue. Table 1 shows the 

testing plan developed to compare the results obtained through the different methodological assumptions 

investigated.  

2.1.1 Methodology accounting for LUC.  

Carbon from biomass or soil might be released directly, due to direct Land Use Changes (dLUC), or indirectly, 

due to indirect iLUC. Direct Land Use Changes occur when land is occupied for a different land use, for instance 

directly transforming a forest in arable land. iLUC means  a change in land use, or land use intensification 

occurs, caused by a direct change in land use on another land (due to a change in product demand). In other 

words, ISO defines dLUC as a “change in human use or management of land within the boundaries of the 

product system being assessed” and iLUC as a “change in the use or management of land which is a consequence 

- 121 -



of direct land use change, but which occurs outside the product system being assessed” (ISO/TS-14067 2013). 

Here we chose to represent two methodological choices: first, modelling both dLUC and iLUC according to a 

recent methodology proposed by Schmidt et al. (2015) for LUC account in LCA; secondly, modelling only 

dLUC, de-facto excluding the more controversial account of iLUC, according to the Greenhouse Gas (GHG) 

Protocol. The model developed by Schmidt et al. (2015) is an innovative approach that considers land as a 

production input and the global market for lands to identify the marginal supplier of land. The productivity of 

different land type and regions is taken into account by weighting the annual productivity of land per hectare 

based on the Potential Net Primary Productivity (NPP0) of the land (Haberl et al. 2007). The model also avoids 

emission allocation over an arbitrary amortization time in Life Cycle Inventory (see Schmidt et al. 2015).  

The Greenhouse Gas (GHG) Protocol was developed by World Resources Institute (WRI) and World Business 

Council for Sustainable Development (WBCSD). Excluding iLUC emissions due to their complexity is a 

common practice in LCA. Similarly to the GHG Protocol, the highly influential Publically Available 

Specifications PAS 2050 (2011) and the Product Environmental Footprint (PEF) do not account for iLUC 

because of the lack of a consensus methodology. 

2.1.2 Static and dynamic climate metric 

It is common practise in LCA not to account for the timing of GHG emissions (De Rosa et al. 2016b). This 

implies that over the full life cycle of a wood product, the CO2 uptake in biomass will equal the CO2 emissions 

from decomposition and/or incineration of the wood material and vice versa. In this way, the wood cycle 

concerning the biogenic production would be counted CO2 neutral. However, since the severity of some climate 

change impacts are correlated with the maximum temperature and maximum GHG concentration in the 

atmosphere, the timing of GHG emissions will have a climate effect as described by Cherubini et al. (2011).  

In this paper we accounted for both modelling options by using both a static and a dynamic approach. A static 

climate metric does not detect the climate implication of timing carbon fluxes (Levasseur et al. 2010, Pingoud et 

al. 2012)  instead, it merely accounts for fluxes taking place before the end of the set time horizon while 

excluding the account of carbon fluxes taking place beyond the time horizon. A time dependent approach 

instead, weights the emissions for a time-explicit characterization factor (Fig. 1). The Characterization factor 

depends on the time horizon adopted: its value decreases from 1 to 0, so that the emissions are multiplied for a 

factor 1 in year 1 and for a factor 0 at year equal to the time horizon. The dynamic approach was modelled with 

two climate metrics: a temporal dependent version of the Global Warming Potential (GWP) and a temporal 

dependent version of the Global Temperature Change Potential (GTP). The most commonly used GWP measures 

the cumulative radiative forcing over the rotation time caused by a pulse GHG emissions. The calculation of the  

time-dependant characterization factors for CO2 emissions is described in Schmidt et al. (2015). The GTP 

measures the effect of GHG emissions further down the effects chain, measuring the potential temperature effect 

of GHG emissions at a given point in time (Shine et al. 2005).  
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Figure 1 – Time-dependent characterization factors applied to GWP and GTP according to the time horizon. 

2.1.3 Time Horizon   

Different time horizons are typically used to assess climate impacts in short or long terms. We modelled two 

Time Horizon (TH) values, 20 and 100 years, and applied them to GWP and GTP. A TH of 100 years is most 

commonly applied and the one adopted by the Kyoto Protocol (UNFCCC 2007). The meaning of TH also 

depends on the climate metric to which it is applied to: in GTP the TH is the time for which the temperature 

change is assessed, while in GWP the TH is the period over which the radiative forcing is integrated. Typically a 

20 years TH is used for assessing short-term environmental effects and a 100 years TH to assess long-term 

environmental effect of GHG emissions.  

2.1.4 Forest carbon stock  

Typically, complete carbon data on biomass and soil components are available for testing sites. However, LCA is 

commonly applied to generic products. Estimating the site and biomass-specific carbon content of the land 

supplying wood may be a challenging and time-consuming task. Therefore, LCA studies often model only a 

portion of the carbon stock, limiting the completeness of LCA forest models. In order to estimate the sensitivity 

of results to these choices, we modelled three carbon pools corresponding to a decreasing level of model 

completeness: inclusion of above ground and below ground biomass carbon stock; inclusion of above ground 

biomass carbon stock; and inclusion exclusively of the carbon in stems (round wood). Choosing different carbon 

stocks allows assessing their influence on the final result and provides insights on the level of completeness of 

included carbon stocks required according to the modelling purposes.  

 

 

- 123 -



Table 1 - Scenarios analysed in the study. The tested variables are in bold. The first scenario contains the default values.  

Test iLUC account Climate Indicator Time Horizon Forest carbon Stock modeling 

1 Yes GWP (time dependent) 100 All Carbon  pools 

2 No GWP (time dependent) 100 All Carbon  pools 

3 Yes Static metric (1 for t∊[0;TH], and 0 for t>TH years) 100 All Carbon  pools 

4 Yes GWP (time dependent) 20 All Carbon  pools 

5 Yes GTP (time dependent) 20 All Carbon  pools 

6 Yes GTP (time dependent) 100 All Carbon  pools 

7 Yes GWP (time dependent) 100 AG Carbon 

8 Yes GWP (time dependent) 100 Stem Carbon 

2.2 Case study 

The case study was the production of sawn spruce timber, grown in a boreal forest in the Götaland region, 

southern Sweden. Wood treatment refers to protecting wood from damage caused by insects, moisture and decay 

fungi. Since the specific wood treatment depends on the application of structural timber, the system boundary 

was set at the sawmilling gate, excluding any subsequent wood treatment processes. Wood treatments of raw 

sawn wood (chemical treatment, painting etc.) were therefore not included. The full life cycle was accounted for 

by including the end of life of the timber. Data concerning biomass production and climatic information for 

Swedish forests were drawn by Statistic Sweden (2013)1. The Functional Unit was hence defined as “demand of 

1 m3 of structural spruce timber as construction material at sawmill gate, including the full life cycle”. The 

product system (Fig. 2) included the life cycle stages of the Functional Unit, from wood cultivation to product 

disposal. The reference flow was 1 m3. The round wood, output from the process biological production system in 

Fig. 2, was calculated as Net Primary Production (NPP0) [t C-1] assessing the potential growth of biomass. The 

NPP0 has the advantage of accounting for the actual potential production of the land, as this depends not only on 

the land dimension, but also on the climate and location characteristics.   

The processes of land management and preparation during the rotation time were included (thinning, harvesting, 

and fertilizing). Thinning is the practice of felling part of the stands during the growth of the forest, e.g. trees 

with poor growth or stem shape, forks or damaged trees, to increase the plant spacing and the availability of 

light. Thinning and harvesting required diesel and generated non-harvested woody debris decomposing in loco.  

The climate impact of CO2 fluxes depends on when they actually occur. A dynamic account is hence preferable 

and can be obtained by an annual inventory of forest CO2 fluxes. The annual Life Cycle Inventory (LCI) data 

were obtained by applying the LCA forest model described in De Rosa et al. (2016b). The input data for the 

forest model are presented in Table A1. The model provided a balanced life cycle inventory of annual forest 

carbon fluxes accounting for biomass growth and woody debris decomposition. 

1 The case study served as an explanatory example to test the variability of LCA results; therefore, any other forestry product and location 
could have been considered as a case study. 

- 124 -



 
Figure 2 – The product flow diagram includes main processes, generic processes providing services input to other activities (indicated with 
three arrows in output), the effect of by-products, the point of substitution and the avoided production. The point of substitution is marked 
with a star. 

The round wood collected in the forest was assumed as sawn in Sweden to produce sawn wood. The sawmilling 

operations also generated as an output sawn chips and slabs and wood particles (Waste Wood in Fig. 1). The 

wood particles were assumed as dispersed on land and consequently decomposed. The sawn ships and slabs were 

instead considered as a by-product and modelled using substitution, according to the consequential LCA 

approach described in Ekvall and Weidema (2004) and Weidema et al. (2009). The by-products sawn chips and 

slabs are traded in the market for generic wood used as pulp wood (Ghose and Chinga-Carrasco 2013). The 

marginal supplier to this market was identified in the Brazilian eucalyptus production (IEA 2011, Reinhard 

2010). Therefore, the system was expanded to include the activities of Brazilian eucalyptus production:  

biological production and sawmilling. The biological production of eucalyptus in Brazil and the annual inventory 

of carbon fluxes from Eucalyptus plantation were obtained through the forest model developed by De Rosa et al. 

(2016b). Inventory data used as input to the model are available in the supplemental information (Table S1). The 

sawn wood and sawn chips and slabs generated by sawmilling operations in Brazil were both considered as main 

product (pulp and paper wood), while the wood particles were assumed as decomposing in loco or landfilled as 

for the Swedish production. 

By-products were therefore generated in two points of the product system: during thinning and harvesting 

operations in the forest and during the sawmilling operations. Sawmilling generates the products round wood, the 

by-product ‘Sawn Chips and Slabs’ and wood particles. 

We assumed that no emissions occurred during the use stage and that at the end of life the timber is incinerated. 

We considered a life-time of structural spruce timber of 60 years, according to the Norwegian Wood Industry 

Federation (NWIF 2015). Tab. 2 shows the Life Cycle Inventory (LCI). The LCI data of upstream processes 

included in the modelling (Materials and Energy Inputs in Fig. 2) were drawn from Ecoinvent version 3 

database.  For further details concerning Materials and Energy Inputs see the supplementary materials.  
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Table 2 – Inventory data of processes in Figure 2. 
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Unit 

 

Inputs       

CO2, uptake  in biomass ton 379,09  336,21   

Round wood (SE) m3  450,50    

Round wood (BR) m3    366,92  

Output       

Round wood (SE) m3 450,50     

Sawn wood (SE) m3  208,03    

Round wood (BR) m3   366,92   

Sawn wood (BR) m3    288,26  

CO2, emissions ton 147,42 89,71 100,54 72,08 175,06 

   By-product       

   Harvested woody debris  m3 64,07     

   Sawn chips and slabs  m3  135,86    

 

3. Results  

Table 3 shows the net process contributions in terms of CO2 equivalent for the respective scenario modelled. The 

last row of the table presents the cumulative net CO2 equivalent for each scenario. A negative value indicates a 

CO2 uptake from the system and therefore a decreased environmental impact in terms of climate change 

mitigation effect. A positive value indicates CO2 emission, an increased environmental impact. Mass flows were 

balanced for all scenarios modelled and the range of results depends exclusively on the methodological 

approaches tested.  

The different LCA practices investigated to model the biogenic carbon cycle lead to results ranging from -24 

(scenario 6) to 3220 (scenario 4) kg CO2 eq. The net value of the GHG indicator was positive for seven out of the 

eight scenarios. In fact, although in the long term the carbon cycle of wood is balanced when the biomass 

harvested is assumed as replanted, the production of 1 m3 of sawn structural timber has a climate effect when all 

life cycle stages and substitution effects are accounted for, in accordance with previous results (e.g. Cherubini et 

al. 2011).  As a convention, the methodological choices in scenarios 1 also represented the default choices, 

against which the other choices are tested.  

3.1 Land Use Change 

The emissions related to iLUC in scenario 1 accounted for approximately 10% of the total GHG indicator result. 

The result of scenario 1 was in fact 387 kg CO2 eq. higher than scenario 2 (only accounting for dLUC) equivalent 

to the contribution of iLUC. The direct LUC contributions were included in the process Biological Production. 

They were obtained accounting for both biomass growth and woody residues decay based on a dynamic annual 

inventory of carbon fluxes in the study area, according to De Rosa et al. (2016b). In scenario 1 and 2 the climate 
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effect was expressed according to the climate indicator GWP 100. For the considered case study, the climate 

relevance of iLUC-related emissions occurring at harvesting is remarkably amplified when a TH of 20 years is 

applied to GWP while, at the same time, the climate benefit of slowly re-growing biomass is partially excluded 

because it overruns the TH. A 20 years TH does not have the same effect on iLUC emissions if applied to GTP 

because the meaning of the two climate metrics is conceptually different and the results  also have a different 

interpretation:  GWP is the integral over the TH of the radiative forcing while the GTP estimates the potential 

temperature change at a specific point in time, i.e. the year indicated by the TH, as a consequence of the emission 

considered.  

Table 3 – Net CO2 eq. expressed by the climate metric relative to the processes in Figure 2 for each scenario modelled.  

Processes 

GHG emissions indicator per scenario [Kg CO2 eq.] 
1 

iLUC 

GWPt 

 

 

2 

dLUC 

GWPt 

 

 

3 

iLUC 

Static 

 

 

4 

iLUC 

GWPt 

 

 

5 

iLUC 

GTPt 

 

 

6 

iLUC 

GTPt 

 

 

7  

iLUC 

GWPt 

 

 

8 

iLUC 

GWPt 

 

 

Biological Production (SE) -1690 -1690 -2160 -111 -112 -2300 -1510 -1320 

Saw milling (SE) 369 369 429 184 243 444 369 369 

Biological Production (BR) 1120 1120 1040 1160 1140 1020 1030 747 

Saw milling (BR) -122 -122 -124 -144 -91 -168 -122 -122 

Timber Disposal 417 417 841 0 0 986 417 417 

Indirect Land Use Change  387 0 387 2081 107 -61 387 391 

Other -6 22 27 50 -107 55 22 29 

Total 502 116 440 3220 1180 -24 593 511 

3.2 Climate metric and Time Horizon 

The combined choices concerning climate metric and time horizon caused the highest variation in results. The 20 

year TH (scenarios 4 and 5) showed the highest positive value of kg of CO2 equivalent. In particular, the values 

were high compared to scenario 1 and 6, where a 100 years TH is applied to GWP and GTP respectively. 

Scenario 6 with a short TH combined with the climate metric GTP showed the only beneficial effect on climate 

change (-24 kg CO2 eq.). The choice of climate metric and TH affected the contribution of all the LCA processes. 

Scenarios 4 and 5, testing a time horizon of 20 years, presented the highest net GHG emissions. On one hand, the 

short time horizon allowed only a partial account of the long-term climate effect by CO2 sequestration in growing 

spruce biomass; spruce has in fact a slow growth rate, spread over the rotation time of 70 years in the case study. 

On the other hand, it accounted entirely for the climate effect of the (avoided) Eucalyptus plantations, producing 

the substituted product, with a shorter rotation time of 6 years. Long lived bio-based products such as structural 

timber may have a climate change mitigation effect as carbon is stored during the use stage. The climate impact 

of timber disposal via incineration also depended on the TH applied. Assuming a life time of timber of 60 years, 

the emissions from disposal would be excluded with a TH of 20 years and included applying a 100 years TH. 

The column relative to scenario 1 and 3 in Figure 3 shows that the climate effect calculated by applying a static 

GWP were amplified (both emission and uptake of GHG) compared to a dynamic GWP. Column 6 in Figure 3 

also shows that the climate effect of carbon emissions from timber disposal by incineration (assumed taking 

place after 60 years) and carbon uptake occurring in spruce biomass over the rotation time of spruce (70 tears) is 

amplified by using the climate metric GTP: emissions or uptake of carbon taking place closer to the TH are 

valued more than the one taking place far from the TH because they contribute more to changes in the potential 

temperature registered at year=TH. 
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Figure 3 - Comparison of the results obtained through the eight different scenarios modelled (summarized below the chart). The columns 
show the CO2 eq. emission (positive value) or uptake (negative value) for each LCA process. The label on the columns shows the net fluxes 
of CO2 eq. also represented by the black inner columns.  

3.3 Forest Carbon Stock 

Results varied to a lesser extent when comparing the effect of including different carbon pool in the analysis in 

scenario 1, 7 and 8, while the contribution from the LUC, climate metric and time horizon were kept constant to 

the default assumptions. Results ranged between a minimum cumulative value of 502 kg CO2 eq. for scenario 1, 

a maximum of 593 kg CO2 eq. for scenario 7 and 511 kg CO2 eq. for scenario 8. The choice of carbon pools 

affected the account of biological carbon fluxes (CO2 emission/uptake from the spruce plantation in Sweden and 

eucalyptus plantation in Brazil). The effect of modelling a larger or smaller carbon pool translated in scaling up 

or down the carbon fluxes in absolute value. The positive or negative contribution depended on whether the 

biomass growth and decay referred to the studied production system (spruce) or to the avoided production (of 

eucalyptus) of the expanded system. On the contrary, scenario 7 showed a higher positive result in terms of kg 

CO2 eq. than scenario 1 and 8, despite the carbon pool in scenario 1 was larger than 7 and 8. Accounting for a 

more limited carbon pool (only carbon in stem or only AG carbon pool) may alter the results, though to a minor 

extent compared to the effects caused by the other tested methodological choices.  

4 Discussion  

The outcome showed a high sensitivity of LCA results to the tested methodological choices, especially with 

regard to climate metric and time horizon. Since the wide results range did not depend on uncertainty in 

inventory data, the influence of modelling choices on the results could not be captured by conventional 

sensitivity analyses.  

Indirect LUC contribution to the final result appears  non-negligible. Modelling iLUC using different approaches 

would result in a different iLUC contribution. However, rather than comparing iLUC modelling approaches, our 
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focus was on analysing the combined effect of the tested methodological choices on the results. In fact, the 

climate effects resulting from direct and indirect LUC were both altered also applying different climate metric 

and TH.  The test showed the remarkable effect on both the total result and the contribution from each LCA 

process of applying a different climate metric and TH, particularly when those were modified simultaneously.  

A static metric accounts equally for GHG emission and uptake, independently of their time profile. A time-

dependent climate metric attributes a weight decreasing over time to the GHG emission and uptake occurring as 

a consequence of the activity. The result obtained with the static indicator in scenario 3 was only 62 kg CO2-eq. 

lower than in scenario 1 featuring a time-dependent version of GWP. A static account amplifies the climate 

impact of CO2 fluxes occurring at later stage compared to a time dependent GWP: the CO2 sequestered in spruce 

biomass during 70 years rotation time was in fact equal to 1690 kg CO2-eq measured with the dynamic GWP and 

2l60 kg CO2-eq with the static indicator. Nevertheless, the amplification of CO2-eq sequestered in biomass by the 

static indicator was counterbalanced by analogous overestimation of CO2-eq emitted due to product disposal at 

year 60 (417 kg CO2-eq in scenario 1, 841 kg CO2-eq in scenario 3). The use of a static indicator or a time-

dependent GWP leads to similar results in this specific case: in fact CO2 emissions and uptake occur either in the 

same short time frame or homogenously throughout the time horizon. In general, a dynamic account of climate 

impacts is recommended because a static metric would not be able to distinguish the timing of CO2 fluxes, 

making it unsuitable for analysis aiming at a CO2 emissions reduction in a short time frame.  

The contribution by the biological production of Eucalyptus obtained applying the static or dynamic climate 

metric and a TH of 20 or 100 years was similar, as shown in scenario 1, 3, 4 and 5. Unlike spruce plantation for 

which a rotation time of 70 years was assumed, the fast biomass growth of Eucalyptus was modelled with a short 

rotation time (6 years) that did not cause significant result alteration by switching from dynamic to static climate 

metrics and between the two THs. The results obtained for the other processes were more sensitive to changes in 

TH, especially when a short TH was combined to the GTP metric. The results also showed the sensitivity of 

results to the type of dynamic indicator choose: net CO2 fluxes calculated through a dynamic GWP or a dynamic 

GTP (keeping the other variables to the default setting) caused in fact the highest variation on the net results, 

respectively 502 kg CO2 and -24 kg CO2 with a TH of 100 years and 3220 kg CO2 and 1180 kg CO2 with a TH of 

20 years. GWP and GTP are in fact conceptually different: GWP represent the radiative forcing of a pulse GHG 

emission integrated over a period of time equal to the TH; thus, it is a physical indicator of the potential heat 

stored in the atmosphere by a GHG during a given time horizon. The GTP is an estimate of the potential surface 

temperature change in a target year, identified with the TH, in response to a GHG emission and it is therefore an 

indication of a potential impact closer to the end point. In other words, the two metrics cannot provide a 

comparable result, since they reflect a different concept and it would be misleading to compare the quantitative 

result they provide without a correct interpretation of their meaning. 

The choice of TH also depends on the goal and scope of the study, on what climate metric it is applied to and 

thus, whether the climate impact is intended to be assessed closer to mid-point or end-point. GTP with a short 

TH (e.g.20 years) shows that the impact in terms of temperature increase of GHG emissions depends on the 

temporal distance to the peak temperature, identified by the choice of the TH and therefore, it may be an 

appropriate metric to assess the influence of short-lived GHG on the peak temperature. GTP with a TH of 100 
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year weights more the long lived GHG while GWP with a long TH might be suitable for long-term impacts 

depending on the cumulative radiative forcing as for example see-level rise (Weidema and Brandao 2015).  

Based on the tested scenarios and the case study to which they were applied, it also appeared that the choice of 

the carbon pool has a minor impact compared to the other tested modelling choices. In particular, with regard to 

the case study, taking into account only the carbon in stem with a TH of 100 years showed a slight difference (9 

kg CO2 eq.) compared to accounting for both AG and BG carbon pools. This result is a consequence of the 

particular case study modelled: in fact, the below ground woody debris were assumed as non-harvested and 

decomposing in situ. Accounting only for stem carbon leads to exclusion of both the CO2 emitted due to 

decomposition of debris and for the CO2 sink in non-stem biomass, such as branches. Consequently, the two 

results compensate each other, limiting the net effect on the final result. Under specific circumstances as in the 

case study, accounting only for carbon in stem provides a more accurate result than accounting for all above 

ground carbon pool. Nevertheless, a more comprehensive model including both above and below ground carbon 

would be generally more appropriate.  

For all scenarios analysed results associated a positive value in terms of kg CO2 eq. (thus a negative 

environmental effect) to the process Eucalyptus Plantation in Brazil and a negative value (thus a positive 

environmental effect) to the Sawmilling process. The processes related to pulp and paper production in Brazil are 

part of the substituted system and show results with opposites sign. The biological production of Eucalyptus (and 

therefore the associated CO2 sequestration) was in fact avoided by the by-product (Fig. 3). Analogously, 

emissions from saw milling of Eucalyptus were negative as related to the avoided by-product.  

The methodological choices tested in this study did not intend to be comprehensive of all the choices affecting 

LCA results, neither to draw general considerations on which assumption may be preferred. The comparison 

could be extended to other methodological aspects such as: the choice of alternatives carbon decomposition 

models or other LUC models, the comparison with further climate indicators and the effect of including soil 

carbon models. Nevertheless, uncertainties may also rise from case-study specific modelling assumptions. In this 

case study it was chosen to model as a by-product of the spruce sawmilling process, both the sawn chips and 

slabs, based on data drawn from UNECE-FAO (2010), which provides aggregated data concerning chips and 

slabs. However, while wood chips are likely to substitute eucalyptus for the production of pulp and paper, wood 

slabs could in specific cases also substitute construction materials (or other long-lived products). If only wood 

chips were considered as a by-product, the displaced eucalyptus would have been less and the outcome in terms 

of GHG emission/uptake would have also been affected.   

In absence of more specific guidelines on how to carry on LCA of bio-based materials, the outcomes of LCAs of 

forestry products might be vulnerable to misinterpretation and to the selection of assumptions that might 

inherently determine results beforehand.  

5 Conclusions and recommendations  

This work investigated the influence of common methodological choices on LCA climate impact results of 

forestry products, an aspect often overlooked compared to the assessment of uncertainties related to inventory 

data. The suitability of different LCA modelling approaches was assessed through the comparison of eight 

scenarios applied to the same case study, accounting for the impacts of long-lived construction wood. The 
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scenarios tested: the impact of indirect Land Use Changes, the choice of climate metrics, the choice of time 

horizon and the choice of the forest carbon pools included in the model. LCA results varied substantially 

according to the modelling assumptions. The results showed a net emission in terms of CO2 eq. per FU, with the 

exception of one scenario. The calculated iLUC presented a higher contribution to results variation then the 

choice of different carbon pools. They appeared particularly sensitive to the choice of time horizon, especially 

when combined with the choice of static or dynamic climate indicator and different climate metrics as GWP and 

GTP. The two metrics reflect a different concept and should be coupled with a value of the time horizon 

depending on the goal and scope of the study. A more comprehensive and differentiated understanding of climate 

metrics and related time horizons is needed in order to know which climate metrics are relevant for which end-

point impacts related to climate change. In conclusions, the following recommendations can be formulated:  

1. Since forestry activity and forest products highly affect the timing of CO2 uptake and emissions, the 

time-dependence of CO2 fluxes should be addressed in any LCA that involves forestry and forest 

products. 

2. Currently, there is no consensus on which GHG metrics should be used to take into account for the 

timing of CO2 fluxes. Different metrics represent different effects; therefore, the choice of metrics 

should be justified based on the climate change impacts addressed. Some examples are: 

• Long-term climate effects, such as sea level rise, are well correlated with GTP100 or GWP500. 

• Short-term climate effects, such as extreme weather conditions, are correlated with the peak 

temperature. This could be represented by GWP100 or GTP20. 

3. Indirect land use changes effect can rarely be avoided: the market for land suitable for forestry is in fact 

global, because forests can be grown in many different places and because forest products can be 

cheaply transported over large distances. Therefore, indirect land use changes should always be 

included – unless it can be demonstrated that the used land is flexible and not connected with the market 

for land fit for forestry. 

4. With regard to the carbon pool to include in the LCA, it is recommended to include all carbon pools that 

can be affected by forestry activities. Since this involves both above and below ground carbon, both 

carbon pools should be included. 

Further research is necessary to strengthen biogenic carbon cycle models, and further guidelines would facilitate 

the choice of modelling assumptions when carrying on LCA of bio-based materials.  
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Abstract
Purpose Despite a mature debate on the importance of a time-
dependent account of carbon fluxes in life cycle assessments
(LCA) of forestry products, static accounts of fluxes are still
common. Time-explicit inventory of carbon fluxes is not
available to LCA practitioners, since the most commonly used
life cycle inventory (LCI) databases use a static approach.
Existing forest models are typically applied to specific study
fields for which the detailed input parameters required are
available. This paper presents a simplified parametric model
to obtain a time-explicit balanced account of the carbon fluxes
in a forest for use in LCA. The model was applied to the case
of spruce as an example.
Methods The model calculated endogenous and exogenous
carbon fluxes in tons of carbon per hectare. It was designed
to allow users to choose (a) the carbon pools to be included in
the analysis (aboveground and belowground carbon pools,
only aboveground carbon or only carbon in stem); (b) a linear
or sigmoidal dynamic function describing biomass growth; (c)
a sigmoidal, negative exponential or linear dynamic function
describing independently the decomposition of aboveground
and belowground biomass; and (d) the forest management

features such as stand type, rotation time, thinning frequency
and intensity.
Results and discussion The parametric model provides a
time-dependent LCI of forest carbon fluxes per unit of prod-
uct, taking into account the typically limited data available to
LCA practitioners, while providing consistent and robust out-
comes. The results obtained for the case study were validated
with the more complex CO2FIX. The model ensures carbon
balance within spatial and time delimitation defined by the
user by accounting for the annual biomass degradation and
production in each carbon pool. The inventory can be used
in LCA studies and coupled with classic indicators (e.g. global
warming potential) to accurately determine the climate im-
pacts over time. The model is applicable globally and to any
forest management practice.
Conclusions This paper proposes a simplified and flexible
forest model, which facilitates the implementation in LCA
of time-dependent assessments of bio-based products.

Keywords Carbon balance . Forest carbon cycle . Life cycle
inventory . Life cycle assessment

1 Introduction

Despite a mature debate on the importance of a time-
dependent account of carbon fluxes in life cycle assessments
(LCA) and carbon footprints of forestry products, static ac-
counts are still common (Babaizadeh et al. 2015; Iritani et al.
2015; Klein et al. 2015). The time profile of carbon emissions
and sequestration flow in the inventory of biogenic systems,
which is also referred to as dynamic account, is often not a
concern in published LCA studies (Van Der Voet et al. 2010).
Carbon fluxes within a biogenic system are disregarded, be-
cause the net flux balance is considered null (e.g. Kim and
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Dale 2008; Mirabella et al. 2014; Pinsonnault et al. 2014).
This is justified through the simplifying assumption that if
an equal amount of the harvested biomass is replanted, an
approximately equal amount of carbon it contained will be
re-stored in replanted biomass. This assumption may under-
estimate the climate impact that if the carbon is released in
atmosphere as CO2 before an equal amount is recaptured in re-
growing biomass, then the CO2 molecules in the atmosphere
that contribute to global warming and the climate impact are
not neutral (Cherubini et al. 2011). The attention towards a
dynamic account of biogenic carbon flows within LCA has
recently increased (Levasseur et al. 2010; Cherubini et al.
2011; Brandão et al. 2013). This is particularly important in
the study of forestry systems due to their longer rotation time
and amount of carbon stored compared to crops, but time-
dependent inventory data of carbon fluxes are still lacking.

Forests represent a major terrestrial carbon pool (Fig. 1)
and cover more than 30 % of global land surface. FAO
(2012) estimated that, excluding wood products, the biogenic
carbon stock in world’s forests was 653 PgC: 289 PgC in
living biomass (44 %), 72 PgC in dead wood and litter
(11 %) and 292 PgC in soil (45 %). Forests play a key dual
role, acting mainly as carbon sink and as a carbon source:
carbon is up-taken through photosynthesis and released
through respiration, biomass decomposition and natural forest
fires. Biomass-related releases of carbon are also caused by
anthropogenic activities, e.g. biomass combustion for energy
production. Carbon accumulates in the stand as trees grow
throughout the rotation time and subsequently released to
the atmosphere at the end of the rotation time or after products
are consumed and disposed. The challenge of a dynamic ac-
count of forest carbon fluxes is increased by the different rates,
at which carbon is sequestered and released throughout the

rotation time. Aspects, such as rate of growth, amount of thin-
ning, forest litter changes, buildup of soil organic matter and
respiration of soil microbes, increase the variability of carbon
flows as these pools process carbon at different rates. This is
particularly relevant for the modelling of any products arising
from forest systems, e.g. the climate impacts of wood biomass
for bioenergy or for estimating the flows associated with for-
estry management.

Several models exist for the estimation of the carbon flows
between the different terrestrial pools associated with a single
component of the carbon cycle: RothC (Coleman and
Jenkinson 1996), century (Parton et al. 1987, 1988), CENW
(Kirschbaum 1999, 2000), daisy (Abrahamsen and Hansen
2000), GEFSOC (Milne et al. 2007), SDGVM (Woodward
et al. 1995) and the soil carbon model Yasso07 (Tuomi et al.
2011). Models accounting for carbon fluxes with multiple
components also exist with different level of complexity: the
mathematical models, GORCAM (Schlamadinger and
Marland 1996) and LM3V (Shevliakova et al. 2009), calculate
CO2 fluxes in forests including the carbon stored in wood
products; CO2FIX dynamically estimates the carbon seques-
tration potential of forest management (Masera et al. 2003);
while G4M downscales the FAOSTAT forest resource assess-
ment (FRA) data to half degree global spatial dataset
(Kindermann et al. 2008). These models and methods are
applied in soil and agricultural science or modelling of agro-
forestry systems. Yet, they are often challenging to implement
in LCA because they require several data for complex pro-
cesses (e.g. photosynthesis, plant respiration, decay of bio-
mass, decomposition of different fractions of carbon by mi-
crobes, final harvest). These models are typically applied to
specific study fields for which the detailed input data are avail-
able. However, detailed forestry data are usually not available

Fig. 1 The global carbon cycle
for the 2000s, showing the major
pools (boxes) and fluxes (arrows)
in PgC and PgC yr−1, respectively
(adapted from Ciais et al. 2013).
Pre-industrial ‘natural’ fluxes in
blue and ‘anthropogenic’ fluxes
in red. Note: stocks and flows in
and to/from oceans and fossil
reservoirs are omitted on purpose,
as the focus is on the forest carbon
cycle. Forestland is a net carbon
sink. Emissions from degradation
of harvested wood products are
implicitly included in the flow
from land to the atmosphere. The
reservoir of carbon in wood
products is around 2–8 PgC
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to LCA practitioners. Current practice in LCA is to use static
approaches to carbon fluxes in the modelling of forestry sys-
tems, e.g. in the most commonly used LCI database such as
Ecoinvent (2016), GaBi (2016) and Ökobau (2016).
Therefore, the objective of this work was to facilitate a time-
dependent account of carbon fluxes to be implemented in
mainstream LCA by providing a simplified and user-friendly
forest model. The parametric model provides a time-
dependent life cycle inventory (LCI) of forest carbon fluxes
per unit of product, taking into account the—typically limit-
ed—data available to LCA practitioners, while still providing
consistent and robust outcomes. The methodology could be
applicable globally and to any forest management practice.
The model was not intended to substitute more advanced for-
est management models but rather to provide a practical tool
for use in LCA, compromising between data requirements,
complexity and relevance for LCA. Equations for the model
are provided in this manuscript, whereas the model can be
accessed through a MS Excel® user-friendly interface in the
Electronic Supplementary Material (ESM).

2 Materials and methods

The model was based on a balanced account of carbon
fluxes in 1 ha of forestland or tree plantation, with a time
frame unit of 1 year and a rotation time defined by the
user. It was assumed that the stands are even-aged within
the hectare to allow applications to uneven-aged stands,
through iterations with different reference year. Biomass
growth is calculated in terms of net primary productivity
(NPP) and the carbon accumulated in biomass measured
in tons of carbon. NPP has the advantage of accounting
for the actual production of the land, as this depends not
only on the land dimension but also on the climate and
location’s characteristics, allowing the model to be ap-
plied globally. The model results were obtained for a

boreal spruce forest, as a case study to provide values to
the model’s parameters.

2.1 Forest carbon pools

Carbon is present in forests in aboveground (AG) bio-
mass, belowground (BG) biomass and in soil. AG and
BG biomass have different growth and decomposition
rates. Existing mass balances and carbon accounts of for-
estry products include different pools of the total carbon:
only the AG forest carbon (Perez-Garcia et al. 2005;
Eriksson et al. 2010), AG and BG carbon stock (Helin
et al. 2013) or all carbon stocks including soil carbon
(Muller-Wenk and Brandao 2010; Mckechnie et al.
2011; Holtsmark 2012). The calculation of soil organic
carbon is complex and requires specific on site observa-
tion to be accurate (Anderson-Teixeira et al. 2009, Don
et al. 2012). It depends to a great extent on climate con-
ditions, soil type and agricultural practices, as ploughing
and multiple or single harvested forest. The soil organic
carbon of tropical forests is often excluded in carbon
fluxes analysis for simplicity, because the soil carbon se-
questration capacity of tropical forests is limited and re-
mains highly uncertain (Sayer et al. 2011). The soil or-
ganic carbon contained in boreal forests is not negligible:
Kjønaas et al. (2000) estimated that it counts for more
than 80 % of the carbon stored in Norwegian forests,
and Liski et al. (2006) considered the carbon contained
in boreal forests’ litter to be above of 50 % of the total.

Four different carbon pools were considered in the model
(Fig. 2): (1) harvested stems—all stems harvested at the end of
the rotation time and thinned stems during thinning opera-
tions; (2) harvested woody debris—it includes slashes and
AG or BG woody debris removed during thinning or harvest-
ing operations; (3) AG woody debris—non-harvested slashes
and coarse woody debris generated during logging and thin-
ning operations; and (4) BG woody debris—non-harvested
BG woody debris remaining after logging and thinning

Fig. 2 Forest carbon input and
output in the four defined carbon
pools contributing to the forest
carbon balance
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operations. Accounting for changes in SOC was outside the
scope of the model that however included BG carbon based on
the simplifying assumption that carbon in BG and AG non-
harvested woody debris will be emitted as CO2 once the bio-
mass decomposition is completed.

2.2 Carbon input

Trees have a non-linear growth rate and continue to up-
take and store carbon over a long period of time
(Stephenson et al. 2014). The carbon accumulation in bio-
mass is, thus, directly related to the biomass growth. The
CARBINE model (Broadmeadow and Matthews 2003)
was chosen as a simple model to describe the biomass
growth, given the total biomass yield at the end of the
rotation time (Eq. (1)).

I t ¼ Cp
2NPPT= 1þ 100

T
2−t
T
2

 !
ð1Þ

where t [year] is the time for which the forest carbon (C)
accumulation defined as an carbon flux input [t C ha−1] is
calculated; T [year] is the rotation time; Cp [t C tdm−1] is the
carbon factor for the plant type p; and NPPT [t dm ha−1] is the
total yield at the end of the rotation time quantified as net
primary productivity [t dm ha−1] at the end of the rotation time
T.

The CARBINE model was applied to calculate four
different input fluxes by dividing the NPPT into the four

carbon pools described in Sect. 2.1. For each year, the
total carbon flux input It,tot equals the sum of stems (s),
harvested woody debris (h) and AG and BG non-
harvested woody debris (w) (Eq. (2)).

I t; tot ¼ I t;s þ I t;h þ I t;AGw þ I t;BGw ð2Þ

The total merchantable growing stock volume was multi-
plied for the parameters in Table 1, which are the BCEFs, the
basic wood density and the aboveground/belowground ratio
to obtain the total aboveground biomass and the different
component of Eq. (2). The total merchantable growing stock
volume was calculated as the product of the annual biomass
increment for the rotation time.

Alternatively, the model also provides the user with the
option of describing the biomass growth with a linear
function.

2.3 Carbon output

Forest management activities include plantation, thinning and
harvesting. Thinning improves the original planting spacing
by removing some of the plants and reserving more growing
space to the remaining stands. It usually targets trees with poor
growth or stem shape, forks or damages. Depending on tree
species and objective, thinning operations can vary in intensi-
ty and frequency during the rotation time (Mäkinen and
Isomäki 2004; Yoshimoto and Marušák 2007). Stems are har-
vested at the end of the rotation time and during thinning
operations, though in this case, the harvested stems are only

Table 1 Variables, units and values used to model spruce pine boreal forest plantation used as a case study

Variables Units Symbol Value References

Rotation time year T 70 Parameter

Thinning intensity (at year t) % τt 3 Parameter

Biomass annual increment m3 ha−1 y−1 BAI 6.5 Statistic Sweden (2014)

Basic wood density (conversion factor m3 ton) t dm m−3 BWD 0.45 IPCC (2006, table 4.13)

Carbon factor (carbon content in wood) t dm−1 Ci 0.51 IPCC (2006, table 43)

Ratio BG/AG – RAG/BG 0.3 IPCC (2006, table 4.4)

Biomass conversion and expansion factor: merchantable
growing stock volume to aboveground biomass

t dm m−3 BCEFS 0.53 IPCC (2006, table 4.5)

Share of aboveground woody debris harvested % HAG 80 % Parameter

Share of belowground woody debris harvested % HBG 0 % Parameter

AG decay parameter for sigmoidal decay dynamic – aAG 0.082 Freschet et al. (2012)

AG decay parameter for sigmoidal decay dynamic – bAG 2.530 Freschet et al. (2012)

BG decay parameter for sigmoidal decay dynamic – aBG 0.067 Freschet et al. (2012)

BG decay parameter for sigmoidal decay dynamic – bBG 1.310 Freschet et al. (2012)

AG decay parameter for exponential decay dynamic – kAG 0.054 Freschet et al. (2012)

BG decay parameter for exponential decay dynamic – kBG 0.050 Freschet et al. (2012)

AG decay parameter for linear decay dynamic – mAG 0.031 Freschet et al. (2012)

BG decay parameter for linear decay dynamic – mBG 0.012 Freschet et al. (2012)
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these of thinned stands. Harvested woody debris are harvested
following thinning and at the end of the rotation time. Due to
difficulties in modelling debris and slashes natural production
caused byweather conditions and animal disturbance, produc-
tion of residues was assumed to occur only during thinning or
harvesting operations.

Trees are planted at time t0 and harvested at time t1. At t1,
new trees are replanted to replace the harvested wood, with a
rotation time ending in T. Thus, the output O1 in t1 equals the
potential biomass growth over the entire rotation time minus
the intermediate outputs due to thinning (Eq. (3)).

O1 ¼
XT
n¼1

In−
XT
n¼2

On ð3Þ

Same principle applies for the following n years. The out-
put at year t equals the biomass growth until that time year
minus outputs due to thinning (Eqs. (4) and (5)).

O2 ¼
X2
n¼1

In

 !
2τ2 ð4Þ

O3≤ t ≤T ¼
Xt

n¼1

In−
Xt−1
n¼2

On

 !2

τ t ð5Þ

where Ot [tC ha
−1] is the carbon output at time t, and the pa-

rameter τt (%) indicates the thinning at year t. Thinning is
measured as percentage of stands.

As a result of the abovementioned forest management ac-
tivities, for each year, the total carbon flux output Ot,tot equals
the sum of four different carbon pools (Eq. (6)).

Ot; tot ¼ Ot;s þ Ot;h þ Ot;AGw þ Ot;BGw ð6Þ

2.4 Forest biomass decomposition

The decay of non-harvested woody debris results in carbon
emissions to air. Wood decomposition rate depends on, e.g.
wood density, wood diameter and average temperature
(Chambers et al. 2000). Woody litter decomposition can be
approximated by a sigmoidal function: a slower initial decom-
position pattern is followed by a faster decomposition pace
and again a slower final phase (Means et al. 1992). Negative
exponential model has, instead, been used to describe the
mass loss pattern of non-woody litter (Olson 1963; Coleman
and Jenkinson 2008). Sigmoidal decomposition trends have
been observed not only in specific wood species (Laiho and
Prescott 2004; Harmon et al. 2000) but also in non-woody
litter decomposition (Tuomi et al. 2011). Freschet et al.
(2012) tested the hypothesis that wood decay dynamics strict-
ly depend on species and wood trait variations on six different
boreal wood species. They found that three followed a

negative sigmoid function, two a negative exponential and
one a linear function. Thus, a single decomposition function
cannot be used to describe wood mass loss dynamics in dif-
ferent species and conditions. For this reason, the model in-
cludes three decay dynamics and relative parameters: linear
(Eq. (7)), negative exponential (Eq. (8)), and sigmoidal
(Eq. (9)). Decomposition of AG and BG debris can be
modelled independently with different decay dynamic for
each pool.

RDt; linear ¼ 1−m2t ð7Þ
RDt; exponential ¼ e−k

2t ð8Þ

RDt;sigmoidal ¼ 1− 1− e−a
2t

� �b
ð9Þ

where RD is the decay dynamic of the relative density (wood
density divided by initial wood density), which is a proxy of
the decay stage, and m, k, a and b are predicted model
parameters readily available in Freschet et al. (2012) for six
boreal tree species and can otherwise be calculated according
to Freschet et al. (2012). The annual decomposition rate
(ADR) can then be calculated, knowing that (Eq. (10))

ADR0 ¼ 1 ; ADRt ¼ RDt−1−RDt ð10Þ

2.5 Carbon dioxide uptake and emission and life cycle
inventory

The annual carbon dioxide uptake was calculated based on the
total carbon flux input (Eq. (11)). The annual carbon dioxide
emission was calculated from the annual biomass decomposi-
tion of AG and BG non-harvested woody debris, starting from
the time the debris were produced via thinning (Eq. (12)).

Ut ¼ c2I t:tot ð11Þ

Et ¼ c2
Xt

n¼1

ADRn;AGw
2Ot−nþ1; AGw þ

Xt

n¼1

ADRn;BGw
2Ot−nþ1; BGw

 !

ð12Þ

where c is the atomic weight ratio between carbon dioxide and
carbon (44/12); Ut [tCO2 ha

−1] is the total uptake of carbon
dioxide in year t; and Et [tCO2 ha

−1] is the total amount of
carbon dioxide emitted in year t.

The model can be applied to build an LCI for any forest
farm or plantation. Assuming that the purpose of such activity
is round wood production, then the sum of annual Ot,s values
over the rotation time T can be taken as the reference flow of
this activity, and the sum of annual Ot,h, values over T can be
taken as the amount of co-products. The results of Eqs. (10)
and (11) represented the annual environmental exchanges of
the activity. Based on these, total values of carbon dioxide
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uptake and emission aggregated over the entire rotation time
can also be obtained (in case a total instead of yearly inventory
is the desired as outcome).

2.6 Illustrative case study

The model was applied to the case study of 1 ha of spruce pine
boreal forest plantation in Sweden and calculates the carbon
fluxes in the study area. The values of the parameters used are
reported in Table 1, together with data sources. The AG and
BG biomass were calculated considering a BG/AG ratio of
0.3, a biomass carbon content of 0.51 % (IPCC 2006) and
an annual increment of spruce biomass of 6.5 m3 per hectare
per year (Statistic Sweden 2013). Rotation time was set to
70 years. Thinning in Norwegian spruce may increase the
gross wood production (Nilsen and Abrahamsen 2003) and
to optimize individual tree growth in Norwegian spruce for-
ests, Valsta (1992) suggests a late first thinning and a total
number of thinning of two or three. The case study modelled
three thinning operations during the rotation time, respectively
at 20, 30 and 40 years, because spruce trees’ growth rate is
higher in the mature phase, i.e. between 20 and 50 years after
plantation. Since trees with pure growth or damaged are
cleared with the earliest thinning, the three thinning proce-
dures were assumed to remove respectively 30 %, 20 and
10 % of the stems. Harvesting of 80 % of the total AG debris
and slashed generated during thinning and harvesting opera-
tions was also assumed. The remaining non-harvested AG
residues were modelled as decomposing according to a

sigmoidal decay dynamic based on the findings of Freschet
et al. (2012) for Pinus sylvestris. The entire stock of BG debris
was assumed as non-harvested and modelled as decomposing
linearly (Freschet et al. 2012). We assumed no substantial
difference in decay dynamics within the same region between
Spruce and P. sylvestris.

3 Results

This section presents the time-explicit CO2 LCI data neces-
sary for a time-dependent life cycle impact assessment of CO2

fluxes. The results were obtained for the case study introduced
in Sect. 2.6 with parameters’ value described in Table 1. The
total uptake of carbon dioxide at the end of the rotation time T
was UT = 70 = 580.431 [t CO2 ha

−1] (Fig. 3); the total amount
of carbon dioxide emitted Et = 200 = 147.423[tCO2 ha

−1], cal-
culated at year 200 when 99.999 % of the woody debris
decomposed. The reference flow was the sum of annual car-
bon uptake in stems over the rotation time T, OT,s = 103.389 [t
CO2 ha

−1] (Fig. 5). The amount of CO2 in co-products, i.e. the
sum of annual carbon uptake in harvested woody debris was
Ot,h = 53,915 [t CO2 ha

−1]. The model allowed to obtain a full
input/output balance of carbon fluxes for each carbon pool
(columns ‘C IN’ and ‘C OUT’ in Fig. 3) and a full input/
output balance of the respective CO2 fluxes (columns ‘CO2

IN’ and ‘CO2 OUT’ in Fig. 3). The CO2 output in harvested
biomass in column ‘CO2 OUT’ was not marked as CO2 emis-
sions, because the fate of the harvested biomass is unknown

Fig. 3 Balanced account of
carbon (C in the figure) and CO2

input-output (IN and OUT)
fluxes. The CO2 contained in
harvested stems and woody
debris is not emitted but leaves the
forest area after harvesting. The
fate of the biomass in which this
CO2 is contained was outside the
scope of the model
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and outside the scope of the model. The full mass balance
guarantees the correctness of the inventory data provided by
the model.

Section 3.1 shows the annual inventory of carbon sink for
the four carbon pools described in Fig. 2. Section 3.2 presents
the annual inventory of net carbon fluxes, accounting for the
gradual decomposition of non-harvested woody debris, and
Sect. 3.3 presents the results of the model validation.

3.1 Inventory of carbon accumulation in biomass

Figure 4 presents the inventory of carbon accumulated during
biomass growth in the four carbon pools presented in Sect. 2.1
and Eq. (2). At the end of the rotation time T, the stands are
harvested and the biomass growth interrupted. The biomass
and its carbon content in the output categories ‘harvested
stems’ and ‘harvested woody debris’ physically leave the for-
est plot.

When the product spruce timber is demanded, mature
spruce trees at the end of the rotation time are cleared and
new stands are planted. On these bases, the inventory of car-
bon fluxes was calculated for the time window marked in red
in Fig. 5. The figure shows the carbon accumulation in the
growing spruce biomass according to Eq. (1). The three thin-
ning operations reduce the biomass and the carbon contained
in the forest plot.

The model maintained the carbon balance accounting for
the harvested biomass as an output of the forest plot at the end
of the rotation time T = 70 in the case study. On the contrary,
the carbon contained in ‘AG carbon in non-harvested woody
debris’ and ‘BG carbon in non-harvested woody debris’ does
not leave the forest plot, and the biomass in which it is
contained gradually decomposes in the following years. As a
consequence, the carbon is gradually emitted as CO2.

3.2 Carbon balance accounting for the biomass
decomposition

According to Freschet et al. (2012), spruce AG biomass de-
composes following a negative exponential dynamics, while
BG biomass follows a linear decay dynamic. The decay of the
relative density shown in Fig. 6 is normalized to the maximum
density equal to 1 in year 0, when the decomposition process
begun. Year 0 corresponds to the year in which residues are
generated due to harvesting or thinning operations and start to
decompose.

Cumulative results of the annual CO2 fluxes calculated
according to Eqs. (11) and (12) are presented in Fig. 7. The
figure shows the CO2 cumulative uptake (negative values) and
emission (positive values) and the resulting net CO2 flux,
taking into account the biomass growth and AG and BG
ground woody debris decay process. The CO2 uptake in bio-
mass ends when the stands are harvested at the end of the
rotation time, while CO2 emission from biomass decomposi-
tion continues after harvesting operations.

3.3 Validation

Results concerning both biomass growth and decomposition
were validated with the detailed model CO2FIX (Masera et al.
2003) version 3.2 available on line (http://dataservices.efi.
int/casfor/models.htm) by simulating a scenario similar to
the case study presented in this paper. CO2FIX includes the
biomass decomposition and soil carbon model Yasso07
(Tuomi et al. 2011) and explicitly provides annual CO2 fluxes
through a software interface. CO2FIX requires more detailed
input data (see Sect. 1); moreover, in order to perform the
validation, we used data for Norway spruce in Masera et al.
(2003) for input data not present in the proposed model. As

Fig. 4 Inventory of carbon
accumulated in growing biomass.
The figure shows the four carbon
pools defined in the
methodology: carbon in stems,
carbon in harvested woody debris
and carbon in non-harvested
aboveground (AG) and
belowground (BG) woody debris
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CO2FIX requires not only the mean annual volume increment
(14 m3 ha−1 per year in Masera et al. 2003) but also its distri-
bution as a function of stand age, we used the values for
Norway spruce (Table 1 in Masera et al. 2003) to similarly
distribute the mean value of annual volume increment 6.5 ha−1

per year used in the case study. The validation was performed
for both values and the result is presented in Fig. 8.

We found more appropriate the sigmoidal curve as it better
approximated the slower growth rate also found in the
CO2FIX results. For simplicity, the proposed model did not

account explicitly for biomass mortality and disturbance.
However, a sigmoidal growth function better reflected the
assumption that stands are harvested when the net annual
growth rate, i.e. biomass growth calculated, excluding bio-
mass loss due to disturbances and mortality, decreases in age-
ing stands.

We validated the exponential decomposition curve with
the Yasso07 default parameters set in CO2FIX. Average
precipitations during the growth period (data required by
CO2FIX) was assumed 300 mm independently of the

Fig. 6 Decomposition dynamics
of AG (negative exponential) and
BG (linear) spruce biomass
according to Freschet et al. (2012)

Fig. 5 Total biomass
accumulation in forest over the
rotation. The effect of thinning on
the total amount of carbon in
stems and residues [t C ha−1] is
shown. The red line shows the
temporal window for which the
carbon inventory was calculated
in the case study, assuming a
rotation time T of 70 years
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country/region. Monthly precipitation are, in average,
higher during the growth period in countries with a short
growth period, while lower monthly precipitations are ob-
served in countries with a longer growth period; moreover,
monthly average temperature and precipitation data were
drawn from www.worldbank.org/climateportal.

Figure 9 shows that the dynamic of the decomposition
function obtained for Swedish monthly average temperatures
did not differ substantially from the CO2FIX function.
Figure 9 also shows that the CO2FIX results obtained for
German (DEU), Italian (ITA), Mexican (MEX) and French
(FRA) average temperature were instead significantly

different. However, while CO2FIX results are not exempt
from uncertainties, the model proposed in this paper reduces
the required input parameters to meet LCA practitioners’ con-
ditions of application.

4 Discussion

Forests carbon fluxes are complex and location dependent.
While the focus of several published studies has been on the
dependency of carbon degradation in selected pools on spe-
cific factors (e.g. temperature, wood species, soil type), this

Fig. 7 Cumulative uptake,
emissions and net CO2 fluxes. As
a convention, negative values
represent CO2 uptake and positive
values CO2 emissions

Fig. 8 Validation of the growth
function for values of average
annual biomass increment of 14
and 6.5 m3 ha−1 per year. The
continuous lines shows the results
obtained with CO2FIXwith value
of average annual biomass
increment of 14 m3 ha−1 per year
(thick line) and 6.5 m3 ha−1 per
year (fine line). The final results
obtained with the proposed model
differ by less than 10% compared
to the CO2FIX values. The
CO2FIX results are compared
with the results obtained with the
proposed model using both a
linear (Val LIN) and a sigmoidal
(Val SIG) growth curve
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study proposed a simplified parametric model, which is easily
applicable to any forest system anywhere in the world by
setting the model’s parameters accordingly. The model
allowed obtaining a time-explicit life cycle inventory of car-
bon fluxes in a forest, typically excluded in LCAs of forestry
products. There are of course uncertainties related to the ap-
plication of a flexible model. They are mainly related to the
calculation of biomass growth rate and decomposition, due to
their dependency on the specific forest conditions and
management.

Biomass growth of different species and their carbon con-
tent were important parameters to the model. There are several
allometric models to calculate carbon content in biomass,
based on regional data sets and specific environmental factors
(Vieilledent et al. 2012). In this paper, carbon in biomass was
calculated through a more generic equation drawn from the
CARBINEmodel, based on the factorC for the plant type and
the total estimated yield NPPT at the end of the rotation time.
Figure 4 shows the biomass growth trend for spruce stands,
according to Eq. (1). Biomass and carbon accumulation dur-
ing the first growth phase of a tree was relatively low com-
pared to the full-vigour phase, when biomass growth and car-
bon uptake increased, while it slows down and almost stops
after 100 years. A recent study by Stephenson et al. (2014)
found that old large trees continue to increase in size and
accumulate additional carbon. Despite decreasing leaf-level
productivity, old trees have a larger leaf area that outpaces
the declining productivity. This finding was, however, not
relevant for the purpose of our model. In fact, wood is re-
moved from forest when harvesting is economically valuable.
Due to optimization of the trees turnover in managed forest,
the rotation time can be generally assumed lower than
100 years. Whether stands would have continued to grow or
not becomes, therefore, irrelevant. Yet, the analysis of carbon

fluxes in the proposed model was carried on for a forest plot
rather than for a single stand. At forest plot level, a long-term
equilibrium is reached since old trees mortality and natural
disturbances provoke a loss of biomass that offset biomass
growth. Consequently, after a certain time depending on tree
species, carbon sequestration at forest plot level also slows
down, because the amount of carbon sequestered is offset by
the decomposition of the increasing amount of slashes and
woody debris (Storaunet and Rolstad 2002).

The rate of biomass decomposition depends on several
variables among which are average annual temperature, soil
moisture, soil clay content, soil cover and disturbance. The
three optional decomposition functions were proposed to min-
imize uncertainties and improve model flexibility.
Nevertheless, it remains a simplifying assumption the hypoth-
esis that all decomposing carbon in woody debris will be
gradually emitted as CO2. A fraction of the decomposed car-
bon may in fact not be emitted as CO2 during biomass decom-
position, contributing to the increase of soil carbon stock.

The model includes both AG and BG carbon stocks, while
excluding soil carbon. The carbon stock nomenclature can,
however, be misleading as the distinction between BG and
soil organic carbon (SOC) is not sharp: the BG carbon stock
can be interpreted as the belowground (living) biomass, in
which case soil carbon should be considered as the carbon in
soil and not in living biomass. When stems are harvested BG
biomass, such as roots and stumps, can no longer be consid-
ered living biomass, and the soil carbon stock would suddenly
increase of a considerable amount. For this reason, a clear
distinction between BG and soil carbon was made, including
BG carbon, while excluding soil carbon. As for AG non-
harvested biomass, decomposing BG biomass does not entire-
ly release the decomposing carbon; a portion of it remains in
soil and contributes to increasing SOC. The inclusion of all

Fig. 9 Validation of the
decomposition function. The
figure shows the exponential
decomposition function (EXP)
obtained for non-harvested
woody debris (continues line) and
the decomposition function
obtained with CO2FIX adapted to
the average monthly temperatures
of Sweden (SWE), Germany
(DEU), France (FRA) and Italy
(ITA)
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carbon stock (including SOC stock) would be a more accurate
modelling choice. In particular, when old natural forests are
converted in forest farms, a net loss of SOC occurs. A shorter
rotation time means increased soil disturbance due to more
frequent harvesting and, thus, higher soil carbon loss. If the
model is applied to multiple harvests in boreal forests with
short rotation time, the soil carbon loss might not be negligi-
ble. On the other hand, it should also be observed that the
carbon added to soil by non-harvested decomposing plant
material may balance to some extent the soil carbon loss due
to forest harvesting (Jonker et al. 2014). For LCA, studies that
prioritize the inclusion of soil carbon fluxes in the goal and
scope definition other complementary models may also be
considered as, e.g. Petersen et al. (2013).

The account of carbon fluxes is built on the assumption that
mature stands at the end of the rotation time are harvested
when wood products are demanded. This implies choosing
the second rotation time marked in red in Fig. 5 for the calcu-
lation of carbon fluxes, or in other words, assuming that the
product is demanded at year 70 in Fig. 5. Choosing the first or
the second rotation time in Fig. 5 does not affect the balanced
account of carbon fluxes and sliding the red windows along
the temporal axis the carbon balance would be maintained.
Though a dynamic impact assessment of carbon fluxes was
not an objective of the model, a different choice would even-
tually affect the impact assessment carried on with the inven-
tory data provided by the model. Our choice was based on the
increasingly evident urgency of tackling climate change,
which is currently reflected in policies worldwide. Time-
dependent impact assessment of GHG emissions is increas-
ingly preferred in LCA in order to weight more fluxes occur-
ring earlier. A dynamic impact assessment would, therefore,
weight more emissions occurring earlier due to forest clearing
rather than carbon sink occurring later during tree growth. In
our view, it also better reflected real marked dynamics when
wood demand increases. Intuitively, the demand of wood is
satisfied by harvesting of stems at the end of their rotation and
has no effect in terms of tree planting backwards in time.
Different choices are, of course, possible and dependent on
research objectives. They might also depend on different LCA
approaches: the first rotation time in Fig. 3 may be preferred
by attributional LCA (ALCA) practitioners, as it gives a back-
wards focus on what has happened in the past before the
product was demanded. On the other hand, the second rotation
time in might be preferred by consequential LCA (CLCA)
practitioners, because it is forward looking and focuses on
the consequences triggered by the product demand.

As described in Sect. 3, the fate of the harvested biomass
leaving the forest was outside the scope of the study. The
model accounted for this biomass as an output at the moment
of harvesting but the carbon stored was assumed to be kept in
biomass. However, a complete product-based carbon invento-
ry would depend on whether the biomass is used to produce

long-lived products (such as construction materials, furniture,
etc.) or short-lived ones (such as paper or wood-based fuel)

5 Conclusions

In this paper, we proposed a simplified parametric model ac-
counting for the annual carbon fluxes in a forest plot. The
objective was to provide time-dependent forest carbon flux
data to be used as inventory data for LCA applications, when
primary inventory data concerning the biomass production are
not available. The model ensures carbon balance within spa-
tial and time delimitation defined by the user. The users are, in
fact, required to set parameters generally describing the forest
management practices and forest conditions that more closely
reflect the modelled forest plantation. The model allows for
straightforwardly estimating the annual inventory flows of
carbon in forest systems, and therefore, contributed to im-
prove time-dependent modelling of carbon fluxes in LCAs.
The model includes aboveground and belowground biomass
and harvesting/thinning thin woody residue decompositions
but excludes soil organic carbon changes caused by non
woody litter decomposition: those are, in fact, highly uncer-
tain and complex to account because depend on specific local
conditions of soil, temperature, initial soil conditions, precip-
itations, etc. They require site-specific observations and were,
therefore, outside the scope of the proposed LCA-oriented
parametric model.
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 Land Use and Land-Use Changes in Life Cycle Assessment:  
green modeling or black boxing? 

 

Abstract 

The assessment of Land Uses and Land-use Changes (LULUC) impacts has become increasingly complex. Sophisticated modelling 
tools such as Life Cycle Assessment (LCA) are employed to capture both direct and indirect damages. Yet, quantitative assessments 
are mostly dominated by environmental aspects due to methodological limitations, making the assessment incomplete. 
Socioeconomic implications of land occupation are largely excluded, despite land use matters are multidisciplinary and 
environmental and sustainable development policies intertwine. This paper investigates the limitation of current LULUC modeling 
practices in LCA. Common LCA assumptions harbor value choices, often nontransparent to e.g. policy makers, which reflect a post-
positivist epistemology. They particularly influence the definition of the functional unit, the reference system and system boundaries, 
among other LCA methodological choices. Consequently, results informing land policies may be biased towards determined 
development strategies or hide indirect effects and socioeconomic damages caused by large-scale land acquisitions, such as 
violation of tenure right, speculation and displacement. Quantitative assessments of LULUC are certainly useful but should 
holistically encompass both direct and indirect impacts concerning the environmental and the social science dimension of LULUC. 
An epistemological shift towards a dialectic approach would facilitate the integration of multiple tools and methods and a critical 
interpretation of results. 

Keywords: Land-use change; Life Cycle Assessment; Land Deals; Positivism; Dialectic. 

1. Introduction 

A famous quote on land says: “Buy land, they do not make it anymore” attributed to the American writer Mark Twain. 
On the background of current debates on land-use changes, deforestation and large scale land acquisitions, the quote 
may appear today as encouraging land speculation. The acquisition of land not on the basis of necessity but foreseeing 
its future scarcity may indeed cause increasing land prices, preventing access to who does not have alternative sources 
of livelihood. In contemporary policy making it would be labelled as unsustainable development though Twain would 
have not been familiar with the concept. Sustainability in the modern acceptation has been popularized only in 1987 by 
the World Commission on Environment and Development (WCED), better known as Brundtland Commission. The 
commission notoriously defined sustainable development as a “development that meets the needs of the present without 
compromising the ability of future generations to meet their own needs”1. In 2005 the concept of the triple bottom line 
was introduced: economic development, social development and environmental protection were defined as the three 
interdependent pillars on which sustainability lies.  

The sustainable development framework has been extensively applied to food industry and, more broadly, to the 
agriculture and forestry sector2-4. The objective has been to measure the performances of a product or process. However, 
quantifying the environmental, economic and social performances of several activities occurring along the product 
system of an industrial sector is a non-trivial task. The complexity of the modern world lies as a backdrop, where 
different socio-political and economic contexts are interlinked by a globalized economic system. Several integrated 
assessment tools for evaluating agricultural systems and land use have been developed since the 90’s to address this 
complexity5. Challenges have concerned reaching consensus on methods and procedures to measure the 
intergenerational effects (temporal dimension), the regional distribution of final impacts (spatial dimension) and 
identifying the cause-effect relationships between product demand and damages generated (impact pathways). The 
assessment should be carried on over a time frame covering their entire supply-chain and end-of-life and including 
indirect effects occurring in different geographical locations, as a consequence of the impact pathways. Not 
surprisingly, Life Cycle Assessment (LCA) gained momentum shortly after the definition of sustainable development 
was formalized. LCA was born in 19916 as a ‘cradle-to-grave’ environmental assessment framework. After 25 years of 
constant development, it is today an established science-based comparative assessment tool consisting of a “compilation 
and evaluation of inputs, outputs and the potential environmental impacts of a product system through its life cycle”7. It 
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is considered by the European Commission as “the best framework for assessing the potential environmental impacts of 
products currently available”8. LCA is extensively used for assessing the environmental performance of agricultural 
and forestry products9-11. Analyses on Land Use and Land-use Changes (LULUC) have informed to a great extent 
national agricultural policies12, 13 and private investments14-16, as EU and USA biofuel policies17-19. The European 
Commission sponsors a European Platform on Life Cycle Assessment; it promotes ‘Life Cycle Thinking’ applied also 
to Life Cycle Costing (LCC) and Social Life Cycle Assessment (SLCA) 20, 21, together forming the backbone of a Life 
Cycle Sustainability Assessment (LCSA).  

Despite the promising developments and the extensive use of LULUC in LCA modelling for decision making, currently 
an operational LCSA framework does not exist21, 22. LULUC analyses still concern mainly ecological aspects, poorly 
addressing the multifunctionality of land and agriculture23. Environmental assessments of land use frequently focus on a 
single or a few impacts, such as biodiversity loss or carbon foot printing24, a simplified environmental LCA accounting 
only for one impact category: global warming25. The focus on greenhouse gasses (GHG) emission reduction from 
agriculture and forestry resulted in ad-hoc land use policies and carbon credit schemes as the Reduced Emission from 
forest Degradation and Deforestation scheme (REDD+). One of the most disputed issues remains how to account for 
both direct and indirect GHG emissions, triggered by land use and occupation. Direct Land-Use Changes (dLUC) are  
“changes in human use or management of land within the boundaries of the product system being assessed” while 
indirect Land-Use Changes (iLUC) are “change in the use or management of land which is a consequence of direct land 
use change, but which occurs outside the product system being assessed” as defined by the International Standard 
Organization (ISO) in 201226. Indirect effects can take place both temporary and spatially outside the product system, 
called ‘system boundaries’ in LCA. Accounting for them requires an understanding of the cause-effect relationships 
between product demands and actual impacts generated. The attempt to model the impact pathways of globalized 
production processes has led to a highly complex modelling practices27 and the creation of specialist knowledge. 
Increasingly sophisticated computer-based quantitative assessments have often resulted in loss of studies transparency, 
reproducibility and reusability28, 29. 

The ‘blackboxing’ critic of technology in science studies - i.e. "the way scientific and technical work is made invisible 
by its own success”30 – has been also moved towards quantitative modelling in environmental science31, arguing that 
decision making reflects a particular way of assessing evidences and expertises32-34. The specialization of LULUC 
knowledge has translated into a wide range of methodological assumptions and uncertainties. The increasing 
complexity of quantitative LULUC models risks confining the sustainable development discourse around land use 
studies to a technocratic matter that can be uniquely addressed by a spiral of incremental methodological improvement. 
If the influence of epistemological choices on LULUC modelling is hidden, it becomes difficult to interpret models and 
discuss results in light of methodological and value-based assumptions35. The present paper scrutinizes the underlying 
ontology that has brought about this development in order to re-politicize the debate around land use modelling and the 
damages caused by Land-Use Changes (LUC). It does so by discussing current practices and main limitations in LCA 
analyses of LULUC, arguing that the quantification of resource flows and product footprinting are socially situated. 
Despite this may sound as a rhetorical claim, discussing quantitative results as based on socially situated knowledge 
may put at awkward their use for supporting “science-based” decision making with large scale and long-term 
consequences. 

The following presentation of common LULUC methodological disputes does not intend to be (and could not be) 
exhaustive. There are numerous articles in thematic scientific journals where the arguments are discussed more 
exhaustively, of which some are cited here. The illustrative examples provided are instead necessary to discuss with a 
broader perspective the ongoing debates. The objective is hence to examine the relationship between LULUC 
methodological choices and their relationship with the underlying theoretical framework; to critically analyze how the 
current development is shaping the scientific debate and its influences on agro-forestry policies, investments and land 
use practices around the world.  

2. The ontological and epistemological ground of current LULUC modelling practices 
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As for other disciplines, the rise of quantitative LULUC modelling has been possible thanks to the progresses in 
information and communication technologies during the second half of the XX century. These technological 
developments occurred simultaneously with the rising Ecological Modernization36-38 theories and were influenced by 
the post-positivist approach (e.g. Karl Popper). Like logical positivist, the ontology of post-positivism sees reality as 
something that exists and can be known although this knowledge is mediated by human conjectures. Models and 
theories, that simplify reality in order to understand and control it, reflect these conjectures. While sharing the 
ontological understanding of positivism, post-positivism differs in its epistemology. Empirical, ‘measurable’ 
experiences are still the way reality is known. Nevertheless, because mediated by models, they do not necessarily 
represent reality. Thus, theories and models are held true until they are falsified. Popper called falsification the 
formulation of believes amenable to be proven false. If falsified, models are substituted with new ones informed by new 
theories. In a broader critique of positivism, Thomas Kuhn later argued that when a whole set of believes - an entire 
paradigm - is falsified, a paradigm shift occurs. New values are assumed to form a new explanatory framework and a 
period of regular scientific work – normal science – follows39. The rise of the sustainable development framework in 
the 90’ has often been interpreted as a change of paradigm21 to a more holistic understanding of what has to be 
sustained. However, in sustainable development discourses the broadening of perspective has not represented a real 
paradigm shift. Rather, the epistemological understanding of reality as knowable through models (based on 
observations and human conjectures) has simply expanded tout-court to include non-environmental aspects, such as 
socioeconomic performances.  

The development of LCA methodologies and their application to LULUC is with this respect a well-fitting example. 
LCA analyses are inherently quantitative assessments, aiming at measuring and comparing the performances and the 
efficiency of production. The concepts of performances and efficiency have also gained considerable attention 
simultaneously to the ascendance of Ecological Modernization thoughts40 and Industrial Ecology as a new scientific 
field in the last 30 years. The Ecological Modernization and Industrial Ecology bottom line is that new technological 
improvements would compensate increasing environmental problems and natural resource scarcity. The rapid rise of 
this optimist approach however, could be interpreted more as a consequence of its accordance to intellectual, political 
and economic factors, beyond the realm of environmental studies, rather than the result of its robustness as a social 
theory41. Consequently, what tend to be measured may be aspects that can be positively impacted by the introduction of 
determined technological improvements, disregarding other potential damages neutral or negatively impacted by them. 
The risk is to provide formally correct though self-evident results. ‘Measuring sustainability’ is certainly scientifically 
relevant but not less controversial than contextualizing sustainability. The subtle quantitative models of which LCA is a 
perfect example, their methodological and data collection biases are undoubtedly less political although have 
contributed to a shift away from the institutional and socio-economic analyses of sustainability.  

3. Land-use changes in environmental LCA: practices and limitations  

The dominant LULUC methodological frameworks have mostly focused on directly measurable environmental impacts 
and specifically on climate change related impacts42, 43. Measuring a physical quantity, such as greenhouse gasses 
(GHG) fluxes directly generated as a consequence of a production process may appear straightforward. Yet, even in this 
simplified assessment, several methodological choices affect the data selection (Life Cycle Inventory – LCI)29 process 
and the impact assessments44 (Life Cycle Impact Assessment – LCIA). In terms of influence on policy and decision 
making, the definition of the functional unit and the  reference system, or baseline scenario45 are particularly crucial 
modeling choice in LCA analyses.  

The functional unit (FU) provides a quantified reference unit to describe the performances of the product system in 
terms of e.g. quantity, duration and qualitative characteristics7. It ensures that results of different LCA studies are 
correctly compared referring to an equal function, instead of similar products. Theoretically, the FU should be defined 
“in terms of the obligatory product properties required by the market segment” and “should as far as possible relate to 
the functions of the product rather than to the physical product”46.  Yet, in LCA applications it is common practice that 
the FU refers directly to a specific physical product, thus setting aside a priori the possibility to identify a wider range 
of options to deliver the performance described by the functional unit (the reference flow in LCA). Consistently with a 
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post-positivist epistemology, this practice limits the quantification of damages to direct impacts related to the product. 
Alternatively, an interpretivist approach for example, i.e. a dialectic epistemology, would define the functional unit in 
terms of need fulfillment, including the ‘social science’ dimension, examining the context and its contradictions, 
focusing on the power relationships among stakeholders and identifying winners and losers. Hence, it would provide the 
adequate theoretical ground to allow the inclusion of indirect consequences triggered by the production activity; a 
practice that necessarily requires investigating beyond the directly measurable ‘facts’ which are seen as themselves a 
consequence of direct (operational) and indirect (supply-chain)47 processes forming the production system assessed. In 
other words, those facts can be assumed either as independent of the production system supplying the FU, thus included 
in the reference system, or as themselves shaped by the production system supplying the FU, thus excluded from the 
reference system. 

In environmental LCA of LULUC the reference system represents a situation in which the environmental impact is 
supposed to be null. Defining a reference system is necessary in order to inventory only the interventions related to the 
assessed human land management activities, hence accounting only for the net impact. “Interventions that would occur 
also if the site was unused shall not be inventoried” (ILCD Handbook, p. 238)48. Land policies and carbon credit 
schemes aiming at reducing GHG emissions from land use are fundamentally based on calculating the difference 
between GHG emissions occurring implementing a project and the reference scenario. An example of such a payment 
mechanism is the project Reducing Emissions from Deforestation and land Degradation (REDD+). Predicting a high 
level of future deforestation (i.e. a reference scenario with high negative environmental effects) coupled with high 
esteems of avoided deforestation thanks to a project allows obtaining high carbon credits. The higher the future 
estimated deforestation, the more carbon credits the project obtains. Rajão and Marcolino 49 accurately describe a case 
of complex black-box computer simulations to quantify the baseline scenario for a REDD+ project. The paper is a 
documented example of the consequences deriving from the choice of the reference scenario and of the direct influence 
its definition has on policy implementations.  

When complying with scientific practices, LULUC assessments ought to clearly report and document materials and 
methods. Nevertheless, paradoxical environmental management practices may be well hidden beyond the complexity of 
those methods. Whether the transparency of scientific works is a sufficient condition for the correct interpretation and 
use of results by policy and decision makers might also be considered beyond the legitimate concern of the assessors 
performing the work. Yet, assuming no voluntary biases, methodological choices may inherently reflect a determine 
epistemology and the link between the ontology and the method not being explicitly evident to the assessors 
themselves. The most eloquent example is perhaps the debate around direct and indirect land-use changes impacts: for 
long time the quantification of LUC impacts was limited to dLUC effects and only recently the issue of whether to 
include or not and how iLUC effects has animated the debate around quantitative LULUC modeling42, 50, 51. Also in this 
case, the direct-indirect LUC debate has concrete effects on policies: the European Union biofuel support policy to 
reduce GHG emission from the transport sector first financed all biofuel production and then was radically modified 
and even capped conventional biofuels52. A twofold consideration can be drawn by this example. On one hand, the mere 
account of directly measurable dLUC effects reflects a positivist epistemology: reality is what we can observe and our 
knowledge of it derives by our capacity of measuring what we observe. On the other hand, the account of iLUC requires 
interpreting the facts in order to trace their indirect consequences; thus, it implies a dialectic epistemology because the 
indirect effects are quantitatively measured only by negation of what is apparently a fact. The attempt to trace indirect 
damages moves beyond a post-positivist epistemology and reflects a more critical approach: dialectically, the analysis 
moves beyond the individual phenomenon – ultimately all impacts may be individually seen as direct effects of land 
uses - and considers the interactions and changes in time between several phenomena/facts. The concept of indirect 
effects has to pass through the negation of what appear all-direct effect to unveil dependencies, relationships and 
inherent contradictory aspects.  

Nevertheless, to date the iLUC debate has only concerned the environmental assessment of LULUC, more precisely 
only CO2 emission reduction. Currently, there is still no consensus on how to measure iLUC effects25, 53 and existing 
iLUC models focus almost exclusively on CO2 emissions27. More recently, there have been methodological 
developments in LCA to measure the biodiversity losses caused by (direct) LULUC54-57 e.g. in terms of species loss58, 
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following the evidences provided by the Millennium Ecosystem Assessment59 that LULUC is one of the five main 
drivers of terrestrial biodiversity loss. Yet, emphasis on one measurable environmental impact, climate changes, is 
indirectly present in predicting future environmental conditions potentially affecting biodiversity losses60. LCA 
assessments of LULUC rarely include other environmental aspects, such as water use impacts61-63, with scope also 
limited to direct impacts.  

The influence of a post-positivist epistemology seems therefore to dominate the current practices of current LULUC 
assessments. Critical interpretations of models have led in some cases to the inclusion in LCA models of indirect LUC 
effects but the practice is still rare and limited to a single environmental impact. As discussed more in detail in the 
following section, the socio-economic dimensions of LULUC also depend on the reference scenario considered 
although they are most commonly excluded tout-court from quantitative assessments.  

4. Socio-economic damages caused by LULUC: what do quantitative assessments capture and why?  

The measurability of social conditions and socio-economic impacts is more elusive than the quantification of physical 
phenomena. Current impact assessments in environmental LCA do indirectly include some social aspects too, as for 
example the impact on human health and/or well-being (a social issue) caused by pollution (an environmental issue). 
Additional challenges exist to systematically quantify social impacts: in LCI, large scale inventory data on social 
performances rarely exist; in LCIA, since the assessment of social issues involves to a large extent value based choices 
in quantifying the impacts. An example is the Social Hotspot Database64 – probably the most comprehensive social 
LCA database available – that weights the impacts with a score from 1 to 5 that is ultimately arbitrary. Although a 
number of social LCA guidelines and methodological frameworks exist20, 65-68, SLCA is currently not widely performed. 
LULUC analyses in LCA rarely account for social effects. It is however interesting to investigate the nature of those 
guidelines and their approach. Theoretically, the stakeholder categories (and respective subcategories) to be assessed by 
a SLCA should be of the kind in Table 1 designed by the UNEP/SETAC guidelines for SLCA (table 3 page 16 of the 
Guidelines20) or the infringements list in Weidema65.  

These are ‘midpoint’ impact categories indicators, i.e. they assess the impact not as final damage caused at a certain 
point along the impact pathway – typically used in LCA. The use of ‘end-point’ indicator in LCA – expressing the 
impact more closely to the actual final damage caused – has been encouraged69 in order to provide more clear indication 
to decision makers70. The use of ‘end-point’ indicator encompasses the aggregation of ‘mid-point’ impacts moving 
further down along the impact pathways and inevitably implies the acceptance of value-based choices in weighting 
diverse damage categories. ‘End-point’ results can further be aggregate in a single-score LCA indicator - expressed for 
example as Disability Adjusted Life Years (DALY71) or Quality Adjusted Life Years (QALY65) - to facilitate the 
comparison of e.g. alternative production processes or choices.  

In analogy with environmental LCA, a reference system shall also be defined to model socio-economic damages related 
to LULUC. The reference system would again define what would have not occurred without the production activity. In 
this case however, its definition is more nuanced: the political and economic conditions under which the impact 
pathways unfold can be included in the baseline scenario (considered hence as pre-existing) or excluded and assumed as 
determined as a condition for the production to take place and therefore not neutral to the production activity assessed. 
Assuming that expressing damages with a single-score indicator is a necessary - or at least an acceptable step, the 
epistemology underlying quantitative assessments of social LULUC issues tends to trace effects that can, or could, be 
directly measured. The quantification in DALY or expressing social damages in economic losses or gains 
(monetarization72, 73) focuses mostly on the directly measurable impacts of Table 1, concerning for example 
employment conditions. Indirect determinants more difficult to trace and measure are de facto excluded by the 
quantification. LULUC represent an excellent example of the dependency of production activities on determined 
political and institutional factors: land is as much part of the natural environment (ecosphere) as it is a production asset 
shaped by human activities (technosphere). The difference is determined by human-mediated conditions such as land 
tenure, land governance, institutional and economic factors, all ultimately influenced by power relationships between 
stakeholders.  
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Table 1 - Stakeholder categories and subcategories according to the UNEP/SETAC guideline for Social LCA20 

 

 

Socio-economic damages caused by LULUC are not only directly affecting workers’ health and rights. A major role is 
again played by indirect impacts on the broader communities whose livelihood is to a various extent dependent on the 
land. For this reason, scholars and interested parties have animatedly debated the contentious issue of large scale land 
acquisitions by companies or governments in lower income countries, often referred to as ‘land grabbing’74. In fact, land 
deals carry several risks, not only of environmental damages, but ‘of dispossession and loss of livelihoods, corruption, 
deterioration in local food security’ and long-term social polarization75. Over the past decade a significantly large 
amount of land deals have transferred long term land rights over large areas to companies and foreign states for 
agricultural investments76, 77. But land deals are not necessarily fulfilling foreigner interests78. There is extensive 
scientific literature dealing with the conditions under which land uses take place and land deals are determined. 
Reflecting the multifunctionality of land, this literature belongs not only to environmental science but to diverse 
branches of science: agrarian studies, ecological economics, development studies, political ecology to mention some. 
The following sub-sections draw from these fields to discuss what the quantification of LULUC socio-economic 
damages has not been able yet to capture.  

4.1 The role of national authorities 

Holding weak democratic governance responsible for the negative consequences of land deals75, 79 implicitly means 
assuming that it is pre-exist and independent on the intended land use determining the LUC. Yet, lack of transparency, 
accountability and land tenure insecurity are a fertile ground for corruption and exploitative behaviors77. Indeed, poor 
governance, or its enduring nature, may well be assumed as an induced condition necessary to guarantee a certain land 
use instead of a fact preceding land deals. It is a matter of fact that local states play an active role in governing land 
deals and granting land rights: they prepare the legal regime and pave the road to investment flows, often at the 

Stakeholder 
categories 

Subcategories 

 
 
 
Stakeholder “worker” 

Freedom of Association and Collective 
Bargaining 
Child Labour 
Fair Salary 
Working Hours 
Forced Labour 
Equal opportunities/Discrimination 
Health and Safety 
Social Benefits/Social Security 

 
 
Stakeholder 
“consumer” 

Health & Safety 
Feedback Mechanism 
Consumer Privacy 
Transparency 
End of life responsibility 

 
 
 
Stakeholder  
“local community” 

Access to material resources 
Access to immaterial resources 
Delocalization and Migration 
Cultural Heritage 
Safe & healthy living conditions 
Respect of indigenous rights 
Community engagement 
Local employment 
Secure living conditions 

 
 
Stakeholder “society” 

Public commitments to sustainability issues 
Contribution to economic development 
Prevention & mitigation of armed conflicts 
Technology development 
Corruption 

 
Value chain actors 
(excluding 
consumers) 

Fair competition 
Promoting social responsibility 
Supplier relationships 
Respect of intellectual property rights 
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expenses of environmental regualtions80. They act as land-brokers81, calculating, legitimizing82 or forcing81, 83 land 
deals. Land tenure has often been influenced by colonial and post-colonial land policies, leaving in many cases local 
people with little or no land entitlement84. The direct socio-economic consequences of land deals favoring a determined 
land use may not be the only damage caused and not even the most severe if the consequences of weak democratic 
governances as a whole are considered as indirectly caused by specific economic interests which in turn determine 
production activities.  

Large scale land deals are often determined by domestic elites and their interest over international agribusiness 
investments85, 86 but have enormous impacts on local economic system, whether they directly entail land dispossession 
or not87. They put at risk not only land property right but also land access,  meant as the ability to derive benefits from 
it88. Land use changes in favor of highly productive managements can determine displacement of labor, local small 
scale farming and loss of livelihood89. In the absence of wealth redistribution mechanism, the economic consequences 
on communities can be severe. These are indirect socio-economic consequences of weak governance, which are 
systematically excluded simply by assuming that they are independently determined by a pre-existing condition (the 
reference scenario). Whether is possible to quantify a wider range of indirect socioeconomic consequences of land deals 
are of course disputable. However, it is surprising that the discussion on LCSA methods has so far ignored these aspects 
and how they would alter the results of land-use LCA models has not been a concern.  

4.2 The role of international institutions 

Transnational institutions can affect national policies and economic strategies to favor some production activities at 
national level with extensive socio-economic consequences. For example, increasing land productivity in the global 
south has been portrait has a necessary strategy to boost food supply90 and replicate the so-called green revolution 
occurred in the ‘50s and ‘60s in the western world91. To achieve this goal, the displacement of smallholders in favor of 
industrial food production has been supported by international development organizations such as the World Bank: the 
World Development Report92 even recommend uncompetitive smallholders to take up instead waged labor93, 94.  

The discourses of food-security and social improvements are often present in market-based policies and investment 
interventions95, 96. Supported by a market-based approach to food security, depesantisation97 is depicted as not only 
possible but even necessary89, 98. Nevertheless, the World Food Program shows how the increasing food production 
does not guarantee food supply to the people that may need it the most, i.e. the hungry poor99. First, the benefits and the 
socioeconomic damages caused by this production mode are not equally distributed, with local and most vulnerable 
stakeholders carrying most of the burden. Secondly, while they are a functional to the production activity, they are not 
accounted by the current LCA framework because the context in which the production activity takes place is assumed 
as pre-existing independently of the production activity itself. 

Land acquisitions are not simply the neutral result of products demand as typically assumed in LCA but of a determined 
economic and political choice to produce those products. All direct and indirect consequences, including on broader 
societal and economic level, of this choice shall be holistically attributed to the products.  

Large scale land acquisitions can also occur for environmental ends, e.g. forest conservation programs and carbon credit 
schemes as REDD+. Evictions, dispossessions and loss of livelihood cannot be excluded in these cases either. Studies 
have shown that while having positive impacts in terms of carbon emissions and biodiversity, conservation programs 
can also exacerbate poverty locally by restricting access to land and forest resources100-102, leading some authors to talk 
about “green grabs”103. These types of negative socio-economic consequences on local population risk not to be 
captured with the current LULUC assessment framework in LCA.  

The following subsection analyzes another risk of market-based policies in a context of fully liberalized trades that 
seems to slip away from quantitative assessments: the damages caused by land speculation. 

4.3 The role of  markets and money 
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One of the core assumptions of LCA is that damages are a caused by the production of goods and services along the 
whole product chain, or of changes in product demand (in consequential LCA modeling) leading in turn to a change in 
future production volumes. However, in liberalized markets influenced by financial capitals, changes in production 
levels may also occur because of expectations of rising value of a commodity, before the actual demand changes. With 
this respect, LULUC represent again an interesting example. Increase in production of land-based commodities, and the 
occurrence of large-scale land acquisitions, may be driven by speculations on future rising land or commodity prices 
rather than simply follow market demand104. Speculation on land-based product, especially palm oil, seems to have 
increased in the last decade: instability in real estate, bond and equity markets and low purchase or lease prices turned 
land in the global South an increasingly attractive object of speculation105. In recent years the so-called flex crops74 have 
critically emerged as global commodities. Being used for food, feed, fuel or industrial materials, flex-crops are 
characterized by the flexibility to supply alternatively different markets, depending on the highest market prices. 
Among the most popular flex crops are soya, palm oil, sugarcane, corn and cassava74. Currently, LCAs of these types of 
crop tacitly assume that the damages are exclusively cause by product demand. Yet, finance is also an “industry” whose 
“product” (the return on investments) may be intangible but not necessarily damage-free.  

Defining the new scenario determined by the emerging of these crops introduces additional challenges for research106. 
With regard to LCA, tracing the link between production, relative damage and actual product demand becomes 
especially challenging in this context. Flex crops can be anticipated speculating on rising demand of e.g. biofuels, and 
flex tree plantation can even ‘be used to speculate on carbon offset schemes such as REDD+’74. While waiting for more 
profitable demands to rise, flex crops can supply different markets minimizing the investment’s risks. This may cause a 
change in the marginal supplier (an important consequence, especially in consequential LCA modelling) as explained 
below.  

Marginal suppliers are the ‘suppliers that will change their production capacity in response to an accumulated change 
in demand for the product’107. Taking advantage of economy of scale, extensive plantations of flex crops, allow more 
competitive production prices than their substitutable products. FAOSTAT statistics show that land occupation by palm 
oil plantations in Indonesia increased by more than 400% in the last 15 years. Despite palm oil is currently only 
partially supplying biofuel, speculation on increasing biofuel demand108 have served as an argument to attract 
investors109. In the meantime, palm oil has already become the most competitive vegetable oil for many uses110, 111 
displacing earlier production sources (change of marginal supplier).  

Currently, the consequences of this displacement, in terms of socio-economic impacts on local economies and people 
are deliberately excluded from quantifications of damages. Moreover, the cause-effect relationship established in LCA 
modelling also between the environmental damages (most notably deforestation) and the production of palm oil 
becomes also nuanced. Around 90% of global supply of palm oil comes from Indonesia and Malaysia. Currently 
Indonesia shows the highest deforestation rate in the world and ranks third behind China and USA in CO2 emissions. 
Are changes in market demand for one or more products uniquely responsible for these impacts? If it is true that the 
palm oil extensively supplies the market for vegetable oil, it is also true that without the expectation generated by the 
market for biofuel, no matter if they will ever be fulfilled or not, there would have not been investors eager to fund 
large-scale plantations and less reason for large-scale land acquisitions. Therefore, damages related to shifting the 
marginal supplier of vegetable oil to palm oil may also be caused by the product “return on investment” rather than 
exclusively by actual increasing demand of vegetable oil.  

5.   Discussion and conclusion 

LULUC related issues well reflect the multidisciplinary character of environmental science and the challenges this field 
faces. The limited availability of land represents itself a tangible metaphor of the planetary boundaries and natural 
resource constraints. Natural and ecological limits challenge the current development paradigm, which requires 
increasing and continuous economic development. Since those limits cannot be overcome, the ecological modernization 
approach relies on increasing efficiency to reduce damages, achieved through continuous technological improvements. 
The optimization of production processes is therefore not simply an option but becomes an imperative in modern 
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society. The optimization requires to quantitative assess the performances of those processes, in order to determine their 
efficiency and potential improvements. For this reason LCA has been recognized as a valid tool to scientifically ground 
policies and support decision making.  

The sustainable development challenge is intrinsically multidisciplinary. Analogously, LCA is an eclectic 
interdisciplinary tool: its hybrid nature draws from different branches of science: LCI dipping into engineering (applied 
and natural science) and economy (social science); LCIA drawing knowledge from environmental mechanisms (life and 
natural science) and social science (waiting system of different impacts). However, both the social and natural science 
LCA components make use of methodologies reflecting in many cases a post-positivist epistemology. With this respect, 
LCA does not make epistemological distinction between the natural world and the social realm. Biophysical and 
socioeconomic issues are treated with similar methodologies but the additional challenges in measuring social damages 
have slowed down the development of social LCA assessment of LULUC. Interacting causes tend to be interpreted 
differently by different disciplines. Investigation on the nature of LULUC and impacts on livelihood of land 
acquisitions exist in studies grounded on different epistemologies and results show a focus on other consequences than 
the one captured in LCA. The critical perspective, the focus on the dynamicity of LULUC is however rarely reflected in 
LCA of LULUC and in policies informed by post-positivist research results.  

The choice of the FU and the reference scenario of LULUC models in LCA seem particularly delicate. Current practices 
tend to focus on a narrow range of product-based alternatives rather than addressing the fulfillment of the needs 
identified by the FU. Long-term socioeconomic implications of land deals (and following land uses) affecting the 
livelihood of local populations may be excluded when assumed as part of a pre-existing reference scenario. The 
analyses and results are therefore not only affected by data availability, modeling assumptions and uncertainties, 
typically addressed in quantitative models, but also reflect a particular epistemological choice. They reflect a 
determined vision of the problem as the policies informed by the results these models provide, such as REDD+. 
Although this is licit perspective, the black-boxing of value choices undermines the transparency, a fundamental 
requirement of scientific work.  

LULUC modeling in LCAs assumes the socioeconomic context as neutral with respect to damages. Nevertheless, 
environmental, social and economic alterations are consequences of global political and economic processes determined 
by power relationships. Ultimately, these power relationships determine the perspective of observation (between 
developing-developed context, consumer-producer perspective, business manager-policy maker perspective etc.) which, 
in turn, determines impact assessment and the damages quantified. For example, on one hand environmental targets and 
policies based on carbon foot printing and carbon credits (e.g. the reduction of GHG emissions by 20% within 2020 or 
the REDD+ carbon credit scheme) are designed in a developed context, where the transition to the service economy is 
already ongoing and those targets do not compromise the economic performances or even represent an opportunity to 
improve them. On the other hand, economic development, even when at the expenses of environmental performances, is 
instead prioritized in developing context, where guaranteeing favorable conditions to the industrial sector is a tempting 
opportunity to attract foreign capitals.  

The paradoxical result of assessing the environmental effects mostly in terms of GHG emissions is that nature 
conservation is in this way turned into a business. Since businesses are profitable only when successful, the 
quantification of impacts tends to concentrate on successful changes, depicting a win-win scenario. A change of 
perspective and methodology could tell a different story. Wealthy organizations buy carbon credits and the “right to 
pollute” and local elites the legitimacy to perpetuate their elitist position, both at the expenses of collective good and 
resources. What are the terms of conservation strategies, the background conditions of environmental targets, how they 
affect the livelihood of locals and of the broader community, who among them are the most vulnerable to changes, 
clearly cannot be concern of carbon foot printing or generally of environmental footprinting.  

The current epistemological approach in LULUC assessments tends to overlook the relationship between impacts and 
the context under which they occur, hiding the different level of vulnerability of groups prone to them and the reasons 
for their higher vulnerability. The capacity of people to bargain or give free consent to investments is for example often 
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limited by their lack of access to economic and institutional alternatives,112 by financial and institutional power 
relationships. As a result, the risk is that a modest improvement for some can be misinterpreted, or disguised, as the best 
solution for all.  

6. Outlooks  

The dominance of unbalanced and non-transparent assessment practices plays a role in shaping the public opinion 
globally, the sustainable development discourse and the public acceptance of policies. A more holistic approach for the 
identification of potential impacts and definition of impact pathways appears urgent. The multidisciplinary character of 
land use issue should be reflected in: a broader range of items inventoried and damage categories included in 
assessments, equally reflecting the three dimensions of sustainable development; in the choice of methodological 
approaches, moving beyond the post-positivist framework. This should not necessarily limit the application of 
qualitative analyses. Quantitative analysis could also unveil power relationships, livelihood dependencies on natural 
assets, the links between land-use changes, environmental incomes and socioeconomic impacts. The Poverty and 
Environment Network (PEN) database for example, contains quantitative detailed socioeconomic data that allow a 
comprehensive global analysis of tropical forests and poverty113. The database contains survey data on more than 8000 
households in 25 developing countries and has supported global analyses of the relationship between tropical forests 
and poverty. Analyses of the database have pointed out the importance of environmental income in reducing 
inequalities and identified the vulnerability of the poorest group to loss of this income114. PEN-based studies also 
demonstrated that state-owned forest resources in tropical area around the world generate more income than private 
forest115. These conclusions are contrasting with many marked-based solutions and depesantisation strategies, whose 
socioeconomic impacts result as positive in several LULUC assessments.  

Opportunities for improving the assessment LCA methodology are increasingly offered also by the continuous 
development of the System of Environmental-Economic Accounts and Hybrid LCA, integrating Input-Output (IO) 
models in LCA analysis. The recently released EXIOBASE, a multi-regional IO database containing environmental-
related activities, provides a more complete picture than traditional process-based LCA. It may serve to better define the 
product system and as an advanced starting point to facilitate a more details assessment of production-related 
impacts116. Social LCA can also benefit from the integration of traditional LCA with IO databases, revealing 
unexpected hotspots typically excluded in LCA, such as impacts related to commerce and business services117.  

Within the LCA context, a potential for empowering different actors along the value chain and to mainstream bottom-
up eco-innovation and alternative thinking is offered by Life Cycle Management (LCM). LCM was conceived as a 
management tool aiming at improving the overall sustainability performances of industries. It is intended to facilitate 
the collaboration with stakeholders along a company’s value chain. The potential of the Life Cycle Management (LCM) 
concept resides in its difference from the LCA concept: LCA is a tool to identify hotspots and potential improvements 
and for comparative assessments between predetermined options. LCM sheds light on the variety of possibilities to 
manage a product or process during its lifecycle stages. Theoretically, the two are ontologically different: LCA provides 
scientific bases to quantify and compare lifecycle performances of organizations; LCM provides a framework to re-
think the way the lifecycle of products and services is managed. It is therefore potentially by any individual or 
community and to any alternative pathway. It provides so also a new epistemology, which empowers all people 
involved in the value chain and enables their creativity. For this reason, under the LCM framework can be categorized a 
number of bottom-up eco innovations and non-traditional approaches, e.g. jugaad and frugal innovations, arising often 
in difficult economic context due to necessity, economic constraints and resource scarcity. The potential of LCM and its 
novelty lies therefore in the opportunity to mainstream sustainable practices, providing a framework within which they 
can be reproduced elsewhere. LCM gives the opportunity to modify the baseline scenario against which the assessment 
is carried on. 
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