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Abstract 

 

Large-scale second-generation bioenergy production with carbon capture and storage (BECCS) 

is considered a crucial component in many climate change mitigation pathways limiting global 

warming to 1.5–2 °C. However, land requirements for lignocellulosic cropland expansion 

could pose threats to the Sustainable Development Goal (SDG) agenda. Two major concerns 

regarding impacts of land-use changes are potential implications for climate and biodiversity. 

Yet, with regards to bioenergy, these two areas remain relatively understudied, largely due to 

a lack of suitable data resources and the overall complexity involved in calculating these 

impacts. As a result, most literature on land-use impacts of bioenergy focuses on present day 

first-generation bioenergy cropland and/or tends to be at the regional or local scale. 

The aim of this thesis is to explore the global impacts of large-scale bioenergy deployment (300 

EJyr-1 by 2100) on climate and biodiversity, in the aims of furthering our knowledge of 

bioenergy’s role within SDGs 13: “Climate Action”, and 15: “Life on Land”. By implementing 

sophisticated land-use scenarios into an Earth system climate model and two species richness 

models, this work identifies potential biogeochemical and biogeophysical climate effects and 

biodiversity impacts resulting from global cultivation of second-generation energy cropland 

over the 21st century. At the global scale, findings suggest major climate benefits from large-

scale BECCS production, whereby substitution of fossil fuel emissions via BECCS leads to a 

cooling effect (–0.44 °C by 2100) which is significantly dominant over the biogeochemical 

warming effect from land conversion (+0.0087 °C by 2075–2100). At the regional scale, 

however, both biogeochemical and biogeophysical climate effects are more significant 

(reaching up to 0.1 °C and -0.09 °C in some regions by 2075–2100, respectively) and vary 

widely across the globe, influenced by changes in polar amplification, soil carbon, surface 

albedo, evapotranspiration, sensible and latent heat fluxes, and soil temperatures.  

Bioenergy expansion is also expected to cause significant habitat loss in biodiversity hotspots, 

particularly across tropical regions of Africa, Asia, and Latin America, with the largest numbers 

and percentages of endemic species extinctions occurring in Madagascar and the Philippines, 

respectively. Mexico contains the highest number of threatened endangered and critically 

endangered species in comparison to all other countries, accounting for more than half of the 

total species impacted by cropland expansion in North America. In total, approximately 
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12,300–15,500 endemic species and 557 endangered and critically endangered species are 

expected to be lost due to second-generation bioenergy production by 2100. 

Sustainability measures will be needed alongside large-scale bioenergy deployment to combat 

potential trade-offs with sustainability goals. For instance, water protection and forest 

conservation policies can be implemented to reduce unsustainable water withdrawals and 

deforestation. However, findings in this work indicate that, while global impacts of water 

protection on land-use changes are small, the expansion of non-irrigated rainfed cropland into 

nearby forests could cause further threats to biodiversity and exacerbate biogeophysical climate 

effects. Site-specific understanding of human and environmental water consumption, increased 

irrigation efficiency through improvements in water storage and transport, and better land 

management practices can help increase yields and reduce the need for large areas of rainfed 

cropland. 

On the other hand, implementation of a global forest protection scheme (REDD+) significantly 

reduces implications of bioenergy expansion for both climate and biodiversity. Although, 

cropland ‘leakage’ onto other equally biodiverse ecosystems may occur. Furthermore, current 

conservation initiatives tend to focus on reductions in greenhouse gas emissions, often 

overlooking the broader range of ecosystem services provided by forests, such as 

biogeophysical effects (e.g., water regulation, soil protection), ecological functions, and 

cultural values. Sustainable delivery of second-generation bioenergy will require a more 

holistic representation of these ecosystem services in future land management and conservation 

schemes, aided by shared knowledge between local stakeholders (e.g., landowners, local 

governments, and indigenous communities), researchers, and policy advisors. 
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Chapter 1 Introduction 

1.1 Anthropogenic Climate Change  

Over the last decade, global warming has reached approximately 1.09 [0.95 to 1.20] °C above 

pre-industrial (1850–1900) levels. Though natural drivers play a small role in climate 

fluctuations, it is unequivocal that human influence is the main cause of this warming. 

Activities such as combustion of fossil fuels for energy and unsustainable land-use practices 

have resulted in large increases in atmospheric concentrations of greenhouse gases (GHGs). 

These, in turn, alter the Earth’s energy budget by absorbing and re-emitting radiation back 

towards Earth’s surface, where it is absorbed and creates a warming effect. Recent predictions 

in the Intergovernmental Panel on Climate Change Sixth Assessment Report indicate that 

warming caused by humans alone rose to 0.8 °C to 1.3 °C by 2010-2019 (relative to 1850–

1900), largely due to increases in GHGs (IPCC, 2021; Eyring et al., 2021) (see Figure 1.1).  

 

 

 

 

 

 

 

 

 
Figure 1.1: Drivers of observed warming between 1850 and 2020; reproduced from Eyring 
et al. (2021).  
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In comparison to other long-lived greenhouse gases (e.g., methane (CH4), nitrous oxide (N2O)), 

carbon dioxide (CO2) has the longest residence time because of its unreactive properties, 

whereby around 15 to 40% of emitted CO2 can remain in the atmosphere longer than 1,000 

years (Ciais et al., 2013). In 2020, global atmospheric concentrations of CO2 reached 412 ppm, 

around 50% above pre-industrial (pre-1750) levels (Friedlingstein et al., 2020). Such high 

concentrations are unprecedented in the last 2 million years, with rates of increase at least 10 

times faster than at any other point in the last 800,000 years (Canadell et al., 2022). While there 

is still some uncertainty in Earth’s temperature response to CO2 concentration levels, it is 

evident that if net-zero CO2 emissions are not reached by 2050–2070, constraining global mean 

warming to Paris agreement goals of “well below 2 °C” by 2100 will become increasingly 

challenging (IPCC, 2021). 

Increases in global temperatures will likely be accompanied by substantial changes to both 

natural and human systems. For instance, loss of Arctic sea ice extent during the season sea ice 

minimum could increase from 41%, measured for September 2020 (compared to 1981-2010; 

(National Snow and Ice Data Center, 2019)) to near total loss before 2050 (Fox-Kemper et al., 

2021). In addition, sea levels could rise by half a metre or more by 2100 (Jevrejeva et al., 2014; 

Jackson et al., 2018; Fox-Kemper et al., 2021), more than double the increase seen between 

1901 to 2010 (~0.19 m (IPCC, 2014)). Climate and weather extremes, including heatwaves, 

heavy precipitation events, cyclones, drought and fire weather are also expected to increase in 

frequency and intensity (Seneviratne et al., 2021).  

These extremes will place many terrestrial, freshwater, coastal and marine ecosystems at high 

or very high risks of biodiversity loss. Common terrestrial species (~50,000 species studied) 

are predicted to lose ≥ 50% of their present ‘climatic range size’ ―  the probability of a species’ 

occurrence conditioned on climatic variables ― by the 2080s (Warren et al., 2013). Depending 

on the global warming level, approximately 3–48% of terrestrial species are threatened with 

extinction over the century (Parmesan et al., 2022). Coastal and marine species will face 

progressively lower oxygen levels, as well as high increases in ocean acidification, with 

associated risks being intensified by ocean temperature extremes. In addition, polar ecosystems 

will be affected as the loss of sea ice reduces habitat extents (Parmesan et al., 2022). Climate 

change is also expected to impact human societies in a range of different areas, with the largest 

impacts being on human health. Health impacts include increased injuries and deaths due to 

more intense climate events, higher risks from waterborne or foodborne diseases, and more 

cases of undernutrition in poorer regions (IPCC, 2022a). Other impacts are changes to people’s 
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livelihoods; with people in urban and rural areas being affected differently, and threats to 

international and regional security, due to widespread population displacements and distress 

migration (McLeman, 2011).  

Near-term mitigation actions that limit global warming to 1.5 °C would substantially reduce, 

though not eliminate, negative and potentially irreversible impacts related to climate change 

occurring in ecosystems and human systems, compared to higher warming levels (IPCC, 

2022a). In addition to adaptation measures (e.g., early warning systems and structure measures 

for flooding, forest conservation and restoration, cultivar improvements, and water resource 

management), future mitigation efforts will require fundamental changes to several sectors, 

including energy supply and demand, transport, buildings, industry, and AFOLU (agriculture, 

forestry, and other land use). Decarbonisation of energy systems, by switching the use of fossil 

fuels to alternative forms of energy, will play a key role in reducing emissions from most of 

these sectors. Alternative sources include wind, solar, geothermal, nuclear, and hydro power, 

which although are important, have their drawbacks, such as intermittency issues, provision of 

electricity only, geographic limitations, safety issues, and upfront costs. Biomass for energy 

(or ‘Bioenergy’) is predicted to combat most of these issues and is therefore a key element of 

future mitigation pathways. 

1.2 The Role of Bioenergy in Future Mitigation Pathways 

Combining biomass conversion technologies with systems that capture and store CO2 ― 

otherwise known as BECCS ― could deliver net negative emissions. Hence, BECCS plays a 

crucial role in future decarbonisation of the energy sector within 1.5 °C and 2 °C mitigation 

pathways, accounting for 10–37% of global primary energy by 2050 (Clarke et al., 2022). 

Previous IPCC reports have estimated bioenergy potentials of 0 to 561 EJ yr–1 by 2100, 

whereby upper estimates are reflective of more ambitious 1.5–2°C scenarios (IPCC, 2012; 

Clarke et al., 2014; Smith et al., 2014; Fuss et al., 2014; IPCC, 2018) (see Figure 1.2). 

Uncertainty within findings represents the complexity of incorporating bioenergy at a large 

scale, with different integrated assessment models (IAMs) generating a variety of estimates 

dependent on certain societal and environmental factors, as well as governance context. Most 

ambitious pathways, however, phase out the use of fossil fuels, traditional woodfuel, and first-

generation bioenergy crops (e.g., oil palm, sugarcane, soy), transitioning to more advanced 
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technologies able to convert second-generation bioenergy feedstocks (e.g., lignocellulosic 

energy crops, forest wood, and wastes).  

By 2050, as much as 7 million km2 of global land area is required to produce dedicated energy 

cropland in 1.5 °C pathways. Model estimates vary based on assumptions regarding the yield 

of bioenergy crops, price of bioenergy, cost of production, demand for land for other purposes, 

and implementation of policies (e.g., subsidies, taxes, constraints), which could all influence 

changes in land-use or bioenergy demand. Despite these variations, together findings indicate 

that extensive use of land will be needed to supply high bioenergy demands consistent with 

ambitious mitigation pathways.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2: Global bioenergy consumption in 409 future scenarios; reproduced from Smith 
et al.. (2019). Data is from the Integrated Assessment Modelling Consortium (IAMC) Scenario
Explorer developed for the SR15 (Rogelj, Shindell, et al., 2018; Huppmann et al., 2019). 
Figure (a) shows bioenergy deployment over the 21st century for the entire database (in grey)
and the four illustrative pathways from SR15 (coloured). Figure (b) displays global area of 
energy cropland versus bioenergy consumption in 2100, whereby colours represent the 
carbon price in 2100 (in 2010 USD per tCO2). Higher carbon prices generally result in 
greater bioenergy deployment. 

(a)  Global bioenergy deployment  (b)  Area of energy cropland in 2100 
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1.3 Sustainability of Large-Scale Bioenergy Deployment 

The expansion of large-scale bioenergy will likely have both co-benefits and adverse side-

effects, dependent on factors such as the geographic region, scale of deployment, initial land 

use, type of land management practice, and type of feedstock used. Sustainable bioenergy 

deployment will require an overall synergistic relationship with the sustainable development 

goals (SDGs), created by the United Nations in 2015 (UN, 2015). The SDGs are a collection 

of 17 interlinked global goals designed in the aims of ‘meeting the needs of present and future 

generations through balancing economic, social, and environmental considerations’ (WCED, 

1987; Roy et al., 2018). Figure 1.3 demonstrates linkages between bioenergy and eleven 

related SDGs in terms of potential synergies and trade-offs that may occur with large-scale 

deployment.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3: Synergies and trade-offs between bioenergy and 11 linked sustainable development
goals (SDGs). Length of bars indicate the strength of the synergies and trade-offs, and shading 
indicates confidence in impact assessments. This graph represents a combination of findings
from various literature (van Leeuwen, 2017; GBEP, 2018; Roy et al., 2018). 

Very high    High    Medium     Low 

Synergy   

Trade‐off 



6 Introduction

 

Inherently, the development of bioenergy fulfils aims outlined in SDG 7: access to affordable 

and clean energy (indivisible and high confidence; Figure 1.3) and SDG 13: combatting 

climate change (indivisible and very high confidence; Figure 1.3). However, sustaining 

bioenergy production depends on how it is perceived by society, with primary driving forces 

related to food security, employment and economic growth, energy security, and health, 

especially in developing regions (Domac et al., 2005). Multiple benefits have been found 

regarding these requisites. For instance, the transition to modern bioenergy could provide new 

employment opportunities and remove the need for laborious traditional fuelwood collection 

(SDGs 1 and 8) (Openshaw, 2010; FAO and UNEP, 2020). Reduced reliance on hard-to-reach 

fossil fuel reserves and local cultivation of biomass feedstocks could further boost local 

economies and provide energy security (SDGs, 7, 8) (Foust et al., 2017).  

Improved knowledge of agricultural techniques for energy cropland cultivation may help 

increase food productivity, thus offsetting the food lost from bioenergy-induced land-use 

changes (SDGs 2 and 9) (Arndt et al., 2010; Negash and Swinnen, 2013). Additionally, the 

development of a renewable energy source has the potential to significantly reduce air pollution 

and thus improve global health (SDGs 3 and 12). Changes such as, transitioning from gasoline 

and diesel fossil fuels to biofuels for transport (Hill et al., 2006; Kularathne et al., 2019), 

incorporating CCS technologies in bioenergy power generation (IPCC, 2005; Shackley et al., 

2009; Singh et al., 2011; P. Ashworth et al., 2012; Corsten et al., 2013), and reducing traditional 

biomass use in inefficient stoves, could help control air pollution and thus reduce airborne 

casualties and illnesses (WHO, 2018). 

Environmental benefits are also possible. For instance, increased planting of perennial cropland 

in cleared agricultural landscapes could promote the mediation of dryland salinity, reduce 

eutrophication, and strengthen biodiversity (Davis et al., 2013; Cacho et al., 2018; Odgaard et 

al., 2019). Planting on low-carbon soil could also improve soil carbon sequestration (Bárcena 

et al., 2014; Immerzeel et al., 2014; Mello et al., 2014; Rowe et al., 2016; Schröder et al., 2018; 

Robertson et al., 2018; Whitaker et al., 2018). 

However, important trade-offs are also likely to occur with regards to both socio-economic and 

environmental SDGs. One of the main impacts is competition for available land and other 

inputs such as water and fertilisers. As a result, food/feed cropland may shift to other areas 

leading to food price increases (SDGs 1 and 2), and water availability for drinking and 

sanitation use may be reduced (SDG 6) (Mondiale, 2008; Melillo, Gurgel, et al., 2009; Bailey, 
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2013; Gorter et al., 2013; Pahl-Wostl et al., 2013; J. Popp et al., 2014; Bárcena et al., 2014; 

Bonsch et al., 2015; Rulli et al., 2016; Chang et al., 2016; Kline et al., 2017; Franz et al., 2018; 

Mbow et al., 2019; Ai et al., 2021). Cropland expansion for bioenergy could also lead to land 

appropriation and dispossession, whereby rural, poor, and indigenous communities would be 

most affected (SDG 1). Other implications include emissions from harvesting, transporting and 

use of feedstock (SDGs 13), and CO2 leakage incidents from CCS implementation (SDGs 7, 3, 

12, and 13)  (Berndes, 2002; Wang and Jaffe, 2004; Kim and Dale, 2005; Larson, 2006; 

Hertwich et al., 2008; Yee et al., 2009; Lardon et al., 2009; Apps et al., 2010; Stratton et al., 

2010; Veltman et al., 2010; Van Der Voet et al., 2010; Chum et al., 2011; Siirila et al., 2012; 

Atchley et al., 2013; Creutzig et al., 2015; Staples et al., 2017; Daioglou et al., 2019). 

Some of the potentially largest, yet less understood, trade-offs are environmental side-effects 

caused by land-use changes, such as forest loss, loss of freshwater ecosystems, and nutrient 

leakage from fertilisers (Popp, Lotze-Campen, et al., 2011; Behrman et al., 2015; Wiloso et al., 

2016; Valdez et al., 2017; Harris et al., 2018; Harper et al., 2018; Hof et al., 2018). Loss of 

forests and other natural land are leading concerns within the sustainability sector because they 

provide multiple benefits. Two major benefits are climate regulation and habitat provision for 

biodiversity (Mittermeier et al., 2011; Smith et al., 2019; FAO, 2022). However, in relation to 

the overall global sustainability of bioenergy expansion, these two areas are relatively 

understudied. For example, low indication of negative climate effects from bioenergy 

expansion has been made in relation to the SDGs (i.e., SDG 13: ‘Climate Action’, see Figure 

1.3), whereby SDG-bioenergy intercomparison studies tend to focus on its positive role in 

climate change mitigation (Roy et al., 2018; GBEP, 2018). More research has been carried out 

into trade-offs with SDG 15: ‘Life on Land’, suggesting both counteracting and enabling effects 

(see Figure 1.3). However, only medium confidence in this finding indicates that further work 

is also needed in this field.  

One main cause for this gap in literature has been a lack of data on spatial projections of 

advanced second-generation energy cropland production. Thus, previous studies have mainly 

focussed on the overall impact of land-use changes on climate and biodiversity, treating energy 

and food/feed cropland as one variable. Where bioenergy impacts have been isolated, the 

literature tends to be at the regional or local scale, and generally focusses on first-generation 

energy cropland (Fitzherbert et al., 2008; Danielsen et al., 2009; VanLoocke et al., 2010; 

Beringer et al., 2011; Georgescu et al., 2011; Anderson et al., 2013; Tölle et al., 2014; Caiazzo 

et al., 2014; Harding et al., 2016; Meijaard et al., 2018). The location and type of bioenergy 
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production is an important consideration in its sustainability as different regions and types of 

land vary in their suitability for cropland growth. For instance, the expansion of oil palm in 

Malaysia and Indonesia has led to significant loss of natural fertile land considered essential 

for biodiversity and climate regulation (Koh and Wilcove, 2008). On the other hand, conversion 

of abandoned land to perennial grasses and short-rotation crops across the US and Europe have 

shown to provide habitat and shelter for specific species, as well as a cooling impact which 

offsets warming from life cycle emissions of the fuel (Dauber et al., 2010; Georgescu et al., 

2011; Meehan et al., 2011; Anderson et al., 2013; Caiazzo et al., 2014). 

Recent advancements in IAM projections of second-generation energy cropland distribution 

have enabled new opportunities for analysing potential impacts of bioenergy expansion on 

sustainability indicators at a global and multiregional level. IAMs are useful for estimating 

simple changes in terrestrial-atmospheric carbon fluxes from possible land-use scenarios 

(biogeochemical effects), however they do not consider impacts from changing land 

characteristics, such as surface albedo, surface roughness, and energy balance (biogeophysical 

effects). In addition, IAMs have been used to create scenarios incorporating nature 

conservation (Beringer et al., 2011; Humpenöder et al., 2018a), however, are not able to 

directly determine co-benefits and trade-offs of land-use changes with regards to species loss 

or gains. By implementing spatial outputs from IAMs into climate and biodiversity models, 

predictions of potential bioenergy-induced land impacts on these two indicators can be 

assessed, though as of yet only few studies have attempted this (Heck et al., 2018; Harper et 

al., 2018; Muri, 2018; Tudge et al., 2021; Hanssen et al., 2022). 

Preventing potential trade-offs and reconciling large-scale bioenergy production with the 

global SDG agenda will require additional sustainability measures, such as forest or water 

conservation schemes. Although, improvements in these areas may have negative 

consequences for other SDGs. In the context of bioenergy, these two fields have been well 

studied in previous literature (Popp, Dietrich, et al., 2011; Kraxner et al., 2013; Calvin et al., 

2014; Bonsch et al., 2016; Obersteiner et al., 2016; Humpenöder et al., 2018a). However, there 

is little evidence of their influence on climate and biodiversity impacts from land-use changes. 

Understanding this interaction could indicate where and to what extent improvements may be 

needed within these protection schemes. 
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1.4 Research Aims  

This thesis aims to determine potential implications of land-use changes associated with large-

scale second-generation bioenergy deployment for two major sustainability concerns, climate 

and biodiversity, over the 21st century. In doing so, this work is intended to inform further 

insight into the relationship between bioenergy expansion and SDGs 13: “Climate Action”, and 

15: “Life on Land”. The following chapters, summarised in Section 1.5, will aim to answer 

three main research questions: 

1) What are the biogeochemical and biogeophysical climate effects of possible land-use 

changes from the expansion of global second-generation bioenergy over the 21st 

century, and which regions are most affected? 

2) What are the potential impacts of second-generation bioenergy expansion on habitat 

loss and species counts across the globe? 

3) What role do environmental protection measures, such as forest and water conservation 

schemes, play within the expansion of another large land-use sector and how will they 

influence impacts on climate and biodiversity? 

To answer these questions, a combination of literature research, scenario analysis, and spatial 

and statistical modelling will be carried out.  
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1.5 Thesis Structure 

The structure of this thesis consists of six chapters, which are thus as follows: 

 Chapter 1: Introduction  

Chapter 1 has provided a brief overview of the research topic, the context within it lies, 

gaps in current knowledge, and the overall aims of this thesis.  

 Chapter 2: Theoretical Background and Literature Review  

Chapter 2 discusses the existing literature within the research field. This chapter firstly 

presents a theoretical background of bioenergy and its role within future mitigation 

pathways. Following this, an in-depth review of climate and biodiversity literature is 

provided, focussing on land-related impacts from present day bioenergy production and 

future expansion. Lastly, gaps in the literature are further refined and provided towards the 

end of this chapter. These gaps inform the basis of work carried out in this thesis.  

 Chapter 3: Land-Use Scenarios 

Chapter 3 provides an overview of four scenarios used in this thesis. These scenarios are 

spatial representations of global land-use changes, three of which follow trajectories 

whereby second-generation bioenergy demand increases linearly from 0 EJ in 2010 to 300 

EJ in 2100, reflecting the upper end of projections in 1.5 °C and 2 °C pathways. Two of 

these scenarios additionally incorporate forest and water protection schemes. A final 

scenario excludes bioenergy expansion and is therefore used as a control scenario for 

comparison. This data has been created by Humpenöder et al (2018a) using the Model of 

Agricultural Production and its Impact on the Environment (MAgPIE). In this chapter, the 

MAgPIE scenarios are compared to pathways previously outlined in IPCC assessment 

reports. 

 Chapter 4: Impacts of Bioenergy Expansion on Climate 

In answering research questions 1 and 3 in Section 1.4, Chapter 4 evaluates the impacts of 

second-generation bioenergy expansion on climate, focussing on the effects of land-use 

changes over the 21st century. This chapter outlines the climate model, experimental setup, 

and simulations used. By implementing the MAgPIE scenarios in the UVic Earth System 
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Climate Model (version 2.9), the work explores the interactions between land and the 

climate system at both the regional and global scale.  

 Chapter 5: Impacts of Bioenergy Expansion on Biodiversity  

In addressing research questions 2 and 3 in Section 1.4, Chapter 5 determines the impacts 

of global land-use changes from second-generation bioenergy expansion on biodiversity. 

Presented in this chapter are the data used to define spatial distributions of biodiversity and 

methods used to calculate the effects of habitat loss from land-use changes in the MAgPIE 

scenarios on species counts across the globe. This chapter consists of a two-part 

intercomparison assessment, incorporating both the Endemics-Area Relationship model in 

combination with biodiversity hotspots, and a spatial overlay analysis with sites from the 

Alliance for Zero Extinction database. 

 Chapter 6: Conclusions and Future Work 

Chapter 6 summarises and discusses the work carried out. This chapter provides key 

findings from the climate and biodiversity analyses in Chapters 4 and 5. The work is further 

discussed in terms of how it contributes to existing knowledge in the literature. Finally, 

limitations and future recommendations are provided regarding the assessments used, 

current policies and conservation schemes, and the overall sustainability of bioenergy 

expansion over the 21st century. 
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Chapter 2 Theoretical Background and 

Literature Review 

2.1 Overview 

This chapter provides background knowledge of bioenergy, with regards to its status within the 

energy sector at present day, its role in future mitigations pathways, and the potential impact 

energy cropland expansion could have on the land system. Following this, a critical analysis of 

existing literature is carried out to determine potential impacts of global land-use change (LUC) 

on climate and biodiversity and the gaps in knowledge within these fields. A comprehensive 

understanding of current findings and methods, in addition to these gaps, will provide the basis 

for assessments executed in Chapters 3, 4 and 5. 

2.2 The Role of Bioenergy in Climate Change Mitigation 

2.2.1 Global Status of Bioenergy 

“Biomass” refers to biological material, in particular plants and wastes. At present, energy 

production using biomass is roughly 57 EJ yr-1, accounting for 12% of total primary energy 

and around 70% of all renewable energy production (WBA, 2021) (see Figure 2.1). This is 

made up of both traditional bioenergy and modern bioenergy.  
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2.2.1.1 Traditional Bioenergy 

Traditional bioenergy is the use of local solid biomass (or fuelwood) in open fires and low-

efficiency cooking stoves in developing countries. This use of biomass is unsustainable, being 

mostly collected from natural forest that is not re-planted after use. In addition, it can lead to 

negative health impacts (e.g., smoke inhalation), social impacts (e.g., labour-intensive 

collection of biomass, often carried out by women and children) and environmental effects 

(e.g., forest degradation, and emissions of methane and black carbon). Recent estimates show 

that over 2.5 billion people still rely on traditional biomass as their principal source of energy, 

accounting for 56% (32 EJ) of total bioenergy production around 6.7% of the energy production 

altogether (IEA, 2017; IEA, 2020; WBA, 2021) (see Figure 2.1). Considering the rising 

population trends, actions to promote more sustainable use of biomass have been organised 

under the UN Sustainable Energy for All (SEforALL) initiative to ensure universal access to 

clean energy by 2030. This will involve the increasing use of “modern bioenergy”.  

 

Figure 2.1: Total global primary energy supply in 2019, split into percentages of renewable
energy supplies, and end-use sectors of bioenergy deployment. This figure has been adapted 
from WBA (2021) using values from REN21 (2021). 
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2.2.1.2 Modern bioenergy 

Modern bioenergy is generated using both plants and wastes as feedstocks. If sustainably 

produced, using plants like this can be considered as “carbon neutral” because plants absorb 

CO2 as they grow, thus offsetting the CO2 emissions released when they are converted to 

biofuels and burned. Modern bioenergy already plays a prominent role, though mostly in the 

portfolios of only 26 countries (IEA, 2017). The largest global application of modern bioenergy 

is for heat consumption, accounting for 32% (18 EJ yr-1) of total bioenergy produced in 2019 

(WBA, 2021) (see Figure 2.1). Provision of heat is largest for industrial processes (68%), 

followed by buildings (32%), with a small amount also utilised by agricultural and commercial 

applications. The remaining modern bioenergy production is for transport (8%; 5 EJ yr-1), and 

electricity (4%; 2 EJ yr-1). 

2.2.2 Biomass Feedstocks and Energy Production 

When used for modern energy production, biomass can be categorised into three main different 

generations of feedstocks, based on the properties of the biomass, the cultivation process used 

to acquire it, and the method used to convert it to bioenergy (i.e., chemical, biochemical, or 

thermochemical conversion). 

2.2.2.1 First-generation biomass  

First-generation biomass feedstocks are crops that can also be consumed as human food. Oil 

crops, such as soybean, oil palm and rapeseed, contain vegetable oils that can be extracted 

using esterification or hydrotreating to produce biodiesel or renewable diesel, respectively 

(Chongkhong et al., 2007; Aatola et al., 2009) (see Figure 2.2). Sugar (e.g., sugarcane) and 

starch (e.g., maize and wheat) crops contain simple sugars which can be converted into alcohols 

(ethanol and butanol) through hydrolysis and fermentation (Schwietzke et al., 2009; Cardona 

et al., 2010). In the transport sector, first-generation biofuels, particularly biodiesel and 

bioethanol, are widely deployed at full commercial scale, although the number of markets is 

limited. In 2018, around 100 billion litres of ethanol were produced worldwide, with 

approximately 85% of this represented by the United States and Brazil (WBA, 2020). Biodiesel 

production, on the other hand, was shared relatively evenly between the Americas, Asia, and 

Europe, equating to around 40 billion litres in 2018. 
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2.2.2.2 Second-generation biomass 

Scaling up bioenergy use will require advanced feedstocks and technologies. Second-

generation biomass feedstocks are non-edible lignocellulosic biomass; such as wood and 

residues from sustainably managed forests, purpose grown energy crops and municipal solid 

waste (Elliott Campbell et al., 2008; Daioglou et al., 2016; Pour et al., 2018; Peura et al., 2018; 

S. V. Hanssen et al., 2020; Goh et al., 2020), and wet wastes; for instance, sewage sludge, farm 

waste and food waste (Cantrell et al., 2008; Chua et al., 2013; Dung et al., 2014). In 

combination with a variety of thermochemical and biochemical technologies, these feedstocks 

can be used to produce heat, electricity, and biofuels for transport. For heat and electricity 

production, direct combustion and gasification are the main technologies used for 

lignocellulosic feedstocks (see Figure 2.2). Modern direct combustion technologies for heat 
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Figure 2.2: Bioenergy conversion technologies; created using findings from EUBIA (2020),
Costa and Piazzullo (2018), and IEA (2009). 
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production range from small-scale biomass boilers and stoves to more efficient large-scale 

plants, often combined with electricity production in combined heat and power (CHP) systems. 

Combustion technologies are currently in commercial operation, and generally use roundwood 

and woody residues from forestry, agricultural residues, and purpose grown energy crops (e.g., 

miscanthus, poplar) as feedstocks (Lauri et al., 2019; Drax Group plc, 2021). Gasification for 

heat and electricity is still at the early commercial scale, due to its complexity and cost. If in 

the longer term gasification can be widely commercialised, it could provide greater efficiency, 

higher versatility in terms of feedstock used, and more affordable energy (IEA, 2009). For wet 

biomass feedstocks, fully commercialised anaerobic digestion (AD) can be used to produce 

heat and electricity. However, these technologies are generally less efficient than 

thermochemical approaches and often produce large amounts of CO2, requiring the produced 

fuels to undergo substantial upgrading (Melara et al., 2020). 

Second-generation biofuels for transport can be produced using the same lignocellulosic 

feedstocks used in combustion technologies. Biochemical (hydrolysis and fermentation) or 

thermochemical (pyrolysis and gasification) conversion methods are slowly becoming 

commercialised, with around 67 second-generation biofuel plants currently operating around 

the world (Nguyen et al., 2017). A large proportion (35%) of cellulosic biofuel production is 

based in the US, though the potential for growth in European, Asian, South American, and 

African markets is high. Although second-generation feedstock can be readily produced by 

existing infrastructure and technology, energy production using this feedstock is more complex 

than first-generation processes. Investment requirements are therefore far greater than for corn-

starch or sugarcane-based ethanol, and financial lenders can be hesitant to invest in new 

conversion technologies unless proven to be economically viable without subsidy (Bracmort, 

2014; de Coninck et al., 2018). 

2.2.2.3 Third-generation biomass 

Third-generation biomass refers to feedstocks derived from algae. Macro-algae (e.g., seaweed) 

can be treated as a lignocellulosic biomass, and hence can be used in all 2nd generation 

conversion methods to produce heat, electricity, and biofuels. Microalgae are microscopic 

photosynthetic organisms (e.g., diatoms, green algae, golden algae). The two main conversion 

routes for microalgae are transesterification, to produce biodiesel, and a variety of bio-

photochemical routes, which produce biofuels and hydrogen gaseous fuel. Microalgae have 

gained significant interest due to their ability to produce outstanding yields per hectare, and 



18 Theoretical Background and Literature Review 

 

their ability to grow in waste water. However, major challenges in cultivating macroalgae and 

microalgae, such as high water and fertiliser intake, and difficulties in sustaining growth over 

long periods, have meant that these methods are still at the ‘basic and applied research and 

development’ scale (Kumar et al., 2015). 

2.2.3 Decarbonisation via Second-Generation Bioenergy 

Expansion 

2.2.3.1 A Transition from First- to Second-Generation 

Bioenergy 

For years, first-generation biofuels have been considered an attractive option for renewable 

energy production, with life cycle assessments calculating positive findings for both energy 

return on investment (Stromberg and Gasparatos, 2012) and fossil energy improvements 

(Menichetti and Otto, 2009). However, cropland expansion for first-generation biofuels is not 

possible alongside projected increases in food requirements, and studies show that combined 

changes in land use will exceed land and water planetary boundaries (Gerten et al., 2013; 

Steffen et al., 2015; Henry et al., 2018). In 2013, the combined global production of bioethanol 

and biodiesel required the use of around 0.413 million km2 of fertile land, and 216 billion m3 

of freshwater (Rulli et al., 2016). In addition, significant areas of undisturbed land have been 

converted to first-generation biofuels, particularly in South America and Asia (Pena, 2008; 

Fargione et al., 2008; Lapola et al., 2010; Koh et al., 2011; Gao et al., 2011; Lima et al., 2011; 

Havlík et al., 2011; Carlson et al., 2012; Leal et al., 2017). For instance, between 1990 and 

2005, over half of oil palm expansion in Malaysia and Indonesia occurred at the expense of 

primary forest (Koh and Wilcove, 2008). 

Transitioning to dedicated second-generation bioenergy crops has been considered a potential 

solution for combatting these sustainability trade-offs, largely due to their ability to grow on 

marginal or abandoned agricultural land (Tilman et al., 2006; Zomer et al., 2008; Mehmood et 

al., 2017). In addition, substantial reductions in GHG emissions have been found when 

producing second-generation bioenergy compared to first-generation bioenergy, largely due to 

reductions in fossil fuel energy required (Wang, 2007; Highina et al., 2014). The combined 

availability of low-impact second-generation bioenergy feedstocks, such as dedicated energy 

crops, wastes and residues from agriculture and forestry, and wood from selective logging, is 
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still uncertain, with numerous sectors competing for this biomass (e.g., construction materials 

and chemicals). As cropland area is more easily quantifiable, many mitigation pathways 

consistent with 1.5–2 °C warming explicitly rely on dedicated second-generation bioenergy 

crops for provision of heat, electricity, and transport. 

2.2.3.2 Bioenergy with Carbon Capture and Storage (BECCS) 

To reach global warming targets of 1.5–2 °C by 2100, additional carbon dioxide removal 

(CDR) strategies will be required to offset residual emissions and achieve global net negative 

emissions towards the end of the 21st century. Proposed options include 

reforestation/afforestation, direct air capture of CO2 (DAC), ocean alkalinisation (OA), soil 

carbon sequestration using biochar (SCS), enhanced weathering (EW), and carbon capture and 

storage combined with second-generation bioenergy production (BECCS). Multiple co-

benefits have been identified for each CDR option, largely related to their potential 

contributions to sustainable development, enhancement of ecosystem functions and services 

and other societal goals (IPCC, 2019; Canadell et al., 2022). However, these benefits are 

context specific, and large limititations have also been found regarding CDR abatement costs, 

side effects, and potential for deployment by 2050  (de Coninck et al., 2018; Canadell et al., 

2022). 

In almost all pathways limiting global warming to 1.5–2 °C, BECCS contributes the largest 

part of CDR (Rogelj, Popp, et al., 2018). BECCS consists of three processes: planting 

lignocellulosic biomass; which captures atmospheric CO2 through photosynthesis, using the 

biomass for bioenergy production (as described in Section 2.2.2), and capturing and 

sequestering the CO2 emitted in geological reservoirs; most commonly saline aquifers 

(Canadell and Schulze, 2014). This chain of processes, in addition to subsequent cropland 

regrowth/replanting and subsitution of fossil fuel use with bioenergy, results in overall net 

negative emissions.  

Currently, five facilities across the world are actively using BECCS technologies, collectively 

capturing around 1.5 million tonnes of CO2 per year (MtCO2yr-1). These include one large-

scale corn to ethanol facility in Illinois, US (capturing up to 1 MtCO2yr-1), and four small 

ethanol production plants located in the US and Canada (Consoli, 2019). Three additional 

large-scale heat and power projects are also underway in the UK (Drax, 2020), Japan (Toshiba, 

2019), and Norway (CCS Norway, 2020). Theoretically, the potential for BECCS expansion is 
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high, particularly for bioethanol production whereby the technology is already mature. 

However, there are still large uncertainties with regards to realistic carbon removal potentials, 

the ability to scale up such a complex technology, and broader sustainability considerations of 

using biomass. In addition, a major challenge will be harmonising aims for BECCS expansion 

in the long-term with short-term greenhouse gas-reduction priorities (Fajardy et al., 2019; 

Köberle, 2019).  

2.2.3.3 Future Mitigation Pathways 

Integrated assessment models (IAMs) can be used to predict the role of BECCS in future 

mitigation pathways by combining energy, economy, and climate system models into one 

single framework. These pathways are constructed using assumptions around economic and 

population growth, demand in various GHG-emitting activities (such as transport, heating, 

industry, and agriculture), and strategies in limiting long-term temperature change to specified 

goals. Most of the global-level analysis on climate change mitigation has, to date, been based 

on results from IAMs; hence they inform the basis for IPCC reports. Though they are used 

extensively, research incorporating IAMs has been criticised for issues surrounding lack of 

transparency regarding model structures and input assumptions, over-reliance on certain 

technologies, and insufficient representation of real-world policies and processes such as 

innovation and behaviour. However, there is consensus that IAMs provide multiple benefits, 

namely their ability to account for numerous assumptions around costs, policies, performance 

characteristics, and availability of different fuels and technologies. With regards to BECCS, 

significant improvements in IAMs have already been seen, including better representations of 

lifecycle emissions, operating characteristics of BECCS power plants, and potential 

deployment constraints (Gambhir et al., 2019; Muratori et al., 2020). 

Despite their limitations, over time the development of alternative future pathways using IAMs 

has become more sophisticated. This began with the creation of the Special Report on Emission 

Scenarios (SRES) based on possible emission trajectories (Nakićenović et al., 1998), and has 

moved towards exploring different climate futures using the Representative Concentration 

Pathways (RCPs). These are a set of six different greenhouse gas concentration trajectories 

(RCP1.9, RCP2.6, RCP3.4, RCP4.5, RCP6, and RCP8.5), spanning the range of year 2100 

radiative forcing values found in the open literature, i.e., from 1.9–8.5W m-2.  More recently, 

the development of the shared socio-economic pathways (SSPs) (O’Neill et al., 2014; O’Neill 

et al., 2015; Popp et al., 2017) has enabled further research into global climate change studies 
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as well as broader assessments of global sustainable development. The SSPs portray five 

different global futures with varying socio-economic challenges to mitigation and adaptation. 

For instance, SSP1 describes a sustainability pathway with low challenges for adaptation and 

mitigation, whereas in SSP3 both challenges are high due to regional rivalry. A more middle-

of-the-road narrative is depicted in SSP2, which describes medium challenges in both 

mitigation and adaptation, representing a future in which development trends are not dissimilar 

to current patterns. Due to its lack of extremeness in any dimension, the SSP2 pathway has 

been utilised in many future global assessments in the literature (A. Popp, Weindl, et al., 2014; 

Bonsch et al., 2016; Krause et al., 2017; Humpenöder et al., 2018a). 

The six IAMs used in the initial development of the RCPs and SSPs are AIM, GCAM, IMAGE, 

MESSAGE-GLOBIOM, REMIND-MAgPIE and WITCH-GLOBIOM, some of the most 

widely used models in global mitigation scenario analysis. These IAMs have a variety of 

differing characteristics, such as the degree of detail in describing global and regional energy 

systems (e.g., technologies and fuels), the depiction of energy demand in each sector (i.e., 

transport, buildings, industrial manufacturing and agriculture) of the economy in these regions, 

the availability of mitigation technologies and options, and the calculation of temperature 

change due to emissions from the energy system in each period (Gambhir et al., 2019). In 

addition to energy sectors, variation between IAMs can also exist within non-energy sectors 

such as land use and agriculture, responsible for emitting CO2 as well as non-CO2 gases. 

The SSPs and RCPs can be used in conjunction with each other in a scenario matrix architecture 

(van Vuuren et al., 2014). This involves the implementation of climate policies in SSPs to 

achieve RCP-specific climate target levels, and thus determine the ability and efforts needed to 

mitigate climate change, in addition to associated contributions of the land sector (Kriegler et 

al., 2014; Popp et al., 2017). The combined SSP-RCP scenarios cover a wide spectrum of socio-

economic and climate forcing pathways, with CO2 concentration levels ranging between 380 

ppm (for SSP1-RCP1.9) and 1090 ppm (for SSP5-RCP8.5) by 2100 (see Figure 2.3). Reaching 

concentration levels of 440 ppm CO2eq or less by 2100 will require substantial reductions in 

global GHG emissions, and most IAM scenarios rely heavily upon BECCS to achieve this goal. 

Scenarios with a radiative forcing target of 2.6 Wm−2 (around 2 °C warming) are associated 

with GHG emissions reductions of 30-99% by 2050 compared to 2010. For the more ambitious 

1.9 Wm−2 target (around 1.5C warming), GHG emissions reduction levels reach near zero or 

below by 2050 (between 88 and 125% reductions since 2010) (IIASA, 2018b).  
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2.2.3.4 BECCS Deployment in Future Mitigation Pathways  

While BECCS technologies have not been deployed as fast as projections have envisioned, 

IAMs continue to rely heavily on BECCS for reducing the costs of reaching climate change 

mitigation targets. This has led to a wide range of predicted bioenergy potentials across multi-

model assessments. Early projections suggested potentials between 10 to 245 EJ yr-1 in 2050 

and 105 to 325 EJ yr-1 in 2100 (IPCC, 2011; GEA, 2012; Smith et al., 2014). More recent 

reports, such as the IPCC Special Report on Global Warming of 1.5 °C (SR15) published in 

2018, and the IPCC Sixth Assessment Report on Mitigation of Climate Change published in 

2022, further indicate that BECCS deployment could increase up to around 80 to 450 EJ yr-1 

by 2100 in pathways with global warming targets of below 1.5–2 °C (RCP 1.9–2.6) (IIASA, 

2018b; IPCC, 2018; Riahi et al., 2022).  

These scenarios incorporate a clear shift away from fossil fuels without CCS by 2050, and an 

overall phase out of all fossil fuel energy by the end of the century (see Figure 2.4 (a)). For 

pathways consistent with a 2 °C target (radiative forcing of 2.6 W m−2), a median of 3.3 GtC 

yr−1 is removed from the atmosphere through BECCS (170EJ-1 yr by 2100) by 2100. This 

Figure 2.3: Global CO2 emissions for SSP scenarios, and corresponding CO2 concentrations 
for 2100. Highlighted lines indicate selected pathways from the CMIP6 ScenarioMIP project.
This figure has been adapted from Rogelj, Popp, et al. (2018) using concentration values from
the IIASA SSP database (IIASA, 2018b). 
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equates to around one third of present-day emissions from fossil fuel and industry and leads to 

cumulative negative emissions of 614 GtCO2 by 2100 (Smith et al., 2016; Harper et al., 2018). 

Across 1.5 °C pathways, CO2 sequestration from BECCS reaches roughly 5–30 GtCO2yr-1 by 

2100, where approximately 150–1,200 GtCO2 is removed from the atmosphere during the 21st 

century, equivalent to around 4–30 years of current annual emissions (Rogelj, Popp, et al., 

2018). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Uncertainty across BECCS potentials and corresponding CO2 sequestration levels is due to the 

different ways in which BECCS is modelled within the various IAMs, in terms of bioenergy 

feedstocks, logistics, conversion technologies, and environmental and socio-economic 

patterns. Concern around such uncertainties has been a driver for model intercomparison 

studies, such as the Energy Modelling Forum projects 27 and 33 (EMF -27 and -33), which 

determine the importance of bioenergy production in achieving future climate objectives (Rose 

Figure 2.4: Decarbonisation characteristics in 1.5 °C (1.9 W m-2) scenarios following SSP1, 
SSP2, SSP4 and SSP5 pathways; reproduced from Rogelj, Popp, et al. (2018). Figure (a) shows 
primary energy from biomass with CCS (BECCS), (b) shows primary energy from coal without 
CCS, and (c) shows the annual amount of CO2 stored by CCS in 1.5 °C (1.9 W m-2) scenarios. 
Shaded areas indicate the range per SSP, solid lines are the marker scenarios for each SSP, 
and dashed yellow lines indicate scenarios that are not markers. 
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et al., 2014; Rose et al., 2020; Rose et al., 2022). Overall, most models indicate the use of 

residues and lignocellulosic energy crops (perennial grasses and woody crops) as biomass 

feedstock, with some additionally using managed forest (e.g., BET, GRAPE, IMACLIM-NLU, 

and MESSAGE-GLOBIOM). Nearly all models have the option to produce electricity from 

biomass-fuelled power plants with CCS, and some also incorporate liquid biofuel (e.g., AIM, 

COFFEE, GCAM MESSAGE-GLOBIOM, POLES, REMIND-MAgPIE, and TIAM-

WORLD) and hydrogen options with CCS (e.g., COFFEE, DNE21+, IMACLIM-NLU, 

IMAGE, MESSAGE-GLOBIOM, POLES, and REMIND-MAgPIE). Some models also 

include biogas technology (e.g., BET, COFFEE, DNE21, FARM, GCAM, MESSAGE-

GLOBIOM, POLES, and REMIND-MAgPIE), whereas fewer include biomass-based heat 

(e.g., AIM, COFFEE, FARM, MESSAGE-GLOBIOM, POLES, REMIND-MAgPIE, TIAM-

WORLD). 

One of the key aspects to BECCS potential within these models is the magnitude of biomass 

supply possible. This is determined by the feedstocks modelled and land conversions allowed, 

as well as associated impacts on emissions, land use, land management, and the agricultural 

market, which in turn affect issues such as land productivity, food security, water quality and 

scarcity, and biodiversity. Overall, studies show a wide range of possibilities regarding biomass 

supply (i.e., feedstocks, locations, and consequences), indicating a need for more detailed 

assessments of land-use projections from IAMs. 

2.2.3.5 Global Carbon Cycle Responses to CDR and BECCS 

The effectiveness of BECCS as a mitigation option is largely dependent on its role within the 

carbon cycle. Earth system feedbacks can either amplify or reduce carbon sequestration 

potentials of different CDR methods and thus their effectiveness in reducing atmospheric CO2 

and mitigating climate change. Since the pre-industrial era, anthropogenic CO2 emissions from 

fossil fuels and LUC have been redistributed between atmosphere (46% in 2010-2019), land 

(31%), and ocean (23%) carbon reservoirs due to carbon cycle processes (Canadell et al., 2022). 

The removal of CO2 via BECCS and other CDR applications is expected to have varying 

impacts on these reservoirs depending on the extent of their application.  

In high emissions scenarios (e.g., SSP5-8.5) with low BECCS or CDR, land and ocean carbon 

sinks absorb more CO2 emissions (CO2 fertilisation), however, the fraction of emissions 

removed from the atmosphere decreases with increased CO2 concentrations. Hence, the more 
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CO2 is emitted, the less efficient the ocean and land sinks become. In ambitious mitigation 

scenarios (e.g., RCP2.6, SSP1-2.6), as CDR application is ramped up and CO2 emissions start 

to decline, the land and ocean sinks continue to take up CO2 from the atmosphere, still 

responding to prior trajectories of rising CO2 concentrations due to inertia (Tokarska and 

Zickfeld, 2015; Jones et al., 2016). Over time, uptake of CO2 by the land and ocean begins to 

weaken and these reservoirs start to release CO2 into the atmosphere, thus making CDR less 

effective. For scenarios reaching net negative emissions within the 21st century (e.g., RCP2.6, 

SSP1-2.6), this release could be decades or centuries later, whereas for scenarios with larger 

amounts of removal (e.g., SSP5-3.4-overshoot), it is much sooner and larger. Timings and 

magnitudes of this sink-to-source transition vary between land and ocean, with land predicted 

to become a source sooner than ocean. In general, CO2 remaining in the atmosphere after an 

emission is larger than CO2 remaining out of the atmosphere after a removal, due to 

asymmetries between land and ocean carbon fluxes from non-linearities in the carbon cycle 

response to CO2 and temperature (Keller et al., 2018; Zickfeld et al., 2021). 

In addition to CDR impacts, the effectiveness of BECCS can be determined by how energy 

crops respond to increases in CO2 and climate change. As previously discussed, increases in 

atmospheric CO2 concentrations result in CO2 fertilisation and thus higher uptake of carbon in 

the land. This occurs particularly in tropical regions with extensive vegetation, such as the 

Amazon rainforest, the Democratic Republic of Congo and Southeast Asia (see Figure 2.5) 

(Arias et al., 2021). On the other hand, climate change is expected to lead to land carbon 

accumulation only in high latitudes and the northern hemisphere, with significant loss 

occurring in the tropics. Using carbon uptake as a proxy for vegetation growth, this suggests 

that energy crops (and other land types) are expected to grow more effectively in higher 

latitudes in future scenarios. Observations have shown that, even after the conversion of forest 

to cropland, net primary productivity (NPP) increases in high latitudes due to higher grassland 

productivity resulting from CO2 fertilisation, despite cooler temperatures (Roy et al., 2001; 

Bathiany et al., 2010; Longobardi et al., 2016). In contrast, the counteracting effects of carbon 

responses to CO2 and climate in the tropics suggests that bioenergy crops may grow less 

effectively in this region, particularly in parts of Latin America and Sub-Saharan Africa.  
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As shown in this section, the relationship between BECCS and the carbon cycle is complex, 

with numerous factors determining the effectiveness of this CDR method. Out of all biological 

CDR options (e.g., afforestation/reforestation, soil carbon sequestration, biochar), large-scale 

deployment of BECCS could have the strongest influence on the carbon cycle due to its large 

CO2 removal potentials and substantial land requirements. However, this is dependent on type 

of feedstock, region, climate, and management practices. If not implemented carefully, 

disturbances to land could exacerbate the release of CO2 from land to the atmosphere, further 

reducing the effectiveness of BECCS as a CDR method. More research into the impacts of 

bioenergy expansion on global land-use changes, as well as corresponding co-benefits and 

trade-offs, is thus needed. 

2.2.3.6 Land-Use Changes in Future Mitigation Pathways 

Cultivation of second-generation energy cropland, such as grasses (miscanthus) and fast-

growing trees (eucalyptus, poplar) is included under the umbrella of the agriculture, forestry, 

and other land-use sector (AFOLU). AFOLU also comprises other biomass used for energy 

(e.g., woodfuel and first-generation energy cropland), food and feed cropland, other CDR 

strategies (e.g., afforestation and reforestation), wood for pulp and construction, and the supply 

of ecosystem services. Fulfilling all demands together, whilst limiting warming to below 1.5–

2 °C will require changes in overall land use, as well as in agricultural and forestry practices 

(Smith et al., 2014; Popp et al., 2017; Rogelj, Shindell, et al., 2018). 

Figure 2.5: Changes in land and ocean carbon storage in response to CO2 (a) and climate 
change (b); reproduced from Arias et al. (2021). 

(b) Carbon uptake response to climate change (a) Carbon uptake response to CO2 
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At present, only 20% of the world’s 13.4 billion hectares of land surface is suitable for crop 

production, due to availability of land resources and local natural conditions (Bruinsma, 2003). 

With half of this already cultivated, and a large portion of the remaining land currently beneath 

tropical forests (Delzeit et al., 2017), studies have suggested that there is almost no room for 

cropland expansion (Eitelberg et al., 2015). The effectiveness of another large land-use sector, 

such as BECCS, thus depends on whether it can co-exist among current land demands, and 

hence can vary depending on location and land-use prior to conversion (Clarke et al., 2014; 

Smith et al., 2014; Harper et al., 2018; Rose et al., 2022). 

Future land-use interactions within the agricultural system will be strongly based on population 

dynamics and economic growth, as well as other basic socio-economic conditions such as 

dietary patterns and food demand, technological development in the crop and livestock sector, 

investments in agricultural technology, trade of agricultural goods, and interactions with other 

sectors (e.g., the bioenergy sector). Scenarios such as the SSPs and RCPs, are useful tools for 

understanding potential land-use dynamics, corresponding GHG emissions and land-based 

mitigation options under different sets of socio-economic and climate settings (Popp et al., 

2017). IAMs which explicitly model land-use changes are well-suited to creating such 

scenarios, as they include a dedicated energy system, a land-use module, and economy and 

climate modules, which all interact together to determine supply, demand, and yields. As a 

result, competition occurs between land-use related activities such as food, livestock, and 

bioenergy crop production, based on either profit maximisation or cost minimisation, leading 

to land allocation across these categories, as well as pasture, grass, shrubland and other non-

commercial forestland. Climate policy can be represented by introducing a carbon price that 

taxes fossil fuels, as well as greenhouse gas emissions associated with the production of 

biomass and its conversion into bioenergy. In some models, the carbon price is applied to 

carbon stocks held in the terrestrial system, hence replacement of carbon-rich ecosystems with 

bioenergy cropland could result in negative carbon balance (and thus land-use carbon 

emissions). In this case, strong incentives exist to either avoid deforestation or expand carbon 

stocks through afforestation/reforestation to achieve climate targets (A. Popp, Rose, et al., 

2014; Harper et al., 2018). 

Though the overall aims of IAMs are similar, the models’ representations and 

parameterisations of biogeochemical, biogeophysical and socio-economic processes can vary 

significantly. This is particularly the case regarding land and water resources available for 

dedicated bioenergy crops, with some models considering all land available, some keeping land 
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types (e.g., managed forest and pasture) static, and some allocating bioenergy crops based on 

suitability of soil and climatic conditions, as well as competition with land needed for other 

agricultural activities and forest conservation. Crop irrigation also differs among models, 

whereby REMIND-MAgPIE has been noted for its flexibility in being able to shift production 

from irrigated to rainfed in response to economic or climate drivers for all types of crop 

production (A. Popp, Rose, et al., 2014). Other models (e.g., IMAGE) tend to consider 

irrigation for only food cropland, leaving bioenergy cropland to be rainfed, or implicitly 

consider both irrigated and rainfed croplands – i.e., they do not include them as technology 

choices (e.g., GCAM). 

In general, land-use modelling using IAMs is a complex process. Consequently, the 

development of isolated spatial second-generation energy cropland distributions has been a 

slow development, with only few studies having investigated isolated impacts of bioenergy 

expansion in the past (Beringer et al., 2011; Hallgren et al., 2013; A. Popp, Rose, et al., 2014). 

Further, most of the existing literature and databases combine energy and non-energy cropland 

(food/feed cropland) into one ‘cropland’ variable (IIASA, 2009; IIASA, 2018a). Growing 

interest in global impacts of second-generation bioenergy suggests the need for more detailed 

spatial data and has led to a variety of more recent assessments in bioenergy’s role within the 

SSP and RCP pathways, discussed later in this chapter (Popp et al., 2017; Riahi et al., 2017; 

Heck et al., 2018; Harper et al., 2018; Muri, 2018; Rogelj, Popp, et al., 2018; Humpenöder et 

al., 2018a; Tudge et al., 2021; Hanssen et al., 2022). 

Within these recent studies, limited harmonisation between IAMs has led to a broad range of 

outputs for land-use futures. Rogelj, Shindell, et al. (2018) provide a clear overview of LUC 

transitions produced in key SSP and RCP multi-model comparison assessments: Popp et al. 

(2017), Riahi et al. (2022) and Rogelj, Popp, et al. (2018) (see Figure 2.6). Across all model 

estimates for the SSPs, energy cropland is projected to increase by 0.42–5.08 million km2 in 2 

°C pathways and further by 0.92–7.21 million km2 in 1.5 °C pathways by 2050 (relative to 

2010). For the 2 °C pathways, this increases to up to 2.45–15.17 million km2 by 2100 (Popp et 

al., 2017). Other studies have projected even more extensive energy cropland needed for large-

scale bioenergy production, estimating areas of up to 14.07–15.25 million km2 by 2050 in their 

scenarios (Melillo, Reilly, et al., 2009; Kicklighter et al., 2012; Hallgren et al., 2013).  
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Substantial increases in energy cropland have consequences on other land-use types. By 2050, 

changes in pasture due to second-generation bioenergy and afforestation equate to around (–

)4.95–(+)0.43 million km2 across 2 °C pathways, and (–)7.73–(–)0.44 million km2 in 1.5 °C 

pathways. For most ambitious mitigation scenarios, the use of pasture or degraded land is not 

enough to fulfil required bioenergy potentials. Thus, in these scenarios, energy crop production 

competes with food/feed cropland for fertile land. Changes in food/feed cropland are estimated 

Figure 2.6: Land-use changes in 1.5 °C and 2 °C pathways based on the Shared
Socioeconomic Pathways, for 2030 and 2050 relative to 2010; adapted from Rogelj, Shindell, 
et al. (2018). Four archetype pathways are shown, comprising three 1.5°C-consistent 
pathways based on SSPs 1 (S1), 2 (S2) and 5 (S5), developed by the AIM, MESSSAGE-
GLOBIOM, and REMIND-MAgPIE models, respectively. In addition, a scenario with low
energy demand (LED) is included. 
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as (–)4.75–(+)1.86 million km2 by 2050 across all 2 °C and 1.5 °C pathways, whereby 

food/feed cropland generally includes first-generation bioenergy crops. Large reductions of 

these two land types are facilitated by intensification on agricultural land and in livestock 

production systems, as well as changes in human consumption patterns (Frank et al., 2017; 

Popp et al., 2017; Rogelj, Shindell, et al., 2018). Agricultural expansion is further reduced by 

restrictions in deforestation, as well as afforestation and reforestation measures, particularly in 

more ambitious pathways. The extent of these parameters, however, varies widely across 

different models in the literature, with forest extent ranging from –0.94 to 9.37 million km2 

across 1.5 °C and 2 °C pathways. In scenarios with high forest increase, significant loss of 

‘other natural land’ tends to occur as it is utilised for agricultural expansion (Popp et al., 2017). 

The SSP land dynamics have consequences for sustainable development. In most scenarios, 

BECCS and afforestation CDR strategies occur at the expense of land for food and feed crops 

(SSP1, SSP2, SSP4 and SSP5) and pastureland (SSP1, SSP2, SSP4 and SSP5) (Nijsen et al., 

2012). However, in some scenarios, other natural land (SSP4) and unprotected forests (SSP2, 

SSP3 and SSP4) are also replaced. The highest losses of forest and other natural land have been 

observed in SSP3 due to limited land-use regulations, mainly within Middle Eastern, African 

and Latin American countries (Popp et al., 2017). In contrast, high regulations in land-use, 

improvements in agricultural productivity, low meat-based diets, and rapid global cooperation 

of climate change mitigation in SSP1 leads to abandonment of agricultural land and associated 

regrowth of natural vegetation in baseline and mitigation projections. In addition, food prices 

are impacted differently, whereby SSP1 shows global price decreases whereas SSP3 indicates 

strong increases, particularly in Middle Eastern and African countries and across Asia.  

In general, findings indicate that following SSP1 could provide the most positive impacts on 

sustainable development. In reality, the future of global land-use dynamics will be more 

complex, with uncertainties across IAMs, and SSP/RCP pathways, indicating a wide range of 

possible land-use futures. Continuous research into land-use impacts on sustainable 

development is therefore vital, particularly with regards to second-generation bioenergy 

expansion. 
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2.2.4 Sustainability Implications of Large-Scale Bioenergy 

Deployment 

Disparities between scenario estimates of bioenergy potentials, carbon sequestration potentials 

and corresponding land-use changes demonstrate the complexities of implementing second-

generation bioenergy at a global scale. It is, however, evident that as bioenergy deployment 

increases to high levels, both trade-offs and co-benefits for e.g., food security, ecosystems, 

biodiversity, water use, and nutrients become more likely (de Coninck et al., 2018; IPCC, 

2022a; IPCC, 2022b) (see Chapter 1, Section 1.3). One of, if not, the largest concerns is the 

potential impact unregulated land-use changes could have on forest cover across the globe. 

Over the last two decades, around 4.37 million km2  (11%) of tree cover has been lost (WRI, 

2022a). Within this, around 0.68 million km2 of primary forests have been removed in the 

humid tropics, two-thirds of which can be attributed to commodity production (industrial-scale 

agriculture, mining, oil, and gas, etc.) (WRI, 2022b). The remaining one-third is related to 

shifting agriculture, the temporary clearance of forest for agriculture followed by tree regrowth 

(Curtis et al., 2018). Though ambitious mitigation pathways suggest mainly increases in forest 

extent over the century, lack of policy and regulatory measures in the real world could lead to 

significant forest loss. 

Forests and other natural land provide a myriad of benefits that, if lost, would have major 

consequences for the planet. Climate regulation and habitat provision for biodiversity are two 

benefits that have gained considerable attention due to the significance and rapidity of changes 

occurring within these fields because of forest loss. However, as discussed in Section 1.3, in 

relation to second-generation bioenergy expansion these two fields are relatively understudied. 

Understanding the impacts of bioenergy-induced land-use change on climate and biodiversity 

could provide more insight into the sustainability of second-generation bioenergy expansion, 

particularly with regards to sustainable development goals 13: ‘Climate Action’ and 15: ‘Life 

on Land’. By assessing previous literature in these two areas, gaps in knowledge can be 

identified to help build the foundation for research performed in this thesis. 
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2.3 Impacts of Bioenergy Expansion on Climate 

Climate impact assessments of bioenergy or biofuels generally focus on greenhouse gas 

emissions occurring directly or indirectly during the life cycle of the fuel. Until recently these 

assessments have mostly targeted emissions from harvesting and transport, as well as fuel 

production, distribution, and combustion (Kim and Dale, 2005; Larson, 2006; Lardon et al., 

2009; Yee et al., 2009; Stratton et al., 2010; Van Der Voet et al., 2010; Chum et al., 2011; 

Creutzig et al., 2015; Staples et al., 2017; Daioglou et al., 2019). Land-use changes for 

bioenergy production, however, may also alter fluxes of CO2, other GHGs, and aerosols 

(biogeochemical effects) which should be accounted for in these assessments. In addition, 

physical changes to the land surface can affect the surface energy balance, further impacting 

climate (biogeophysical effects). These effects are expected to be greatest and most detrimental 

following conversion of forest to cropland. 

2.3.1 Climate Impacts of Deforestation 

2.3.1.1 Biogeochemical Impacts of Deforestation 

Biogeochemical effects from deforestation generally lead to a warming at the surface and in 

the atmosphere (Houghton et al., 1983) (see Figure 2.7). Forests and other ecosystems play an 

important role in the global carbon cycle as they take in carbon dioxide (CO2) from the 

atmosphere. Around half of this carbon is returned to the atmosphere through respiration while 

the remaining half is fixed as plant biomass during photosynthesis, creating a carbon sink. 

Recent estimates by the Global Carbon Project indicate that the global land CO2 sink was 3.1 

± 0.6 GtC yr−1 during the decade 2012-2021, approximately 30% of total annual anthropogenic 

CO2 emissions (Friedlingstein et al., 2022). Following deforestation, carbon from vegetation 

and soils is released into the atmosphere as CO2. As atmospheric CO2 concentrations increase, 

deforested areas have less capacity to act as a CO2 sink (see Section 2.2.3.5). In addition, more 

longwave (LW) infrared radiation is trapped at the surface resulting in increased surface 

temperatures (the greenhouse effect) (Strassmann et al., 2008; Arora and Boer, 2010).  

Deforested areas are also more vulnerable to outside forces, whereby rising temperatures can 

lead to forest fires which emit more CO2, methane (CH4), ozone (O3)-producing compounds, 

black carbon and organic carbon aerosols (Pielke et al., 2002; Randerson et al., 2006; Heimann 
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and Reichstein, 2008; Pielke et al., 2011); further trapping LW infrared radiation at the surface. 

Additional warming can occur from cropland production, via emissions of N2O and CH4 (Jia 

et al., 2019), increased soil carbon loss (Lal, 2004), and changes in aerosol emissions such as 

mineral dust aerosols and biogenic volatile organic compounds (BVOCs) which influence 

cloud reflectivity (albedo) (Heald and Geddes, 2016; Scott et al., 2017).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Out of all the GHGs, CO2 has the longest residence time in the atmosphere (see Section 1.1), 

and therefore has the largest positive radiative forcing. Hence, biogeochemical impacts are 

mainly related to fluxes of CO2 between land and atmosphere. In terms of global LUC (i.e., the 

conversion of forest to cropland, pasture to cropland, forest to pasture etc.), this involves 

changes in carbon stocks stored in different ecosystems. For instance, the carbon stored in 

tropical vegetation and soil is almost three times larger in forests than croplands or grasslands 

Figure 2.7: Biogeochemical and biogeophysical impacts of land conversion from forest to 
energy cropland, and their influences on climate (i.e., warming or cooling). Image icons used
to create this figure have been taken from Freepngimg (2022) and are licensed by Creative 
Commons (2022). 
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(Devaraju et al., 2015). Therefore, most studies focus on the effects of changes in CO2 

emissions from LUC when analysing BGC impacts. 

2.3.1.2 Biogeophysical Impacts of Deforestation 

Biogeophysical effects from deforestation can lead to either a warming or cooling (see Figure 

2.7). Reduced surface roughness and lower canopy height from the conversion of forests (e.g., 

roughness length = 1m) to cropland (e.g., roughness length = 0.1–0.25m) generally results in 

decreases in energy transfer through turbulent fluxes (i.e., latent and sensible heat fluxes), 

though findings are mixed and have varying impacts on surface temperature (Bala et al., 2007; 

Pitman et al., 2009; Longobardi et al., 2016). Subsequent reductions in evapotranspiration lead 

to reduced cloud formation, and thus lower cloud albedo, allowing more incoming shortwave 

(SW) solar radiation to penetrate and an increased warming of the atmosphere and surface. 

Reductions in evapotranspiration also lower atmospheric water vapour, resulting in less LW 

infrared radiation being re-emitted to Earth’s surface and thus a cooling effect.  

Cooling also occurs in response to the higher surface albedo of cultivated land (around 0.15 to 

0.26; Monteith and Unsworth (2008)) compared to forests (around 0.08 to 0.19; (Monteith and 

Unsworth (2008)), whereby lower amounts of SW solar radiation are absorbed by croplands. 

This is particularly the case at mid-to-high northern latitudes, where snow covers the ground 

in the winter season. The brighter snow cover on newly created open surface has a high albedo 

compared to the low albedo of boreal or temperate tree cover which would normally mask the 

snow (the snow-masking effect) (Bonan et al., 1992; Claussen et al., 2002; Bounoua et al., 

2002; Matthews, 2004). In the tropics, the cooling from increased surface albedo of cropland 

may be offset by the warming from increased solar radiation due to reduced evapotranspiration 

(Shukla and Mintz, 1982; Spracklen et al., 2012). 

2.3.2 Calculating Biogeochemical and Biogeophysical Climate 

Impacts 

Continuous improvements in observational data, land models and climate models have 

facilitated research into a range of methodologies for calculating national to global scale 

biogeochemical and biogeophysical climate impacts of land-use change. However, the majority 

of these approaches focus on biogeochemical impacts, due to challenges around measuring 
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biogeophysical effects, which are often neglected in climate impact assessments. 

Biogeophysical effects can act on top of ongoing biogeochemical climate effects, potentially 

exacerbating their impact, particularly at the local level. Thus, understanding these 

biogeophysical effects is of high importance in policy making to ensure proper planning. 

Evaluating and monitoring these impacts depends on which impact is being studied and at what 

scale. Typical methods include the use of ground-based and observational data (such as national 

GHG inventories, book-keeping techniques, weather station and eddy flux measurements, and 

remote sensing data) and models (such as the Carbon Budget Model, dynamic global vegetation 

models and Earth system models). 

2.3.2.1 Ground-Based and Observational Techniques 

In terms of biogeochemical impacts, country reporting of GHG inventories (GHGIs) are a 

requirement of the United Nations Framework Convention on Climate Change (UNFCCC), 

whereby fluxes are determined based on changes in carbon stocks (e.g., from forest inventories) 

or activity data (e.g., area of land management activity multiplied by emission factors) (Grassi 

et al., 2018; Jia et al., 2019). Further, the FAOSTAT has produced country level estimates of 

GHG emissions from agriculture (1961–2016) and land use (1990–2016), using a mixture of 

simple methods using default values (IPCC Tier 1) and more complex methods incorporating 

the carbon stock change method (IPCC Tier 3) based on country statistics of carbon stocks and 

forest area collected through the FAO FRA (Tubiello et al., 2013).  

Bookkeeping and accounting carbon models use data on biomass density and rates of 

growth/decomposition from ground-based inventories (i.e., field measurements of carbon in 

trees and soils) to determine changes in biomass and soils that occur due to alterations in land 

activity. A limitation of these types of models, however, is that they do not explicitly include 

indirect effects of changing environmental conditions, and thus can overestimate carbon fluxes 

(Houghton et al., 2012; Hansis et al., 2015; Houghton and Nassikas, 2017).  

Biogeophysical impacts can be determined using in situ observational data, such as weather 

station and eddy flux measurements. This high-resolution data has enabled analysis into forest 

biogeophysical impacts and the attribution of temperature changes to particular biogeophysical 

forcings (e.g., surface albedo, evapotransipiration, surface roughness), though only at the local 

scale  (Lee et al., 2011; Luyssaert et al., 2014; Broucke et al., 2015; Bright et al., 2017; Liao et 

al., 2018). Satellite remote sensing techniques have recently been used to extrapolate to larger 
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scales, creating global maps of forest cover effects on local climate (Zhang et al., 2014; Li et 

al., 2015; Alkama and Cescatti, 2016; Duveiller, Hooker, et al., 2018; Duveiller et al., 2020). 

Remote sensing data can provide high resolution estimates of biogeophysical effects that are 

0.5-3 time more sensitive to forest cover change than in situ methods. However, they are limited 

in that they only provide local effects, rather than non-local effects (i.e., teleconnections), and 

thus have generally been applied to idealised forest change (Lawrence et al., 2022). Recent 

observation-based methodologies have been developed to calculate impacts from ongoing land 

use rather than focussing on climate sensitivities to idealised forest change, though these are 

also only at the local level (Alkama and Cescatti, 2016; Bright et al., 2017; Prevedello et al., 

2019).  

Satellite remote sensing data can similarly be used to calculate biogeochemical effects, though 

this only implicitly includes indirect and natural disturbance effects. In previous work, satellite 

remote sensing data methods have generally been used alongside models and land-cover 

change data to determine direct observational-based estimates of fluxes due to changes in forest 

area (Baccini et al., 2012; Tyukavina et al., 2015; Harris et al., 2015) or degradation (Baccini 

et al., 2017). However, the calculation of carbon fluxes from space has been stated as a 

notoriously difficult method (Stocker et al., 2019). 

2.3.2.2 Modelling Techniques 

Types of models used in climate analyses include statistically-based extensions of forest 

inventory data, such as the Carbon Budget Model (Kurz et al., 2009), and mechanistic process-

based models such as dynamic global vegetation models (DGVMs) used in global climate 

models (GCMs) (or Earth system models (ESMs)). For this work, which investigates global 

impacts of bioenergy in future land-use pathways, DGVMs and GCMs are most applicable. 

2.3.2.2.1 Dynamic Global Vegetation Models (DGVMs) 

Dynamic global vegetation models (DGVMs) can be used to assess biogeochemical processes 

dependant on the dynamics of vegetation structure and composition. Multiple DGVMs have 

been independently developed (e.g., LPJmL, TRIFFID) and have been applied to many global 

carbon cycle analyses and climate change assessments (Foley et al., 1996; Brovkin et al., 1997; 

Friend et al., 1997; Cox et al., 1998). DGVMs are useful tools for modelling large-scale 

vegetation dynamics, generally based on the assumption that competition between different 
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PFTs is determined by their relative competitiveness expressed in annual net primary 

productivity (NPP), and natural and disturbance-driven mortality (Brovkin et al., 2009). 

Further, they can simulate ecological processes (e.g., respiration, photosynthesis, growth, 

decomposition), driven by environmental conditions such as changes in CO2, climate 

variability, climate change, and nitrogen concentrations.  

To model land carbon fluxes, DGVMs can be forced with increasing atmospheric CO2 and 

changes in climate and are run with and without land-use changing. This process differentiates 

the anthropogenic effects from the indirect effects of climate and CO2, or the ‘land sink’; 

indirect effects are therefore explicitly included. It also accounts for the ‘lost additional sink 

capacity’ (LASC) after forest removal, which is the loss of possible surplus carbon uptake and 

storage which typically occurs in forests following increases in atmospheric CO2 (CO2 

fertilisation) (Sitch et al., 2005; Pongratz et al., 2010; Ciais et al., 2013; Friedlingstein et al., 

2022). 

2.3.2.2.2 Global Climate Models (GCMs) 

GCMs are increasingly used to calculate global climate impacts of land carbon fluxes, as well 

as biogeophysical processes (e.g., surface albedo, evapotranspiration, surface roughness). 

These models couple DGVMs, surface hydrology, and energy exchange modules with 

atmosphere, ocean, and sea ice modules, and can thus provide feedbacks between climate 

change, the carbon cycle, and physical changes in land characteristics. As with DGVMs, GCM 

experiments with and without LUC (prescribing CO2 concentrations from simulations with 

LUC to simulations without LUC) can be used to diagnose anthropogenic effects on changes 

in climate. This approach was first outlined in the LUCID-CMIP5 project (MPI, 2009) and has 

since been used in various studies investigating historical and future land-use effects on climate 

(Pitman et al., 2009; Brovkin et al., 2013; Boysen et al., 2014). Examples of GCMs used for 

such analyses include MPI-ESM, CLIMBER-2.3, CanESM2, HadGEM2-ES, and MIROC-

ESM, which all vary in complexity, and therefore speed.  

Earth system models of intermediate complexity (EMICs), such as UVic ESCM 2.9 and 

Loveclim 1.3 have also been extensively used for land-use analyses due to their ability to carry 

out faster simulations, making them a useful tool for experiments with longer time scales 

(Claussen et al., 2002; Brovkin et al., 2006; Alexander and Easterbrook, 2015). Their outputs 

are, however, generally coarser than those of GCMs. While IAMs can be used to determine 
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GHG emissions, with some including simplified DGVMs, it is common practice to instead 

utilise land-use outputs from IAMs as inputs into GCMs/EMICs to determine more accurate 

estimates of LUC emissions and corresponding climate impacts (Brovkin et al., 2015; Jia et al., 

2019). 

While GCM and DGVM models are useful tools for understanding global teleconnection 

impacts, their model resolutions are currently too coarse to guide local policy decisions. More 

specifically, what is considered a ‘local’ change is still at the scale of an entire climate model 

grid cell (typically ≥ 10000 km2) (Duveiller et al., 2020). Remote sensing data of much finer 

resolution (≤ 5km2) have recently revealed discrepancies amongst models calculating local 

biogeophysical effects (Duveiller, Forzieri, et al., 2018). They are therefore valuable in this 

instance and should be used alongside modelling techniques. Other uncertainties in modelling 

arise with the partitioning of energy between latent or sensible heat (De Noblet-Ducoudré et 

al., 2012), and model representations of land cover changes, which can vary in sign, magnitude, 

and geographical distribution (as already shown in Section 2.2.3.3 for integrated assessment 

models) (Devaraju et al., 2015; Lawrence and Vandecar, 2015; Garcia et al., 2016; Laguë and 

Swann, 2016; Quesada et al., 2017; Boysen et al., 2020). Even so, the ability to determine 

indirect effects and feedbacks makes modelling a valuable approach for providing an overall 

view of land-use impacts on climate across the globe and is therefore utilised in this work. 

2.3.2.3 TCRE Methodology 

As discussed, climate models (i.e., GCMs and EMICs) are required to calculate the global 

climate effects of anthropogenic land-use CO2 emissions (or ‘LUC emissions’ from now 

onwards). Additionally, sensitivity studies have demonstrated that the transient climate 

response to cumulative carbon emissions (or TCRE) is a linear trajectory over the 21st century, 

and can thus be used as a tool for identifying global biogeochemical climate impacts of LUC 

emissions previously estimated from the mentioned model- and observation-based methods 

(Matthews et al., 2009; Gillett et al., 2013; Collins et al., 2013). In other words, the slope of 

the linear relationship (the TCRE value) between global cumulative CO2 emissions and mean 

surface temperature occurring in a scenario can be multiplied by calculated cumulative changes 

in LUC emissions (∆𝐿𝐶𝑂 ), to estimate corresponding changes in global temperature (∆𝑇) (see 

Equation (2.1)). 

∆𝑇  ∆𝐿𝐶𝑂 𝑇𝐶𝑅𝐸 (2.1) 
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Simmons and Matthews (2016) further demonstrate the possibility of using a linear scaling 

factor (like the TCRE) to calculate biogeophysical climate impacts, due to the strong linear 

relationship between biogeophysical effects and LUC emissions, though this has not yet been 

applied in the literature. While the TCRE method is not the main approach used in this thesis, 

its application in multiple other studies (whose values will be discussed) makes it worth noting. 

2.3.3 Global and Regional Climate Impacts of Deforestation 

Biogeochemical effects from deforestation at any location (tropical, temperate, or boreal) can 

lead to global climate change, largely because emitted CO2 has a long residence time and 

becomes well mixed in the atmosphere. Climate models have indicated that, globally, 

deforestation leads to a biogeochemical warming effect. For instance, recent findings in a 

multi-model CMIP6 assessment by Boysen et al. (2020) show that large-scale deforestation 

over a 50-year period results in carbon losses of 259±80 PgC and a global warming response 

to these emissions of 0.46±0.22 °C. This biogeochemical warming is also seen at the regional 

level in numerous studies, whereby forest loss in the tropics typically causes higher global 

mean warming levels (ranging between 0.19 °C and 1.06 °C) compared to temperate and boreal 

regions (0.10 °C to 0.40 °C) (Claussen et al., 2001; Bala et al., 2007; Devaraju et al., 2015; Jia 

et al., 2019). 

In contrast, biogeophysical effects are much more localised to where land has been modified, 

though over time have significant impacts on overall global surface temperatures. Boysen et 

al. (2020) illustrate this, calculating a global mean biogeophysical cooling of (-)0.22 ±0.21 °C. 

Regionally, however, over half of the models in their study simulate an overall surface 

temperature increase across deforested land in the tropics and a cooling over deforested boreal 

land. This corroborates previous model- and observation-based estimates, which show that 

deforestation in the tropics leads to a regional biogeophysical warming exacerbating the 

biogeochemical warming associated with released CO2 emissions, due to a reduction in 

evapotranspiration from reduced leaf area and shallower root systems (Li et al., 2015; Alkama 

and Cescatti, 2016; Schultz et al., 2017; Prevedello et al., 2019). Across seven studies, this 

warming is between (+)0.13 and (+)1.2 °C (e.g., Claussen et al. (2001); Ganopolski et al. 

(2001); Snyder et al. (2004)). Longobardi et al. (2016), however, calculate a regional 

biogeophysical cooling of (–)0.19 °C from tropical deforestation, which they attribute to drier 

climates (negative precipitation minus evaporation) and higher soil temperatures. There is less 

agreement among global impacts, with modelled estimates ranging from a biogeophysical 
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cooling of (–)0.57 °C (Jones et al., 2013) to a biogeophysical warming of (+)0.23 °C (Lawrence 

et al., 2018) due to variations in compensating effects.  

At higher latitudes, biogeophysical cooling due to deforestation becomes more prevalent 

regionally and globally. In boreal regions, this cooling is significantly higher than the 

biogeochemical warming, reaching up to (–)1.8 ± 1.2°C (Bathiany et al., 2010; Devaraju et al., 

2015; Longobardi et al., 2016; Jia et al., 2019). In addition, seasonal impacts show that 

deforestation in temperate and boreal regions results in summer warming and winter cooling 

(Bright et al., 2017; Ahlswede and Thomas, 2017; Strandberg and Kjellström, 2019). Summer 

warming occurs from decreases in turbulent fluxes and evapotranspiration, whereas winter 

cooling is driven by increased albedo, amplified by the snow-albedo feedback. Some models 

suggest that cooling is further amplified by high latitude changes in sea-ice and snow extent 

(polar amplification) when large-scale deforestation occurs (Boysen et al., 2020). 

Almost all modelled studies on biogeophysical processes resulting from global deforestation 

focus on the total contribution of all biogeophysical effects to climate changes. Davin and de 

Noblet-Ducoudre (2010) however separate these effects, simulating a cooling of 1.36 °C due 

to increased albedo when forest is converted to grass, with stronger cooling occurring at higher 

latitudes. Reductions in evapotranspiration and roughness length in their study result in a small 

global warming of 0.24 °C and 0.29 °C, respectively. 

2.3.4 Climate Impacts of Historical Land-Use Changes  

Informing local to global level policy requires understanding biogeochemical and 

biogeophysical impacts not only in terms of forest loss but also considering ongoing changes 

to the land system as a whole. Calculating climate impacts of historical land-use changes can 

provide a basis for assessing future impacts.  

There are no direct observations of how historical land-use changes have affected atmospheric 

dynamics and physics at the global and regional scales. Therefore, studies surrounding 

historical impacts of LUC on climate focus on climate modelling experiments or estimates 

using TCRE values combined with observations and DGVM outputs. Recent findings from a 

range of DGVMs, GCMs and bookkeeping models in the Global Carbon Project indicate that 

land-use activities have released as high as 870 ± 278 GtCO2 into the atmosphere since the 

beginning of the pre-industrial era (between 1750–2020); accounting for roughly one third of 
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total anthropogenic CO2 emitted throughout this period (2,553 ± 296 GtCO2) (Friedlingstein et 

al., 2022). Also shown is that LUC emissions were the dominant anthropogenic emissions until 

the mid-1900s, when fossil fuel emissions became dominant. 

A wide range of estimates have been found for climate responses to biogeochemical effects, 

though all indicate a global net warming over the historical period. Modelled and observed 

findings are of similar magnitudes, with a warming of approximately 0.1–0.53 °C calculated 

between 1850 and 2014 (see Figure 2.8). Biogeophysical estimates from GCMs (global 

climate models) are more varied ranging from a cooling of (–)0.57 °C to a warming of (+)0.06 

°C, which is attributed mainly to changes in surface albedo. Many studies have investigated 

the counteracting impact of these effects on surface temperatures. Simmons and Matthews 

(2016), for instance, show that a global biogeophysical cooling of (–)0.24 °C is dampened by 

a biogeochemical warming of (+)0.22 °C, resulting in a net cooling of (–)0.02 °C. Across other 

studies, this dampening leads to an overall net global warming (0.11 °C in Zhang et al. (2013) 

and 0.16 °C in Matthews et al. (2004)). 

 

 

 

 

 

 

 

 

 

Variation in findings, particularly between modelled and observed biogeochemical effects, has 

been discussed in depth in previous literature (Houghton et al., 2012; Gasser and Ciais, 2013; 

Smith et al., 2014; Pongratz et al., 2014; Hansis et al., 2015). These discrepancies can be 

explained by differences in methodological parameters, such as the spatial distributions of land-

use change, definitions of land-use types (Tubiello et al., 2013; Tyukavina et al., 2015), 

Figure 2.8: Changes in mean global annual surface air temperature (°C) in response to 
historical anthropogenic land-use changes, estimated in a range of studies using observations, 
DGVMs and GCMs; reproduced from Jia et al. (2019). Values are for certain years in the
period 1990–2014 relative to years in 1700–1920. 
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climate-carbon cycle interactions in climate models (Houghton et al., 2012), estimates of 

biomass and soil carbon density, and methods for tracking emissions through time (Jia et al., 

2019). In addition, land-use processes such as wood harvest, peatland drainage and fires can a 

considerable influence on findings (Pugh et al., 2015; Jia et al., 2019; Friedlingstein et al., 

2022; Nabuurs et al., 2022). Further, in comparison to observations, model-based estimates are 

limited in that they mostly only calculate direct impacts of LUC, excluding indirect effects (Jia 

et al., 2019; Nabuurs et al., 2022). On the other hand, complexities in incorporating direct, 

indirect and natural effects have led to wide overestimations in observed findings (Nabuurs et 

al., 2022). 

2.3.5 Lessons from First-Generation Bioenergy Expansion 

As previously discussed, most mitigation scenarios rely upon second-generation bioenergy, 

along with afforestation and reforestation, to remove CO2 from the atmosphere. However, only 

in recent years has the concept of large-scale second-generation bioenergy become a potentially 

viable option. Prior to this, spatial data production has generally been targeted towards present 

day first-generation bioenergy production, with the development of projected second-

generation energy cropland distributions in SSP-RCP scenarios rapidly increasing (Popp et al., 

2017; Rogelj, Shindell, et al., 2018). While there are significant research efforts to advance 

biofuel production in developed countries (mainly in the U.S and the EU), with the exception 

of Brazil and China, second-generation biofuel production is relatively non-existent elsewhere 

(Gasparatos et al., 2013). Understanding how LUC for first-generation bioenergy production 

currently affects climate (and other environmental and socio-economic systems) can provide 

important lessons with regards to transitioning to more advanced feedstock. 

The topic of first-generation biofuels – and bioenergy as a whole – in providing climate change 

mitigation benefits is a highly controversial topic within the biofuel debate. Life cycle emission 

assessments have indicated a wide range of conclusions, due to the extensive variety of 

methodologies used. One major factor is that many of these studies fail to include emissions 

from land-use change, instead only accounting for the carbon benefits of using land for biofuels 

(e.g., carbon sequestration in energy crops). Studies that do account for these extra emissions 

tend to find negative results (Fargione et al., 2008; Searchinger et al., 2008; Johnston et al., 

2008; Stratton et al., 2010; Lapola et al., 2010; Achten and Verchot, 2011; Gasparatos et al., 

2013; Elshout et al., 2015; Daioglou, 2016). For example, Bailis and Baka (2010) show that 

when LUC effects are excluded, jatropha biodiesel in Brazil emits 55% less emissions than 
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conventional diesel. On the other hand, when included, jatropha biodiesel produces 59% more 

emissions than conventional diesel. Fargione et al. (2008) similarly project that the conversion 

of natural vegetation for first-generation bioenergy production could release 17–420 times 

more CO2 than the annual greenhouse gas reductions biofuels provide by displacing fossil fuels.  

Many studies that do incorporate LUC effects also indicate the loss of carbon from soils into 

the atmosphere, creating carbon debts that could take several decades to repay. These studies 

tend to use a metric of “ecosystem carbon payback time” (ECPT) to determine how long it 

takes for bioenergy carbon savings from avoided fossil fuel combustion to offset LUC 

emissions resulting from the conversion of different ecosystems for bioenergy production. 

Findings for ECPT vary widely, depending on the type of feedstock, it’s location and the 

original land use or ecosystem being replaced. Across the literature, ECPTs for the conversion 

of forest or woodland to first generation bioenergy feedstock have been estimated as 18 to 93 

years for palm oil biodiesel, 179 to 481 years for soybean biodiesel, 15 to 39 years for sugarcane 

ethanol, 16 to 52 years for corn ethanol, and 10 to 966 for jatropha (Gasparatos et al., 2013; 

Elshout et al., 2015). Similarly large ECPTs have been found for the conversion of other 

carbon-rich (and nitrogen-rich) ecosystems such as peatlands and mangroves. For replacing 

tropical peatlands, ECPT is estimated to be 75–700 years for oil palm plantations, 750 years 

for sugarcane plantations and 12,000 years for soybean plantations (Johnston et al., 2008; 

Danielsen et al., 2009). 

Indirect LUC effects are expected to result in even greater carbon emissions and debts, although 

there are large uncertainties in estimates (Upham et al., 2009; Lapola et al., 2010; Achten and 

Verchot, 2011; Taheripour and Tyner, 2013; Rajagopal and Plevin, 2013; Kim et al., 2014; 

Plevin et al., 2015; Valin et al., 2015; Ahlgren and Di Lucia, 2016; Zilberman, 2017). 

Searchinger et al (2008), for instance, display the indirect land-use effects of increasing US 

corn ethanol production over 30 years. They show that, instead of producing a 20% savings in 

emissions, corn expansion nearly doubles GHG emissions per fuel mile compared to 

conventional gasoline, largely due to conversion of land elsewhere in the world to maintain 

demands. Findings also indicate that, in the event that excess croplands in the US or Europe 

become available due to dramatic yield improvements or the release of agricultural reserve 

lands, avoiding LUC emissions would still not be possible. This is because the use of these 

excess lands, which could otherwise be used for forest or grassland regrowth, would sacrifice 

this potential carbon benefit and possibly exceed the carbon saved by using this land for biofuel 

production  (FAO, 2006; COM, 2006). 
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In contrast, some studies have found more positive results for first-generation biofuels, such as 

previous successes of the Soy Moratorium policy in Brazil between 2004 and 2012 (Gibbs et 

al., 2015; Leal et al., 2017; Heilmayr et al., 2020) (see Section 2.5.1.1 for more information), 

and model predictions of high GHG savings due to low future deforestation from sugarcane 

expansion in southeast Brazil (Nassar et al., 2009). Regarding the latter, such low anticipated 

carbon debts and high CO2 savings (consistently over 50%) meant that in 2010 the U.S 

Environmental Protection Agency (EPA) designated Brazilian bio-ethanol an “advanced 

biofuel” (EPA, 2010), largely due to the reductions in emissions from using ethanol blends 

over conventional gasoline. Millet et al. (2012), for instance, calculate that E85 ethanol blends 

could reduce NOx emissions by 14% and CO emissions by 13%, and E10 blends by 7.5% 

(NOx) and 6.7% (CO). There is evidence to show that the development of first-generation 

biofuels, such as sugarcane bioethanol, has likely driven vehicle fleet modernisation, resulting 

in overall lower air pollution within the transport sector (Gasparatos et al., 2012). Though life 

cycle assessments of pollutants from biofuel production continue to produce higher values than 

those of conventional transport fuel, largely due to the agricultural sector (Hewitt et al., 2009; 

Tsao et al., 2012; Obidzinski et al., 2012). 

Temperature responses further highlight the potential implications of land use for first-

generation bioenergy production, particularly at the regional and local level (Sampaio et al., 

2007; Loarie et al., 2011; Georgescu et al., 2011; K. Ashworth et al., 2012; Caiazzo et al., 2014; 

Tölle et al., 2014; Brando et al., 2016; Wang et al., 2017; Duden et al., 2021). For example, 

Loarie et al. (2011) investigate the biogeophysical climate impacts of sugarcane expansion in 

the Brazilian Cerrado during the 2000s, calculating both a cooling (~0.93 °C) and a warming 

(~1.55 °C), depending on whether existing land being converted is cropland or forest, 

respectively. By 2030, 29% of the Centre West Cerrado is projected to experience agricultural 

drought because of sugarcane expansion (Duden et al., 2021). Warming effects of 0.3–2.4 °C 

have also been calculated from Amazonian deforestation for soy agriculture (Sampaio et al., 

2007; Brando et al., 2016). Sampaio et al. (2007) further indicate that this conversion leads to 

significant reductions in precipitation (4.6–25.8%), evapotranspiration (5.6–31.2%), relative 

humidity (3.4–17.5%), net surface radiation (2.8–7%), and cloud cover (2.1–16.2%), as well 

as large increases in sensible heat flux (4.9–53.7%) and outgoing longwave radiation (0.3–

4.9%).  

Albedo-induced climate impacts from LUC can be of comparable magnitude to 

biogeochemical impacts (Simmons and Matthews, 2016). Caiazzo et al. (2014) illustrate this 
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by comparing changes in surface albedo to estimates of life cycle GHG emissions for soy, oil 

palm and rapeseed cropland expansion, suggesting that surface albedo can dominate overall 

climate impacts from these biofuels. Hence, for a complete assessment of aggregate climate 

impacts of biofuel production, it is necessary to include albedo effects. Further, oil palm 

expansion in the tropics could increase isoprene emissions, though the effects on global climate 

may be negligible (K. Ashworth et al., 2012). 

It is evident that the expansion of first-generation bioenergy could have significant implications 

for land and climate. Previous literature has highlighted the importance of using alternative 

biofuel methods, with a particular emphasis on strategies that avoid LUC altogether, such as 

the use of waste products (e.g., municipal waste, crop waste, and fall grass harvests from 

reserve lands) (Perlack et al., 2005). One of the main issues is that emissions from LUC are 

likely to occur indirectly, therefore proposed environmental criteria focussing on direct LUC 

would have little effect (COM, 2006). Second-generation bioenergy is a potential solution to 

this, with a variety of studies calculating lower indirect LUC emissions than for first-generation 

biofuels  (Chum et al., 2011; Wicke et al., 2012; Valin et al., 2015; Ahlgren and Di Lucia, 

2016). In theory, the production of second-generation energy cropland on carbon-poor lands 

could prevent increases in emissions from LUC. Though, in practice, this remains unknown. 

2.3.6 Climate Impacts of Second-Generation Bioenergy Within 

Future Pathways 

As previously mentioned, a major benefit of second-generation bioenergy cropland (“energy 

cropland” from here on) is its capacity to grow on pastures and marginal lands. Cultivation of 

energy crops, such as short rotation woody crops and perennial grasses, on marginal land 

typically accumulates carbon in soils due to their deep root systems (Don et al., 2012; 

Robertson et al., 2017). However, the extent to which marginal land is utilised for energy 

cropland varies widely across future pathways, resulting in different projections of potential 

climate impacts. 
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Numerous land-use pathways incorporating second-generation bioenergy expansion have been 

determined by different integrated assessment models (IAMs) (Popp et al., 2017; IIASA, 

2018b). Depending on the model and pathway (SSP and RCP) used, LUC in scenarios has 

shown to result in both positive and negative cumulative CO2 emissions to the atmosphere by 

2100. In RCP2.6, positive emissions are mainly attributed to large-scale expansion of second-

generation energy cropland onto natural vegetation as a result of high bioenergy demands (78–

477 EJyr-1 in 2100 across the SSPs) (IIASA, 2018b) (see Figure 2.9). Findings from IAMs 

show that cumulative LUC emissions in the RCP2.6 pathway could increase to up to around 

207 GtCO2 by 2100 following pathways SSP2 (REMIND-MAGPIE), SSP4 (GCAM), and 

SSP5 (REMIND-MAGPIE) (Popp et al., 2017). In addition to extensive energy cropland 

expansion, this is also the result of several factors i.e., medium regulation of land-use change, 

slow declines in the rates of deforestation (or high deforestation rates in SSP4), and low 

afforestation and reforestation (Popp et al., 2017). In contrast, negative emissions of up to –

Figure 2.9: Changes in energy cropland area (a) and cumulative LUC emissions (b) in SSP 
scenarios following RCP2.6, calculated from five different integrated assessment models;
reproduced from Popp et al. (2017). Coloured lines indicate marker model results for each
SSP, shaded areas indicate range of data across the timeline, and the grey line in Figure (b)
represents historical trends. 
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680 GtCO2 have been calculated following SSP1 (e.g., using the GCAM4 model), largely due 

to low energy cropland and food/feed cropland expansion, strong land-use regulation, high 

afforestation, and reforestation, as well as high improvements in agricultural productivity.  

 

 

 

 

 

 

 

 

So far, calculation of biogeochemical temperature responses to LUC emissions has mostly been 

carried out for the RCP scenarios alone (RCP 2.6, 4.5 and 8.5) without SSP analysis. In the 

case of RCP2.6, all GCM and DGVM models show that land acts as a carbon source to the 

atmosphere, resulting in a global mean biogeochemical warming response. Findings from nine 

GCM model experiments indicate that LUC (mostly due to second-generation bioenergy 

expansion) in RCP2.6 leads to a global net flux of between 57 and 648 GtCO2 emissions, and 

biogeochemical warming of 0.03 to 0.28 °C by 2100 (Lawrence et al., 2012; Brovkin et al., 

2013; Davies-Barnard et al., 2014; Hua et al., 2015; Simmons and Matthews, 2016; Tharammal 

et al., 2018) (see Figure 2.10). In addition, estimates from two DGVM models and subsequent 

TCRE calculations produce LUC emissions of 211 to 389 GtCO2 and a biogeochemical 

warming response of 0.05 to 0.26 °C by 2100 (IPCC, 2013; Pugh et al., 2015). These findings 

suggest that LUC in RCP2.6 could potentially result in significantly higher CO2 emissions 

compared to initial estimates from IAMs in Figure 2.9 (up to 207 GtCO2 by 2100), with values 

comparable to IAM predictions for RCP4.5 and baseline pathways (see Figure 6 in Popp et al. 

(2017)). They are also of similar magnitude to historical estimates (148 to 995 GtCO2 in 1750–

2014; Jia et al (2019)) and are significant compared to the overall projected mean warming for 

this scenario (1 °C by 2100, ranging from 0.3 °C–1.7 °C since 1986–2005). 

Figure 2.10: LUC emissions and corresponding biogeochemical effects on temperature,
calculated for RCP2.6 scenarios in a range of studies using GCMs and DGVMs. Values are 
for the period 2099-2100 relative to 2000-2006. 
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Disparities between findings could be due to a variety of factors, outlined previously in Section 

2.3.4 and Section 2.2.3.3. Brovkin et al. (2013) further suggest that the upper limit from GCM 

estimates is the result of an over-estimation of initial carbon stocks in the tropics and dry lands 

in the MPI-ESM model they use. They also state that higher terrestrial carbon losses for the 

MPI-ESM and MIROC-ESM models are due to the use of transition land-use matrices in these 

models (Hurtt et al., 2011). A transition matrix implements rotational LUC instead of only net 

changes, which lead to different outcomes for the carbon cycle than for the vegetation cover. 

Hence, the clearing and regrowth of forest results in additional CO2 emissions due to 

transitional changes in carbon pools, although net forest cover in the grid cell remains 

unchanged. 

GCM and DGVM estimates for RCP2.6 are generally lower than those for RCP8.5. Hence, 

most of the literature focuses on RCP8.5, with regards to how potential LUC will affect the 

highest levels of global warming (see Figure 2.11). Although second-generation bioenergy 

deployment is higher in RCP2.6, large-scale deforestation and wood harvest in RCP8.5 results 

in cumulative LUC emissions of 74 to 947 GtCO2 across GCM models, and 559 to 633 GtCO2 

in DGVM models (Jia et al., 2019). Subsequently biogeochemical warming ranges from 0.04 

to 0.49 °C. 

Findings for RCP4.5 are more mixed, representing similar values to those calculated by IAMs 

(see Figure 6 in Popp et al. (2017)). Some estimates show that land, overall, acts as a sink for 

carbon, likely due to lower second-generation bioenergy expansion (than RCP2.6), and 

increased afforestation and CO2 fertilisation (Tharammal et al., 2018). In these findings, carbon 

is stored in the land for a long period, thereby removing CO2 from the atmosphere and 

producing negative emissions. For instance, Tharammal et al. (2018) and Davies-Barnard et al. 

(2014) use GCM models to calculate net CO2 fluxes of –107 and –148 GtCO2 between 2005 

and 2100, respectively. Pugh et al. (2015) similarly calculate a removal of –67 GtCO2 using a 

DGVM model. Positive net fluxes in RCP4.5 are, however, found across five of the studies, 

ranging between +59 GtCO2 (Pugh et al., 2015) and +548 GtCO2 (Lawrence et al., 2012) by 

2100. Like the RCP4.5 scenario, more analysis of biogeochemical effects in RCP2.6 could 

potentially show both positive and negative global carbon fluxes, as illustrated in original IAM 

estimates (Figure 2.9). This could produce wider insight into the impacts of bioenergy 

expansion over the 21st century. 
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Fewer studies have been carried out for future biogeophysical climate responses to LUC, 

particularly in the cases of the RCP2.6 and RCP4.5 scenarios, for which only two previous 

findings have been calculated (Jia et al., 2019). Most future estimates show a biogeophysical 

cooling, with values reaching (–)0.015 °C to (–)0.34 °C in the RCP8.5, (–)0.29 °C in RCP4.5 

and (–)0.01 °C to (–)0.35 °C in RCP2.6 (see Figure 2.11). Some findings, however, indicate 

biogeophysical warming (of 0.04–0.09 °C in the RCP8.5 and 0.14 in RCP4.5). These studies 

have attributed this warming to reductions in evapotranspiration in the tropics due to land 

conversion (for second-generation bioenergy and food/feed cropland) and therefore more SW 

radiation reaching the surface. All but one (Brovkin et al., 2013) of the future studies 

calculating global net impacts of both biogeophysical and biogeochemical responses estimate 

an overall warming effect. In these findings, warming ranges from 0.01 to 0.27 °C for RCP8.5, 

0.06 to 0.08 °C for RCP4.5, and 0.03 to 0.07 °C for RCP2.6.  

Figure 2.11: Changes in mean global annual surface air temperature (°C) in response to  future
anthropogenic land-use changes, estimated in a range of studies using DGVMs and GCMs;
reproduced from Jia et al. (2019). Values are for the period 2099-2100 relative to 2000-2006. 
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2.3.7 Isolated Impacts of Bioenergy Expansion in Future 

Mitigation Pathways 

As shown in Section 2.3.6, analysis of future pathways can be used to roughly identify the 

potential impacts of LUC for second-generation bioenergy expansion. However, these findings 

also include impacts of other land-use practices, such as food/feed cropland and afforestation. 

Few studies attempt to isolate the effects of bioenergy expansion within these scenarios, largely 

due to the lack of global spatial data for projected second-generation energy cropland 

distributions. Hence, most literature calculating these impacts focus on a specific region or 

country. Examples include analyses in the US (VanLoocke et al., 2010; Georgescu et al., 2011; 

Anderson et al., 2013; Caiazzo et al., 2014; Harding et al., 2016), Germany (Tölle et al., 2014), 

Malaysia (Caiazzo et al., 2014) and Mexico (Caiazzo et al., 2014).  

2.3.7.1 Regional Impacts 

Avoiding deforestation, most regional analyses evaluate the impacts of converting arable land 

or land that is currently used for agriculture (e.g., corn or soybean) to second-generation 

perennial crops (such as miscanthus, poplar, or switchgrass). Results have shown that this type 

of conversion generally leads to a local and regional biogeophysical cooling, due to increases 

in albedo and evapotranspiration. A study by Georgescu et al. (2011) indicates that this cooling 

is enough to partially offset local warming from GHGs in the short term. In their work, 

significant reductions in radiative forcing from increases in albedo alone are 6 times larger than 

annual biogeochemical effects arising from offsetting fossil fuel use. Caiazzo et al. (2014) 

further show that the regional cooling albedo impact of switchgrass cultivation is around 5–13 

times greater than the biogeochemical life cycle effects of converting the existing first 

generation and marginal land. However, they also discuss the negative implications of warming 

from reduced albedo as a result of converting desert land in Mexico to Salicornia plantations 

for biofuel. Searchinger et al. (2008) further indicate that when converting corn fields to 

switchgrass for ethanol production in America, the emissions from land-use change would take 

approximately 52 years to pay back. 

Rapid conversions of land to second-generation energy cropland can lead to considerable 

implications for the reservoir of stored soil water, whereby depletion of soil moisture in the 

summer could potentially reduce crop productivity (VanLoocke et al., 2010; Georgescu et al., 
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2011; Anderson et al., 2013). Changes to the water cycle can also result in slightly higher 

relative humidity in spring and slightly lower relative humidity in summer, as well as increased 

precipitation (Anderson et al., 2013; Tölle et al., 2014; Harding et al., 2016). Overall, studies 

are in agreement that cultivation of energy cropland will likely have significant local effects, 

including both positive and negative impacts. On a regional scale, however, findings are more 

diverse, with results illustrating both substantial (e.g., Anderson et al. (2013)) and less 

substantial (e.g., Caiazzo et al. (2014)) impacts. All findings, however, demonstrate the 

importance of incorporating biogeophysical impacts into future analyses. 

2.3.7.2 Global Impacts 

Only a handful of studies have evaluated global climate impacts of LUC for second-generation 

bioenergy production. Between 2009 and 2013, scientists from the MIT Joint Program on the 

Science and Policy of Global Change were the first to publish such findings (Melillo, Reilly, 

et al., 2009; Melillo, Gurgel, et al., 2009; Kicklighter et al., 2012; Hallgren et al., 2012; 

Hallgren et al., 2013). Melillo, Gurgel, et al. (2009) and Melillo, Reilly, et al. (2009) initiated 

this research by investigating the GHG implications of global LUC for bioenergy expansion. 

Using an economic model coupled with a terrestrial biogeochemistry model, they create two 

land-use scenarios: Case (1) a “deforestation scenario”; whereby large-scale deforestation 

occurs directly or indirectly to meet second-generation bioenergy demands (141 EJ yr-1 by 

2050), and Case (2) an “intensification scenario”; in which existing managed lands are used 

more intensively for bioenergy production (128 EJ yr-1 by 2050) to reduce deforestation. 

Together, their findings demonstrate a dramatic difference in carbon balances between the two 

scenarios. In Case (1), direct and indirect effects of LUC for energy cropland expansion results 

in cumulative CO2 emissions of 92 GtCO2 by 2100 (since 2020), with the maximum LUC 

emissions (164 GtCO2) occurring in 2050–2055. In Case (2), negative emissions (i.e., net land 

carbon accumulation) of (–)75 GtCO2 occurs by 2100, as a result of enhanced carbon 

sequestration in soils due to nitrogen fertilisers (Melillo, Reilly, et al., 2009). 

By integrating climate and biogeophysical components into the economic-biogeochemical 

modelling framework already mentioned, Hallgren et al. (2013) (further detailed in the work 

of Hallgren et al. (2012)) have determined spatial climatic effects of LUC resulting from 

bioenergy expansion in Cases (1) and (2). Their study projects that, even in the deforestation 

scenario (Case (1)), second-generation bioenergy expansion is expected to have a negligible 

impact on Earth’s global surface air temperature (–0.01 °C). This is, however, due to the 
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compensation of significant biogeochemical warming (0.11 °C) impacts with significant 

biogeophysical cooling impacts (0.12 °C) at both regional and global levels. They also 

demonstrate that incorporation of forest protection in the intensification scenario (Case (2)) 

reduces individual biogeochemical and biogeophysical impacts globally (to (+)0.04 °C and (–

)0.10 °C respectively), however, combined this leads to more cooling ((–)0.06 °C).  

Since the release of the IPCC Special Report on Global Warming of 1.5 °C (SR15), negative 

emission technologies like BECCS have become subject to greater scrutiny, particularly with 

regards to their availability, and thus contribution, in reaching the 1.5 °C goal within ambitious 

RCP and SSP scenarios (Vaughan and Gough, 2016). Recent studies have utilised similar 

scenarios to Case (1) and (2) (i.e., a deforestation scenario and intensification scenario) to 

determine potential impacts of BECCS within 1.5–2 °C pathways on the land and climate 

systems. Harper et al. (2018), for instance, determine the impacts of additional LUC from 

global BECCS expansion when transitioning from a 2 °C to a 1.5 °C world in scenarios created 

by the IMAGE IAM. Their findings show that carbon lost to the atmosphere from land is twice 

as strong in the 1.5 °C scenario compared to the 2 °C scenario, largely offsetting the additional 

carbon removed from the atmosphere through BECCS from changing to the more ambitious 

scenario. This is due to both the CO2 fertilisation effect being larger, and the growth of more 

high latitude vegetation in the 2 °C scenario. They also find that ecosystem carbon payback 

time (ECPT; discussed in Section 2.3.5) can be around 10–100+ years in the tropics, where 

energy cropland replaces both agriculture and carbon-rich land. Whereas at higher latitudes, 

ECPTs (payback times) can be more than 100 years due to significant losses of soil carbon. 

Muri (2018) further calculate, for the RCP2.6 pathway, a warming of 0.29 °C above the 1.5 °C 

goal (i.e., 1.79 °C), and show that the incorporation of a BECCS intensification scenario 

reduces this value to 0.17 °C, whereas a BECCS deforestation scenario increases it to 0.43 °C 

above 1.5 °C. Using an Earth system model, they show that LUC in these scenarios results in 

a cooling of (–)0.1 °C and a warming of 0.17 °C by 2100, respectively; largely due to changes 

in CO2 flux from LUC (–144 GtCO2 and 481 GtCO2, respectively). Humpenöder et al. (2018a) 

similarly estimate large CO2 fluxes from pathways following RCP2.6 (SSP2), calculating that 

the incorporation of a forest conservation policy reduces LUC emissions to ~145 GtCO2 

between 2010 and 2100, compared to a scenario where deforestation is unrestricted (~350 

GtCO2) (values are approximated from their Figure 2). The isolated impacts of bioenergy 

within these findings are, overall, larger than those found by Melillo, Reilly, et al. (2009) 

mentioned earlier in this section, equating to around 85 GtCO2 for the forest conservation 
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scenario and 293 GtCO2 for the unrestricted deforestation scenario (findings by Melillo, Reilly, 

et al. (2009) are –72 GtCO2 and 95 GtCO2 by 2100, respectively). 

High CO2 emissions from LUC have the potential to tip life cycle CO2 emissions of second-

generation bioenergy production out of balance. In addition, previous literature indicates that 

biogeophysical effects can have significant impacts on climate. However, the magnitude of 

these impacts strongly depends on factors such as type of feedstock, geographical location, 

prior land use, and land management practice. Further, energy crops themselves are sensitive 

to changes in climate conditions, atmospheric CO2 concentrations, water availability, and heat 

stress, though there is potential for crops to adapt to such changes (Oliver et al., 2009; 

Rosenzweig et al., 2014; Arias et al., 2021; Canadell et al., 2022). The viability of large-scale 

energy cropland cultivation in future scenarios will thus depend on how crops respond to such 

conditions. 

2.4 Impacts of Bioenergy Expansion on Biodiversity 

One of the main sustainability concerns related to global-scale bioenergy production is the 

impacts of cropland expansion on biodiversity. In this context, biodiversity is defined as the 

“variability among living organisms from all sources including, inter alia, terrestrial, marine 

and other aquatic ecosystems and the ecological complexes of which they are part; this includes 

diversity within species, between species and of ecosystems”, as stated by the Convention on 

Biological Diversity (CBD) (CBD, 2010). The importance of biodiversity can be reflected in 

the different values humans place upon it. These include economic, ecological, cultural, 

scientific, and recreational values, as well as its intrinsic value  that is, the notion that each 

species has a value and a right to exist, whether or not it is known to have anthropogenic value 

(Morton and Hill, 2014). The Millennium Ecosystem Assessment, in 2005, was the first global 

effort to understand the relationship between biodiversity and human well-being, outlining the 

role of biodiversity in four ecosystem services: provisioning services (e.g., food, fibre and 

water production), regulating services (e.g., climate and disease control), supporting services 

(e.g., nutrient cycling and crop pollination), and cultural services (e.g., spiritual and 

recreational benefits) (MEA, 2005). A loss or deterioration in biodiversity can therefore 

compromise these services and affect human well-being (Wright et al., 2021).  
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Today, global biodiversity is already declining at rates ranging between several hundred to ten 

thousand times the natural background rates. Overall, more than 40,000 species are threatened 

with extinction, including 41% of amphibians, 37% of sharks and rays, 34% of conifers, 33% 

of reef building corals, 26% of mammals and 13% of birds (IUCN, 2022b). Changes in land 

use, and therefore the loss of habitats, are currently the largest threats to biodiversity, followed 

by overexploitation, climate change, pollution, and invasive species and disease (MEA, 2005; 

Fritsche et al., 2006; Butchart et al., 2010; Dornburg et al., 2010; WWF, 2012; Díaz et al., 

2019; Tudge et al., 2021). The expansion of bioenergy cropland is a relatively recent cause of 

land-use change, however its impacts on biodiversity are already apparent. Different bioenergy 

systems can have varying impacts on biodiversity and ecosystem services (Meller et al., 2015). 

Numerous studies, worldwide, have sought to understand these impacts, displaying a wide 

range of findings.  

2.4.1 Impacts of First-Generation Bioenergy Expansion 

Overall, findings are mostly negative, especially for first generation biofuels and in the tropics. 

A review of 53 publications carried out by Immerzeel et al (2014) shows that around 87% of 

studies investigating the relationship between first-generation crops and biodiversity report 

negative impacts. This is largely due to the conversion of forest or natural vegetation for 

cropland (Williams et al., 2020). Compared to natural ecosystems (e.g., primary or secondary 

forests, grasslands, wetlands), intensively managed monocultures such as first-generation crops 

support much fewer species. This is because they are structurally less complex than natural 

ecosystems, have a shorter life span and cause major landscape fragmentation (Flather and 

Bevers, 2002; Fitzherbert et al., 2008; Fahrig et al., 2011; Gasparatos et al., 2013). 

Globally, at least 405 species could be threatened by oil palm expansion, of which 193 are 

listed as Critically Endangered, Endangered or Vulnerable (Meijaard et al., 2018). Examples 

of species loss due to oil palm plantations have been reported for a variety of taxa, including 

plants (Fitzherbert et al., 2008; Danielsen et al., 2009), mammals (Maddox et al., 2007; 

Freudmann et al., 2015; Wearn et al., 2016), birds (Aratrakorn et al., 2006; Peh et al., 2006; 

Sheldon et al., 2010), lizards (Danielsen et al., 2009) and invertebrates (Barnes et al., 2014), 

such as forest butterflies (Koh and Wilcove, 2008). Typically, the simple ecological structure 

of oil palm favours generalist species (e.g. pigs and certain mammalian carnivores), and non-

forest invertebrate species (Danielsen et al., 2009), over specialist species (e.g. orangutans, 

gibbons, tigers and rhinos). Meijaard et al. (2018) further show that, globally, at least 405 
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species could be threatened by oil palm expansion, of which 193 are listed as Critically 

Endangered, Endangered or Vulnerable. 

Brazil holds the largest areas of soy and sugarcane production, yet it is ranked the most 

biodiverse country on the planet (Butler, 2016). These plantations are mainly (90%) situated in 

the Centre-Southern region of Brazil within the São Paulo and Goiás states. Although the 

majority of sugarcane expansion has so far displaced pasture lands (Durán et al., 2020), 

significant advances towards the Cerrado savanna and Atlantic Forest biomes have been 

identified (Rudorff et al., 2010; Scarpare et al., 2016; Leal et al., 2017). These biomes contain 

substantially high concentrations of endemic and threatened species and have therefore been 

categorised as biodiversity hotspots (Mittermeier et al., 2005).  

Historically, soybean expansion in Brazil has been concentrated in the Cerrado biome (Lima 

et al., 2011; Gibbs et al., 2015; Durán et al., 2020). Gibbs et al. (2015) estimate that around 

21% of land in this biome has been converted for soy production. In more recent years (2002–

2013), soy production has also expanded into the Amazon biome, clearing approximately 13–

18% of forests, of which 6% can be attributed to biodiesel. This forest loss is located within 

the “arc of deforestation”, one of the most active land-use frontiers in the world with regards 

to total forest decline (Morton et al., 2006). 

2.4.2 Impacts of Indirect Land-Use Change 

While most studies investigating the impacts of bioenergy production on biodiversity focus on 

the direct impacts of converting natural or non-natural habitats, there is growing concern 

regarding the potential indirect effects (iLUC) cropland expansion could have. For example, 

continued expansion of sugarcane plantations in Brazil is likely to further displace cattle 

ranchers and soybean producers onto the Amazon and Atlantic Forest biomes, resulting in 

extensive indirect deforestation (Casson, 2003; Martinelli and Filoso, 2008; Lapola et al., 

2010). Quantification of iLUC-induced biodiversity effects is difficult and few studies have 

attempted it (Kessler et al., 2007; Eggers et al., 2009; Hellmann and Verburg, 2010). Kessler 

et al. (2007), for instance, analysed the ‘multiplier effect’ from commodity development in six 

countries across the tropics in 2005. This effect reflects additional land-use change as a 

collateral effect outside actual cropping areas and was expressed in the study in terms of loss 

of Natural Capital Index, an indicator for changes in biodiversity status (UNEP, 2004). They 
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found that the highest multiplier effects occurred for soy production in Brazil (87%) and for 

palm oil in Indonesia (35%).  

Cropland intensification is one strategy that could help reduce the competition between food, 

animal feed, and biofuel production, and therefore alleviate iLUC (Dornburg et al., 2010; 

Wicke et al., 2012). Various studies, however, have highlighted the potential threats that 

biodiversity may face as a result of intensification (Sala et al., 2000; Tscharntke et al., 2012; 

Pereira et al., 2012; Molotoks et al., 2017; Zabel et al., 2019). These include habitat 

homogenisation (Benton et al., 2003; Meehan et al., 2011), irrigation (De Frutos et al., 2015), 

and pollution resulting from increased use of fertilisers and pesticides (Geiger et al., 2010). 

Additionally, there is ongoing debate as to whether cropland production and conservation 

should be integrated on the same land (i.e., ‘land sharing’) or separated (i.e., ‘land sparing’) 

(Phalan et al., 2011; Tscharntke et al., 2012; Fischer et al., 2014; von Wehrden et al., 2014). 

However, studies are increasingly arguing for land sharing approaches, stating that wildlife 

friendly farming could help sustain ecosystem services, maintain functional biodiversity and 

minimise environmental costs (Porter et al., 2009; Tscharntke et al., 2012). Linking agricultural 

intensification for biofuel production with biodiversity conservation is thus complex and 

requires well-informed regional and targeted solutions (Lotze-Campen et al., 2010). 

2.4.3 Impacts of Second-Generation Bioenergy Expansion  

2.4.3.1 An Improvement on First-Generation Bioenergy?  

Some studies argue that impacts of second-generation crops are less negative than first 

generation crops (Immerzeel et al., 2014; Tudge et al., 2021). In several cases they have shown 

to provide benefits to biodiversity, particularly in temperate regions (Kessler et al., 2007; van 

Dam et al., 2009; Van Der Hilst et al., 2012). As mentioned in Section 2.2.3.1, this is largely 

due to their capacity to grow on marginal or degraded land, unlike first generation crops, 

reducing their competition with food crops and the need for land clearance (Erb et al., 2012). 

However, the extent of marginal land currently available or unused has been debated, with 

many areas considered marginal in fact harbouring rich biodiversity (Myers et al., 2000; 

Creutzig et al., 2015; IPBES, 2019). Other benefits of second-generation crops are their longer 

rotation periods, reduced chemical inputs needed and increased spatial heterogeneity (Dauber 

et al. 2010). Perennial grasses (e.g., miscanthus) and short rotation coppiced willow have 

shown potential in providing habitat and shelter for specific species, such as migratory birds, 
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as well as improving connectivity or supporting restoration of marginal or degraded lands 

(Dauber et al., 2010; Meehan et al., 2011; Robertson et al., 2011; Haughton et al., 2016). Most 

studies, however, state that such benefits are dependent on several factors, including the 

different species responses, the spatial scale and geographical location studied, and 

characteristics of the plantation being studied i.e., management practices used, age, size, and 

heterogeneity. Some findings conversely show that perennial bioenergy cropland can be a 

driver of changes in biodiversity due to invasive traits, though the extent of this is largely 

unknown and dependent on the type of crop planted (Hartman et al., 2011; Barney, 2012; 

Barney, 2014). 

Until recently, most work investigating impacts of second-generation bioenergy on biodiversity 

have been carried out at present day, at the field level, in temperate regions, and for only a 

small number of species/taxa, with few studies calculating future global impacts (Immerzeel et 

al., 2014). This is largely due to the lack of data available for global present day and future 

projections of spatial energy cropland distributions. Overall, it is clear that global scale 

cultivation of second-generation crops will have significant environmental impacts due to the 

amount of land, water and nutrients that would be needed, which could in turn affect 

biodiversity (Bonsch et al., 2016; Heck et al., 2018; Stoy et al., 2018; Williams et al., 2020; Ai 

et al., 2021). However, this is highly dependent on the location, the previous land use in this 

location, and the magnitude of energy cropland cultivation needed (Smith et al., 2019). If 

BECCS continues to remain a major component of climate change mitigation strategies, it is 

important to fully understand how, and to what extent, it could affect biodiversity. 

2.4.3.2 Measuring Impacts of Second-Generation Bioenergy 

Production on Biodiversity  

As demonstrated previously in Section 2.3, climate modelling is generally considered to be a 

well-established field, spanning several decades of development. Biodiversity modelling, 

however, is still relatively new, hindered by factors such as limitations in observational data 

and accounting for scale dependencies, each of which can influence the accuracy and 

applicability of a model. Additionally, the overall inherent complexity of biodiversity, with its 

numerous interacting factors, intricate ecological processes, and wide range of taxonomic 

groups, habitats, and ecosystem types, has made it challenging to develop comprehensive 

models that capture all the elements of biodiversity patterns and dynamics. This has led to 
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difficulties in defining biodiversity metrics, choosing appropriate modelling techniques, and 

selecting relevant predictors.  

Despite this, over the last decade increasing numbers of studies have tried to determine the 

global impacts of second-generation bioenergy production on biodiversity (Powell and Lenton, 

2013; Hof et al., 2018; Heck et al., 2018; Tudge et al., 2021; Hanssen et al., 2022). The 

advancement of data on present day and projected energy cropland distributions has further 

enabled research into biodiversity responses and the use of various well-established methods 

and indicators typically applied in biodiversity literature. 

2.4.3.2.1 Land-Use Impacts 

Due to the complexity of biodiversity, a wide range of approaches have been used to calculate 

impacts of global LUC across the biodiversity literature. These approaches are based on 

indicators which define certain aspects of biodiversity, such as their variety or richness (the 

number of different types), vulnerability (how vulnerable each type is), abundance (how much 

there is of each type), and/or distribution (where biodiversity is located) (BIP, 2010) (see Table 

2.1). Each of these indicators is as important as the other in understanding how biodiverse a 

region is. Equally, identification of one indicator is not a guarantee that the others are also 

present in that ecosystem. Several studies, including life cycle assessments, have identified and 

compared these indicators, with many highlighting the importance of incorporating multiple 

dimensions of biodiversity in impact assessments (Grenyer et al., 2006; Davies and Cadotte, 

2011; Souza et al., 2015; Gabel et al., 2016; Marquardt et al., 2019; Molotoks et al., 2020). 
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Table 2.1: Literature findings for biodiversity impacts of global land conversion for second-
generation energy cropland using different biodiversity indicators; based off findings in 
Immerzeel et al (2014) and example studies provided in the table. 

Indicator 

Example 
Methods and 

Data (in addition 
to LUC data) 

Positive (+) or negative (–) 
impacts related to second-generation 

(2nd gen) energy crops 

Example studies 

Habitat 
quality 

Calculating change 
or loss of 
habitat/ecosystem 

+/– 
Studies generally show a loss of 
habitat and ecosystems, although 
benefits occur in some scenarios. 

Beringer et al. 
(2011);  Buchanan et 
al. (2008);  Hansen 
et al. (2013); 
Hellmann and 
Verburg (2010) 

Calculating changes 
to High Nature 
Value areas 

+ 
Small impacts in scenarios, with 
conversion to perennial crops 
having a much lower impact than 
first-generation energy crops. 

Hellmann and 
Verburg (2010); Van 
Der Hilst et al. 
(2012) 

Species 
richness 

Species-area and 
Endemics-area 
relationship 
modelling 
(SAR/EAR). 
 

Data: IUCN species 
ranges 

– 

No study specifically isolates 
impacts of 2nd gen crops. 
However, overall LUC scenarios 
that include bioenergy expansion 
indicate negative impacts of 
increased LUC. 

Chaudhary and 
Mooers (2017);  
Hanssen et al. 
(2022);  Jantz et al. 
(2015) 

Spatial analysis  
 

Data: field surveys 
and databases e.g., 
PREDICTS, 
BirdLife 
International, GBIF 

+/– 

Studies indicate a loss of species 
richness due to 1st and 2nd gen 
bioenergy crops, though effects 
can be positive in the case of 2nd 
gen crops. Bird species are the 
most studied taxonomic group. 

Barlow et al. (2007); 
Loyn et al. (2007); 
Newbold et al. 
(2015); Schulz et al. 
(2009); Tudge et al. 
(2021); Volpato et 
al. (2010) 

Species 
abundance 

Calculating Mean 
Species Abundance 
(MSA) relative to 
undisturbed state. 
 

Data: field surveys, 
PREDICTS data, 
GLOBIO model 

+ 
Unlike 1st gen crops, positive 
MSA values are calculated for 2nd 
gen crops. 

Kessler et al. 
(Kessler et al., 
2007); Schipper et 
al. (2020); Van Dam 
et al. (2010);  Van 
Der Hilst et al. 
(2012) 

Spatial analysis of 
species abundance 
and composition. 
 

Data: field surveys, 
PREDICTS data, 
GLOBIO model 

+/– 

Abundance and composition 
quality decreases with increased 
1st and 2nd gen cropland. Studies 
show an increase of general 
species and decrease of species 
with restricted ranges. 

Barlow et al. (2007);  
Codesido et al. 
(2011);  Hsu et al. 
(2010);  Tudge et al. 
(2021);  Volpato et 
al. (2010) 

Spatial analysis 
using Biodiversity 
Intactness Index 
(BII) 

– 
All studies indicate a reduction in 
BII due to 2nd gen bioenergy 
expansion as increases in natural 
land are used, suggesting the 
necessity of marginal land use. 

Fritz et al. (2013);  
Heck et al. (2018);  
Noone et al. (2013) 

Species 
distribution 

and 
vulnerability 

Species distribution 
modelling to 
calculate habitat 
suitability and 
species sensitivity  
 

Data: IUCN species 
ranges and Digital 
Elevation Models 

+/– 

Species distribution impacts are 
understudied. However, habitat 
suitability for endemic species 
has been calculated using 
distributional ranges showing 
mainly negative impacts, though 
less so for 2nd gen crops. 

Bellard et al. (2014); 
Buchanan et al. 
(2008); Eggers et al. 
(2009); Louette et al. 
(2010); Stoms et al. 
(2012) 
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Many studies use habitat quality as a proxy for the state of biodiversity. The loss or 

fragmentation of a habitat can thus be associated with the loss of biodiversity within the habitat 

(Buchanan et al., 2008; Hellmann and Verburg, 2010; Hansen et al., 2013). Most assessments, 

however, also incorporate ‘species richness’ as an indicator, and use a form of the Species-

Area Relationship (SAR) ecological model, combined with species richness databases, to 

calculate species loss due to land use. The SAR is an empirical relationship between the number 

of species and the land area of a region, often used to estimate extinction risk (Arrhenius, 1921; 

Rosenzweig, 2001; Brooks et al., 2002; Thomas et al., 2004). Species extinctions are calculated 

as the direct function of habitat loss contraction based on the observation that extinction risk 

increases with decreasing range and population size.  

Species richness is often derived from global, spatially explicit maps showing species 

distribution ranges (e.g., BirdLife International (2022) and IUCN Red List (2022a)) or areas of 

suitable habitat in which individual species are located (e.g., the Biodiversity Hotspots; 

Mittermeier et al. (2005)). Jantz et al. (2015) and Chaudhary and Mooers (2017), for example, 

use variations of the SAR model to project future land use-driven species extinctions resulting 

from different climate pathways (RCPs) and climate plus socio-economic pathways (RCP-

SSPs), respectively. Both studies estimate that, even in the best-case scenarios (i.e., RCP 2.6 

IMAGE and RCP2.6 SSP-1, respectively), up to 1,030 and 1,230 vertebrate species are 

committed to extinction globally by 2100, respectively, largely due to the expansion of second-

generation energy cropland across key habitats. Only one study has been found by the author 

that isolates second-generation bioenergy impacts using the SAR method (Hanssen et al., 

2022). Hanssen et al. (2022) use conversion factors based on SARs, derived by Chaudhary and 

Brooks (2018), and similarly calculate a global loss of around 1500 vertebrate species by 2100, 

due solely to energy cropland expansion for BECCS following a 1.5 °C pathway. 

Site-level species richness and abundance can be quantified across the globe using the 

PREDICTS database (Projecting Responses of Ecological Diversity In Changing Terrestrial 

Systems). This database contains information about biodiversity on different croplands across 

the world, and can be used to project biodiversity responses to different land uses and related 

pressures (Hudson et al., 2017). Tudge et al. (2021) use the PREDICTS database to show that 

species richness and abundance are 19% and 25% lower in sites planted with second-generation 

biomass crops than in sites with natural vegetation; smaller, but still significant, findings in 

comparison to their estimates for first-generation biofuel effects (37% and 49% respectively). 

Newbold et al. (2015) corroborate these findings and use the PREDICTS database to further 
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illustrate the major negative effects of global scale second-generation bioenergy 

implementation in ambitious mitigation scenarios. 

Some studies use the Scholes and Biggs (2005) Biodiversity Intactness Index (BII) indicator to 

explore the trade-offs between LUC for bioenergy and biodiversity-related planetary 

boundaries (PBs) (Fritz et al., 2013; Noone et al., 2013). Heck et al. (2018), for instance, 

calculate that large-scale second-generation bioenergy could result in a +7% loss of 

biodiversity intactness due to transgressions of the PBs for land-system change and biosphere 

integrity. Their work further demonstrates the impossibility of converting natural land for 

bioenergy and states the importance of limiting biomass production to marginal land and 

existing cropland (Núñez-Regueiro et al., 2021). Even in the latter case, this has shown to cause 

negative impacts on biodiversity (Powell and Lenton, 2013).  

Relatively positive impacts have also been calculated using six out of the eight indicator 

methods mentioned (see Table 2.1). Hellmann and Verburg (2010), for instance, demonstrate 

that LUC projections of the European Union biofuel directive for 2030 have minor direct 

impacts on semi-natural vegetation, forest and High Nature Value farmland, however that 

indirect impacts are more substantial. Van Der Hilst et al. (2012) and van Dam et al. (2009) 

further identify potential positive effects of land conversion to second-generation biofuels. 

Both works illustrate significant improvements in Mean Species Abundance (MSA) values 

from using second-generation crops (e.g., switchgrass and miscanthus) compared to first-

generation crops (e.g., soybean and sugar beet), with environmental benefits particularly seen 

when converting abandoned land in temperate regions. It is, however, noted that no areas 

studied contain only positive impacts from cropland conversion, whereby small negative 

impacts tend to occur on natural vegetation or wet pasture. Other, less used, indicators include 

species vulnerability and distribution, which show mixed findings resulting from both changes 

to land and climate (Eggers et al., 2009; Louette et al., 2010; Stoms et al., 2012; Bellard et al., 

2014). 

2.4.3.2.2 Climate Impacts 

In addition to LUC, climate change is expected to be one of, if not the, greatest threats to 

biodiversity over the next few decades (Leadley et al., 2010). This has motivated widespread 

research into potential responses of biodiversity to climate change, including studies on the 

fossil records (Lorenzen et al., 2011), recently observed trends (Parmesan, 2006), and projected 
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impacts (Bellard et al., 2012). Climate variables play a large role in determining the 

geographical distribution ranges of species (Guisan and Zimmermann, 2000; Pearson and 

Dawson, 2003; Gilman et al., 2010; Dawson et al., 2011; Beaumont et al., 2011; Warren et al., 

2013; Nunez et al., 2019). Species either shift their geographical ranges or become extinct when 

the climate conditions in their habitat are no longer adequate. This is largely dependent on their 

dispersal capacities and their ability to track preferred climate space across what is often an 

increasingly fragmented landscape (Settele, 2014; Smith et al., 2018). Other biodiversity 

components affected by climate change include species physiology, phenology, community 

structures and ecosystem functions (Bellard et al., 2012). 

As in the case of LUC, a wide range of modelling techniques can be used to determine future 

impacts of climate change on biodiversity (Bellard et al., 2012). Bellard et al. (2014) use the 

standardized Euclidian distance (SED) method, developed by Williams et al. (2007), to 

quantify the climatic dissimilarity between current and future climate within biodiversity 

hotspots. They estimate that a warming of 3.5–5 °C above pre-industrial levels will negatively 

impact 25% of endemic species across the hotspots. A meta-analysis similarly estimates that 

20–30% of plant and vertebrate species could be at risk of extinction if global mean 

temperatures increase beyond 2–3 °C above pre-industrial levels (Fischlin et al., 2007). Thomas 

et al (2004) predict that even a warming of 1.8–2 °C could lead to a loss of 15–37% endemic 

species globally. Their work demonstrates the potential severity of even moderate levels of 

climate change and the importance of rapid implementation of mitigation strategies. 

Some of the studies analysing the impacts of LUC from second-generation bioenergy on 

biodiversity also explore the potential positive effects that may occur from climate change 

mitigation (Melillo, Gurgel, et al., 2009; Powell and Lenton, 2013; Heck et al., 2018; Hof et 

al., 2018; Hanssen et al., 2022). Climate-explicit species distribution modelling has shown that 

reduced species richness from LUC for bioenergy is not compensated by lower climate change 

impacts; however this excludes negative emissions from CCS implementation (Hof et al., 

2018). When incorporating negative emissions, species-area relationship (SAR) modelling 

produces mixed findings. Powell and Lenton (2013) show that reduced species richness still 

offsets the benefits of prevented climate change on inclusion of negative emissions. Hanssen 

et al. (2022), on the other hand, show that over a longer period (80 years) the positive effects 

of climate change may outweigh the negative effects of LUC on species richness, particularly 

if large-scale second-generation bioenergy is deployed as early as possible to allow maximum 



2.4 Impacts of Bioenergy Expansion on Biodiversity 63

 

sequestration before future climate targets. However, they further state that these interactions 

are highly uncertain and require more research.  

It is evident that both land-use change and climate change contribute to biodiversity loss in 

different ways, whereby the two effects can often interact and have synergistic impacts on 

biodiversity. It is therefore crucial that policies surrounding second-generation bioenergy 

expansion address both factors, incorporating conservation strategies that aim to not only 

mitigate greenhouse gas emissions but reduce habitat destruction, promote sustainable land-

use practices, and enhance ecosystem resilience to ensure the long-term survival of 

biodiversity. That said, some studies suggest that land-use change currently poses a more 

immediate threat to biodiversity due to its direct and localised nature, particularly in areas with 

high rates of deforestation and habitat conversion (Gibson et al., 2011; Laurance et al., 2012). 

Climate change, on the other hand, is increasingly considered a significant long-term driver of 

biodiversity loss, as its effects intensify over time and interact with other stressors (Bellard et 

al., 2012; Bellard et al., 2014). As discussed, exploration of these two factors requires complex 

analyses and resources, and while the author recognises the equal importance of both, only 

land-use impacts from bioenergy expansion will be considered in the main body of biodiversity 

assessments from here on. 

2.4.3.2.3 Critical Analysis of Biodiversity Modelling Techniques 

Choosing a suitable approach for calculating impacts on biodiversity ultimately depends on the 

context in which it is used. All indicators and models discussed in this section have previously 

been determined as viable options for biodiversity modelling associated with land-use change 

(and climate change) impacts due to the fact that they cover a wide set of criteria: they are a 

function of land-use change, are high resolution (at least 10km by 10km), spatially explicit, 

globally applicable, peer reviewed, and readily available (Molotoks et al., 2020).  

However, each of these approaches has methodological, spatial and temporal limitations that 

constrain their predictive power (McMahon et al., 2011). Even in the most ambitious studies, 

the range of species used generally represents a small percentage of known biodiversity. As 

mentioned previously, approaches using species richness (e.g., the SAR or PREDICTS models; 

see Table 2.1) as an indicator are currently more widely used, because it is thought to influence 

the resilience and resistance of ecosystems to environmental change. It also acts as a broad 

parameter for providing information about the biodiversity of an entire eco-region (whereas 
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abundance, for instance, tends to provide a more nuanced information on individual species 

within a specific community or ecosystem). However, species richness only considers the 

number of species present in a given area, without considering the identity or composition of 

those species. It treats all species as equal, regardless of their ecological importance, rarity, or 

functional role. It can also be influenced by taxonomic biases, where certain taxonomic groups 

are better studied, documented, or recognised than others, so may be over- or under-represented 

(Thuiller et al., 2011). 

The SAR model is a valuable tool for understanding patterns of species richness, however it is 

widely criticised in the literature. Though many studies have utilised the SAR model for 

extinction estimates (e.g. Brooks et al. (2002), Malcolm et al. (2006) and Jantz et al. (2015), 

several studies have shown that estimates generated using the model are frequently greater than 

observed extinctions (May et al., 1995; Pimm and Askins, 1995; Rosenzweig, 1995). One 

explanation for this could be it implies that species are immediately removed and are committed 

to extinction after habitat loss. In reality, extinctions will tend to occur over an unspecified 

length of time (May et al., 1995), depicted as the “relaxation time” in Diamond (1972).  

Further, the area required for species extinctions is normally larger than the sample area needed 

to encounter the species, hence the SAR does not accurately represent species losses as habitat 

area is reduced (He and Hubbell, 2011). Extinction estimates should depend more on the 

number of species confined to the cleared habitat area rather than to the total number of species 

in the original habitat area (Pimm and Askins, 1995; Pimm et al., 1995). To overcome this 

discrepancy, Harte and Kinzig (1997) have used the SAR model to derive the endemics-area 

relationship (EAR) model, where “endemic” refers to species located only within a cleared 

patch of larger habitat and nowhere else.  

Most studies using the SAR or EAR models assume unrealistically that non-natural habitats 

harbour no biodiversity (Jantz et al., 2015; Molotoks et al., 2020). These models also do not 

consider the specific ecological context or environmental conditions of different areas, instead 

assuming that a habitat is uniform. In reality, factors such as habitat quality, heterogeneity, 

fragmentation, and connectivity can significantly influence species richness. In addition, 

individual responses of species to land-use change may vary as some species are more sensitive 

than others. Thus, ignoring these contextual factors could result in inaccurate predictions or 

interpretations of species richness patterns. The SAR model also assumes that species have 

unlimited dispersal abilities, whereby species can freely colonise all available habitats within 
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an area. However, dispersal barriers, such as distance decay effects or specific habitat 

requirements, can restrict movements of species. A handful of studies have tried to account for 

these influences. For instance, De Baan et al. (2013) developed the Matrix SAR model, which 

accounts for habitat heterogeneity to assess patterns of species richness in multi-habitat 

landscapes. Although, their model assumes 100% species loss after habitat loss, and does not 

incorporate species vulnerability. Chaudhary et al. (2015) further improved on this model by 

implementing a larger range of land-use types and varying use of habitats by species, 

acknowledging that some species can live in habitats that have undergone conversion. 

However, their model depends on characterisation factors (CFs) that can be based on relatively 

outdated land cover datasets. 

The calculation of ‘extinction’ within the mentioned approaches also has its limitations. 

Though extinction is a potential immediate impact of land-use change, it is only the last step 

of a decline in abundance of a species. This fact has led to the development of models such as 

GLOBIO and PREDICTS. They calculate mean species abundance (MSA) (Alkemade et al., 

2009) and Biodiversity Intactness Index (BII) (Scholes and Biggs, 2005), which depict the 

impact of human activities on species abundance (see Table 2.1). There are, however, several 

limitations to these models. They require quality input data (of which more is needed than in 

most other models), which may be lacking or incomplete, particularly in regions with limited 

monitoring or data collection efforts. In addition, mean species abundance methods can be 

strongly influenced by a few dominant species that have high abundances and may not 

adequately capture the presence or importance of rare species (which may have low abundances 

or occur sporadically). In the case of BII, setting thresholds to determine what constitutes 

“intact” or “degraded” biodiversity can be challenging. Further, BII calculations are influenced 

by the spatial and temporal scale, thus aggregating data at larger scales may mask local or fine-

scale variations in biodiversity patterns and responses, and potentially miss important temporal 

dynamics and lagged effects. Finally, translating BII values into meaningful conservation 

actions or policy decisions can be difficult and requires careful consideration of local context 

and stakeholder involvement. 

While indicators and models play a major role in biodiversity modelling, successful 

implementation requires (often complex) biodiversity data. This data is generally based on 

‘seminal’ datasets, such as the IUCN data, which are widely accepted throughout the 

conservation science community, however it can lead to considerable overlap across data 
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sources. In addition, the difficulties involved in producing and updating such large global 

datasets often means that the information provided can be years, or even decades out of date. 

2.4.3.2.4 Accounting for Species Vulnerability and 

Irreplaceability  

One way to address these data limitations is by focussing on ‘important’ habitat locations. The 

‘importance’ of a habitat can be assigned using the framework of vulnerability and 

irreplaceability (Margules and Pressey, 2000). Vulnerability measures the risk of a habitat 

being transformed, in which species are highly threatened but not protected. Irreplaceability is 

the extent to which the loss of an area will compromise regional conservation targets. These 

targets are built on several factors i.e. presence of a species in a region, minimum area of e.g. 

a vegetation type in that region, or predicted probabilities of occurrence of a species (Ferrier et 

al., 2000). The most common measure of irreplaceability is species endemism. The greater the 

number of endemic species in a region, the more biodiversity is lost if that region is lost. More 

strictly, any location with even one endemic species is irreplaceable. Other aspects of 

irreplaceability include taxonomic uniqueness, unusual phenomena, and global rarity of major 

habitat types (Brooks et al., 2006).  

Areas of habitat with high values for both vulnerability and irreplaceability are considered the 

highest priority for conservation action. They have the largest risk of being lost and will have 

the most serious impact on achievement of conservation targets. Biodiversity conservation 

organisations have proposed nine templates of global priorities, including for instance the 

“crisis ecoregions”, “endemic bird areas” and “centers of plant diversity”, to name a few 

(Brooks et al., 2006). Conceptually they all fit within the framework of “irreplaceability versus 

vulnerability”, however they map onto different proportions of the framework, with most 

prioritising high irreplaceability. Out of all the templates, the “biodiversity hotspots” are the 

only template that maps onto both high irreplaceability and high vulnerability, defined as 

biogeographic regions with significant concentrations of endemic species and exceptional loss 

of habitat. Major efforts and resources have thus been allocated for their study and preservation, 

with possibly over $1 billion of funding already provided (Schmitt, 2012). Despite this, future 

impacts of LUC within the biodiversity hotspots have received considerably little attention so 

far.  
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In addition to important habitats, the principles of irreplaceability and vulnerability are also 

used to highlight specific species at threat. The Alliance for Zero Extinction (AZE) database 

has increasingly been used for its up-to-date identification of species classified as engangered 

or critically endangered under the IUCN criteria. These species face extinction due to their 

remaining habitat being degraded locally or because their small global range makes them 

vulnerable to external threats (AZE, 2010).  

2.5 Sustainability Measures and Conservation Schemes 

Environmental protection measures will be required to avoid sustainability trade-offs occurring 

from land-use changes associated with second-generation bioenergy expansion. In the context 

of bioenergy, literature addressing these trade-offs and potential conservation schemes is 

mostly limited to impacts on natural land and freshwater due to the indispensability of these 

natural resources in climate regulation, ecosystem protection and human-wellbeing (Popp, 

Dietrich, et al., 2011; Kraxner et al., 2013; Calvin et al., 2014; Bonsch, 2015; Bonsch et al., 

2016). Other sustainability measures, such as improved soil nitrogen uptake efficiency, 

increased crop yields, and higher livestock productivity have only recently been incorporated 

into bioenergy impact assessments (Humpenöder et al., 2018a). While research on land and 

freshwater conservation is well established within the literature, few studies have determined 

how incorporating these measures into future pathways could influence land-use interactions 

with climate and biodiversity. The work in this thesis therefore focuses on these two 

conservation areas in terms of their implementation with future bioenergy scenarios. 

2.5.1 Land Conservation  

2.5.1.1 Existing Land Conservation Schemes 

Government policies and certification schemes can play a key role in counteracting the impacts 

of agricultural expansion on forest and other natural land, though combined forest-energy 

policies are lacking in most countries (Roos, 2002; Ladanai and Vinterbäck, 2010). 

International treaties and initiatives, such as the New York Declaration on Forests (NYDF) 

(FDP, 2023), Glasgow Leaders’ Declaration on Forests (GLDF) (Abdenur, 2022), Nationally 

Determined Contributions (NDCs) (UNFCCC, 2023), and National Biodiversity Strategies and 

Action Plans (NBSAPs) (CBD, 2023), have been devised to encourage and monitor forest 
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conservation and restoration, support sustainable supply chains, and promote nature-based 

solutions within individual countries. Interventions such as these can serve as frameworks and 

catalysts for conservation and certification schemes. 

While certification schemes have been developed for some first-generation energy crops, such 

as soy, palm oil and sugarcane (e.g., Roundtable for Sustainable Palm Oil (RSPO), Roundtable 

on Responsible Soy Oil (RRSO), Better Sugarcane Initiative (BSI)), specific certification 

systems or initiatives for other more advanced energy crops are in their infancy (e.g., 

Roundtable on Sustainable Biofuel (RSB), International Sustainability and Carbon 

Certification (ISCC), Green Gold Label (GGL), Sustainable Biomass Program (SBP)) 

(Biomass Technology Group, 2008). Forestry- and agricultural-related schemes also further 

incorporate bioenergy production (e.g., Sustainable Forestry initiative (SFI), Forest 

Stewardship Council (FSC), Sustainable Agriculture Network (SAN) Rainforest Alliance) 

(Fehrenbach, 2011).  

Europe is the largest importer of palm oil, and recently amended regulations to limit future 

imports for biofuels (Rulli et al., 2016). However, there remains concern regarding rising 

demands within Indonesia, Malaysia and China, which could make up for this market shift and 

lead to continued palm oil production in these regions (Coca, 2020). In contrast, Brazil has 

been considered a global exception in terms of forest conservation, with a significant policy-

driven reduction in Amazon Bason deforestation. Observations indicate that, while Brazilian 

gross forest loss is the second highest globally, other countries, such as Malaysia, Cambodia, 

Tanzania, Cote d’Ivoire, Paraguay and Argentina, have experienced a higher percentage of loss 

in forest cover (Hansen et al., 2013).  

In Brazil, the main legislation that protects the native vegetation and regulates the use of land 

is the Forest Code, initiated in 1965 and updated in 2012. This law mandated that private 

landowners set aside between 20 and 80 percent of native forests and savannas on their rural 

properties as ‘legal reserves’, though this percentage has since been reduced (Azevedo et al., 

2017; Asher, 2019). Leal et al. (2017) further show that sugarcane expansion in Brazil has, 

since 2009, been successfully controlled by the Sugarcane Agroecological Zoning (AEZ) law, 

a policy which indicates new areas where sugarcane can be cultivated. They suggest that only 

minor impacts on native vegetation have occurred, with most of the sugarcane expansion 

happening on land which has already been largely deforested. Similarly, Brazil’s Soy 

Moratorium (SoyM) was introduced in 2006, preventing major soybean traders from 
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purchasing soy grown on lands deforested in the Amazon (Heilmayr et al., 2020). While these 

policies led to a successful 84% decline in rate of deforestation between 2004 and 2012, rates 

doubled between 2012 and 2019 due to violations of agreements (Gibbs et al., 2015; Heilmayr 

et al., 2020). It is therefore important that such policies continue to develop. Ongoing debates 

regarding this continuation and recent political changes in Brazil highlight how challenging 

this could be, as well as the overall tenuous nature of all forest conservation policies. 

Tropical deforestation and forest degradation represent the second largest source of global 

greenhouse gas emissions, accounting for 12–20% of anthropogenic carbon emissions 

(Houghton and Hackler, 2008; Ghazoul et al., 2010). To prevent deforestation, the expansion 

of second-generation bioenergy will likely require the development of similar policies and 

certification schemes to those mentioned, as well as financial incentives to reduce climate 

impacts. The REDD+ (reducing emissions from deforestation and forest degradation) initiative 

is the most well-known mechanism for creating such incentives, and can be incorporated into 

conservation schemes. First negotiated at the Conference of the Parties (COP) of the UN 

Framework Convention on Climate Change (UNFCCC) in 2005, it aims to incentivise 

developing countries to reduce emissions from deforestation and forest degradation, providing 

them with compensation from developed nations who need to meet their emissions reduction 

targets (Ghazoul et al., 2010). 

However, until recently, few countries were operating REDD+ on a national level, due to a 

range of political and technical challenges (Minang et al., 2014; Sunderlin et al., 2015). These 

can be categorised under three umbrellas: ‘leakage’; the movement of economic destructive 

activities to other locations due to REDD+ implementation, ‘permanence’; the risk that carbon 

is just temporarily stored in the forests, and ‘additionality’; the possibility that reduced carbon 

emissions may occur even without REDD+ payments (Ghazoul et al., 2010; Atmadja and 

Verchot, 2012). In addition, there are huge concerns regarding the negative impacts of REDD+ 

on forest-dependent communities, such as unequal benefit sharing, illegal land acquisition, 

food insecurity, and agricultural changes (Bayrak and Marafa, 2016). The UNFCCC 

framework for REDD+ therefore includes a set of environmental and social safeguards to 

ensure projects are consistent with forest and biodiversity conservation, as well as respect the 

knowledge and rights of indigenous peoples and local communities. To date, 65 countries in 

Africa, Asia and the Pacific, and Latin America have signed up to the UN-REDD Programme, 

which provides a platform for REDD+ implementation. As of January 2020, nine countries 
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reported 8.82 billion tonnes of emissions reductions due to reduced rates of deforestation and 

forest degradation (FAO and UNEP, 2020). 

Uncertainties around REDD+ are largely attributed to the disconnect between policy and 

operational capabilities. Country-level observational data can be a useful tool for understanding 

forest extent and change, with Brazil still being the main country that produces and shares 

spatially explicit information. The use of Landsat data has been one of the key reasons for 

Brazil’s past success in policy formulation and implementation. Ongoing development of 

current forest distribution maps, such as those produced by Hansen et al (2013), can assist 

countries lacking such data, inform national monitoring methods, as well as provide continually 

updated baseline information for future global land modelling. As shown in this thesis, global 

impact assessments can provide useful findings for international policy and highlight regions 

most at risk. However, real-world implementation of REDD+ and other forest conservation 

policies can only occur with ground-level information. 

2.5.1.2 Land Conservation in Future Impact Assessments 

Land-use regulation is a key component of ambitious future mitigation pathways implementing 

second-generation bioenergy expansion (Popp et al., 2012; Popp et al., 2017). However, few 

studies have isolated the potential sustainability implications of land conservation schemes 

within these pathways, with little focus on climate and biodiversity implications (Kraxner et 

al., 2013; Calvin et al., 2014; Bonsch et al., 2016; Humpenöder et al., 2018a). 

Studies that do investigate these interactions tend to incorporate a REDD+ policy into the 

scenarios by restraining expansion of agriculture (particularly bioenergy cropland) into forests 

and putting a price on CO2 emissions from LUC. Humpenöder et al. (2018a) and A. Popp, 

Humpenöder, et al. (2014), for instance, show that forest loss is significantly reduced with 

global REDD+ implementation. However, they also demonstrate potential ramifications, 

including carbon leakage from the displacement of cropland onto both forested and non-

forested areas (Yanai et al., 2012; A. Popp, Humpenöder, et al., 2014), and increased food 

prices (Humpenöder et al., 2018a). 

Literature on climate impacts show mostly positive results. As discussed in Section 2.3.7, 

restricted use of forests and agricultural intensification within bioenergy scenarios could 

substantially reduce LUC emissions resulting from energy cropland expansion. Findings by 

Melillo et al. (2009) and Humpenöder et al. (2018a) suggest potential CO2 reductions of 167 
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GtCO2 and 208 GtCO2 respectively by 2100 from incorporating a global forest conservation 

policy with second-generation bioenergy expansion. Hallgren et al. (2013) further demonstrate 

positive climate impacts, estimating both a reduction in global biogeochemical warming (0.7 

°C) and global biogeophysical cooling (0.02 °C) by 2050 when implementing forest protection. 

The studies mentioned additionally indicate the need for more research into climate impacts of 

land conservation within future bioenergy scenarios, as well as other sustainability concerns 

such as biodiversity. 

While literature exists on impacts of land conservation schemes and biodiversity conservation 

schemes within mitigation pathways, there is little evidence of research on the interaction 

between these two sustainability measures. Previous studies incorporating land conservation 

policies in future bioenergy scenarios suggest the need for more research into biodiversity 

implications (Hallgren et al., 2013; Humpenöder et al., 2018a). On the other hand, studies 

incorporating biodiversity conservation targets in scenarios point out the simplicity of 

implementing these targets in current models, with most using an additional constraint for land 

allocation (e.g., excluding protected areas from bioenergy or food production) (Beringer et al., 

2011; Erb et al., 2012; Meller et al., 2015; Heck et al., 2018; Leclère et al., 2018; IPBES, 2019). 

Regarding the latter, estimates by Beringer et al. (2011) and Erb et al. (2012) indicate global 

bioenergy potentials of 26–270 EJ yr-1 depending on how much biodiversity conservation is 

incorporated in the scenario. Uncertainty within this estimate implies the need for more 

research into biodiversity impacts within future mitigation pathways. Spatial analysis 

comparing biodiversity data and land conservation schemes in bioenergy scenarios could aid 

the development of more sustainable pathways. 

2.5.2 Water Conservation 

2.5.2.1 Current Water Requirements and Conservation 

Schemes 

Around 70% of global freshwater withdrawals are used for irrigating agricultural systems, of 

which a large portion is lost due to bad management and faults in conveyance systems (Postel 

et al., 2008; Gleick and Cooley, 2009; Molden et al., 2010; Foley et al., 2011; Gerbens-Leenes, 

2017). Irrigated areas have almost doubled over the last 50 years, and currently constitute 

around 20% of global cultivated land (Foley et al., 2011; Meier et al., 2018). Cultivation of 
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dedicated bioenergy crops is very water intensive; thus, irrigation application could play a 

crucial role in achieving high yields (Berndes, 2002; Gerbens-leenes et al., 2009; Bonsch, 2015; 

Bonsch et al., 2016). Previous work has shown that irrigation could increase bioenergy yields 

by more than 100% compared to rainfed production systems (Beringer et al., 2011). However, 

such large withdrawals can put additional pressure on freshwater ecosystems (SDG 14) 

(Berndes, 2002; Bonsch et al., 2016; Heck et al., 2018; Stoy et al., 2018; Fajardy et al., 2019).  

Water is heterogeneously distributed around the globe, hence there exist highly water stressed 

areas, particularly in China, South Asia, and the United Sates (Oki and Kanae, 2006). Estimates 

have shown that over 1 billion people live in areas exposed to high water stress, and that over 

700 million people lack access to safe drinking water (Oki and Kanae, 2006; WHO/UNICEF, 

2014). Further, freshwater biodiversity trends indicate declines averaging 54% among 

freshwater vertebrates due to global water usage (Groombridge and Jenkins, 2000; Loh, 2000). 

Humpenöder et al. (2018a) calculate that second-generation bioenergy expansion could lead to 

a +142% global increase in water use above environmental flow (EF) requirements, i.e., water 

required to maintain the ecosystem functions of rivers and lakes, compared to a scenario 

without bioenergy. With many regions already facing water scarcity and ecosystem 

degradation, this increase would be fatal. 

Policies protecting freshwater ecosystems from destruction due to bioenergy production need 

to be designed, addressing potential trade-offs between ecosystems and economic incentives 

opposing sustainable water use. Current certification schemes, including those mentioned for 

land conservation in addition to the Alliance for water Stewardship (AWS), incorporate water 

conservation to varying degrees (Fehrenbach, 2011; Bonsch et al., 2016). Most of these 

schemes cover three key areas: excessive water consumption, water scarcity and protection of 

water quality. Water quality is reasonably accounted for with legal threshold values largely in 

place, though difficulties arise in agricultural activities such as the application of fertilisers and 

pesticides. Tracing of pollutants from these applications to surface or ground water bodies is 

complex and generally delayed. Monitoring and auditing of these application processes can 

identify more efficient options and areas for improvement. The ISCC (International 

Sustainability and Carbon Certification), for instance, incorporate an extensive list of criteria 

and requirements regarding fertiliser, chemical use, washing and storage etc to help prevent 

water contamination. Avoidance of excessive water consumption is further addressed in most 

schemes through water management plans, efficient use and re-use, and optimisation of 

irrigation. However, a case-by-case approach is needed as even efficient and sparing use of 
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water can be excessive if the consumer is larger than the available water supply. Water scarcity 

is harder to evaluate and standardise and is highly dependent on physical factors such as the 

regional resolution of the data used, and economic aspects of the region being studied.  

For a biomass project to be certified, each of the above areas will need to be considered. 

Schemes such as RSB (The Roundtable on Sustainable Biofuel), SAN (Sustainable Agriculture 

Network) and GGL (Green Gold Label) are prepared to cover these. However, even with the 

best intentions, the overall water policy of a country can counteract aims outlined in small 

projects. The AWS is an initiative that could potentially tackle this as it connects bioenergy 

production with all other water-relevant sectors. Overall, the certification of bioenergy-related 

water impacts will be a challenge, with periodic monitoring of regional, national, and 

international policies, and stakeholder engagement, needed for successful implementation. 

2.5.2.2 Water Conservation in Future Impact Assessments 

Research into sustainability implications of water conservation regarding bioenergy production 

is growing though still in great need of further work. One method for incorporating certification 

schemes is by incentivising rainfed bioenergy production e.g., irrigating only food and feed 

cropland and leaving energy cropland to be rainfed (Bonsch et al., 2016; Humpenöder et al., 

2018a). This could allow consumers to make an informed choice and thus generate a market 

incentive for less water intensive production. Additionally, governments could further create 

direct incentives for rainfed bioenergy production through taxes and subsidies. For example, 

South Africa has already ceased the support of bioenergy crops under irrigation (Moraes et al., 

2011). While incentivising rainfed bioenergy production could be beneficial for protecting 

water resources, it neglects trade-offs with land resources. To overcome threats to both land 

and freshwater resources, human water withdrawals can be limited to sustainable levels. This 

would require site specific understanding of how much water is required for a functioning 

ecosystem. Estimates of such water requirements ― or Environmental Flows (EF) — are 

already available, though more research is needed to improve the accuracy of these (Smakhtin 

et al., 2004; Poff et al., 2010; Gerten et al., 2013; Pastor et al., 2014; Bonsch et al., 2015; 

Humpenöder et al., 2018a). 

Previous work in this field has shown that without dedicated water protection policies, large-

scale bioenergy production from second-generation energy crops may lead to severe 

degradation of freshwater ecosystems (Bonsch et al., 2016). However, prohibiting irrigated 
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energy crop production could also lead to increased food prices (de Fraiture and Wichelns, 

2010; Bonsch et al., 2015) and loss of natural land that contain important terrestrial ecosystems 

and high carbon stocks (Bonsch et al., 2016; Humpenöder et al., 2018a). Humpenöder et al. 

(2018a), for instance, calculate that implementation of a water protection policy with bioenergy 

expansion results in higher global LUC emissions (425 GtCO2) than for a bioenergy scenario 

without water protection (349 GtCO2). Measures for increasing irrigation efficiency, such as 

improvements in water storage and transport, and better land management practices (e.g., 

mulching and tillage), can help reduce these negative impacts (Humpenöder et al., 2018a). 

Establishing a balance between use of water protection policies, increasing irrigation 

efficiency, and sustainable use of land will be required for the development of large-scale 

bioenergy. Though previous work has indicated potential adverse impacts on the land system 

as a whole, more research into specific interactions with biodiversity and climate could 

contribute to knowledge within this field. 

2.6 Conclusions from the Literature 

Global second-generation bioenergy production remains a key option for achieving negative 

emissions in mitigation pathways. However, the subject of bioenergy is controversial, with 

many studies highlighting significant trade-offs with the land system. This concern has been a 

major driver for model and scenario intercomparison studies aiming to determine the potential 

for bioenergy deployment within our developing society. Previous work on sustainability 

implications of land use for bioenergy tends to focus on food security, energy security, and life 

cycle GHG emissions, aspects that can be directly calculated by integrated assessment models 

(IAMs). Climate regulation and biodiversity are two other major environmental concerns that 

will be affected yet are relatively understudied, largely due to a lack of suitable data resources 

and the overall complexity involved in calculating these impacts.  

Most literature on land-use impacts of bioenergy focus on present day first-generation 

bioenergy cropland and/or tend to be at the regional or local scale. This is largely due to a lack 

of data on spatial projections of more advanced energy cropland within future pathways. As 

second-generation bioenergy production becomes a more viable option, developments in such 

data has progressed, enabling ongoing research into potential global impacts of second-

generation bioenergy expansion within SSP and RCP pathways. This data can further be used 

within climate and biodiversity modelling, alongside other spatial climate data and biodiversity 
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indicators (e.g., the Red List Index) that are often utilised in climate and biodiversity research 

however are less represented in the bioenergy literature (Dornburg et al., 2008; Beringer et al., 

2011; Hallgren et al., 2013; Immerzeel et al., 2014; Heck et al., 2018; Harper et al., 2018; Muri, 

2018; Tudge et al., 2021; Hanssen et al., 2022). For this study, land-use data has been created 

using the MAgPIE (Model of Agricultural Production and its Impact on the Environment) land-

use optimisation model, obtained from researchers at the Potsdam Institute for Climate Impact 

Research (PIK) (Humpenöder et al., 2018a). 

As discussed in this chapter, a variety of methods can be used to understand the interactions 

between bioenergy deployment, land-use changes, and corresponding climate and biodiversity 

impacts. Regarding climate impacts, findings in Section 2.3.2.2.2. indicate the efficiency and 

accuracy of implementing the LUCID-CMIP5 simulation method within an Earth system 

model of intermediate complexity (EMIC) using land-use projections from a well-established 

IAM (in this case, the MAgPIE model). Hence, the University of Victoria (UVic) ESCM v.29 

has been chosen for this analysis, provided by Concordia University, Montreal (Weaver et al., 

2001; Matthews, 2004; Simmons and Matthews, 2016). 

An assessment of biodiversity modelling approaches in Section 2.4.3.2.1 further indicates that, 

while it has its limitations, the species richness indicator can be used to broadly demonstrate 

information about an entire eco-region, so is a suitable choice for understanding global impacts 

of bioenergy expansion on biodiversity. By applying a form of the species-area modelling to 

the mentioned MAgPIE land-use projections, alongside species ranges, projected habit and 

species loss can be calculated. However, due to high criticism of the species-area relationship 

(SAR) model and its tendency to overestimate, the endemics-area relationship (EAR) model 

will be used in this work (Kinzig and Harte, 2000). High priority areas, namely the biodiversity 

hotspots and Alliance for Zero Extinction (AZE) sites, will be used to explore loss of habitat 

as well as potential impacts on endangered and critically endangered species. Literature 

findings further indicate the importance of both climate and land-use impacts in biodiversity 

assessments (Powell and Lenton, 2013; Bellard et al., 2014; Jantz et al., 2015; Chaudhary and 

Mooers, 2017; S. V Hanssen et al., 2020; Tudge et al., 2021). However, due to time limitations 

and resource availability, only land-use impacts will be calculated in this assessment.  

Previous work has further demonstrated the importance of incorporating sustainability 

measures alongside large-scale bioenergy deployment (Bonsch et al., 2016; Humpenöder et al., 

2018a). Without dedicated forest and water protection policies, as well as other measures such 
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as improved agricultural productivity, second-generation bioenergy expansion could lead to 

severe degradation of freshwater and terrestrial ecosystems, higher LUC emissions, nitrogen 

losses, and increases in food prices. While a number of land and water conservation schemes 

do currently exist, attention to land for bioenergy is still in its infancy. Such schemes also face 

ongoing challenges, such as counteractions with country-level policies, violations in 

implementation, and cropland ‘leakage’ onto other important ecosystems. Understanding the 

impacts of these regulations within the context of global bioenergy deployment is a crucial 

component of future climate and biodiversity impact assessments and will thus be included in 

this work. 

 



77 

Chapter 3 Methods: The MAgPIE Land-Use 

Model and Scenarios 

3.1 Overview 

This chapter describes the four land-use scenarios used in this thesis to represent mitigation 

pathways with and without bioenergy expansion. These scenarios have been generated using 

the global multi-regional land-use optimisation model MAgPIE (Model of Agricultural 

Production and its Impacts on the Environment) and have been provided by the creators 

(Humpenöder et al., 2018a) for the purpose of this work. This chapter explores some of the key 

features within the MAgPIE scenarios and provides a comparison to other land-use pathways 

used in the current literature. 

3.2 Introduction to the MAgPIE Scenarios 

3.2.1 MAgPIE Land-Use Optimisation Model 

As discussed in Chapter 2, a variety of integrated assessment models (IAMs) can be used to 

determine potential socio-economic (SSP) and climate (RCP) pathways. Each of these models 

contain land-use modules which explicity model land-use change, depending on 

biogeochemical, biogeophysical and socio-economic inputs. At the time this work was carried 

out, the isolation of bioenergy cropland expansion within spatial land-use change was in the 

development stage for many IAM research groups. Obtaining adequate scenario data ― i.e., 

including spatial energy cropland distributions in the correct format ― for determining 

bioenergy impacts was therefore the first challenge. Through personal communication with 

creators of leading IAMs (i.e., GCAM, IMAGE, and REMIND-MAgPIE), it was decided by 

the author that four land-use scenarios (see Section 3.2.2) created by the MAgPIE land-use 
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optimisation model would be most suited for the purpose of this work, due to their readily 

available format type and usefulness in understanding bioenergy impacts. 

The MAgPIE model has been developed by the Potsdam Institute for Climate Impact Research 

(PIK). It consists of a spatially explicit global land and water-use allocation model which 

simulates land-use dynamics at a spatial resolution of 0.5° x 0.5°. The goal of MAgPIE is to 

minimise total costs of production whilst fulfilling food, feed, material, and bioenergy demand, 

under socio-economic and biophysical constraints. Cost minimisation is solved through 

endogenous changes in land conversion (at the simulation unit level), technological change (at 

the regional level), and spatial rainfed and irrigated production patterns (subject to regional 

trade constraints). 

Socio-economic constraints include, for instance, demand for agricultural commodities, 

technological development, and production costs, and are defined for 10 world regions. 

Biophysical constraints comprise land availability (Erb et al., 2007; Krause et al., 2013), as 

well as crop yields, carbon density and water availability, derived from the global hydrology 

and vegetation model LPJmL (Lund-Potsdam-Jena model for managed Land) (Bondeau et al., 

2007; Rost et al., 2008; Müller and Robertson, 2014). The LPJmL model combines process- 

based, large-scale representations of terrestrial vegetation dynamics and land-atmosphere 

carbon and water exchanges into a modular framework. Over decades, this model has been 

developed as a DGVM of intermediate complexity, based on the well-established BIOME 

family of models (Prentice et al., 1992; Haxeltine and Prentice, 1996; Haxeltine et al., 1996; 

Kaplan, 2001). The MAgPIE model is particularly equipped for modelling irrigation and 

rainfed cropland. Unlike many other IAMs (e.g., IMAGE and GCAM), MAgPIE can shift all 

types of cropland production from being irrigated to rainfed, and vice versa, in response to 

economic or climatic drivers (see Section 3.2.2.4) (A. Popp, Rose, et al., 2014). Based on all 

considered conditions, the model determines specific land-use patterns, yields and total costs 

of agricultural production for each grid cell for different scenarios. 

A variety of studies have been carried out previously using MAgPIE. Land-based assessments 

cover a wide range of topics, such as diet shifts, bioenergy, afforestation, trade liberalisation, 

technological changes in agriculture, as well as associated impacts on GHG emissions and 

water and land availability (Lotze-Campen et al., 2008; Popp et al., 2010; Schmitz et al., 2012; 

Dietrich et al., 2014; Bonsch, 2015; Bonsch et al., 2016; Wang et al., 2016; Humpenöder et al., 

2018a). As previously discussed, MAgPIE is also commonly used in connection with the 
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integrated assessment model REMIND (REgional Model of Investment and Development), 

also developed by PIK. REMIND is a global multi-regional model that can be used to assess 

future climate change mitigation policies, while integrating interactions between the economy, 

the energy sector, and climate change (Leimbach, Bauer and Baumstark, 2010; Leimbach, 

Bauer, Baumstark, et al., 2010; Bauer et al., 2012; Luderer et al., 2013). Together, these models 

have therefore been used to produce outputs for the RCP and SSP pathways, which incorporate 

changes of land use, economy, energy, and climate.  

3.2.2 MAgPIE Land-Use Scenarios 

The four MAgPIE land-use scenarios have been created by researchers as PIK , and comprise 

a control scenario without second-generation bioenergy (‘NoBio’), a bioenergy scenario 

incorporating large-scale second-generation bioenergy (‘Bio’), a bioenergy scenario which 

further includes a global REDD+ policy (‘Bio-REDD’), and a bioenergy scenario including a 

global water protection policy (‘Bio-WaterProt’) (Humpenöder et al., 2018a) (see Figure 3.1). 

All four scenarios are based on the SSP2 ‘middle-of-the-road’ storyline, which depicts a 

continuation of current economic, social, and technological trends into the future (though SSP1 

and SSP5 have been used for a sensitivity analysis to determine food demand). This pathway 

has been chosen as it provides a basis for determining potential implications of implementing 

global bioenergy production (and REDD+/water conservation policies) into society as it stands 

today.  

Land-use types within the scenarios include energy cropland, food/feed cropland, pasture, 

forest, and other natural land (such as non-forest natural vegetation, abandoned agricultural 

land and desert) (Humpenöder et al., 2018a). For the purpose of this thesis, all land-use types 

apart from other natural land have been utilised by the author. First-generation bioenergy 

follows the same trajectory in each scenario, increasing to 7 EJ globally by 2020 and remaining 

constant from then onwards. First-generation bioenergy crops consist of conventional food 

crops such as maize and sugarcane, thus is included in the land-use type ‘food/feed cropland’. 

The forestry sector (i.e., forestry plantations and modified natural forest) in MAgPIE is 

currently not executed dynamically and is therefore kept fixed over the century. This accounts 

for around 30% of initial global forest area in the scenarios. In addition, 12.5% of this initial 

forest area is undisturbed natural forest within protected forest areas, also kept fixed throughout 

the scenarios.  
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3.2.2.1 NoBio  

The absence of second-generation bioenergy expansion in the NoBio scenario means that this 

scenario can be used as a control to compare bioenergy scenarios to. It can also be used to 

represent the impacts of expanding food/feed cropland on global land-use change over the 

century. As outlined in the work of Humpenöder et al. (2018a), food demand for 10 world 

regions is determined based on population and income projections following the SSP1, SSP2, 

and SSP5 pathways. The methodology for calculating food demand has been taken from 

Bodirsky (2015) and is a regression analysis based on calorie demand and income. Food and 

feed are produced in MAgPIE by 20 cropping activities and 3 livestock activities, whereby feed 

for livestock is a mixture of crops, crop residues, processing by products and pasture (PIK, 

2022). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Summary of the MAgPIE scenarios. These scenarios have been created by authors
Humpenöder et al. (2018a), and generally follow the SSP2 ‘middle-of-the-road’ pathway,
detailed by Popp et al (2017). 
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3.2.2.2 Bio 

In the aim of avoiding competition with food production whilst reaching ambitious climate 

mitigation targets, the Bio scenario incorporates the increasing use of second-generation 

bioenergy production across the globe (Humpenöder et al., 2018a). This includes high-yielding 

dedicated crops such as grasses (e.g., miscanthus) and fast-growing trees (e.g., eucalyptus, 

polar). While first-generation bioenergy is implemented based on current biofuel policies, 

second-generation bioenergy production is based on upper end projections of bioenergy 

deployment in 1.5 °C to 2 °C pathways determined by integrated assessment models (IAMs). 

Hence, the scenario creators have implemented a linear increase of second-generation 

bioenergy demand from 0 EJ to 300 EJ between 2010 and 2100 in the model. As shown in 

Figure 3.2, this demand trajectory is roughly midway between all other IAM projections for 

the SSP2 pathway. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Second-generation bioenergy demand in the MAgPIE scenarios between 2005 and
2100. Bioenergy demand is also provided for other SSP2 scenarios following RCP2.6 and
RCP1.9 pathways. Values for the SSP-RCP pathways have been taken from the online SSP 
database (IIASA, 2018b). 
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Energy cropland for second-generation bioenergy expands into all other land-use types (i.e., 

forest, pasture, food/feed cropland and other natural land). Cropland expansion into forests is 

limited by intra-regional transport costs and travel times to major cities (Narayanan and 

Walmsley, 2008; Nelson, 2008), as well as the fact that 42.5% of initial global forest area is 

unavailable due to wood harvest and forest protection (Humpenöder et al., 2018b). Food/feed 

cropland can be displaced either nearby or to another region due to energy cropland expansion, 

though at the global level food/feed cropland is kept constant.  

Other factors influencing bioenergy expansion in the MAgPIE scenarios are changes in yields 

of both energy and food/feed crops. These result from technological change and irrigation, 

whereby irrigation of cropland leads to higher yields than rainfed cropland. The LPJmL model 

is used to determine potential crop yields, derived for seven different intensity management 

levels (Dietrich et al., 2012) which are in line with observed country level yields from (FAO, 

2015). These are then calibrated to maximise agreement between MAgPIE and FAO cropland 

in the starting year for each of the modelled 10 world regions. Both bioenergy and food/feed 

cropland yields are calibrated using the same land-use intensity assumptions, because there is 

currently no robust information on 2nd generation bioenergy available in FAO. For future 

predictions, it is assumed that bioenergy yields in Europe and USA align with yields produced 

under highest present day observed land-use intensification. In all other regions, bioenergy 

yields are downscaled proportional to the land-use intensity of Europe. Large yield gaps 

regarding management practices are represented by low calibration factors for Sub-Saharan 

Africa and Latin America. 

3.2.2.3 Bio-REDD 

Reduced Emissions from Deforestation (REDD+) schemes can be implemented to help prevent 

the loss of carbon-rich forest and, in turn, reduce negative impacts on climate and biodiversity. 

The Bio-REDD scenario incorporates forest protection through a global REDD+ scheme 

(Humpenöder et al., 2018a). This scheme is deployed by pricing CO2 emissions from the 

conversion of forests and other natural ecosystems. Consequently, costly conversion of carbon-

rich ecosystems for cropland is avoided where possible, displacing this cropland onto other 

land types, such as pasture. In the Bio-REDD scenario, CO2 price trajectory increases 

nonlinearly at a rate of 5% per year, starting from 0 US$ in 2010, up to 155 US$ in 2100 (A. 

Popp, Humpenöder, et al., 2014; Humpenöder et al., 2018a). For scenarios without forest 

protection (NoBio, Bio and Bio-WaterProt), the CO2 price remains at 0 US$ over the century. 
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3.2.2.4 Bio-WaterProt 

In the MAgPIE model, water used for domestic, industrial, and agricultural purposes is 

provided by renewable blue water resources only. These include precipitation that enters rivers, 

lakes and aquifers (Rost et al., 2008). However, cultivation of bioenergy and food/feed crops 

is very water intensive (Berndes, 2002; Gerbens-leenes et al., 2009). Therefore, to avoid 

degradation of freshwater ecosystems due to bioenergy expansion, human water withdrawals 

can be limited to an amount compatible with local environmental flow (EF) requirements i.e., 

water required to maintain the ecosystem functions of rivers and lakes (Gerten et al., 2013; 

Bonsch et al., 2015; Humpenöder et al., 2018a). As indicated by the scenario creators 

(Humpenöder et al., 2018a), the Bio-WaterProt scenario incorporates water protection based 

on environmental flow protection (EFP) as described by Bonsch et al. (2015), whereby annual 

volumes of water are saved for EFP from 2015 onwards. In contrast, no water is reserved for 

environmental purposes in all other scenarios (NoBio, Bio and Bio-REDD), in which all 

renewable freshwater is made available for human use. 

3.3 Land-Use Changes Within the MAgPIE Scenarios 

3.3.1 Global Land-Use Change  

Trajectories of land-use changes in the MAgPIE scenarios indicate the potential impacts of 

bioenergy expansion on different land-use types. An analysis of the scenarios by the author 

indicates that, to fulfil bioenergy demands of 300 EJ/yr by 2100, global second-generation 

energy cropland increases steadily over the century, reaching 6.36–6.67×106 km2 by 2100 

across all scenarios (relative to 0×106 km2 in 2005) (see Figure 3.3). Increased food demand 

due to bioenergy incorporation leads to more land needed for food/feed cropland over the 

century (4.42×106 km2 or 29% by 2100 relative to 2005 in Bio), compared to the scenario 

excluding bioenergy expansion (3.51×106 km2 or 23% by 2100 in NoBio). Both energy and 

food/feed cropland mainly expand into pasture and forest land, by varying amounts depending 

on the scenario.  
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In the absence of a global REDD+ policy (in Bio/ Bio-WaterProt), forest declines to (–)3.27/(–

)3.95×106 km2 ((–)7.9/(–)9.5%) by 2100 relative to 2005. When REDD+ is incorporated, this 

eliminates the use of forest for cropland, whereby a global increase in forest occurs instead 

(0.915×106 km2 or 2.2% by 2100). Pasture is used to a large extent in all scenarios, however, 

is largest in Bio-REDD to compensate for the lack of forest used. As a result, almost double 

the amount of pasture is used in Bio-REDD (11.5×106 km2/38% by 2100) compared to Bio and 

Figure 3.3: Global land-use changes for each land type in the MAgPIE scenarios, between
2005 and 2100. 
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Bio-WaterProt ((–)6.24×106 km2/(–)21% and (–)6.90×106 km2/(–)23% by 2100 respectively) 

for cropland expansion. Other natural land declines by only a small amount across the Bio/Bio-

WaterProt scenarios ((–)1.26/(–)1.29×106 km2 or (–)3.1/(–)3.2% by 2100), with REDD+ 

incorporation reducing these impacts significantly (to (–)0.38×106 km2 or (–)0.93% by 2100).  

The overall impact of a global water protection policy is a small further increase in pasture and 

forest used for food/feed and energy cropland (compared to the Bio scenario). This is because 

the global water protection policy prohibits irrigation of bioenergy production, leaving energy 

cropland to be rainfed. Irrigated cropland leads to substantially higher yields per unit area 

compared to rainfed cropland. Thus, in the absence of irrigation, more land is needed to utilise 

rainwater and fulfil energy cropland demands.  

3.3.2 Regional Land-Use Change 

As illustrated in Figure 3.4, bioenergy expansion in the MAgPIE scenarios mainly occurs in 

the tropics, with Sub-Saharan Africa and Latin America together accounting for half of 

production. Significant expansion also takes place in Southeast Asia and Eastern parts of North 

America. This expansion occurs at the expense of both pasture and forest, whereby 

deforestation is particularly high in the Democratic Republic of Congo. Food/feed cropland is 

also affected globally, with significant displacement occurring due to bioenergy expansion. 

According to Humpenöder et al. (2018a), this leads to increases in food prices among all 

regions, however Latin America is impacted the most.  

Implementing REDD+ in the Bio-REDD scenario significantly reduces forest lost from 

bioenergy production, with increases in forest cover occurring across parts of Latin America, 

Europe, and Asia (compared to the NoBio scenario). However, shifts in food/feed cropland 

yield further increases in food prices, particularly in developing and emerging economies such 

as Southern Asia, Latin America, and Sub-Saharan Africa (Humpenöder et al., 2018a). 

Incorporation of water protection leads to food/feed and energy cropland expanding further 

into nearby forests and pasture. Implications due to the absence of irrigation are strongest in 

regions that have less water availability (e.g., Sub-Saharan Africa). In these regions, more area 

is needed for food/feed cropland, leaving less area for energy cropland. This results in a shift 

of cropland to other regions which may contain carbon- and biodiverse-rich forest or pasture. 
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3.3.3 Comparison to Other Pathways 

A comparison of the MAgPIE scenarios to other SSPs and RCPs calculated from different 

IAMs (by Popp et al., (2017)), can help identify the overall structural features of these IAMs; 

in particular, how land is used within these models for climate mitigation and changing socio-

economic patterns (see Figure 3.5).  

 

Figure 3.4: Regional bioenergy-induced land-use changes within the bioenergy scenarios (Bio, 
Bio-REDD and Bio-WaterProt compared to NoBio), in 2100 relative to 2005. Values are 
percentages of grid cells undergoing land cover changes. 
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All models use bioenergy as a land-based mitigation option to some degree. In comparison to 

other projections in Figure 3.5, the energy cropland trajectories for the MAgPIE scenarios are 

mostly in line with those from the REMIND-MAgPIE model for SSP2 RCP2.6, as expected. 

Similarly to the bioenergy demands seen in Figure 3.2, values for energy cropland expansion 

in the MAgPIE scenarios are situated roughly midway between all SSP trajectories for the 

Figure 3.5: Global land-use changes in the MAgPIE scenarios. These have been overlayed by
the author onto trajectories previously calculated by Popp et al. (2017) for each SSP following 
RCP2.6 using different integrated assessment models. Values are presented for the period 2005
to 2100. 
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RCP2.6 pathway. This illustrates that bioenergy is a strong land-based CDR mitigation 

measure within the MAgPIE scenarios, making them ideal for the purpose of this work. 

Other land-based mitigation options used within the models are avoided deforestation and 

afforestation. In the MAgPIE (and REMIND-MAgPIE) scenarios, avoided use of forest or 

other natural land is implemented as the main mechanism for land-based mitigation (alongside 

bioenergy) (A. Popp, Rose, et al., 2014; Popp et al., 2017). Afforestation, in addition to avoided 

deforestation, is also incorporated with higher land regulation (i.e., in the Bio-REDD scenario). 

Hence, values for Bio-REDD closely align with those of other SSP2 pathways, which have 

similarly strict forest regulations. In some of these other models, afforestation is used partly to 

compensate for less bioenergy production as a CDR measure (e.g., IMAGE, AIM/CGE). 

Overall, conservation of forest and other natural land in the MAgPIE scenarios results in 

significant use of pasture for energy and food/feed cropland. This is reflective of other SSP2 

pathways, though the incorporation of REDD+ leads to losses of similar magnitude to high 

findings for the SSP1 (MESSAGE-GLOBIOM) and SSP5 (REMIND-MAgPIE) pathways, 

which also impose strong regulations on forest conversion. For the SSP1 scenario, this is due 

to overall large sustainability goals, whereas for SSP5 avoided deforestation (and afforestation) 

is used to help compensate for high fossil fuel emissions.  

In contrast to energy cropland, increases in food/feed cropland expansion in the MAgPIE 

scenarios are significant compared to other modelled findings for the SSP2 RCP2.6 pathway, 

partly due to the use of SSP1, SSP2 and SSP5 population and income projections to derive the 

food demand scenarios (Humpenöder et al., 2018a). This is also due to model assumptions 

regarding sensitivities of food demand to increased food prices from mitigation pressure on 

land (Popp et al., 2017).  For the MAgPIE model (and REMIND-MAgPIE and IMAGE), this 

sensitivity is low compared to models such as GCAM and MESSAGE-GLOBIOM, thus more 

food/feed cropland growth occurs. Additionally, energy cropland expands onto land previously 

used for food/feed cropland, therefore displacing this food/feed cropland onto other land.  

Competition for land between energy and food/feed cropland is one of the main causes of 

increased forest loss in the MAgPIE scenarios. This is particularly displayed in scenarios Bio 

and Bio-WaterProt, whereby values are close to high estimates in the RCP4.5 pathway (SSP3 

AIM/CGE and SSP2 IMAGE; see Figure 4 in Popp et al. (2017)). Another reason for this forest 

loss could be the avoided use of ‘other natural land’ in MAgPIE, land that is used significantly 

in other modelled SSP2 pathways. Thus, if more other natural land was used in MAgPIE, this 
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could imply that less forest loss may occur. On the other hand, this other natural land may also 

contain high carbon stocks and biodiversity so its preservation could be equally as important. 

As illustrated by the Bio-REDD scenario, with increased avoided deforestation, afforestation, 

and more use of pasture, this forest loss is significantly reduced. The wide variation between 

Bio and Bio-REDD scenarios highlights the substantial impact of forest conservation within 

models and thus further provides ground for using these scenarios in this work. 

3.4 Uncertainties in Land-Use Modelling 

Differences in land-use projections across the various pathways in Section 3.3.3 demonstrate 

large uncertainties in the global agricultural system and its dynamics. These variations are due 

to differences in model architectures and philosophies, uncertainties in modelled processes 

(e.g., irrigation of cropland, forest conservation), and differences in parameterising these 

processes with regards to the SSP storylines. Gross domestic product (GDP) and population 

trends tend to be explicitly prescribed depending on the pathways, whereas other drivers (e.g., 

agricultural production, trade, land use, and food prices) are prescribed in more qualitative 

terms from the scenario creators (Popp et al., 2017). Such factors lead to even more range 

between the model outputs. 

One of the largest areas of uncertainty across models is in assumed increase in crop yields. 

Most models, including MAgPIE, calculate a doubling of current food/feed levels, which is in 

agreement with FAO projections until 2050 (Alexandratos and Bruinsma, 2012). However, 

researchers are continually questioning whether it is possible to reach such high yields in the 

future, as some important sources of yield improvements, like increasing the harvested index, 

might have reached their limits. Alternatively, improvements in regions such as Sub-Saharan 

Africa to help reach currently attainable yields would be a very achievable way to help close 

yield gaps (Mueller et al., 2012; Smith et al., 2014). 

Bioenergy implementation itself is a major uncertainty in all mitigation pathways. As discussed 

in Section 3.3.3, a large range of land-use changes can occur around increasing bioenergy 

potential. Successful implementation will rely on huge innovations, such as substantial yield 

increases, and large-scale implementation of BECCS technology, all whilst carrying out 

measures to preserve natural land. Uncertainties also occur within other mechanisms for 

mitigation. For instance, reductions of non-CO2 emissions in the agricultural sector will depend 
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on high adoption rates worldwide. Additionally, some land-based mitigation options such as 

soil carbon management are not included in these pathways, including the MAgPIE scenarios, 

yet will be equally as important (Smith et al., 2013; Smith et al., 2014). Furthermore, mitigation 

within scenarios is determined based on emissions and carbon balances, rather than land cover 

and land management (Luyssaert et al., 2014). IAMs therefore tend to neglect the 

biogeophysical consequences of land-based mitigation, discussed previously in Chapter 2, 

Section 2.3.6. 

3.5 Advantages of Using the MAgPIE Land-Use Scenarios 

While the MAgPIE scenarios have their limitations, one major benefit they have compared to 

the mentioned SSP pathways (in Section 3.3.3; Popp et al., (2017)) is that they provide 

information at a finer spatial resolution (0.5° x 0.5°). At present, the SSP land-use information 

(including energy cropland expansion) is mostly refined to the level of 5 world regions and is 

not widely available in a spatial format. This strongly limits research into areas such as climate 

modelling (of projections, impacts, vulnerability, and adaptation), biodiversity assessments 

using local level species information, as well as the overall assessment of sustainable 

development.  

Plans to generate such spatial data are ongoing, and have consequently led to the creation of 

innovative data such as the MAgPIE scenarios. Previous work by the scenario creators 

implements the MAgPIE scenarios in a multi-criteria sustainability assessment of large-scale 

bioenergy crop production, focussing on sustainability indicators: deforestation, LUC 

emissions, water withdrawals, nitrogen losses, and food prices (Humpenöder et al., 2018a). 

Access to these scenarios thus provides opportunities for further research into areas such as 

climate and biodiversity impact modelling, as shown throughout this thesis. 
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Chapter 4 Impacts of Bioenergy Expansion on 

Climate 

4.1 Overview 

Land-use transformations resulting from large-scale second-generation bioenergy deployment 

can have consequences for Earth’s Climate System. As discussed in Chapter 1, alterations to 

global and regional climate can occur through increased greenhouse gas (GHG) emissions from 

land conversion (biogeochemical effects) or through reflective and energy exchange 

characteristics of land ecosystems (biogeophysical effects). 

A review of the current literature highlights only a handful of studies researching these impacts 

with regards to bioenergy expansion. In addition, most work focusses on land-carbon fluxes, 

excluding potential biogeophysical effects. Climate modelling experiments, in general, tend to 

neglect the effects of changes in land management and sustainability measures with most 

studies only calculating impacts of anthropogenic land cover changes. 

Using the MAgPIE scenarios presented in Chapter 2, this work aims to build on the multi-

criteria sustainability analysis carried out by Humpenöder et al. (2018a). By implementing the 

MAgPIE scenarios in the UVic Earth System Climate Model (version 2.9), this chapter 

explores the potential impacts of bioenergy-induced land-use changes on global and regional 

climate over the 21st century, and the effects of incorporating water protection and REDD+ 

sustainability measures. Through understanding these impacts, this work aims to contribute to 

knowledge of bioenergy’s role within sustainable development goal (SDG) 13: “Climate 

Action”. 
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4.2 Method 

4.2.1 Model Description 

The following work carries out climate simulations using the University of Victoria’s UVic 

Earth system climate model (ESCM) version 2.9. This is an intermediate complexity climate 

model that is particularly well suited for determining the role of external climate influences and 

internal climate feedbacks that occur over times scales of decades to centuries. The model 

operates on a resolution of 1.8° latitude by 3.6° longitude and consists of three main 

components: ocean, atmosphere, and terrestrial biosphere components. These features are 

displayed in Figure 4.1. The ocean model is a 3D general circulation model with 19 vertical 

layers. It incorporates biogeochemical subcomponents such as inorganic carbon (Ewen et al., 

2004), organic carbon and nutrient cycling, and is coupled to an ocean sediment component 

(Eby et al., 2009) and  a dynamic-thermodynamic sea ice module. The atmosphere is 

represented by a one-layer (2D), vertically integrated energy-moisture balance model which 

calculates the atmospheric surface air temperature and humidity, with prescribed winds 

controlling atmospheric advection and wind stress on the ocean surface. The atmospheric 

component is coupled to the ocean model and the terrestrial biosphere component. 

The terrestrial biosphere of the UVic ESCM is represented by the top-down representation of 

interactive foliage and flora including dynamics (TRIFFID) model (Cox, 2001), coupled to the 

one-layer Met Office Surface Exchange Scheme (MOSES) model (Cox et al., 1999), in which 

vegetation litter is stored and respired (Meissner et al., 2003; Matthews, 2007; Pinsonneault et 

al., 2011). Similarly to the LPJmL model, the TRIFFID and MOSES coupled models have been 

established over decades, developed at the Hadley Centre for use in coupled climate-carbon 

cycle simulations (Cox et al. 2000). The MOSES land surface scheme further improves on the 

simple land surface “bucket” model developed by Manabe (1969) and used in Matthews et al. 

(2003), by incorporating a better representation of evapotranspiration, surface albedo, and 

runoff. The models define five different plant functional types (PFTs): broadleaf trees, 

needleleaf trees, C3 grasses, C4 grasses, and shrubs. These vegetation types are represented as 

a fractional coverage of each grid cell, and compete with each other for dominance as a function 

of the simulated climate. The different PFTs have varying impacts on roughness and land 

surface albedo, as well as the uptake of carbon from the atmosphere and its transfer to the soil 

layer (Matthews, 2004). Terrestrial sequestration is enhanced by higher CO2 concentrations in 
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the atmosphere. The nitrogen cycle is not a dynamic component, thus coupling of nitrogen and 

carbon cycles is not represented in the model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Architecture diagram of the UVic ESCM v2.9 and inputs and outputs. The model 
consists of 4 components: Atmosphere, land, ocean, and ocean sediment. Arrows inside the 
model diagram represent the coupling of these components- the colour of each arrow 
matches the colour of the symbol on the component being coupled. Inputs include cropland 
and pasture land-use fractions, CO2 emissions, and sulphate aerosol forcing. Cropland here 
is a combination of food/feed cropland (including first-generation energy cropland), and 
second-generation energy cropland. Outputs include various biogeochemical and 
biogeophysical effects. 



94 Impacts of Bioenergy Expansion on Climate

 

4.2.2 Experimental Setup 

4.2.2.1 Land-Use Data Input 

The experiments in this chapter are used to explore the biogeochemical and biogeophysical 

climate impacts of the spatially explicit MAgPIE land-use scenarios. As shown in Chapter 3, 

these scenarios consist of five main land-use types: Forest, energy cropland, food/feed 

cropland, pasture and other natural land. Land-use data can be inputted into the UVic model 

via its cropland and pasture components. The pasture input is a direct representation of 

‘pasture’ in the MAgPIE scenarios (shown previously in Chapter 3, Section 3.3). On the other 

hand, the cropland input is a combination of all cropland types in the MAgPIE scenarios i.e., 

food/feed cropland (which includes first-generation energy cropland) and second-generation 

energy cropland. Cropland and pasture are then inputted as a ‘disturbed fraction’ of vegetation 

and are partitioned between C3 and C4 grasses in the TRIFFID model. Therefore bioenergy, 

particularly second-generation bioenergy, is not distinguished through this variable. Instead, 

bioenergy impacts are isolated further on in the experiment (see Section 4.2.3), as the difference 

between simulations with and without bioenergy implementation, whereby simulations with 

bioenergy implementation include more changes in C3 and C4 grasses in relation to the 

additional energy cropland within the cropland input.  

The UVic model does not currently have an input component for forest and other natural land. 

Changes in the distribution of broad leaf trees, needle leaf trees and shrubland are therefore 

dependent on interactive processes in the TRIFFID model, not the forest changes displayed in 

the original MAgPIE scenarios (shown in Chapter 3). Hence, agricultural expansion in the 

model results in the complete removal of tree and shrub PFTs in the land-use fraction of each 

grid cell and the growth of C3 and C4 grasses in their place. In grid cells that are designated as 

pasture, 50% of the existing tree or shrub cover is removed for replacement by grasses. For 

grid cells that are already dominated by C3 and C4 grasses, LUC leads to no change in PFT 

biomass or fractional coverage. After LUC occurs, removed vegetation carbon is distributed 

between soil carbon in the form of litter-fall (30%), CO2 emissions to the atmosphere (30%), 

and two wood carbon pools which have different residence times (40%), i.e., a fast-respiring 

pool with a 2-year residence time and a slow-respiring pool with a 20-year residence time 

(Simmons and Matthews, 2016). 
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Cropland and pasture data from the MAgPIE scenarios have been interpolated to the UVic 

model resolution (downscaled to the UVic model’s 1.8° × 3.6° resolution from the original 0.5° 

× 0.5° MAgPIE resolution), whereby any resulting land-use fractions over the model’s ocean 

grid cells were removed (set to zero) rather than redistributed to nearby land grid cells. To 

create an accurate representation of initial (or current) land use, the data was interpolated for 

years 1991–2010 using the year 1991 from an historical dataset and 2010 from the future 

MAgPIE scenarios. This produces a smooth transition from historical land use to the land use 

in the scenarios, as shown in Figure 4.2. This historical data covers the period 1750 to 2005 

and is based on the HYDE 3.1 dataset (Goldewijk et al., 2011). It has been obtained from data 

produced in the CMIP5 study (CMIP5, 2009) and interpolated to the UVic model resolution.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: Global mean grid cell fraction trajectories of cropland (a) and pasture (b) inputs
for the UVic ESCM, taken from the cropland and pasture variables in the MAgPIE scenarios
(shown previously in Chapter 3, Section 3.3). Cropland here encompasses food/feed cropland
(including first-generation energy cropland) and second-generation energy cropland. Values
have been calculated as average fractions of the whole globe (including land and ocean grid
cells), to indicate global interpolation between historical data (‘Hist’), taken from the HYDE
3.1 dataset (Goldewijk et al., 2011), and future data, taken from the MAgPIE scenarios.
Scenario trajectories in black and grey represent non-interpolated data, whereas coloured
trajectories are the newly interpolated scenarios used as input for the UVic simulations.  

(a)   Pasture (b)  Cropland 
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4.2.2.2 Fossil Fuel Data Input 

Annual fossil fuel emission data for the historical period (1750–2005) were taken from the 

Carbon Dioxide Information Analysis Centre (Marland et al., 2013). Future fossil fuel 

emissions for the scenarios were obtained from the SSP2 ‘middle of the road’ scenario 

produced by the REMIND-MAgPIE model for the RCP2.6 target, given in the Shared 

Socioeconomic Pathways (SSP) database (IIASA, 2018b) (see Table 4.1). This future scenario 

data assumes the nearly complete replacement of fossil fuel-powered energy with renewable 

energy by 2100 (i.e., bioenergy, solar, wind, geothermal and hydro power). 

 

Table 4.1: CO2 emission and removal values taken from the SSP database for the REMIND-
MAgPIE SSP2 RCP2.6 scenario for years 2005 to 2100. Fossil fuel and industry emissions 
(‘FF’) are highlighted in green alongside LUC emissions and CCS removals in this scenario 
(IIASA, 2018b). Additional CO2 emissions (‘BE’) have been calculated and added to FF for 
the NoBioBE scenario (represented as ‘FF + BE’) and are highlighted in blue. Positive values 
represent emissions, whereas negative values represent removal of emissions. 

Year 

REMIND-MAgPIE SSP2 RCP 2.6  
(MtCO2/yr) (3 s.f.) NoBioBE 

 (MtCO2/yr) (3 s.f.) 
Total 

CCS portion of ‘Fossil fuel and 
industry emissions’ 

Total net 
CO2 

emissions  

LUC 
emissions 

Fossil 
fuel and 
industry 

emissions 

Total net 
CCS 

removals  

Biomass 
CCS 

removals   

Fossil fuel 
CCS 

removals  

Extra 
fossil fuel 

CO2 
emissions 
from no 

bioenergy 

Fossil 
fuel and 
industry 

emissions 
+ CO2 

from no 
bioenergy 

TotCO2
 a LUC a FF c TotCCS a b  BCCS a FFCCS a BE FF + BE 

2005 35,100 5,520 29,600 0 0 0 0 29,600 
2010 35,600 3,470 32,100 0 0 0 0 32,100 
2020 43,300 4,910 38,400 -2 0 -2 2,360 40,700 
2030 36,000 1,600 34,400 -163 -99 -65 4,790 39,200 
2040 27,600 1,770 25,900 -1,490 -1,050 -440 7,140 33,100 
2050 19,400 3,280 16,100 -5,080 -4,240 -840 9,500 25,600 
2060 7,550 2,470 5,080 -9,310 -8,460 -850 11,900 17,000 
2070 -1,440 1,410 -2,850 -12,100 -11,400 -700 14,300 11,400 
2080 -6,850 860 -7,710 -14,000 -13,700 -300 16,600 8,940 
2090 -10,500 353 -10,800 -15,100 -15,100 0 19,100 8,230 
2100 -12,100 116 -12,200 -15,600 -15,600 0 21,400 9,250 

a Values taken from the online SSP database (IIASA, 2018b) 
b TotCCS = BioCCS + FFCCS 
c FF = TotCO2 – LUC 
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As shown in Table 4.1, the total amount of CO2 emissions produced in the REMIND-MAgPIE 

SSP2 RCP2.6 scenario over the 21st century is made up of ‘Fossil fuel and industry emissions’ 

and ‘LUC emissions’. Fossil fuel and industry emissions encompass fossil fuel emissions, as 

well as emissions eliminated through carbon capture and storage in both energy production and 

industry using biomass and fossil fuel sources. ‘LUC emissions’ from the SSP database were 

not used in this study and were instead calculated using the UVic model. 

As discussed in Chapter 3, the ‘NoBio’ scenario does not include 2nd generation bioenergy 

demand expansion over the 21st century. This would most likely result in higher emissions from 

fossil fuel production to compensate for the lack of bioenergy production. To account for these 

emissions, additional fossil fuel emissions due to this absence of bioenergy have been 

calculated (‘BE’) and added to the fossil fuel and industry emissions values (‘FF + BE’) (see 

the last two columns of Table 4.1). The new version of the ‘NoBio’ scenario, including these 

newly calculated emissions, is called ‘NoBioBE’ and is discussed further on in this chapter. 

To calculate these extra emissions, a weighted average amount of CO2 emissions per Exajoule 

(EJ) of total fossil fuel energy production (7.14×1010 kgCO2EJ-1) was determined and 

multiplied by the bioenergy demand used in the scenarios that do incorporate bioenergy 

production (0–300EJ per year between 2010 and 2100) using Equation (4.1). The amount of 

CO2 emissions was calculated in kgCO2 per second as this is the input required for the UVic 

model, however they are provided in MtCO2 per year in Table 4.1. 

 

𝐾𝑔 𝑜𝑓 𝑓𝑜𝑠𝑠𝑖𝑙 𝑓𝑢𝑒𝑙 𝐶𝑂  𝑝𝑒𝑟 sec  𝑘𝑔𝐶𝑂 𝑠   

𝐵𝑖𝑜𝑒𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑚𝑎𝑛𝑑 𝐸𝐽𝑦𝑟    𝑥  
𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑎𝑣. 𝐶𝑂  𝑝𝑒𝑟 𝐸𝐽 𝐹𝐹 𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑘𝑔𝐶𝑂 𝐸𝐽

31536000 𝑠
  

 

Calculating this weighted average required multiple steps (shown in Table 4.2). Firstly, the 

amount of CO2 produced from burning different types of fossil fuels was obtained from open 

source data provided by the U.S. Energy Information Administration  (E.I.A, 2019). Using this 

data, an average of CO2 emissions per EJ of energy for each fossil fuel type (coal, oil, and 

natural gas) was calculated. The results were then multiplied to the total primary energy supply 

percentages of each of these fuel types in 2014 (obtained from I.E.A (2016)) to produce the 

weighted average amount of CO2 emissions per EJ of fossil fuel energy production (see 

Equation (4.2)). 

 

(4.1) 
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 𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝐶𝑂  𝑝𝑒𝑟 𝐸𝐽 𝑓𝑜𝑠𝑠𝑖𝑙 𝑓𝑢𝑒𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛  

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑘𝑔 𝑜𝑓 𝐶𝑂  𝑝𝑒𝑟 𝐸𝐽 𝑜𝑓 𝑒𝑛𝑒𝑟𝑔𝑦 𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑓𝑜𝑠𝑠𝑖𝑙 𝑓𝑢𝑒𝑙 𝑡𝑦𝑝𝑒 

 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑓𝑢𝑒𝑙 𝑠ℎ𝑎𝑟𝑒 𝑖𝑛 2014 𝑖𝑛 𝑐𝑜𝑚𝑝𝑎𝑟𝑖𝑠𝑜𝑛 𝑡𝑜 𝑜𝑛𝑙𝑦 𝑓𝑜𝑠𝑠𝑖𝑙 𝑓𝑢𝑒𝑙𝑠  

 

Table 4.2: Procedure for calculating the weighted average amount of CO2 emissions per EJ 
of fossil fuel energy production. 

 

4.2.2.3 Other Inputs and Forcings 

Transient spatial data for sulphate aerosols has been taken from the RCP 2.6 scenario. In 

previous work (e.g. Matthews (2004) and Johns et al. (2003)), sulphate aerosols (produced 

from fossil fuel combustion and greenhouse gases) were shown to have a negative radiative 

forcing. This is because sulphate aerosols back-scatter incoming solar radiation and have even 

shown to offset greenhouse-gas induced warming. 

Volcanic and solar forcings were not included in the model simulations due to their average 

being around zero from 1998 onwards. These two forcings are generally used to closely align 

Fossil 
fuel 
type 

Fossil fuel 

kg of CO2 
per EJ of 
energy (x 

1010 
kgCO2EJ-1)  

Average kg 
of CO2 per 

EJ of 
energy for 
each fossil 

fuel type  
(×1010 

kgCO2EJ-1)  

Percentage 
fuel share 

in 2014 
compared 

to other 
energy 

fuels (%) 

Percentage 
fuel share 
in 2014 in 

comparison 
to only 

fossil fuels 
(%) 

Weighted 
average of 

CO2 per EJ 
of fossil fuel 

energy 
production  

(×1010  
kgCO2EJ-1)  

Coal 

Coal 
(anthracite) 

9.84  

9.29 29 35.8 3.33 
Coal 
(bituminous) 

8.85  

Coal (lignite) 9.27  
Coal 
(subbituminous) 

9.22  

Oil 

Diesel fuel and 
heating oil 

6.94  
6.56 31 38.3 2.51 

Gasoline 6.76  
Propane 5.98  

Natural 
gas 

Natural gas 5.03  5.03 21 25.9 1.31 

 Total   81 100 7.14 

(4.2) 
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historical temperature with observations, an outcome that is not needed in this study as it 

focuses on future predictions.  

4.2.3 Simulations 

The simulations were performed based on the methodology of Simmons and Matthews (2016), 

which follows the LUCID-CMIP5 protocol discussed previously in Chapter 2, Section 

2.3.2.2.2. This approach is well-established, having been used in a variety of studies 

investigating historical and future land-use effects on climate (MPI, 2009; Shevliakova et al., 

2009; Pitman et al., 2009; Hurtt et al., 2009; Pongratz et al., 2009; Brovkin et al., 2013; Boysen 

et al., 2014). By calculating differences between simulations with and without land-use 

changes, this allows isolation of climatic effects due to LUC at global and regional scales.  

Table 4.3  summarises the components of each simulation carried out in this study. To 

determine the biogeochemical and biogeophysical effects of LUC in the MAgPIE scenarios, 

four types of simulations were used to calculate changes in terrestrial carbon content and 

surface air temperature. These include a historical simulation (‘Historical’), a simulation with 

fixed land and prescribed fossil fuel emissions (‘PF’), a simulation with transient land and 

prescribed fossil fuel emissions (‘TL’), and a simulation with fixed land and prescribed CO2 

concentrations determined in the TL simulation (‘PC’).  

In more detail, the model was firstly run for the historical ‘H’ scenario, between 1750 and 1991, 

whereby initial CO2 concentration in 1750 was set to 279 ppm and spatial land cover data was 

taken from the CMIP5 study (CMIP5, 2009). The results produced for 1991 were then used as 

the initial conditions for the future time-evolving simulations (1991 to 2100). Next, ‘PF’ 

simulations were performed using only prescribed fossil fuel emissions forcing with (FF + BE) 

and without (FF) fossil fuel emissions from the absence of bioenergy production (as shown in 

Table 4.3).  

‘TL’ simulations were then run using land cover changes outlined in the MAgPIE land-use 

scenarios with corresponding fossil fuel and industry emissions from Table 4.1. For the NoBio 

scenario, two types of simulations were run using the ‘NoBio’ cropland and pasture input data, 

alongside two different prescribed fossil fuel emissions forcings: ‘LUC + FF + BE’ and ‘LUC 

+ FF’. This was to determine whether including prescribed fossil fuel emissions from the 

absence of bioenergy production (+BE) made an impact on the final LUC emissions and 
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climate outputs of the simulations. Lastly, ‘PC’ simulations were carried out in which 

prescribed CO2 concentrations, calculated in the ‘TL’ runs, were used as forcing mechanisms 

and land-use was kept fixed at 1991: ‘PC(LUC + FF + BE)’ and ‘PC(LUC + FF)’. Terrestrial 

carbon storage and surface air temperature outputs from the simulations ‘PF’, ‘TL’ and ‘PC’ 

were then used to calculate climate responses to LUC emissions and other biogeophysical 

effects of LUC. 

Table 4.3: A summary of the simulations used for each scenario in this study. ‘Spatial land 
use’ refers to land-use data used for historical (HYDE 3.1 dataset) and future (MAgPIE 
scenarios) simulations. Prescribed CO2 emissions are the input fossil fuel and industry CO2 
emissions (with added emissions for absence of bioenergy in NoBioBE), released directly to 
the atmosphere from a yearly emissions data file. Prescribed CO2 concentration refers to 
simulations in which atmospheric CO2 is forced to follow a specified CO2 concentration trend. 
The method in this table has been adapted from that in Simmons and Matthews (2016). 
Emissions forcings in column 3 are linked to identifying abbreviations provided previously in 
Table 4.1. 

Simulation Scenario Emissions 
forcing 

Simulated 
years 

Spatial 
land use 

Prescribed 
CO2 

emissions 

Prescribed 
CO2 

concentrations 

Historical 
H LUC + FF 1750-

1991 
Historical Fossil fuels None 

PF 

PF FF 1991-2100 Fixed at 
1991 

Fossil fuels None 

PFBE FF + BE 1991-2100 Fixed at 
1991 

Fossil fuels 
+ Biofuels 

None 

TL 

NoBioBE LUC + FF 
+ BE 

1991-2100 Dependent 
on NoBio 
scenario 

Fossil fuels 
+ Biofuels 

None 

NoBio LUC + FF 1991-2100 Dependent 
on NoBio 
scenario 

Fossil fuels None 

Bio, Bio-
REDD & 
Bio-WP 

LUC + FF 1991-2100 Dependent 
on Bio- 

scenarios 

Fossil fuels None 

PC 

NoBioBEPC PC(LUC 
+ FF + 

BE) 

1991-2100 Fixed at 
1991 

None From TL (LUC 
+ FF + BE) 
simulation 

NoBioPC PC(LUC 
+ FF) 

1991-2100 Fixed at 
1991 

None From TL (LUC 
+ FF) 

simulation 
BioPC, Bio-
REDDPC & 
Bio-WPPC 

PC(LUC 
+ FF) 

1991-2100 Fixed at 
1991 

None From TL (LUC 
+ FF) 

simulation 
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Cumulative LUC emissions were calculated as the differences in total terrestrial carbon storage 

between the PC simulations and their corresponding TL simulations with spatially-varying 

LUC (e.g. PC(LUC + FF) and (LUC + FF)) (see Table 4.3 and Figure 4.3). Because both 

simulations have the same atmospheric CO2 concentrations, the difference in the terrestrial 

carbon storage between them shows the net effect of spatially-explicit land use on terrestrial 

carbon storage, and thus, net terrestrial emissions. These net terrestrial emissions are made up 

of three different processes which alter carbon fluxes from land to the atmosphere: 

1) As forest is converted to cropland or pasture in the TL scenarios, less carbon is stored 

in the land, and therefore stays in the atmosphere as CO2. These emissions are known 

Figure 4.3: Architecture diagram of the four types of simulations used for each scenario in this 
study. This figure is linked to Figure 4.1 and illustrates the inputs (i.e., land-use data and 
prescribed fossil fuel emissions) and outputs (i.e., annual average global terrestrial carbon TC 
and surface air temperature T) for the historical and future simulations, as well how the outputs 
have been used to calculate LUC emissions and biogeochemical and biogeophysical climate 
impacts of LUC within the scenarios. Abbreviations in these calculations are linked to those 
provided in Table 4.1, Table 4.3, and Table 4.4. The method here has been adapted from that 
in Simmons and Matthews (2016). 
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as ‘direct CO2 emissions from LUC’ and they increase over time as more deforestation 

occurs. They also encompass the ‘lost additional sink capacity’ (LASC) i.e., the carbon 

uptake due to environmental effects on forests (such as CO2 fertilisation) that does not 

happen once the forests are removed (see Chapter 2, Section 2.2.3.5) (Sitch et al., 2005; 

Pongratz et al., 2010; Ciais et al., 2013; Friedlingstein et al., 2022). Because land use 

is fixed at 1991 in the PC simulations, CO2 emissions from LUC do not occur within 

these simulations. The overall effect is an increase in TCPC(LUC + FF) - TCLUC + FF. 

2) By keeping land use fixed at 1991 in the PC simulations, global potential natural 

vegetation distribution alters in response to the prescribed CO2 concentrations taken 

from the respective TL simulations. This occurs particularly in regions that would have 

been affected by LUC in the TL simulations. The resulting effect is more CO2 

sequestered in the PC simulations than the TL simulations over time, and thus an 

increase in TCPC(LUC + FF) - TCLUC + FF. 

3) As stated in previous work (Friedlingstein et al., 2006; Arora et al., 2011; Arora et al., 

2020), higher temperatures and precipitation promote a flux of carbon from the land 

into the atmosphere, therefore resulting in a loss of terrestrial carbon stored. Such 

changes in climate conditions can also lead to absorption of CO2 emissions from land 

(CO2 fertilisation), though the more CO2 is emitted the less efficient the land sinks 

become. The differences between these carbon fluxes in TL and PC simulations is 

therefore reflected in the net terrestrial emissions (see Chapter 2, Section 2.2.3.5) 

(Arias et al., 2021). 

 

Table 4.4: Calculations of global net cumulative LUC emissions, biogeochemical temperature 
change, and biogeophysical temperature change. In the formulae, TC denotes the annual-
average global terrestrial carbon content and T the annual-average surface air temperature. 
Subscripts indicate identifying abbreviations from the source simulation emissions forcings in 
Table 4.3, also shown in Table 4.3 and Figure 4.3. The method in this table has been adapted 
from that in Simmons and Matthews (2016). 

Scenario 
Cumulative LUC 

emissions (GtCO2) 
Biogeochemical 

effect (°C) 
Biogeophysical 

effect (°C) 

NoBioBE 
TCPC(LUC + FF + BE) - 
TCLUC + FF + BE 

TPC(LUC + FF + BE) - TFF 

+ BE 
TLUC + FF + BE - T 

PC(LUC + FF + BE) 

NoBio, Bio, 
Bio-REDD, & 
Bio-WP 

TCPC(LUC + FF) - TCLUC + 

FF 
TPC(LUC + FF) - TFF 

TLUC + FF  - T PC(LUC + 

FF) 
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The climate response to biogeochemical effects of terrestrial emissions was calculated as the 

temperature difference between the PC simulations and the corresponding simulations without 

any land-use change i.e., the corresponding PF (FF or FF + BE) simulations. The 

biogeophysical effect of LUC was calculated as the temperature difference between TL and 

corresponding PC simulations (e.g., PC(LUC + FF) and (LUC + FF)). These analyses assume 

that the climate response to LUC emissions is equivalent to that of fossil fuels under the 

assumption that, once in the atmosphere, the origin of the CO2 emissions is irrelevant. 

4.3 Results  

4.3.1 Land-Use Dynamics  

4.3.1.1 Land Impacts in Relation to Climate-Carbon Cycle 

Feedbacks 

As detailed in the previous section, two main types of simulations were used in this analysis: 

TL simulations, whereby land scenario inputs (cropland and pasture) change over time, and PC 

simulations, in which land inputs are kept fixed at the year 1991. In both simulations, vegetation 

in the TRIFFID model alters dynamically in response to these land-use changes, as well as 

changes in CO2 concentrations and temperature. In the PC simulations, while agricultural input 

is kept fixed, natural loss and increase of each plant type still occurs.  

As discussed in Chapter 2 Section 2.2.3.5, increases in atmospheric CO2 concentrations 

generally lead to CO2 fertilisation and therefore more land carbon accumulation and vegetation 

growth across the globe, particularly in tropical regions. In contrast, higher surface 

temperatures reduce carbon uptake in most regions apart from high latitudes in the northern 

hemisphere. Assuming carbon uptake as a proxy for vegetation growth, findings for the PC 

simulations corroborate these phenomena. For instance, in the BioPC scenario, significant 

natural loss of broad and needle leaf forest occurs in the tropics due to changes in climate (see 

Figure 4.4). Lower net primary productivity (NPP) values in these areas confirm reductions in 

carbon uptake.  
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Small increases in broad leaf forest also occur at the start of the century, particularly over the 

Democratic Republic of Congo and the Amazon rainforest. This suggests that increased carbon 

uptake responses to increases in prescribed CO2 levels (from the TL simulations) are initially 

higher than reduced carbon uptake responses to climate change in these regions (see Figure 

2.5 in Chapter 2 for more information; Arias et al. (2021)). However, towards the end of the 

century this effect is dampened as climate impacts become more prevalent. Similarly, increased 

CO2 fertilisation and NPP leads to small natural increases in C3 grasses across the globe (shown 

in the PC simulations), which are reduced in the tropics towards the end of the century due to 

increased surface temperatures. This indicates that bioenergy cropland growth (and thus crop 

Figure 4.4: Regional land-use changes in Bio, BioPC and BioPC minus Bio (BioPC–Bio) 
simulations, in 2100 relative to 2005. BioPC indicatesValues are percentages of grid cells 
undergoing land cover changes. 

Bio  BioPC  Bio–BioPC 
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yield) in the TL simulations (C3 grasses) is somewhat enhanced by increases in CO2 

concentration at both high and low latitudes, however, becomes more affected by changes in 

climate in the tropics. Shrubland, increases across the globe as it fills newly unallocated spaces 

made by forest loss, and decreases where it is converted to new cropland. 

4.3.1.2 Land-Use Changes in TL and PC Simulations  

The natural loss of forest in the UVic PC simulations reaches up to approximately (–)3.5×106 

km2 in all scenarios ((–)18%) by 2100 (see Figure 4.5). In comparison to other studies, this 

forest loss is significantly high. Brovkin et al. (2013), for instance, calculate an increase, rather 

than a loss, in tree cover for most of their modelled simulations, which they attribute to changes 

in climate and CO2 concentration. In the TL simulations, these natural patterns of LUC occur 

in addition to impacts of agricultural expansion. As discussed in Section 4.2.2.1, cropland and 

pasture are inputted into the UVic model as a ‘disturbed fraction’ of vegetation and are 

partitioned between C3 and C4 grasses. This leads to a further removal of broad leaf forest and 

needle leaf forest, as well as shrubland across the globe.  

Table 4.5: Global land use for the five scenarios in years 2050 and 2100 relative to 2005,  in 
their original form taken from the MAgPIE model (represented by five land-use types) and in 
their new form in the UVic ESCM (represented by the UVic ESCM’s five plant functional 
types). Values from the UVic simulations are calculated as the difference between TL and PC 
simulations. 

 

 

 

Scenario 
Form 

 2050 2100 
 NoBio- 

BE 
NoBio Bio 

Bio-
REDD 

Bio- 
WP 

NoBio- 
BE 

NoBio Bio 
Bio-

REDD 
Bio-
WP 

Original 
MAgPIE  

(×106 
km2) 

Energy 
Crops 

– – 3.12 3.13 3.22 – – 6.36 6.32 6.67 

Food/ 
Feed 
Crops 

4.10 4.10 4.85 4.88 5.71 3.52 3.52 4.42 4.66 5.48 

Pasture -2.60 -2.60 -4.50 -7.70 -5.12 -2.93 -2.93 -6.24 -11.5 -6.90 
Forest -0.98 -0.98 -2.45 0.17 -2.74 -0.56 -0.56 -3.27 0.92 -3.95 
ONL -0.59 -0.59 -1.02 -0.49 -1.06 -0.023 -0.023 -1.26 -0.38 -1.29 

UVic 

(×106 
km2) 

Broad 
leaf 

-1.25 -1.25 -1.46 -1.29 -1.59 -0.46 -0.54 -1.44 -0.56 -1.90 

Needle 
leaf 

-0.03 -0.04 -0.05 -0.04 -0.07 0.08 0.09 0.04 0.07 0.02 

C3 grass 2.27 2.27 3.79 3.05 4.19 2.35 2.33 5.79 4.04 6.67 
C4 grass -0.24 -0.24 -0.16 -0.26 -0.14 -0.24 -0.22 -0.05 -0.18 -0.05 
Shrubs -0.77 -0.77 -2.17 -1.49 -2.42 -1.74 -1.69 -4.37 -3.41 -4.76 
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 Figure 4.5: Trajectories of land-use change for five different plant functional types in the UVic
ESCM simulations. Values are in area and percentage units relative to 2005. 
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The differences between land-use changes in the TL and PC simulations indicate the influence 

of changes in cropland and pasture inputs as outlined in the MAgPIE scenarios (see Figure 

4.5). By 2100, such changes result in a 2.33–6.67×106 km2 (5.75 – 16.44%) increase in global 

C3 grasses across the scenarios, leading to a total forest loss of (–)0.39–(–)1.88×106 km2 ((–

)2.68–(–)10.82%) by 2100. In comparison to land-use changes calculated for the original 

MAgPIE scenarios, these values are relatively low (see Table 4.5). As mentioned, this is partly 

because large areas of shrubland are used for cropland expansion (in addition to pasture) in the 

UVic model, contrasting with the original MAgPIE scenarios, in which the loss of ‘other 

natural land’ (containing shrubland) is significantly lower (see Chapter 3). Previous work, 

comparing projections of other natural land (ONL) for different IAMs, similarly show that 

estimates of ONL from the MAgPIE model are at the low end of the spectrum due to the use 

of pasture and forest for cropland conversion instead (Popp et al., 2017). 

4.3.1.3 Isolated Impacts of Bioenergy and Conservation 

Schemes 

Modest forest loss is further reflected in the differences between scenario outputs. Results for 

the control NoBioBE/NoBio (e.g., NoBioBE–NoBioBEPC) scenarios show that, alone, 

food/feed cropland expansion leads to a loss of around 0.46/0.5×106 km2 (3.17/3.55%) (for 

NoBioBE/NoBio) of forest by 2100, relative to 2005.  The incorporation of bioenergy, and thus 

an additional increase of 3.44/0.18×106 km2 (8.5/1.8%) of C3/C4 grasses, results in further 

forest loss of (–)1.02×106 km2 ((–)5.6%) by the end of the century. These values are calculated 

as the difference between Bio (e.g., Bio–BioPC) and NoBioBE (NoBioBE–NoBioBEPC) 

scenarios (see Table 4.5 and Figure 4.6). The original MAgPIE scenarios, however, indicate 

a much stronger influence of bioenergy on forest loss, suggesting a loss of 2.71×106 km2 (6.5%) 

by 2100, relative to 2005.  

Similarly, implementation of REDD+ to the Bio scenario results in the prevention of 4.19×106 

km2 of forest loss in the MAgPIE scenarios, but when simulated in UVic this decreases to 

0.88×106 km2 (5%). Even so, the UVic model manages to depict the significant reduction of 

cropland expansion into forest, whereby shrubland is used instead. The model also portrays 

additional forest loss due to incorporation of a global water protection scheme (0.47×106 km2; 

2.6%), with large increases concentrated in the Congo region, as similarly depicted in the 

MAgPIE Bio-WaterProt scenario (See Chapter 3, Figure 3.4). However, it fails to capture 
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additional forest loss in Eastern US, Southern Brazil, and eastern Europe, instead showing more 

forest loss in Asia. As discussed in Chapter 3, this loss is due to the absence of irrigation for 

energy cropland, and thus the need for more land for rainfed cropland. 

 

 

 

 

 

 

 

 

 

 

 

 

4.3.2 Surface Air Temperature and Atmospheric CO2 Dynamics  

Figure 4.7 illustrates the evolution of global CO2 emissions (c and d) in the scenarios, and the 

corresponding atmospheric CO2 concentrations (b) and surface air temperatures (a) over the 

21st century. Between 2005 and 2100, CO2 emissions increase by 1,201–1,234 GtCO2 across 

the scenarios. As a result, SAT and CO2 concentration reach approximately 1.82–1.83 °C and 

434–437 ppm, respectively, by 2100. Excluding the NoBioBE scenario, these trajectories are 

mostly reflective of those shown in the RCP2.6 pathways, in which SAT and CO2 concentration 

values in 2100 range between 1.73 °C and 1.82 °C, and 397 ppm and 439 ppm, respectively. 

In contrast, the NoBioBE projections are closer to an average of RCP3.4 and RCP4.5 

trajectories.  

Figure 4.6: Spatial land-use changes for C3/C4 grasses, forest and shrubland in the UVic
model as a result of bioenergy expansion; for 2100 relative to 2005. Values are calculated as
the difference between Bio (e.g., Bio-BioPC) and NoBioBE (NoBioBE-NoBioBEPC)
simulations and are percentages of grid cells undergoing land cover changes. 
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Figure 4.7: Global annual mean projections for surface air temperature (a), CO2 concentration 
(b), yearly CO2 emissions (c) and cumulative CO2 emissions (d), for the UVic simulations
between years 2005 and 2100. Additionally, findings for SSP2 RCP2.6 scenarios are included, 
taken from the online SSP database (IIASA, 2018b). Values in (a) and (c) have been calculated
relative to the pre-industrial base period 1850–1900, as demonstrated in the work of  Rogelj, 
Shindell, et al. (2018). Cumulative and yearly CO2 emissions are made up of LUC emissions 
calculated from this study and input fossil fuel emissions shown in Table 4.1. 

Surface air temperature  CO2 concentration 

Cumulative CO2 emissions CO2 emissions per year 
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Findings further show that at the global scale, the incorporation of a bioenergy expansion 

program reduces atmospheric CO2 concentration by 81 ppm, resulting in a cooling effect of –

0.44 °C by 2100 (relative to the pre-industrial base period 1850–1900), but only when the 

reduction in FF emissions associated with the energy obtained from biofuels (by adding FF 

emissions to the NoBioBE scenario) is included in the analysis. When excluded, bioenergy 

incorporation (with or without REDD+ or water protection policies) results in only a small 

(almost negligible) reduction in atmospheric CO2 and SAT. This implies that the cooling effect 

of substituting FF emissions in the scenarios is significantly more dominant compared to the 

climate impacts of LUC emissions that are produced due to bioenergy incorporation.  

Incorporation of REDD+ or water protection policies have little impact on global values, 

however, result in regional differences due to changes in land use, as discussed later in this 

chapter. As shown in Figure 4.7, findings in this study align well with findings for other SSP2 

scenarios, closely matching results for the REMIND-MAgPIE SSP2 scenario. This is due to 

the use of the same ‘Fossil fuel and industry’ emissions as the REMIND-MAgPIE SSP2 

scenario, as discussed in Section 4.2.2.2. 

4.3.3 Transient Climate Response to Cumulative Carbon 

Emissions (TCRE) 

The overall temperature response to cumulative CO2 emissions (both fossil fuel and LUC 

emissions) in the UVic model is a linear relationship. Across the scenarios, constant TCRE is 

0.6–0.7 °C per 1000 GtCO2 (or 2.16–2.52 °C/TtC). As shown in Figure 4.8, these values align 

with TCRE values calculated for SSP and RCP scenarios (in the range of 0.6–0.8 °C per 1000 

GtCO2 or 2.16–2.88 °C/TtC; Jia et al. (2019)). In comparison to studies investigating future 

biogeochemical and biogeophysical impacts of LUC, TCRE values for the UVic model are at 

the higher end of the spectrum (0.88–2.52 °C/TtC; Jia et al. (2019)). The curve in the results 

for the MAgPIE and SSP2 scenarios represents the drop in SAT due to yearly CO2 (GtCO2/yr) 

emissions becoming negative towards the end of the century. As discussed in Chapter 2 

(Section 2.3.2.3), the TCRE metric can be used as a tool for identifying biogeochemical climate 

impacts of LUC emissions, however this chapter uses a similar method to the LUCID-CMIP5 

protocol, as described in Section 4.2.3. 
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Figure 4.8: Transient climate response for MAgPIE scenarios compared to the RCP scenarios 
(a) and the SSP2 scenarios (b). Annual-average surface air temperatures from 1850-1990 are 
plotted against cumulative CO2 emissions since 1976. Graph (a1) shows a close-up of the 
MAgPIE TCRE results compared to the RCP 2.6 TCRE results. Results for the SSP scenarios 
have been taken from the SSP database (IIASA, 2018b). Results for the RCP scenarios in (a) 
have been extracted from Figure SPM.10 in Gray (2007) using software by GetData (2019). 
Historical values are extracted from Figure 2.3 in Rogelj et al (2018). 
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4.3.4 Impacts of Land-Use Changes on Surface Climate 

4.3.4.1 Global Impacts 

The contribution of LUC to net global warming in each of the scenarios is displayed in Figure 

4.9. Overall, there is little variation between scenario findings, mainly due to the small 

differences in forest loss discussed previously in Section 4.3.1. Across the scenarios, a 

combined net warming of between 0.010 °C and 0.019 °C occurs by 2050 (compared to 2005) 

due to biogeochemical (BGC) effects, which is then dampened by cooling from biogeophysical 

(BGP) effects towards the end of the century ((–)0.01 °C to (+)0.005 °C in 2100). Individually, 

the global mean biogeochemical and biogeophysical effects are also small throughout the 

period, whereby in 2050 and 2100 biogeochemical impacts are (+)0.026 (+)0.027 °C and (–

)0.0058 (+)0.0091 °C across all scenarios, and biogeophysical effects are (–)0.016 (–)0.0073 

°C and (–)0.015 (+)0.0064 °C, respectively. Rapid declines in biogeochemical warming 

towards the end of the century can also be explained by global increases in soil carbon uptake 

post-deforestation (see Section 4.4.3.3 for more detail). 

Expansion of food/feed cropland alone results in a small combined global warming of 0.0092 

°C by 2075–2100, relative to 2005 (in the NoBioBE scenario). The combined global impact of 

a bioenergy expansion scheme (in the Bio scenario) is an overall cooling effect of (–)0.0067 

°C by 2075 2100 (since 2005), in comparison to the NoBioBE scenario. Both biogeochemical 

warming and biogeophysical cooling increase, however biogeophysical effects are higher 

(BGC = (+)0.0087°C, BGP = (–)0.015°C). These values are relatively low due to the use of 

more shrubland than forest for cropland expansion in the UVic model (see Section 4.3.1). 

The incorporation of a water protection scheme has very little global impact. In comparison to 

the NoBioBE scenario, bioenergy expansion with water protection leads to a combined cooling 

of (–)0.01 °C by 2075 2100 (BGC effects = (+)0.0078 °C, BGP effects = (–)0.018 °C), an 

increase in cooling of (–)0.0033 °C compared to the Bio scenario. The prevention of forest loss 

implemented through a global REDD+ policy (in Bio-REDD) dampens both biogeochemical 

warming and biogeophysical cooling slightly, resulting in values almost resembling findings 

for the NoBio and NoBioBE scenarios. Compared to the NoBioBE scenario, a cooling of (–

)0.0012 °C by 2075 2100 (BGC = (+)0.0074 °C, BGP = (–)0.0086 °C) occurs in Bio-REDD. 
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Figure 4.9: Annual-average global biogeophysical (BGP) and biogeochemical (BGC) impacts
of LUC on surface temperature for all 5 scenarios between 2005 and 2100. Light blue lines
represent impacts in the tropical (25°S to 25°N) region, light green lines represent results for
the extratropical (lower=65°S to 25°S and upper=25°N to 65°N) regions, and dark blue lines
show the global impacts. Tropical values are calculated as yearly averages over the tropics. 
Extratropical values are calculated as yearly averages of the lower and upper regions together.
Black lines denote the combined (BGC + BGP) impacts of LUC on surface temperature. BGP
and BGP temperature changes were obtained using the calculations: TPC(LUC + FF) - TFF and TLUC 

+ FF  - T PC(LUC + FF) respectively, as shown previously in Table 4.4. 
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4.3.4.2 Regional Impacts 

Compared to global findings, regional impacts of LUC are projected to be more significant (see 

Figure 4.10). In addition, warming/cooling is not only limited to areas experiencing land-use 

conversion but has a global impact. This is particularly the case for biogeochemical warming 

which is generally higher in the extratropics than in the tropics. In the carbon cycle component 

of the UVic model, CO2 emissions are assumed to be instantaneously well mixed in the 

atmosphere (Matthews, 2004). As a result, biogeochemical warming from cropland expansion 

is transported via the atmosphere (and extensive ocean) towards the poles through polar 

amplification (Holland and Bitz, 2003). Across the scenarios, a mean warming of 0.013–0.029 

°C occurs in the extratropics by 2075–2100 relative to 2005, despite being largely due to altered 

CO2 fluxes from LUC in the mid latitudes (see Figure 4.10). This warming reaches up to 

0.034 0.051 °C (by 2075–2100) in certain grid cells in the extratropics. The impact of 

bioenergy on regional biogeochemical warming is of similar magnitude, whereby mean 

warming equates to 0.016 °C/0.005 °C/0.015 °C in the extratropics in the Bio/Bio-REDD/Bio-

WaterProt scenarios compared to the NoBioBE scenario. In certain regions warming reaches 

up to 0.10 °C in the Bio scenario, 0.083 °C in Bio-REDD, and 0.097 °C (by 2075–2100) in 

Bio-WaterProt, compared to the NoBioBE scenario.  
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Figure 4.10: The spatial distribution of biogeophysical and biogeochemical impacts on 
surface temperature for the MAgPIE scenarios. Results have been plotted for the 25-year 
average of the period 2075–2100 compared to the 15-year average of the period 1995-2010. 
Biogeochemical and biogeophysical temperature changes were obtained using the 
calculations: TPC(LUC + FF) – TFF and TLUC + FF  – T PC(LUC + FF) respectively, as shown previously 
in Table 4.4. Tropical and extratropical regions are illustrated by dotted lines at latitudes: 
65°S, 25°S, 25°N and 65°N.  
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In contrast, biogeophysical cooling is higher in the tropics than in the extratropics in all 

scenarios, with stronger patterns occurring locally near to their source. In the tropics a mean 

biogeophysical cooling of (–)0.0047  (–)0.021 °C occurs by 2075–2100 relative to 2005 

across all scenarios. This cooling is the result of effects such as increased surface albedo, 

reduced sensible heat, increased evaporation, and higher soil temperatures (see Section 4.4.4 

detailing these effects). The most impacted regions are those that undergo large-scale energy 

and food/feed cropland expansion, namely Latin America, Sub-Saharan Africa, and Southeast 

Asia. In these regions, cropland expansion into forest and shrubland leads to a cooling of up to 

(–)0.054 (–)0.12 °C across the scenarios. Incorporation of bioenergy (in the Bio scenario) 

leads to a mean cooling of (–)0.013 °C by 2075–2100 in the tropics, compared to the NoBioBE 

scenario. Implementation of REDD+ reduces this mean cooling (to (–)0.0047 °C in Bio-

REDD), whereas a slight increase in mean cooling occurs from adding water protection (to (–

)0.016 °C in Bio-WP). For certain regions, this cooling reaches up to (–)0.090 °C in the Bio 

scenario, (–)0.079 °C in Bio-REDD, and (–)0.093 °C in Bio-WaterProt (compared to the 

NoBioBE scenario). Though the impact of incorporating water protection is only a small 

increase in regional biogeophysical cooling ((–)0.003 °C), cooling in this scenario occurs over 

a wider area compared to the Bio scenario, due to more forest land needed for rainfed cropland 

expansion. The opposite occurs for the incorporation of a REDD+ policy ((+)0.0088 °C), 

whereby less forest is lost. 

Small patches of biogeophysical warming occur in Southern Africa, North America, and lower 

South America (see Figure 4.10). In these regions, increases in broad leaf forest implemented 

by the dynamic TRIFFID model result in lower surface albedo, increased sensible heat, reduced 

evaporation, and lower soil temperature. In the NoBioBE and NoBio scenarios, biogeophysical 

warming also occurs in the mid to high latitudes as high GHG-induced warming reduces 

snowpack and sea ice, further lowering surface albedo. This ice-albedo feedback is likely to 

account for much of polar amplification, though the strength of the feedback has shown to 

differ considerably among climate models (Holland and Bitz, 2003). 
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4.3.5 Climate Impacts from Land-Use Change Explained 

4.3.5.1 Carbon Fluxes from Land-Use Change 

Biogeochemical climate impacts determined in this study are due to altered fluxes of CO2 from 

land-use change. In all PC and TL simulations, global terrestrial carbon stocks increase up to 

41–59 GtC and 29–60 GtC respectively between 2005 and 2100, declining towards the end of 

the century for all scenarios apart from NoBioBE (see Figure 4.11 (c)). This trajectory is 

largely attributed to increases in soil carbon storage up to around 2060-2075, which then 

decline and are further dampened by loss of vegetation carbon over the century (see Figure 

4.11 (a) and (b)). This increase in soil carbon mainly occurs over non-deforested areas and 

where shrubland has been converted to cropland (see Section 4.4.1.2 for more detail). The 

difference between land carbon storage for PC and TL simulations (TCPC(LUC + FF) – TCLUC + FF; 

see Section 4.2.3), multiplied by the carbon-CO2 conversion factor 3.67, provides the net LUC 

emissions (see Figure 4.11 (d)). 

Globally, increases in soil carbon occur in both TL and PC simulations over the century, 

however more carbon is stored in TL simulations (up to ~54-65 GtC relative to 2005 in 

bioenergy scenarios) than in PC simulations (up to ~50 GtC) (See Figure 4.11 (b)). As a result, 

negative emissions occur for soil carbon (see Figure 4.12 (f)). Although this increase is 

relatively large, at the start of the century it is not enough to compensate for the loss of carbon 

from land-use changes (Figure 4.11 (a)), hence the net positive LUC emissions. Towards the 

end of the century, however, increased uptake of carbon from soil, and to a lesser extent C3 

grasses and natural needle leaf vegetation growth, counteract the loss of carbon. This leads to 

a rapid reduction in LUC emissions, and for some scenarios (Bio-REDD and NoBioBE) net 

negative LUC emissions, thus reduced biogeochemical warming regionally and globally (see 

Figure 4.11 (b)).  

In total, LUC emissions from the scenarios increase up to (+)53.7 (+)63.4 GtCO2 over the 21st 

century (in 2045), declining to (–)17.2 (+)15.6 GtCO2 by 2100. This occurs particularly in the 

tropics over deforested broad leaf areas (see Figure 4.12). Additionally, conversion of 

shrubland to C3 and C4 grasses (cropland and pasture) also has a significant influence, 

accounting for roughly 20% of overall LUC emissions in 2100, relative to 2005. C3 and C4 

grasses take in CO2 emissions through photosynthesis, enhanced by CO2 fertilisation, however 

the magnitude of this is almost ten times smaller than the amount emitted from deforestation.  
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Figure 4.11: Projections of changes in vegetation carbon (a), soil carbon (b), land carbon (c)
and cumulative LUC emissions (d) for the UVic simulations, between years 2005 and 2100.
Plain lines represent TL simulations, and dotted lines represent PC simulations. LUC
emissions in (d) are calculated as the difference between terrestrial carbon storage for PC
and TL simulations (TCPC(LUC + FF) – TCLUC + FF), multiplied by the carbon-CO2 conversion
factor 3.67.  
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Figure 4.12: Projections of cumulative LUC emissions in the UVic simulations, for the five
plant functional types (broad leaf trees, needle leaf trees, C3 grasses, C4 grasses and 
shrubland) and soil. 
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Findings further illustrate the relationship between soil carbon and the extent of shrubland 

converted to cropland/pasture, whereby increases in soil carbon (reductions in soil carbon 

emissions) are proportional to the area of shrubland lost to C3 grasses. For instance, in 

scenarios that have larger scales of shrubland conversion (Bio and Bio-WaterProt), soil CO2 

emissions reduce (and soil carbon increases) more significantly than in scenarios with less 

shrubland loss (NoBio, NoBioBE and Bio-REDD). The result is LUC emissions of magnitude 

10 GtCO2 lower in the Bio and Bio-WaterProt scenarios compared to the NoBio and NoBioBE 

scenarios at the start of the century (by 2050) (see Figure 4.11 (d)). In addition to the small 

overall area of forest loss between TL and PC simulations (see Section 4.3.1), these interactions 

further explain the lack of variation in total LUC emissions and corresponding climate impacts 

between the scenarios. By 2075–2100 (compared to 2005), the impact of bioenergy (Bio-

NoBioBE) is a small, almost negligible, increase in LUC emissions of 5 GtCO2, as forest 

clearing for energy cropland increases.  

The incorporation of a water protection policy, in Bio-WaterProt (compared to NoBioBE) 

somewhat exacerbates this increase to 5.7 GtCO2 by 2075–2100, as a result of larger areas of 

forest needed for cropland. As mentioned previously, the water protection policy used in the 

creation of the original MAgPIE scenario (Humpenöder et al., 2018a) implements the irrigation 

of only food/feed crops. In regions that have less water available for irrigation, more area is 

needed for these crops to make full use of rainwater. The resulting effect is less land area 

available for energy cropland which leads to a relocation of cropland to other regions that 

contain forest and shrubland. In contrast, reduced deforestation in the Bio-REDD scenario 

(compared to the NoBioBE scenario) lowers LUC emissions to (–)14 GtCO2 by 2075–2100, 

indicating the importance of including REDD+ policies in future bioenergy expansion 

schemes. Forest management strategies, such as reduced clear cutting of managed forests and 

reforestation have been proposed for sequestering soil carbon and hence mitigating CO2 

emissions. However, their impacts on soil carbon accumulation remain uncertain, showing both 

positive and negative effects (Vesterdal et al., 2002; Lemma et al., 2006; Diochon et al., 2009; 

Yang et al., 2011; Li et al., 2012; Deng et al., 2014; Zhang et al., 2015; Bashkin and Binkley, 

2017). 
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4.3.5.2 Biogeophysical Effects from Land-Use Change 

Overall, the scenarios in this study induce a global biogeophysical cooling over the 21st 

century, as shown previously in Section 4.3.4. This can mainly be attributed to increased global 

surface albedo due to the biogeophysical effects of LUC i.e., conversion of less-reflective forest 

(broad leaf trees), to more-reflective cropland/pasture (C3 grasses) (see Figure 4.13 (b) for the 

Bio scenario). This especially occurs in the tropics, where total surface albedo reaches up to 8–

11% in grid cells (Figure 4.14 (a)), and surface albedo due to LUC only (‘Biogeophysical’) 

reaches up to 6.10–6.15%, by 2075–2100, depending on the scenario (Figure 4.14 (b)). As 

shown in Figure 4.13 (a) and Figure 4.14 (a), total surface albedo decreases over the century 

due to the overall reduction in snow and ice cover caused by increased CO2 emissions and the 

polar amplification effect. This reduction is similarly shown in the biogeophysical contribution 

to albedo changes (Figure 4.13 (b)) and largely accounts for the reduction in global 

biogeophysical cooling towards the end of the century in all scenarios. 

Further analysis also shows evidence of the snow-vegetation albedo feedback (otherwise 

known as the tundra-taiga feedback) occurring in the scenarios. This process arises due to the 

increase in surface albedo as snow covers newly created open surfaces, which results in a 

cooling. Cooling at mid (20–40°N) and high (40°N and above) latitude regions favours 

expansion of Arctic sea ice, which in turn increases albedo, thereby exacerbating the overall 

cooling (Bonan et al., 1992; Claussen et al., 2001; Hallgren et al., 2012; Simmons and 

Matthews, 2016). This can be seen previously in Figure 4.10 Section 4.3.4.2, whereby 

increased cooling in the higher latitudes occurs when bioenergy is incorporated. The cooling 

increases further when a water protection policy is included, due to more forest clearing 

occurring, and reduces when a REDD+ policy is implemented, due to prevented forest clearing.  
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Figure 4.13: Projections of changes in soil temperature, sensible heat flux and P-E. Findings 
are shown for TL and PC simulations ((a), (c), (e), (g)) and the differences between them  (LUC 

+ FF  –  PC(LUC + FF)) indicating their relative contributions to biogeophysical effects leading
to surface cooling or warming ((b), (d), (f), (h)). 

Year  Year 
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As roughness length over deforested areas lessens, the surface’s ability to lose sensible heat 

(SH) reduces. Depending on the scenario, global SH flux due to LUC only falls to around (–

)0.15  (–)0.36 Wm-2 by 2100 (see Figure 4.13 (d)). Regionally, this shows a decline of up to 

(–)31.9 (–)41.9 Wm-2 in certain grid cells by 2075–2100 across the scenarios Figure 4.14 (d)). 

 

Figure 4.14: Spatial projections of changes in soil temperature, sensible heat flux and P-E in 
the Bio scenario. Findings are shown for TL and PC simulations ((a), (c), (e), (g)) and the
differences between them (LUC + FF  – PC(LUC + FF)) indicating their relative contributions
to biogeophysical effects leading to surface cooling or warming ((b), (d), (f), (h)). Results are 
for the 25-year average of the period 2075-2100 compared to the 15-year average of the period 
1995-2010. 

°
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This phenomenon is depicted in the UVic ESCM by the sensible heat flux equation (Matthews 

et al., 2004):  

𝑆𝐻  𝜌𝐶 𝑈 𝑇 𝑇  

where SH is sensible heat, ρ is the density of air, U is the wind speed, Ts is the soil temperature, 

Ta is the SAT and CD is the Dalton number. The Dalton number is calculated from a specified 

surface roughness length (z0) according to the methodology of Brutsaert (1982): 

𝐶 𝑘 𝑙𝑛
𝑧
𝑧

𝑙𝑛
𝑧

𝑧
 

where k is the Von Karman constant (k = 0.4) and z is a reference height (z = 10m). The 

roughness lengths for moisture (z0q) and heat (z0h) are calculated as z0q = z0h = e-2z0 (Brutsaert, 

1982). Deforestation reduces CD because the grassland z0 is smaller than the forest z0. This 

reduction is the driving component of SH reduction as all other terms in the Equation (4.3) 

lead towards increasing SH.   

Equations (4.5) and (4.6) shows how the surface energy budget is balanced: 

𝑆 ↓ 1 𝛼   𝐿 ↓  𝐿 ↑   𝑆𝐻  𝐿𝐸 𝐺 0 

𝑁𝑅  𝑆𝐻  𝐿𝐸 𝐺 0 

Where NR is the net surface radiation, S↓ is global radiation, α is albedo, L↓ is atmospheric 

counter-radiation, L↑ is terrestrial radiation, LE is latent heat, SH is sensible heat, and G is the 

ground heat flux. The reduction in outgoing SH over deforested regions surpasses the increase 

in outgoing net radiative and latent heat fluxes. This leads to a local cooling over deforested 

areas in the tropics.  

Global soil temperatures increase in all PC and TL scenarios, declining towards the end of the 

century due to changes in the surface energy balance; a similar trend occurs for the SAT 

response shown in Section 4.3.2, Figure 4.7. These increases occur despite the added cooling 

from increased latent heat and surface albedo, primarily because roughness length decreases 

following deforestation. The reduction in SH over deforested areas is one cause of the 

biogeophysical increase in soil temperatures (of up to (+)1.19 (+)1.27 °C) in these regions 

(see Figure 4.14 (f)). This warming then induces a small increase in local evaporation (E). 

Precipitation (P) also increases in these deforested bins, however in most areas less than 

(4.3) 

(4.4) 

(4.6) 

(4.5) 
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evaporation, leading to localised drying of up to (–)5.68×10-6 (–)7.73×10-6 kgm-2s-1 by 2100 

across scenarios (see Figure 4.14 (h)). Areas that become wetter (positive P–E) also experience 

an increase in both precipitation and evaporation, however the increase in precipitation is 

larger. The overall impact is a global mean increase in drying (reduction in biogeophysical P–

E) over the century (Figure 4.13 (h)). 

4.3.5.2.1 Impacts of Bioenergy on Biogeophysical Effects 

Figure 4.15 shows the biogeophysical impacts of the three bioenergy scenarios (Bio, Bio-

REDD and Bio-WaterProt) in comparison to the NoBioBE scenario. The incorporation of 

bioenergy accounts for a considerable proportion of the biogeophysical effects shown 

previously in Figure 4.13 and Figure 4.14.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.15: Impacts of bioenergy (alone and with REDD+ and water protection policies
included) on biogeophysical effects. Results have been calculated as the differences between
the three scenarios Bio, Bio-REDD and Bio-WaterProt, and the NoBioBE scenario. They have
been plotted for the 25-year average of the period 2075-2100 compared to the 15-year average
of the period 1995-2010.  
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This impact mainly occurs in Latin America, Sub-Saharan Africa, and Southeast Asia regions, 

where most conversion of forest for cropland (energy or food/feed) occurs due to bioenergy 

expansion. Across these regions, surface albedo reaches +13.4% in certain grid cells, SH flux 

reaches –45.6 Wm-, soil temperature reaches –45.6 Wm-2, and P–E reaches up to –8.53×10-6 

kgm-2s-1 by 2075–2100 (compared to 1995–2010), as a result of bioenergy expansion. The 

incorporation of water protection does not increase these values significantly, however, causes 

them to occur over a wider area of land, due to more land needed for rainfed cropland 

expansion. The opposite effect occurs when REDD+ is incorporated due to less cropland 

expansion into forests. Lack of previous research into biogeophysical effects in the bioenergy 

literature (see Chapter 2), in addition to the potentially significant regional impacts discussed 

in this chapter, indicate that this field requires further work.  

4.4 Discussion 

4.4.1 Importance of Land Representations 

4.4.1.1 Model Representations of Land-Use Changes 

As mentioned in Section 4.3, total forest loss in the UVic simulations is relatively low 

compared to forest loss in the original MAgPIE scenarios. This is partly because agricultural 

expansion in the TL simulations occurs at the expense of shrubland rather than forest. Another 

factor is the significant natural loss of forest in the UVic PC simulations resulting from changes 

in climate, particularly in the tropics. Consequently, the difference in forest loss between TL 

and PC simulations (PC simulation – TL simulation) is low.  

Previous work indicates a mix of findings for change in forest within PC simulations. In 

contrast to this study, Brovkin et al. (2013) simulate an increase in tree cover in response to 

climate and CO2 changes for most of their PC simulations, particularly for models with 

dynamic vegetation (HadGEM2-ES, MIROC-ESM and MPI-ESM-LR). Hence, estimations of 

overall forest loss, i.e., the difference between TL and PC simulations, are generally higher in 

their work than in this study. The spread in tree cover outputs shown in their work demonstrates 

the wide range of possible outcomes, dependant on the model used. These uncertainties emerge 

from differences in implementation of land-use data, inclusion or exclusion of specific land-

use processes such as wood harvest, and varying climate-carbon cycle representations within 
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the models. Consequently, differences occur not only in the way land-use change is interpreted 

in terms of land-cover changes, but also in translating these land-cover changes into 

biogeophysical and biogeochemical characteristics of the land surface. 

For the purpose of this work, the UVic ESCM v2.9 model was employed because of its 

flexibility and fast simulations. While its incorporation of dynamic vegetation arguably makes 

it more sophisticated than many other models with prescribed land cover, the use of only one 

model of intermediate complexity in this work has its limitations. As illustrated in the work of 

Brovkin et al. (2013), future assessment using an ensemble of multiple climate models with 

varying complexities could provide a broader understanding of potential climate impacts from 

land-use within the MAgPIE scenarios. Further work could assess other possible land-use 

pathways (e.g., SSPs and RCPs) constructed from different integrated assessment models. 

4.4.1.2 Effects of Present-Day Land Distributions 

Another reason for low forest loss in the UVic model is that the expansion of cropland, and 

therefore C3/C4 grasses, occurs in grid cells where C3/C4 grasses already exists, rather than 

over forest land, as exhibited in the MAgPIE scenarios. As shown in Figure 4.16 for the Bio 

scenario, this effect is particularly prevalent in parts of Eastern US, Southern Brazil, Eastern 

Africa, and Madagascar, whereby forest cover exists at present day in the MAgPIE scenarios 

but not in the UVic model. Previous work corroborates the existence of forest in regions such 

as these. For instance, Hansen et al. (2013) use Earth observation satellite data to map forest 

loss between 2000 and 2012. In the mentioned regions, their findings indicate tree cover of up 

to 80% or more in the year 2000, and a loss of approximately 1-40% of forest extent by 2012. 

As indicated by the MAgPIE model, this loss could increase up to 80% or more by 2100 (when 

following the Bio scenario trajectory). Thus, the exclusion of this forest loss in the UVic model 

could have significant consequences on overall climate impacts.  
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On the other hand, observations also show forest gain within the mentioned regions (Hansen et 

al., 2013). Together, co-location of forest loss and gain is likely indicative of intensive forestry 

practices. In general, forestry in the temperate climatic region has a relatively low ratio of loss 

to gain, though extensively high losses have occurred, for instance in the intermountain West 

of North America, as well as in Europe across Estonia, Latvia, and Portugal. In these regions, 

tree mortality is largely due to fire, logging, and disease. Fire is the most significant cause of 

forest loss in boreal forests and has led to huge overall depletions, particularly in Siberia, 

Russia. Other countries that have lost forest without any gain are mainly located across tropical 

regions (e.g., Brazil, Malaysia, Cambodia, Paraguay, Mongolia, Zambia, Tanzania, and 

Argentina). 

Figure 4.16: Spatial land-use changes occurring in the UVic model simulations, resulting from
inputs (cropland and pasture) for the Bio MAgPIE scenario; calculated for 2100 relative to
2005. Corresponding changes in UVic forest cover are provided alongside changes in forest
in the original MAgPIE scenario. Values are percentages of grid cells undergoing land cover
changes.  
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Overall, quantification of global forest dynamics is complex and depends on a variety of 

different factors. Changes in conservation policies can further add to this complexity, with 

some strategies being more successful than others. For instance, Brazil’s policy intervention is 

considered to have helped reverse decades of previous widespread deforestation, whereas 

international initiatives such as the UN REDD program can be less effective due to lack of 

operational capabilities (see Section 2.5.1). The use of up-to-date observations within the 

initialisation process in land-use modelling could therefore help improve the robustness of 

results.  

In terms of present-day forest representations, it is evident that MAgPIE outputs are more 

closely aligned to observations than UVic outputs, largely due to the differences in resolutions 

between the models (whereby UVic’s resolution is lower). However, both models indicate 

uncertainties when depicting future changes in forest cover over time. In addition to those 

previously discussed for the UVic model, dissimilarities between observed and MAgPIE data 

can be seen in regions such as Western North America, North-Eastern Brazil, South-Eastern 

Asia, Siberia, and Australia, in which zero or very little forest loss occurs in MAgPIE scenarios. 

In observations, extensive forest loss is seen in these regions between years 2000 and 2012, 

suggesting that they could be expected to undergo further reductions over the 21st century 

(Hansen et al., 2013). 

Disparities between modelled outputs further highlight the differences in land dynamics 

occurring within the two DGVMs used: LPJmL in the MAgPIE model, and TRIFFID in the 

UVic model. The evolution of these models spans over many decades, with each containing 

features based on different models and observation datasets. As mentioned in Section 4.2.1, the 

land surface scheme within TRIFFID is a simplified version of ‘MOSES’ (The Met Office 

Surface Exchange Scheme), described in Cox et al. (1999). This land surface scheme improves 

on the simple land surface “bucket” model used in Matthews et al. (2003), which is based on 

land classifications and land-atmosphere forcings derived from calculations using the 

Normalized Difference Vegetation Index (NDVI) observational data (Defries and Townshend, 

1994; Sellers et al., 1996). On the other hand, the LPJmL model has adopted many of its land 

surface features from the BIOME family of models (Prentice et al., 1992; Foley et al., 1996; 

Haxeltine and Prentice, 1996; Haxeltine et al., 1996; Kaplan, 2001). Within these DGVMs, the 

area coverage, leaf area index and canopy height of each plant functional type are calculated 

based on bioclimatic limits and a ‘carbon balance approach’, in which vegetation change is 
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driven by climate conditions and net carbon fluxes (Foley et al., 1996; Sitch et al., 2003; 

Meissner et al., 2003).  

Each of these models has been rigorously tested and outputs compared to various observation 

and cartographically derived biome datasets (Olsen and Watts, 1982; Dunderdale et al., 1999; 

Sitch et al., 2003; Schaphoff et al., 2018). However, findings in this section indicate 

opportunities for further comparison assessments using more recent observational data, such 

as the high-resolution forest maps produced by Hansen et al. (2013). In addition, a sensitivity 

analysis could be carried out, comparing the impacts of different forest distributions in the 

UVic model. While it is not currently possible to prescribe forest in the UVic model, future 

work could determine the viability and usefulness of creating such an input. This could be 

carried out in two ways: through input of present-day forest, while turning on the dynamic 

vegetation component of the model, or input of transient changes in forest distribution over the 

study period, while turning off the dynamic vegetation module. By inputting projected forest 

representations calculated in the MAgPIE scenarios using the LPJmL model, outputs can be 

compared to those in this study (determined by the TRIFFID model) to provide an 

understanding of the differences between land surface schemes within the two DGVMs and 

corresponding climate impacts. Creation of a forest input for the UVic model could further 

provide opportunities for more consistent and transparent land-use representation, as well as 

the simulation of important influencers such as wood harvest and fires.  

4.4.2 Biogeochemical and Biogeophysical Climate Impacts 

4.4.2.1 Climate Impacts of Total Land-Use Change 

Previous literature, like this study, has shown that LUC has a small overall impact on global 

climate, however, individual biogeophysical and biogeochemical impacts vary widely across 

studies. Figure 4.17 displays findings for biogeophysical and biogeochemical impacts, 

produced in this chapter, alongside values produced in other studies for the historical (1990–

2005 to 1700–1850) and future (2005–2006 to 2070–2100) periods, taken from the work of Jia 

et al. (2019) and discussed previously in Chapter 2 Section 2.3.6. Results shown for this work 

are the mean values for the period 2075–2100 and the maximum values of the whole time 

period (2005– 2100). This representation has been chosen because, unlike findings in some of 

the literature, values for 2100 in this study were not necessarily the highest values in the 2005–

2100 period. 
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Figure 4.17: A comparison of global annual biogeochemical and biogeophysical changes in 
surface air temperature (°C) in response to land-use changes between this study and previous 
work. Results for this study are for the five MAgPIE land-use scenarios, and are shown as the 
average for the period 2075-2100 compared to 2005, and the maximum absolute values (within 
the period 2005-2100) compared to 2005. They are indicated by five different symbols (a star, 
square, asterisk, dot, and cross). For comparison, previous findings assessed in the work of Jia 
et al. (2019) (see Figure 2.11 in Chapter 2) have been included. These comprise of historical 
absolute values (taken from years  within the period 1990-2014 compared to years in the period 
1700-1920) and future values (either for 2099 or 2100 compared to years in the period 2000-
2006) (Chase et al., 2000; Betts, 2001; Chase et al., 2001; Zhao and Pitman, 2002; Gibbard 
et al., 2005; Feddema, 2005; Brovkin et al., 2006; Betts et al., 2007; Findell et al., 2009; Arora 
and Boer, 2010; Kvalevåg et al., 2012; Lawrence et al., 2012; De Noblet-Ducoudré et al., 
2012; Houghton et al., 2012; IPCC, 2013; Zhang et al., 2013; Jones et al., 2013; Boysen et al., 
2014; Davies-Barnard et al., 2014; Carvalhais et al., 2014; Pugh et al., 2015; Devaraju et al., 
2015; Hansis et al., 2015; Hua et al., 2015; Avitabile et al., 2016; Simmons and Matthews, 
2016; Li et al., 2017; Tharammal et al., 2018; Lawrence et al., 2018). Note: Results from the 
work of Simmons and Matthews (2016) have been recalculated by the author, and included in 
this plot, since the work of Jia et al. (2019) was published. 
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In comparison to all future RCP estimates in Figure 4.17, findings in this work are at the low 

end of the spectrum, ranging between +0.027 °C and +0.029 °C (‘Max’), and +0.0089 °C and 

+0.019 °C (2075–2100). Other studies which calculate similarly low values for the most 

comparable pathway RCP2.6 are Lawrence et al. (2012) (+0.03 °C), Davies-Barnard et al. 

(2014) (+0.04 °C), Brovkin et al. (2013) (+0.04 °C ), and Pugh et al. (2015) (+0.05°C). 

Biogeophysical cooling is estimated to range between (–)0.0075 °C and (–)0.022 °C, and (–

)0.00089 °C to (–)0.019°C across the scenarios in this work. In comparison to the two other 

studies which calculate biogeophysical cooling from LUC, findings corroborate values 

determined by Davies-Barnard et al. (2014), who calculate a low cooling of (–)0.01 °C using 

the HadGEM2-ES climate model. However, they are relatively small compared to the (–)0.14 

°C cooling calculated by Simmons and Matthews (2016), who use the same UVic ESCM for 

their analysis. Although the results in this study are low, they are noteworthy in comparison to 

the projected global mean warming for the RCP2.6 pathway (0.3 1.7 °C by 2100 compared to 

1986–2005, depending on the model and scenario) (Jia et al., 2019). 

4.4.2.2 Isolated Climate Impacts of Bioenergy 

As discussed in Chapter 2, only a small number of studies have isolated the influence of 

bioenergy in future impacts of LUC on climate. The most comparable work to this study is that 

of Hallgren et al. (2013) (further detailed in the work of Hallgren et al. (2012)) who use an 

integrated global climate model to determine impacts of bioenergy expansion for two scenarios: 

1) a “deforestation scenario”; whereby large-scale deforestation occurs directly or indirectly to 

meet bioenergy demands (141 EJ yr-1 by 2050), and 2) an “intensification scenario”; in which 

existing managed lands are used more intensively for bioenergy production (128 EJ yr-1 by 

2050) to reduce deforestation.  

Although similar bioenergy potentials are applied in their work to this study (around 150 EJ in 

2050), findings from Hallgren et al. (2013) are generally at least ten times greater than results 

in this study.  For instance, they show that global biogeochemical warming due to bioenergy 

expansion increases to 0.04 0.11 °C and that global biogeophysical cooling increases to (–

)0.1 (–)0.12 °C by 2050, relative to 2000. Whereas in this study, biogeochemical warming 

only rises to 0.004, and biogeophysical cooling only declines to (–)0.008 (–)0.011 °C by 2050 

as a result of bioenergy incorporation. This is largely due to a much higher area of forest utilised 

for cropland expansion in their scenarios compared to more shrubland used in the UVic model 

in this study (see Table 4.6). Combined impacts are more in line with this work, whereby 
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biogeochemical and biogeophysical effects cancel each other out to form overall negligible 

impacts on climate. In contrast, recent work by Muri (2018) shows that LUC due to bioenergy 

expansion has a non-negligible impact on global climate in RCP2.6 pathways aiming to reach 

the 1.5 °C target. Their work uses the Norwegian ESM (NorESM1-ME) and demonstrates that 

cultivating energy cropland on abandoned land in the extratropics could result in a combined 

global cooling of (–)0.1 °C, thus having a beneficial impact on global temperature. They also, 

however, calculate that replacing tropical forests could lead to a warming of (+)0.17 °C, largely 

due to increases in LUC emissions. Both findings from Muri (2018) and Hallgren et al. (2013), 

overall, emphasize the importance of incorporating forest conservation in future pathways with 

large-scale bioenergy production, also illustrated in this work. 

 

Table 4.6: Bioenergy-induced LUC and climate impacts calculated in this study for the original 
MAgPIE scenarios and UVic simulations, in addition to findings from Hallgren et al. (2013), 
for the year 2050 relative to 2000. Values are calculated by subtracting results for NoBioBE 
from results for the bioenergy scenarios. 

 

 

  This study Hallgren et al 2013 

 
 

Bio Bio-REDD Bio-
WaterProt 

Case 1 Case 2 

Global land use 
in original 
MAgPIE 

scenarios (2050-
2000) 

Energy 
Crops 3.12 3.14 3.22 15.25 14.07 

Food/Feed 
Crops 0.75 0.78 1.6 -3.03 -1.63 
Forest -1.48 1.14 -1.76 -1.27 -0.81 
ONL -1.9 -5.1 -2.5 -10.30 11.26 

Pasture -0.49 0.04 -0.53 -0.65 -0.37 

Global land use 
in climate model 
(UVic) outputs 

(2050-2000) 

Broad leaf 
forest 

-0.199 -0.03 -0.33 - - 

Needle leaf 
forest 

-0.015 -0.006 -0.034 - - 

C3 grass 1.32 0.54 1.7 - - 
C4 grass 0.35 0.24 0.37 - - 

Shrubland  -1.46 -0.78 -1.7 - - 
Biogeochemistry Tropics -0.001 +0.002 +0.001 +0.06 +0.03 

Extratropics +0.006 +0.007 +0.007 +0.16 +0.05 
Global +0.004 +0.004 +0.004 +0.11 +0.04 

Biogeophysics Tropics -0.005 -0.004 -0.006 -0.05 -0.08 
Extratropics -0.012 -0.011 -0.013 -0.18 -0.12 

Global -0.009 -0.008 -0.011 -0.12 -0.10 
Combined Tropics -0.006 -0.002 -0.005 -0.02 -0.06 

Extratropics -0.006 -0.004 -0.006 0.002 -0.07 
Global -0.005 -0.004 -0.007 -0.01 -0.06 
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There is consensus among the literature that regional climate impacts of LUC from bioenergy 

expansion may be felt more significantly than global impacts, and that these impacts vary 

widely depending on location. For instance, mean biogeochemical warming and 

biogeophysical cooling estimates are projected to be larger for the extratropics than for the 

tropics or the globe in both this study and the work of Hallgren et al. (2013) (see Table 4.6). 

Muri (2018) also demonstrate fluctuations in regional cooling and warming in their scenarios. 

The significance of regional and local climate impacts has been confirmed in various regional 

modelling studies for countries such as the US (VanLoocke et al., 2010; Georgescu et al., 2011; 

Anderson et al., 2013; Caiazzo et al., 2014; Harding et al., 2016), Germany (Tölle et al., 2014), 

Malaysia (Caiazzo et al., 2014) and Mexico (Caiazzo et al., 2014). This literature has 

demonstrated both positive and negative impacts of converting existing cropland or marginal 

land to second-generation bioenergy, particularly highlighting the cooling and warming effects 

of changes in surface albedo, and the potential implications for the water cycle (see Chapter 2, 

Section 2.3.7). Overall, variations between regional and global studies indicate the importance 

of understanding impacts at both levels in future work. 

4.4.3 Biogeochemical Impacts in More Detail 

4.4.3.1 A Comparison to Integrated Assessment Model Studies 

In general, all scenarios show a move towards negative yearly LUC emissions in the second 

half of the century, as deforestation of broad leaf tropical forest slows down in the mid latitudes 

and afforestation of needle leaf forest starts to increase in the high latitudes (see previously in 

Figure 4.4). This corroborates findings produced by the original creators of the MAgPIE 

scenarios, and results for other SSP2 RCP 2.6 scenarios calculated by integrated assessment 

models (IAMs) (Riahi et al., 2017; Popp et al., 2017; IIASA, 2018b). However, LUC emissions 

in this work are low and do not fluctuate much throughout the century, resembling the time 

series calculated by the AIM/CGE model, rather than trends from the MAgPIE or REMIND-

MAgPIE models.  

As a result, the impact of bioenergy on LUC emissions is significantly lower in this work (5 

GtCO2 by 2075–2100 relative to 2005) than for the original scenarios calculated by 

Humpenöder et al. (2018a) (293 GtCO2 by 2100 compared to 2010). In their work, LUC 

emissions increase steadily over the century, peaking in 2100 in all scenarios apart from NoBio 

(see Figure 4.18). Melillo, Reilly, et al. (2009) similarly show a peak in LUC emissions in 
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2100, calculating additional LUC emissions of 164 GtCO2 relative to 2000 due to bioenergy 

incorporation, as discussed in Chapter 1 Section 2.3.7. In contrast to these studies, LUC 

emissions in the UVic simulations peak at around 2040–2050 due to differences in land carbon 

between PC and TL simulations being highest at this point.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Further, by comparing cumulative LUC emissions to overall cumulative CO2 emissions (shown 

previously in Figure 4.7) over the century, this can indicate the time it takes for bioenergy 

carbon savings from avoided fossil fuel combustion to offset LUC emissions (or ecosystem 

carbon payback times (ECPTs). Overall, it takes approximately 11 years (between 2005 and 

2016) for CO2 savings from incorporating bioenergy to compensate the 5 GtCO2 of LUC 

Figure 4.18: Projections of cumulative and yearly LUC emissions in the UVic simulations, in
addition to findings for the original MAgPIE scenarios (as shown in Humpenöder et al.
(2018a)), SSP2 data from the online SSP database (Riahi et al., 2017; IIASA, 2018), and
historical data from the works of Houghton et al. (2012), Friedlingstein  et al. (2010), and
Canadell et al. (2007). 
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emissions produced by 2075–2100. This payback period is relatively low compared to findings 

from Harper et al. (2018), who predict periods of 10–100+ years for scenarios with global 

warming targets of 1.5 °C. 

As discussed, disparities between findings can be attributed to factors such as differences in 

initial carbon stocks, forest change distributions and potential soil carbon uptakes between the 

models. In addition, the use of climate model simulations in this study incorporates the 

interaction between land and the atmosphere, which is not captured in results produced by 

IAMs. LUC emissions in IAMs are instead only calculated as changes in terrestrial carbon 

stocks between two time-steps. Overall, the LUC emissions determined in this study are 

situated almost midway between projections for other SSP2 RCP2.6 scenarios, which 

corresponds well with projected bioenergy demand associated with these scenarios (see Figure 

3.2 in Chapter 3).  

4.4.3.2 A Comparison to Climate Model Studies 

Figure 4.19 displays findings in this chapter for LUC emissions and corresponding 

biogeochemical effects produced in the UVic simulations. Alongside these are results from 

previous work investigating RCP2.6 using GCMs and DGVMs (shown previously in Chapter 

1). The most comparable results to this study are those produced by the models CCSM4 and 

HadGEM2-ES in the works of Lawrence et al. (2012), Brovkin et al. (2013), Davies-Barnard 

et al. (2012), and  Davies-Barnard et al. (2014). These studies calculate LUC emissions of 

between 56.5 GtCO2 and 68.7 GtCO2, and corresponding biogeochemical impacts of between 

(+)0.03 °C and (+)0.04 °C, by 2100. With regards to findings from Brovkin et al. (2013) and 

Davies-Barnard et al. (2014), this is most likely due to similarities between the UVic and 

HadGEM2-ES models in terms of their implementation of LUC, physical model components 

and land-carbon cycles (Alexander and Easterbrook, 2015). Low values produced in the work 

of Lawrence et al. (2012) are the result of low wood harvest flux and net ecosystem exchange 

(NEE) in the RCP2.6 scenario and CCSM4 model. 
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Disparities with other findings in Figure 4.19 are likely due to spatial differences in LUC in 

the simulations, differences in climate-carbon cycle interactions (Houghton et al., 2012), and 

the incorporation of specific land-use processes (e.g., wood harvest). As discussed in the 

Chapter 2 Section 2.3.6, the high LUC emissions projected by the MPI-ESM model, in the 

work of (Brovkin et al. (2013), are attributed to an over-estimation of initial carbon stocks in 

the tropics and dry lands. Transition land-use matrices used in the MPI-ESM and MIROC-

ESM models also lead to high terrestrial carbon losses, due to additional CO2 emissions from 

clearing and regrowth of forest (Hurtt et al., 2011). These additional emissions are not included 

in results for the UVic model in this work or other studies presented in Figure 4.19, which only 

represent LUC emissions from net changes in crop, pasture, and forest area. For results 

produced using DGVMs, biogeochemical temperature differences for the same LUC emissions 

are due to different TCRE values used. It is difficult to determine why such large differences 

exist between this work and findings from Simmons and Matthews (2016) (who also use the 

UVic ESCM v2.9), without knowledge of changes in land-use areas in their RCP2.6 scenario. 

However, it is likely due to differing forest change distributions within PC simulations and the 

impact this has on natural carbon uptake from land. 

Figure 4.19: LUC emissions and corresponding biogeochemical effects on temperature, 
calculated in this study and for RCP2.6 scenarios in a range of studies using GCMs and 
DGVMs. Results in this study are shown as the average for the period 2075–2100, and 
maximum values (between 2005 and 2100, relative to 2005). Literature findings are for the 
period 2099–2100 relative to 2000-2006. 
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4.4.3.3 Soil Carbon Dynamics 

As displayed in Section 4.3.5.1, land-use change can greatly impact soil carbon dynamics by 

altering carbon inputs, decomposition, and turnover, thus impacting carbon sequestration and 

loss (Post W. M. and Kwon K. C., 2000; Guo and Gifford, 2002; Lal, 2004; Elmore and Asner, 

2006; Lemma et al., 2006; Zhang et al., 2013). Alterations in soil carbon are dependent on 

multiple factors, such as the location and scale of land-use change, changes in climate, and 

changes in net primary production (or NPP, i.e., how much CO2 is taken in via photosynthesis 

vs how much is released during respiration). In the UVic simulations, increases in soil carbon 

occur largely over non-deforested areas and where shrubland has been converted to cropland, 

particularly in regions such as South Brazil, Sub-Saharan Africa, and Northeast Asia (see 

Figure 4.20). This is due to changes in climate, enhanced NPP caused by increased 

atmospheric CO2, as well as drier conditions after shrubland conversion (dryness equals 

precipitation minus evaporation, explained more in Section 4.4.4).  

Deforestation and dieback lead to an almost immediate loss in soil carbon which continues over 

the century, as shown in both TL and PC simulations across Central and Eastern Brazil, Central 

Africa, Central America, and Southeast Asia and Japan. After deforestation, leaf litter-fall 

carbon is transferred to the soil carbon pool; however, this supply is finite with a lack of input 

to soil carbon occurring in subsequent years. In the tropics, most of this leaf litter input is lost 

through the slash-and-burn removal method (Nair et al., 2009). Over time, warmer soil 

temperatures and wetter conditions lead to more respiration and therefore a reduction in soil 

carbon over deforested areas. In some regions, particularly the tropics (e.g., Central Africa), 

conditions become drier and cooler, causing reduced respiration, therefore larger drawdown of 

atmospheric CO2 and an increase in soil carbon. 

Previous work corroborate these findings, with most indicating significant loss of soil carbon 

after deforestation (Diochon et al., 2009; Bathiany et al., 2010; Nave et al., 2010; Zhang et al., 

2015). For instance, Harper et al. (2018) demonstrate that the loss of soil carbon from large-

scale conversion of forest to bioenergy cropland results in carbon recovery times of around 10–

100+ years. A meta-analysis reviewing 74 publications found that the conversion of native 

forests to croplands reduces soil carbon stocks by approximately 42%, whereas stocks increase 

by 8% following conversion from forest to pasture (Guo and Gifford, 2002). Longobardi et al. 

(2016), who also use the UVic model, similarly demonstrate mixed findings at low and mid 
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latitudes, indicating mainly a soil carbon gain as a result of drier conditions overcoming the 

opposing warmer temperature impacts.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.4.3.4 Impacts of Nitrogen and Phosphorous Cycling 

The terrestrial nitrogen (N) and phosphorous (P) cycles are not included as dynamic 

components of the UVic model (Matthews, 2004), hence the coupling of N and P cycling is not 

represented. In reality, CO2, N, P, and surface temperature all interact to alter plant growth and 

decomposition. Thus, a limitation in N and P (and therefore nutrient) availability for land 

ecosystems could reduce carbon uptake from reforestation, as well as carbon emissions from 

Carbon storage (GtC) 

LUC emissions (GtCO2) 

(BioPC – Bio) × 3.67 

(a) Bio  (b) BioPC 

(c) BioPC ‐ Bio 

Figure 4.20: Spatial representations of soil carbon storage in the BioPC (a) and Bio (b)
simulations, and corresponding soil CO2 emissions (c). Soil CO2 emissions have been calculated
as the difference between terrestrial carbon storage in the Bio and BioPC simulations (TCPC(LUC 

+ FF) – TCLUC + FF), multiplied by the carbon-CO2 conversion factor 3.67.  
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deforestation, as shown in previous work (Sokolov et al., 2008; Thornton et al., 2009; Zaehle 

et al., 2010; Goll et al., 2012; Wang et al., 2015). This suggests that findings for LUC emissions 

from the UVic model (and other models included in Figure 4.19) could be somewhat 

overestimated, though they are low already.  

The exclusion of dynamic N and P cycles from the analysis also omits the effects of pollution 

from fertiliser use and manure application, processes that would likely increase with bioenergy 

expansion. Such operations have led to the conversion of some 120 million tonnes of 

atmospheric nitrogen into reactive forms, and the mining of around 20 million tonnes of 

phosphorous every year (Noone et al., 2013). As a result, agriculture has become the largest 

source of anthropogenic N2O emissions, as well as the release of excess nutrients to waterways 

and coastal zones, which has led to poor water quality, eutrophication, and dead zones 

(Carpenter et al., 1998; Bennett et al., 2001; Townsend et al., 2003; Foley et al., 2005). 

The representation of N2O emissions in climate assessments is important as it increases 

radiative forcing. In addition to direct emissions from fertiliser and manure applications, N2O 

emissions can also be released indirectly from other agricultural processes. These include, 

deposition of crop residues, cultivation of organic soils, and inorganic nitrogen inputs through 

biological nitrogen fixation (direct effects), as well as increased warming, enrichment of 

downstream water bodies from runoff, and downwind nitrogen deposition on soils (indirect 

effects) (Jia et al., 2019). The loss of nitrogen from agriculture can mainly be attributed to the 

lack of synchronisation between crop nitrogen demand and soil nitrogen supply. At the global 

scale, only around 50% of the nitrogen applied to soils is taken up by crops, while the remainder 

is lost to the environment and atmosphere (Bouwman et al., 2009; Bodirsky et al., 2014). 

Previous literature investigating the effects of bioenergy expansion on N2O emissions 

demonstrate mixed findings. Melillo, Reilly et al. (2009) for example, suggest an increase that 

would overwhelm the abatement benefits of avoiding fossil fuels over the next 30 to 50 years. 

However, on further analysis, these emissions are expected to be much lower, due to reductions 

in N2O emissions normally released from healthy natural ecosystems (which are now 

deforested), and reduced application of fertiliser for food production within the scenarios used 

(Kicklighter et al., 2012). In addition, Humpenöder et al. (2018a) use the MAgPIE model to 

show that bioenergy expansion could cause a rise in nitrogen losses of 34% by 2100 due to 

increased fertiliser use, though improvements in fertilisation efficiency could reduce this by 

half.  
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It is evident that nitrogen and phosphorous cycles are important processes that, if included, 

could strengthen analyses provided in this work. However, large uncertainty remains in this 

field, particularly with regards to their influence on the carbon flux associated with land-use 

changes. Hence there is large scope for future assessments in this area. Specifically, future 

work could aim to quantify impacts of land-use in the MAgPIE scenarios on N2O emissions 

and corresponding climate changes. Furthermore, the effects of improvements in fertilisation 

efficiency (as shown in Humpenöder et al. (2018a)) on emissions and environmental pollution 

could be assessed with regards to bioenergy expansion. 

4.4.4 Biogeophysical Impacts in More Detail 

4.4.4.1 A Comparison to Climate Model Studies 

Previous studies have shown similar biogeophysical effects to this work, particularly 

Longobardi et al. (2016) who have used the UVic ESCM 2.9 to determine the biogeophysical 

and biogeochemical effects of forest removal (5–100%) over high, mid and low latitudes. Their 

work similarly indicates that large-scale deforestation in the tropics leads to drier climates, 

higher soil temperatures, increased outgoing latent heat, and reduced sensible heat flux, which 

together generate more biogeophysical cooling than at higher latitudes. In contrast, other 

studies show a reduction in evaporation over deforested regions in the tropics, due to reduced 

leaf area and shallower root systems (Bala et al., 2007; Bathiany et al., 2010; Hallgren et al., 

2013). This tends to lead to increased sensible heat flux which results in a biophysical surface 

air warming, as opposed to the cooling seen in this study. Most studies, however, unanimously 

show that increases in surface albedo due to deforestation have a significant impact on 

biogeophysical cooling. Studies in which sensible heat flux increases generally show the 

resulting biogeophysical warming to be offset by the increases in albedo, resulting in an overall 

cooling effect (Potter et al., 1975; Sagan et al., 1979; Potter et al., 1981; Claussen et al., 2001; 

Ganopolski et al., 2001; Devaraju et al., 2015; Brovkin et al., 2015). 

As mentioned in Section 4.3.4.2, small amounts of biogeophysical warming occur in Southern 

Africa, North America and lower Latin America, due to increased natural forest cover. 

Warming due to afforestation has similarly been found in previous literature (Brovkin et al., 

1999; Claussen et al., 2001; Bala et al., 2007). For example, Claussen et al. (2001) show that 

the biogeophysical processes in mid (20–40°N and 20–40°S) and high (40°N and above) 

northern latitudes dominated over biogeochemical processes, resulting in a global 
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biogeophysical cooling in the case of deforestation and a global biogeophysical warming in the 

case of afforestation.  

4.4.4.2 Impacts of Excluding Cloud Dynamics 

Some previous studies show decreasing atmospheric albedo from reduced cloud cover (due to 

reduced evaporation), both of which lead to increased temperatures (Bala et al., 2007). The 

UVic ESCM does not model clouds explicitly, whereby clouds are prescribed rather than 

calculated dynamically by the model. Thus, in the simulations, surface albedo increase due to 

deforestation is not compensated for by a decrease in atmospheric albedo due to reduction in 

cloud cover over deforested regions, as shown in other modelling studies (Bala et al., 2007; 

Bathiany et al., 2010). This further explains the local biogeophysical cooling that occurs over 

the tropics in all scenarios. Bala et al. (2007) found that the net albedo change over deforested 

regions is negligible as the decrease in atmospheric albedo counteracts the increase in surface 

albedo. On the other hand, some satellite-based literature show that, depending on the scale of 

deforestation, cloud cover may not change and could actually increase over deforested bins 

(Durieux et al., 2003; Chagnon et al., 2004; Montenegro et al., 2009). Uncertainty in previous 

findings further emphasises the importance of incorporating a cloud cover component when 

modelling temperature response to LUC and highlights a key area for further improvements in 

climate modelling. 

4.4.4.3 A Key Missing Component in Climate Assessments and 

Policies 

It is evident that biogeophysical effects can be significant at the local level, demonstrated both 

in the literature and in this work. While these effects have shown to become negligible when 

averaged globally, they can both magnify or dampen biogeochemical effects, depending on the 

location and type of land or land conversion. For instance, in the tropics, where carbon benefits 

of forest carbon stocks and sequestration rates are highest, the biogeophysical effects of these 

forests can amplify the carbon benefits. Additionally, where forests are converted for 

agricultural expansion, biogeochemical warming can both be exacerbated or reduced by 

various biogeophysical effects. Even so, biogeophysical effects tend to be neglected from many 

climate impact assessments. To the authors knowledge, the biogeophysical analysis covered in 

this chapter is one of only three studies that investigate biogeophysical impacts of land-use 
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change following the RCP2.6 pathway (the others being Simmons & Matthews (2016) and 

Davies-Barnard et al. (2014)), and one of three studies isolating global land-climate impacts 

associated with second-generation bioenergy expansion (the others being Hallgren (2013) and 

Muri (2018)). Even for the more studied RCP8.5 pathway, only a handful of assessments 

calculate biogeophysical impacts from land-use change (Lawrence et al., 2012; Brovkin et al., 

2013; Davies-Barnard et al., 2014; Boysen et al., 2014). 

This is further reflected in climate policies for land-based mitigation and adaptation, which rely 

heavily on GHG emissions reductions. Following the Paris Agreement (PA) goal of 

constraining global warming to “well below 2 °C”, countries are expected to report national 

contributions to GHG inventories, as a requirement from the United Nations Framework 

Convention on Climate Change (UNFCCC). In other words, the UNFCCC implicitly assumes 

that reducing GHG emissions, and hence biogeochemical effects, is the only approach for 

countries to mitigate climate change. Within this, the Nationally Determined Contributions 

(NDCs) require forests to supply up to a quarter of planned emission reductions by 2030 (Grassi 

et al., 2017). They further play a key role in mitigation pathways which also rely on other land-

based mitigation solutions such as bioenergy expansion (Griscom et al., 2017; Rockström et 

al., 2017; Popp et al., 2017; Jia et al., 2019), yet as previously stated these pathways are under-

researched in terms of their biogeophysical impacts. 

This exclusion of biogeophysical impacts is largely due to the complexities involved in 

calculation methods (Perugini et al., 2017). For example, model resolutions are currently too 

coarse to provide clear advice for local policy decisions. On the other hand, more in situ 

methods can only provide local information, thus lack key information about global 

teleconnections. That said, neglecting these land-use effects will result in inaccurate 

quantification of contributions to climate change, and may lead to counterproductive actions. 

It is therefore paramount that both biogeochemical and biogeophysical effects are considered 

when evaluating land-use change in climate policies, at both the local and global scale.  

Research is currently in its infancy with regards to tackling this problem. While many studies 

have advocated a more complete approach (Pielke et al., 2002; Marland et al., 2003; West et 

al., 2011; Gotangco Castillo et al., 2012), most do not provide any metric for this, and those 

that do are generally at the local scale (Bright, 2015). Recent developments in techniques using 

high resolution remote sensing data show significant promise for understanding local 

biogeophysical effects on the global scale (Li et al., 2015; Alkama and Cescatti, 2016; Bright 
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et al., 2017; Duveiller, Hooker, et al., 2018; Prevedello et al., 2019; Duveiller et al., 2020). 

However, non-local biogeophysical effects and teleconnections, which can indicate indirect 

effects, are still an important missing factor here. The link between global and regional 

processes remains a huge challenge due to multiple feedbacks between the two scales. Global 

outputs can serve as explicit boundary conditions for smaller scale assessments, highlighting 

areas most vulnerable to climate impacts and thus in need of further investigation. 

The incorporation of land-based mitigation in UNFCCC targets has been a long process with 

complex negotiations (UNFCCC, 2011a; UNFCCC, 2011b; United Nations, 2015; Grassi et 

al., 2018). Small and highly uncertain estimates in global biogeophysical effects, as well the 

lack of a simple metric for calculating these effects, has deterred efforts to include them within 

policies. Significant political changes would also be required to enable country reporting of 

biogeophysical effects under UNFCCC, which is currently entirely based on biogeochemical 

effects. However, this action will become increasingly hard to ignore, given the growing body 

of scientific literature on biogeophysical climate impacts and their policy relevance. 

Accounting for these effects will be a crucial component of mitigation and adaptation policy 

development around bioenergy production, particularly with regards to the incentivisation of 

tropical forest protection through REDD+.  

4.5 Summary and Conclusions 

This chapter explores the role of BECCS as a climate mitigation solution, with a particular 

focus on land-climate interactions. At the global level, findings suggest major benefits in large-

scale BECCS production, whereby substitution of fossil fuel emissions via BECCS leads to a 

cooling effect (of (–)0.44 °C by 2100) which is significantly dominant over the biogeochemical 

warming effect from land conversion ((+)0.0087 °C by 2075–2100). Consequently, estimates 

show that within 11 years (between 2005 and 2016), CO2 savings from implementing bioenergy 

will pay back the LUC emissions produced due to agricultural expansion. In addition, the 

overall climate impact of LUC from second-generation bioenergy expansion is negligible, with 

the combined impact of biogeochemical and biogeophysical effects equating to a cooling of 

only (–)0.0063 °C by 2075–2100. This is largely due to the conversion of shrubland, instead 

of forest, for cropland expansion in the UVic model, resulting in reduced biogeophysical effects 

and increased soil carbon uptake which significantly dampens the CO2 lost from deforestation. 
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Regionally, climate impacts are more significant and vary widely across the globe. 

Biogeochemical warming is expected to be largest in the extratropics (reaching 0.1°C), with 

greater signs of polar amplification occurring due to bioenergy implementation. 

Biogeophysical cooling due to bioenergy expansion is higher in the tropics (reaching up to (–

)0.090 °C), with stronger patterns occurring locally as a result of forest conversion and 

corresponding increases in surface albedo, drier conditions, higher soil temperatures and 

reduced sensible heat fluxes. These patterns occur mainly across parts of Sub-Saharan Africa 

and Latin America, where most energy cropland is planted. Hence, these regions are where 

REDD+ and water protection policies cause most changes in biogeophysical effects. In the case 

of REDD+ implementation, prevention of cropland expansion into forest leads to a small 

reduction in biogeophysical cooling. On the other hand, more land needed for rainfed cropland 

expansion in the water protection scenario results in a small increase in biogeophysical cooling 

over a wider area. Biogeochemical effects are impacted more at the global level, whereby 

incorporation of REDD+ reduces global biogeochemical warming effects. Water protection, 

on the other hand, has little global or regional impact on biogeochemical effects. 

The use of the UVic model in this work provides a mechanism for understanding potential 

global teleconnection impacts of large-scale bioenergy expansion. However, it also brings to 

light uncertainties within certain aspects of climate modelling, such as determining local scale 

effects, interpretations of land-cover changes, climate-carbon cycle interactions, nitrogen and 

phosphorous cycles, soil carbon dynamics, and cloud dynamics. This work also highlights a 

key missing component within land-based climate policies. In addition to effects on 

atmospheric CO2, biogeophysical impacts of LUC need to be included within NDCs over the 

coming years. This will more accurately capture the complete ecological functions of forests 

(and other natural land), and therefore the significance of land conversion for agricultural 

practices such as bioenergy. 
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Chapter 5 Impacts of Bioenergy Expansion on 

Biodiversity 

5.1 Overview 

One of the major concerns regarding large-scale bioenergy deployment is the impacts it could 

have on biodiversity. Potentially significant land requirements could lead to the destruction of 

priority habitat across the globe and thus the loss of many endemic and endangered species. In 

addition, subsequent loss of ecosystem function and different ecosystem services will likely 

impact human health and well-being. 

Chapter 2 highlighted the main gaps in this field, indicating that most previous work is at the 

regional and field level, or focuses on first-generation bioenergy production at the present day. 

Increasing development of projected spatial energy cropland data has led to more recent 

research into the relationship between second-generation bioenergy expansion and biodiversity 

loss (Heck et al., 2018; Tudge et al., 2021; Hanssen et al., 2022). However, a detailed spatial 

analysis of projected land-use pathways is yet to be carried out. 

This chapter implements the MAgPIE scenarios, discussed in Chapter 2, in a two-part 

intercomparison analysis. The first part uses a new approach to the Endemics-Area 

Relationship model to examine potential impacts of habitat loss within the scenarios on 

endemic species loss in biodiversity hotspots. The second part assesses the impacts of cropland 

expansion in the scenarios on endangered and critically endangered species across the Alliance 

for Zero Extinction sites. Further, the effects of incorporating water protection and REDD+ 

sustainability measures will be determined. Through understanding these impacts, this work 

aims to contribute to knowledge of bioenergy’s role within sustainable development goal 

(SDG) 15: “Life on Land”. 
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5.2 Materials and Methods 

5.2.1 Data 

5.2.1.1 Land-Use Change 

To estimate the effects of land-use change on habitat area, this study incorporated the forest 

and cropland variables from the original MAgPIE scenarios. As discussed in Chapters 3 and 

4, these scenarios follow the SSP2 ‘middle of the road’ pathway and lead to global warming of 

around 1.8 °C by 2100, relative to pre-industrial levels. 

Food/feed cropland and energy cropland were used as shown in the MAgPIE scenarios in 

Chapter 3. Although not indicated in Chapter 3, ‘forest’ depicted in the MAgPIE scenarios 

contains both ‘secondary’ and ‘primary’ forest. These two types of forest will both be utilised 

in this chapter. Secondary forest is forest previously disturbed by human activities and 

recovering, while primary forest refers to undisturbed natural forest, both since the beginning 

of the historical simulation. A portion of undisturbed natural forest is within protected forest 

areas, which cover about 12.5% of the initial global forest area. As discussed in Chapter 3, 

unlike the agricultural and livestock sectors, the forestry sector is not executed dynamically in 

the MAgPIE model. The forestry sector consists of forest plantations and modified natural 

forest (e.g., timberland for wood production), and accounts for around 30% of current global 

forest area. Any loss of primary or secondary forest in the MAgPIE scenarios is therefore due 

to conversion to cropland. 

5.2.1.2 Biodiversity  

To determine the impacts of land-use change on biodiversity, this work focused on habitat areas 

of high priority i.e., areas with high values for both vulnerability and irreplaceability (discussed 

previously in Chapter 2, Section 2.4.3.2.4). Two publicly available datasets were therefore 

used which account for this: biodiversity hotspots, outlined in the work of Mittermeier et al. 

(2011), and the Alliance for Zero Extinction (AZE) database (AZE, 2010). 
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5.2.1.2.1 Biodiversity Hotspots 

Biodiversity hotspots were originally identified in the effort to conserve high priority areas. 

They depict biogeographic regions with significant concentrations of endemic species and 

exceptional loss of habitat. 35 hotspots have been identified, each of which contains at least 

1500 (0.5%) of the world’s endemic plant species and has lost at least 70% of its original habitat 

extent (Myers et al., 2000; Mittermeier et al., 2005; Mittermeier et al., 2011). Around 27,298 

vertebrate species have been found, consisting of 4,809 mammals (Nowak, 1999), 9,881 birds 

(Sibley and Monroe, 1990), 7,828 reptiles (Uetz and Etzold, 1996) and 4,780 amphibians (Glaw 

and Köhler, 1998). The other vertebrate group, fishes, is excluded due to poor data, though 

approximately 5,000 species are predicted to inhabit these regions 25 (Eschmeyer, 1998; Myers 

et al., 2000). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1: Biodiversity hotspots and their outer limits, as defined in the works of Mittermeier 
et al. (2005) and Conservation International (2011). 
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Combined, the 35 hotspots originally covered 23.7×106 km2, or 15.9% of the Earth’s land 

surface (Mittermeier et al., 2011). Now, only 3.4×106 km2 (2.3%) of this natural land remains, 

because of extreme habitat destruction over the past century. The hotspots are located to a large 

extent in the tropics, where most of future land-use change is expected to occur (Sala et al., 

2000) (see Figure 5.1).  

5.2.1.2.2 Alliance for Zero Extinction (AZE) Sites 

In addition to large-scale conservation initiatives, finely tuned conservation will be essential in 

small regions of remnant habitat which have equally high irreplaceability and threat (Brooks et 

al., 2006). The AZE database identifies such regions, where species have been classified as 

Endangered (EN) or Critically Endangered (CR) under the IUCN-World Conservation Union 

criteria (IUCN, 2018) (see Figure 5.2). The AZE itself is formed of 93 biodiversity 

conservation institutions from 37 countries, all working to prevent species extinctions (AZE, 

2010). An AZE site is designated if it is the sole area where an EN or CR species occurs and 

contains more than 95% of the global population of that species. These areas have definable 

boundaries within which the character of habitats, biological communities, and/or management 

issues have more in common with each other than they do with those in adjacent areas (Ricketts 

et al., 2005).  

 

 

 

 

 

 

 

 

 

 

Figure 5.2: Sites of critically endangered and endangered species provided in the Alliance for 
Zero Extinction (AZE) database (AZE, 2010). Coloured dots represent AZE sites inside
(yellow) and outside (purple) the biodiversity hotspots shown in Figure 5.1. 
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This study used the number of AZE sites and species count from the year 2018. The AZE 

dataset comprises 585 sites for 918 species of mammals, birds, reptiles, amphibians and 

conifers, of which 81% of the sites are located within biodiversity hotspots (AZE, 2010). Each 

site contains small populations of rare and endemic species. With limited protection and 

extreme vulnerability to habitat destruction, these sites face imminent extinction in the absence 

of conservation action (Mcdonald et al., 2008). This can either be due to local causes or as a 

result of their restricted global range, making them susceptible to external threats. 

5.2.2 Experiments 

5.2.2.1 Biodiversity Hotspot Analysis 

Vulnerability of species within biodiversity hotspots was determined by calculating the 

potential number of species extinctions resulting from LUC in the MAgPIE scenarios. 

Extinction estimates were determined for 5 species groups: plants, mammals, reptiles, 

amphibians, and birds, using the endemics-area relationship (EAR) model. The following 

sections discuss the origins of the EAR model, calculations of habitat loss in the MAgPIE 

scenarios, and application of the EAR model for calculating species loss in biodiversity 

hotspots. 

5.2.2.1.1 Origins of the Endemics-Area Relationship Model 

The Species-Area Relationship (SAR) Model 

The EAR model was originally derived from the species-area relationship (SAR) model, one 

of the longest-researched empirical laws of ecology (Arrhenius, 1921). The SAR model 

consists of a power function that relates the accumulation of species to increasing area, and 

takes the form: 

 𝑆 𝑐𝐴  

where S is the number of species and A is habitat area. c and z are constants which vary 

depending on the type, location, and sample-size of the species, and can be determined using 

the logarithmic representation of the SAR model: 

𝑙𝑜𝑔 𝑆 𝑙𝑜𝑔 𝑐 𝑧𝑙𝑜𝑔 𝐴  

(5.1) 

(5.2) 
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where z describes the slope of the log-log relationship and log(c) describes its intercept. Using 

this representation, studies have determined values of z for different forms of habitat locations. 

For habitat accumulation within a biological region (or province), z values depend on different-

size samples, and area of habitat, and tend to approximate 0.1-0.2 (Rosenzweig, 2001). Island 

system values range between 0.25 and 0.55, depending on sample sizes and distances between 

archipelagic islands (Rosenzweig, 1995; Rosenzweig, 2001). Unlike island species, 

biogeographical provinces generally contain species which have evolved within them, rather 

than immigrating from somewhere else. This is particularly true for different continents or well-

separated periods in the history of life. However, it is expected that every region contains a few 

species that have arrived as immigrants. The z-values of interprovincial SARs account for these 

occurrences, and mostly range between 0.8 and 1 (Rosenzweig, 2003a; Rosenzweig, 2003b). 

Lastly, habitat fragmentation can have an impact on z values in SARs. This is a process 

whereby large and contiguous habitats are divided into smaller, isolated patches of habitat, 

resulting from changes in geological processes in the environment, or more destructive human 

activity, such as land conversion. Across studies, the value for habitat fragmentation has been 

empirically shown to be 0.25 (Rosenzweig, 1995; Crawley and Harral, 2001; Brooks et al., 

2002). 

 

 

 

 

 

 

 

 

 

 

Figure 5.3: The three scales of species-area curve, recreated using findings in Rosenzweig
(2001) and Rosenzweig (2003a). Island SARs are bounded by the intraprovincial SAR of their
province and the interprovincial SAR on which their province lies. 

Intraprovincial: 0.1‐0.2 
Archipelago: 0.25‐0.55 
Interprovincial: 0.8‐1.0 

z‐value ranges: 
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The original SAR can be modified to predict the number of species extinctions that could occur 

from habitat loss. Equations (5.3)–(5.9) describe this transformation, whereby Equation (5.1) 

is first adjusted for species count 𝑆  and area 𝐴  for the original habitat: 

𝑆  c𝐴  

As well as species count 𝑆  and area 𝐴  for the remaining patch of habitat after habitat loss: 

𝑆  c𝐴 . 

Dividing Equation (5.4) by Equation (5.3) thus yields the fraction of original species 
remaining in a sub-patch of habitat: 

𝑆 /𝑆  𝐴 /𝐴 . 

Multiplying Equation (5.5) through by 𝑆  yields  

𝑆  𝑆 𝐴 /𝐴 . 

Lastly, subtracting from the original 𝑆  estimates the number of potential extinctions occurring: 

𝑆  𝑆  𝑆 𝑆 𝐴 /𝐴  

 

The fraction of original species 𝑆  lost is therefore: 

𝑓  1 𝐴 /𝐴 . 

In some literature this is written as 

𝑓  1 1 ɸ , 

where ɸ  is the fraction of the habitat being cleared. 

Discrepancies Using the SAR Model 

While numerous studies have implemented the SAR model for extinction estimates (Brooks et 

al., 2002; Malcolm et al., 2006; Jantz et al., 2015; Chaudhary and Mooers, 2017), it has been 

highly criticised across literature for over-estimating species extinction risk (May et al., 1995; 

Pimm and Askins, 1995; Rosenzweig, 1995). This is largely because it doesn’t account for the 

fact that the area required for species extinctions is normally larger than the sample area needed 

to encounter the species (He and Hubbell, 2011). It also fails to indicate a time frame in which 

(5.3) 

(5.4) 

(5.5) 

(5.6) 

(5.7) 

(5.8) 

(5.9) 
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extinctions are likely to occur because extinction debt is not accounted for (Chevin et al., 2010; 

Pereira et al., 2010) (see Chapter 2, Section 2.4.3.2.3 for more detail). 

The Endemics-Area Relationship (EAR) model 

Harte and Kinzig (1997) overcome this discrepancy by using the SAR model to derive the 

endemics-area relationship (EAR) model, where “endemic” refers to species located only 

within a cleared patch of larger habitat and nowhere else. Using the EAR, the fraction of species 

lost can be calculated as 

𝑓  ɸ  = 𝐴 /𝐴 . 

where, as in the case for Equation (5.9), 𝐴  and ɸ  are the area and fraction of the habitat 

being cleared, respectively. z’  is a constant, related to the SAR exponent z  by the formula  

𝑧  ln 1 1/2 /ln 2 . 

As stated previously, 𝑧 values can vary depending on habitat location. This study used three 

different values of 𝑧 to calculate 𝑧 : a typical value for island systems and fragmented habitats 

(𝑧 = 0.25; Rosenzweig (2001), Brooks (2002)), a conservative value more representative of 

continental situations (𝑧 = 0.15; Malcolm et al. (2006); and an intermediate value (𝑧 = 0.2; 

Bergl et al. (2007)). 

5.2.2.1.2 Habitat Loss in Biodiversity Hotspots 

Calculating the fraction of habitat being cleared (ɸ ) requires defining what “habitat” is 

suitable for the 5 species groups (plants, amphibians, birds, mammals, and reptiles) being 

considered. In this study, forest was considered as the best quality habitat. In other words, a 

transition from forest to any other land-use state was counted as a complete loss of habitat, as 

assumed in previous similar work (Malcolm et al., 2006; Jantz et al., 2015). Other land-use 

types such as energy cropland, food/feed cropland, pasture, other natural land and built-up area 

were treated as low-quality habitat or uninhabitable (i.e. not a habitat) (Wiens et al., 2011). 

Primary (or ‘old-growth’) forest is considered to be more favourable habitat than secondary 

forest (IPBES, 2019; FAO and UNEP, 2020),  however secondary forest regrowth could help 

prevent mass extinctions in the long term (Wright and Muller-Landau, 2006). Thus, for the 

purpose of this study, both primary forest and secondary forest were treated as habitat. Previous 

(5.10) 

(5.11) 
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literature has demonstrated that a proportion of species occurring in primary forests can be 

found in nearby secondary forests, depending on the age of the secondary forest (Dunn, 2004; 

Barlow et al., 2007; Chazdon et al., 2009; Xu et al., 2015). The work of Chazdon et al. (2009), 

for instance, provides such proportions, collected from 26 different studies and covering a 

variety of plant and vertebrate species in 14 countries. Figure 5.4 displays relationships 

between proportions taken from Chazdon et al. (2009) and age of secondary forest, categorised 

into the five main species classes: plants, amphibians, birds, mammals and reptiles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4: Relationships between proportions of primary forest species found in secondary 
forests and different ages of secondary forest. Proportions have been taken from the work of
Chazdon et al. (2009) for (a) plants, (b) amphibians, (c) birds, (d) mammals and (e) reptiles. 

(a)  (b) 

(c)  (d) 

(e) 
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Using these relationships, proportions were determined for three potential scenarios: a 

‘Baseline’ case, whereby secondary forest is 20 years old in 2005, a ‘Low’ case in which 

secondary forest is 10 years old in 2005, and a ‘High’ case which assumes secondary forest is 

40 years old in 2005. Table 5.1 provides proportions of species occurring in both primary and 

secondary forests (‘Mixed’), alongside remaining species occurring only in primary forests 

(‘Only Primary’), for each scenario and species class. These values were then factored into the 

EAR equation to calculate species extinctions for each biodiversity hotspot. 

Table 5.1: Proportions of species from primary forests that can occur in nearby secondary 
forests (‘Mixed’), and remaining proportions of species only found in primary forests 
(‘Primary’), depending on the age of the secondary forest (10, 20 or 40 years old). 

 

5.2.2.1.3 Species Extinctions in Biodiversity Hotspots 

The EAR model in Equation (5.10) can be modified to encompass species that can exist in 

both primary and secondary forests. For species which only occur within primary forest, the 

fraction of species lost by 2100 due to primary forest clearing is: 

𝑓  ɸ  𝑃𝐴 /𝑃𝐴 ,  

whereby 𝑃𝐴  is the original primary forest area. 𝑃𝐴 and ɸ  are the area and fraction of 

primary forest being cleared, respectively. For species which occur within both primary and 

secondary forest, the fraction of species lost (by 2100) due to primary and secondary forest 

clearing is thus: 

𝑓 ɸ ɸ  𝑃𝐴 /𝑃𝐴 𝑆𝐴 /𝑆𝐴 , 

 Baseline 
20 years 

Low 
10 years 

High 
40 years 

 
Mixed 

Only 
Primary  

Mixed 
Only 

Primary 
Mixed 

Only 
Primary 

Plants 0.31 0.69 0.27 0.73 0.34 0.66 
Mammals 0.72 0.28 0.65 0.35 0.79 0.21 
Birds 0.66 0.34 0.58 0.42 0.75 0.25 
Reptiles 0.58 0.42 0.52 0.48 0.64 0.36 
Amphibians 0.57 0.43 0.48 0.52 0.66 0.34 

(5.12) 

(5.13) 
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whereby 𝑆𝐴  is the original secondary forest area. 𝑆𝐴 and ɸ  are the area and fraction of 

secondary forest being cleared, respectively. To calculate areas of primary and secondary forest 

loss within biodiversity hotspots, land-use data for the MAgPIE scenarios is overlayed with 

hotspot extents, taken from the Conservation International (2011) database. 

Multiplying Equations (5.12) and (5.13). through by the original number of species only in 

primary forest 𝑃𝑆 , and in both primary and secondary forest (mixed) 𝑀𝑆  respectively, gives 

the number of species lost due to primary and secondary forest loss: 

𝑃𝑆  𝑃𝑆 ɸ  𝑃𝑆 P𝐴 /𝑃𝐴  

𝑀𝑆 𝑀𝑆 ɸ ɸ  𝑀𝑆 𝑃𝐴 /𝑃𝐴 S𝐴 /𝑆𝐴 . 

Here, 𝑃𝑆  and 𝑀𝑆  are calculated as 

𝑃𝑆 𝑓 𝑇𝑆  

𝑀𝑆 𝑓 𝑇𝑆 , 

whereby 𝑓  and 𝑓  are the original fractions of species occurring in only primary 

forest and in both primary and secondary forests, respectively, displayed in Table 5.1. 𝑇𝑆  is 

the total number of species found within each hotspot in 2005, taken from Mittermeier et al. 

(2005). 

Lastly, the total number of species lost due to habitat loss in the biodiversity hotspots can be 

calculated as  

𝑇𝑆  𝑃𝑆  𝑀𝑆 . 

5.2.2.2 AZE Analysis 

To understand impacts on endangered and critically endangered species, this study used spatial 

overlay to quantify infringement of energy and food/feed cropland expansion on AZE sites. To 

do this, the number of AZE sites directly impacted by cropland in the MAgPIE scenarios was 

calculated, whereby sites which contained grid cell fractions higher than zero as a result of 

cropland expansion were counted as ‘impacted’ sites. Next, the sum of species per site was 

estimated, and the results used to predict the total species impacted by future cropland 

expansion.  

(5.14) 

(5.15) 

(5.16) 

(5.17) 

(5.18) 
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5.3 Results 

5.3.1 Biodiversity Hotspot Analysis 

5.3.1.1 Habitat Extent at Present Day 

In 2005, the biodiversity hotspots contain 1.12×106 km2 of primary forest and 6.25×106 km2 of 

secondary forest (around 0.75% and 4.2% of the Earth’s surface respectively). Together this 

equates to 7.37×106 km2 (4.9%) of total global forest that exists across the hotspots. Previous 

studies show varying but comparable findings. Jantz et al. (2015) use primary forest only as a 

proxy for habitat. They report area of primary forest in hotspots to be 6.79×106 km2 (4.6%) in 

2005, around six times the area of primary forest found in this study. This discrepancy is due 

to the exclusion of wood harvest from data used in this study (Humpenöder et al., 2018b). 

Wood harvest accounts for approximately 30% of current global forest area, and is incorporated 

as primary forest in the work of (Jantz et al., 2015). Mittermeier et al. (2005) estimate total 

habitat area to be 3.38×106 km2 (2.3%), whereby habitat covers a variety of biomes situated in 

primary forests, secondary forests, grasslands and shrublands. This value is somewhat closer 

to the 7.37×106 km2 habitat area used in this study, assuming that only a portion of species are 

expected to occur in the 6.25×106 km2 of secondary forest. 

Discrepancies between studies could also be caused by variation in spatial distributions of land 

use across biodiversity hotspots. Differences are mainly evident in Indo-Burma, Sundaland, 

and Cerrado, accounting for 0.35×106 km2 (32%) of primary forest. This could be due to a lack 

of data for these hotspots, which should demonstrate rapid increases in deforestation rates that 

have occurred over recent decades (Sodhi et al., 2004). 

5.3.1.2 Future Global Habitat Loss 

Across the four MAgPIE scenarios, total changes in forest (primary and secondary) in the 

biodiversity hotspots is projected to be from (–)1.37×106 km2 to (+)0.216×106 km2 between 

2005 and 2100, equivalent to around (–)18.6% – (+)2.9% of forest present in 2005. As shown 

in Figure 5.5, the loss of forest is due to the expansion of food/feed and energy cropland 

worldwide. 
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In the scenario without bioenergy (NoBio), a 44% increase in food/feed cropland leads to a 

loss of 0.0694×106 km2 (6%) of primary forest and 0.287×106 km2 (5%) of secondary forest. 

The incorporation of large-scale second-generation bioenergy production results in an 

additional increase in energy cropland of 2.49×106 km2 by 2100, instigating a further loss of 

around 0.157×106 km2 (14%) of primary forest and 0.819×106 km2 (13%) of secondary forest 

(a total of 0.977×106 km2 of forest loss) compared to the NoBio scenario. This is further 

exacerbated by the inclusion of a water protection policy, resulting in an additional loss of 

0.04×106 km2 of total forest compared to the Bio scenario. In contrast, the effect of a REDD+ 

scheme, alongside bioenergy production, is an overall total gain in forest (0.216×106 km2; 

2.9%) relative to forest extent in 2005, whereby land currently used for pasture and food/feed 

cropland is instead used for energy cropland expansion. 

5.3.1.3 Regional Habitat Loss 

Regional analysis of the scenarios shows that habitat loss due to cropland expansion mainly 

occurs across biodiversity hotspots located in the tropics. The impact of both food/feed and 

energy cropland expansion is evident in results for the Bio scenario (see Figure 5.6). In this 

scenario, condensed but highly concentrated loss of primary forest occurs in five main regions: 

the Philippines, East Africa (in the Eastern Afromontane and Madagascar hotspots), West 

Africa (in the Guinean Forests), Brazil (in the Atlantic Forest), and Central America and the 

Figure 5.5: Total land-use change in the MAgPIE scenarios across 35 biodiversity hotspots in
2100, relative to 2005.  
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western edge of the Amazon basin (in the hotspots Mesoamerica and the Tropical Andes) (see 

Figure 5.6, (a)–(e)). Large patches of dense secondary forest loss often occur adjacent to 

primary forest loss in most of these regions. Such high concentrations are mainly attributed to 

energy cropland expansion. As shown in Figure 5.7, considerably lower percentages of 

primary and secondary forest loss occur in most of these regions for the scenario excluding 

bioenergy (NoBio).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6: Percentage of primary forest loss (P-blue) and secondary forest loss (SL-red) and 
gain (SG-green) in the MAgPIE Bio scenario, for 2100 relative to 2005. 
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Implementation of REDD+ in Bio-REDD reduces the overall impact of cropland expansion on 

forest. In some hotspots, this leads to lower forest loss than that found in the NoBio scenario. 

The REDD+ scheme is least effective in Asia, where total secondary and primary forest loss 

reaches up to 6% ((–)3.54×106 km2) and 2% ((–)0.636×106 km2), respectively ― across Japan, 

Mountains of Central Asia, Western Ghats and Sri Lanka, Himalaya, and the Philippines ― by 

2100 (relative to forest 2005), whereby the highest percentage occurs in the Philippines. The 

overall impact of a water protection policy alongside bioenergy production (in Bio-WaterProt) 

is an increase in forest loss in many hotspots. For most affected hotspots this is a small increase, 

Figure 5.7: Percentage change in primary and secondary forest in the MAgPIE scenarios for 
each biodiversity hotspot, by 2100 relative to 2005.  

(b) Secondary 

(a) Primary 

   Africa     Asia     Europe  N.A.     Oceania  S.A. 
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though larger impacts are seen in the Coastal Forests of Eastern Africa, Madrean-Pine Oak 

Woodlands, Irano-Anatolian and South-East Asian hotspots: Sundaland, Wallacea and Indo-

Burma.  

In some areas, dispersed low percentages of habitat loss occur because of cropland expansion. 

This is particularly noticeable in Southeast Asia, where low-density primary and secondary 

forest loss occurs across almost the entire Himalaya and Wallacea hotspots, as well as large 

patches of Indo Burma (most of Myanmar) and Sundaland (see Figure 5.6 (e)). In these 

hotspots, though percentages of forest loss are relatively low across the scenarios, total areas 

of primary forest loss lie within the tenth highest findings of all 35 hotspots, as displayed in 

Figure 5.8. 

Overall, 20 hotspots show signs of primary forest loss, whereby significant losses occur in 13 

of these hotspots. Reductions in secondary forest appear in most of these hotspots, in addition 

to several others. In Cerrado, a loss of around 800,000 km2 of secondary forest occurs across 

the scenarios ― the highest out of all 35 hotspots ― however there is zero primary forest loss. 

The highest area of primary forest loss occurs in the Tropical Andes, estimating at around 

44,000 km2 for the Bio scenario, and 45,000 km2 and 1,900 km2 for the Bio-WaterProt and 

Bio-REDD scenarios, respectively. 

In some hotspots, secondary forest increases (see Figure 5.6 (b)). This mainly occurs in South-

East Asia, Europe, and Central America, and is more prevalent in the NoBio and Bio-REDD 

scenarios. As discussed in Chapter 3, changes in forestry do not occur in the MAgPIE 

scenarios. Increases in secondary forest are therefore mainly due to natural regeneration after 

disturbance and tend to occur near regions of primary and secondary forest loss. Species loss 

is calculated using forest loss extent; hence, increases in secondary forest are not mentioned 

further in this study. 
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 Figure 5.8: Primary (a) and secondary (b) forest loss in the MAgPIE scenarios, for each
biodiversity hotspot, by 2100 relative to 2005. ‘I.Os’ stand for Indian Ocean islands, and
‘W.A’ stands for West Africa.  

(a) 

(b) 
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5.3.1.4 Endemic Species Extinctions Due to Habitat Loss 

5.3.1.4.1 Global Species Loss 

Using the EAR model, estimates of endemic plant and vertebrate (mammal, bird, reptile, and 

amphibian) species extinctions have been calculated as a result of habitat loss occurring in each 

hotspot between 2005 and 2100. As discussed in Section 5.2.2.1.2, this study assumes that all 

species considered occur primarily in primary forests, whereby a portion of these species also 

occur in secondary forests. Therefore, hotspots that show zero primary forest loss result in zero 

extinctions, even if loss of secondary forest occurs in the hotspot.  

In total, 16 biodiversity hotspots contain species loss due to habitat loss. Figure 5.9 displays 

potential global numbers of extinctions, for each MAgPIE scenario; calculated using z values: 

0.15, 0.2 and 0.25, to represent varying habitat locations, and secondary forest ages: 10, 20 and 

40 years old.  

 

 

 

 

 

 

 

 

 

 

Habitat loss due to conversion to food/feed cropland in the scenario excluding bioenergy, 

NoBio, results in a potential loss of approximately 4,500–5,330 (3–3.5%) plant species and 

243–343 (2.3–3.3%) vertebrate species. In comparison to the NoBio scenario, energy cropland 

expansion in the Bio scenario leads to an additional loss of around 11,600–14,500 (10.5–13% 

(a)  (b) 

Figure 5.9: Global numbers of plant (a) and vertebrate (b) extinctions in the MAgPIE 
scenarios, calculated using z values: 0.15, 0.2 and 0.25, and secondary forest ages: 10, 20 and
40 years old. 
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in total) plant species and 686–1060 vertebrate species (8.8–13% in total). Although the 

implementation of a water protection policy alongside bioenergy expansion leads to a small 

increase in global forest loss (as discussed in Section 5.3.1.2), the distribution of this 

deforestation across the biodiversity hotspots results in a slightly lower number of overall plant 

and vertebrate extinctions than in the Bio scenario. In comparison to the NoBio scenario, the 

Bio-WaterProt scenario leads to an additional loss of around 11,400–14,500 plant species 

(10.4–12.8%) and 653–987 (8.5–12.6%) vertebrate species, thus reducing impacts of bioenergy 

by around 200 plant species and 33–73 vertebrate extinctions.  

Implementation of a REDD+ scheme in the Bio-REDD scenario significantly reduces the 

impact of bioenergy on biodiversity, whereby species loss is even smaller than the loss from 

excluding bioenergy altogether (in the NoBio scenario). The resulting impact from Bio-REDD 

is a total of 242–491 (0.16–0.32%) plant species and 9–25 vertebrate (0.09–0.24%) species lost 

by 2100. This equates to 15,858–19,339 plant and 920–1,378 vertebrate species prevented from 

being lost compared to the bioenergy scenario without REDD+ (Bio). Thus, together the 

REDD+ and water protection policies could considerably reduce the loss of terrestrial species, 

and aquatic species (Bonsch et al., 2015). 

Further demonstrated in Figure 5.9 is the impact of z values and secondary forest ages used to 

quantify species extinctions. The higher the z value, the larger the number of extinctions found 

for a particular hotspot. In addition, the more extinctions calculated for a scenario, the more 

impact z has; for example, a wider range of extinctions is found for the Bio scenario than for 

the NoBio scenario. Secondary forest age has a negative correlation with species extinctions 

across all scenarios. In other words, as the age of secondary forest increases, more species are 

found in these forests (in addition to primary forests), therefore the number of species lost 

decreases.  

5.3.1.4.2 Species Loss Within Hotspots 

Table 5.2 displays values of endemic species lost in each of the 16 hotspots between 2005 and 

2100. Results are provided for each MAgPIE scenario; whereby secondary forest age and z 

value are assumed to be 20 years and 0.2 respectively. For the Bio and Bio-WaterProt scenarios, 

the majority of species lost occurs in roughly half of the hotspots, whereby the highest number 

of extinctions occurs in Madagascar and the Indian Ocean Islands. In relative terms, the highest 

percentage of extinctions occurs in the Philippines, despite the area of primary forest loss in 
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this hotspot ranking thirteenth out of all findings (see Figure 5.8 (a)). This is due to its high 

level of biodiversity in 2005 (see Table 5.2), in addition to large percentages of primary and 

secondary forest loss by 2100 (as shown in Figure 5.7). Other hotspots with significantly high 

species loss in these scenarios are the Atlantic Forest, the Caribbean Islands, East Afromontane 

and the Guinean Forests of West Africa, reaching values of 654–3,613 (9–42%). 

Table 5.2: Numbers (and percentages) of species lost in 16 biodiversity hotspots, for each 
MAgPIE scenario, in 2100 compared to 2005. Species counts in 2005 have been taken from 
the work of Mittermeier et al (2005). Values are calculated using parameters: z = 0.2 and 
secondary forest age = 20 years. 

 

 

Hotspot 
Number 
of species 
in 2005  

Number (and percentage) of species lost by 2100 

NoBio Bio  Bio-REDD 
Bio-

WaterProt 

Tropical Andes 16,598 7  (0.05) 91  (0.6) 4  (0.02) 96  (0.6) 

Sundaland 15,735 11  (0.07) 11  (0.07) 0 (0) 46  (0.3) 

Madagascar and 
the Indian Ocean 
Islands 

12,520 2  (0.02) 6,701  (54) 0 (0) 6,757  (54) 

Atlantic Forest 8,599 292  (3) 3,518  (41) 0 (0) 3,613  (42) 

Indo-Burma 7,489 0 (0) 25  (0.3) 0 (0) 57  (1) 

Caribbean Islands 7,390 0 (0) 2,310  (31) 0 (0) 654  (9) 

Philippines 6,612 4,791  (72) 4,589  (69) 363  (6) 4,532  (69) 

Madrean Pine-
Oak Woodlands 

4,091 0 (0) 3  (0.07) 0 (0) 26  (0.7) 

Himalaya 3,277 9  (0.3) 9  (0.3) 3  (0.1) 8 (0.2) 

Western Ghats 
and Sri Lanka 

3,416 16  (0.5) 12  (0.35) 1  (0.03) 10  (0.3) 

Mesoamerica 3,813 0 (0) 61  (1.6) 0 (0) 4  (0.1) 

Tumbes-Chocó-
Magdalena 

2,999 11  (0.4) 20 (0.7) 0 (0) 20  (0.7) 

Eastern 
Afromontane 

2,742 0 (0) 831  (30) 0 (0) 1,035  (38) 

Guinean Forests 
of West Africa 

2,077 0 (0) 878  (42) 0 (0) 896  (43) 

Coastal Forests of 
Eastern Africa 

1,835 40  (2) 40  (2) 0 (0) 1,083  (59) 

Wallacea 2,023 1  (0.07) 1  (0.04) 0 (0) 7  (0.35) 

Total 101,216 5,182 (5) 19,100 (19) 372 (0.4) 18,845 (19) 



5.3 Results 167

 

As shown in Section 5.3.1.4.1, the overall impact of implementing a water protection policy in 

the biodiversity hotspots, is a reduction in species loss. Five out of the sixteen hotspots in Table 

5.2 show less species extinctions in the Bio-WaterProt scenario compared to the Bio scenario, 

however the largest reduction occurs in the Caribbean Islands, whereby 1,656 fewer species 

are impacted. This is due to a reduction of 30% of primary forest and 10% of secondary forest 

from implementation of water protection in this hotspot. For the five most populated hotspots, 

the addition of a water protection policy, in Bio-WaterProt, leads to a slight increase in number 

of endemic species extinctions. Increases are also seen in the three African hotspots, Eastern 

Afromontane, Guinean Forests of West Africa and Coastal Forests of Eastern Africa. The latter 

of these is the strongest affected out of all hotspots, whereby an additional 1,043 species are 

lost due a further loss of around 60% of primary forest and 20% of secondary forest compared 

to the Bio scenario.  

Incorporation of REDD+ in the Bio-REDD scenario results in dramatic reductions of 

extinctions across all hotspots, whereby nearly zero species loss occurs in all hotspots apart 

from the Philippines. In the Philippines, around 360 (6%) species are still lost in the Bio-REDD 

scenario by 2100. This is due the conversion of approximately 40% of primary forest and 10% 

of secondary forest to cropland. 

Eliminating bioenergy altogether in the NoBio scenario similarly reduces extinctions in all 

hotspots, though the expansion of food/feed cropland still induces high species loss in the 

Atlantic Forest and Philippines. For the latter, this cropland expansion is higher than in any 

other MAgPIE scenario, leading to greater species loss (e.g., 3% more extinctions than in the 

Bio scenario). 

5.3.2 AZE analysis 

5.3.2.1 Impacts of Cropland Expansion on AZE sites 

Cropland expansion in the MAgPIE scenarios is expected to have significant impacts on 

endangered and critically endangered species occurring in the Alliance for Zero Extinction 

(AZE) sites. In the NoBio scenario, around 27% (247) of all 920 species are affected by 

conversion of habitat to food/feed cropland (see Table 5.3). High increases in energy cropland 

in the bioenergy scenarios (Bio, Bio-REDD and Bio-WaterProt), in addition to food/feed 

cropland expansion, lead to around two thirds of all species experiencing loss of habitat in these 
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scenarios. For the Bio scenario, 601 (out of 894) vertebrate species and 18 (out 26) conifer 

species are affected. Thus, 372 (40%) out of 920 AZE species are impacted by bioenergy 

incorporation alone. The impact of a water protection scenario is a slight increase of 4 conifer 

and 3 vertebrate species being affected. Unlike in the hotspot analysis, the incorporation of 

REDD+ has an overall negative impact on AZE species, whereby an extra 9 species are affected 

by corresponding changes in cropland distribution.  

In the NoBio scenario, South America is projected to have the largest number of species 

affected by food/feed cropland expansion, reaching 79 species by 2100; all of which are 

vertebrates. For the scenarios including energy cropland expansion, the highest impacts occur 

in North America, whereby habitats of 219-222 species are affected. As shown in Figure 5.10 

for the Bio scenario, most impacted AZE sites occur in concentrated regions across Mexico 

and countries in Central America, as well as in South American countries Colombia, Ecuador, 

Peru and Brazil. Simultaneously, these sites are located near or within hotspots Mesoamerica, 

Tumbes Chocó-Magdalena, Tropical Andes, and Atlantic Forest; areas which, as shown in 

Section 5.3.1, are particularly affected by potential primary and secondary forest loss, and 

therefore species loss. 

 

Table 5.3: Numbers of endangered and critically endangered AZE species impacted by energy 
and food/feed cropland expansion by 2100 in the MAgPIE scenarios. 

 

 

 

Type of Cropland Scenario Conifer Vertebrate Total 

Energy cropland 
Bio 10 547 557 

Bio-REDD 12 569 581 
Bio-WaterProt 15 553 568 

Food/feed cropland 

NoBio 8 239 247 
Bio 11 270 281 

Bio-REDD 9 293 302 
Bio-WaterProt 14 272 286 

Either energy or 
food/feed cropland 

NoBio 8 239 247 
Bio 18 601 619 

Bio-REDD 17 611 628 
Bio-WaterProt 22 605 627 
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Asia and Africa have similarly high impacts, with 107-109 and 85-87 species respectively 

being infringed upon across the bioenergy scenarios. For Asia, this is widespread across 

Southern, East and South-East Asia, and contains the highest number of affected plant species 

compared to other regions. For Africa, affected AZE sites mostly occur in eastern regions, 

though are spread out across the continent, as well as being located within biodiversity hotspots. 

The lowest numbers of species loss are seen in regions with fewer AZE sites, i.e., Oceania and 

Europe, with only 1-2 species being affected in Europe across the scenarios.  

Figure 5.10: Alliance for zero extinction (AZE) sites of endangered and critically endangered 
species (red dots), overlayed onto changes in energy (a) and food/feed (b) cropland, in the 
MAgPIE Bio scenario, between 2005 and 2100. In the figure key, upward and downward 
arrows represent increase and loss in cropland.  

(a) 

(b) 

%  
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Table 5.4: Regional numbers of endangered and critically endangered AZE species impacted 
by cropland expansion in the MAgPIE scenarios. 

 

 

 

 

Region and 
Species  

 Scenario 
Total in 

2010 
NoBio Bio 

Bio-
REDD 

Bio-
WaterProt 

Africa 140  41 107 109  107 

   Conifer 3  1 3 3  3 

   Vertebrate 137  40 104 106  104 

Asia 141  54 87 87  85 

    Conifer 9  2 9 8  7 

   Vertebrate 132  52 78 79  78 

Europe  11  1 2 2  3 

    Conifer 1  0 0 0  1 

   Vertebrate 10  1 2 2  2 

North America 298  56 219 222  220 

    Conifer 5  1 4 4  4 

   Vertebrate 293  55 215 218  216 

Oceania 80  16 14 10  20 

   Conifer 8  4 2 2  7 

   Vertebrate 72  12 12 8  13 
South America 250  79 190 198  192 
    Conifer 0  0 0 0  0 

   Vertebrate 250  79 190 198  192 
World 920  247  619  628  627 

   Conifer 26  8  18  17  22 

   Vertebrate 894  239  601  611  605 
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5.4 Discussion  

5.4.1 Impacts on Species Classes 

Expansion of cropland in the MAgPIE scenarios leads to significant impacts across all species 

classes, whereby the largest numbers of extinctions occur for plants (see Figure 5.11). The 

biodiversity hotspots collectively hold over 150,000 endemic plant species, accounting for 50% 

of all endemic plant species worldwide (Mittermeier et al., 2011). Of these, around 11–13% 

(~11,600–14,500 species) are projected to become extinct following habitat loss in the 

bioenergy scenarios, though this is significantly reduced with REDD+ implementation (as 

shown in Section 5.3.1.4.1). In addition, 54% (14) of endangered and critically endangered 

AZE conifer species are threatened by cropland expansion. Out of all species classes, plants 

are most at risk of extinction, with 7,925 endangered species and 4,819 critically endangered 

species being identified globally in 2021. Plants are particularly vulnerable during habitat 

destruction due to their inability to disperse to new habitat patches. In many cases, even plants 

that appear dominant (i.e. are abundant in undisturbed fragments remaining after destruction), 

disappear over time, otherwise known as “extinction debt” (Tilman et al., 1994; Noh et al., 

2019).  

Among the vertebrate species, amphibians are the most heavily impacted species in the AZE 

analysis. By 2100, food/feed cropland expansion in the NoBio scenario is projected to affect 

170 (33%) amphibian species. The incorporation of second-generation bioenergy has a 

significant impact on amphibians, whereby a loss of 246 species is projected by 2100, relative 

to the NoBio scenario. This is equivalent to 48% of total amphibian species present in 2010. 

Amphibians are currently undergoing severe global decline, and many are on the brink of 

extinction (Stuart et al., 2004). The IUCN Red List indicates that amphibian species are notably 

more at risk than any other vertebrate species, with 2,444 species being globally threatened and 

663 species listed as Critically Endangered (IUCN, 2022b).  
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The number of critically endangered reptiles is also rapidly increasing, with 368 species listed 

in 2021, more than six times the number in 2000 (Gibbons et al., 2000; IUCN, 2022b). In the 

hotspot analysis, reptiles are projected to undergo the greatest number of extinctions followed 

closely by amphibians. By 2100, loss of reptiles due to bioenergy expansion equates to around 

313/273 species by 2100 in the Bio/Bio-WaterProt scenarios (whereby z=0.2 and secondary 

forest is 20 years old). This is significantly reduced when incorporating the REDD+ scheme, 

with around 307/267 species prevented from being lost. The combination of water protection 

and REDD+ policies therefore has the most beneficial impact for these species, particularly 

those that live both in water and on land (Bonsch et al., 2015; Dudgeon et al., 2015). 

In terms of percentages, all species classes are committed to similarly large impacts, whereby 

up to 12% of mammals, 12% of reptiles, 11% amphibia and 10% of birds are projected to 

become extinct in the Bio and Bio-WaterProt scenarios by 2100. Birds experience the lowest 

Figure 5.11: Numbers of threatened species, per class, in both the hotspot (a) and AZE (b)
analyses. Values for the hotspots were calculated using parameters: z = 0.2 and secondary 
forest age = 20 years old. In the hotspot analysis values represent extinctions by 2100 relative
to 2005, whereas in the AZE analysis, values represent number of impacted species by 2100
relative to 2010. 

(a) 

(b) 
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percentage of extinctions, which could be explained by their ability to disperse more readily 

than other species. However, numbers of bird extinctions are still relatively high, reaching 

similar levels to amphibian losses in the Bio and Bio-WaterProt scenarios. In fact, the impact 

of food/feed cropland expansion alone (in the NoBio scenario) is projected to be highest on 

birds compared to other vertebrate classes. Jetz et al. (2007) similarly calculate high threats for 

birds over the next century, estimating a potential loss of 900 bird species by 2100 as a result 

of both climate and land-use change. 

In addition to habitat loss and fragmentation, factors such as climate change, water and air 

pollution, invasive species, and diseases are expected to have increasingly significant impacts 

on all species (van Vuuren et al., 2006; Bellard et al., 2014; Bonsch, 2015), with amphibians 

being particularly effected (Pounds et al., 2006; Cushman, 2006; Gascon et al., 2007; Fisher et 

al., 2009; Mittermeier et al., 2011). 

5.4.2 Regional Threats 

Most of the biodiversity hotspots and AZE sites are located within the tropics. Consequently, 

larger numbers of species loss occur across tropical regions of Africa, Asia, and Latin America. 

These regions contain some of the highest and poorest populations and are, in most cases, 

already undergoing significant land-use changes, threats to biodiversity, and impacts from 

climate change (Cincotta et al., 2000; Mittermeier et al., 2011; Turner et al., 2012). 

5.4.2.1 Africa 

The largest numbers of endemic species extinctions occur in Sub-Saharan Africa, in the Bio 

and Bio-WaterProt scenarios (see Figure 5.12 (a)). By 2100, approximately 8,450–9770 out of 

a total 32,738 endemic species in Africa are projected to be lost. Around 70–80% of these 

extinctions occur in Madagascar, one of the most biodiverse hotspots with high percentages of 

primary and secondary forest loss. Madagascar has some of the highest levels of endemism out 

of all the hotspots, partly because it is an island system. Around 90% of Madagascar’s 13,000+ 

plant species and 50–100% of its 1000+ vertebrate species are listed as endemic (Barthlott et 

al., 1996; Phillipson et al., 2006). It is also home to many endangered and critically endangered 

species; hence, around one quarter of all impacted AZE species in Africa occur in Madagascar. 

Remote sensing of Madagascar has shown that around half the forest cover present in 1950 was 

lost by c.2000 (Allnutt et al., 2008; McConnell and Kull, 2014), due to several causes. These 
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include slash-and-burn for agricultural cultivation, collection of firewood for cooking in rural 

areas, illegal logging of timber for the international market, and mining. Such activities have 

been the cause of forest loss in many other low-income countries located in Africa, South-East 

Asia, South America and Southern North America, where populations are rapidly increasing. 

In mainland Africa, this has led to widespread deforestation, particularly in central parts, with 

the Democratic Republic of Congo experiencing substantial losses (Hansen et al., 2013).  

 

 

 

 

 

 

 

 

 

 

 

In the MAgPIE scenarios, pasture and secondary forest are primarily used for the continuation 

of food/feed cultivation across the African hotspots, as shown in the NoBio scenario. However, 

unless REDD+ is implemented, incorporation of second-generation bioenergy expansion could 

lead to extensive losses of primary forest. In addition to Madagascar, significant primary and 

secondary forest loss also occurs in Eastern Afromontane, Guinean Forests of West Africa and 

Coastal Forests of Eastern Africa in the Bio and Bio-WaterProt scenarios. Combined, these 

changes contribute to the remaining 20–30% of endemic species extinctions occurring in 

Africa.  

Figure 5.12: Regional numbers of threatened species, in both the hotspot (a) and AZE (b)
analyses. Values for the hotspots were calculated using parameters: z = 0.2 and secondary 
forest age = 20 years old. 

(a)  (b) 
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5.4.2.2 Asia 

The Philippines hotspot is projected to have the highest percentages of extinctions across the 

MAgPIE scenarios, with up to 6–72% of endemic species being lost by 2100, depending on the 

scenario (see Table 5.2). It is also home to eight endangered or critically endangered species, 

three of which are impacted by cropland expansion in the MAgPIE scenarios. Over the last two 

decades, the human population in the Philippines has increased by around 32 million (World 

Bank, 2021), ranking it the second highest populated hotspot in 2010 (Mittermeier et al., 2011). 

This, along with economic pressures for the country, has led to large-scale conversion of 

forests, as well as overexploitation of coastal resources (Shi et al., 2005; Fisher and 

Christopher, 2007). It is therefore one of the hotspots most at-risk of destruction and has been 

debated as to whether its diversity is salvageable (Terborgh, 1999; Posa et al., 2008).  

Species loss in the Philippines accounts for around 97–99% of all extinctions calculated in 

Asia, most of which occur in Tropical Asia (Stibig et al., 2014). Tropical Asia occupies nearly 

15% of the world’s tropical forests; however, is also one of the world’s major deforestation 

hotspots (Sodhi et al., 2010), with rates comparable only to that of Latin America (Hansen et 

al., 2013). Studies have further shown that intact and protected forests are being degraded and 

cleared, and that most of this forest conversion is attributed to agriculture as well as logging 

for fuelwood (Sodhi et al., 2004; DeFries et al., 2005; Sodhi et al., 2010; Wilcove et al., 2013; 

Stibig et al., 2014). Though the Philippines holds the largest percentages of extinctions, due to 

its highly concentrated biodiversity, total (primary and secondary) forest loss in Asia is highest 

in the Indo-Burma hotspot. Indo-Burma contains some of the largest areas of cropland 

conversion, with energy cropland exceeding values calculated for all other hotspots (486,000–

498,000 km2 by 2100; see Figure 5.13). Other studies equivalently show extensive land-use 

change across Indo-Burma. Molotoks et al (2018) similarly use a “middle of the road” scenario 

produced by the IMAGE 3.0 model and find that 178,677 km2 of land will be converted to 

cropland in Indo-Burma by 2050, making it the most threatened hotspot. Jantz et al. (2015) 

further project that, for a range of RCP scenarios, Indo-Burma will lose an additional 20% of 

its primary forest by 2100, the most among the hotspots in their analysis. 

Large areas of cropland expansion are also spread out in other parts of Asia, such as Sundaland, 

Western Ghats and Sri Lanka, and southern parts of China. As a result, 85–87 endangered and 

critically endangered species are impacted across Asia in the bioenergy scenarios, which is 

reduced to 54 species with the exclusion of energy cropland (in the NoBio scenario). In 
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comparison to other regions, this makes Asia one of the lowest threatened regions in the AZE 

analysis (see Figure 5.13 (b)), likely due to most of the AZE sites being located in the 

Americas. These sites are mainly situated in Mexico, Central America and western parts of 

South America. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.13: Changes in energy and food/feed cropland area in each biodiversity hotspot, for
each MAgPIE scenario, between 2005 and 2100. 

   Africa     Asia  Europe   N.A.    Oceania  S.A. 

(b) Food/feed cropland 

(a) Energy cropland 
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5.4.2.3 Latin America 

Mexico contains the highest number of threatened AZE sites in comparison to all other 

countries, with 132 species affected in the bioenergy scenarios and 45 species affected in the 

NoBio scenario by 2100. This is more than half of the total species impacted in North America 

(56–220 species). With around 30,000 plant species and 5,700 vertebrate species, Mexico is 

one of the most biodiverse countries globally, recently ranking sixth after Brazil, Indonesia and 

Colombia, China, and Peru in terms of species diversity (Mayani-Parás et al., 2021), and 4th in 

terms of vertebrate diversity (Cantú et al., 2004; Butler, 2016). It’s suitable climate conditions 

and fertile soils make Mexico a prime location for agricultural expansion (Delzeit et al., 2017). 

This, alongside a lack of species protection in the region (Ricketts et al., 2005; Botello et al., 

2015), makes it one of the highest countries at risk of habitat loss from land conversion 

(Visconti et al., 2011; Mayani-Parás et al., 2021). Results for the Mesoamerica hotspot (where 

Mexico is located) in this study reflect such losses, in which approximately 32,400km2 (29%) 

of primary forest is projected to be lost in the Bio scenario by 2100, ranking it second highest 

amongst all 35 hotspots (see Figure 5.8). Molotoks et al (2018) calculate similar threats in 

Mexico, estimating a total of 111 endangered and critically endangered species impacted by 

2050; around 75% of all AZE species affected in North America, and the highest count in the 

world. 

South America has the second highest number of threatened AZE species. Most of these occur 

within the Tropical Andes hotspot situated across Colombia, Ecuador, Peru, and Bolivia, where 

almost half of all AZE species in South America are located (163 out of 250). As shown in 

Section 5.3.1.3, across the MAgPIE scenarios the Tropical Andes undergoes some of the largest 

areas of primary forest loss in comparison to all other hotspots. Consequently, up to 96 endemic 

species (1%) are committed to extinction by 2100, relative to 2005. Though this value is low 

compared to other findings in this study (see Table 5.2), results from the AZE analysis indicate 

that the likelihood of these species being endangered or critically endangered is high.  

Brazil, on the other hand, experiences some of the largest numbers of species extinctions, yet 

low numbers of impacted AZE species. In total, Brazil contains 28 AZE sites, 23–24 of which 

are impacted by cropland expansion in the bioenergy scenarios. These sites are located across 

six major biomes: the Amazonia rainforest, the Caatinga xeric shrublands, the Pantanal 

wetlands, the Cerrado savanna and the Atlantic Forest (Fernandes et al., 2017). Together these 

biomes host about 15–20% of all species worldwide (Duden et al., 2020), however only the 
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Cerrado and the Atlantic Forest are considered biodiversity hotspots. This is because they are 

home to large numbers of endemic species and have lost extensive areas of original habitat land 

(Mittermeier et al., 2005). At present, around 12% of original vegetation cover is left in the 

Atlantic Forest, in which remaining tropical and semi-deciduous forest areas are largely 

fragmented (Beca et al., 2017; Bovo et al., 2018). In 2005, the Atlantic Forest inhabited 

approximately 8599 endemic species (Mittermeier et al., 2005). Around 292 of these species 

are projected to become extinct following loss of primary and secondary forest in the MAgPIE 

scenarios, increasing to approximately 3,518 species lost with bioenergy implementation (see 

Table 5.2).  

The Cerrado hotspot is the biggest savanna region in South America, containing a rich diversity 

of different vegetation types, such as tree and scrub savanna, grasslands with scattered trees, 

and patches of dry, closed-canopy forests. Located in the Cerrado are approximately 4,400 

(2%) plant species and 89 (0.4%) vertebrate species. Only 1.5–2% of it is protected, making it 

the least protected ecosystem in Brazil (Casson, 2003; Klink and Machado, 2005; Carvalho et 

al., 2009). This has resulted in over 40% (60,000km2; Rocha et al. (2011)) of its original extent 

being converted to cropland. Projections calculated in the hotspot analysis for the Cerrado show 

that large percentages of secondary forest loss occur, however, zero primary forest loss is 

predicted. The method used in this study only accounts for species that occur in primary forests, 

assuming a portion of these species also occur in secondary forests. Hence, zero primary forest 

loss in the Cerrado leads to zero extinctions calculated. As shown in Figure 5.13, between 

approximately 300,000–360,000 km2 of energy cropland and 270,000–490,000 km2 of 

food/feed cropland is planted in the Cerrado across the MAgPIE scenarios. It is therefore likely 

that such large-scale changes to the land will have substantial impacts on the species located 

here, as illustrated in other studies (Malcolm et al., 2006; Jantz et al., 2015; Molotoks et al., 

2018). 
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5.4.3 Impacts of Bioenergy on Biodiversity 

5.4.3.1 Isolated Impacts of Bioenergy Expansion 

As discussed in Chapter 2, only a handful of studies have investigated isolated impacts of large-

scale second-generation bioenergy deployment on global biodiversity. However, recent 

advancement of spatial energy cropland data has instigated further research into this field, as 

well as the use of various well-established methods and indicators typically applied in the 

biodiversity literature. Hanssen et al. (2022), for example, use characterisation factors 

(potential species loss per m2) based on SARs, derived by Chaudhary and Brooks (2018), to 

determine loss of endemic and non-endemic vertebrate species richness across 804 ecoregions 

when following an ambitious 1.5 °C SSP2 pathway incorporating large scale BECCS. They 

predict that bioenergy expansion leads to a loss of approximately 1500 vertebrate species by 

2100, an amount 40–120% times greater than findings in this work (686–1,060 endemic 

vertebrate species extinctions), due to the incorporation of different study regions and non-

endemic species. Tudge et al. (2021) instead use the PREDICTS database to show that species 

richness and abundance for plant, vertebrate and invertebrate species are 19% and 25% lower 

in sites planted with second-generation bioenergy crops than in sites with natural vegetation. 

This 19% reduction in species richness corroborates findings in this chapter, whereby in total 

up to 13% endemic plant and vertebrate species are lost due to the conversion of forest to 

cropland for bioenergy expansion.  

Overall, there is consensus among previous literature that it is impossible to convert additional 

natural land for bioenergy expansion without further transgressing the planetary boundaries for 

land-system change and biosphere integrity. Heck et al. (2018), for instance, calculate that 

large-scale bioenergy could result in a 7% loss of biodiversity intactness. Even the conversion 

of existing managed cropland for energy cropland has shown negative implications for 

biodiversity (Powell and Lenton, 2013). On the other hand, several studies have demonstrated 

that, if implemented carefully, conversion of marginal or abandoned land for energy cropland 

can provide significant benefits (Shi et al., 2005; Dauber et al., 2010; Meehan et al., 2010; 

Robertson et al., 2011; Immerzeel et al., 2014; Haughton et al., 2016). These benefits include 

providing habitat and shelter for specific species (such as migratory birds), as well as improving 

connectivity or supporting restoration of marginal or degraded lands, with particular benefits 

seen in temperate regions. 
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5.4.3.2 Impacts of Bioenergy in Future Mitigation Pathways 

Impacts of bioenergy expansion can also be deduced from assessments of overall LUC impacts 

in future mitigation pathways. Malcolm et al (2006) calculate endemic species loss resulting 

from climate-induced habitat change across the biodiversity hotspots, following a pathway with 

global warming target of ~2.5 °C above pre-industrial temepratures. Using both the SAR and 

EAR models with z value of 0.15, they estimate a loss of approximately 231 to 56,000 plant 

species, and 17 to 3,700 vertebrate species by 2100, dependant on factors such as biome type, 

species migration capabilities, and global vegetation model used. Reaching a 2.5 °C warming 

target will require achieving negative emissions by 2100, thus implies the use of CDR methods 

such as BECCS. Findings for the Bio and Bio-WaterProt scenarios in this work reflect mid-

range estimates calculated by Malcolm et al. (2006), whereby around 15,900–19,830 plant 

species and 896–1,403 vertebrate species are projected to be lost globally by 2100 (see Section 

5.3.1.4.1). In contrast, the 242–491 plant and 9–25 vertebrate species lost in the Bio-REDD 

scenario are more in line with their lowest estimates, calculated for species with perfect 

migration, within tropical broad leaf forest biomes. 

The impact of bioenergy expansion within future mitigation pathways can be further assessed 

by comparing calculated species extinctions for different pathways with bioenergy deployment 

potentials used in these pathways. Figure 5.14 displays such findings for this work and two 

other studies by Jantz et al. (2015) and Chaudhary and Mooers (2017). Jantz et al. (2015) 

calculate a loss of 200–20,000 plant species and 20–1,500 vertebrate species by 2100 (relative 

to 2005) for all RCPs using the SAR model with z values 0.1, 0.33, and 0.55. Chaudhary and 

Mooers (2017) also utilise the SAR model, with z values 0.23, 0.44, and 0.48 and calculate an 

average loss of around 1,230–1,841 vertebrate species for a collection of hybrid RCP-SSP 

scenarios, excluding reptiles from analysis. The 242–19,830 plant and 9–1,403 vertebrate 

extinctions found in this study therefore lie within findings from these studies, and are 

particularly comparable to the RCP 2.6 projection. 
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Figure 5.14: Number of plant (a) and tetrapod (b) extinctions versus second-generation 
bioenergy demand in 2100 compared to 2005. Graph (a) shows projections for the MAgPIE 
scenarios and the RCP pathways provided in the work of Jantz et al. (2015). Graph (b) 
additionally shows results for the RCP-SSP hybrid scenarios found by Chaudhary and Mooers 
(2017). ‘Bioenergy demand’ includes bioenergy produced from traditional and modern 
feedstock and includes bioenergy with and without carbon capture and storage depending on 
the scenario. Bioenergy demand values, for comparison to results by  Jantz et al. (2015), have 
been taken from the work of van Vuuren et al. (2011). Values for RCP 2.6 SSP1 IMAGE, RCP 
3.4 SSP4 GCAM and RCP 6 SSP4 GCAM have been taken from the SSP database (IIASA, 
2018b).   

(a) 

(b) 
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Together, findings from the three studies show a weak but somewhat positive correlation 

between bioenergy deployment and number of species committed to extinction by 2100. The 

complexity of this correlation can be explained by several causes. Though increased mitigation 

and socioeconomic efforts are generally shown to result in less loss of natural vegetation cover, 

in some instances this is not the case. For example, the most ambitious mitigation scenario 

RCP2.6 still yields intermediate levels of natural vegetation loss, and thus species loss, 

implying that climate mitigation and habitat protection are not always directly linked. In 

addition, species loss from the SSP1 (RCP2.6 IMAGE) scenario in the work of Chaudhary and 

Mooers (2017) is not dissimilar to species loss calculated for the SSP2 MAgPIE scenarios in 

this work, a scenario with supposedly less land-use regulations and socio-economic 

restrictions. Outlying estimates, such as those for Bio-REDD from this work and RCP 4.5 

GCAM calculated by Jantz et al. (2015), can be attributed to substantially less natural 

vegetation loss, and therefore habitat loss, occurring within these scenarios compared to other 

scenarios. With regards to the GCAM model, this is partly due to demographics being fixed, 

with around 3 billion fewer people in the world in RCP8.5 GCAM relative to RCP 8.5 

MESSAGE, as shown in the work of Riahi et al. (2011). Further, the pricing of LUC emissions 

in both the RCP 4.5 GCAM and Bio-REDD scenarios acts to discourage the removal of forest. 

In fact, for all SSP pathways following RCP4.5 and RCP2.6, GCAM has been shown to 

produce the largest amount of forest expansion compared to other models (Popp et al., 2017). 

Contrastingly, the effects of a lack of forest regulation (particularly in low income countries) 

is depicted in findings for the RCP 6 SSP4 GCAM, in which species loss is highest out of all 

scenarios even though bioenergy deployment is low. 

5.4.4 Impacts of a REDD+ Scheme 

Restrictive land-use change policies that aim to conserve natural forests, such as the REDD+ 

scheme, can be used as an option to mitigate climate change and prevent the conversion of 

important land ecosystems. As shown previously in Figure 5.14, trade-offs between bioenergy 

expansion and endemic species loss can be significantly reduced with the incorporation of 

REDD+. This, however, is not the case for endangered and critically endangered species. In 

total, an additional 9 AZE species are impacted in the Bio-REDD scenario compared to the Bio 

scenario. Dissimilarities between analyses could be due to several factors. For instance, not all 

AZE sites are located within biodiversity hotspots, with those that are, not necessarily being 
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situated within primary or secondary forests (see Figure 5.15). Thus, impacts of REDD+ seen 

in the hotspot analysis would not apply to these AZE sites.  

 

 

 

 

 

 

 

 

 

 

 

As discussed in previous chapters, the expansion of cropland into forests and other carbon-rich 

ecosystems is restrained in the Bio-REDD scenario by putting a price on CO2 emissions from 

land-use change. The prevention of costly conversion of these carbon-rich ecosystems in the 

MAgPIE scenarios leads to cropland being spread out over a wider area of land. Consequently, 

more ‘non-forest’ areas are used for cropland expansion (see Chapter 3), thus increasing the 

chances of overlap with AZE sites. These areas include natural vegetation, such as shrublands, 

savannas, grasslands, and pastures, which contain important ecosystems that may also be rich 

in carbon. Shrublands and savannas, can store considerable amounts of aboveground carbon 

and are largely found across Africa, Latin America and parts of Asia (Baccini et al., 2012). 

Natural grasslands and pastures are permanent vegetation, unlike cropland, and therefore 

promote soil carbon storage, a major part of the overall terrestrial carbon balance (Guo and 

Gifford, 2002; Smith, 2008; Don et al., 2011). In the literature, the shift of land-use pressure to 

non-forest ecosystems has been termed ‘non-forest leakage’ and is one of the major concerns 

regarding REDD+ implementation (A. Popp, Humpenöder, et al., 2014). 

Figure 5.15: Alliance for Zero Extinction sites inside (yellow dots) and outside (purple pots) 
biodiversity hotspots, overlayed onto changes in primary (P-blue) and secondary forest (SL/SG- 
red/green) between 2005 and 2100. 
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As discussed in Chapter 4, changes in cropland distribution in the MAgPIE scenarios result in 

increased terrestrial CO2 emissions from conversion of, not only forest, but also shrubland and 

grassland. This corroborates findings from previous work, which demonstrate that in order to 

achieve ambitious targets for global climate change mitigation, terrestrial carbon policies need 

to cover the full range of carbon-rich ecosystems (M. Wise et al., 2009; Reilly et al., 2012; A. 

Popp, Humpenöder, et al., 2014). Findings in this chapter show that such policies could provide 

co-benefits for biodiversity in non-forest ecosystems, such as the tropical savannas of the 

Brazilian Cerrado hotspot, which are increasingly threatened under incomplete schemes 

(Myers et al., 2000; Miles and Kapos, 2008; Stickler et al., 2009) 

Operation of land-use policies would require identifying and protecting non-forest ecosystems 

of high value for carbon and biodiversity. These would further need to be incorporated into the 

National Biodiversity Strategies and Action Plans (NBSAPs), strategic documents developed 

by countries which implement the objectives of the Convention on Biological Diversity (CBD) 

(CBD, 2023). To do this, future work could use finer resolution scenarios of cropland 

conversion, combined with satellite and ground survey data, to determine non-forested 

ecosystems most at risk. In addition, government financing structures would need to include 

conservation investment for a wide range of land types not covered by REDD+ funding (Miles 

and Kapos, 2008). Popp et al  (2014) indicate the potential challenges that will need to be 

overcome if cropland expansion is restricted for land conservation. Enhanced land-use 

competition will likely occur, resulting in high production costs and food prices (M.A. Wise et 

al., 2009; Popp, Dietrich, et al., 2011; Popp et al., 2012). Further, increased agricultural 

productivity will be needed to compensate for reduced land availability. This could involve the 

closing of yield gaps through more efficient land management and technological innovations 

in agriculture (Popp, Dietrich, et al., 2011; Mueller et al., 2012). Demand-side measures, such 

as changes towards more plant-based diets, could also make more land available. Regardless 

of which policies and actions are implemented, global participation will be needed for them to 

work.  

High numbers of impacted AZE species in the Bio-REDD scenario could also be due to how 

“impacted sites” are defined within the calculations. As stated in Section 5.2.2.2, this study 

assumes that AZE sites containing cropland conversion higher than zero are counted as 

impacted. Therefore, although REDD+ leads to lower conversion on some AZE sites, these 

sites are still considered impacted. Molotoks et al. (2018) use the same AZE method, in 

combination with the IMAGE 3.0 SSP2 scenario, and show that almost 50% of all AZE species 
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(455 out of 920) will experience habitat loss from cropland conversion by 2050. In addition to 

this, they calculate the intensity of these impacts for each site that is affected, finding that higher 

numbers of species tend to occur in areas of low conversion to cropland. In this study it is likely 

that lower converted AZE sites occur more frequently in the Bio-REDD scenario than in the 

Bio scenario. If this were the case, the impact of Bio-REDD on biodiversity may be considered 

lower than it appears.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.16: Percentage reductions in energy “E” (a) and food/feed “F/F” (b) cropland 
intensity due to the implementation of a REDD+ policy, calculated as the difference between
cropland expansions in the Bio-REDD and Bio scenarios between 2005 and 2100. Increases in
cropland expansion from REDD+ are not shown. Yellow and purple dots are the AZE sites
inside and outside of biodiversity hotspots, respectively. 
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Differences between cropland in the two scenarios can show where cropland conversion is 

lower in the Bio-REDD scenario than in the Bio scenario (see Figure 5.16). Overall, 487 sites 

consist of reduced energy cropland conversion due to REDD+. For food/feed cropland, this 

occurs across 529 sites. Increased cropland cover is also seen from REDD+ incorporation in 

some regions, however, occurs over a smaller number of AZE sites (energy cropland: 216 sites; 

food/food cropland: 322 sites). These findings could therefore infer that REDD+ has a positive 

impact for AZE species due to reduced intensity of cropland expansion on over half of the AZE 

sites. Future work could carry out a similar analysis to that shown by Molotoks et al. (2018) to 

determine exact intensities of cropland expansion over AZE sites, and how these vary between 

the Bio-REDD and Bio scenarios. 

5.4.5 Impacts of a Water Protection Scheme 

The overall impact of a water protection policy is a small reduction of species loss. Globally, 

the greatest benefits are therefore seen when combining REDD+ and water protection policies, 

with around 16,058–19,539 plant species and 953–1,451 vertebrate species prevented from 

extinction globally in the hotspot analysis (see Section 5.3.1.4.1). However, water protection 

benefits are mainly influenced by results for the Caribbean Islands hotspot. Though the 

Caribbean Islands is one of the smallest biodiversity hotspots, it harbours the sixth highest 

number of endemic species out of all the hotspots. Over the century, energy cropland expansion 

in this hotspot is projected to decline by approximately 7,000 km2 with the addition of water 

protection, compared to bioenergy deployment on its own (see Figure 5.13). Food/feed 

cropland is completely prevented from expanding, instead this land is used for expansion of 

other land-use types, such as energy cropland and secondary forest regrowth. The overall 

impact is reduced deforestation and subsequently a prevention of 72% of species being lost 

compared to a scenario without water protection (the Bio scenario). 

This contraction of species loss, however, does not depict findings in other hotspots. In total, 

out of the sixteen hotspots undergoing extinctions, ten show an increase in species loss after 

the addition of a water protection policy. Some of the largest increases are seen in the Coastal 

Forests of East Africa, Eastern Afromontane, Madagascar, and Atlantic Forest. These hotspots 

are located in dry regions; where water is less available for irrigation (Goodman et al., 2005; 

Mittermeier et al., 2011; Cunha et al., 2015; Bonsch et al., 2016). As discussed in previous 

chapters, the implementation of water protection prohibits irrigation of bioenergy production, 

making it hard to produce high yields per unit area. As a result, significantly more land is 



5.4 Discussion 187

 

needed to utilise rainwater and thus fulfil energy cropland demands. Such land requirements 

are partly fulfilled at the expense of pasture areas, however, as shown in this work, expansion 

can also occur onto natural forests. In either case, the impact of this land conversion could lead 

to the loss of important ecosystems featuring high biodiversity, carbon storage potential and 

water flow regulation, if strict land-use change regulations are not implemented (Alkemade et 

al., 2013; Conant et al., 2017).  

Certification schemes (Fehrenbach, 2011) and government incentives (e.g., taxes and 

subsidies; Moraes et al. (2011)) for rainfed bioenergy can be useful in protecting water 

resources, however, neglect potential trade-offs with land ecosystems. Rather than 

implementing only rainfed bioenergy, water use for energy cropland could instead be restricted 

to sustainable levels (Bonsch et al., 2016). This would require site-specific understanding of 

how much water is needed for human consumption and environmental purposes (or 

environmental flows)  (Smakhtin et al., 2004; Poff et al., 2010; Bonsch et al., 2015). Findings 

would determine where water resources are available for energy cropland irrigation, and thus 

reduce land requirements and subsequent impacts on ecosystems and biodiversity. This 

information could feed into countries contributions to National Biodiversity Strategies and 

Action Plans (NBSAPs) (CBD, 2023). The Convention on Biological Diversity (CBD) does 

not explicitly require NBSAPs to address water protection (or REDD+). However, many 

countries recognise the importance of freshwater ecosystems and the need to incorporate water-

related measures into their biodiversity conservation efforts. If implemented carefully, the 

combination of water protection policies with forest protection policies, such as REDD+, has 

the potential to significantly reduce trade-offs between bioenergy expansion and land 

ecosystems.  

5.4.6 Limitations in Methodological Approaches 

The assessments used in this chapter have been well-established in previous literature, thus 

were considered most appropriate for determining global land-use impacts on biodiversity. 

However, biodiversity modelling as a whole is still relatively new (particularly in comparison 

to climate modelling), and the approaches demonstrated in this chapter have their limitations. 

The EAR model is an improvement on its predecessor, the SAR model, which tends to 

overestimate species extinctions. However, the EAR approach still has its drawbacks (which 

also occur for the SAR approach). For instance, it only captures the direct effects of habitat 



188 Impacts of Bioenergy Expansion on Biodiversity

 

conversion on endemic species, in which species loss is assumed to be immediate. It also relies 

on the assumption that habitat is uniform i.e., that z (and thus z’) does not change across the 

region being studied. In reality, cropland expansion in a particular area could have 

repercussions on neighbouring areas, and result in degradation of other ecosystem services. 

The result is habitat fragmentation, creation of edges, and the closing of habitat corridors 

(Kinzig and Harte, 2000). To estimate these impacts, site-specific monitoring using finer 

resolution data within countries would be needed. Further, individual responses of species to 

land-use change may vary as some species are more sensitive than others. Thus, ignoring these 

contextual factors could have resulted in inaccurate predictions or interpretations of species 

richness patterns. Previous work has tried to combat this issue by developing a Matrix SAR 

model, which accounts for habitat heterogeneity and acknowledges that some species can 

tolerate human-modified habitats (De Baan et al., 2013; Chaudhary et al., 2015; Chaudhary 

and Brooks, 2018). However, these models are based on the SAR and thus do not accurately 

account for species distributions within habitats. Future work could develop a combined model 

which encompasses the benefits of this matrix approach, with the EAR model used in this 

chapter. 

Limitations also exist within the AZE analysis, whereby indirect impacts of cropland expansion 

have been excluded. It is important to further note that, since the time that this analysis was 

carried out, the AZE dataset has changed to include wider boundaries, whereby each site is a 

polygon shapefile rather than a location point. Hence, findings in this study may under-estimate 

impacts of cropland expansion on endangered and critically endangered species. Future impact 

assessments would thus need to incorporate cropland expansion over the total area of each site. 

Another limitation in the AZE analysis is the assumption that AZE sites containing cropland 

conversion higher than zero are counted as impacted. This method therefore neglects the 

different intensities of cropland conversion on each site that is affected and is possibly one of 

the reasons why species loss is higher in the Bio-REDD scenario than the Bio scenario. 

Preliminary analysis in Section 5.4.4 illustrates the likelihood that lower converted AZE sites 

occur more frequently in the Bio-REDD scenario than in the Bio scenario, thus indicating that 

REDD+ could potentially have a positive impact for some of these sites. By incorporating 

intensities of conversion into the analysis, as carried out by Molotoks et al. (2018), future work 

could provide a more comprehensive understanding of the role of REDD+ in preventing or 

exacerbating species loss within the AZE sites. 
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While the metrics and models used in this analysis have been well-established and peer 

reviewed, other less-used biodiversity indicators (e.g., mean species abundance, Biodiversity 

Intactness Index, species distribution), datasets (e.g., other priority areas for conservation; 

Brooks et al. (2006)), and methodologies (e.g., GLOBIO modelling, species distribution 

modelling, PREDICTS data analysis) could be implemented in future work, with some studies 

emphasising the importance of incorporating a variety of biodiversity metrics in land use 

impact assessments (Grenyer et al., 2006; Davies and Cadotte, 2011; Souza et al., 2015; Gabel 

et al., 2016; Marquardt et al., 2019; Molotoks et al., 2020). However, each model has its 

limitations, and the approach used here was decided most suitable for this assessment, with the 

resources available. 

In both the biodiversity hotspot and AZE analyses, the conversion of habitat to energy cropland 

is considered a loss of biodiversity. However, bioenergy systems can also positively affect 

biodiversity (as well as carbon storage and other ecosystem services), depending how the land 

is used. Economic incentives can be carefully designed to promote bioenergy systems that 

minimise biodiversity losses and deliver multiple benefits. Bottom-up processes using finer 

resolution data and field surveys can be used to determine priorities of habitats and whether 

there are possibilities for land-sharing approaches to biofuel production (Barbier et al., 1997; 

Lotze-Campen et al., 2010; Phalan et al., 2011). 

Finally, this study only investigates the impacts of LUC from bioenergy expansion on species 

loss. Global and regional climate change is also expected to have dramatic consequences for 

biodiversity over the next century. Findings from Chapter 4 could indicate that the cooling 

effect of substituting fossil fuel emissions via bioenergy production may alleviate this crisis, 

however also that regional biogeophysical and biogeochemical changes due to energy cropland 

expansion could exacerbate it. As shown in Chapter 2, previous literature indicates mixed 

findings, with most concluding that reduced species richness from bioenergy expansion 

outweighs the benefits of prevented climate change (Powell and Lenton, 2013; Heck et al., 

2018; Hof et al., 2018; Hanssen et al., 2022), but that over longer periods of time (e.g., 80 

years) this could switch (Hanssen et al., 2022). It is evident that significant uncertainty remains 

in this field, and that there is large scope for further research. Preliminary work by the author 

has highlighted a couple of possible avenues that could be carried out: 

 Further research could use bioenergy scenarios (such as the MAgPIE scenarios) to 

calculate endemic species loss due to disappearing and novel climates within the 
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biodiversity hotspots. This would require the use of a GCM to produce high resolution 

projections of climate indicators (e.g., temperature and precipitation), and the 

standardized Euclidian distance (SED) method, developed by Williams et al. (2007), 

to determine climatic dissimilarity across hotspots (Bellard et al., 2014). Findings 

could then be compared to the number of extinctions resulting from LUC (such as those 

calculated in Chapter 5) to determine whether biodiversity loss from limiting climate 

change through bioenergy incorporation compensates for biodiversity loss due to LUC 

for bioenergy. 

 Another possible method would be to utilise pre-calculated values of extinction-risk 

relative to °C of warming in combination with GCM predictions of temperature change 

and LUC emissions for certain bioenergy scenarios (e.g., the MAgPIE scenarios). For 

example, Hanssen et al. (2022) estimate the percentage of species saved per °C of 

warming prevented due to bioenergy incorporation using extinction-risk values based 

on a meta-regression analysis of vertebrates, plants and insects carried out by Urban 

(2015). By incorporating the effect of negative emissions from different bioenergy 

scenarios on global temperature change, they further calculate how bioenergy-based 

negative emissions impact species loss prevention. 

5.5 Summary and Conclusions 

As the global population increases, cropland expansion is expected to play a key role in the 

provision of food and energy security. However, as shown in this chapter, it can also have 

significant trade-offs with biodiversity. On top of food/feed cropland impacts, the expansion 

of energy cropland (2.49×106 km2) from implementation of second-generation bioenergy could 

lead to a loss of around 12,300–15,500 (7.5–9.5%) endemic species in the biodiversity hotspots, 

relative to 2005, whereby plants account for 94% of this loss. Across the AZE sites, 557 

endangered and critically endangered species are projected to experience habitat destruction 

from conversion to energy cropland, with amphibians being most affected. In comparison to 

the baseline scenario excluding bioenergy (but including food/feed cropland expansion), 40% 

of endangered and critically endangered species (10 conifer and 362 vertebrate) are impacted 

by shifts cropland expansion due to bioenergy incorporation. 

Most threatened species are located across tropical regions of Africa, Asia, and Latin America, 

with the largest numbers and percentages of endemic species extinctions occurring in 
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Madagascar and the Philippines, respectively. These countries have some of the highest levels 

of endemism out of all the hotspots, partly because they are island systems. However, due to 

increases in population size and corresponding agricultural and wood demands, these hotspots 

have experienced significant declines in natural forest area. Mexico contains the highest 

number of threatened endangered and critically endangered species in comparison to all other 

countries, accounting for more than half of the total species impacted by cropland expansion 

in North America. Without land-use regulations and commitment to conservation, the addition 

of a new land-use sector could lead to unsalvageable consequences for these hotspots. 

REDD+ schemes are projected to significantly reduce trade-offs between bioenergy expansion 

and endemic species loss, resulting from the almost complete prevention of cropland expansion 

into forests. However, the dispersal of cropland away from forests could result in even more 

endangered and critically endangered species sites being affected. This shift of agriculture onto 

other equally biodiverse ecosystems, such as shrublands, savannas, grasslands, and pastures, is 

a prime example of ‘non-forest leakage’, one of the major concerns regarding REDD+. Land-

use policies concerning emissions and biodiversity should therefore cover the full range of 

carbon-rich ecosystems.  

The overall impact of a water protection policy is a small reduction in endemic species loss. 

Thus, globally, the greatest benefits are seen when combining REDD+ and water protection 

policies, with around 16,778 – 20,717 and 233-273 species prevented from extinction when 

applying REDD+ and water protection policies, respectively, to the bioenergy scenario. The 

benefits of water protection are, however, largely skewed by findings for the Caribbean Islands 

hotspot. On closer inspection, almost two-thirds of all hotspots undergoing extinctions result 

in higher species loss when water protection is applied. The largest threats occur in Coastal 

Forests of East Africa, Eastern Afromontane, Madagascar, and Atlantic Forest, due to larger 

areas of land needed for rainfed cropland. Like the REDD+ policy, implementation of a global 

water protection policy is complex. Site-specific understanding of how much water is needed 

for human and environmental use could help determine the amount (if any) available for 

bioenergy irrigation, thus reducing land needed for rainfed cropland in certain regions. 

The assessments carried out in this chapter provide tools for evaluating potential global impacts 

of large-scale bioenergy expansion regarding threats to biodiversity. However, it also indicates 

limitations within biodiversity modelling, including availability of up-to-date species data, 

simplifications of complex ecological processes and environmental conditions, and difficulties 
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in predicting future impacts. It also highlights challenges associated with implementing 

conservation of non-forest land and water protection, which need to be addressed in the 

National Biodiversity Strategies and Action Plans (NBSAPs).
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Chapter 6 Conclusions and Future Work 

6.1 Summary of Findings 

Large-scale second-generation bioenergy deployment plays a key role in the 1.5 °C and 2 °C 

mitigation pathways. However, the expansion of another large land-use sector could have 

negative sustainability implications, and therefore may conflict with the Sustainable 

Development Goal (SDG) agenda. Two major concerns are the impacts of land-use changes on 

climate and biodiversity. Yet, with regards to bioenergy, these two areas remain relatively 

understudied. Using scenarios based on the SSP2 (“middle of the road”) and 1.5–2 °C 

pathways, this thesis has explored the potential impacts of large-scale bioenergy deployment 

on climate and biodiversity, with the aims of furthering knowledge of bioenergy’s role within 

SDGs 13: “Climate Action”, and 15: “Life on Land”.  

In Chapter 4, the UVic Earth System Climate Model (v2.9) was used to determine climate 

impacts of land-use changes associated with large-scale bioenergy deployment (300EJyr-1 by 

2100). One of the main findings in this chapter is that the global cooling effect of substituting 

fossil fuel emissions via BECCS production ((–)0.44 °C by 2100) is significantly dominant 

over the global biogeochemical warming effect from increased LUC emissions due to 

bioenergy expansion ((+)0.0087 °C by 2075–2100). In addition, it takes approximately 11 years 

(between 2005 and 2016) for CO2 savings from incorporating bioenergy to compensate the 5 

GtCO2 of LUC emissions produced by 2075–2100. Cooling from altered biogeophysical effects 

further dampens this biogeochemical warming, resulting in a small net global cooling of (–

)0.0063 °C by 2075 2100, relative to 2005. Together these findings indicate that deployment 

of large-scale BECCS has an overall beneficial impact on global climate change over the 21st 

century, confirming the extensive use of BECCS in ambitious mitigation pathways. 

However, at the regional scale impacts of bioenergy-induced LUC on climate become more 

pronounced, causing both disturbances and benefits. Biogeochemical warming responses to 

LUC emissions from bioenergy expansion are projected to be largest in the extratropics 
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(averaging at 0.016 °C by 2075–2100 relative to 2005), with signs of polar amplification 

occurring. However, this is partially compensated for by reductions in biogeophysical warming 

when compared to the control scenario excluding bioenergy. This biogeophysical warming 

occurs as more fossil fuel-derived CO2 gases are emitted, reducing snowpack and sea ice, thus 

lowering albedo in the mid- to high- latitudes (particularly in the North Atlantic oceans).  

In contrast, global biogeophysical cooling due to bioenergy expansion is higher in the tropics 

((–)0.013 °C by 2075–2100 relative to 2005), with stronger patterns occurring locally near to 

where deforestation has occurred. This cooling is the result of effects such as increases in 

surface albedo, drier conditions, higher soil temperatures and reduced sensible heat fluxes, 

which are enhanced as deforestation increases and are specific to tropical deforestation 

(Longobardi et al., 2016). Regions most impacted by biogeophysical effects from bioenergy 

expansion are those that undergo large-scale energy and food/feed cropland expansion, namely 

Latin America, Central Africa, and East/Southeast Asia. In these regions, localised cooling can 

reach up to (–)0.090 °C (by 2075–2100 relative to 2005) due to bioenergy expansion. Though 

this cooling will be somewhat compensated by increases in biogeochemical warming, 

fluctuations in biogeophysical effects and drier conditions will likely be felt at the local level 

in these regions and may lead to more extreme weather such as heatwaves, droughts and 

extreme rainfall events (Jia et al., 2019). Further analysis indicates sensitivity of energy 

cropland growth to CO2 concentration and climate temperature changes, whereby CO2 

fertilisation enhances growth across the globe, whereas temperature increases dampen this 

effect in the tropics. 

Chapter 5 explored the impacts of bioenergy expansion on biodiversity using two approaches: 

the calculation of species extinctions across biodiversity hotspots using the Endemics-Area 

Relationship model, and the estimation of impacted species across the Alliance for Zero 

Extinction (AZE) sites. In both analyses, significant trade-offs between bioenergy and 

biodiversity are demonstrated. Extensive habitat loss due to bioenergy expansion (0.819 x 106 

km2) leads to a loss of approximately 11,600–14,500 (10.5–13%) endemic plant species and 

686–1060 endemic vertebrate species (8.8–13%) across the biodiversity hotspots by 2100. In 

addition, 557 endangered and critically endangered AZE species are projected to experience 

habitat destruction from conversion to energy cropland. In comparison to the baseline scenario 

excluding bioenergy (but including food/feed cropland expansion), 40% of endangered and 
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critically endangered species (10 conifer and 362 vertebrate) are impacted by shifts in cropland 

expansion across the AZE sites in the bioenergy scenario. 

As in the case for climate impacts, most threatened species are located across tropical regions 

of Africa, Asia, and Latin America. More specifically, the largest number of endemic species 

extinctions occur in Madagascar (6,699 species) and the largest number of endangered and 

critically endangered species impacted are in Mexico (87 species), as a result of large-scale 

bioenergy incorporation. These countries are very biodiverse and contain some of the highest 

levels of endemism (Madagascar) and numbers of threatened species (Mexico) across the 

globe. In addition, these regions are expected to undergo significant changes in biogeophysical 

climate effects resulting from both energy and food/feed cropland expansion (see Chapters 3 

and 4). The expansion of bioenergy will thus require strong land-use regulation policies and 

commitment to conservation within these regions. 

Significant losses occur across all species classes; however, conservation schemes will need to 

pay particular attention to plant species, which are shown to be worst affected by bioenergy 

expansion in this work. Plants are especially vulnerable during habitat destruction, due to their 

inability to disperse to new habitat patches. In addition, the significant number of plant species 

means that they are often overlooked during land conversion. Among the vertebrate species, 

amphibians are most heavily impacted by bioenergy expansion when considering both AZE 

and hotspot analyses. By 2100, around 272 endemic and 246 endangered and critically 

endangered amphibian species are projected to be lost due to bioenergy expansion. Increasingly 

rapid declines in amphibian species indicate the urgency for their conservation, particularly if 

bioenergy deployment is to progress globally. 

The implementation of REDD+ and water protection schemes have, in previous work, proven 

to help prevent the loss of important terrestrial and freshwater ecosystems (Harvey et al., 2010; 

Bonsch et al., 2016; Humpenöder et al., 2018a; Morita and Matsumoto, 2018). The climate and 

biodiversity assessments carried out in Chapters 4 and 5 indicate both benefits and trade-offs 

when incorporating these two measures alongside bioenergy expansion. As expected, 

incorporation of REDD+ dampens climate impacts associated with bioenergy-induced LUC, 

with reductions in both global biogeochemical warming (of 0.010 °C) and biogeophysical 

cooling (of 0.0081 °C) occurring by the end of the century. Better representation of forest 

distributions in the modelled interpretation of the REDD+ scenario would, however, likely 

exacerbate this impact. Significant benefits are predicted for endemic species loss, with around 
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18,700 fewer species committed to extinction across the biodiversity hotspots as a result of 

REDD+ incorporation. However, shifting of cropland away from forests could have dramatic 

consequences for endangered and critically endangered species located in non-forested, yet 

equally biodiverse ecosystems, such as shrublands, savannas, grasslands, and pastures.  

Incorporation of a water protection scheme leads to mixed results in both climate and 

biodiversity assessments. Globally, its implementation has little effect on climate impacts of 

bioenergy expansion, resulting in a small reduction of biogeochemical warming (0.0010°C) 

and biogeophysical cooling (0.0024 °C) by the end of the century. However, changes in 

regional surface temperatures become more spread out, encompassing wider areas, due to 

increased land area required for rainfed cropland expansion. Similarly, regional species loss is 

exacerbated, with almost two-thirds of biodiversity hotspots negatively impacted by water 

protection. An exception to this is the Caribbean Islands hotspot, which experiences significant 

reductions in species loss (72%) due to declines in energy and food/feed cropland expansion. 

Previous work has further indicated that prohibiting irrigated energy cropland production could 

substantially increase food prices (de Fraiture and Wichelns, 2010; Bonsch et al., 2015). That 

said, globally, implementation of water protection leads to the prevention of around 253 plant 

and vertebrate species going extinct by 2100. 

6.2 Contributions to Knowledge 

This thesis contributes to existing knowledge in two main ways. Firstly, new methodologies 

have been created for projecting impacts of bioenergy expansion on two major sustainability 

indicators: climate regulation and biodiversity. Secondly, findings provide further knowledge 

of bioenergy’s role within the Sustainable Development Goal (SDG) agenda, particularly with 

regards to SDG’s 13: “Climate Action” and 15: “Life on Land”.  

Recent advancements in projected spatial energy cropland distributions, proposed in SSP and 

RCP pathways, have enabled opportunities for isolating impacts related to bioenergy expansion 

within these pathways. In this thesis, such distributions were portrayed by the MAgPIE 

scenarios, recently developed by Humpenöder et al. (2018a). For the first time, this data has 

been used for predicting potential impacts of bioenergy-induced land-use changes on the 

climate system and biodiversity habitats. The assessments shown in Chapters 4 and 5 provide 



6.2 Contributions to Knowledge 197

 

useful methodologies for determining these impacts and can be replicated in future scenario 

work.  

The UVic Earth System Climate Model v2.9, applied in the climate analysis (Chapter 4), is a 

model of intermediate complexity. Compared to global climate models of high complexity 

(e.g., HadGEM2-ES, MPI-ESM-LR), the UVic model produces outputs in much quicker 

timescales (though at lower resolutions). This is highly beneficial for carrying out numerous 

simulations at a time, thus works well with the LUCID-CMIP5 protocol analysis which requires 

multiple runs for the same scenario (i.e., PC and TL). This work therefore presents an effective 

tool for determining climate impacts of multiple bioenergy scenarios with different input 

parameters, such as bioenergy deployment potentials, fossil fuel emissions, global warming 

targets, climate sensitivity, and fossil fuel emissions. Written in the Fortran programming 

language, the model can also be modified to, more accurately, portray existing scenario data 

e.g., forest and cropland distributions.  

Chapter 5 further presents two novel approaches for determining biodiversity impacts of future 

bioenergy scenarios. Modifications to established statistical models have been performed to 

further enhance findings of species loss. To the authors knowledge, this is the first study to 

have incorporated proportions of primary forest species existing in secondary forest, dependant 

on the age of the secondary forest. Together with the use of the EAR model rather than the 

SAR model, this work aims to provide more accurate representations of species distributions 

and therefore species loss. Further, the end models generated are relatively simple and can be 

easily replicated for batch processing of multiple bioenergy scenarios in GIS or programming 

software. Overall, the methods presented in this thesis can be used as efficient tools for broadly 

determining the sustainability implications of bioenergy with regards to climate and 

biodiversity impacts. For a more in-depth understanding, regional or local level assessments 

will need to be carried out using finer-resolution data or field surveys. However, the global 

analyses shown here provide a starting point for finding key locations that need further research 

and conservation. 

In Chapter 1 of this thesis, an analysis of linkages between bioenergy and the sustainable 

development goals indicated that research into bioenergy’s role within SDG’s 13: “Climate 

Action” and 15: “Life on Land” contains significant gaps, and thus needs further work. 

Findings from both the literature review in Chapter 2, and the assessments in Chapters 4 and 

5, provide further insight into these two areas. As discussed in Section 6.1, the results show 
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that land-use change for bioenergy expansion has relatively low global impacts on climate, 

however that regionally changes in climate become more significant and varied. Findings also 

demonstrate substantial loss of some of the most vulnerable and irreplaceable species across 

the world, due to habitat destruction for second-generation energy cropland. However, the 

impact of large-scale bioenergy on both climate and biodiversity is altered by the incorporation 

of global water protection and REDD+ policies, with dramatic changes occurring from the 

latter. The significant influence of REDD+ in reducing negative climate and biodiversity 

impacts indicates that, if implemented conscientiously, second-generation bioenergy could be 

a sustainable solution to combatting climate change mitigation and energy security. 

Contrastingly, water protection measures have the potential to somewhat increase negative 

impacts, though further research and site-specific understanding could prevent this.  

Considering all findings, it can be deduced that the expansion of large-scale bioenergy 

deployment over the 21st century could counteract with aims in SDGs 13 (medium confidence), 

and 15 (high confidence), however, that this is highly dependent on the land-use policy (see 

Figure 6.1). With forest conservation policies put into place, results may be substantially more 

positive, though without them could lead to cancelling effects, which will mostly be felt at the 

local level. 
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6.3 Limitations and Future Recommendations  

Findings presented in this thesis display multiple options for future work. While the 

assessments used here are based off peer-reviewed methods, large uncertainties indicate that 

there is scope for improvements. This section highlights overall limitations within climate and 

biodiversity modelling, as well as potential options for translating modelled outputs into policy 

and conservation schemes. 

Figure 6.1: Findings in this study for the relationship between bioenergy expansion and SDGs
13 and 15, alongside results indicated in existing literature, as previously discussed in Chapter
1 (Figure 1.3). Overall, bioenergy expansion could counteract with aims in SDGs 13 (medium
confidence), and 15 (high confidence). Length of bars indicate the strength of the synergies and
trade-offs, and shading indicates confidence in impact assessments. Results other than those
from this study have been taken from the works of van Leeuwen (2017), GBEP (2018), Roy et
al. (2018). 
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6.3.1 Modelling and Metrics 

The inherent complexity and variability of climate and biodiversity dynamics makes modelling 

these two phenomena a challenging task. Analyses are therefore often limited to using specific 

indicators (e.g., species richness or abundance in biodiversity modelling), somewhat outdated 

data, and models that can over-simplify climate feedbacks and species distributions. Global 

modelling can further mask fine-scale patterns and miss important temporal dynamics and 

lagged effects. That said, climate and biodiversity models have made significant progress in 

recent years (whereby climate modelling is generally more established). Global models, in 

particular, can provide a broad overview of the most vulnerable regions and are thus useful for 

scenario work.  

To further refine global outputs, this thesis focuses on certain climatic regions (i.e., the tropics 

and extratropics), and high priority habitat areas (i.e., the biodiversity hotspots and AZE sites). 

To improve on accuracy, this work uses well-regarded models and methods, such as the EAR 

model, the UVic model, and the LUCID-CMIP5 protocol. In addition, relatively up-to-date 

initialisation datasets are used, such as the HYDE 3.1 historical land cover dataset (Goldewijk 

et al., 2011)., the AZE database (AZE, 2010), and the Conservation International biodiversity 

hotspot database (Mittermeier et al., 2005; Conservation International, 2011). However, further 

improvements can be made in both the climate and biodiversity assessments used here. As 

discussed in Chapter 4, these include better representation of present-day forest and cropland 

distributions, use of a higher resolution Earth system model, incorporation of cloud dynamics, 

and modelling of dynamic nitrogen and phosphorous cycles. Regarding the biodiversity 

assessment in Chapter 5, a wider range of biodiversity indicators and datasets could be utilised, 

as well as improvements made to the EAR model analysis to incorporate a larger range of land-

use types and different species dispersal abilities. 

Overall, findings from both the climate and biodiversity assessments indicate that future efforts 

and funding in modelling should be targeted towards enhancing areas such as data collection 

(e.g., satellite imagery, field surveys, remote sensing, and citizen science initiatives), spatial 

resolution and scale, species interactions and ecological processes (e.g., predator-prey 

relationships, nutrient cycling, species adaptability in different habitats), biogeophysical 

climate effects, and social and economic drivers of land-use change. The interrelated nature of 
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biodiversity and climate effects further highlights the importance of integrating these two 

fields.  

6.3.2 Policies and Conservation Schemes 

The role of second-generation bioenergy production in addressing climate change extends 

beyond the traditional concept of CO2 mitigation, which generally neglects local and global 

climate regulation services provided by land and biodiversity. This work demonstrates the 

overall importance of including land-based biodiversity and climate impact analyses within 

future bioenergy assessments, and highlights areas that need further investigation yet are 

lacking in current policy frameworks.  

A key challenge is translating impacts found in modelling assessments into local policy actions. 

It is clear from this work (and previous work) that for second-generation bioenergy expansion 

to occur sustainably, measures to conserve forests and other natural land are required. The 

REDD+ initiative, created by the United Nations Framework Convention on Climate Change 

(UNFCCC), is a recognised tool for promoting sustainable forest practices and enhancing 

carbon sequestration, and is thus incorporated into many modelling studies, such as this work. 

However, as previously discussed, REDD+ primarily focuses on reduction of greenhouse gas 

emissions, often overlooking the broader range of ecosystem services provided by forests, 

including biodiversity conservation, water regulation, soil protection, and cultural values. 

Future work could therefore focus on integrating these other non-carbon benefits into REDD+ 

initiatives and modelling analyses to enhance the overall resilience of forest ecosystems. 

The inherent nature of REDD+ means that biogeophysical effects of forests are generally 

ignored in policies and conservation schemes incorporating this initiative. It is becoming 

increasingly clear through both local and global model assessments that biogeophysical effects 

of forest cover can contribute significantly to solving local adaptation challenges, such as 

extreme heat and flooding, at all latitudes. However, lack of simple calculation metrics and 

uncertainties in estimates have delayed progress in implementing these effects within 

UNFCCC targets. Ideally, biogeophysical effects should be included in future scenario 

assessments incorporating bioenergy, as well as within Nationally Determined Contributions 

(NDCs) provided by individual countries each year. They could also be used, alongside 

REDD+ and water protection analyses as evidence to indicate priority regions within countries 
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National Biodiversity Strategies and Action Plans (NBSAPs), and ultimately strengthen 

conservation schemes for different countries.  

Cropland ‘leakage’ resulting in unintended loss of forest or other biodiverse- and carbon-rich 

land is another concern when implementing REDD+, as demonstrated in Chapter 5. However, 

REDD+ and biodiversity conservation can be mutually reinforcing if implemented carefully. 

For instance, landscape-level planning can be used to identify priority areas for REDD+ 

activities that also have high biodiversity value. This would incorporate not only forest land 

but the full range of carbon-rich ecosystems (A. Popp, Humpenöder, et al., 2014). 

Environmental and social safeguards set out by the UNFCCC framework need to also be 

enforced, ensuring the conservation of biodiversity while including the participation of local 

communities and indigenous people. Financial mechanisms and incentives play a crucial role 

in promoting the cooperation between REDD+ and biodiversity conservation. These include 

grants for local communities, incorporation of co-benefit indicators into financial rewards, 

dedicated funding streams specifically focused on biodiversity conservation, and assigning 

economic value to biodiversity benefits (IPBES, 2019). 

Accounting for both climate and biodiversity impacts of land-use change is imperative for 

effective conservation and sustainable management of natural resources. The expansion of 

second-generation bioenergy will require a careful balance of efforts in these two areas, and 

consistent monitoring and reporting systems that assess both carbon emissions and biodiversity 

conservation outcomes of corresponding changes in and preservation of land cover. A multi 

land-use approach will also be needed to integrate bioenergy expansion alongside REDD+, 

water protection, and biodiversity conservation. Examples of this include promoting 

agroforestry systems, sustainable forest management, increasing irrigation efficiency, and 

establishing protected areas or wildlife corridors within REDD+ project areas. Countries across 

the globe have indicated commitment to this approach e.g., Indonesia’s national REDD+ 

strategy (Masripatin et al., 2021), Costa Rica’s PES program (Malavasi and Kellenberg, 2002), 

Brazil’s Amazon Fund (Ferraz et al., 2023), and Sweden and Finland’s sustainable forest 

management schemes (IRENA, 2019), with 65 countries currently signed up to the UN-REDD 

Programme, and certification systems such as the Roundtable on Sustainable Biofuel (RSB) 

and Forest Stewardship Council (FSC) helping to execute these commitments (see Chapter 2, 

Section 2.5.1). However, land prioritisation is complex and continuous development of 
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identification methods, including bottom-up processes (e.g., engaging stakeholders) as well as 

local to global modelling, is needed to provide robust evidence for these schemes. 

Furthermore, initiatives protecting freshwater ecosystems from degradation due to bioenergy 

production need to be designed, in which trade-offs between ecosystems and economic 

incentives opposing sustainable water use are covered (see Section 2.5.2). Most land 

conservation schemes (in addition to the Alliance for Water Stewardship) incorporate water 

conservation to varying degrees, with many incentivising rainfed bioenergy production. 

However, as demonstrated in this work, this can lead to complications with displaced 

deforestation, and thus further threats to biodiversity and local climate regulation. Site-specific 

understanding of human and environmental water consumption, increased irrigation efficiency 

through improvements in water storage and transport, and better land management practices 

can help increase crop yields and reduce the need for large areas of rainfed cropland. 

It is important to note that climate change and biodiversity are interconnected, whereby changes 

to one can have dramatic consequences for the other. Integrating biodiversity and climate 

change within conservation planning and policy has become increasingly acknowledged in 

various international frameworks, such as the Convention on Biological Diversity (CBD) and 

the UNFCCC, which have called for coordinated actions (UNFCCC et al., 2022). Modelling 

of this integration has also become more advanced. For instance, the concept of climate-smart 

conservation assesses the vulnerability of species and ecosystems to climate change and 

implements adaptive management strategies (Stein et al., 2014). 

Despite limitations and divergence in modelling assessments, an overall picture is appearing in 

which a few regions, particularly in the tropics, are consistently emphasized as priorities for 

biodiversity conservation and climate regulation. It is thus important that the global donor 

community channel efforts to these regions, with much finer scale analysis needed for 

immediate effects. 

6.4 Closing Comments 

Without a complete assessment of all aims within the SDG agenda, it is impossible to determine 

the overall sustainability of bioenergy expansion. However, this thesis provides further insight 

into the role of bioenergy in achieving SDGs 13: “Climate Action”, and 15: “Life on Land”. In 

addition, it highlights areas most at risk and in need of continued conservation policies. 
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Conflicts may also occur with multiple other sustainability criteria not accounted for in this 

study, such as food security, health, air quality and economic growth, though, uncertainties 

around environmental impacts remain the largest. 

Some trade-offs are inevitable but, as discussed, in many cases negative impacts can be 

mitigated or reduced through careful planning and conservation. Increasing crop yields and use 

of wastes and residues, improving conversion efficiencies, and developing advanced 

biotechnologies could further help alleviate these issues (Henry et al., 2018). Carbon dioxide 

removal technologies, such as BECCS, will be required, though to be effective should be 

implemented imminently. In addition, international trade may be needed to support a global 

bioeconomy. For such large changes to occur, strong institutional and economic structures will 

need to be put in place, domestically and internationally (Fuss et al., 2014; Muratori et al., 

2016; Fridahl and Lehtveer, 2018).  

Despite the key role of BECCS in future mitigation pathways, acceptability of bioenergy is low 

compared to other renewable energy sources such as solar and wind (Poortinga et al., 2013; 

Peterson et al., 2015; Ma et al., 2015; EPCC, 2017). Successful implementation of BECCS will 

depend on government intervention to support both bioenergy and CCS. Demand side 

incentives could create a market for second-generation bioenergy, however, the final decision 

to plant energy cropland comes down to individual landowner preferences, with the help of 

financial incentives and guaranteed support. Bridging gaps in knowledge between scientific 

research, policy frameworks, and end land-use decisions will ultimately lead to a better 

understanding of sustainable bioenergy practices. 
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