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Summary 

Bioenergy is promoted for its potential to lower greenhouse gas (GHG) emissions, to guarantee 

energy provisions and to encourage development in biomass sourcing regions. However, several 

negative social and environmental effects of bioenergy production have been revealed. Therefore, 

legislation such as the EU Renewable Energy Directive 2009/28/EC (EU RED) includes 

sustainability requirements. For the practical sustainability assessment, the EU approved certification 

schemes that biomass producers can chose from to demonstrate compliance with the EU RED. Life-

cycle assessments (LCAs) are a major component of certification schemes for the environmental 

assessment of bioenergy production. LCAs may easily comply with the processing steps of 

(bioenergy) supply chains concerning global environmental impacts such as GHG emissions. 

However, local/regional environmental impacts (e.g., water quality or biodiversity) require site-

specific and flexible assessments in order to consider the regional capacity of the environment, which 

LCAs hardly provide. 

Against this background, this dissertation aims at answering the question (i) whether 

certification schemes as major governance mechanism of local/regional environmental impacts allow 

for a reliable and feasible assessment of biomass production for bioenergy. Beyond, it is the aim to 

tackle the broader question (ii) whether certification schemes would be able to detect changes of 

ecological processes caused by biomass production for bioenergy. Certification schemes 

predominantly used feasible causal indicators (e.g., on management practices) instead of more 

reliable and less feasible effect indicators (e.g., on water quality changes). Certification schemes 

rather demonstrated compliance with the EU RED, and lacked an assessment of causal links and 

interactions in ecological processes affected by increased biomass production. They also did not 

allow for comparing impacts between different bioenergy feedstock production regions. In addition, 

their narrow focus on indicators at the plot scale (i.e., land management) may overlook landscape 

scale impacts of bioenergy production. The developed analytical framework could be used in a 

revised form as a starting point to assess the quality and comprehensiveness of other environmental 

monitoring schemes, for instance, in water planning. 

For different solid biomass production regions, this dissertation aims at answering the 

questions (i) how environmental and ecosystem service (ESS) impacts differ for different feedstocks 

and (ii) which plot and landscape factors drive the supply of multiple ESS. The selected production 

regions consisted of a current and a future major global solid biomass supply region (Southeastern US 

and Tanzania) and one major consumer and producer region (Central Germany). The investigated 

feedstocks were forest biomass, agricultural residues, and biomass from short rotation coppices 

(SRCs). In the Southeastern US, a major solid biomass production region, this dissertation compared 

two intensively managed land-use systems under comparable climate conditions: Satilla watershed for 

pine plantation forestry and Big Sunflower watershed for intensive agriculture for corn and winter 

wheat production. Plantation forestry showed less distinct ESS tradeoffs compared with natural or 

semi-natural forest as remnants of potential natural vegetation (PNV). Corn and wheat production 

provided less carbon storage, phosphorous and sediment retention, and biodiversity, and higher 

groundwater recharge rates compared with natural or semi-natural forests. ESS were simulated with 

the Integrated Valuation of Ecosystem Services and Tradeoffs and the Soil-Water Balance model. 

More than 30 % of the variance in ESS supply depended on landscape structure and naturalness as 

shown by redundancy analyses. A focus on site conditions and individual feedstock producers at the 
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plot scale may be insufficient to assess environmental impacts. Certification schemes should be 

complemented by assessments at the regional/watershed scale. In Central Germany, SRCs as a new 

solid biomass production option were modeled at the regional scale based on agent-based land-use 

decisions. Their environmental impact was assessed at the regional scale for different economic and 

policy scenarios. Only a substantial increase in SRCs’ production area (from 0% to 14-24 % of the 

Mulde watershed in Central Germany) had considerably negative effects on crop production and 

positive effects on biodiversity and regulating ESS. The increased SRC production considerably 

exceeded regional demand of solid biomass of combined heat and power plants; the rather low 

efficiency of SRCs to raise regulating ESS may be explained by the fact that SRCs in the market 

simulation did not establish at the most efficient locations with respect to regulating ESS supply; 

instead, they rather established at locations with low soil quality, which were less beneficial for 

annual crops. 

Environmental heterogeneity makes local/regional environmental impacts hardly comparable 

between world regions. However, it is necessary to compare bioenergy production options between 

world regions, e.g., for certification schemes. Therefore, this dissertation aims to answer the question 

(i) how environmental and ESS impacts could be compared despite environmental heterogeneity 

between different biomass production regions (Southeastern US, Tanzania, and Central Germany). 

Equally, it should answer the question (ii) how regional environmental thresholds, PNV, and 

environmental stratification perform in respect to reliability, feasibility, and relevance. The different 

approaches ranked environmental impacts within a production region according to their naturalness 

(managed forest, plantation forestry, cropland). When comparing plantation forestry (Southeastern 

US and Tanzania) and managed forests (Central Germany) between the case studies, managed forests 

had the most positive environmental impact values similarly identified in the PNV and stratification 

approach. The PNV approach was the most reliable, although there were major deficiencies 

concerning feasibility and relevance. The PNV approach explicitly included most of the factors that 

drive environmental heterogeneity in contrast to the stratification and threshold approach. The 

stratification approach was more feasible due to the possibility of a concise global application and 

hardly any additional data needed beyond those to model current environmental impacts. PNV and 

environmental stratification allowed for a comprehensive application, whereas environmental 

thresholds did not. Nevertheless, certification schemes or environmental agencies regularly 

recommend and use environmental thresholds in sustainability assessments. 

All assessments approaches and techniques could be applied not only for biomass production 

systems for bioenergy but also for the assessments of environmental and ESS impacts of other land-

use systems. These results of globally distributed environmental assessments of solid biomass for 

bioenergy and their major governance mechanism, certification schemes, hint to a general challenge 

that future research may analyze. For increasing global trade of agricultural or forestry products, 

future research could assess and compare local/regional environmental and ESS impacts with the 

tested approaches between world regions. In that respect, it would be interesting to link local/regional 

environmental or ESS assessments with major global biomass trade patterns. It could help to assess 

how importers use ESS in the exporting location, and thereby affect regional ESS supply and demand 

relationships.  
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Zusammenfassung 

Bioenergie wird gefördert, um Treibhausgasemissionen (GHG) zu senken, die energetische 

Versorgungssicherheit zu erhöhen und die regionale Entwicklung in Biomasseproduktionsregionen zu 

stärken. Jedoch können negative soziale und ökologische Effekte der Bioenergieproduktion auftreten. 

Aus diesem Grund umfasst die Gesetzgebung, wie die Erneuerbare-Energien-Richtlinie der EU 

2009/28/EC (EU RED), Nachhaltigkeitskriterien. Für die praktische Um- und Durchsetzung der 

Nachhaltigkeitsbewertung hat die EU Zertifizierungssysteme anerkannt, unter denen 

Biomasseproduzenten wählen können, um die Einhaltung der EU RED nachzuweisen. Ökobilanzen 

(LCAs) sind ein wesentlicher Bestandteil von Zertifizierungssystemen zur Bewertung der 

ökologischen Nachhaltigkeit der Bioenergieproduktion. LCAs dienen vor allem der Bewertung 

weltweiter Umweltfolgen wie Treibhausgasemissionen und sind leicht mit den Verarbeitungsschritten 

von (Bioenergie-)Wertschöpfungsketten in Einklang zu bringen. Jedoch bedürfen lokale/regionale 

Umweltfolgen, z. B. im Bereich Wasserqualität oder Biodiversität, Raumbezug und Flexibilität beim 

Bewertungsansatz, um die regionale ökologische Tragfähigkeit zu berücksichtigen. Raumbezug und 

methodische Flexibilität sind in LCAs kaum gegeben. 

Vor diesem Hintergrund stellt sich die Frage, (i) ob Zertifizierungssysteme als dominierendes 

Governanceinstrument lokaler/regionaler Umweltfolgen der Biomasseproduktion für Bioenergie eine 

verlässliche und leicht umsetzbare Umweltbewertung zulassen. Darüber hinaus besteht die Frage, (ii) 

ob Zertifizierungssysteme Veränderungen ökologischer Prozesse aufgrund von Biomasseerzeugung 

für Bioenergie aufdecken können. Zertifizierungssysteme verwenden vorrangig leicht umsetzbare 

Indikatoren zur Messung der Ursachen von Umweltveränderungen, z. B. zu land- und 

forstwirtschaftlicher Bewirtschaftungspraxis. Kaum verwendet werden hingegen 

Wirkungsindikatoren, z. B. zur Bestimmung der Wasserqualität. Zertifizierungssysteme zeigen 

vornehmlich die Einhaltung der EU RED. Sie ermöglichen nur unzureichend eine Analyse der 

möglichen Veränderungen ökologischer Prozesse aufgrund erhöhter Biomasseerzeugung. Darüber 

hinaus lassen es Zertifizierungssysteme nicht zu, Umweltfolgen verschiedener 

Bioenergieproduktionsregionen zu vergleichen. Zusätzlich können aufgrund des beschränkten 

räumlichen Fokus der Indikatoren auf Schlagebene, d.h. Landbewirtschaftung, Folgen der 

Bioenergieproduktion auf Landschaftsebene übersehen werden. Der entwickelte analytische 

Bewertungsrahmen könnte in einer angepassten Form als Ausgangspunkt für die Bewertung der 

Vollständigkeit und der Qualität von Umweltmonitoringschemata, z. B. in der Gewässerplanung, 

verwendet werden. 

Für verschiedene Produktionsregionen fester Biomasse möchte diese Dissertation, die Fragen 

beantworten, (i) inwiefern sich verschiedene Biomassesubstrate unterschiedlich auf die Umwelt und 

auf Ökosystemdienstleistungen (ESS) auswirken und (ii) welche Faktoren auf Schlag- und 

Landschaftsebene die Bereitstellung mehrerer ESS beeinflussen. Die betrachteten Regionen sind eine 

aktuelle bzw. eine zukünftige Produktions- und Exportregion (Südosten der USA und Tansania) 

sowie eine Produktions- und Importregion ((Mittel-)Deutschland) fester Biomasse. Die zu 

bewertenden Substrate sind Waldbiomasse, Agrarreststoffe und Biomasse aus Kurzumtriebsplantagen 

(SRCs). Im Südosten der USA als eine bedeutende Exportregion fester Biomasse vergleicht diese 

Dissertation zwei intensiv bewirtschaftete Landnutzungssysteme mit vergleichbaren klimatischen 

Bedingungen (Satilla als ein Wassereinzugsgebiet für Kiefernplantagen und Big Sunflower als ein 

Wassereinzugsgebiet für intensiven Ackerbau für Mais und Winterweizen). Plantagenwälder weisen 
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im Vergleich zu natürlichen oder naturnahen Wäldern, ihrem heutigen Pendant zu potentieller 

natürlicher Vegetation (PNV), kaum Unterschiede in Bezug auf die Bereitstellung von ESS auf. Mais 

und Winterweizen weisen eine deutlich geringere Kohlenstoffspeicherung, Phosphor- und 

Sedimentrückhaltung sowie Biodiversität im Vergleich zu natürlichen oder naturnahen Wäldern auf. 

Mais und Winterweizen weisen jedoch eine höhere Grundwasserneubildungsrate als natürliche oder 

naturnahe Wälder auf. ESS wurden mit dem „Integrated Valuation of Ecosystem Services and 

Tradeoffs“ und dem „Soil-Water Balance“ Model simuliert. Mehr als 30 % der Varianz in der 

Bereitstellung von ESS wurde durch die Struktur und Natürlichkeit der Landschaft erklärt, wie 

Redundanzanalysen gezeigt haben. Der Fokus auf Standortbedingungen und einzelne 

Biomasseerzeuger auf Schlagebene kann unzureichend sein, um Umweltfolgen zu bewerten. 

Zertifizierungssysteme sollten Umweltbewertungen auch auf regionaler Ebene durchführen. In 

Mitteldeutschland wurde die Verbreitung von SRCs als neue Möglichkeit der Biomasseerzeugung mit 

einem agentenbasierten Modell simuliert. Regionale Umweltfolgen wurden für verschiedene 

ökonomische und politikgetriebene Szenarien analysiert. Nur ein deutlicher Anstieg der 

Produktionsfläche von SRCs (von 0 % auf 14-24 % des Mulde Wassereinzugsgebiets in 

Mitteldeutschland) hat merkliche Effekte auf die Produktion von Feldfrüchten (negativ) und auf die 

Biodiversität und regulierende ESS (positiv). Der damit verbundene Anbau von SRCs übersteigt die 

regionale Nachfrage von Kraft-Wärme-Kopplungskraftwerken nach fester Biomasse deutlich. Ein 

Grund für die geringe Effizienz der SRCs bei der Erhöhung der regulierenden ESS lässt sich dadurch 

erklären, dass SRCs sich in der Marktsimulation nicht an den Orten der höchsten Effizienz in Bezug 

auf die Bereitstellung von regulierenden ESS ansiedeln. Stattdessen werden SRCs vornehmlich an 

den für den Feldfruchtanbau weniger förderlichen Standorten mit geringerer Bodenqualität angebaut. 

Naturräumliche Heterogenität lässt einen Vergleich lokaler/regionaler Umweltfolgen 

zwischen Weltregionen kaum zu. Dennoch ist es notwendig, Möglichkeiten der Bioenergieproduktion 

zwischen Weltregionen zu vergleichen, z. B. für die Verwendung in Zertifizierungssystemen. Daher 

hat diese Dissertation das Ziel, die Frage zu beantworten, (i) wie Folgen für die Umwelt und ESS 

zwischen verschiedenen Biomasseproduktionsregionen verglichen werden können (Südosten der 

USA, Tansania und Mitteldeutschland). Ebenso soll die Frage beantwortet werden, (ii) wie drei 

Ansätze, regionale Umweltgrenzwerte, PNV und Stratifizierung anhand von Umweltparametern, in 

Bezug auf Verlässlichkeit, Umsetzbarkeit und Relevanz zu bewerten sind. Diese drei Ansätze ordnen 

die verschiedenen Umweltfolgen in einer Produktionsregion nach dem Grad der Natürlichkeit 

(natürlicher oder naturnaher Wald, Plantagenwald und Ackerland). Im Vergleich zwischen den 

Plantagenwäldern (Südosten der USA und Tansania) und dem Wirtschaftswald (Mitteldeutschland) 

wird der Wirtschaftswald mit dem PNV- und Stratifizierungsansatz jeweils als Option mit den 

höchsten positiven Werten identifiziert. Der PNV-Ansatz ist der verlässlichste mit Nachteilen in 

Bezug auf Umsetzbarkeit und Relevanz. Im Gegensatz zum Stratifizierungs- und 

Umweltgrenzwertansatz berücksichtigt der PNV-Ansatz wesentlich mehr Faktoren, die die 

naturräumliche Heterogenität beeinflussen. Der Stratifizierungsansatz ist aufgrund eines einheitlich 

zugrundeliegenden Datensatzes und geringem zusätzlichem Datenbedarf leichter umsetzbar. Der 

PNV-Ansatz und der Stratifizierungsansatz lassen eine umfassende Anwendung im Gegensatz zum 

Umweltgrenzwertansatz zu. Nichtsdestotrotz empfehlen und verwenden Zertifizierungssysteme oder 

Umweltbehörden regelmäßig Umweltgrenzwerte zur Nachhaltigkeitsbewertung. 

Alle Umweltbewertungsansätze können nicht nur für die Biomasseerzeugung sondern auch 

für die Bewertung von Umweltfolgen und ESS in anderen Landnutzungssystemen verwendet werden. 
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Die Ergebnisse der Umweltbewertungen fester Biomasse in weltweit verteilten Fallstudien und zu 

Zertifizierungssystemen als zugehörigem Governanceinstrument deuten auf eine grundsätzliche 

Herausforderung für die zukünftige Forschung hin. Der zunehmende weltweite Handel mit land- und 

forstwirtschaftlichen Produkten erfordert eine Bewertung und einen Vergleich der lokalen/regionalen 

Umweltfolgen und ESS zwischen Weltregionen. Vor diesem Hintergrund besteht zukünftiger 

Forschungsbedarf, wie Bewertungsansätze für lokale/regionale Umweltfolgen oder ESS mit 

weltweiten Handelsströmen verknüpft werden können. Dadurch könnte beispielsweise eine Analyse 

ermöglicht werden, wie Importeure ESS in der Exportregion nutzen und dadurch die regionale 

Beziehung von Angebot und Nachfrage für ESS beeinflussen.  
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1 Introduction 

1.1 Motivation 

Bioenergy is subsidized and promoted to save greenhouse gas (GHG) emissions, to diversify, secure 

and create energy supplies, and to create jobs [1-4]. Arguments in favor of bioenergy can be 

summarized under the concept of sustainability with its three dimensions: economic, social, and 

environmental. A widely accepted definition for sustainability by the Brundtland Commission was 

recently updated by Griggs et al. [5] “development that meets the needs of the present while 

safeguarding Earth’s life-support system, on which the welfare of current and future generations 

depends”. Market mechanisms typically ensure economic sustainability if following the neoclassical 

theory [6]. However, several negative social and environmental externalities of bioenergy production 

have been discovered, but are not included in market prices. Therefore, legislation such as the EU 

Renewable Energy Directive 2009/28/EC (EU RED) [7] is required if sustainability goals should be 

met to reduce negative externalities. 

Historically, environmental assessments of bioenergy production are especially important 

against the background of the European history of traditional wood and bioenergy use from forests. 

The historical cycle of forest decline as demonstrated for the Menzer Heide in Eastern Germany, but 

characteristic for Central Europe [8] started with a forest decline due to overexploitation of 

roundwood and residues. This was followed by afforestation with fast growing tree species such as 

Picea abies and Pinus silvestris comparable to those of plantations. Currently, forest practice in 

Central Europe is in a state of conservation with measures to re-approach the natural situation with 

the introduction of broadleaved tree species [9, 8]. Increasing imports might induce or enhance such a 

cycle in developing, rather than developed countries, with prevailing primary or secondary forests and 

the economic need for export goods. To avoid or abate such a cycle, a set of rules or requirements, as 

operationalized in sustainability criteria and indicators (C&Is) in certification schemes, is necessary. 

Certifications schemes as governance tools have the purpose to avoid negative human alterations in 

ecological and social systems worldwide [10]. If most stakeholders agree on C&Is at an international 

level to cover the large imports of solid biomass [11], the trade of unsustainably produced biomass 

will be more likely delimited. 

Considering global biomass production for bioenergy, more than 80 percent of global 

bioenergy supply originates from forest biomass, whereas only three percent of the global bioenergy 

crops was obtained from dedicated energy crops in 2008 [12]. A projection for energy crop 

production for 2050 that considers the competition for land with food crops expects that the potential 

of bioenergy crops may amount to 77 EJ a-1 [13], which is far below the total biomass potential for 

bioenergy of up to 300 EJ a-1 [12]. In addition, Haberl et al. [14] argue that a further significant 

increase of purposefully grown bioenergy crops will not be economically viable due to the low 

photosynthetic conversion efficiency. They also question the environmental sustainability of 

increased bioenergy feedstock production and the associated direct or indirect land-use change and 

see this as especially problematic for natural lands with high carbon stocks and biodiversity. 

Considering global bioenergy trade, Matzenberger et al. [15] expect solid biomass to be the 

predominately traded bioenergy resource ranging from 2,500 to 7000 Mt by 2030. Liquid biofuels are 

expected to range between 65 to 360 Mt. The case of solid biomass for bioenergy is to be seen 
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exemplary for increasing global trade of biomass and agricultural products and the consequently 

induced land-use change and its associated environmental, economic, and social impacts, see 

Meyfroidt et al. [16] for an overview beyond bioenergy. For the EU, Lamers et al. [17] expect an 

increase in solid biomass imports from 2010 until 2020 by about 300 percent to 236 PJ as a net 

importer even under potentially implemented EU RED sustainability requirements.  

To fulfill the normative dimension of sustainability assessments [18], it is necessary to assess 

whether biomass production for bioenergy is sustainable. Common tools to assess the environmental 

sustainability of bioenergy production are life-cycle assessments (LCAs) that focus on GHG 

emissions and air pollutants [19, 20]. Bioenergy production will be seen as beneficial if GHG 

emissions are reduced compared with a fossil fuel energy production systems [21]. Contrastingly, 

there is no constantly applied assessment methodology for site-specific local/regional environmental 

impacts. There are studies aiming at regionalized LCAs, but they hardly overcome the mismatch of 

available input data and impact scales [22]. For example, resource flows and life-cycle inventory data 

on emissions are available for nations, but not for environmental impact scales [22] (e.g., data on 

water quality impacts at the watershed scale such nutrient export). To solve this deficiency of generic, 

global LCAs, Koellner and Geyer [23] suggest to rely on and to integrate the results of site-specific 

and -dependent environmental assessments of production system impacts (e.g., for biodiversity and 

ecosystem services (ESS)). Koellner et al. [24] especially criticize that LCAs do not consider 

interactions between different ESS and biodiversity or the influence of landscape configuration. For 

bioenergy used in the EU, the EU RED is in force for liquid biofuels and in a draft form for solid and 

gaseous bioenergy production [25]. It requires amongst others to assess the environmental impact of 

biomass production on biodiversity, and on ESS. However, site-specific and regional environmental 

impacts or ESS miss a consistently applicable reference system or reference conditions for a 

comparison between worldwide biomass production regions for a sustainability assessment. 

In recent years, governments in more than 60 countries, including the US, China, and several 

countries from the EU, have started to implement or use the ESS concept in legislative acts or in 

national assessments [26]. ESS are defined as human benefits provided by ecosystems [27]. ESS are 

classified in three major groups: provisioning (e.g., biomass for bioenergy), regulating (e.g., sediment 

retention), and cultural (e.g., scenic beauty) [28]. ESS have been modeled or mapped in various 

studies within (e.g., Meehan et al. [29]) and beyond the scope of bioenergy (e.g., Raudsepp-Hearne et 

al. [30]). Often, studies map ESS and aim at identifying synergies and tradeoffs such as Qiu and 

Turner [31]. A major rational of ESS assessments instead of (common) environmental assessments is 

that the impact of a policy or human action on the ESS supply for the beneficiaries needs to be 

considered [32]. A policy such as the EU RED needs to be assessed not only for biophysical impacts 

but also for its social impacts. Following Baker et al. [33], the focus is often on immediately lost 

economic benefits. For example, in the context of bioenergy, short rotation coppices (SRCs) planted 

as buffer strips along rivers do not only have economic impacts, e.g., biomass yields instead of crop 

yields, but also other non-monetary environmental such as nutrient retention and social impacts such 

as loss of food production [34]. Initially, ESS impacts of bioenergy have been mostly analyzed in the 

context of first generation liquid biofuels such as maize in the US or rapeseed in Germany [35], 

although solid biomass is dominant in trade and production as shown above. 
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1.2 Conceptual background and main research questions 

Environmental and social sustainability of bioenergy, in contrast to economic sustainability, are often 

not ensured through market mechanisms. To avoid market failures such as negative environmental 

and social externalities, government interventions in the form of quotas for biofuels or subsidies, or 

both, are required [36]. Voluntary certification schemes to reduce or avoid negative environmental 

and social externalities have a long history of application in the forestry sector to solve the asymmetry 

of information between feedstock producers and users [37]. Certification schemes reduce 

governmental transaction costs by shifting the audit effort to the scheme issuer. However, strongly 

relying on a market-driven approach without actual government-set minimum standards or the risk to 

lose government control, especially in third countries, is debatable. Both community pressure and 

likely state intervention for unsustainable practices are largely missing especially in developing 

countries exporting biomass [38]. The relevant criteria might exceed the local requirements for 

bioenergy sustainability or set other foci than locally intended. According to Van Dam et al. [10], 

developing countries have food security rather than environmental sustainability in focus. Beyond the 

regional aspect, the goals for certification schemes vary between stakeholder groups [39]. For 

example, NGOs expectedly prefer reliable and comprehensive certifications schemes for a high level 

of social and environmental sustainability. Contrastingly, feedstock producers are more likely 

interested in easily applicable certification schemes that allow for a higher market penetration to 

comply with consumer needs, or to gain access to subsidies within the EU RED [40, 2, 41]. 

Bioenergy certifications schemes, approved for compliance with the EU RED [7], combine 

government defined minimum standards for environmental protection, and fuzzy generic 

environmental and social requirements. The scheme issuer has the freedom to translate and refine 

fuzzy generic requirements to C&Is. The need to obtain good agricultural and environmental 

conditions or to fulfill the Conventions of the International Labour Organisation, are examples of 

fuzzy requirements in the EU RED. Due to this freedom for the certification scheme issuer, an 

increasing number of certification schemes likely raises the number of (diverging) levels of 

comprehensiveness and quality [42]. 

The assessment and governance of social (human-human interactions) and environmental 

(human-environment interactions) sustainability issues through certification can be conceptualized in 

socio-ecological systems. According to Berkes et al. [43], socio-ecological systems are linked, 

multilayered systems with a social and ecological entity or component. They supply crucial services 

for society such as nutrition or biomass for various purposes. Binder et al. [44] categorized existing 

frameworks to analyze socio-ecological systems in four groups: ecocentric, integrative, policy, and 

vulnerability frameworks. Ecocentric frameworks suit to analyze the impact of human activities on 

ecosystems. Integrative frameworks focus on the dynamics in the social system and the bidirectional 

interaction of the social and ecological system. Policy frameworks explore options to lower the 

human impact on ecosystems. Vulnerability frameworks identify how susceptible humans are to 

environmental change. The Driving force-Pressure-State-Impact-Response (DPSIR) framework [45] 

as policy framework should allow to assess whether certification schemes can contribute to lowering 

environmental impacts of biomass production. Specifically, the DPSIR may distinguish whether 

indicators assess causes or effects of biomass production on the environment and thereby determine 

the reliability of indicators. Beyond this, rating scales to determine the feasibility of indicators, i.e., 

measurability and practicality [46], are needed. The ecocentric ESS concept may be used to determine 

considered and missing environmental processes in biomass production systems. In that respect, this 
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dissertation may determine whether certification schemes well-represent human induced changes of 

biomass production. It is necessary to test whether certifications schemes properly represent the 

ecological system and its human modification. Therefore, ESS frameworks typically link ecosystem 

structures and processes with an ecosystem’s capacity to supply ESS, human benefits and values, see 

Villamagna et al. [47] for a synthesis of concepts. These frameworks could help to operationalize the 

use of the ESS concepts [48] to evaluate certification schemes. In this dissertation, the DPSIR and 

ESS frameworks are applied to assess reliability and comprehensiveness of certification schemes for 

an environmental assessment: 

 

Do certification schemes allow for a reliable and feasible assessment of local/regional environmental 

impacts of bioenergy feedstock production? Do individual indicators and the entire set of a 

certification scheme well represent the human impact on the environment? Could certification 

schemes detect changes of ecological processes caused by biomass production for bioenergy? 

 

Biomass production for bioenergy may affect ecosystems at a range of spatial scales, from plants 

through ecosystems, landscapes and biomes to the globe as listed in Levin [49]. The underlying 

ecosystem structures and processes to determine the actual capacity of ESS supply act at various 

spatial and temporal scales [50]. The spatial scales in ESS assessments often do not match the actual 

affected processes that determine the capacity of ESS supply [51]. For example, water use for 

different bioenergy feedstocks (e.g., forest plantations or crop production) may be assessed at the plot 

scale, but effects on the water balance are felt at the regional or watershed scale. In that respect, both 

the regional impact of water use and the regional availability, or capacity, need to be included in the 

assessment. Therefore, it might be reasonable to assess ESS at a regional or landscape scale as 

recommended for certification schemes in forestry [52]. The demand for regulating ESS often also 

arises at the regional or landscape scale [53]. This is due to the fact that most of the environmental 

processes such as runoff, soil erosion, or nutrient export, and their associated ESS occur at that scale. 

In that respect, Dale et al. [54] emphasize the need for assessments considering the impact of 

bioenergy on the environment at the regional scale, for instance, with water quality impacts at the 

watershed level. 

Typically, land use such as biomass production for bioenergy is often associated with trade-

offs towards the supply of other ESS and therewith affects the multifunctionality of landscapes [55]. 

For example, few beneficiaries maximize one provisioning service such as biomass for bioenergy. 

These and others benefit less from ESS with public good character without immediate private benefit 

such as erosion protection. Private interests are typically equally fulfilled at the local scale, whereas 

the losers, beneficiaries of ESS not using the maximized provisioning service, might prefer a bundle 

of ESS at different scales such as a watershed [56] or a region. Therefore, a regional analysis of ESS 

supply in a bioenergy feedstock production region may consider spatially explicit interactions with 

ecosystems and remaining land-use activities in a landscape [50, 57]. 

Under natural conditions, various ecological processes shape landscape composition and 

configuration [58]. Land-use activities such as plantation forestry or crop production do not only 

modify site conditions and ESS supply at plot scale, but also have impacts at landscape scale. Land-

use activities may enhance the fragmentation connectivity of natural or semi-natural landscapes [50]. 

Modifying landscape structure affects ecosystem functioning such as energy and matter transport [59] 

and ESS [60, 31] (e.g., sediment retention). Identifying major landscape characteristics of balanced 
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bundles of high ESS supply in bioenergy landscapes may allow to derive indicators and management 

recommendations to ensure efficient landscape planning. Existing research hardly analyzes driving 

factors determining ESS bundles [61]. 

Advances in processing technologies for biomass for bioenergy may enhance the 

interchangeable use of different biomass sources. Beyond the largely debated competition between 

food, fuel and fiber, bioenergy producers may also compete for forestry and agricultural biomass 

interchangeably [62]. Existing research regularly addresses environmental and ESS impacts of 

bioenergy from forestry, agriculture or second generation bioenergy feedstocks such as SRCs 

separately, see Cademus et al. [63] (forestry), Power [64] (agriculture), or Holland et al. [65] (SRCs). 

A common market for these different biomass sources urges for a holistic approach and tools for 

integrative environmental assessment. In that respect, it is necessary to apply a methodology suitable 

to compare agricultural and forestry dominated production regions and to test how an increase of 

second generation bioenergy feedstocks would affect multiple ESSs: 

 

How do impacts on ESS differ between solid bioenergy feedstock, i.e., from forestry, agriculture, and 

SRCs, at the regional scale? Which landscape scale factors affect ESS synergies and trade-offs? 

 

Environmental and ESS impacts at the local/regional scale may affect a broad variety of ecosystems, 

which are differently affected by human-induced changes such as land-use change due to increased 

biomass trade. The variety of ecosystems is mostly driven by the spatial variation of biotic and abiotic 

environmental factors, namely environmental heterogeneity. Environmental heterogeneity is a major 

driver of species richness, and is commonly considered in species distribution modeling in 

biodiversity research [66]; it equally affects the occurrence of positive and negative environmental 

impacts [67] and their respective reference conditions. With respect to environmental impact 

assessments, no generally applicable methodology has been identified [68]. In that respect, it is 

necessary to develop and evaluate potential options to enable comparative environmental impact 

assessments. It is possible to compare environmental impact assessments and to determine the 

environmental sustainability for different biomass production regions by standardizing the 

environmental impacts, by having a reference state, or by defining threshold or target values. There 

are some approaches such as environmental stratification proposed to make biodiversity impacts 

comparable for worldwide biodiversity monitoring networks [69]. Potential natural vegetation (PNV) 

can be used as reference condition to compare carbon sequestration worldwide [70] or for LCAs [71]. 

Equally, threshold or target values to determine critical nutrient loads could be used [18]. 

For ESS, there are several conceptual frameworks, which propose different ways to quantify 

an ecosystem’s capacity or reference conditions to provide ESS [72, 47]. Both studies, synthesizing 

various frameworks and approaches to operationalize the question of sustainable ESS provision and 

use, could not identify a generally applicable methodology for an entire bundle of ESS. However, the 

authors agree on the statement that a sustainable use of ESS is ensured if it is lower than the capacity 

to provide ESS. Generally, it is possible to model ESS capacity and use or supply with different 

indicators, e.g., Schröter et al. [73], or to use environmental thresholds or target values, e.g., for water 

purification [47]. However, all options need to control for environmental heterogeneity to determine 

how and to which extent land use affects the ESS capacity relative to the actual ESS demand or 

supply, see Villamagna et al. [47]. In practice, a broader application, for instance, in certification 
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schemes, would require a simplified or at least a well-guided approach [53]. These issues lead to the 

following questions: 

 

How can local/regional environmental or ESS impacts be compared despite environmental 

heterogeneity? What would be the outcome for exemplary biomass production regions? Which 

criteria determine the reliability, feasibility and relevance of the applied methodologies to compare 

environmental and ESS impacts under environmental heterogeneity? Which approach is preferable 

with respect to reliability, feasibility, and relevance? 

1.3 Overview of dissertation structure 

This dissertation comprises six chapters. Chapters 2, 3, 4 and 5 represent the manuscripts for the 

journal articles for this cumulative dissertation. 

Chapter 2 analyzes 12 certification schemes and indicator sets as common tools for the 

assessment of (environmental) sustainability for bioenergy feedstock production in practice. It 

assesses the quality and comprehensiveness of C&Is in certification schemes for local/regional 

environmental impacts, which globally targeted and well-developed LCAs often disregard. First, 

rating scales to assess the reliability and feasibility are developed and applied for each environmental 

indicator. Secondly, an analytical framework based on the ESS cascade is used to analyze how each 

indicator set represents potentially affected environmental systems. This second analysis tests how 

well certification schemes represent tradeoffs of biomass use and other ESS respectively [46]. 

Chapter 3 assesses potential ESS supply and its tradeoffs and synergies in solid biomass 

production systems in the Southeastern US, a major global solid bioenergy production region for EU 

imports. First, ESS tradeoffs and synergies of plantation forestry (i.e., pine poles) and agricultural 

production (i.e., wheat straw and corn stover) with the counterfactual natural or semi-natural forest 

are analyzed in two representative watersheds. Secondly, environmental factors at the plot scale and 

landscape composition, configuration, and naturalness are tested for their influence on ESS supply 

and biodiversity. Thirdly, the role of landscape factors to meet partly socially accepted environmental 

thresholds as available for water quality within the two contrasting case studies is assessed [74]. 

Chapter 4 places SRCs in the landscape of the Mulde watershed in Central Germany by 

modeling farmers’ land-use decisions under different economic and policy-driven scenarios using an 

agent-based model (ABM). Based on the simulated deployment of SRCs, regional-scale impacts on 

multiple ESS despite missing large-scale, commercial implementation of SRCs can be assessed. This 

chapter also tests whether SRCs enhance the number of balanced ESS bundles [75]. 

Chapter 5 compares environmental impacts between biomass production systems in different 

parts of the world: the Southeastern US, Tanzania and Central Germany. This chapter tests three 

approaches to make environmental impacts comparable despite environmental heterogeneity: 

environmental stratification, PNV, and environmental thresholds for an environmental assessment. It 

develops criteria for reliability, feasibility, and relevance, and evaluates the three approaches 

according to the developed criteria [76]. 

Chapter 6 discusses the findings from chapters 2 to 5 in a broader context and shows 

limitations. Conclusions with respect to future research needs are also drawn. 
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2.1 Abstract 

Bioenergy is receiving increasing attention because it may reduce greenhouse gas emissions, secure 

and diversify energy supplies and stimulate rural development. The environmental sustainability of 

bioenergy production systems is often determined through life-cycle assessments that focus on global 

environmental effects, such as the emission of greenhouse gases or air pollutants. Local/regional 

environmental impacts, e.g., the impacts on soils or on biodiversity, require site-specific and flexible 

options for the assessment of environmental sustainability, such as the criteria and indicators used in 

bioenergy certification schemes.  

In this study, we compared certification schemes and assessed the indicator quality through 

the environmental impact categories, using a standardized rating scale to evaluate the indicators. 

Current certification schemes have limitations in their representation of the environmental systems 

affected by feedstock production. For example, these schemes predominantly use feasible causal 

indicators, instead of more reliable but less feasible effect indicators. Furthermore, the 

comprehensiveness of the depicted environmental systems and the causal links between human land 

use activities and biophysical processes in these systems have been assessed. Bioenergy certification 

schemes seem to demonstrate compliance with underlying legislation, such as the EU Renewable 

Energy Directive, rather than ensure environmental sustainability. Beyond, certification schemes 

often lack a methodology or thresholds for sustainable biomass use. Lacking thresholds, imprecise 

causal links and incomplete indicator sets may hamper comparisons of the environmental 

performances of different feedstocks. To enhance existing certification schemes, we propose 

combining the strengths of several certification schemes with research-based indicators, to increase 

the reliability of environmental assessments. 

2.2 Introduction 

Bioenergy is receiving increasing attention because it is assumed to be associated with the following 

major advantages over fossil fuels [1-4]: 

 Reduction of greenhouse gas (GHG) emissions and strengthening of the environmental 

sustainability of energy provision  

 Securing and diversifying the energy supply 

 Positive socioeconomic impacts such as increased energy access in developing and jobs in 

developed countries 

The arguments in favor of bioenergy can be summarized under the concept of sustainability as 

defined by the Brundtland Commission [5]. The aspects listed above show that several dimensions of 

sustainability are of importance, namely the economic, environmental and social dimensions [6]. 

According to neoclassical theory, economic sustainability is ensured through market mechanisms [7]. 

Environmental and social sustainability are often not ensured through these mechanisms and require 

government interventions, for example, quotas for bioenergy or subsidies to overcome market failures 

[8]. Even if environmental and social sustainability are considered for bioenergy, Robbins [9] stated 

that it is currently unclear how to assess the sustainability of bioenergy from both environmental and 

socioeconomic perspectives. 

The major environmental impact categories of bioenergy feedstock production have been 

summarized to GHG emissions, air pollutants, soil quality, water quality, water availability or 

quantity, biodiversity and land-use and land-use change (LU/LUC) based on scientific [10-13] and 
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broader stakeholder panels [14].To a great extent, the environmental sustainability of bioenergy 

production systems is evaluated with well established life-cycle assessments (LCAs), assessing large-

scale or globally occurring environmental effects, such as GHG emissions or air pollutants, along the 

major steps of the supply chain [10, 15]. The highly site-specific and locally/regionally occurring 

environmental impacts of feedstock production in the first step of most of the bioenergy supply chains 

are difficult to assess in LCAs. Impacts on soil quality, biodiversity and land use change, water 

availability and water quality [16, 17] are often insufficiently covered. These limitations comprise 

necessary but missing regional thresholds to ensure the stability of the ecological system. Such 

thresholds are not easily integrated into highly standardized LCAs. Existing LCAs assessing 

environmental impacts often disregard the interaction for example between different regulating 

ecosystem services (ESS) and biodiversity, such as the buffering capacity of environmental impacts 

of agriculture or forestry [18, 19]. In the context of bioenergy feedstocks and sustainability, this type 

of assessment of interactions is supposed to extend the EU RED, i.e. the provision of “basic 

ecosystem services” such as erosion control should be accounted for if biomass is produced for 

bioenergy [20]. Dale et al. [21] recommend to determine water quality and soil quality impacts of 

bioenergy feedstock production in addition to LCAs, e.g. nutrient export to water bodies or soil loss. 

The regional water quality assessment may will more likely allow to determine, whether the regional 

thresholds of nutrient exports to maintain good ecological status of water bodies are met. 

Site-specific and flexible options for the assessment of local/regional environmental impacts 

and other aspects of sustainability could be sets of criteria and indicators (C&Is) as used in 

certification schemes. Such a site-dependent audit approach allows assessing the environmental 

impacts and their interactions mentioned above. C&Is are currently under development or are in an 

early stage of implementation for bioenergy but have been extensively applied for a longer period to 

other products from forestry or agriculture. Examples of C&Is are the Forest Stewardship Council 

(FSC) for timber or the Sustainable Agriculture Network (SAN) as a label for Good Agricultural 

Practices [2]. Especially FSC provides nationally or regionally adapted indicator sets [22]. Several 

bioenergy certification schemes are used to demonstrate compliance with the EU Renewable Energy 

Directive 2009/28/EC (EU RED) [23]. 

Despite the common aim of EU RED compliance for most of the bioenergy schemes, an 

increasing number of alternative schemes may contribute to confuse stakeholders and decrease the 

acceptance of certification schemes in general [24, 12]. On the one hand, comprehensive and clearly 

defined requirements may exclude producer groups [2], e.g. in developing countries, and augment 

certification costs due to increasing effort, such as audits. On the other hand, vaguely defined and less 

comprehensive schemes may allow for a higher market penetration, but more likely disregard major 

environmental or social impacts and are not acknowledged by NGOs [25, 26]. An increase in EU 

imports of biomass for bioenergy might induce or enhance deforestation in countries with prevailing 

primary forests [27] and the need to export goods. Thus, overexploitation is more likely to occur in 

developing countries than in developed countries. To avoid or abate e.g. deforestation, a set of C&Is 

must be agreed upon internationally to cover international biomass trade [28]. International criteria 

might exceed the local requirements for bioenergy sustainability or might set foci other than the 

locally intended ones [29]; e.g., criteria might focus on environmental aspects in developed countries, 

such as sequestering carbon or halting biodiversity loss instead of ensuring food security in 

developing countries [13]. Such potential discrepancies may provide additional obstacles for 

implementation. 
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Beyond existing reviews [29, 2, 12, 26, 13], this paper, assesses the comprehensiveness and 

quality of indicators used by bioenergy, forestry and agricultural certification schemes. Against the 

background of conflicting goals for bioenergy certification discussed above, we develop and apply 

standardized rating scales for indicators grouped into six environmental impact categories to identify 

their reliability and feasibility. We focus on local/regional environmental impacts, which require site-

specific information, affect predominately the local/regional environment and are usually not covered 

by LCAs. Beyond rating the individual indicators, certification schemes are evaluated at the scheme 

level based on the ESS cascade [30] to analyze their comprehensiveness and the quality of the 

representation of the potentially affected environmental system. The aim is to test whether 

certification schemes are able to show trade-offs between biomass use and other ecosystem services.  

2.3 Material and methods 

2.3.1 Selection of certification schemes and indicator sets  

In this paper, indicator sets for certification have been selected for evaluation. We used sets from 

bioenergy, agriculture and forestry. The latter two have the advantage of a much longer lasting 

application of C&Is. Concentrating on the currently rather limited number of specific schemes for 

bioenergy would have led to a very small set of C&Is, ignoring relevant and important C&Is applied 

in related sectors.  

First, the EU might consider the extension of bioenergy specific with forestry schemes as a 

relevant policy option for solid biomass for bioenergy in the EU, e.g., by using additional forestry 

indicators for sustainability certification [31]. Therefore, an evaluation of studies is conducted, 

assessing the environmental impacts of forest management with a focus on bioenergy production. To 

identify major characteristics of forestry certification schemes, we selected the FSC and the 

Sustainable Forestry Initiative (SFI), a major scheme of the meta-standard “Programme for the 

Endorsement of Forest Certification” (PEFC), which are globally dominating and largely applied 

certification schemes in forestry [2, 32]. We avoided meta-standards since they typically do not have 

indicators sets for the actual environmental assessment. 

Secondly, new technologies to enhance the transport, storage and co-firing characteristics, 

such as torrefaction, are under development. These technologies might create additional feedstock 

options, for instance agricultural residues , such as straw, shells and others, which currently may be 

used to a limited extent [33]. Therefore, overarching and globally applied agricultural certification 

schemes, i.e. SAN and Global Good Agricultural Practice (GlobalGAP), are needed to cover 

feedstocks not targeted by bioenergy certification schemes, predominately aiming at selected 

bioenergy crops. The relevance of agricultural certification schemes show NTA8080 and other 

bioenergy certification schemes as they use agricultural certification schemes, which we also selected 

in this paper, to ensure compliance with environmental sustainability requirements [13]. Despite the 

fact that GBEP is no operational certification scheme, we included it in our assessment since its 

indicator set reflects the consensus of numerous governments and international institutions and 

because it is a framework to assess bioenergy sustainability [12]. 



Quality and comprehensiveness of indicators in bioenergy-related certification schemes 

15 

2.3.2 Requirements and rating scale for indicator evaluation 

The major requirements for indicators are reliability and conceptual soundness, feasibility, i.e., 

measurability and practicality, and relevance for the end user [34, 35, 2, 36]. The requirements for an 

indicator discussed in this section are rated on a five step scale. Bockstaller et al. [34] have 

demonstrated the methodological suitability of such an approach at the indicator level by evaluating 

sets of agri-environmental indicators for crop production and farming systems, which are 

methodologically comparable to the certification scheme indicators evaluated in this paper.  

We rate the individual indicators for feasibility in three requirement subcategories and for 

reliability in four requirement subcategories, two exemplary requirement subcategories each are listed 

in Table 2.1 and the remaining ones in Appendix A. The first rated subcategory for reliability is the 

Indicator type [34, 37]. For practical implementation, we followed the logic of the Driving forces - 

Pressures - States - Impacts - Responses (DPSIR) framework of the European Environment Agency 

[36], extending preceding frameworks, such as the Pressure-State-Response framework, applied by 

the OECD and the UN [38]. We present an application example for the DPSIR framework for rising 

wood pellet demand, conceptually based on Bockstaller et al. [39] and Svarstad et al. [38]. A rising 

demand of wood pellets may require to apply more fertilizer for shorter rotation cycles of forest 

plantations, e.g. Pinus spp., (Driving force). Consequently, increased fertilizer application may 

increase the nutrient runoff to surface water bodies (Pressure), which may lead to higher nutrient 

concentrations (State), i.e. possibly eutrophication, which may change e.g. the species composition 

(Response). Thus, an indicator of an environmental pressure such as the nutrient load from pine 

plantations on a water body would be rated as “three” on the five step scale, and a state indicator such 

as the nutrient concentration in a river would be rated as “four” or the nutrient application rate in the 

driver category as “one”. The closer the assessment is to the environmental impact, the more 

information on the environmental impact is expected to be considered. 

 

Table 2.1: (upper part) Rating scale for the reliability of indicators, subcategory Indicator type adapted from 

Bockstaller et al. [34]; (lower part) rating scale for the feasibility of indicators, subcategory Required resources 

(assessment interval) 
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The second subcategory for reliability is the Validity of indicators. We rate the validity, according to 

a rating scale, see Table 2.A1 in Appendix A, modified from Bockstaller et al. [34], which has been 

developed by Bockstaller and Girardin [40]. We rate the indicators (i) based on scientific literature, 

i.e. whether peer-reviewed articles use and confirm the exact indicator (value 4), whether the 

indicator is under debate in the scientific literature (value 3), or only confirm the calculation method 

of the indicator or even reject the indicator (value 2). (ii) If the indicator needs to agree with locally 

collected data (value 5), is typically gained from a validated model (value 4), a partly or only 

regionally validated model (value 2). If no validation is possible due to the rating in the subcategory 

Indicator type rated as given for indicators on management practices (value 1 or 2), we rate the 

indicator with a value of “three”. The third subcategory for reliability is the Response time since an 

immediate response or at least in the time frame of political decision making [10, 36] enable timely 

detection and counteraction to the expected or observed environmental problems. We rate the 

response time of indicators based on peer-reviewed publications. 

The first subcategory for feasibility is the Data requirement, assessing the ease of data access 

[39, 34, 2, 36]. We rate indicators based on (i) the nature of the data, i.e. whether it can be obtained 

from authorities or other data sources (value 5), requires questioning the feedstock producer (value 4) 

or measurements are required (value 1 to 3). (ii) The measurement scale is additionally used for the 

rating [41], i.e. whether indicator data has to be measured at each field or farm individually (value 1) 

or whether one regional assessment is sufficient for the indicator (value 3). In addition, indicators 

may be attributed to the field/farm or the regional scale depending on the individual case (value 2), 

e.g. influenced by farm size (group certification) or an imprecise definition of the indicator in the 

certification scheme. The second subcategory for feasibility is the Qualification requirement [39, 34, 

2] covering the ease or difficulty to assess an indicator due to its specificity or the required expert 

knowledge (requirements defined in Appendix A). High qualification requirements may be an 

obstacle for small scale producers, especially in developing countries [24]. The third subcategory for 

feasibility is the Required resources (assessment interval), i.e. the frequency of possible 

measurements influences the effort and costs for certification. The fourth subcategory for feasibility is 

Clearly defined thresholds. We rate the existence of target values, reference conditions or thresholds 

because their availability influences the measurability [11]. A threshold or a possible source to derive 

it provided by the scheme, facilitates the interpretation of feedstock impacts regarding sustainability 

during the auditing process [41]. 

The relevance of an indicator first depends on its acceptance by stakeholders, i.e., whether the 

indicator is suitable to address a certain environmental impact category [36], and secondly on the 

degree to which stakeholders are involved in the selection process [26]. Data on the preferences of 

stakeholders is only available for criteria or for the even higher aggregation level of environmental 

impact categories, but is not available for the corresponding indicators (c.f. Buchholz et al. [35]). The 

lack of data might also be due to the fact that the development and choice of the rather technical 

indicators are related to the expertise of the practitioners or scientists. Therefore, the relevance of the 

indicators cannot be rated but will be checked indirectly by its fit to the relevant environmental 

impact categories. 

We rate indicators that provide direct information about the occurrence or avoidance of 

environmental impacts. The indicators are aggregated by local/regional environmental impact 

category on a composite scale. In this context, a composite scale is the combination of several 

indicators into a thematic category, i.e. we compute the arithmetic mean of all indicators per 
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certification scheme per environmental impact category and the indicator subcategories respectively. 

Similarly, the standard error of the mean (SEM) is calculated to assess the uncertainty of the 

arithmetic mean. We assess the indicator sets for the environmental impact categories soil quality, 

water quality, water availability or quantity, biodiversity and LU/LUC. Soil quality indicators cover 

indicators on both the management of soils and soil properties. Water quality and availability 

indicators assess both management activities with an impact on water bodies as well as state 

indicators of water bodies. Biodiversity indicators may assess the state of conservation areas, species 

composition or management activities for biodiversity. LU/LUC indicators give information on 

characteristics of a land use, e.g. carbon payback time, or assess whether no-go areas according to the 

EU RED definition have been converted for bioenergy feedstocks. The composite scale Other 

comprises indicators without a link to the listed environmental impact categories, which are related to 

the environmental stability of a system such as indicators on sustainable harvest levels. If applicable, 

indicators are attributed to two composite scales if a clear link to both is given, e.g. “no conversion of 

areas of high conservation value” to biodiversity and LU/LUC or “no removal of coarse woody 

debris” to soil quality and biodiversity.  

Internal consistency is ensured by excluding indicators that do not directly measure 

environmental impacts, i.e. contextual knowledge is used according to Coste et al. [42]. Background 

knowledge on the environmental indicators, e.g. given by the certification scheme, allows to 

categorize the indicators. Internal consistency is required since the arithmetic mean should only be 

calculated for indicators that measure the same latent variable, i.e. environmental impact category. 

We exclude indicators, for example, if they assess whether legislation is covering environmental 

impacts, e.g. on water quality. In this case, certification schemes assume that environmental impacts 

are avoided (complying with existing regulations). 

We list the indicators we included and excluded for each scheme in Table 2.2. 
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2.3.3 The ecosystem service cascade for evaluation of certification 

schemes  

Assessing certification schemes by only looking at indicators individually would disregard the 

schemes’ quality and comprehensiveness concerning the use of environmental systems and the 

services/disservices derived thereof. A widely accepted concept to determine and quantify the human 

use of the environment is ESS [57, 58].  

The ESS cascade [30] is a conceptual framework used to connect ESS to the underlying 

ecosystem structures and processes and to the human benefits derived from the use of the ecosystem. 

Ecosystem structures and processes are the basis to derive thresholds for the sustainable provision of 

an ESS [57, 30], i.e., the ecosystem capacity. For example, the ecosystem capacity can be used to 

answer questions about the critical limits or thresholds [59] for e.g. the extraction of tree biomass to 

sustain forest stocks. Because this evaluation focuses on local/regional environmental impacts, it is 

beyond our scope to depict the socioeconomic components of the ESS cascade, i.e., the human 

benefits and (monetary) values. We focus on biophysical and ecological structures and functions and 

their alteration due to the use of ESS. The ecological and the socioeconomic systems are linked by the 

use of ESS [60], e.g., biomass use. In practice, the ESS cascade has been used as a conceptual 

framework to embed indicators of different provisioning services, e.g., biomass production [61, 62], 

and regulating services, e.g., water purification [63], of the underlying environmental systems. In 

addition, the ESS cascade has also been used to visualize the interaction of indicators within and 

between the different components of the ESS cascade [64, 62]. Maes et al. [63] and Van Oudenhoven 

et al. [62] add land management to the beforehand mentioned components of the ESS cascade. The 

necessity of including land management was previously stated by Haines-Young and Potschin [30] 

but was not implemented. Like Ojima et al. [65], we included land management aspects because 

indicators of ESS describe the use of natural capital but do not provide insight into the extent that the 

use of ESS is altered by human land use activities, i.e. agricultural practices such as irrigation or 

fertilization or conservation measures such as field margins for biodiversity.  

In this study, we use the term “human land use activity” because this term includes land 

management, land conversion and changes in the structure of the landscape [66]. Therefore, 

indicators of human land use activities enable the assessment of the intensity of land use associated 

with different types of and options for biomass provision. For example, changes in production 

practices or landscape planning are likely to affect ecosystems, i.e., the structures, processes and 

capacity. A better representation of the interaction of human land use activities, ecosystems and ESS 

use might help to identify environmentally especially harmful biomass use and land management 

practices. More reliable results could allow decision makers to better target, e.g., mitigation activities. 

In this study, the ESS cascade is extended from a conceptual to an analytical framework for 

bioenergy feedstock production (Fig. 2.1). The ESS cascade is converted and expanded into an 

analytical tool to assess the quality of certification schemes. The latter are implemented within the 

framework to assess the sustainability of feedstock provision with environmental C&Is; i.e., the 

adverse environmental impacts should be revealed to facilitate mitigation or avoidance [13]. Thus, the 

extended ESS cascade is applied to investigate whether certification schemes represent biophysical 

processes for feedstock production in a qualitatively and quantitatively useful manner. We apply the 

widely used “Common International Classification of ESS – CICES” v4.3 [67], which has undergone 
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several rounds of international review and consultation, to ensure assessing all major ESS, which may 

be affected by bioenergy feedstock production.  

The mapping used for the certification scheme indicators is presented in Fig. 2.1. For the 

different certification schemes we analyzed, we focused especially on the representation of causal 

links and the coverage of ecosystem structures and functions represented in the extended ESS 

cascade, i.e., the quality of the representation of the environmental system. For example, does a 

certification scheme include indicators that would reveal if biomass use affected other ecosystem 

services such as surface or groundwater provision? Does a certification scheme include the link from 

fertilized pine plantations to a possible ground- or surface water pollution and does it provide the 

relevant indicators on, e.g. water quality and fertilization practices? We took the individual indicators 

per certification scheme, related them to the environmental system and indicated the causal links and 

components covered.  

For an overview, we counted the actual number of indicators for each of the four components 

of the ESS cascade displayed in Fig. 2.1 and rated them on a three step scale based on thirds. For 

causal links, the certification schemes are compared with their peers. The certification scheme with 

the highest number of causal links has the best rating, i.e. 100 percent, and is used as a benchmark 

and rated as done for the indicators. The indicators and causal links for each scheme are displayed in 

Appendix A. 

The following three types of common causal links and links without cause-effect 

relationships are found in the evaluated certification schemes and indicator sets: 

 

a. Positive causal link (Increase in X causes an increase in Y):  

Example: “The participating operator provides objective evidence demonstrating that her/his/its 

biomass/biofuels operation(s) does/do not contribute to exceeding the replenishment capacity of 

the water table(s) […],” RSB [51]. This statement implies that the maximal sustainable water use 

does not negatively affect the groundwater table and is adapted to the local level of precipitation. 

Therefore, both a higher precipitation and a higher change of the groundwater table, i.e. a lower 

decline, may result in a higher maximal sustainable water use. 

b. Negative causal link (Increase in X causes a decrease in Y):  

Example: The feedstock provider measures the water use per area and uses irrigation techniques 

that conserve water most, e.g., CSBP [43]. In other words, if more irrigation techniques with low 

water use are applied (replacing inefficient technologies), the use of water units per unit bioenergy 

feedstock will decrease per ha. 

c. Varying causal link (Increase in X causes an increase OR decrease in Y):  

Example: “Have systematic methods of prediction been used to calculate the water requirement 

of the crop?” GlobalGAP [45]. Options for actions are suggested in the explanation of the 

indicator. The actions may be operationalized as follows: The amount of water used varies with 

the crop type. Hydrologically, the upward flux of water via plants and soil is termed 

evapotranspiration. The choice of a crop may increase or decrease evapotranspiration. Because 

this biophysical flux is not named in the indicator, but is only implicitly considered, it is 

highlighted in yellow. 

d. No cause-effect relationship:  

The soil organic carbon content is maintained or improved, e.g., GBEP Task Force [14]. 
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The definition of the indicator specifies both the ecosystem capacity and the parameter to be 

measured to determine the ESS use, i.e., mediation of mass flows. Here, a thematic link between 

ecosystem capacity and ESS is given instead of a cause-effect relationship.  

Additionally, we need to assess how certification schemes are able to overcome the challenge 

of the necessity of assessing (i) environmental impacts at scales beyond the field/farm level [12] and 

(ii) the interaction and accumulation of environmental impacts beyond different spatial scales [10, 37] 

and how to distribute target values or thresholds [74, 75]. Within this study, the relevant spatial scales 

from both the literature on actual indicators and from specific studies on scales to determine specific 

environmental parameters are shown in Fig. 2.1. Because this study focusses on local/regional scale 

environmental impacts, there are no indicators included beyond those scales. Local scale, also plot or 

field scale, is typically areas less than one km² and regional, also landscape or watershed scale ranges 

from 1 to 10,000 km² [57, 37]. There are some indicators that are more flexible and provide 

reasonable results at both of the considered scales. For example, the sustained yield and the 

underlying primary productivity can be scaled up or down for largely homogenous ecosystems, such 

as those in forestry, where sustainable harvest levels or wood resources and residues are common 

indicators [32].  
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2.4 Results and discussion 

2.4.1 Major characteristics of certification schemes 

The major characteristics evaluated in this study are those identified as relevant by existing reviews 

[76, 10, 13, 77], and the evaluated certification schemes and their indicators are introduced in the 

following sections. Table 2.3 shows that only GBEP, NTA 8080, GGL and CSBP target all types of 

bioenergy. CSBP intends to certify any type of bioenergy from ligno-cellulosic biomass. ISCC, 

REDcert and RSB originally were developed to demonstrate compliance with national or supra-

national legislation, i.e., the EU RED, which primarily cover biofuels and bioliquids [13]. Currently, 

these schemes are being partially extended and revised to certify solid and gaseous bioenergy to 

ensure compliance with regulations in potential new versions of the EU RED. NTA 8080 is also used 

to demonstrate EU RED compliance for biofuels and bioliquids but is the implementation of the 

‘‘Testing framework for sustainable biomass,’’ the so-called Cramer Criteria, which originally 

focused on any type and use of sustainable biofuels and other products from biomass [12]. The 

remaining certification schemes have been developed to ensure sustainable production of agricultural 

or timber products. To ensure cost-effectiveness, the EU might consider forest certification schemes 

to be a proof of sustainable production of solid biomass [31]. Table 2.3 shows that certification 

schemes for bioenergy attempt to assess the entire supply chain of a product to demonstrate, for 

example, the higher environmental sustainability than that of fossil energy carriers. The agricultural 

or forestry certification schemes are rather purpose specific; for example, the schemes demonstrate 

low-impact cultivation techniques or sustainable forest management [12] and thus focus on feedstock 

production rather than on the final product. In the latter aspect they differ from bioenergy certification 

schemes. 
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2.4.2 Indicator evaluation 

2.4.2.1 Overview 

For the requirements for indicators, the mean of the indicators for certification schemes in Fig. 2.2 

shows that most of the certification schemes are rated at the center of the scale at this aggregation 

level. The mean for the Required resources (assessment interval) with an above-average rating and 

the mean for the Indicator type with a below-average rating for most of the schemes deviates from the 

general tendency toward a centered rating.  

The pattern of the Required resources (assessment interval) and Indicator type may be 

interpreted as the common trade-off between the feasibility and the reliability of indicators (c.f. 

Payraudeau and van der Werf [37]).  

 

 

 

Fig. 2.2: Arithmetic mean of the ratings by subcategory of the indicator requirements for the evaluated certification 

schemes and indicator sets, CSBP [43], GBEP Task Force [14], GGL [44], GlobalGAP [45], ISCC [46], IWPB [47], 

Netherlands Standardization Institute [48], 49], REDcert [50], RSB [51], SAN [52] and forestry, [29, 53-56, 32]; a 

detailed explanation of the meaning of each step of the rating scales per indicator requirement is discussed in section 

2.3.2, and the SEM can be found in Appendix A. 
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The thematic abundance of indicators not suitable for a direct environmental assessment and therefore 

excluded for internal consistency of the composite scales has been shown in section 2.3.2 in Table 2.2. 

Analyzing such excluded indicators gives insight into how certification schemes aim to demonstrate 

environmental sustainability without an environmental assessment. The majority of the aspects excluded 

are those not directly related to biomass cultivation or harvesting but are instead related to the handling 

of equipment and post-production waste or to the documentation of farming activities. The evaluated 

certification schemes build on cross compliance or are at least partly set up as a meta-standard. 

Indicators assess whether legislation or other certification schemes are fulfilled but do not assess 

whether the environmental impacts of bioenergy production are addressed. Indicators that require the 

establishment of management plans or actions to achieve a target, such as maintaining water quality, are 

equally abundant. In minor abundance is the qualification of staff members conducting different tasks in 

biomass cultivation and processing and generic monitoring activities, such as those related to soil 

quality. 

This overview may provide the impression that the selection of most of the indicators is 

predominately driven by the aim to allow for highly feasible or practical and probably cost-effective 

assessment, e.g., leading to assessments that do not require (on-site) measurements, such as 

demonstrated compliance with local legislation or the review of existing documentation. The named 

indirect assessment approaches not only consume less time and fewer resources but also do not require 

an understanding of environmental processes or measurement techniques for an on-site assessment for 

either the certified party or for the auditor. Certification schemes that require the establishment of 

generic management plans or monitoring without any consideration of local environmental conditions 

and processes may facilitate a worldwide sustainability assessment. 

2.4.2.2 Evaluation of indicators by requirements and by composite 

scales 

The overview in section 2.4.2.1 revealed that a high aggregation level does not reveal significant 

differences between certification schemes. Therefore, the results for the ratings of certification 

scheme indicators are analyzed at the less aggregated level of composite scales and are grouped by 

the indicator requirements and their subcategories, see Fig. 2.3. 

Based on reliability and conceptual soundness, the Indicator type has a nearly universal low 

rating (value 1-2); i.e., driver indicators on management practices are used, especially for water 

quality and water availability. Biodiversity and LU/LUC indicators are partially state or impact 

indicators (value 4-5). These indicators determine whether land use types are converted for biomass 

production for bioenergy. An example of such state indicators are spatial biodiversity indicators; e.g., 

there is no bioenergy feedstock production in areas of high conservation value (ecosystems, species) 

that demonstrate or intend to demonstrate compliance with EU RED (ISCC, REDcert, IWPB, GGL). 

For example, the certification schemes named above assess whether areas of high conservation value 

or of specific land use types with high carbon stocks, such as peatland, are converted for bioenergy 

feedstock production. Other EU RED compliance demonstrating schemes (NTA8080, RSB) without 

such a pattern have indicators other than spatial indicators that address the protection or restoration of 

ecological corridors or buffer zones. The Validity of indicators, with the exceptions of the composite 

scale for water availability and, more significantly, the composite scale other for the non-attributable 

indicators, could be largely characterized as being validated by the models or by agreement in the 
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scientific literature (value 4). The Response time, see Fig. 2.3, of the chosen indicators is typically one 

to five years or is not measured, as for causal indicators (value 3), i.e. Indicator type (value 1 or 2). 

The latter option is more likely because Fig. 2.3 shows that most of the indicators are causal. 

Biodiversity and LU/LUC indicators partially show immediate responses (value 5). The rating pattern 

for Biodiversity and LU/LUC is comparable to the requirements for Indicator type and for the 

described indicators; see Fig. 2.3; i.e., the chosen impact indicators are associated with short response 

times.  
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Fig. 2.3: Arithmetic mean for each indicator requirement subcategory disaggregated by composite scale and 

certification scheme/indicator set. Five is the best rating; zero indicates a lack of direct environmental assessment 

indicators for the composite scale and certification scheme. The SEM can be found in Appendix A. 
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Based on the results for feasibility, the Data requirement for the evaluated certification schemes 

shows that indicators for which data are available at other scales (value 3) or which require data from 

field observations and questionnaires but measurements (value 4) are not predominately used. The 

Qualification requirement greatly varies for the different composite scales. The biodiversity 

indicators are difficult to assess or require prior knowledge. At the least, general higher education, a 

university degree in agricultural science, or vocational training is required for the assessment (value 

2-3). In contrast, the indicators chosen for water availability, e.g., water use per area, require no 

education or at least no more than a short introduction (value 4-5). The Required resources 

(assessment interval), soil quality, water quality and availability and other indicators are assessed 

predominately at intervals longer than one year (value 4) or do not even require field assessment 

(value 5). Biodiversity and LU/LUC impacts need to be assessed with a higher frequency; some must 

be assessed annually (value 3). The comparable patterns for Data requirement and Required 

resources (assessment interval) show that the data type and collection mode and the required 

resources seem to be correlated, i.e., the more effort that data collection for an indicator requires, the 

higher the frequency of assessment and vice versa. With respect to the requirement Clearly defined 

thresholds, certification schemes mostly only indicate (value 3) how to derive target values/thresholds 

or use causal indicators. Causal indicators do not require an actual threshold. Instead, the question is 

whether a (sustainable) management practices is applied or not, i.e., an assessment of compliance or 

non-compliance. LU/LUC indicators are an exception; for these indicators a threshold is typically 

given because their formulation implies that there must not be any land conversion for bioenergy 

feedstock production. 

Trade-offs between feasibility (Data requirement, Required resources (assessment interval)) 

and reliability (Indicator type, Response time), mentioned in 2.4.2.1, are especially pronounced for 

the composite scale for water availability but are also pronounced for soil and water quality. For 

water availability, the requirements characterizing feasibility, Data requirement and Required 

resources (assessment interval), are highly rated (value 4 or 5). The Data requirement can be met 

with field observations or questionnaires (value 4). The Required resources (assessment interval) are 

minimal because only surveys and no measurements need to be conducted (value 5). Because it is 

only necessary to complete a survey without measurements and this process requires even less 

assessment effort than the least frequent measurement, personnel resources and equipment can be 

saved relative to indicators that are regularly measured.  

The indicator requirements for reliability are rated low. Driver indicators (management 

practices) that measure no response for the Indicator type (value 1 to 2) and Response time (value 3) 

are used. Such a trade-off is not pronounced for the Validity of indicators and their feasibility (Data 

requirement, Required resources (assessment interval)) because both are often highly rated (value 4). 

I.e., many driver indicators are either validated by models or are widely accepted in the scientific 

literature. The latter explanation applies to many of the indicators in this study. The comparable high 

ratings for the Data requirement and Required resources (assessment interval) reveal that 

certification schemes preferably use feasible indicators.  

In Fig. 2.4, the results for the rating of certification scheme indicators are grouped by 

composite scale to reveal possible further patterns. 

  



Quality and comprehensiveness of indicators in bioenergy-related certification schemes 

31 

 
Fig. 2.4: Arithmetic mean for each composite scale disaggregated by indicator requirement subcategory and 

certification scheme/indicator set. Five is the best rating; zero indicates a lack of direct environmental assessment 

indicators for the indicator requirements and certification scheme. The SEM can be found in Appendix A.  
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Soil quality 

With the exception of the Data requirement, soil quality indicators are especially high rated in the 

forestry indicator set. For the Data requirement, the forestry indicator set still performs as well as 

most of the other certification schemes. The higher rating of the forestry indicator set might reveal 

some potential for improvement in existing bioenergy certification schemes.  

 

Water quality 

With respect to water quality, most of the certification schemes perform equally well, with the 

exception of the Data requirement. Here, the low rating of the Indicator type is very apparent and 

reflects the dominant use of indicators that assess management practices and not the actual changes in 

the environmental compartment, i.e., water bodies.  

 

Water availability 

Water availability could be characterized as highly feasible (Required resources (assessment 

interval), Qualification requirement, Data requirement) for most of the certification schemes, with 

the exception of the forestry schemes and GGL, which had low ratings for all of the requirements. 

This composite scale shows the differences in how well certification schemes chose indicators that 

optimized the trade-off between characteristics, e.g., reliability and feasibility. I.e., a comparable level 

of reliability and conceptual soundness (Indicator type, Validity of indicators, Response time) may be 

achieved with a high or low resource use (Required resources (assessment interval), Qualification 

requirement, Data requirement).  

 

Biodiversity and LU/LUC 

Biodiversity is rated very homogenously by ISCC, REDcert, GGL and IWPB and LU/LUC by 

REDcert, RSB, SAN, GlobalGAP and forestry indicators. Both groups of certification schemes only 

use one environmental assessment indicator for biodiversity and for LU/LUC; respectively, this 

indicator is no production of bioenergy feedstocks in areas of high conservational value (ecosystems, 

species) and no conversion of land use types equivalent to those in the EU RED. 

The rather high rating observed, especially for biodiversity, can be explained by the nature of 

the change because the coupling of biodiversity loss to land-use change facilitates the assessment for 

most of the requirements. Biodiversity gains higher indicator feasibility and reliability and conceptual 

soundness from land-use change indicators. Both the biodiversity and LU/LUC indicators also show 

the extent to which certification schemes exclusively fulfill and go beyond the underlying legislation. 

Here, the question is how detailed legislation should define environmental impacts that are to be 

avoided. Assuming that a large abundance of an indicator in the schemes is equal to the relevance, it 

can be said that the clear indicator definition by EU RED is suitable. This indicator is also used by 

other certification schemes than EU RED. However, this indicator is most likely not sufficient to 

comprehensively cover the major environmental impacts if only this legal minimum is assessed by 

certification schemes. Such clearly defined legislation might even hinder the competition among 

certification schemes to find an optimal solution for comprehensive detection of environmental 

impacts.  
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Other 

The following composite scales are not completely assessed by the respective scheme. These 

certification schemes lack direct environmental assessment indicators for some of the composite 

scales: soil quality (GGL), water availability (REDcert) and LU/LUC (GGL, CSBP) (value 0). 

Indicators that do not belong to any composite, i.e., indicators grouped under Other, are largely 

missing. Other indicators only occur in the GBEP, IWPB and forestry schemes, as shown in Fig. 2.4, 

and contain only three indicators on sustainable harvest levels, which are predominately related to 

forestry. If indicators for the different composite scales are missing for a certification scheme, they 

are either neglected by the respective certification scheme or the scheme uses no direct environmental 

impact assessment indicators, as described in 2.4.2.1. 

2.4.3 Comprehensiveness and quality of environmental indicator sets 

The certification schemes and indicator sets for bioenergy production are mapped to the ESS cascade 

as described in section 2.3.3 and as displayed in Appendix A. 

2.4.3.1 Comprehensiveness of indicators and causal links for system 

representation  

The comprehensiveness of the system representation in these schemes is shown in Table 2.4. 

 

Table 2.4: Comprehensiveness of system representation in certification schemes and indicator sets; better ratings 

mean that more indicators are covered for the different components of the ESS cascade (Fig. 2.1. in section 2.3.3), i.e., 

the representation of the function of the affected ecosystem and the used ESS. For causal links, the certification 

schemes are compared with their peers. The certification scheme with the highest number of causal links has the best 

rating and is used as a benchmark. 

 

 
 

Certification 

schemes
Causal links

Ecosystem 

structures and 

processes

Ecosystem 

capacity

Ecosystem 

services

Human land 

use activities

GBEP - - +/- +/- -
NTA8080 - - +/- + +/-
ISCC - - - + -
REDcert - - - + +/-
GGLS2 +/- - +/- + +/-
RSB +/- + +/- + +
CSBP - - +/- +/- +/-
IWPB - - +/- + +/-
SAN +/- - +/- + +
GlobalGAP - - - + -
Forestry +/- +/- +/- + +/-
Coverage of indicators: >66.6%: +, 33.4-66.5%: +/-, <33.3 %: - 

Indicators
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Human land use activities can be identified as the most comprehensively covered component of the 

ESS cascade for most of the schemes reviewed, except for GBEP and ISCC.  

This pattern might be explained by the greater feasibility of assessment rather than the 

relevance of the biophysical processes; see the less comprehensive coverage of ecosystem structures 

and processes and ESS and the necessity that certification schemes demonstrate sustainability at a 

local scale instead of the required assessment at a regional scale for other indicators, and see Fig. 2.1 

in section 2.3.3. In contrast, the disproportionately small number of indicators to be assessed at a 

regional scale renders it very likely that certification schemes miss cumulative effects. Cumulative 

effects are only harmful if a farming practice is applied throughout a region. For example, a crop and 

the respective fertilizer and pesticide application might only cause significant impacts on water 

quality if repeatedly applied within a catchment. This problem is addressed by NTA8080 and IWPB, 

which both include indicators for off-site impact, such as the Biological Oxygen Demand. GBEP has 

a large share of indicators that are beyond the local scale, but this share can very likely be attributed 

to its difference in purpose. GBEP indicators have been developed for national assessments [14] 

rather than for certifying single producers. 

Ecosystem capacity is considered in most of the certification schemes; however, in RSB 

ecosystem capacity is not explicitly considered (yellow color) or is not considered (white color), as 

shown in Appendix A.  

An explanation for the lack of thresholds or target values might be the flexibility required to 

consider the applicability globally and for multiple feedstocks. The indicators need to be equally 

applicable to different feedstocks that are grown under various environmental conditions and 

alongside various ecosystems associated with a large variability in ecosystem capacity. Here, clear 

target values are neither feasible nor practical. However, a methodology for the derivation of the 

ecosystem capacity can be given. A positive example is the RSB; see Fig. 2.5. Usually, a threshold is 

set for the SOC content for several certification schemes. However, the SOC content is only expected 

to reveal significant changes from changes in management practices, e.g., tillage regime, after a long 

time lag of at least five to ten years [81]. Because the reviewed certification schemes do not consider 

such a time lag in their certificate, such a threshold for SOC will be unlikely to have an impact on the 

certification decision. Only severe changes of the SOC content over the respective time frame might 

have an impact. 

2.4.3.2 Quality of indicators and causal links for system representation: 

exemplary cases 

The quality of the system representation is analyzed in the examples in Fig. 2.5; i.e., how certification 

schemes translate the human-environment interactions and the biophysical cause-effect relationships. 

As mapped in Fig. 2.5, the water availability indicators from GGL show that the central aspect of the 

certification schemes is often driver indicators for management practices, and these indicators should 

partly consider biophysical processes (2.). These biophysical processes are usually not specified. As 

an example, indicators are defined as follows: “Data about: climate, water […] are collected on a 

regular basis.” [44]. In addition, it is required that practices are applied to enhance the use of scarce 

water resources: “4.1 Efficiency and productivity of agricultural water use for better utilization of 

limited water resources has to increase” [44]. Neither the practices (3.) nor the ecosystem capacity of 

a scarce water resource (4.) are defined. Missing indicators and open formulations for indicators often 
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result in imprecisely formulated causal links (5.). In contrast to the previous examples, for GBEP, 

shown in Appendix A, clearly defined indicators, which result in equally clear causal links, can be 

found.  

A higher accuracy of the defined causal links facilitates environmental performance 

measurements and the determination of options for improvement. Predictions for the alteration of one 

parameter allow the direction of the change in another indicator to be determined qualitatively or even 

quantitatively. For example, excluding land cover types such as peatlands from feedstock production 

reduces the sustainable yield of a region by the theoretical biomass yield of peatland. As shown in 

Fig. 2.5, compared with RSB, a deficiency of both GBEP and GGL is the incomprehensive coverage 

of most of the components of the ESS cascade.  
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Fig. 2.5: (upper part) Water availability indicators from GGL mapped onto the ESS cascade. (lower part) Biodiversity 

indicators from RSB mapped onto the ESS cascade; common characteristics and deficiencies are indicated in the 

numbered boxes. 
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In contrast to GGL, RSB more comprehensively covers the ESS cascade. Despite the greater 

comprehensiveness, qualitative deficiencies can be shown for examples of the biodiversity indicators 

from RSB. Preferably, the indicators used are spatial indicators of biodiversity (1.) and not indicators 

that directly demonstrate ecosystem functioning, such as species richness and evenness indices, e.g., 

Shannon index, or the abundance of indicator species (2.). The typically chosen spatial indicators and 

indicators on conservation practices focus on endangered or protected species and habitats (3.). 

Possible explanations for the prevailing indicator choice might be: 

 

a. The requirements of the underlying legislations, i.e., the EU RED, govern the indicator choice. 

b. Because of their higher risk of extinction, highly vulnerable species and habitats have greater 

importance for the public or for nature enthusiasts [82]. 

c. The availability of data for endangered species and habitats is widely available for many parts of 

the world. Data on species and habitats of less concern is not collected as extensively [68]. 

Therefore, data availability seems to be better for indicators on endangered species.  

d. Indicators on ecosystem function must be adapted to the local context, i.e., indicator species, 

other indicanda of ecosystem functioning and species richness greatly vary by both location and 

ecosystem. 

 

The most common case in which causal links in certification schemes are defined is when 

management practices are to be applied to minimize the use of ESS and the creation of disservices is 

respectively compared with an uncertified alternative in feedstock production. This case is revealed 

for RSB (3.) and GGL in Fig. 2.5. 

Such an approach neglects the underlying ecosystem structures and processes in the indicator 

definition. Certification schemes assume a shortened causal link from human land use activities to the 

ESS and ignore the often directly affected ecosystem structures and processes. Currently, certification 

schemes are unlikely to allow the measurement and comparison of the environmental performance of 

bioenergy feedstocks. First, certification schemes, as shown for the example in Fig. 2.5, partially do 

not cover the obviously affected ESS. For example, biomass (use) is neglected as an indicator 

although this indicator could easily be determined. Missing indicators are not only those indicators 

obtained with more effort or technical skills, such as the impact on the minimum and peak flow of 

surface waters. Secondly, a large proportion of causal links that are represented by the reviewed 

certification schemes map the interactions between but not within the different components of the 

ESS cascade. Therefore, it is not possible to determine trade-offs and synergetic interactions between 

different ecosystem services. Thirdly, feedbacks from the use of ESS on ecosystem structures, 

processes and capacities are mostly not determined, as shown in the mapped certification schemes. 

Such less comprehensive coverage of the ESS and the causal links renders it impossible to compare 

the uses and consequently, the environmental impacts of different feedstocks. This deficiency might 

be because of the nature of the certification schemes to demonstrate compliance with legislation, such 

as the EU RED or other non-prescriptive rules. The schemes were not originally developed to assess 

the environmental performances of different feedstocks. Despite this focus, other ESS affected by 

biomass use could be theoretically used as a multidimensional unit for normalization to allow 

comparisons of different pathways for biomass provision; this unit would be comparable to the 

functional unit, e.g., the biomass, in LCAs for energy use or GHG emissions. 
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2.4.4 Limitations of this approach 

One may argue that there is an assessor bias inherent to both the development and application of the 

rating scales for the indicator and scheme evaluation. Nevertheless, several measures to reduce and 

reveal such an assessor bias have been taken: 

 

a. The use of empirically applied and peer-reviewed rating scales for agri-environmental indicator 

systems; 

b. The determination of missing rating scales from the range of weak to strong implementation 

options for bioenergy certification schemes and existing reviews; 

c. Ensuring the transparency of the rating by providing detailed descriptions of each rating scale. 

 

Using the mean to aggregate indicators by composite scale, it was necessary to account for the 

uncertainty of the mean by the SEM, as shown in Appendix A. There are only a few cases in which 

the arithmetic mean does not well represent the composite scale. Therefore, the enhanced clarity of 

the composite scales for each indicator individually should be valued higher. There may be more 

accurate clustering options than the arithmetic mean, but those options would require complete data 

sets. Because they do not include indicators for all composite scales, several certification schemes, 

namely REDcert, GGL, and CSBP, would have had to be excluded. The same problem applies to tests 

for the internal consistency of the composite scales, such as Cronbach’s alpha test, which could not be 

used because the data sets were incomplete. Because only three of 87 indicators could not be grouped 

to the chosen composite scales, as given by the environmental impact categories, the expert-based 

approach seems to be sufficient. 

Empirically, the ESS cascade has been used to assess the impact of human appropriation for 

purely scientific purposes in a number of cases already, e.g., the studies by Kandziora et al. [64], 

Maes et al. [63], Petz and van Oudenhoven [61]. Such science-focused studies partially may not 

reflect practical needs. For example, indicators at the catchment scale are not necessarily suitable to 

certify individual farmers although these indicators are scientifically more appropriate. In addition, 

the scope of this study on local/regional environmental impacts required the exclusion of global 

environmental impacts (e.g., air quality). Therefore, a smaller number of interactions with the related 

ESS, e.g., the atmospheric composition and climate regulation, are missing. Nevertheless, it is 

unlikely that a few additional ESS would significantly change the relatively clear patterns shown for 

the included ESS.  

2.4.5 Results in the context of existing and possible future research 

This section sets the findings of this study in relation to existing research and outlines future research 

needs. 

2.4.5.1 Usefulness of precise and harmonized legislation on 

environmental impacts as baseline for certification schemes 

Biodiversity and LU/LUC, as composite scales, demonstrate that there is a convergence of 

certification schemes. The results by Van Dam et al. [13] noting the abundance of spatial biodiversity 

indicators for endangered habitats and species can be confirmed. The actual change in biodiversity is 

typically not assessed in the evaluated certification schemes, but stated by as hardly possible by 



Quality and comprehensiveness of indicators in bioenergy-related certification schemes 

39 

current schemes and requiring beyond farm scale assessments [12]. For biodiversity, the hypothesis 

that precise definitions of the underlying legislation such as the EU RED might hinder the use of 

more reliable impact indicators seems relevant. In particular, other composite scales with less precise 

definitions, e.g., the Water Framework Directive in the EU, or with no underlying legislation, such as 

the scale for water quality, show a larger variety of indicators. Such convergence caused by precisely 

defined legislation indicates that exclusive peer comparison in existing review papers (e.g., Van Dam 

et al. [26]) does not completely reveal the limitations and potential improvements.  

An additional research-based indicator set, such as the analytical framework developed in this 

study, revealed further limitations and potential improvements. Based on this analytical framework, 

limitations in the qualitative and quantitative representations of environmental impacts and the use of 

ESS in certification schemes could be shown. Some certification schemes are good examples for 

selected aspects of the assessment of environmental sustainability. Improvements may be achieved by 

combining the comprehensiveness of RSB with the quality of GBEP, for example. The focus on 

human land use activity indicators and the largely incomplete assessment of other key functional 

relationships show that the selection of indicators for certification schemes is driven by feasibility 

rather than by relevance or reliability. With respect to feasibility, Scarlat and Dallemand [12] 

recommend striving for a further harmonization of certification schemes through a meta-standard 

approach or through internationally harmonized minimum sustainability requirements. Their 

approach might contribute to reduced certification costs, increased feasibility or increased 

international acceptance of bioenergy certification schemes; these effects are comparable to the 

developments in forestry certification schemes (e.g., FSC and PEFC). However, enhanced reliability 

and conceptual soundness of certification schemes requires empirical tests or comparisons with a 

research-based indicator set. The converging biodiversity and LU/LUC indicators have shown some 

limitations of peer comparison for certification schemes and missing improvement options from 

academia. 

2.4.5.2 Trade-off between a reliable sustainability assessment and 

securing feasible compliance with legislation 

The focus on feasibility has been apparent in the indicator evaluation in section 2.4.2. Existing studies 

(e.g., Van Dam et al. [13] or Lewandowski and Faaij [2]) identifying the predominant use of feasible 

causal indicators can be confirmed. Additionally, recent versions of certification schemes, such as the 

draft from IWPB issued after the findings of former studies, have not been improved in this respect. 

In addition, the necessity of linking different spatial assessment scales in a proper consideration of 

environmental impacts has been identified by Van Dam et al. [13]. Nevertheless, this requirement is 

still only rarely overcome, e.g., by GBEP. With respect to feasibility, Data requirement and Required 

resources could be observed to be drivers for indicator selection. Similarly, the weak inclusion of 

ecosystem capacities, i.e., thresholds or target values, or the use of causal indicators without 

thresholds is deficient with respect to both feasibility and conceptual soundness.  

2.4.5.3 Options to improve current certification schemes 

The interactions (causal links) between and within the different components of the environmental 

systems mapped to the ESS cascade often seem to be incomplete and/or only weakly specified; this 

incompleteness makes quantification of the interactions difficult or even impossible. This limitation 
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could be improved after specification of the causal links. Incomplete indicator sets do not favor the 

reliable (environmental) performance measurement of feedstocks. Bioenergy certification schemes 

have been developed to demonstrate compliance rather than to measure and compare the 

environmental performances of different feedstocks, confirming Diaz-Chavez [29]. In addition, only 

the compliance or non-compliance with the certification scheme is of interest not the variable degrees 

of under-/over-compliance of different feedstocks and producers under different environmental 

conditions. Mostly likely, future certification schemes could consider different degrees of 

compliance, e.g., different threshold levels, since too high requirements for producers with low 

financial means may hinder them to participate [2]. Implementation options could be an extension to 

the current differentiation of mandatory and facultative requirements used in several certification 

schemes, e.g., NTA8080. This approach might (i.) raise the information content of certification 

schemes by visualizing different degrees of environmental performance. (ii.) This approach also 

facilitates access for small shareholders in developing countries if they initially only need to comply 

with less strict thresholds. (iii.) This approach could also be used as a strong marketing tool. 

2.5 Conclusions 

In this study, we evaluated existing indicator sets and certification schemes to assess the 

environmental sustainability of different feedstocks for bioenergy. No outstanding certification 

scheme could be identified. Nevertheless, certain available schemes are better than others for 

assessing the selected environmental impact categories. To date, the proliferation of schemes, which 

was noted by several authors [12, 26, 13], has not led to significant changes in the use of reliable and 

conceptually sound indicators. Instead, schemes strive for feasibility in the indicator choice by 

complying with existing legislation or consumer expectations. For legislators, potential conclusions 

could be (i) to require certification schemes and academia to develop more reliable, but still feasible 

and cost-effective indicator sets, which at least cover the major underlying ecosystem structures and 

processes, and/or (ii) to consider a methodology to assess the capacity of an ecosystem, i.e., a 

methodology to determine threshold values for sustainable production. As a second step, certification 

schemes could assess well-defined causal links and feedbacks for biomass production; for example, 

schemes could use the adapted versions of the ESS cascade as an analytical framework. The 

suggested improvements would contribute to increased reliability in the identification of the 

environmental impacts of bioenergy feedstocks. As an additional benefit, the improved representation 

of ecosystem functions and feedback mechanisms will facilitate assessments of the interaction 

between different ESS, such as biomass use, water use or regulating ESS. In further empirical studies, 

it will be especially interesting to find out, under which conditions cause-related indicators reliably 

identify sustainable production and for which cases such indicators do not reveal sustainability 

deficiencies. Beyond the environmental impacts targeted in this study, further social or economic 

impacts must be considered in bioenergy certification to enable a more comprehensive comparison of 

alternative feedstocks. 
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2.8 Appendix A 

Further rating scales for the indicator requirements 

 
Table 2.A1: Further rating scales for the reliability of indicators, Validity of indicators adapted from Bockstaller et al. 

[1] (upper part) and Response time (lower part).  
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Table 2.A2: Further rating scales for the feasibility of indicators, Data requirement developed based on Bockstaller et 

al. [2] (upper part), Qualification requirement adapted from Bockstaller et al. [2] (middle part), and Clearly defined 

thresholds (lower part). 

 

 

 

Standard error of the mean for indicator requirements 

 

The standard error of the mean (SEM) shows comparable high values for the requirements for 

Indicator type and the forestry indicator set. For the indicator requirements, the rating is quite low 

throughout the certification schemes. For the forestry indicator set, this higher SEM seems reasonable 

because the evaluated indicators originate from different studies on woodfuel indicators whereas the 

remaining indicators belong to a single certification scheme.  

At the lower aggregation level per composite scale, i.e., the environmental impact category, a 

large number of certification schemes only use one1 or no indicator (#NV) per composite scale and 

certification scheme; see Table 2.A4 to Table 2.A10. A slightly smaller number of certification 

                                                      
1 Indicators that neither have a conceptual or informational difference, e.g. “4.1.1 Biomass is 

not produced on land with high biodiversity value […]” and “4.1.2 Biomass is not produced on highly 

biodiverse grassland”, [7], are considered to be a single indicator for the rating. 
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schemes apply several indicators of similar types; this situation results in an equal rating, denoted as 

0% in Table 2.A4. For example, GBEP uses Driver indicators (value 2) on water availability; i.e., the 

management practices are related to a state or impact as shown in Table 2.1. I.e., water abstraction is 

measured per unit biomass and per watershed and is related to the local amount of renewable and 

non-renewable water.  

A high SEM, which is especially abundant for the requirement Indicator type in Table 2.A4, 

shows that a certification scheme contains indicators with great differences. For example, water 

quality in the draft by the IWPB consists of three indicators, of which two are driver indicators (value 

1-2) that assess the amount of N, P and active pesticide ingredients applied per ha per year and the 

practices to avoid fertilizer runoff to groundwater and surface water bodies during application; the 

third is an impact indicator (value 5) that assess the biological oxygen demands on and near the 

production unit.  

 

Table 2.A3: SEM for the indicators by indicator requirement for the evaluated certification schemes and indicator 

sets: CSBP [3], GBEP [4], GGL [5], GlobalGAP [6], ISCC [7], IWPB [8], Netherlands Standardization Institute [9], 

10], REDcert [11], RSB [12], SAN [13] and forestry [14-19] 

 

 
 

  

Indicator type 
Validity of 

indicators

Response 

time 

Data 

requirement

Qualification 

requirement

Required 

resources

Clearly 

defined 

thresholds

GBEP 0.36 0.20 0.22 0.20 0.19 0.23 0.24

NTA8080 0.32 0.17 0.23 0.23 0.21 0.21 0.24

ISCC 0.29 0.17 0.18 0.28 0.23 0.19 0.14

REDcert 0.46 0.20 0.25 0.36 0.23 0.34 0.28

GGL 0.65 0.31 0.33 0.17 0.54 0.42 0.00

RSB 0.34 0.25 0.21 0.27 0.23 0.26 0.18

CSBP 0.37 0.20 0.20 0.35 0.27 0.25 0.00

IWPB 0.37 0.23 0.24 0.30 0.26 0.22 0.24

SAN 0.29 0.16 0.24 0.19 0.19 0.20 0.20

GlobalGAP 0.30 0.20 0.27 0.27 0.30 0.20 0.22

Forestry 0.72 0.69 0.88 0.23 0.53 0.52 0.53
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Table 2.A4: SEM for the rating requirement Indicator type by composite scale. 

 

  

Soil quality Water quality
Water 

availability
Biodiversity LU/LUC Other

GBEP #NV 0.00 0.00 1.20 0.84 0.00

NTA8080 0.42 1.00 0.50 0.73 0.33 #NV

ISCC 0.39 0.49 0.00 #NV 1.50 #NV

REDcert 0.50 0.43 #NV #NV #NV #NV

GGL #NV 0.00 #NV #NV #NV #NV

RSB 0.40 0.00 #NV 0.65 #NV #NV

CSBP 0.71 0.50 0.00 1.20 #NV #NV

IWPB 0.60 1.33 0.33 #NV 0.67 #NV

SAN 0.40 0.00 #NV 0.50 #NV #NV

GlobalGAP 1.00 0.43 0.00 0.00 #NV #NV

Forestry 1.40 0.76 0.33 0.41 #NV 0.33
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Table 2.A5: SEM for the rating requirement Validity of indicators by composite scale. 

 

 
 

Table 2.A6: SEM for the rating requirement Response time by composite scale. 

 

 
  

Soil quality Water quality
Water 

availability
Biodiversity LU/LUC Other

GBEP #NV 0.00 0.33 0.33 0.40 0.50

NTA8080 0.26 0.50 0.00 0.37 0.67 #NV

ISCC 0.28 0.22 0.50 #NV #NV #NV

REDcert 0.00 0.29 #NV #NV #NV #NV

GGL #NV 0.41 #NV #NV #NV #NV

RSB 0.49 0.88 #NV 0.29 #NV #NV

CSBP 0.37 0.31 0.50 0.33 #NV #NV

IWPB 0.40 0.00 0.33 #NV 0.67 #NV

SAN 0.20 0.48 #NV 0.23 #NV #NV

GlobalGAP 0.50 0.26 0.50 0.50 #NV #NV

Forestry 1.36 0.26 0.21 0.18 #NV 0.33

Soil quality Water quality
Water 

availability
Biodiversity LU/LUC Other

GBEP #NV 0.00 0.00 0.67 0.49 0.00

NTA8080 0.11 0.50 0.00 0.75 0.00 #NV

ISCC 0.20 0.17 0.00 #NV 1.00 #NV

REDcert 0.00 0.14 #NV #NV #NV #NV

GGL #NV 0.00 #NV #NV #NV #NV

RSB 0.40 0.00 #NV 0.29 #NV #NV

CSBP 0.40 0.17 0.00 0.67 #NV #NV

IWPB 0.19 0.67 0.00 #NV 1.33 #NV

SAN 0.40 0.00 #NV 0.40 #NV #NV

GlobalGAP 1.00 0.14 0.00 1.00 #NV #NV

Forestry 1.73 0.40 0.00 0.26 #NV 0.00
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Table 2.A7: SEM for the rating requirement Data requirement by composite scale. 

 

 

 

Table 2.A8: SEM for the rating requirement Qualification requirement by composite scale. 

 

 
  

Soil quality Water quality
Water 

availability
Biodiversity LU/LUC Other

GBEP #NV 0.00 0.00 0.33 0.20 0.00

NTA8080 0.42 0.87 0.00 0.24 0.00 #NV

ISCC 0.44 0.63 0.00 #NV 0.50 #NV

REDcert 0.50 0.55 #NV #NV #NV #NV

GGL #NV 0.00 #NV #NV #NV #NV

RSB 0.51 1.00 #NV 0.40 #NV #NV

CSBP 0.75 0.63 0.00 0.33 #NV #NV

IWPB 0.50 1.00 0.00 #NV 0.33 #NV

SAN 0.51 0.00 #NV 0.31 #NV #NV

GlobalGAP 1.50 0.43 0.00 0.00 #NV #NV

Forestry 0.39 0.67 0.56 0.35 #NV 0.00

Soil quality Water quality
Water 

availability
Biodiversity LU/LUC Other

GBEP #NV 0.00 0.00 0.00 0.20 0.50

NTA8080 0.29 0.29 0.00 0.40 0.33 #NV

ISCC 0.30 0.40 0.00 #NV 0.00 #NV

REDcert 0.00 0.34 #NV #NV #NV #NV

GGL #NV 0.50 #NV #NV #NV #NV

RSB 0.24 0.33 #NV 0.26 #NV #NV

CSBP 0.24 0.33 0.00 0.00 #NV #NV

IWPB 0.33 0.58 0.00 #NV 0.33 #NV

SAN 0.24 0.29 #NV 0.25 #NV #NV

GlobalGAP 0.50 0.36 0.00 0.50 #NV #NV

Forestry 1.01 0.34 0.60 0.16 #NV 0.58
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Table 2.A9: SEM for the rating requirement Required resources (assessment interval) by composite scale. 

 

 
 

Table 2.A10: SEM for the rating requirement Clearly defined thresholds by composite scale. 

 

 

  

Soil quality Water quality
Water 

availability
Biodiversity LU/LUC Other

GBEP #NV 0.00 0.00 0.67 0.20 0.50

NTA8080 0.24 0.75 0.00 0.45 0.67 #NV

ISCC 0.15 0.54 0.00 #NV 1.00 #NV

REDcert 0.50 0.47 #NV #NV #NV #NV

GGL #NV 0.50 #NV #NV #NV #NV

RSB 0.24 1.00 #NV 0.46 #NV #NV

CSBP 0.20 0.54 0.00 0.67 #NV #NV

IWPB 0.25 0.88 0.00 #NV 0.67 #NV

SAN 0.24 0.00 #NV 0.36 #NV #NV

GlobalGAP 0.00 0.29 0.00 0.00 #NV #NV

Forestry 0.99 0.45 0.56 0.29 #NV 0.33

Soil quality Water quality
Water 

availability
Biodiversity LU/LUC Other

GBEP #NV 0.00 0.00 0.00 0.00 1.00

NTA8080 0.11 0.58 1.00 0.40 1.33 #NV

ISCC 0.00 0.40 0.00 #NV 1.00 #NV

REDcert 0.00 0.34 #NV #NV #NV #NV

GGL #NV 0.00 #NV #NV #NV #NV

RSB 0.20 0.00 #NV 0.29 #NV #NV

CSBP 0.00 0.00 0.00 0.00 #NV #NV

IWPB 0.13 0.67 0.67 #NV 0.67 #NV

SAN 0.00 0.50 #NV 0.30 #NV #NV

GlobalGAP 0.00 0.34 0.00 0.00 #NV #NV

Forestry 1.02 0.52 0.45 0.28 #NV 0.67
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Evaluated certification schemes mapped on the ESS cascade 

 

 
 

Fig. 2.A1: Indicators from GBEP [4] mapped on the ESS cascade 
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Fig. 2.A2: Indicators from NTA8080 [9, 10] mapped on the ESS cascade 
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Fig. 2.A3: Indicators from ISCC [7] mapped on the ESS cascade 
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Fig. 2.A4: Indicators from REDcert [11] mapped on the ESS cascade 
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Fig. 2.A5: Indicators from GGL, Agricultural Source criteria, [5] mapped on the ESS cascade 
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Fig. 2.A6: Indicators from RSB [12] mapped on the ESS cascade 

Peak storm flow [l s¯¹]

Min. base flow [l s¯¹]

Provisioning

Regulation and maintenance

Min. SOC content [g kg¯¹]

Max. nutrient removal potential [kg ha¯¹a¯¹]

Max. sustainable water use [m³ ha¯¹ a¯¹]

Sustained yield [t ha¯¹ a¯¹] or [MJ ha¯¹ a¯¹]

Min. population [n] and habitat size [ha]

Recycling/immobilization potential of active
ingredients of chemicals [kg ha¯¹a¯¹]

Water availability

Δ groundwater level [mm]

Evapostranspiration [mm]

Biodiversity

Taxa of special concern (presence)

Habitats of special concern [ha]

Precipitation [mm]

Land cover and landscape

Land cover type [ha] and spatial distribution

Ecological corridors and buffer zones
(presence)

Indicator species [n ha¯¹]

Species richness and evenness
(Simpson or Shannon-Wiener index)

Structural complexity (various)

Net primary productivity in C [t ha¯¹ a¯¹]

Runoff [mm]

Provisioning

Biomass based energy
DM [t ha¯¹ a¯¹] or [MJ ha¯¹ a¯¹]

Water (nutrition & materials)
groundwater or surface water [m³ ha¯¹ a¯¹]

Regulation and maintenance

Mediation of liquid flows (Δ min. base flow
[l s¯¹]; Δ peak storm flow [l s¯¹])

Mediation of mass flows
ΔSOC [Mg ha¯¹ a¯¹]

Water conditions
Δ water quality properties

Soil formation and composition
Δ soil chemical properties; Δ bulk density [g

cm¯³]

Lifecycle maintenance, habitat and gene
pool protection

Δ size of nursery populations [n] and
habitats [ha]; Δ indicator species [n ha¯¹]

Pest and disease control
Δ pest control species [n ha¯¹]

Mediation by biota and ecosystems
(Δ excess nutrient balance/(Δ soil and water
chemical properties)); (pesticide application

- Δ concentration in soil, water and biota)

Biomass (materials)
DM [kg ha¯¹a¯¹] or [n ha¯¹a¯¹]

Biomass (nutrition)
DM [t ha¯¹ a¯¹] or [MJ ha¯¹ a¯¹]

Human land use activities

Tillage practice

Crop type

Fertilizer application

Harvesting practices

Irrigation practices

Residue use

Pesticide application

Biodiversity conservation practices

Max. soil bulk density [g cm¯³]

Ecosystem structures and processes

Ecosystem services

Ecosystem capacitySoil quality

Available water holding capacity [cm cm¯¹]

Water quality

Nutrient turnover and uptake [mg l¯¹]

Immobilization rate of active ingredients in
pesticides [mg l¯¹]

Nutrient sedimentation [mg l¯¹]

Soil formation [cm a¯¹]

Landscape conservation and planning

+

-

Saturated hydraulic conductivity [cm³ s¯¹]

+/-

+
-

+/-

+/-

+

-

+/-

+/-

+/-

+/-

-

+/-

-
+/-

+/-

+/-

-
-

+/-

Ecosystem integrity
max./min. indicator species [n ha¯¹]



Quality and comprehensiveness of indicators in bioenergy-related certification schemes 

59 

 
 

Fig. 2.A7: Indicators from CSBP [3] mapped on the ESS cascade 
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Fig. 2.A8: Indicators from IWPB [8] mapped on the ESS cascade 
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Fig. 2.A9: Indicators from SAN [13] mapped on the ESS cascade 
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Fig. 2.A10: Indicators from GlobalGAP [6] mapped on the ESS cascade 
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Fig. 2.A11: Forestry indicators [14-19] mapped on the ESS cascade 
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3 Comparing bioenergy production sites in the Southeastern US 

regarding ecosystem service supply and demand 

 

This chapter is published by PLOS ONE:  
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regarding ecosystem service supply and demand. PLOS ONE 2015;10(3):e0116336. 

 

The definitive version is available at: 

http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0116336. 
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3.1 Abstract 

Biomass for bioenergy is debated for its potential synergies or tradeoffs with other provisioning and 

regulating ecosystem services (ESS). This biomass may originate from different production systems 

and may be purposefully grown or obtained from residues. Increased concerns globally about the 

sustainable production of biomass for bioenergy has resulted in numerous certification schemes 

focusing on best management practices, mostly operating at the plot/field scale. In this study, we 

compare the ESS of two watersheds in the southeastern US. We show the ESS tradeoffs and synergies 

of plantation forestry, i.e., pine poles, and agricultural production, i.e., wheat straw and corn stover, 

with the counterfactual natural or semi-natural forest in both watersheds. The plantation forestry 

showed less distinct tradeoffs than did corn and wheat production, i.e., for carbon storage, P and 

sediment retention, groundwater recharge, and biodiversity. Using indicators of landscape 

composition and configuration, we showed that landscape planning can affect the overall ESS supply 

and can partly determine if locally set environmental thresholds are being met. Indicators on 

landscape composition, configuration and naturalness explained more than 30 % of the variation in 

ESS supply. Landscape elements such as largely connected forest patches or more complex 

agricultural patches, e.g., mosaics with shrub and grassland patches, may enhance ESS supply in both 

of the bioenergy production systems. If tradeoffs between biomass production and other ESS are not 

addressed by landscape planning, it may be reasonable to include rules in certification schemes that 

require, e.g., the connectivity of natural or semi-natural forest patches in plantation forestry or semi-

natural landscape elements in agricultural production systems. Integrating indicators on landscape 

configuration and composition into certification schemes is particularly relevant considering that 

certification schemes are governance tools used to ensure comparable sustainability standards for 

biomass produced in countries with variable or absent legal frameworks for landscape planning. 

3.2 Introduction 

Research in the context of bioenergy and ecosystem services (ESS), the perceived human benefits 

from ecological systems [1], often focuses on largely debated 1st generation liquid biofuel feedstocks 

such as maize in the US, sugarcane or soybeans in Brazil, or rapeseed in Europe [2]. Some papers 

address scenarios with a shift to 2nd generation liquid biofuel feedstocks, such as grasses or other 

perennial bioenergy feedstocks [3, 4]. Research in this area only partly reflects the fact that only 3 % 

of the global bioenergy supply was obtained from dedicated energy crops in 2008. More than 80 % of 

the global bioenergy supply originates from forest biomass [5]. With respect to modern solid 

bioenergy carriers, wood pellets have experienced an increased global trade volume, accounting for 

120 PJ (~660 Mt) of the total global solid bioenergy carrier trade of 300 PJ (~1640 Mt) as of 2010 

[6]. For trade between EU and non-EU countries in 2010, the wood pellet trade volume of 45 PJ 

(~250 Mt) is comparable to those of biodiesel and bioethanol [7].  

Increasing forest biomass use and trade may also affect the supply of other ESS, e.g., carbon 

storage or groundwater recharge [8, 9], or create environmental impacts exceeding the capacity of 

regulating ESS; e.g., increasing biomass may affect sediment retention due to increased plantation 

forestry [10]. The expansion of bioenergy production is limited by and competing with the demand 

for land for other bio-based commodities (food, feed and fiber) [11]. In that respect, a current draft of 

new sustainability requirements of the EU Renewable Energy Directive (RED) emphasizes the 

consideration and quantification of tradeoffs of feedstock production for liquid, gaseous and solid 
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bioenergy and other ESS, such as carbon storage or sediment retention [12]. Further research in this 

context may examine the ability to avoid negative impacts, such as the effects on erosion, carbon 

storage or biodiversity [2, 7, 13]. 

Existing studies on ESS supply typically model a single case study area with a mostly 

heterogeneous or contrasting land use/land cover composition and partly model synergies and 

tradeoffs in ESS supply, e.g., [14, 15]. Rather homogenous and more intensively managed land 

use/land cover systems for ESS supply, e.g., systems specialized in forest plantations or agriculture, 

may require more significant tradeoffs regarding other ESS compared to heterogeneous production 

systems for biomass. For example, they are more likely to exceed critical environmental thresholds 

such as erosion control, water purification or recreation due to underrepresented natural or semi-

natural vegetation [16, 17]. Increased landscape heterogeneity helps to ensure a balanced supply of 

biodiversity and regulates ESS, such as the higher nutrient retention efficiency of riparian buffer 

zones in agricultural landscapes [18]. Larger quantities of bioenergy feedstocks may generate 

economies of scale for processing and logistics [19], contributing to more homogenous landscapes. 

Considering that different biomass provision options may become even more important in the near 

future, we analyze ESS supply both in forest plantations and agricultural systems, which may be used 

interchangeably. For example, agricultural residues, such as cereal straw or corn stover, currently 

amount to 4 % of the global bioenergy supply [5]. In the US, cereal straw and corn stover comprise 

97 % of the estimated available agricultural residues in the US (2011) [20]. Using residues 

contributes to reducing or completely avoiding the food versus fuel conflict compared with dedicated 

energy crops [21]. Direct land use change (LUC) is when biomass production replaces other crops, 

forests or natural grasslands. Indirect land use change (iLUC) is the clearing of land not specifically 

for biomass but to meet the demands for other commodities, such as food and fiber, and may occur 

not only nearby but also in different parts of the region or even different parts of the world [22].  

A wide range of factors may influence ESS supply, such as environmental conditions, 

including the topography, soil characteristics and climate. In contrast, land management may affect 

ESS supply [23-25]. In the context of bioenergy production, certification schemes are used as a 

governance tool to ensure sustainable production. They focus on indicators and prescribed 

management practices mostly applicable at the plot scale [26, 27]. However, certification schemes 

rarely require indicators at the regional or landscape scale in the context of both bioenergy [12] and 

agricultural products [28] and payment schemes for ESS [29]. At the landscape/regional scale, i.e., 

the typical scale of landscape planning, the influence of landscape composition and configuration has 

been argued [30, 31] and exemplarily demonstrated for single ESS, i.e., soil protection and retention 

[32] and biodiversity [33].  

In this paper, we first assess ESS supply in subtropical watersheds mostly used for (i) forest 

plantations, Pinus spp., and (ii) agricultural production as bioenergy sourcing regions in the 

southeastern US. Following [34, 17], we expect that the tradeoffs between forest plantations and 

natural or semi-natural forest as a counterfactual are smaller than between corn and wheat production 

and natural or semi-natural forest. The remnants of the existing forests reflect the potential natural 

vegetation in both watersheds [35]. Second, we hypothesize that not only environmental or 

management factors at the plot scale but also landscape composition and configuration and 

naturalness assessed at the landscape scale influence ESS supply and biodiversity. Third, we assume 

that these landscape factors play a role in whether socially accepted environmental thresholds, e.g., 

water quality, are met within the two contrasting case studies. For example, the connectivity or 
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dominance of patches of natural land cover, which may serve a buffering function, strengthens 

nutrient or sediment retention. 

3.3 Materials and methods 

3.3.1 Study sites 

The decline in pulpwood demand in the pulp and paper industry released capacities of existing pine 

plantations for wood pellets in the southeastern US [36]. The 2008/09 recession and decline of the 

housing market released round wood from the timber market for solid bioenergy production [6]. A 

large share of up to 80 PJ (~440 Mt) of the produced pellets is expected to be exported to the EU by 

2020 [7, 6]. The Big Satilla and Little Satilla watersheds, addressed as the Satilla watershed 

throughout the paper, are representative examples of such pine plantation production systems in a 

humid subtropical climate. The Satilla watershed includes an area of 8,760 km² (hereof: 28 % forest 

plantations in 2006, see Fig. 3.1) and is located in southeast Georgia, US. 

For agricultural residues as an alternative feedstock option, the Mississippi Delta in humid 

subtropical western Mississippi, US is one of the major agricultural production areas in the 

subtropical southeastern US due to its alluvial fertile soils. The commodities include corn and wheat 

[37], with the area producing 68 % of the winter wheat and 79 % of the corn in Mississippi in 2013 

[38]. A common practice for residues is to burn them completely onsite. Alternatively, a certain share 

of residues may be used for bioenergy without negatively affecting the nutrient and carbon balances 

[39]. The Big Sunflower watershed covers 8,170 km² (hereof: 80 % agricultural land (four percentage 

points corn and winter wheat production) in 2006), which represents most of the Mississippi Delta. 

The Big Sunflower River is a major river in the Yazoo River basin; the latter is a tributary of the 

Mississippi river.  
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Fig. 3.1: Land use/land cover in the Satilla (a) and Big Sunflower (b) watersheds and their location in the 

southeastern US (c) [61, 62]. 

 

We model ESS supply for 2006, for which land cover information differentiating between natural and 

semi-natural forest and plantation forestry is available. Climatically, the precipitation in 2006 in the 

Big Sunflower watershed (1276.9 mm, SD: 31.0 mm) was 7 % lower than the normal climate 

conditions for the period from 1981 to 2010 [40]; the precipitation in the Satilla watershed (950.7 

mm, SD: 63. 9 mm) was 22 % lower than the normal climate conditions. The minimum and 

maximum average temperatures in 2006 in the Big Sunflower watershed (Tmin: 11.9 °C, SD: 0.3 °C, 

Tmax: 24.2 °C, SD: 0.5 °C) and in the Satilla watershed (Tmin: 11.9 °C, SD: 0.3 °C, Tmax: 26.4 °C, 

SD: 0.2 °C) deviated less than 1 degree Celsius from the normal climate conditions for the period 

from 1981 to 2010 [40]. 

3.3.2 Ecosystem services 

ESS are classified as provisioning, regulating and cultural ecosystem services [41]. We identified the 

following potentially affected provisioning and regulating ESS based on the existing literature on 

environmental impacts and ESS for bioenergy [42, 13, 43, 44, 27] and in general [45, 46, 18, 14, 25]: 

carbon storage, nutrient retention, sediment retention, and groundwater recharge. In addition, we 
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assess the impact on biodiversity, which may be a recreational ESS in itself but largely supports the 

supply of other ESS [47, 48]. We focus on phosphorous (P) retention because (i) the nutrient retention 

efficiency is higher than that for nitrogen, (ii) agricultural sources are responsible for approximately 

80 % of the P input in the Gulf of Mexico, and (iii) P has been underestimated in its contribution to 

the eutrophication of the Gulf of Mexico for the Big Sunflower watershed region [45].  

Sustainable production of bioenergy will only be possible if a feedstock is available without 

major negative direct and indirect impacts on ESS and biodiversity. In contrast to the plantation 

forestry system with alternative uses of timber, e.g., as construction wood, corn stover and wheat 

straw have no competing use but are burnt onsite in the Mississippi Delta and are therefore unlikely to 

cause iLUC risks. Therefore, residue use for bioenergy may save GHG emissions, which are not 

covered in the ESS assessment. We calculate the amount of sustainably available agricultural 

residues, i.e., from corn and winter wheat, based on 2006 production data [38], on ranges of 

sustainable harvest residue removal rates [49, 50, 39], and average CO2 and CH4 emission factors for 

onsite burning practices for agricultural residues in the US [51]. 

3.3.2.1 Carbon storage 

The amount of carbon stored was modeled with InVEST (Integrated Valuation of Environmental 

Services and Tradeoffs) [52, 53] by refining standard assumptions for aboveground [54-57], 

belowground [58, 14, 55, 56], soil [59, 54, 58, 60, 57] and dead organic carbon [59, 14, 57] for the 

land use/land cover data for 2006 [61, 62]. 

3.3.2.2 Phosphorous retention 

The amount of retained P was modeled with InVEST. The model estimates P export and retention to 

surface water bodies based on the land use/land cover specific P input and retention capacity as well 

as the water yield. The major spatial inputs are the land use/land cover data for 2006 [61, 62], a 

digital elevation model (DEM) [63], annual precipitation data for 2006 [40], and the long-term annual 

average reference evapotranspiration [64] as well as the depth to any root restrictive layer and the 

available water holding capacity (AWC) from the Soil Survey Geographic (SSURGO) database [65]. 

We modified the InVEST default assumptions for evapotranspiration coefficients [66, 67], rooting 

depth [68-72], P export rates and P retention efficiencies [73-75]. We validated the modeled P export 

against the corresponding phosphorous concentration measurements of the stations Little Satilla near 

Offerman (USGS 02227500), Satilla River at Atkinson (USGS 2228000) and Big Sunflower River at 

Sunflower (USGS 07288500). 

3.3.2.3 Sediment retention 

The amount of retained sediment was modeled with InVEST. The model estimates the sediment 

retention and export based on the modeled soil loss from the universal soil loss equation (USLE) [76, 

77], i.e., sheet erosion, and the land use/land cover specific sediment removal efficiencies. The same 

land use/land cover and DEM datasets used for modeling P retention were used. We obtained the k 

factor (soil erodibility) from the SSURGO database [65]. We calculated the r factor (rainfall 

erosivity) based on the following formula [78]:  

 

𝑅 = (210 + 89 ∗ 𝑙𝑜𝑔10𝐼30) ∗ 𝐼30       (1) 
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where I30 is the maximum rainfall intensity in 30 minutes obtained from [79]. We refined the 

required cover and management factor C [80-85, 77] and the support practice factor P [81, 82, 86, 

85]. We validated the model outcome against the suspended sediment concentration for the same 

stations as for P export. 

3.3.2.4 Groundwater recharge 

The net infiltration was modeled with the soil-water balance model (SWB) from the USGS [87, 88]. 

We simulated the groundwater recharge on a daily basis with the Thornthwaite-Mater 

evapotranspiration calculation method. We used the same land use/land cover, DEM and AWC 

datasets as when modeling P retention. The hydrologic soil groups were obtained from the SSURGO 

database [65]. The daily average temperature and precipitation data were obtained for the Waycross 4 

NE (USC00099186) (Satilla watershed) and Cleveland (USC00221738) (Big Sunflower watershed) 

stations [89]. We validated the results with a spatially explicit study on groundwater recharge, a 

modeled average for the period from 1951 to 1980, for the conterminous US with a resolution of one 

km [90] and with two other studies [91, 92] with more recent indicative ranges of groundwater 

recharge for larger regions including the targeted watersheds. 

3.3.2.5 Biodiversity 

A spatially explicit dataset for biodiversity was used to model terrestrial vertebrate species richness 

resulting from the GAP Analysis program from the USGS for Georgia [93] and Mississippi [94].  

3.3.3 Tradeoff analysis 

To identify tradeoffs in ESS supply, we distinguished the following major land use/land cover 

classes, as adapted from [95-97]: 

 

1. Natural or semi-natural forest (counterfactual) 

2. Plantation forestry (only the Satilla watershed) 

3. Corn and winter wheat (only the Big Sunflower watershed) 

4. Agricultural land (other) 

 

We calculated the arithmetic mean ESS supply for these major land use/land cover classes and 

normalized them to the maximum value in each ESS category for each watershed. We conducted this 

analysis to assess the differences between targeted land use/land cover classes. In addition, the paired 

Pearson correlation coefficients between the ESS, selected from the list of methods in Mouchet et al. 

[98], were calculated for the entire watershed with the statistical software package R [99] to assess 

general ESS and biodiversity trade-offs in current production systems specialized in plantation 

forestry and agriculture respectively. 

Because we considered two significantly different land use systems, it was reasonable to have 

a counterfactual, which served as a baseline to compare several alternatives of natural or semi-natural 

forest. This approach is recommended to test the suitability of bioenergy feedstock production options 

in the local hydrological context [100] or for biodiversity [101].  
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3.3.4 Indicators at the plot and landscape scale that potentially explain 

variation in ecosystem service supply 

In this study, we tested indicators of landscape composition, configuration and naturalness for their 

influence on ESS supply in both watersheds (see Table 3.1). Therefore, we calculated the landscape 

composition and configuration indicators in a moving window approach for a buffer of 300 m, which 

was ten times the minimum pixel size [14]. At the plot scale, potential explanatory variables of 

topography and soil properties were used to set the explanatory value of landscape scale variables in 

the context of other groups of variables driving ESS supply (see Table 3.1). Landscape composition 

was defined as the quantity, and landscape configuration was defined as the relevant shape or form of 

different land use/land cover classes [89, 102]. Landscape naturalness was defined as the degree of 

human influence or impact on a natural system [103]. In addition to the selected explanatory variables 

used by others for landscape naturalness, we rated the land use intensity partly based on Brockerhoff 

et al. [34] as follows: urban (5), agricultural land (4), plantation forestry (3), open water (2) and 

primary or secondary natural vegetation (1). We calculated landscape metrics using Fragstats 4.1 

[104] and R [99] based on the land use/land cover classes indicated in the following formula and the 

data source in Table 3.1. We modified the urbanity indicator from Wrbka et al. [103]: 

 

𝑈𝑟𝑏𝑎𝑛𝑖𝑡𝑦 = 𝑙𝑜𝑔10 (
𝑈+𝐴+𝑃+1

𝐹+𝑆𝐺+𝑊+𝐵+1
)       (2) 

 

where U is urban, A is agricultural land, P is plantation forestry, F is forestry, SG is shrub and 

grassland, W is open water, and B is barren land. 

We applied a redundancy analysis (RDA) to identify explanatory values of plot and landscape 

factors on the variability of ESS supply in the selected case study regions. We chose the RDA 

because it allows us to (i) estimate the impact of the explanatory variable on ESS supply and 

vertebrate species richness simultaneously. A more complex alternative, machine learning methods, 

e.g., boosted regression trees, may only be applied to one response variable [98]. (ii) RDA allows to 

control for multicollinearity among explanatory variables [95, 105]. To consider nonlinear 

relationships between explanatory variables, we tested also the second degree terms of the potential 

explanatory variables as recommended by Borcard et al. [106]. We reduced the number of 

explanatory variables based on the permutation of p-values (p<0.05; 1000 permutations per step) as 

described by Blanchet et al. [107], which is used instead of the Akaike information criterion (AIC) to 

select explanatory variables. We used the former method as it delimits the type I error and provides 

reliable results for non-orthogonal and non-independent explanatory variables [107]. We partitioned 

the variation into the following groups: plot indicators (topography and soil properties), indicators on 

landscape composition, landscape configuration and naturalness. To test for spatial autocorrelation, 

we added the latitudinal and longitudinal coordinates and their interaction as an additional group [95].  
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Table 3.1: Potential variables explaining ESS supply. 

 

Independent variable Unit 
Methodological reference (data 
source) 

   
Landscape composition  ([61, 62]) 

Shannon’s diversity of land use/land cover [score] [128] 

Largest patch index [%] [129, 105, 104] 

Edge density [m ha-1] [129, 125, 104, 102] 

Share of land use types in the neighborhood:   

Forest [%] [97, 14] 

Agricultural land [%] [97, 14] 

Pine plantation share (only Satilla 

watershed) 

[%]  

Corn and winter wheat (only Big Sunflower 

watershed) 

[%]  

Wetlands [%] [97, 14] 

Landscape configuration  ([61, 62]) 

Connectance index [%] [104] 

Effective mesh size [ha] [125, 104, 102, 103] 

Landscape shape index [score] [129, 125, 104, 103] 

Distance to stream [m] [14]  

Topography   

Elevation [m] [103] ([63]) 

Slope [%] [97, 14, 103] ([130]) 

Curvature [score] [103] ([63]) 

Aspect [°] ([131]) 

Soil parameters   [14] ([65]) 

Saturated hydraulic conductivity [µm s-1]  

Depth to water table [mm]  

Available water holding capacity [cm cm-1]  

Silt content [%]  

Soil erodibility [Mg ha MJ-1 

mm-1] 

 

Naturalness   

Land use intensity [score] Based on Brockerhoff et al. [34] 

([61, 62]) 

Urbanity [score] Modified from Wrbka et al. [103] 

([61, 62]) 

Hemeroby index (human impact)  [score] [125] ([132]) 

  



Ecosystem services of bioenergy production in the SE US 

74 

3.3.5 Sites of sufficient and insufficient ecosystem service supply 

Villa et al. [108] argued that the benefits from ESS to society are particularly relevant if thresholds or 

target values, e.g., regarding drinking water quality or good ecological status, are closely met or 

exceeded. Therefore, we use these thresholds, if available, to distinguish sites of sufficient and 

insufficient ESS supply. If thresholds are set following representative stakeholder consultation, it may 

be assumed that they reflect the demand for regulating ESS. In the context of bioenergy, it has been 

shown that common tools for assessing environmental sustainability, i.e., certification schemes, 

largely miss such thresholds [12]. 

The thresholds must be identified at the impact scale of the beneficiaries of ESS, which is the 

global scale for carbon storage as a factor influencing the global climate. By contrast, the regional or 

watershed level is relevant for P and sediment retention and groundwater recharge [108]. Typically, P 

and sediment loading thresholds are set as the Total Maximum Daily Loadings for most of the surface 

water pollutant and are translated to land-based thresholds, e.g., sediment yields/soil erosion rates and 

P export rates, as indicated in Table 3.2. Because sediment loadings do not have thresholds in the 

Satilla watershed as a minor environmental concern, we did not include sediment export as an 

indicator for identifying sites of sufficient and insufficient ESS supply in the Satilla watershed. 

Carbon storage of the current land use/land cover was compared with potential natural 

vegetation [35], following West et al. [109], i.e., sites of sufficient ESS supply are those with a gain 

in carbon storage for the current land use/land cover toward potential natural vegetation. Such a 

conservative classification of sites of sufficient and insufficient carbon storage should avoid that the 

conversion of naturally high carbon stocked land cover types, such as native forests, is viewed as 

beneficial. 

In contrast to the investigated regulating ESS, P and sediment retention, groundwater 

recharge is an ESS that requires longer time scales to be generated. Therefore, land use activities may 

have longer lag phases before the consequences become apparent. Groundwater resources are 

declining due to human groundwater abstraction at both study sites [110-112]. Therefore, higher 

recharge rates are beneficial. Biodiversity may support other ESS or may be an ESS itself, as 

discussed in the materials and methods section. Biodiversity as a cultural ESS is highly subjective and 

strongly varies between stakeholder groups, i.e., among farmers, nature conservation activists, other 

citizens [113], species or species groups [114]. Facing these limitations, we use the arithmetic mean 

for both groundwater recharge and biodiversity as the indicative threshold between sufficient and 

insufficient supply, i.e., assuming that a higher supply is more beneficial. 

To explain differences between sites of sufficient and insufficient ESS supply as defined in 

the materials and methods section, we followed Qiu and Turner [14] and set beneficial sites to one 

and non-beneficial sites to zero and applied a binomial logistic regression model. We conducted a 

binomial logistic regression in addition to the RDA since it (i) reflects the case of ESS supply and 

biodiversity supply relevant in practice, i.e., above and below a threshold or target value and (ii) 

allows to identify the direction of the impact, i.e., positive or negative on ESS supply. (iii) It is 

computationally more feasible for larger datasets as in this study than machine learning techniques, 

e.g., boosted regression trees, and (iv) commonly used in ESS research [98]. We focused on 

maximizing the bundle of relevant ESS instead of a single ESS. Maximizing bundles of ESS, 

particularly if regulating services are included, is more likely to ensure the stability of ESS supply, 

e.g., during sudden changes in environmental conditions. Maximized bundles may also avoid strong 

tradeoffs toward maximizing single ESS [115]. We removed non-significant explanatory (p<0.05) 
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variables in a backward stepwise manner based on the AIC. Next, variables with variance inflation 

factors >10 were removed to reduce multicollinearity. The significance of the final model was tested 

against a null model using a likelihood ratio test. We used the same indicators as those for the RDA to 

differentiate between sites of sufficient and insufficient ESS supply. 

 

Table 3.2: Sustainability thresholds for P and sediment export set by environmental protection agencies in Georgia 

and Mississippi with public consultation. 

 

Thresholds Value Unit Data source 

    

P export (Satilla Watershed) 917,627 [lbs a-1] [133] 

 
2.31 [kg ha-1 a-1] 

 P export (Big Sunflower watershed) 17,759.7 [lbs d-1] [134] 

 
7.56 [kg ha-1 a-1] 

 Sediment yield (Big Sunflower watershed) 0.6-1.6 [t km-² d-1] [135] 

  2.19 [Mg ha-1 a-1]   

3.4 Results 

3.4.1 Ecosystem service supply in the Satilla and Big Sunflower 

watersheds 

Examining the plantation forestry system (Satilla watershed) (left) and the agricultural production 

system (Big Sunflower watershed) (right); c.f. Fig. 3.2 a, e, f, j, k, and o., we observed that carbon 

storage and vertebrate diversity were much higher in the Satilla watershed. In contrast, groundwater 

recharge and sediment retention were mostly higher in the Big Sunflower watershed; c.f. Fig. 3.2c, d, 

h, i, m, and n. P retention was only slightly higher but varied more in the Big Sunflower watershed. 

If burning was avoided, the potential GHG emission would be reduced by up to 34,000 t for 

winter wheat and 130,000 t for corn (CO2-equivalents (2006); see Table 3.3. 

 

Table 3.3: Potential sustainable biomass availability (calculations based on [136, 49, 50, 137, 39, 38]) and emission 

savings in t CO2 equivalent (emissions factors (CO2 and CH4, [51]) for the Mississippi Delta in 2006. Wheat and corn 

residues in the Mississippi Delta may contribute up to 0.4 % of the potentially available residues of 27 million t dry 

matter in the entire US in 2012 [39]. 

 

 

Sustainable 
residue removal 
rates  

Potentially available residues  
Potential GHG emission 
savings (residue burning)  

  

lower estimate upper estimate 
lower 
estimate 

upper 
estimate 

 

[%] DM [t] HHV [GJ] DM [t] HHV [GJ] CO2 eq. [t] CO2 eq. [t] 

Winter 
wheat 

15-50 5,900 110,000 20,000 400,000 34,000 20,000 

Corn 40-50 90,000 2,000,000 100,000 2,000,000 130,000 110,000 
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Fig. 3.2: Mapped ESS supply in the Satilla (a-e) and Big Sunflower (f-j) watersheds, also shown as boxplots (k-o). 

Mapped P and Sediment retention are plotted with breaks at 0.1, 1, 10 and 100 for better visualization. 

 

The modeled annual P export rates explained approximately 90 % of the average P concentrations 

from the empirical data (Fig. 3.3a). The modeled sediment export rates explained between 78 and 90 

% of the total suspended solid concentration (Fig. 3.3b). The modeled groundwater recharge rates for 

both watersheds were in the range of the existing studies, as shown in Fig. 3.3c, d. 
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Fig. 3.3: Validation of modeled annual P (a) and sediment export (b) with measured water quality parameters, total 

P and total suspended solids, and annual groundwater recharge rates with existing studies (c-d). A Turkey boxplot is 

used for the groundwater recharge rates from an existing model [90] and a range is indicated for existing studies [91, 

92]. The station and watershed names are listed in brackets.  

3.4.2 Tradeoffs of ecosystem service supply 

In the Satilla watershed, plantation forestry had a slightly lower mean carbon storage and vertebrate 

diversity than did natural- or semi-natural forests and the counterfactual; c.f. Fig. 3.4b, c. The 

plantation forestry had a higher vertebrate diversity and carbon storage than did the agricultural land 

and watershed average; c.f. Fig. 3.4a, d. By contrast, groundwater recharge was higher for plantation 

forestry than for forests. The P and sediment retention were negligible compared with agricultural 

land and the watershed average for both plantation forestry and forests. A paired correlation analysis 

for a sample of 10,000 pixels from all land use/land cover classes showed a high positive correlation 

between carbon storage and vertebrate diversity (Fig. 3.S1). A high negative correlation between 

groundwater recharge and both vertebrate diversity and carbon storage can be observed. 

In the Big Sunflower watershed, corn and wheat production had a significantly lower mean 

carbon storage, vertebrate diversity and P retention than did forests (Fig. 3.4f, g). By contrast, the 

sediment retention and groundwater recharge were higher for corn and wheat production than for 

forests. A paired correlation analysis for a sample of 10,000 pixels from all land use/land cover 

classes showed a high positive correlation between carbon storage and vertebrate diversity (Fig. 

3.S2). A lower negative correlation between groundwater recharge and both vertebrate diversity and 

carbon storage can be observed. 
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Fig. 3.4: ESS supply (arithmetic mean) for the entire watershed (a, e), natural or semi-natural forest as 

counterfactual (b, f) for plantation forestry (c) and corn and wheat production (g). The highest arithmetic mean 

value for each ESS category is used maximum to scale the radar charts for the Satilla (a-d) and Big Sunflower 

watersheds (e-h) separately. 
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3.4.3 The influence of topography and soil properties, landscape 

composition, configuration and naturalness on ecosystem service 

supply 

The explained variation in ESS supply for both watersheds did not differ if the combined latitudinal 

and longitudinal information was included, c.f. Fig. 3.5c, d, or excluded, c.f. Fig. 3.5a, b.  

The RDA without geographic information for the Satilla watershed (Fig. 3.5a) as a plantation 

forestry system showed that the landscape naturalness, i.e., the land use gradient and the hemeroby 

index (human impact), only explained 10 %, and if combined with other indicator groups, a further 20 

% of the variation in the ESS supply was explained. Landscape composition only explained 4 %, and 

if combined with other indicator groups, 18 % of variation in the ESS supply was explained. The 

selected indicators are the largest patch index for agricultural land and shrub- and grassland. The 

landscape configuration explained less than 1 %, and if combined with other indicator groups, 10 % 

of the variation was explained. The selected indicators are the effective mesh size of shrub- and 

grassland and water bodies as well as the landscape shape index of forest, plantation forestry and 

agricultural land. The topography and soil factors explained 4 %, and if combined with other indicator 

groups, 14%.  

The RDA without geographic information (Fig. 3.5b) for the Big Sunflower watershed as an 

agricultural system showed that the landscape naturalness, i.e., the land use gradient, explained 23 %, 

and if combined with other groups, a further 49 % of the variation in the ESS supply was explained. 

The landscape composition explained 2 %, and if combined with other groups, explained a further 48 

%. The selected indicators are the largest patch index for agricultural land, urban land and water, the 

edge density for forest and for other land use/land cover categories as well as the Shannon’s diversity 

of land use/land cover. The landscape configuration and other indicator groups explained 52 % of the 

variation. The selected indicators are the effective mesh size for forest and the landscape shape index 

for agricultural land. Topography and soil factors were of minor importance. 
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Fig. 3.5: Variation partitioning for ESS supply in the Satilla (a, c) and Big Sunflower (b, d) watersheds without 

geographic location (a-b) and with geographic location (c-d). p<0.01 and values <0 are not shown; the indicated 

values display the variance captured by the indicator groups on landscape composition, naturalness, landscape 

configuration, topography and soil parameters selected from Table 3.1; the indicators were selected based on 

permutation p-values; the variance is captured as adjusted R² for single (non-overlapping areas) and combined 

categories (overlapping areas). 

3.4.4 Plot and landscape characteristics to distinguish sites of sufficient 

and insufficient ESS supply  

In total, 0.2 % of the area of the Big Sunflower watershed had sufficient ESS supply, and 0.9 % had 

insufficient ESS supply. The results for the overall area are shown in the previous section. Corn and 

wheat production, i.e., 4 % of the area of the Big Sunflower watershed, accounted for 1 % of the sites 

of sufficient ESS supply and 5 % of the sites of insufficient ESS supply. The major landscape scale 

factors that promoted sufficient ESS supply were a higher effective mesh size of forests, a higher 

landscape shape index for agricultural land and a higher edge density of shrub, grassland and water 

bodies (Table 3.4). By contrast, a higher land use intensity, a higher edge density of forests and higher 
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landscape shape indices for urban land promoted insufficient ESS supply at the landscape scale. A 

higher share of corn and wheat production slightly favored insufficient ESS supply. At the plot scale, 

the higher slope may be associated with insufficient ESS supply. 

 

Table 3.4: Factors characterizing sufficient and insufficient ESS supply in the Big Sunflower watershed (backward 

logistic regression). A positive value for the standardized β indicates that an explanatory variable is contributing to 

sufficient ESS supply; a negative value for the standardized β indicates that an explanatory variable is contributing 

to insufficient ESS supply. 

 

 
 

In total, 0.1 % of the area of the Satilla watershed showed sufficient ESS supply, and 0.6 % showed 

insufficient ESS supply. The plantation forestry, i.e., 28 % of the area of the Satilla watershed in 

2006, accounted for 19 % of the sites of sufficient ESS supply and for 1.6 % of the sites of 

insufficient ESS supply. The major landscape scale factors that were favorable for a sufficient ESS 

supply were a higher edge density as well as a high largest patch index of forest and plantation 

forestry (Table 3.S1). At the plot scale, a higher available water holding capacity and a higher depth 

to water table were beneficial. In contrast, a higher landscape shape index of forests, a greater land 

Explanatory variable Stand. β SE z value Pr(>|z|)

(Intercept) 0.2938 0.4829 0.608 0.54288

Topography and soil parameters

Elevation [m] -6.6488 0.2702 -24.605 < 0.0001 ***

Slope [% ] -12.0045 0.3313 -36.235 < 0.0001 ***

Silt content  [% ] 2.5642 0.2503 10.244 < 0.0001 ***

Saturated hydraulic conductivity [µm s-1] 2.5663 0.5208 4.928 < 0.0001 ***

Soil erodibility -0.6872 0.1632 -4.212 < 0.0001 ***

Depth to water table  [mm] 3.4742 0.2796 12.426 < 0.0001 ***

Available water holding capacity [cm cm-1] -0.8073 0.2871 -2.812 0.00493 **

Naturalness

Land use intensity -6.0203 0.4517 -13.329 < 0.0001 ***

Hemeroby -0.975 0.2592 -3.761 0.00017 ***

Landscape composition

Corn/Wheat production, 300 m buffer [% ] -0.8912 0.3559 -2.504 0.01228 *

Edge density (forest) -1.7479 0.3269 -5.347 < 0.0001 ***

Edge density (shrub- and grassland) 10.4326 0.8355 12.487 < 0.0001 ***

Edge density (open water) 5.0185 0.6683 7.509 < 0.0001 ***

Largest patch index (urban) 1.3618 0.3367 4.045 < 0.0001 ***

Landscape configuration

Effective mesh size (forest) 10.904 1.2152 8.973 < 0.0001 ***

Landscape shape index (agricultural land) 11.4842 0.6129 18.737 < 0.0001 ***

Landscape shape index (open water) 3.9223 0.3983 9.848 < 0.0001 ***

Landscape shape index (urban) -2.6192 0.2023 -12.947 < 0.0001 ***
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use intensity, a higher share of wetlands and a higher largest patch index of agricultural land 

promoted insufficient ESS supply at the landscape scale. 

The likelihood ratio tests showed a significant difference when compared to a null model for 

the Big Sunflower watershed (χ²=20440, df=18, p<2.2e-16) and the Satilla (χ²=35944, df=22, p<2.2e-

16) (the set of explanatory variables shown in Table 3.4 and Table 3.S1 had a significant explanatory 

value when compared against the model without explanatory variables). 

3.5 Discussion 

3.5.1 Ecosystem service supply synergies and tradeoffs 

The higher carbon storage and biodiversity in the Satilla watershed may be related to the higher 

resemblance of plantation forestry to natural or semi-natural forest, see [34]. Higher P and sediment 

retention in the Big Sunflower watershed are attributable to the higher P application and bare soil in 

agricultural production systems, resulting in a higher demand for related regulating services, see Fig. 

3.3a, b. The higher rate of groundwater decline in the Big Sunflower watershed [111] hints at a 

stronger mismatch of groundwater abstraction and recharge compared with the Satilla watershed. 

Generally, tradeoffs for agricultural production systems have been shown in other studies, 

e.g., [116, 117, 14, 15], but not for plantation forestry or for the intensive feedstock production 

systems evaluated in this study. Overall, the plantation forestry deviates less from the counterfactual 

natural or semi-natural forest than from agricultural production systems such as corn and wheat; thus, 

we conclude that the plantation forestry system is preferable for the modeled ESS bundle and 

biodiversity.  

3.5.2 Advantages and constraints of the ecosystem service modeling 

scheme 

We achieved the models’ purpose of providing a broad picture of water quality [118] and of assessing 

annual groundwater recharge rates [87]. For such application, we achieved a reasonably good validity 

(Fig. 3.3); our results are comparable with those of Qiu and Turner [14] and Terrado et al. [119]. In 

addition, simple tools such as InVEST are more likely to be an option for practitioners for regional 

scale assessments [118], e.g., for bioenergy, agricultural or forestry production systems, compared to 

significantly more complex and resource-intensive models such as the Soil-Water Assessment Tool 

(SWAT) [120]. For example, InVEST may be used in data scarce situations without monthly or daily 

precipitation data, the latter required by SWAT for nutrient and sediment modeling. Therefore, this 

study design is suitable for regions with high or low data availability, which will facilitate comparable 

analyses for bioenergy production systems around the world to compare ESS supply and biodiversity, 

e.g., within this study. However, tools such as InVEST or SWB do not support simulation studies 

requiring numerous runs to find Pareto optimal solutions of ESS supply, e.g., [121], or biodiversity, 

e.g., [122]. 

Considering only the higher biomass yield of pine plantations and the lower yields from corn 

stover and cereal straw [39], the smaller tradeoffs of pine plantations may be seen as preferable than 

agricultural biomass at first glance. Bennett and Balvanera [16] similarly argued that the tradeoffs of 

provisioning ESS should be minimized to ensure a balanced ESS supply. Focusing on the yield, i.e., 

for bioenergy, and the environmental side may disregard the social side of the “food, energy and 
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environment trilemma” [21]. This trilemma may be solved if (i) there are no competing uses of wheat 

straw or corn stover [39, 21] and (ii) if both corn stover and wheat straw are produced regardless; the 

identified ESS tradeoffs with forests do not exclusively need to be attributed to a potentially used 

residual biomass. 

3.5.3 Benefits of avoided and potential further competition for biomass 

Due to the missing competing uses for the agricultural residues in the Mississippi Delta, their 

potential use for bioenergy instead of burning may create synergies. For example, (i) negative impacts 

on soil structure, local microbiology, the water holding capacity of soil and soil fertility from burning 

could be avoided [123, 124], and (ii) we could reduce GHG emissions or at least generate energy as 

an additional use. However, the actual sustainable residue removal rates and GHG emissions depend 

on the local environmental conditions, e.g., soil organic carbon or water availability and conversion 

and use aspects, e.g., the harvesting technique, transportation and the type of energy carrier. 

Therefore, further studies may integrate results from this study into life-cycle assessments to compare 

these iLUC free bioenergy feedstocks with a fossil fuel energy carrier. For the plantation forestry 

system, future research may investigate (i) the global production pattern changes due to the decline of 

the pulp and paper industry in the southeastern US to identify potential indirect impacts, such as 

iLUC, and (ii) the ESS supply and tradeoffs of current and future pulp and paper exporting regions of 

the world that partly substitute production capacities in the southeastern US and that may be of 

interest; e.g., Eucalyptus plantations in Brazil or some parts of sub-Saharan Africa may reveal other 

economic, social or environmental issues. 

3.5.4 Factors explaining the variance of ecosystem service supply 

We confirmed the hypothesis of Frank et al. [125] that the degree of naturalness of the landscape 

affects ESS supply. Wrbka et al. [103] previously demonstrated this relation for the human 

appropriation of net primary productivity, e.g., biomass use. The impact of landscape composition 

and configuration on ESS supply was only slightly less important, as proposed by Syrbe and Walz 

[102] and Frank et al. [125], e.g., the largest patch index, the effective mesh size or the landscape 

shape index in both watersheds. For example, in the Satilla watershed, the substantial influence of the 

largest patch index of agricultural land and of the effective mesh size of shrub and grassland habitats 

have shown that not only the existence but also the location and connection of shrub and grassland 

patches are important for ESS supply. Further influential factors related to the climate are not 

considered in this study because both case studies are in the same humid subtropical climate zone 

according to Koppen-Geiger [126]; however, this may be reasonable for case studies with climatic 

gradients, e.g., [95], or when comparing case studies in different climate zones, e.g., a humid 

subtropical climate compared with a semi-arid tropical climate. 

3.5.5 Thresholds and local demand for ecosystem services 

To link ESS supply to the local demand, we related the actual supply to locally set environmental 

thresholds when available for sediment and P concentrations in surface waters, as in Terrado et al. 

[119]. Considering local preferences may more likely allow us to determine whether ESS provide a 

human benefit. However, this consideration is not regularly performed in ESS modeling, see, e.g., [3, 

15]. Such socially accepted environmental thresholds for groundwater recharge or biodiversity. 
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When comparing the sites above and below thresholds, the plantation forestry contributed to 

sufficient ESS supply. In the Big Sunflower watershed, ESS supply may be enhanced by a higher 

complexity of agricultural patches. It simultaneously requires combining agricultural land with, e.g., 

shrub and grassland or forest patches rather than urban land, as shown by the negative impact of 

increasing land use intensity. This is supported by the beneficial effect of an increase in size and 

number of shrub and grassland patches. It is indirectly shown by the beneficial effect of a higher edge 

density and a higher effective mesh size of forest patches. In the Satilla watershed, it may be 

beneficial to increase the size and connectivity of forest patches. By contrast, it does not seem 

beneficial to enhance the complexity of forest patches. This may be explained by the fact that more 

complex forest patches have a larger share of non-forest land use, e.g., pine plantations, agricultural 

or urban land. These results are in line with the results of the tradeoff analysis showing the higher 

supply of carbon storage and biodiversity toward plantation forestry. However, a higher dominance of 

agricultural land decreases ESS supply, whereas plantation forestry still increases ESS supply. Future 

research should assess the relevance of landscape composition and configuration and naturalness of 

the landscape in other solid biomass production systems in other parts of the world. 

In practice, the rules of certification schemes or the rules set by local authorities in landscape 

planning should include rules on landscape composition and configuration. It may be reasonable to 

consider an additional assessment of ESS supply at the landscape scale in improved certification 

schemes, e.g., for bioenergy. An assessment at the plot scale of the individual feedstock producer 

seems incomplete. Even if the assessment would go beyond the management practices, the local 

environmental factors, topography and soil parameters explained only a small share of the variation in 

ESS supply. For example, preserving or creating a landscape mosaic may better balance the supply of 

ESS beyond the bioenergy feedstock in the production region. One concrete option could be a higher 

number of connected forest patches as buffer strips alongside rivers in the Big Sunflower watershed 

or other natural vegetation, such as grassland in agricultural watersheds [30]. For the Satilla river, we 

may see forested buffer strips in Fig. 3.1, which are required in Georgia’s Mountain and River 

Corridor Protection Act [127]. Another strategy to reduce the intensity of agricultural production 

could be 2nd generation bioenergy feedstocks, such as perennial bioenergy grasses or short rotation 

coppice species. Such bioenergy-providing species may provide both biomass and higher ESS 

(sediment and nutrient retention) and biodiversity, c.f. [30, 4].  

3.5.6 Potential future use of indicators on landscape structure 

We suggest including indicators of landscape structure to ensure a harmonized level of sustainability 

in certification schemes, which is particularly relevant if the biomass is largely traded, e.g., wood 

pellets in the form of pine plantations in the southeast US; they should also be subjected to legal 

frameworks, which are currently absent or variable, for landscape planning. For a broader application 

in sustainability assessments beyond bioenergy, the impact of landscape structure on ESS supply 

should be tested in other agricultural or forest production systems. 
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3.8 Supporting Information 

 
 

Fig. 3.S1: Paired correlation analysis of ESS supply in the Satilla watershed (p<0.001 (***); p<0.01 (**), p<0.05 (*)). 
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Fig. 3.S2: Paired correlation analysis of ESS supply in the Big Sunflower watershed (p<0.001 (***); p<0.01 (**), 

p<0.05 (*)). 
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Table 3.S1: Factors characterizing sufficient and insufficient ESS supply in the Satilla watershed (backward logistic 

regression). A positive value for the standardized β indicates that an explanatory variable is contributing to sufficient 

ESS supply; a negative value for the standardized β indicates that an explanatory variable is contributing to 

insufficient ESS supply. 

 

 

  

Explanatory variable Stand. β SE z value Pr(>|z|)

(Intercept) -1.49444 0.25723 -5.81 < 0.0001 ***

Topography and soil parameters

Slope [% ] 0.76804 0.11812 6.502 < 0.0001 ***

Aspect [°] 0.57418 0.06733 8.528 < 0.0001 ***

Silt content  [% ] 1.84472 0.16523 11.165 < 0.0001 ***

Soil erodibility -3.09937 0.121 -25.615 < 0.0001 ***

Depth to water table  [mm] 3.39417 0.07826 43.37 < 0.0001 ***

Available water holding capacity [cm cm-1] 4.41303 0.22092 19.975 < 0.0001 ***

Distance to stream [m] 0.88542 0.17021 5.202 < 0.0001 ***

Natualness

Land use intensity -5.7782 0.07737 -74.679 < 0.0001 ***

Hemeroby -1.19755 0.14577 -8.215 < 0.0001 ***

Landscape composition

Wetlands, 300 m buffer [% ] -4.92968 0.22509 -21.901 < 0.0001 ***

Edge density (plantation forestry) 4.32167 0.45223 9.556 < 0.0001 ***

Largest patch index (plantation forestry) 2.92441 0.21905 13.35 < 0.0001 ***

Largest patch index (forest) 6.11463 0.27058 22.598 < 0.0001 ***

Largest patch index (agricultural land) -3.25041 0.18299 -17.762 < 0.0001 ***

Landscape configuration

Connectance index (forest) 0.46992 0.07394 6.356 < 0.0001 ***

Connectance index (agricultural land) -0.37559 0.06626 -5.668 < 0.0001 ***

Connectance index (barren) 0.78323 0.23461 3.338 0.00084 ***

Landscape shape index (forest) -4.26863 0.45722 -9.336 < 0.0001 ***

Landscape shape index (shrub- and grassland) -0.5583 0.17222 -3.242 0.00119 **

Landscape shape index (agricultural land) 0.6267 0.19153 3.272 0.00107 **

Landscape shape index (open water) 1.31774 0.11516 11.443 < 0.0001 ***

Landscape shape index (urban) 1.47012 0.10881 13.511 < 0.0001 ***
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4 Assessing regional-scale impacts of short rotation coppices on 

ecosystem services by modeling land use decisions  

 

This chapter is submitted to PLOS ONE:  

 

Schulze J, Frank K, Priess JA, Meyer MA. Assessing regional-scale impacts of short rotation 

coppices on ecosystem services by modeling land use decisions. (submitted) 
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4.1 Abstract 

Second generation feedstocks, for example, short rotation coppices (SRCs), are being discussed as 

chance to meet the world’s continuously growing energy demand. However, identifying the 

environmentally best feedstock option requires a comprehensive impact assessment considering 

multiple ecosystem services (ESS) and biodiversity as trade-offs are inherent. In this study, we place 

SRCs in the landscape of the Mulde watershed in Central Germany by modeling farmers’ land use 

decisions under different economic and policy-driven scenarios using an agent-based model (ABM). 

This allows for assessing regional-scale impacts on multiple ESS despite missing large-scale 

implementation. Meeting the regional demand for solid biomass of combined heat and power (CHP) 

plants, the required area and locations for SRCs hardly affect ESS. Similarly in the policy-driven 

scenario, placing SRCs on low or high quality soils to provide ecological focus areas (EFA), as 

promoted in the EU, hardly affects ESS. Only a substantial increase in the SRC production area, 

beyond regional demand of CHP plants, will have a relevant effect, namely a negative impact on food 

production as well as a positive on biodiversity and regulating ESS. Even if beneficial impacts on 

ESS occur, our results indicate that SRCs hardly stimulated the number of balanced ESS bundles. In 

that respect, future research should assess whether other potentially beneficial land use options such 

as cover crops or management practice significantly enhance the number of balanced ESS bundles. 

Coupling ABMs with biophysical ESS models can contribute to a comprehensive impact assessment 

of currently hardly implemented bioenergy feedstocks supported by spatial deployment that emerges 

under potential future scenarios. 

4.2 Introduction 

Several environmental and social concerns about bioenergy production arose in the past years [1, 2] 

while, at the same time, the world’s energy demand is continuously growing [3]. Solving this 

discrepancy is among the societal challenges of the next decades. One option to tackle this are second 

generation (2G) feedstocks: “perennial, ligno-cellulosic feedstocks that are non-food crops” [4] that 

are believed to be politically encouraged in the near future [5]. However, crucial for a successful 

bioenergy usage are science-based safeguards for the adoption of the best feedstocks [6]. This 

requires a comprehensive impact assessment of 2G feedstocks considering multiple ecosystem 

services (ESS) as trade-offs, especially between provisioning and regulating ESS, are inherent [7-9]. 

In temperate climate, prominently discussed 2G feedstocks are short rotation coppices (SRCs) [10]. 

SRCs are fast-growing trees, in the EU mostly the species poplar and willow, which are 

partly commercially grown as perennial energy crops on agricultural land [11]. Plantations are 

harvested every few years and afterwards stump sprouting takes place. After several of these 

rotations, the land is re-cultivated. SRCs may fulfill multiple bioeconomic purposes: they serve as 

source of material, heat and power supply. At the same time, several environmental advantages are 

being discussed. They are believed to increase biodiversity [5, 12, 13] and to positively affect soil and 

water quality [14, 15]. Furthermore, the reformed Common Agricultural Policy (CAP) (2014-2020) 

couples subsidy payments to the obligation that at least 5% of a farmer’s arable land are managed as 

ecological focus areas (EFAs). SRCs qualify as EFAs due to their beneficial impact on the 

environment [16]. Despite the known environmental benefits, currently only approximately 6500 ha 

SRCs are established in Germany [17]. However, Kraxner et al. [18] project worldwide an increase of 

SRC plantations to 190-250 million ha by 2050.  
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Several studies modeling the potential supply of perennial energy crops and accompanied 

impacts exist (e.g., [19], Meehan et al. [19], Aust et al. [20], Tölle et al. [21]). At this, the spatial 

configuration of energy crops is believed to affect the assessment [22]. Holland et al. [5] and Milner 

et al. [4] emphasize the research gap to upscale feedstock production to commercial scale. As data on 

the spatial allocation of currently hardly implemented land use options is missing, models of potential 

supply often base upscaling processes on heuristics that place SRCs in the landscape. Meehan et al. 

[19], for example, replace annual by perennial energy crops. Tölle et al. [21] locate SRCs on land 

with suitable cultivation conditions, e.g., sufficient available soil water capacity. Missing existing 

larger commercial SRC plantations, scenarios reflecting farmers’ decisions within the existing and 

potential future political framework are needed to determine more realistic spatial allocations of 

SRCs. Therefore, we believe that it is valuable to explicitly incorporate human decision-making for 

the spatial allocation of SRCs in such models. Several studies have shown that the inclusion of human 

decision-making in models is crucial [23, 24]. In the case of SRCs, this is especially important as 

individual restraints of farmers have been identified as important factor for the slow uptake [25, 26]. 

Equation-based simulation models could be used to incorporate human decision-making. However, 

these do not allow incorporating decisions of multiple heterogeneous, interacting agents. In contrast, 

this can be achieved by using agent-based models (ABMs). ABMs are computational models 

simulating macro-level phenomena emerging from micro-level decision-making of heterogeneous, 

interacting agents [27]. 

In this study, we use a spatially-explicit ABM to simulate the decision-making of interacting 

farmers facing the choice between SRCs and conventional annual agricultural activity (crops or 

fallow land). This decision is strongly influenced by socio-economic framework conditions that can 

be varied in the model to represent different economic scenarios. In addition, embedded in the recent 

discussion on “Greening” in Germany [28], we assess two policy scenarios where a share of the 

landscape is cultivated with SRCs to fulfill the CAP requirements for EFAs. Currently, to receive 

payments, for example, 5% of agricultural land need to be set aside; alternatively SRCs can be 

cultivated with a weighting factor of 0.3 [29]. We apply the model to the Mulde watershed in Central 

Germany to assess the impact of SRC expansion at regional scale on crop yields, carbon storage, 

nutrient and sediment retention, and biodiversity. We cover these local/regional ESS as those are 

hardly covered in common environmental assessments of bioenergy feedstock production, e.g., LCAs 

[30, 31]. Thereby, we assess where SRCs establish, given the assumptions we have made in the 

ABM, and quantify occurring ESS synergies and trade-offs under different economic and policy-

driven scenarios at the regional scale.  

4.3 Materials and Methods  

We modeled SRC development and ESS for the reference year 2006, for which major land use/land 

cover (LU/LC) data is available. 

4.3.1 Study site 

The investigated share of the Mulde watershed is mostly located in the German Federal State Saxony 

(see Fig. 4.1) and amounts to about 5,791 km². The Mulde is a tributary of the Elbe river and formed 

by its headwaters Zwickauer Mulde and Freiberger Mulde, which have their source in the Ore 

Mountains. The altitude ranges from 70 to 1214 m. Climatically, the precipitation in 2006 in the 

Mulde watershed with its humid continental climate (834.6 mm, SD: 180.6 mm) was 9 % lower than 
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the normal climate conditions for the period from 1991 to 2011 [32]; the minimum and maximum 

average temperatures in 2006 in the Mulde watershed (Tmin: 4.5 °C, SD: 0.8 °C, Tmax: 13.1 °C, SD: 

1.4 °C) deviated less than 1 °C from the normal climate conditions for the period from 1991 to 2011 

[32]. The amplitude of precipitation ranged between 500 mm and 1290 mm in 2006. The loess soils in 

the lowlands are dominated by crop production, whereas the Ore Mountains are dominated by 

forestry [33]. Winter wheat (24%), winter rapeseed (18%), and winter barley (12%) dominated the 

cropland in 2006. Currently, SRC only amounts to 0.03 % of the agricultural land in Saxony [34]. 

There are only few SRC sites in the Mulde watershed, which are often trial sites. Contrastingly, there 

are about 36 combined heat and power (CHP) plants in Saxony [35] that may use SRC products. 15 

of these CHP plants are located in the Mulde watershed. 

 
 

Fig. 4.1: Land use/land cover in the Mulde watershed and its location in Germany [36, 37]. 

4.3.2 Agent-based model 

The model used within this study is an extended version of the ABM described in Weise [38]. Here, 

we present a short description of the model, whereas the full model description using the Overview, 

Design Concepts and Detail (ODD) protocol [39, 40] can be found in the supporting information S1 

Text. The main aim of the model is to assess changes in agricultural landscapes, in particular SRC 

expansion, by modeling individual land use decisions. 
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The spatially explicit model consists of an artificial landscape that is subdivided into pixels, 

each being farmed by an individual land user (agent). The underlying landscape consists of a soil 

quality layer and sites of customers for SRC products, i.e., CHP plants. The agent cultivates land to 

generate income through the production of agricultural goods. The agent can choose between three 

different land use options: SRCs, annual crops, or fallow land. Among these, the agent chooses the 

land use option that will yield the maximum net profit. The net profit for a land use option is given by 

the difference between revenue and costs. The revenue is influenced by market price and site-specific 

yield, while the costs are incorporated via production and transportation costs. At this, the yield is 

determined by physical site-conditions, i.e., soil quality, while transportation costs of SRC products 

depend on the distance to CHP plants. Although traditional and self-interested profit maximization, 

i.e., the rational of the homo economicus, is widely accepted as decision criterion in economics, also 

non-commercial factors are believed to influence agricultural decisions [41]. However, Brown et al. 

[42] showed with a survey in the UK that economic factors are of main importance. Non-economic 

factors are less important and only slightly influence decisions to cultivate bioenergy crops such as 

the willingness to reduce GHG emissions. Therefore, we see this simplification as appropriate for our 

model design. For SRC practice in Germany, farmers’ are provided with advisory material (e.g., the 

manual of Skodawessely et al. [43] or the profitability calculator provided by the research project 

AGROWOOD [44]). To reflect the situation in practice, we adapt the therein suggested profitability 

calculation as decision criterion. 

The market prices for wood chips from SRCs and for annual agricultural products are given 

by the relation of exogenously given demands and the endogenously resulting supply that is 

determined by the agents’ decisions. Hereby, we follow a standard assumption in microeconomic 

theory [45, 46].  

The results based on the artificial landscape in the ABM needed to be transferred to the real 

landscape (Mulde watershed) to assess impacts of SRC expansion. Therefore, the initial artificial 

landscape for the ABM needed to fulfill statistical characteristics present in the Mulde watershed. 

Therefore, the distribution of soil quality for the ABM was generated using a random 

generator that returns uniformly distributed, spatially correlated numbers with fixed arithmetic mean 

and correlation length. For this purpose, the standard method of Cholesky decomposition was used 

(see Appendix A in Thober et al. [47] for details). Using the Cholesky factor in the generation of the 

random field guarantees that the covariance among all cells is considered. The soil quality distribution 

of the artificial landscape was adapted to the soil quality distribution in the Mulde watershed. (1) We 

set the arithmetic mean from the artificial landscape to the one in the Mulde watershed. (2) We 

divided the continuous soil qualities into 6 classes with the same proportion as given in the empirical 

spatial dataset soil quality [48]. (3) We set the correlation length by adapting spatial autocorrelation 

(using Moran’s I up to a neighborhood of 49*49 cells) of the artificial landscape to the real landscape. 

The number of CHP plants in the initial landscape was set according to the areal density in 

the Mulde watershed given by the data described in the previous section. 

With the procedure described above, we generated 100 initial landscapes to receive an 

appropriate level of accuracy and to avoid effects of stochastic outliers. The ABM ran on these initial 

landscapes and generated land use patterns for the investigated land use options, i.e., SRCs, annual 

crops, and fallow land. The location of a specific land use option could be described in terms of site-

specific characteristics of the initial landscape. Subsequently, we used this information to project the 
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specific land use options into a real landscape. In our case, we quantified probabilities of SRCs 

presence depending on soil quality and distance to CHP plants. 

Based on these probabilities and the soil quality and CHP plants data, we randomly allocated 

the SRCs in the Mulde watershed. Therefore, we randomly selected sites for SRCs based on the total 

intended area of SRCs in the Mulde watershed (from now on called target amount) and on the 

probability of SRCs occurrence depending on soil quality and distance to CHP plants. Therefore, each 

pixel is assigned its probability of being selected as SRC (based on a probability derived from the 

ABM and data on soil quality and distance). For each pixel, a random number between 0 and 1 is 

drawn and all pixels where this number is less than the probability are selected as SRC. This 

procedure is repeated until the number of selected pixels reaches at least the targeted amount. If the 

number of SRC pixels exceeds the target amount, SRC pixels are deselected according to their 

probabilities until target amount is reached. 

The majority of parameters in the ABM was based on literature (for details see full model 

description in the supporting information S1 Text). The demand for annual agricultural crops was 

calibrated using the LU/LC data for the Mulde case study. This demand was set by aligning the initial 

shares of land use options under the baseline scenario with those in the Mulde watershed.  

4.3.3 Scenarios for SRC development 

For the standard scenario, we assumed that the CHP plants currently present in the Mulde watershed 

were the only customers of wood chips and that these entirely met their biomass demand by wood 

chips from SRCs. We calculated the share of SRCs needed to meet the demand of the current CHP 

plants in the region derived from the reference values in FNR [49] and set the standard wood demand 

to the value needed to achieve this share of SRCs. 

Increasing global demand for wood combined with limited forest resources will most likely 

increase prices for wood in the future [50]. Therefore, we assessed the increase of wood chips 

demand by comparing the standard scenario with three further scenarios (medium, high and very high 

demand). In these additional scenarios, we did not spatially explicit allocate further CHP plants in the 

landscape because the regional energy and heat demand would unlikely further increase. We rather 

expect that external drivers will raise the demand for solid biomass obtainable from SRCs. 

Considering global bioenergy trade, Matzenberger et al. [50] expect an 80-times increase of solid 

biomass trade between world regions in the period 2010 to 2030 for a synthesis of 22 scenario 

models. 

In addition to the economic scenarios simulated with the ABM, we included two policy 

scenarios. Embedded in the recent discussion on “Greening” in Germany [28], we assumed that 

16.67% of all arable land would be used to cultivate SRCs. To receive payments, 5% of arable land 

needs to be designated as EFAs, which can be simply set aside land. Alternatively, SRCs can be 

cultivated with a weighting factor of 0.3 [29]. We assumed that SRCs would be located on land with 

low soil quality for economic reasons. To assess the impact of soil quality, we also compared this 

scenario to a second policy scenario where the best 16.67% of the entire arable land with respect to 

soil quality would be converted to SRCs to analyze potential ESS impacts. 
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4.3.4 Ecosystem services and biodiversity 

4.3.4.1 Provisioning ecosystem services 

For all scenarios, we calculated the crop and SRC yields. For crop production, we spatially 

downscaled the average yield per ha at the district level [51, 52]. We considered the impact of soil 

and climatic heterogeneity on yields by calculating the arithmetic mean of the agricultural yield 

potential for each district [53]. We assigned each pixel the yield available at district level and raised 

or lowered this value depending on the actual agricultural yield potential of the pixel relative to the 

district arithmetic mean. 

We selected poplar as SRC species due to the dry climate in the agriculturally dominated 

lowlands. To model a spatially explicit KUP yield, we used the regression model developed in 

Saxony by Ali [54]:  

 

𝑌𝑖𝑒𝑙𝑑 = 𝑎4(𝑎1 ∗ 𝐶 + 𝑎2 ∗ 𝑃 ∗ 𝑆𝑄𝐼 + 𝑎3 ∗
𝑇

𝐴𝑊𝐶
)𝑎5     (1) 

 

with  

 

𝑎4 = −1.13 ∗ 10−9 ∗ 𝑁2 + 2.54 ∗ 10−5 ∗ 𝑁 + 0.028     (2) 

 

and  

 

𝑎5 = 3.41 ∗ 10−9 ∗ 𝑁2 − 5.01 ∗ 10−5 ∗ 𝑁 + 2.614      (3) 

 

where C is the rotation cycle, P sum of the precipitation for the months May and June, SQI the soil 

quality index, T average temperature for the months April until July, AWC the available water holding 

capacity, N the planting density and a1 up to a5 are species specific parameters. Based on the existing 

practice in Saxony, we assumed the use of the most common poplar clone Max. with the parameters 

and datasets given in Table 4.1. 

 

Table 4.1: Parameter and datasets used to calculate yield of the poplar clone Max. 

 

 
Item Value References 

N Planting density [n ha-1] 9446 TU Dresden/AgroForNet [34] 
C Rotation cycle [a-1] 5.5 TU Dresden/AgroForNet [34] 
a1  1.569 Ali [54] 
a2  0.0004 Ali [54] 
a3  -23.198 Ali [54] 

P Precipitation (sum May-June) [mm]  Jäckel et al. [32] 

T Average temperature April-July [°C]  Jäckel et al. [32] 

SQI Soil quality index  LfULG [48] 

AWC Available water holding capacity [mm]  LfULG [48] 
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4.3.4.2 Regulating ecosystem services and biodiversity 

We used InVEST (Integrated Valuation of Environmental Services and Tradeoffs) to calculate 

different regulating ESS. InVEST uses ecological production functions to simulate the provision of 

ESS under different scenarios. First, we calculated the amount of carbon stored according to the IPCC 

guidelines [55], supported by InVEST [56, 57], with the data indicated in Table 4.2 for 2006. Second, 

we modeled the phosphorous (P) export and retention with InVEST. Based on the runoff, the P inputs 

were routed through the respective watershed. The retention largely depends on the topography and 

vegetative cover. Third, we modeled the amount of retained sediment with InVEST based on the 

universal soil loss equation [58, 59]. The baseline scenario for P and sediment retention was validated 

in Meyer et al. [60].  
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Table 4.2: Data items for carbon storage (No. 2, 16), P retention and export (No. 1 -7, 10-12), sediment retention and 

export (No. 1-3, 8-9, 13-15 and for biodiversity (No. 2, 17-21); we refined the default parameter of InVEST with the 

indicated sources (No. 10 - 15); methodological sources are equally included. 

 

  Input datasets References 

1 DEM (3 arc-seconds) [m] Lehner et al. [77] 

2 LU/LC European Environment 
Agency (EEA) [36], 
Wochele et al. [37] 

3 Potential Natural Vegetation LfULG [78] 

4 Reference Evapotranspiration (10 arc-min) [mm a-1] FAO Geonetwork [79] 

5 Precipitation [mm a-1] Jäckel et al. [32] 

6 Depth to any soil restrictive layer [mm] Panagos et al. [80], LfULG 
[48] 

7 Available water holding capacity [cm cm-1] Panagos et al. [80], LfULG 
[48] 

8 Erosivity (R) [MJ mm ha-1 h-1 a-1] Bräunig [81] 

9 Erodibility (K) [t ha h ha-1 MJ-1 mm-1] LfULG [48], Bischoff [82] 

10 Rooting depth [mm]  

11 P export [kg ha-1 a-1] Reckhow et al. [83] 

12 P retention efficiencies [%]  

13 cover-management factor (C)   

14 Support practice factor (P)  SMUL [84] 

15 Vegetation sediment retention efficiency [%]  

16 Carbon pools [t ha-1] Fraver et al. [85], Bohn et 
al. [86], Müller-Using and 
Bartsch [87], Wördehoff 
et al. [88], Polley and 
Henning [89], Strogies 
and Gniffke [90], BGR [91] 

17 Population density [n km-²] Priess et al. [92] 

18 Street and railway map BKG [93] 

19 N deposition Builtjes et al. [94] 

20 Critical N loads Builtjes et al. [94] 

21 Terrestrial ecoregions Olson et al. [95] 

    

4.3.4.3 SRC impacts on regulating ESS bundles 

We used cluster analysis to identify ESS bundles occurring for different concentrations of SRC in the 

Mulde watershed and selected the methods based on Mouchet et al. [62]. For the cluster analysis, we 

used a random sample of 1,000 pixels to reduce the effect of spatial autocorrelation. We identified 

ESS bundles by K means and displayed them as starplots in R [63]. ESS bundles are described as 
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“sets of services that appear together repeatedly” by Raudsepp-Hearne et al. [8]. To explain 

differences between ESS bundles, we applied a binomial logistic regression model. In the regression 

model, we tested indicators of landscape composition and naturalness, soil, topography, and climate, 

see Table 4.S5. We calculated landscape composition and naturalness indicators in a moving window 

approach for a buffer radius of 5 km, which was ten times the LU/LC pixel size. We removed 

variables with variance inflation factors >10 to reduce multicollinearity. Next, we removed non-

significant explanatory variables in a backward stepwise manner based on the Akaike information 

criterion. Next, the significance of the final model was tested against a null model using a likelihood 

ratio test. To assess the spatial autocorrelation of the final model, we added geographic coordinates 

and tested for significant difference towards the final model without geographic coordinates with the 

likelihood ratio test. 

4.4 Results 

4.4.1 SRC distribution and associated ecosystem services impacts under 

economic and policy-driven scenarios 

Spatial distribution of SRCs depended on the economic and policy-driven scenarios (Fig. 4.2). The 

share of SRCs differed substantially between the four economic scenarios (2%, 4%, 14%, and 24% of 

the total area for standard, medium, high, and very high demand respectively). However, SRC 

distributions showed similar characteristics under the four scenarios: sites with high soil quality 

indices showed hardly any deployment. SRCs are only economically viable on inferior soils, where 

they can compete with annual crops. Only in scenario 1 (standard demand), SRCs were located near 

existing CHP plants because in the other scenarios no local consumption was assumed (see section 

“Scenarios for SRC development”). Distribution of SRCs under the first policy-driven scenario, 

where 16.67% of agricultural land with the lowest soil quality indices was converted to SRC 

cultivation (see scenario 5), was similar to the economic scenario with high demand. In contrast, 

under the second policy-driven scenario (see scenario 6), SRCs were located within the central Mulde 

watershed, where soil quality indices were high.  
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Fig. 4.2: Deployment of SRCs in the Mulde watershed for four economic (1-4) and two policy-driven (5-6) scenarios. 

The economic scenarios are based on the ABM. The policy scenarios reflect the potential deployment of SRCs to 

fulfill the requirements for EFAs (ecological focus areas). The dots indicate existing CHP plants [35]. 
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In general, economic and policy-driven scenarios affected provisioning and regulating services as 

well as biodiversity (Fig. 4.3). Scenario 1 (standard demand), i.e., demand from the currently existing 

CHP plants solely met by SRCs, did not have a substantial effect on the investigated ESS. Only a 

large increase in demand (scenarios 3 and 4) for woody products from SRCs revealed substantial 

trade-offs between the provision of annual agricultural products and SRC yields as well as regulating 

ESS and biodiversity. For example in scenario 3, compared to the baseline scenario SRC deployment 

on 33% of cropland synergistically raised biodiversity (+22%) and carbon storage (+5%) and reduced 

phosphorus (-7%) and sediment export (-19%) from a regional perspective. 

 

 
 

Fig. 4.3: Trade-offs between provisioning and regulating ESS in (a) the economic and (b) the policy-driven scenarios, 

each set compared to the baseline scenario (black line). For each ESS, the scenario values are normalized with 

respect to the maximum value obtained, in other words the maximum value of all scenarios is set to 100% and 

differences of the remaining scenarios are given in percent of the maximum value. For most of the ESS higher values 

implies a better performance, only for P and sediment export a lower value is better. 

 

Interestingly, the two policy-driven scenarios led to different trade-off effects. SRCs placed on good 

soils positively affected SRC yield (17% of cropland), carbon storage (+3%) and sediment export (-

18%) at high costs of annual crops (ranging from -16% to -23% depending on the crop) (see scenario 

6). In contrast, SRCs placed on bad soils, led to slightly higher reduction in phosphorus export (+4%) 

while annual crops were less negatively affected (ranging from -12% to -13% depending on the crop) 

and sediment export (-7%) and carbon storage (+1%) less positively affected (see scenario 5). Effects 

on biodiversity hardly differed between the two policy-driven scenarios (ranging from 10% to 11%).  

4.4.2 SRC impacts on regulating ESS bundles 

Most of the ESS bundles prevailed independent from the share of SRC in the landscape that varied 

between the scenarios (see Fig. 4.4). Only ESS bundle 2 strongly differed between the baseline 

scenario (a), scenario 2 (medium demand) (b) vs. the more homogenous scenarios 4 (very high 

demand) and 5 (EFA (bad soils)) (c, d). However, the abundance of ESS bundles changed. For 
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example, scenario 4 had a much higher abundance of the high biodiversity bundle 2 than scenario 5. 

Vice versa, bundles 1 and 4 hardly differed between scenario 4 and 5. These bundles were less 

abundant in scenario 4, i.e., especially P and sediment retention became less important in the 

economic scenario 4 compared with the policy scenario 5.  
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Fig. 4.4: ESS bundles for the baseline scenario (a), two economic scenarios (b) and (c), and a policy scenario (d). The 

abundance of the ESS bundles based on K means is in (a) (n: 1770, 1317, 1391, 5765, 529, 1978), (b) (n: 1810, 1669, 

1228, 5611, 1197, 1235), (c) (n: 1247, 3396, 1478, 3982, 1073, 1574), and (d) (n: 1748, 992, 1515, 5613, 1180, 1702). The 

highest arithmetic mean value for each ESS category is used as maximum to scale the radar charts. 
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Analyzing the differences between the bundles in scenario 4, a higher share of SRC in the landscape 

mostly increased the abundance of bundles 2 and 3, see Fig. 4.5.  

 

 
 

Fig. 4.5: % SRC characterizing ESS bundles in scenario 4 (backward logistic regression). A positive value for the 

standardized β indicates that an explanatory variable is contributing to the cluster with the lower ordinal number; a 

negative value for the standardized β indicates that an explanatory variable is contributing to the cluster with the 

higher ordinal number. The entire regression results are listed in supporting information S2 File. 

 

In that respect, we might especially enhance either (i) biodiversity or (ii) carbon storage, biodiversity, 

and sediment retention. However, the share of SRC in the landscape hardly enhanced the occurrence 

of the more balanced bundle 6. For example, the factors that contribute to the balanced bundle 6 

instead of bundle 5 with high P export were a higher slope and a higher available water holding 

capacity (Table 4.3). A higher soil quality index and higher precipitation enhanced the occurrence of 

bundle 5. The high explanatory power of the biophysical factors and the rather low explanatory power 

of SRC showed that a balanced bundle was hardly obtainable through modified landscape 

composition, e.g., with a high share of SRCs in the landscape. 
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Table 4.3: Factors characterizing ESS cluster 5 and 6 for scenario 4 (backward logistic regression). A positive value 

for the standardized β indicates that an explanatory variable is contributing to cluster 5; a negative value for the 

standardized β indicates that an explanatory variable is contributing to cluster 6. The likelihood ratio test showed a 

significant difference when the final model was compared to a null model (χ2= 1398.4, df = 14, p<2.2e-16). 

Comparing the final model with a model including x- and y-coordinates, the likelihood ratio test showed only a small 

difference (χ2= 83.3, df = 3, p<2.2e-16). 

 

 

4.5 Discussion 

4.5.1 Ecosystem services and biodiversity under economic and policy-

driven scenarios 

Major aim of this study was to analyze the impact of SRCs on ESS and biodiversity to identify 

synergies and trade-offs under different economic and policy-driven scenarios. SRCs are discussed as 

sustainable 2G feedstock for energy production. Our approach of placing SRCs in the landscape by 

modeling farmers’ decisions allows to close the gap of existing research synthesizing mostly 

plot/field scale studies for ESS [4] and conceptually discussing, but not testing the beneficial impact 

of SRC on ESS at the regional scale [64]. Only few studies such as Fürst et al. [65] have assessed 

their impact on multiple ESS and biodiversity at the regional scale, but without modeling farmers’ 

decision making to assess commercial SRC deployment. Simulating farmers’ decisions allowed us to 

develop spatially explicit SRC distributions, given the assumptions made in the ABM, at a 

commercial scale for an environmental and ESS impact assessment as requested by several authors 

for 2G feedstocks, e.g., Holland et al. [5]. Beyond existing SRC impact assessments with a focus on 

carbon storage, e.g., Milner et al. [4], we spatially explicitly model multiple ESS. 

Explanatory variable Stand. β SE z value Pr(>|z|) 
 (Intercept) 13.5768 0.9016 15.059 < 2e-16 *** 

Topography and soil parameters 
     Elevation [m] -8.0942 0.9503 -8.518 < 2e-16 *** 

Slope [%] -11.8836 0.6643 -17.89 < 2e-16 *** 

Aspect [°] 0.5111 0.2936 1.741 0.0817 . 

Curvature [score] -6.1341 0.7359 -8.336 < 2e-16 *** 

Effective rooting depth [mm] -8.4734 0.8305 -10.203 < 2e-16 *** 

Erodibility (K) [t ha h ha-1 MJ-1 mm-1] -1.7053 0.9607 -1.775 0.0759 . 

Erosivity (R) [MJ mm ha-1 h-1 a-1] -8.4734 0.8305 -10.203 < 2e-16 *** 

Available water holding capacity [cm cm-1] -22.1665 2.2753 -9.742 < 2e-16 *** 

Soil quality index 9.9122 1.0365 9.563 < 2e-16 *** 

Climate 
     Precipitation [mm] 3.5771 0.5564 6.429 1.28e-10 *** 

Reference Evapotranspiration [mm a-1] -3.6937 0.5329 -6.932 4.16e-12 *** 

Landscape composition 
     Pasture, 5 km buffer [%] 2.3507 0.4175 5.63 1.8e-08 *** 

Water, 5 km buffer [%] -2.7981 0.461 -6.069 1.29e-09 *** 

Urban, 5 km buffer [%] 2.0017 0.4844 4.132 0.0000359 *** 
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In the investigated economic scenarios, farmers preferably cultivated SRC plantations in the 

southern and northern part of the Mulde watershed with dominating low quality soils. SRCs seem to 

be competitive with annual crops on these low quality soils. In that respect, we can confirm Hellmann 

and Verburg [66] who assume “[…] that it is unattractive to cultivate biofuel crops on locations with 

relatively very high yields of cereals and root crops due to economic competition” (p. 2414). In 

scenario 1 (standard demand), we tested the impact of switching current input of CHP plants in the 

Mulde watershed to wood chips coming from SRCs. In this scenario, SRCs establish in the proximity 

of existing CHP plants. This is in line with Kocoloski et al. [67] and Vanloocke et al. [68] who state 

that 2G feedstocks are likely to be clustered around biorefineries. Concerning the impact assessment, 

we showed that the investigated provisioning and regulating ESS and biodiversity would only be 

slightly affected in scenario 1. In particular, food production will not be affected much. Only 

substantially promoting SRCs would have a significant impact in decreasing order relative to the 

baseline scenario as follows: biodiversity, sediment export, P export, and carbon sequestration. This is 

in accordance to Fürst et al. [65] who showed for a case study in Central Saxony, Germany, that a 

substantial increase of SRC production by up to 30% (depending on the region) would beneficially 

affect the provision of ESS and biodiversity. Meehan et al. [19] also showed a decrease in the P 

export to surface water and an increase in carbon sequestration by switching annual to perennial 

crops. For the ESS assessment, we chose simple tools such as InVEST as they allow to model 

multiple regulating ESS with rather high reliability relative to the effort, e.g., Meyer et al. [69]. 

However, simple tools are hardly disadvantageous as we focus on the relative comparison of different 

scenarios which would equally contain possible imprecisions. 

Besides the economic scenarios, we assessed instruments in two policy scenarios for their 

impact on SRC deployment and ESS. We compared the more likely policy scenario 5 (“EFA (bad 

soils)”) with the rather hypothetical scenario 6 (“EFA (good soils)”). Both scenarios show different 

impacts on the regarded ESS. In scenario 6, SRC yield, carbon storage, and sediment export are 

positively affected at high costs of annual agricultural production. In contrast, scenario 5 is slightly 

more beneficial for P export while crop production is not tremendously decreased. Both scenarios 

have the same share of SRCs in the landscape, but with differing spatial distribution answering the 

research need raised by Holland et al. [5]. Holland et al. [5] raised the question whether the 

distribution of feedstocks might affect the provision of ESS. This underlines the importance for 

aiming at realistic distributions of energy crops, for example by explicitly modeling farmers’ 

decisions. In addition, it shows potential to reflect the current EU policy to couple subsidy payments 

to EFAs. Our study reveals that the rules on the EFAs’ properties are insufficiently specified for an 

effective environmental improvement. 

To be able to identify the impact of SRCs in their proximity, we clustered ESS bundles and 

analyzed how the share of SRCs in the landscape affects the occurrence of the respective bundles. 

Thereby, we assessed occurring trade-offs between multiple ESS and biodiversity, which are inherent 

in the 2G feedstock expansion [7-9]. In that respect, our approach helps to balance competing services 

for deployment decisions as required by Holland et al. [5]. We showed that SRCs especially enhanced 

either (i) biodiversity or (ii) carbon storage, biodiversity, and sediment retention, and broadened the 

findings for single ESS from the synthesis by Holland et al. [5]. However, balanced ESS bundles are 

hardly obtainable even with a high share of SRCs in the landscape. Their occurrence can be better 

explained by biophysical factors. The beneficial impact of SRCs on multiple ESS and biodiversity as 

discussed in several studies, e.g., Manning et al. [64] or Holland et al. [5], is rather low for the 
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individual SRC plot. In that respect, it would be interesting to compare SRCs with other options that 

may enhance a landscape’s multifunctionality. Other options exist with respect to land use, e.g., catch 

or cover crops to reduce P or sediment export, or management practices, e.g., such as low input and 

no-tillage agriculture, for the cropland converted to SRCs. This comparison is especially relevant 

regarding the low deployment of SRCs under current market conditions. Under these current market 

conditions, SRCs would need to be equally subsidized as the other mentioned options. Beyond, a 

comparison on the economic efficiency of subsidies for the different options would be of interest. 

4.5.2 Transferability of methods and results 

From a socio-economic perspective, the assumptions underlying the ABM further determine the 

transferability of results In the ABM, we assume profit maximization as decision rule. Although this 

rational and self-interested decision-maker is widely accepted in economics, also non-commercial 

factors are believed to influence agricultural decisions [41]. In Germany, farmers’ interested in SRC 

practice are provided with advisory material, e.g., the manual of Skodawessely et al. [43], or a 

profitability calculators provided by different projects, e.g., AGROWOOD [44]. Therefore, we 

implemented the therein suggested profit maximization determining decision criterion for the ABM. 

This ABM was developed to model regional deployment of SRCs when this production practice is 

expected to reach its mature commercial phase. Beyond modeling SRC deployment in the 

commercial phase, one may equally model the current process of SRC deployment, e.g., to explain 

the slow deployment of SRCs. This would require additional factors such as practical challenges 

associated with SRCs and other new land use options, which could be influential [25, 70, 26]. 

For our ABM, we used a field size of 45 ha in the artificial landscape, resembling the mean 

field size in eastern Germany [71], without the option to split the area for different agricultural 

practices. Considering smaller field sizes could change the results; for example, SRCs might become 

profitable on sites with good soil qualities, where annual production is not profitable due to other 

reasons. The ABM could be adapted to address pre-mature commercial phases or smaller field sizes. 

Under these assumptions, the ABM can be applied to different regions and policy settings 

described in the following. Within the assumed profit maximization, we focused on the major site-

specific influence factors of cropping decisions, i.e., soil quality and distance to CHP plants. From the 

environmental perspective, this is an appropriate assumption for our study area as all possible arable 

land is located in a plain area with moderate variation in slope and water holding capacity. In study 

regions, which fulfill these characteristics, the ABM and its results for the artificial landscape may be 

applied to assess the economic viability and deployment of SRCs by knowing major implementation 

parameters, e.g., soil quality or CHP plants’ distribution. However, without reapplying the ABM, the 

results should already be representative for similar German soil climate clusters (“Boden-Klima-

Räume”), which comprise large areas of eastern Germany (Saxony and Thuringia (Saxon-Thuringian 

Hills and Upper Lusatia)) [72]. In addition, this region is one of Germany’s major crop production 

areas. With respect to land use intensity, agricultural companies and field structures in this region 

remained mostly stable after the re-privatization of the Agricultural Production Cooperatives [73], 

which allow for comparable highly mechanized land management. Further environmental transfer of 

the results beyond Germany might be equally feasible with different approaches that control for 

environmental heterogeneity as developed in Meyer et al. [60].From a policy perspective, increasing 

demand in the ABM can resemble instruments like the promotional policies under the Renewable 

Energies Act in Germany and other national laws implementing the EU Renewable Energy Directive 
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(EU RED) that affect the prices for woody biomass. Furthermore, these market-related changes may 

also be affected by occurring novel conversion technologies [74]. Beyond the EU RED, other 

environmental policies such as forest protection policies and reforestation initiatives may also affect 

biomass demand and regional shifts [75]. In that respect, our approach of coupling an ABM with ESS 

and environmental assessments may be equally applied to assess impact of changing supply and 

demand patterns in the forestry sector on regional ESS.  

Overall, transferability of results to regions with different biophysical and socio-economic 

framework conditions is generally given. However, the presented methodology needs to be adapted as 

suggested above, e.g., by removing the effect of environmental heterogeneity, or by adapting the 

ABM model for landscape characteristics of potential study regions. Furthermore, the ABM itself can 

be applied to address different deployment phases by adapting rules of the decision process. 

Coupling an ABM with environmental assessment tools such as InVEST and Globio shows 

several advantages compared to simpler suitability assessments (e.g., Meehan et al. [19] or Tölle et al. 

[21]). The latter often rely on predefined thresholds, but miss farmers’ decision making in the site 

selection process. Tölle et al. [21] state that “the extent and magnitude of LULCC [land use land 

cover change] due to renewable energies are not yet quantified for Germany”. With our approach, we 

do not predefine the share of SRCs, but this is an emergent property of the ABM. This enables to 

apply the same methodology to different settings, such as other decision processes or different 

economic or policy scenarios, and to investigate how this changes the allocation of SRCs without 

predefined suitability rules. Suitability rules are most likely hardly transferable even at the national 

scale due to heterogeneous management and environmental conditions.  

4.6 Conclusions 

In this study, we quantified how SRCs would affect multiple ESS and biodiversity under different 

economic and policy-driven scenarios in the Mulde watershed in Central Germany. Only a substantial 

increase in SRC production areas will considerably reduce food production as well as the provision of 

regulating services. However, SRCs hardly provide balanced ESS bundles, i.e., do not locally 

enhance the multifunctionality. Overall, our study showed that coupling agent-based modeling with 

environmental and ESS assessment models can contribute to a comprehensive impact assessment of 

currently hardly implemented bioenergy feedstocks by aiming at more realistic spatial deployment 

that would emerge in potential future scenarios.  
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4.9 Supporting Information 

4.9.1 S1 Text: Full model description of ABM 

This document contains the full description of the agent-based model (ABM). The ABM is an 

extended version of the model described in Weise [1]. Here, the model description follows the 

ODD+D protocol [2]. As an extension of the widely used ODD protocol [3, 4], the ODD+D protocol 

puts particular focus on the presentation of human decision-making. 

 

Purpose 
 

The model has been developed to understand the determinants and impacts of the expansion of short 

rotation coppices (SRCs). The aim of the presented study was to transfer derived insights to the 

Mulde watershed in Central Germany and to analyse impacts of SRCs on multiple ecosystem services 

and biodiversity. 

 

Entities, state variables and scales 
 

The model contains following entities: individual land users as uniform type of agents, the landscape, 

grids cells as spatial units and economic markets of different agricultural products as institutions. 

Table 4.S1 gives an overview on model entities and associated parameters and state variables. 
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Table 4.S1: Entities, parameters and state variables of the model. 

 

Entity Parameters State variables 

Agent Location Profit 

 discount rate  

   

Landscape Size shares of land use 

types 

 number of CHP plants  

 mean soil quality  

 spatial correlation of soil quality  

grid cell Location land use 

 soil quality  

 distances to CHP plants   

market for annual agricultural 

crops 

Demand price 

  supply 

market for SRC Demand price 

  supply 

 

Exogenous drivers of land use decisions, which are not influenced by processes during a model run, 

are: soil qualities, demands, number and location of combined heat and power (CHP) plants. Space is 

explicitly considered in the model by an abstract landscape that consists of a regular grid. One grid 

cell represents approximately 45 ha and the model landscape comprises 50x50 grid cells. Each cell is 

occupied by one agent who stays in that cell for the whole simulation and decides in each time step on 

the land use type in that cell. One time step represents one year and simulations were run for 50 years.  

 

Process overview and scheduling 
 

Here, the processes of the model are briefly specified to allow a general overview of the model and its 

dynamics. For a detailed description of the processes see section submodels. 

Process 1: Initialization of landscape 

Before the start of the simulation the landscape, i.e., distribution of soil quality and spatial allocation 

of CHP plants, is randomly generated. 

Process 2: Decision-making of agents 

In each time step all agents decide sequentially in a random order between three different land use 

types: no cultivation, annual agricultural crops for food or feed production, and SRCs.  

Process 3: Calculation of regional supply and market prices 
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After each agent decision, the market prices for the different commodities (woody products from 

SRCs and other agricultural crops from annual cultivation) is updated based on the exogenously given 

demands and current regional supply. 

 

Design concepts 

 
Theoretical and empirical background 

 

A main concept is the implementation of markets for the different agricultural commodities (woody 

products from SRCs and other agricultural crops from annual cultivation). Markets prices in the 

model are determined by supply and demand, a standard assumption in economic theory [5, 6]. At 

this, market price is determined by an externally given demand and a supply that is solely generated 

by the land use decisions of the agents (i.e., endogenous markets). The demands for products from 

SRCs as well as for other agricultural crops are fixed (i.e., price insensitive).  

The agents are rational profit maximizers, i.e., agents have clear preferences over all possible 

land use options and aim at maximizing their income. At this, it is assumed that agents have full 

information (that are available in the model) and the needed cognitive ability to process all possible 

options. This decision model was chosen to be close to established theory. Furthermore, we believe 

that profit maximization is an appropriate assumption for industrial agricultural decisions. To enable 

the comparison between land use types with different lifespans, the equivalent annual annuity 

approach (see for example Brigham and Houston [7]) from investment theory was chosen. This 

approach is appropriate as it is often recommended to land users interested in SRC practice in 

Germany (for example Schweinle and Franke [8]) and has been used in several studies on the 

financial analysis of SRCs [9]. 

 

Individual decision-making 

 

The agents, namely individual farmers, decide between three different land use types: no cultivation, 

annual crops for food or feed production and SRCs. Agents follow a rational profit maximization 

approach using an equivalent annual annuity approach (see above). Agents adapt to changing market 

prices. Neither social norms nor cultural values are incorporated in the model. Spatial aspects are 

incorporated as the distance to CHP plants influences the decision via resulting transportation costs. 

Temporal aspects play a role as discounting of future profits is incorporated in the equivalent annual 

value approach. Discount rates are seen as subjective discount rates which can vary depending on 

personal risk aversion [10].  

 

Learning 

 

Learning is not incorporated in the model. 

 

Individual sensing 

 

The land user knows its current land use, the location factors of its land, i.e., soil quality and distance 

to CHP plants, and the current market price. The agents do not perceive information from other 

agents directly. However, they do sense the current total supply which comprises all agents currently 
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chosen land use type. The sensing process is not modelled explicitly, it is not erroneous and no costs 

of sensing are incorporated. 

 

Individual prediction 

 

Agents are not able to predict changes in market prices. However, they are able to predict how their 

own decision will impact the current market price. 

 

Interaction 

 

Agents interact indirectly via the endogenous market. The land use decision of an agent influences the 

market prices, which then influences the land use decisions of other agents. 

 

Collectives 

 

There are no collectives incorporated in the model. 

 

Heterogeneity 

 

Agents are heterogeneous with regard to the location factors of their land. Here, the soil qualities as 

well as the distances to CHP plants differ between cells. Soil quality influences productivity of annual 

crops as well as of SRCs. Distances to CHP plants determine transportation costs SRC products. 

 

Stochasticity 

 

Agents make their decisions in a random order. 

 

Observation 

 

With the goal of this study to transfer results on the SRC distribution to the Mulde watershed in 

Central Germany, conditional probabilities of SRC occurrence based on location factors are observed 

as main output variable. 

 

Implementation details 
 

The model was implemented in C++ using Embarcadero® C++Builder® 2010.  

 

Initialization 
 

The model is initialized with 2500 agents and cells. At the beginning, all cells are not under 

cultivation. A fixed number of CHP plants is randomly placed within the landscape. The distribution 

of soil qualities is randomly generated with a fixed mean soil quality and a fixed spatial correlation 

(see section submodels for details). The initial landscape, i.e., CHP plants and soil qualities, varies 

between the simulations.  
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Input 
 

No input data is used. 

 

Submodels 
 

Initialization of landscape 

 

At the beginning of each simulation, the underlying landscape is randomly generated. Soil qualities 

are assigned to cells and CHP plants are spatially allocated within the landscape. Based on this 

underlying landscape, locations for SRCs in dependence on soil quality and distance to CHP plants, 

are simulated with the ABM. These results need to be transferred to the real landscape to assess 

impacts of SRC expansion in a specific case study, here the Mulde watershed. Therefore, the 

underlying landscape for the ABM, i.e., distribution of soils qualities and number of CHP plants, need 

to fulfill statistical characteristics present in the Mulde watershed. 

 

Distribution of soil qualities 

 

The distribution of soil qualities for the ABM is generated using a random generator that returns 

uniformly distributed, spatially correlated numbers with fixed arithmetic mean and correlation length. 

For this purpose, the standard method of Cholesky decomposition is used (see Appendix A in Thober 

et al. [11] for details). Using the Cholesky factor in the generation of the random field guarantees that 

the covariance among all cells is considered. The soil quality distribution of the generated landscape 

was adapted to the soil quality distribution in the Mulde watershed. (1) We set the arithmetic mean 

from the generated landscape to the one in the Mulde watershed. (2) We divide the continuous soil 

qualities into 6 classes by a mean preserving procedure with the same areal shares as given in the 

data, as data on soil quality are available in 6 classes [12]. (3) We set the correlation length by 

adapting spatial correlation (using Moran’s I up to a neighborhood of 49*49 cells) of the generated 

landscapes to the real landscape. 

 

Spatial allocation of infrastructures 

 

A fixed number of CHP plants is randomly located within the landscape, with no further constraints. 

The number of CHP plants is set according to the areal density in the Mulde watershed given by the 

data described in Das et al. [13]. 

 

Decision-making of agents 

 

The agent chooses between three land use types: SRCs, annual agricultural crops (ANN) or no 

cultivation (NoC). From these, the agent chooses the option that maximizes its profits. The profit 

calculation differs between the three land use types. No cultivation yields neither costs nor revenue 

and its profit for agent i is therefore: 

 

 𝑃𝑁𝑜𝐶
𝑖 = 0 ∀𝑖 (1) 
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For annual agricultural crops the following profit function applies: 

 

 𝑃𝐴𝑁𝑁
𝑖 (𝑡) =  𝑝𝐴𝑁𝑁(𝑡) ∗ 𝑝𝑟𝑜𝑑𝐴𝑁𝑁

𝑖 − 𝑝𝑐𝑎 (2) 

 

where pANN(t) is the current market price (calculated by equation 10), prodANN
i  the productivity of 

annuals crops in the cell of agent i and pca the production costs of annuals. The productivity of 

annual crops is determined by the location factor soil quality by assuming a linear relationship: 

 

 𝑝𝑟𝑜𝑑𝐴𝑁𝑁
𝑖 = 𝑠𝑞𝑖  ∈  [0,1] (3) 

 

where 𝑠𝑞𝑖 is the soil quality of the cell of agent 𝑖. As pointed out by Zhang et al. [14] soil properties 

strongly impact the agricultural output. Similarly, we assume that productivity and soil quality are 

positively correlated. Thereby, we follow the concept of using soil values (“Bodenwertzahl”) to 

classify German soils [15]. The soil value is a measure for differences in net yield under proper 

cultivation that are solely determined by differences in soil [15]. With equation 3, a soil value 𝑠𝑞𝑖 of 

0.5 represents a reduction in net yield by 50% of the maximal yield [16, 14]. 

As SRCs represent long-term investment decisions, concepts of intertemporal choice should 

be taken into account in the profit calculation. The underlying idea is that people value profit 

differently at different points in time. For this study, the equivalent annual annuity approach (for 

example described in Brigham and Houston [7]) from investment theory was chosen. This approach is 

appropriate as it is often recommended to land users interested in SRC practice in Germany (for 

example Schweinle and Franke [8]) and has been used in several studies on the financial analysis of 

SRCs [9]. 

In a first step, the profit of agent i in year t 𝑃𝑆𝑅𝐶
𝑖 (𝑡) over the whole life time of the SRC is 

calculated by: 

 

 𝑃𝑆𝑅𝐶
𝑖 (𝑡) =  {

𝑝𝑆𝑅𝐶(𝑡) ∗ 𝑝𝑟𝑜𝑑𝑆𝑅𝐶
𝑖 ∗ 𝑟𝑜𝑡 −  𝑐𝑜𝑠𝑡𝑠(𝑡), 𝑖𝑓 𝑡 𝑚𝑜𝑑 𝑟𝑜𝑡 = 0 

− 𝑐𝑜𝑠𝑡𝑠(𝑡), 𝑒𝑙𝑠𝑒
 (4) 

 

where 𝑝𝑆𝑅𝐶(𝑡) is the current market price in year 𝑡 for SRC products produced in one year on optimal 

soil conditions calculated by equation 10, 𝑝𝑟𝑜𝑑𝑖 the productivity of SRCs in the cell of agent 𝑖, rot 

the number of years after which SRCs are harvested and 𝑐𝑜𝑠𝑡𝑠(𝑡) are all incurring costs in year 𝑡. 

The productivity of SRCs is given by: 

 

 𝑝𝑟𝑜𝑑𝑖 =  {
𝑝𝑟𝑜𝑑𝑚𝑖𝑛 + 0.2, 𝑖𝑓 𝑠𝑞𝑖 ≥ 0.5

𝑝𝑟𝑜𝑑𝑚𝑖𝑛, 𝑖𝑓 𝑠𝑞𝑖 < 0.5
 (5) 
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where 𝑝𝑟𝑜𝑑𝑚𝑖𝑛 is the productivity on cells with a soil quality 𝑠𝑞𝑖 below 0.5. Hence, the productivity 

of SRCs is assumed to decrease on poor soils (as was found by Ali [17]). At this, the dependence on 

soil quality is less pronounced than for annual crops (see equation 3) because studies showed that 

biomass yield from SRCs is dependent on further factors such as age of plantation or precipitation 

[17]. Nevertheless, in our model the consideration of biophysical location factors is restricted to the 

soil quality due to simplicity reasons. 

Finally, all occurring costs are calculated by: 

 

 𝑐𝑜𝑠𝑡𝑠(𝑡) = {

𝑖𝑐, 𝑖𝑓 𝑡 = 0
ℎ𝑐 + 𝑟𝑜𝑡 ∗ 𝑡𝑐, 𝑖𝑓 𝑡 𝑚𝑜𝑑 𝑟𝑜𝑡 = 0

ℎ𝑐 + 𝑟𝑜𝑡 ∗ 𝑡𝑐 + 𝑟𝑐, 𝑖𝑓 𝑡 = 𝐿𝑇
0, 𝑒𝑙𝑠𝑒

 (6) 

 

where 𝑟𝑜𝑡 is the number years after which SRCs are harvested, 𝑖𝑐 are the investment costs, ℎ𝑐 the 

harvest costs, 𝑡𝑐 the transportation costs of wood produced per year and 𝑟𝑐 the recovery costs. In the 

initial year the investment costs 𝑖𝑐 are due, at the end of each rotation cycle harvest costs ℎ𝑐 as well 

as transportation costs to the CHP plant 𝑡𝑐 occur and finally at the end of the lifetime additional 

recovery costs of the land 𝑟𝑐 have to be paid. The transportation costs are linearly dependent on the 

distance to CHP plant: 

 

 𝑡𝑐(𝑑) = (𝑡𝑐𝑚𝑖𝑛 + 𝑡𝑐𝑠𝑙𝑜𝑝𝑒 ∗ 𝑑) ∗ 𝑝𝑟𝑜𝑑𝑆𝑅𝐶 ∗ 𝑦𝑖𝑒𝑙𝑑 (7) 

 

where 𝑑 is the distance to the CHP plant calculated as Euclidean distance [18], 𝑡𝑐𝑚𝑖𝑛 are the transport 

costs for minimal distance, 𝑡𝑐𝑠𝑙𝑜𝑝𝑒 the slope with which transport costs are increasing with increasing 

distance, 𝑝𝑟𝑜𝑑𝑖 the productivity of SRCs in the cell of agent 𝑖 and 𝑦𝑖𝑒𝑙𝑑 is the yield of SRC products 

produced in one year on optimal soil conditions. 

From the sequence of profits 𝑃𝑆𝑅𝐶
𝑖 (𝑡), the net present value is calculated as the sum of the 

discounted profits: 

 

 𝑁𝑃𝑉𝑖 =  ∑ (1 + 𝑟)−𝑡 ∗ 𝑃𝑆𝑅𝐶
𝑖𝐿𝑇

𝑡=0 (𝑡) (8) 

 

where 𝐿𝑇 is the lifetime of the plantation, 𝑟 the discount rate and 𝑃𝑆𝑅𝐶
𝑖 (𝑡) the profit in year 𝑡 

calculated by equation 4. 

Subsequently, the equivalent annual value 𝐸𝐴𝑉 is calculated from the net present value 𝑁𝑃𝑉 

to enable the comparison of land use options with unequal lifespans: 

 

 𝐸𝐴𝑉𝑖 =  
1

1−(1+𝑟)−𝐿𝑇 ∗ 𝑁𝑃𝑉𝑖 (9) 
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where 𝑟 is the discount rate, 𝐿𝑇 the lifetime of a SRC plantation and 𝑁𝑃𝑉𝑖 the net present value 

calculated by equation 8. 

In a final step, the agent compares the equivalent annual value 𝐸𝐴𝑉𝑖 with the possible profit 

from annual agricultural production 𝑃𝐴𝑁𝑁
𝑖 (𝑡) and chooses the option with the higher profit. If both, 

the equivalent annual value 𝐸𝐴𝑉𝑖 of SRC and the profit of annual agricultural crops 𝑃𝐴𝑁𝑁
𝑖 (𝑡) would 

yield negative incomes, the agent decides to not cultivate its land in the current year. 

 

Calculation of regional supply and market prices 

 

After each decision step, the regional supplies Sj(t) and the market prices pj(t) for the different 

products j, i.e., ANN and SRC, are updated by calculating: 

 

 pj(t) =  
Dj

Sj(t)
with Sj(t) =  ∑ hj

i(t)N
i=1       (10)  

 

where Dj is the demand for product j ∈ {ANN, SRC}, N the number of agents and hj
i(t) the harvest 

amount of product j in cell i given by: 

 

 hANN
i (t) =  {

prodANN
i , if land use is ANN

0, if land use is not ANN
     (11) 

 

 hSRC
i (t) =  {

prodSRC
i , if land use is SRC

0, if land use is not SRC
     (12) 

 

Parameter set 
 

Table 4.S2 shows the names of all parameters used in the model, their values and, if available, the 

references for their parameterization. 

 

Table 4.S2: Parameters of the model. 

 

Parameter Symbol Value Unit Reference 

Technical parameters 

Number of agents 𝑁 2500 - - 

Number of time steps 𝑇 50 Years - 

Agent 

Discount rate 𝑟 6% - average value of discount rates 

used in SRC studies included in 

a review by 
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Kasmioui and Ceulemans [9] 

Field size 𝑓𝑠 ~45 Ha according to mean field sizes in 

East Germany [19] 

Landscape 

Mean soil quality  0.62 - chosen based on mean soil 

quality in case study [12] 

Correlation length 𝜌 0.05 - chosen by adapting spatial 

correlation of the generated 

landscapes to the real 

landscape [12] 

Number of CHP plants 𝑖𝑓 2 - chosen based on total 

expansion of landscape and 

number per area based on Das 

et al. [13] 

Annual crops 

Demand for annual crops 𝐷𝐴𝑁𝑁 11000 money units 

per year and 

ha 

chosen based on initial shares 

of agricultural and fallow land 

currently present in case study 

[20, 21] 

Production costs per ha 𝑝𝑐𝑎 2.4 money units 

per ha 

Landwirtschaftskammer 

Niedersachsen [22] 

SRCs 

Demand for SRC products 𝐷𝑆𝑅𝐶 140 money units 

per year and 

ha 

chosen based on current 

demand in case study (solely 

given by CHP plants present) 

[13] 

Investment costs per ha 𝑖𝑐 4.7 money units Schweinle and Franke [8], 

Wagner et al. [23] 

Recovery costs per ha 𝑟𝑐 3.6 money units 

per ha 

Schweinle and Franke [8], 

Wagner et al. [23] 

Harvest costs per ha ℎ𝑐 1.6 money unit 

per ha 

Schweinle and Franke [8], 

Wagner et al. [23] 

Rotation cycle 𝑟𝑜𝑡 4 Years Aylott et al. [24], Hillier et al. 

[25] 
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Lifetime 𝐿𝑇 20 Years maximal number of years to 

not count as forest [26] 

Minimal productivity 𝑝𝑟𝑜𝑑𝑚𝑖𝑛 0.8 - - 

Minimal transportation costs 

per dry ton 

𝑡𝑐𝑚𝑖𝑛 0.02 money units 

per dry ton 

linear regression based on 

values from 

Kröber et al. [27], Strohm et al. 

[28], Wagner et al. [23] 

Slope transportation costs 𝑡𝑐𝑠𝑙𝑜𝑝𝑒 0.001 money units 

per dry ton 

and distance 

linear regression based on 

values from 

Kröber et al. [27], Strohm et al. 

[28], Wagner et al. [23] 

Yield per ha 𝑦𝑖𝑒𝑙𝑑 12  dry tons per 

ha 

Aust et al. [29] 
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4.9.2 S2 File: Tables supporting Fig. 4.8 

Table 4.S3: Provisioning ESS values for the economic (scenarios 1-4) and the policy-driven scenarios (scenarios 5-6) 

are indicated compared to the baseline scenario (italics). 

 

 
 

 

Table 4.S4: Regulating ESS values for the economic (scenarios 1-4) and the policy-driven scenarios (scenarios 5-6) 

are indicated compared to the baseline scenario (italics). 

 

 
  

SRC yield

Provisioning ecosystem 

services
[t a-1] [t a-1]

∆ baseline 

scenario
[t a-1]

∆ baseline 

scenario
[t a-1]

∆ baseline 

scenario

Baseline scenario (2006) 0 621,068           787,037           127,765           

Scenario 1: standard demand 50,085              598,641            -4% 757,771            -4% 123,170            -4%

Scenario 2: medium demand 117,178            567,409            -9% 720,617            -8% 115,864            -9%

Scenario 3: high demand 433,996            455,015            -27% 547,316            -30% 88,829              -30%

Scenario 4: very high demand 934,079            307,553            -50% 329,840            -58% 59,357              -54%

Scenario 5: EFA (bad soils) 170,108            543,606            -12% 695,843            -12% 111,159            -13%

Scenario 6: EFA (good soils) 403,301            476,539            -23% 663,341            -16% 105,279            -18%

Cereals Maize silage Rapeseed

Regulating ecosystem 

services
[t a-1]

∆ baseline 

scenario
[t a-1]

∆ baseline 

scenario
[kg a-1]

∆ baseline 

scenario
MSA (mean)

∆ baseline 

scenario

Baseline scenario (2006) 37,318,089     66,871                 341,343              0.126                   

Scenario 1: standard demand 37,158,360      0% 65,533                 -2% 336,371               -1% 0.129                    2%

Scenario 2: medium demand 37,517,730      1% 63,500                 -5% 330,895               -3% 0.134                    7%

Scenario 3: high demand 39,346,230      5% 53,891                 -19% 318,658               -7% 0.153                    22%

Scenario 4: very high demand 41,280,573      11% 41,843                 -37% 301,156               -12% 0.174                    38%

Scenario 5: EFA (bad soils) 37,826,181      1% 61,969                 -7% 326,501               -4% 0.139                    11%

Scenario 6: EFA (good soils) 38,305,760      3% 54,989                 -18% 333,165               -2% 0.139                    10%

Sediment export P export BiodiversityC storage
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4.9.3 S3 File: Tables listing the set of potential explanatory variables for 

Table 4.3 and Fig. 4.5 and the entire regression results for Fig. 4.5 

 

Table 4.S5: Potential variables to explain ESS cluster differences 

 

 

Independent variable Unit Methodological reference (data source) 

Landscape composition 

 

Jones et al. [1] 

Share of LU/LC classes in the neighborhood: 

 

European Environment Agency (EEA) [2], 
Wochele et al. [3] 

Forest [%]  

Pasture [%]  

SRC [%]  

Cropland [%]  

Urban [%]  

Water [%]  

Distance to stream [m] Kissel et al. [4] 

Naturalness   

Urbanity [score] 
European Environment Agency (EEA) [2], 
Wochele et al. [3], Meyer et al. [5] 

Topography 

 

Wrbka et al. [6] 

Elevation [m] Lehner et al. [7] 

Slope [%] Lehner et al. [7] 

Curvature [score] Lehner et al. [7]) 

Aspect [°] Lehner et al. [7] 

   Soil parameters 

 

Qiu and Turner [8]  

Effective rooting depth [mm] Panagos et al. [9], LfULG [10] 

Available water holding capacity [cm cm-1] Panagos et al. [9], LfULG [10] 

Soil quality index (“Ackerzahl”) [score] LfULG [10] 

Erodibility (K) [t ha h ha-1 MJ-1 mm-1] LfULG [10], Bischoff [11] 

Climate   

Precipitation  [mm a-1] Jäckel et al. [12] 

Reference Evapotranspiration (10 arc-min)  [mm a-1] FAO Geonetwork [13] 

Erosivity (R)  [MJ mm ha-1 h-1 a-1] Bräunig [14] 
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Table 4.S6: Factors characterizing ESS cluster 1 and 2 for scenario 4 (backward logistic regression). A positive value 

for the standardized β indicates that an explanatory variable is contributing to cluster 1; a negative value for the 

standardized β indicates that an explanatory variable is contributing to cluster 2. The likelihood ratio test showed a 

significant difference when the final model was compared to a null model (χ
2
= 1398.4, df = 14, p<2.2e-16). Comparing 

the final model with a model including x- and y-coordinates, the likelihood ratio test showed only an insignificant and 

small difference (χ
2
= 0.98931, df = 3, p= 0.8038). 

 

  

Explanatory variable Stand. β SE z value Pr(>|z|) 
 (Intercept) -4.16 1.325 -3.14 0.00169 ** 

Topography and soil parameters 
     Elevation [m] -5.4933 1.3285 -4.135 0.0000355 *** 

Slope [%] -2.8955 1.4718 -1.967 0.04914 * 

Aspect [°] 1.2244 0.3847 3.183 0.00146 ** 

Curvature [score] -9.3121 1.6165 -5.761 8.37e-09 *** 

Effective rooting depth [mm] -6.8905 1.535 -4.489 0.00000716 *** 

Erodibility (K) [t ha h ha-1 MJ-1 mm-1] 3.3915 0.8047 4.214 0.000025 *** 

Available water holding capacity [cm cm-1] 8.009 1.7576 4.557 0.00000519 *** 

Soil quality index 15.0027 1.3344 11.243 < 2e-16 *** 

Climate 
     Precipitation [mm] 2.1837 0.8962 2.437 0.01482 * 

Landscape composition 
     Pasture, 5 km buffer [%] -1.5396 0.693 -2.222 0.02631 * 

SRC, 5 km buffer [%] -3.173 0.4312 -7.358 1.86e-13 *** 

Water, 5 km buffer [%] -1.3005 0.5975 -2.176 0.02953 * 

Distance to stream [m] 0.7343 0.418 1.757 0.07896 . 
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Table 4.S7: Factors characterizing ESS cluster 1 and 3 for scenario 4 (backward logistic regression). A positive value 

for the standardized β indicates that an explanatory variable is contributing to cluster 1; a negative value for the 

standardized β indicates that an explanatory variable is contributing to cluster 3. The likelihood ratio test showed a 

significant difference when the final model was compared to a null model (χ
2
= 1398.4, df = 14, p<2.2e-16). Comparing 

the final model with a model including x- and y-coordinates, the likelihood ratio test showed only an insignificant and 

small difference (χ
2
= 1.6238, df = 3, p= 0.654). 

 

  

Explanatory variable Stand. β SE z value Pr(>|z|) 
 (Intercept) 12.3201 2.1133 5.83 5.55e-09 *** 

Topography and soil parameters 
     Elevation [m] -14.3714 2.1349 -6.732 1.68e-11 *** 

Slope [%] -12.0602 1.5815 -7.626 2.42e-14 *** 

Aspect [°] 0.9365 0.4958 1.889 0.058903 . 

Curvature [score] -9.8478 1.8065 -5.451 0.00000005 *** 

Effective rooting depth [mm] -8.2678 2.1071 -3.924 0.0000871 *** 

Erodibility (K) [t ha h ha-1 MJ-1 mm-1] 4.8404 1.3888 3.485 0.000491 *** 

Available water holding capacity [cm cm-1] -11.5222 4.018 -2.868 0.004135 ** 

Soil quality index 15.7233 1.8145 8.665 < 2e-16 *** 

Climate 
     Precipitation [mm] 6.2493 1.1237 5.561 2.68e-08 *** 

Reference Evapotranspiration [mm a-1] -8.7854 1.2352 -7.113 1.14e-12 *** 

Landscape composition 
     Forest, 5 km buffer [%] -8.3005 1.396 -5.946 2.75e-09 *** 

SRC, 5 km buffer [%] -1.55 0.725 -2.138 0.032525 * 

Urban, 5 km buffer [%] -3.1857 1.055 -3.02 0.00253 ** 

Water, 5 km buffer [%] -9.8478 1.8065 -5.451 0.00000005 *** 
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Table 4.S8: Factors characterizing ESS cluster 1 and 4 for scenario 4 (backward logistic regression). A positive value 

for the standardized β indicates that an explanatory variable is contributing to cluster 1; a negative value for the 

standardized β indicates that an explanatory variable is contributing to cluster 4. The likelihood ratio test showed a 

significant difference when the final model was compared to a null model (χ
2
= 1398.4, df = 14, p<2.2e-16). Comparing 

the final model with a model including x- and y-coordinates, the likelihood ratio test showed only an insignificant and 

small difference (χ
2
= 1.6238, df = 3, p= 0.654). 

 

  

Explanatory variable Stand. β SE z value Pr(>|z|) 
 (Intercept) -2.5874 0.9145 -2.829 0.00467 ** 

Topography and soil parameters 
     Slope [%] -4.7428 0.8784 -5.399 6.69e-08 *** 

Aspect [°] 1.3759 0.2312 5.951 2.67e-09 *** 

Curvature [score] -11.1975 1.0019 -11.176 < 2e-16 *** 

Effective rooting depth [mm] 5.5924 0.778 7.188 6.58e-13 *** 

Erodibility (K) [t ha h ha-1 MJ-1 mm-1] 1.1685 0.6112 1.912 0.05591 . 

Available water holding capacity [cm cm-1] 13.2404 1.5589 8.493 < 2e-16 *** 

Climate 
     Precipitation [mm] -1.9768 0.4761 -4.152 0.000033 *** 

Landscape composition 
     Forest, 5 km buffer [%] -1.7254 0.645 -2.675 0.00748 ** 

Pasture, 5 km buffer [%] -1.9516 0.4701 -4.152 0.000033 *** 

SRC, 5 km buffer [%] -0.7229 0.2847 -2.539 0.01112 * 

Urban, 5 km buffer [%] -1.6837 0.4214 -3.995 0.0000647 *** 

Water, 5 km buffer [%] -1.8504 0.3095 -5.979 2.25e-09 *** 

Distance to stream [m] 0.9989 0.2494 4.005 0.0000619 *** 
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Table 4.S9: Factors characterizing ESS cluster 1 and 5 for scenario 4 (backward logistic regression). A positive value 

for the standardized β indicates that an explanatory variable is contributing to cluster 1; a negative value for the 

standardized β indicates that an explanatory variable is contributing to cluster 5. The likelihood ratio test showed a 

significant difference when the final model was compared to a null model (χ
2
= 1398.4, df = 14, p<2.2e-16). Comparing 

the final model with a model including x- and y-coordinates, the likelihood ratio test showed only a small difference 

(χ
2
= 13.691, df = 3, p=0.003357).  

 

  

Explanatory variable Stand. β SE z value Pr(>|z|) 
 (Intercept) -18.6672 1.6865 -11.069 < 2e-16 *** 

Topography and soil parameters 
     Aspect [°] 1.2086 0.4037 2.994 0.00276 ** 

Curvature [score] 4.4168 1.7502 2.524 0.01162 * 

Effective rooting depth [mm] 11.6498 1.1754 9.912 < 2e-16 *** 

Erodibility (K) [t ha h ha-1 MJ-1 mm-1] -2.5422 0.9076 -2.801 0.00509 ** 

Available water holding capacity [cm cm-1] 30.1855 3.0182 10.001 < 2e-16 *** 

Climate 
     Precipitation [mm] -3.0773 0.71 -4.334 0.0000146 *** 

Reference Evapotranspiration [mm a-1] 3.0096 0.8986 3.349 0.00081 *** 

Landscape composition 
     Forest, 5 km buffer [%] 1.6219 1.0783 1.504 0.13254 

 SRC, 5 km buffer [%] 1.2877 0.538 2.393 0.0167 * 

Urban, 5 km buffer [%] -2.9236 0.6477 -4.514 0.00000637 *** 

Distance to stream [m] 0.9935 0.3631 2.736 0.00622 ** 
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Table 4.S10: Factors characterizing ESS cluster 1 and 6 for scenario 4 (backward logistic regression). A positive 

value for the standardized β indicates that an explanatory variable is contributing to cluster 1; a negative value for 

the standardized β indicates that an explanatory variable is contributing to cluster 6. The likelihood ratio test showed 

a significant difference when the final model was compared to a null model (χ
2
= 1398.4, df = 14, p<2.2e-16). 

Comparing the final model with a model including x- and y-coordinates, the likelihood ratio test showed only a 

insignificant and small difference (χ
2
= 7.804, df = 3, p=0.05024). 

 

  

Explanatory variable Stand. β SE z value Pr(>|z|) 
 (Intercept) 5.0229 1.3484 3.725 0.000195 *** 

Topography and soil parameters 
     Slope [%] -12.8686 1.2161 -10.582 < 2e-16 *** 

Aspect [°] 1.1075 0.3625 3.056 0.002246 ** 

Curvature [score] -10.8784 1.4333 -7.59 3.2e-14 *** 

Effective rooting depth [mm] -3.2587 1.5762 -2.068 0.038686 * 

Erodibility (K) [t ha h ha-1 MJ-1 mm-1] 4.2407 0.9493 4.467 0.00000792 *** 

Available water holding capacity [cm cm-1] -9.5672 3.0626 -3.124 0.001785 ** 

Soil quality index 11.007 1.2649 8.702 < 2e-16 *** 

Climate 
     Precipitation [mm] -2.4918 0.567 -4.394 0.0000111 *** 

Reference Evapotranspiration [mm a-1] -3.6111 0.6969 -5.182 0.00000022 *** 

Landscape composition 
     Forest, 5 km buffer [%] -5.7837 0.8862 -6.527 6.72e-11 *** 

Urban, 5 km buffer [%] -3.5488 0.6864 -5.17 
0.00000023

4 *** 
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Table 4.S11: Factors characterizing ESS cluster 2 and 3 for scenario 4 (backward logistic regression). A positive 

value for the standardized β indicates that an explanatory variable is contributing to cluster 2; a negative value for 

the standardized β indicates that an explanatory variable is contributing to cluster 3. The likelihood ratio test showed 

a significant difference when the final model was compared to a null model (χ
2
= 1398.4, df = 14, p<2.2e-16). 

Comparing the final model with a model including x- and y-coordinates, the likelihood ratio test showed only a small 

difference (χ
2
= 193.6, df = 3, p<2.2e-16). 

 

  

Explanatory variable Stand. β SE z value Pr(>|z|) 
 (Intercept) 13.5787 0.9501 14.293 < 2e-16 *** 

Topography and soil parameters 
     Elevation [m] -4.2517 0.6777 -6.273 3.53e-10 *** 

Slope [%] -8.0223 0.4982 -16.104 < 2e-16 *** 

Curvature [score] -1.3272 0.5149 -2.577 0.00996 ** 

Effective rooting depth [mm] -1.9267 0.6103 -3.157 0.00159 ** 

Erodibility (K) [t ha h ha-1 MJ-1 mm-1] -2.1902 0.4599 -4.763 0.00000191 *** 

Erosivity (R) [MJ mm ha-1 h-1 a-1] -4.8972 0.7237 -6.767 1.32e-11 *** 

Available water holding capacity [cm cm-1] -3.8205 1.1678 -3.271 0.00107 ** 

Soil quality index 4.1765 0.6871 6.078 1.22e-09 *** 

Climate 
     Precipitation [mm] 3.9363 0.4165 9.451 < 2e-16 *** 

Reference Evapotranspiration [mm a-1] -4.0255 0.4519 -8.908 < 2e-16 *** 

Landscape composition 
     Forest, 5 km buffer [%] -9.0033 0.6267 -14.365 < 2e-16 *** 

SRC, 5 km buffer [%] -1.1683 0.6195 -1.886 0.05931 . 

Cropland, 5 km buffer [%] -5.8619 0.6239 -9.396 < 2e-16 *** 

Urban, 5 km buffer [%] -4.2552 0.7278 -5.847 5.01e-09 *** 
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Table 4.S12: Factors characterizing ESS cluster 2 and 4 for scenario 4 (backward logistic regression). A positive 

value for the standardized β indicates that an explanatory variable is contributing to cluster 2; a negative value for 

the standardized β indicates that an explanatory variable is contributing to cluster 4. The likelihood ratio test showed 

a significant difference when the final model was compared to a null model (χ
2
= 1398.4, df = 14, p<2.2e-16). 

Comparing the final model with a model including x- and y-coordinates, the likelihood ratio test showed only a small 

difference (χ
2
= 21.818, df = 3, p=7.118e-05). 

 

  

Explanatory variable Stand. β SE z value Pr(>|z|) 
 (Intercept) 2.4899 0.3547 7.02 2.22e-12 *** 

Topography and soil parameters 
     Elevation [m] 2.7317 0.4134 6.608 3.91e-11 *** 

Slope [%] -2.8792 0.3474 -8.287 < 2e-16 *** 

Curvature [score] 2.0256 0.3997 5.067 0.000000404 *** 

Effective rooting depth [mm] 2.7337 0.3928 6.96 3.4e-12 *** 

Erosivity (R) [MJ mm ha-1 h-1 a-1] -1.1764 0.4451 -2.643 0.00822 ** 

Soil quality index -2.3995 0.3739 -6.418 1.38e-10 *** 

Climate 
     Precipitation [mm] -0.6136 0.2669 -2.299 0.02152 * 

Landscape composition 
     Forest, 5 km buffer [%] -3.9043 0.3359 -11.623 < 2e-16 *** 

Pasture, 5 km buffer [%] -3.8755 0.2541 -15.251 < 2e-16 *** 

Cropland, 5 km buffer [%] -5.3337 0.249 -21.424 < 2e-16 *** 

Water, 5 km buffer [%] -0.4836 0.227 -2.131 0.03312 * 

Urban, 5 km buffer [%] -5.2251 0.3204 -16.31 < 2e-16 *** 

Distance to stream [m] 0.7177 0.164 4.375 0.0000121 *** 
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Table 4.S13: Factors characterizing ESS cluster 2 and 5 for scenario 4 (backward logistic regression). A positive 

value for the standardized β indicates that an explanatory variable is contributing to cluster 2; a negative value for 

the standardized β indicates that an explanatory variable is contributing to cluster 5. The likelihood ratio test showed 

a significant difference when the final model was compared to a null model (χ
2
= 1398.4, df = 14, p<2.2e-16). 

Comparing the final model with a model including x- and y-coordinates, the likelihood ratio test showed only a small 

difference (χ
2
= 77.314, df = 3, p<2.2e-16). 

 

  

Explanatory variable Stand. β SE z value Pr(>|z|) 
 (Intercept) -11.833 0.6648 -17.8 < 2e-16 *** 

Topography and soil parameters 
     Elevation [m] 6.8486 0.6644 10.308 < 2e-16 *** 

Slope [%] 7.286 0.5695 12.793 < 2e-16 *** 

Aspect [°] -0.4876 0.2189 -2.227 0.0259 * 

Curvature [score] 7.0636 0.6369 11.09 < 2e-16 *** 

Effective rooting depth [mm] 3.751 0.3849 9.745 < 2e-16 *** 

Erodibility (K) [t ha h ha-1 MJ-1 mm-1] 0.9223 0.4415 2.089 0.0367 * 

Available water holding capacity [cm cm-1] 7.2733 1.1526 6.31 2.78e-10 *** 

Climate 
     Precipitation [mm] -3.8094 0.4601 -8.279 < 2e-16 *** 

Reference Evapotranspiration [mm a-1] 2.4038 0.3913 6.143 8.08e-10 *** 

Landscape composition 
     Forest, 5 km buffer [%] 2.6093 0.4436 5.881 4.07e-09 *** 

SRC, 5 km buffer [%] 4.2857 0.275 15.582 < 2e-16 *** 

Urban, 5 km buffer [%] -2.8127 0.3803 -7.396 1.41e-13 *** 

Water, 5 km buffer [%] 2.799 0.3916 7.148 8.78e-13 *** 

Distance to stream [m] 0.4219 0.2437 1.731 0.0834 . 
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Table 4.S14: Factors characterizing ESS cluster 2 and 6 for scenario 4 (backward logistic regression). A positive 

value for the standardized β indicates that an explanatory variable is contributing to cluster 2; a negative value for 

the standardized β indicates that an explanatory variable is contributing to cluster 6. The likelihood ratio test showed 

a significant difference when the final model was compared to a null model (χ
2
= 1398.4, df = 14, p<2.2e-16). 

Comparing the final model with a model including x- and y-coordinates, the likelihood ratio test showed only a small 

difference (χ
2
= 5.8011, df = 3, p=0.1217). 

 

  

Explanatory variable Stand. β SE z value Pr(>|z|) 
 (Intercept) 2.8028 0.6123 4.578 0.0000047 *** 

Topography and soil parameters 
     Elevation [m] -1.1768 0.6015 -1.956 0.05042 . 

Slope [%] -9.7763 0.4681 -20.887 < 2e-16 *** 

Erodibility (K) [t ha h ha-1 MJ-1 mm-1] -2.1495 0.4172 -5.152 0.000000257 *** 

Erosivity (R) [MJ mm ha-1 h-1 a-1] -1.586 0.6864 -2.311 0.020848 * 

Available water holding capacity [cm cm-1] -6.1998 0.9994 -6.204 5.51e-10 *** 

Soil quality index 2.5041 0.4196 5.968 2.41e-09 *** 

Climate 
     Precipitation [mm] 0.8913 0.3854 2.313 0.020729 * 

Reference Evapotranspiration [mm a-1] -2.1111 0.3973 -5.314 0.000000107 *** 

Landscape composition 
     Forest, 5 km buffer [%] 0.8249 0.5702 1.447 0.147976 

 Pasture, 5 km buffer [%] 1.4148 0.3818 3.705 0.000211 *** 

SRC, 5 km buffer [%] 5.1188 0.3262 15.691 < 2e-16 *** 

Urban, 5 km buffer [%] -1.6235 0.4996 -3.249 0.001156 ** 

Distance to stream [m] 1.0736 0.2377 4.516 0.00000631 *** 
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Table 4.S15: Factors characterizing ESS cluster 3 and 4 for scenario 4 (backward logistic regression). A positive 

value for the standardized β indicates that an explanatory variable is contributing to cluster 3; a negative value for 

the standardized β indicates that an explanatory variable is contributing to cluster 4. The likelihood ratio test showed 

a significant difference when the final model was compared to a null model (χ
2
= 1398.4, df = 14, p<2.2e-16). 

Comparing the final model with a model including x- and y-coordinates, the likelihood ratio test showed a difference 

(χ
2
= 263.88, df = 3, p<2.2e-16). 

 

 
  

Explanatory variable Stand. β SE z value Pr(>|z|) 
 (Intercept) -10.657 0.782 -13.628 < 2e-16 *** 

Topography and soil parameters 
     Elevation [m] 7.1763 0.651 11.024 < 2e-16 *** 

Slope [%] 6.6011 0.4615 14.302 < 2e-16 *** 

Aspect [°] 0.397 0.2064 1.923 0.054429 . 

Curvature [score] 2.5544 0.4855 5.262 0.000000143 *** 

Effective rooting depth [mm] 5.3606 0.6235 8.597 < 2e-16 *** 

Erodibility (K) [t ha h ha-1 MJ-1 mm-1] 2.4447 0.4629 5.282 0.000000128 *** 

Erosivity (R) [MJ mm ha-1 h-1 a-1] 2.7122 0.7113 3.813 0.000137 *** 

Available water holding capacity [cm cm-1] 6.4823 1.2161 5.33 9.81e-08 *** 

Soil quality index -7.4393 0.7068 -10.525 < 2e-16 *** 

Climate 
     Precipitation [mm] -4.1861 0.4152 -10.083 < 2e-16 *** 

Reference Evapotranspiration [mm a-1] 4.958 0.4443 11.16 < 2e-16 *** 

Landscape composition 
     Forest, 5 km buffer [%] 3.6181 0.4707 7.687 1.5e-14 *** 

Pasture, 5 km buffer [%] -4.8487 0.411 -11.797 < 2e-16 *** 

Cropland, 5 km buffer [%] -1.1955 0.3567 -3.352 0.000804 *** 

Urban, 5 km buffer [%] -1.8508 0.6099 -3.035 0.002407 ** 

Water, 5 km buffer [%] 0.7118 0.2836 2.51 0.012081 * 

Distance to stream [m] 1.4863 0.2471 6.015 1.8e-09 *** 
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Table 4.S16: Factors characterizing ESS cluster 3 and 5 for scenario 4 (backward logistic regression). A positive 

value for the standardized β indicates that an explanatory variable is contributing to cluster 3; a negative value for 

the standardized β indicates that an explanatory variable is contributing to cluster 5. The likelihood ratio test showed 

a significant difference when the final model was compared to a null model (χ
2
= 1398.4, df = 14, p<2.2e-16). 

Comparing the final model with a model including x- and y-coordinates, the likelihood ratio test showed a difference 

(χ
2
= 144.66, df = 3, p<2.2e-16). 

 

 
  

Explanatory variable Stand. β SE z value Pr(>|z|) 
 (Intercept) -18.5685 1.2397 -14.978 < 2e-16 *** 

Topography and soil parameters 
     Elevation [m] 11.4527 1.2047 9.507 < 2e-16 *** 

Slope [%] 10.5595 0.8205 12.87 < 2e-16 *** 

Aspect [°] -0.5439 0.3568 -1.525 0.12736 
 Curvature [score] 8.3907 0.8978 9.346 < 2e-16 *** 

Effective rooting depth [mm] 2.8857 0.64 4.509 0.00000652 *** 

Erodibility (K) [t ha h ha-1 MJ-1 mm-1] 3.2043 0.7 4.578 0.0000047 *** 

Erosivity (R) [MJ mm ha-1 h-1 a-1] 3.1952 1.2583 2.539 0.01111 * 

Available water holding capacity [cm cm-1] 4.9752 1.6323 3.048 0.0023 ** 

Climate 
     Precipitation [mm] -6.6601 0.7157 -9.306 < 2e-16 *** 

Reference Evapotranspiration [mm a-1] 5.4704 0.6914 7.912 2.54e-15 *** 

Landscape composition 
     Forest, 5 km buffer [%] 5.4258 0.9595 5.655 1.56e-08 *** 

Pasture, 5 km buffer [%] -1.7785 0.6044 -2.943 0.00325 ** 

SRC, 5 km buffer [%] 2.7294 0.5037 5.419 5.99e-08 *** 

Urban, 5 km buffer [%] -4.5193 0.8372 -5.398 6.75e-08 *** 

Water, 5 km buffer [%] 3.494 0.4831 7.232 4.76e-13 *** 

Distance to stream [m] 0.8502 0.3922 2.168 0.03018 * 
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Table 4.S17: Factors characterizing ESS cluster 3 and 6 for scenario 4 (backward logistic regression). A positive 

value for the standardized β indicates that an explanatory variable is contributing to cluster 3; a negative value for 

the standardized β indicates that an explanatory variable is contributing to cluster 6. The likelihood ratio test showed 

a significant difference when the final model was compared to a null model (χ
2
= 1398.4, df = 14, p<2.2e-16). 

Comparing the final model with a model including x- and y-coordinates, the likelihood ratio test showed a difference 

(χ
2
= 125.55, df = 3, p<2.2e-16). 

 

  

Explanatory variable Stand. β SE z value Pr(>|z|) 
 (Intercept) -1.8993 0.754 -2.519 0.0118 * 

Topography and soil parameters 
     Elevation [m] 3.4718 0.6967 4.983 0.000000626 *** 

Slope [%] -0.7261 0.4055 -1.791 0.0734 . 

Curvature [score] 1.0382 0.4139 2.508 0.0121 * 

Effective rooting depth [mm] 1.8645 0.4076 4.574 0.00000479 *** 

Erosivity (R) [MJ mm ha-1 h-1 a-1] 2.9894 0.7264 4.115 0.0000387 *** 

Available water holding capacity [cm cm-1] -2.5648 0.6445 -3.979 0.0000691 *** 

Climate 
     Precipitation [mm] -2.556 0.4207 -6.075 1.24e-09 *** 

Reference Evapotranspiration [mm a-1] 1.9031 0.4313 4.412 0.0000102 *** 

Landscape composition 
     Pasture, 5 km buffer [%] -3.839 0.353 -10.875 < 2e-16 *** 

SRC, 5 km buffer [%] -0.8789 0.3969 -2.215 0.0268 * 

Cropland, 5 km buffer [%] -2.4368 0.5384 -4.526 0.000006 *** 

Urban, 5 km buffer [%] -6.4621 0.6624 -9.755 < 2e-16 *** 

Water, 5 km buffer [%] 0.705 0.3103 2.272 0.0231 * 

Distance to stream [m] 1.1016 0.27 4.081 0.0000449 *** 
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Table 4.S18: Factors characterizing ESS cluster 4 and 5 for scenario 4 (backward logistic regression). A positive 

value for the standardized β indicates that an explanatory variable is contributing to cluster 4; a negative value for 

the standardized β indicates that an explanatory variable is contributing to cluster 5. The likelihood ratio test showed 

a significant difference when the final model was compared to a null model (χ
2
= 1398.4, df = 14, p<2.2e-16). 

Comparing the final model with a model including x- and y-coordinates, the likelihood ratio test showed a difference 

(χ
2
= 106.42, df = 3, p<2.2e-16). 

 

 
  

Explanatory variable Stand. β SE z value Pr(>|z|) 
 (Intercept) -7.1283 0.6139 -11.611 < 2e-16 *** 

Topography and soil parameters 
     Elevation [m] 3.3888 0.7016 4.83 0.00000137 *** 

Slope [%] 3.6113 0.5236 6.898 5.29e-12 *** 

Aspect [°] -0.7757 0.2084 -3.722 0.000198 *** 

Curvature [score] 7.1101 0.6311 11.266 < 2e-16 *** 

Effective rooting depth [mm] 1.7167 0.3216 5.338 9.42e-08 *** 

Erosivity (R) [MJ mm ha-1 h-1 a-1] 1.144 0.6893 1.66 0.096987 . 

Available water holding capacity [cm cm-1] 9.6669 0.9167 10.545 < 2e-16 *** 

Climate 
     Precipitation [mm] -1.9202 0.3993 -4.809 0.00000152 *** 

Reference Evapotranspiration [mm a-1] 1.2854 0.3731 3.445 0.000572 *** 

Landscape composition 
     Pasture, 5 km buffer [%] 0.5522 0.2955 1.869 0.061644 . 

SRC, 5 km buffer [%] 0.6792 0.2384 2.849 0.004387 ** 

Urban, 5 km buffer [%] -2.5269 0.2943 -8.587 < 2e-16 *** 

Water, 5 km buffer [%] 2.1468 0.3519 6.101 1.05e-09 *** 
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Table 4.S19: Factors characterizing ESS cluster 4 and 6 for scenario 4 (backward logistic regression). A positive 

value for the standardized β indicates that an explanatory variable is contributing to cluster 4; a negative value for 

the standardized β indicates that an explanatory variable is contributing to cluster 6. The likelihood ratio test showed 

a significant difference when the final model was compared to a null model (χ
2
= 1398.4, df = 14, p<2.2e-16). 

Comparing the final model with a model including x- and y-coordinates, the likelihood ratio test showed a difference 

(χ
2
= 97.124, df = 3, p<2.2e-16). 
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Explanatory variable Stand. β SE z value Pr(>|z|) 
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5 How can we compare environmental and ecosystem service assessments 

for biomass production systems in different parts of the world? 

 

This chapter is under review at Environmental Research Letters:  

 

Meyer MA, Seppelt R, Witing F, Priess JA. How can we compare environmental and ecosystem 

service assessments for biomass production systems in different parts of the world? (under review)  

Worldwide comparison of environmental impacts of biomass production 
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5.1 Abstract 

Increasing global trade of forestry or agricultural products raises the question, how local/regional 

environmental impacts (EIs) of different locations can be compared. To enable comparisons of the 

effects of land use activities at various production locations, it is necessary to control for 

environmental heterogeneity, i.e., the variation of biotic and abiotic conditions. In this study, we use 

three approaches to control for environmental heterogeneity applying (i) environmental stratification, 

(ii) potential natural vegetation (PNV), and (iii) regionally set environmental thresholds to compare 

EIs of solid biomass production, e.g., for bioenergy. We utilize production regions with managed 

forests and plantation forestry for subtropical (Satilla watershed, southeastern US), tropical (Rufiji 

basin, Tanzania), and temperate climate (Mulde watershed, central Germany). All approaches allow 

for comparing the EIs of different land use/land cover (LU/LC) classes between and within 

production regions and also the EIs with each other. The different approaches rank EIs for LU/LC 

within a production region according to their naturalness (forest, plantation forestry, cropland). We 

identified the PNV approach as conceptually the most reliable, but with major deficiencies 

concerning feasibility and relevance. The PNV approach explicitly includes most of the factors that 

drive environmental heterogeneity in contrast to the stratification and threshold approach. We also 

show that stratification based comparison facilitates a concise global application. Regional 

environmental thresholds only implicitly include environmental heterogeneity varying by individual 

case and cover only few EIs. Further studies are needed to validate the methodologies for other land 

use systems and environmental conditions. 

5.2 Introduction 

Increasing pressures on land resources as well as increasing global trade of (solid) biomass and other 

agricultural commodities are calling for comparative approaches to assess the EIs related to the 

production of commodities, e.g., [1], to identify ways of sustainable production [2]. Thus, methods 

are needed, which enable us to compare EIs and ecosystem services (ESS) in different production 

systems across the globe. This study is seen as a contribution to develop a set of methods, which 

finally enables us to minimize detrimental EIs, via identifying the least harmful combinations of 

production systems and environmental conditions, keeping in mind that social and economic impacts, 

costs or benefit, may play similar or even dominating roles. 

Policies such as the EU Renewable Energy Directive (EU RED) are designed to save 

greenhouse gas (GHG) emissions, diversify, secure and create energy supply, and create jobs [3-6]. 

Biomass for bioenergy typically originates from various sources, e.g., agriculture or forestry, and 

production systems, e.g., managed forest or plantation forestry, from different parts of the world and 

is traded in large quantities. For example, Lamers et al. [7] expect an increase in EU solid biomass 

imports from 2010 until 2020 by about 300 percent to 236 PJ, even under the currently very likely 

implementation of sustainability requirements of the EU RED. Increasing global trade of raw or 

processed biomass may change regional land use systems, an effect which should be avoided by 

standardized sustainability requirements in certification schemes complying, e.g., with the EU RED 

[8]. However, these requirements are currently only weakly specified. Biomass producers need to 

prove that they fulfill the sustainability criteria, usually via complying with certification schemes. For 

that purpose, global EIs such as GHG emissions are assessed with harmonized and standardized life-

cycle assessments [9, 10]. Such global EI assessment approaches of biomass production often hardly 
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represent major local/regional socio-economic and environmental processes. For example, Dale et al. 

[11] state that soil and water quality impacts of biomass production are not reasonably covered by 

standardized and non-place-based indicators as used in life-cycle assessments. 

Land use systems for bioenergy production are an example that needs a methodology to 

assess the environmental sustainability at the local/regional scale. At the local/regional scale, 

environmental assessments lack harmonization and consistency in methodology, e.g., ESS 

assessments [12]. Earlier studies on the quality of indicators for the environmental assessment, e.g., 

[4, 13, 14], identified that certification schemes often give preference to cause-related environmental 

indicators, e.g., on best management practices in agriculture or forestry. To assess the human impact 

on the environment through biomass for bioenergy or other products in different production regions, 

it will be necessary to apply a methodology that controls for environmental heterogeneity. Especially 

problematic is the fact that harmonized approaches need to be able to deal with different levels of data 

availability, i.e., a situation with high data availability, e.g., in the US, or data scarce conditions as 

found for many developing countries or countries restricting access to data. 

Environmental heterogeneity, the spatial variation of biotic (vegetation and land cover) and 

abiotic conditions (climate, topography, and soil) [15], is often considered in the context of 

biodiversity modelling, e.g., [16]. Kienast et al. [17] argue that environmental heterogeneity similarly 

affects the level of positive, e.g., ESS, and negative EIs, but requires further spatially explicit 

quantification. Neglecting environmental heterogeneity makes comparing the sustainability of 

different production regions impossible. In existing ESS research, no methodology is applied 

consistently to compare and to assess the sufficiency of ESS supply [18]. To date, several conceptual 

frameworks exist, which propose different ways to quantify an ecosystem’s capacity to provide ESS, 

the actual ESS supply as well as ESS demand [19, 20]. Both studies, synthesizing various frameworks 

and approaches to tackle the question of sustainable ESS supply, could not identify a generally 

applicable methodology, suitable for a large set of ESS.  

There are different options for sustainability assessments to account for the variation in EIs 

due to environmental heterogeneity. Potential options are threshold or target values or baseline 

conditions [21, 22]. The former are supposed to be set by policy makers or in a larger societal 

discourse. Stakeholders may set, e.g., critical pollutant loads, considering the regional ecosystem and 

its desired state [21]. Baseline conditions may be obtained on different pathways. EIs may be 

normalized in relation to the minimal and maximal impact in the respective environmental stratum. 

Metzger et al. [23] roughly quantify ESS and stratify them at European scale. A second approach is to 

relate the EIs of the current LU/LC to PNV representing conditions prior to land use activities [24]. 

West et al. [25] compare carbon storage between current LU/LC and PNV at the global scale. 

However, both options are not used to compare the sustainability of EIs at the regional scale, which is 

a major assessment scale with respect to ESS [26]. Instead, several studies, e.g., [27], define arbitrary 

thresholds of hot and cold spots of ESS, e.g., the 20%- and 80%-quantiles of the ESS values in a 

study region. This approach produces at least two groups, positive and negative locations with respect 

to EIs, and, e.g., allows to identify factors that characterize both groups for improved land 

management [28]. Such arbitrary selection of high or low thresholds for EIs may not necessarily 

make sense in another region, depending on environmental conditions and land use activities. For 

instance, the top 20% of an area regarding biodiversity may still be less diverse in an intensively 

managed region than the attainable improvement after conservation efforts. Vice versa, an extensively 
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managed region may still have a higher biodiversity in the lowest 20% of the area than the upper 20% 

of an agro-industrial region. 

In this paper, we model EIs of biomass production in two land use systems with plantation 

forestry in the southeast US (Satilla watershed) and in Tanzania (Rufiji basin) and one with secondary 

forest used for biomass production in central Germany (Mulde watershed) as exemplary production 

regions. (i) We assume that the EIs are higher in regions with more intensive biomass production. For 

example, pine plantations in the southeast US may have lower EIs than managed forests in central 

Germany. (ii) We expect that different approaches to control for environmental heterogeneity may 

yield different results and conclusions regarding EIs. We aim at testing and comparing methods to 

account for environmental heterogeneity, with the objective to make the EI of land use activities 

comparable in different world regions. To achieve this objective, we environmentally stratify EIs, use 

PNV as a reference case, and apply environmental thresholds. We test if and how the results of these 

approaches overlap by using the hot and cold spot approach commonly used in ESS assessments. In 

addition, we analyze the LU/LC composition of the hot and cold spots identified by the different 

approaches. (iii) We analyze the suitability of the applied methodologies for further use with respect 

to reliability, feasibility and relevance, as major categories for indicator-based environmental 

assessments [29, 13]. 

5.3 Material and Methods 

5.3.1 Study sites 

We selected three production regions, Fig. 5.1, of which two represent major global solid biomass 

supply regions (southeast US and Tanzania) and the remaining a major consumer and producer region 

((central) Germany) [7]. The selected production regions cover a wide range of socio-economic and 

environmental conditions: 

 Southeast USA (Satilla watershed): Developed country with a from the EU differing legislation 

on the sustainability of bioenergy, but with a standard and voluntary schemes applied to ensure 

broader sustainability of bioenergy [14] 

 Tanzania (Rufiji basin): Developing country with an existing, but weakly enforced legislation 

and without largely applied standards and schemes on the sustainability of bioenergy [30]. 

 Central Germany (Mulde watershed): Developed country with enforced legislation concerning 

the sustainability of bioenergy, binding for biofuels and bioliquids, but supposed to be applied to 

solid bioenergy by national or supra-national solutions (legislation, schemes, standards) in the 

EU member states [31]. 

In addition to the regulatory differences, the production regions used in this paper represent different 

climates: humid continental climate (Mulde watershed: 5,791 km²), humid subtropical climate (Satilla 

watershed: 8,760 km²) and tropical wet and dry savanna climate (Rufiji basin: 176,301 km²). 
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5.3.2 Environmental impact assessment of carbon storage, erosion, 

nutrient load, and biodiversity 

We modeled the amount of carbon stored based on the IPCC guidelines [32], partly with InVEST 

(Integrated Valuation of Environmental Services and Tradeoffs) [33, 34], with the data indicated in 

Table 5.1 for 2006 (Satilla and Mulde watershed) and 2005 (Rufiji basin) respectively. With the 

InVEST model, we estimated P export and retention. We validated the modeled P export against the 

corresponding P concentration measurements of the stations Little Satilla near Offerman, Satilla River 

at Atkinson (USGS 02227500/USGS 2228000 (Satilla watershed)), Msembe (1KA59 (Rufiji basin)), 

Errln, Niederschlema, and Bad Düben (Mulde watershed). We also modeled the amount of retained 

sediment with InVEST based on the universal soil loss equation [35, 36], i.e., sheet erosion, and the 

LU/LC specific sediment removal rates. We validated the sediment export against the suspended 

sediment concentration for the stations Little Satilla near Offerman, Satilla River at Atkinson (USGS 

02227500/USGS 2228000 (Satilla watershed)), Msembe (1KA59 (Rufiji basin)), Errln, Wechselburg, 

and Bad Düben (Mulde watershed). 

Furthermore, we modeled impacts on biodiversity with the Globio model as described in [37] 

as an approach equally applicable in data scarce environments such as Tanzania. 

 

Table 5.1: Data items; for InVEST (Carbon storage: No. 2, 16; P retention and export: No. 1 -7, 10-12; Sediment 

retention and export: No. 1-3, 8-9, 13-15) and for Globio (No. 2, 17-21)) with sources for used data and formulas; the 

InVEST default assumptions of modelling parameters are refined based on the indicated sources (No. 10 - 15).  

 

  Input datasets Southeast US Tanzania Central Germany 

1 DEM (3 arc-seconds) [m] [38] [38] [38] 
2 LU/LC [39] [40-42] [43, 44] 
3 Potential Natural Vegetation [45] [46] [47] 
4 Reference Evapotranspiration (10 arc-

min) [mm a-1] 
[48] [48] [48] 

5 Precipitation [mm a-1] [49] [50] [51] 
6 Depth to any soil restrictive layer [mm] [52] [53] [54, 55] 
7 Available water holding capacity [cm 

cm-1] 
[52] [53] [54, 55] 

8 Erosivity (R) [MJ mm ha-1 h-1 a-1] [56, 57] [58, 59] [60] 
9 Erodibility (K) [t ha h ha-1 MJ-1 mm-1] [52] [53] [61, 54] 
10 Rooting depth [mm] [62-66] [67]  
11 P export [kg ha-1 a-1] [68, 69] [67] [69] 
12 P retention efficiencies [%]  [67]  
13 cover-management factor (C)  [70-75, 36] [67]  
14 Support practice factor (P)  [71, 73, 76, 

75] 
[67] [77] 

15 Vegetation sediment retention 
efficiency [%] 

 [67]  

16 Carbon pools [Mg ha-1] [32, 78, 27, 
79, 80] 

[67, 81] [82-88] 

17 Population density [n km-²] [89] [90] [91] 
18 Street and railway map [92, 93] [94] [95] 
19 N deposition [96] - [97] 
20 Critical N loads [98, 99] - [97] 
21 Terrestrial ecoregions [100] [100] [100] 
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5.3.3 Assessing environmental impacts under environmental 

heterogeneity 

We compared three approaches to control for environmental heterogeneity in biomass production 

systems in different parts of the world:  

 environmental stratification according to [101], 

 PNV [45-47] as a reference case, and  

 environmental thresholds or target values that may be regionally set, depending on the EI [102-

104].  

For environmental stratification, we used a spatial dataset with 128 global environmental strata [101] 

or environmentally homogenous groups, which are spatial subgroups with regions of comparable 

environmental properties, especially climate. We normalized the EI within each environmental 

stratum with equation (1): 

 

𝑓𝑠𝑡𝑟𝑎𝑡(𝑥𝑖 , 𝑋𝑗) =
𝑥𝑖−𝑚𝑖𝑛(𝑋𝑗)

𝑚𝑎𝑥(𝑋𝑗)−𝑚𝑖𝑛(𝑋𝑗)
        (1) 

 

with 𝑥𝑖 as EI variable value in the environmental stratum j and 𝑋𝑗 as all EI values in the 

environmental stratum j, see [23] for a European production region. Therefore, we need to model the 

EIs only for the current LU/LC dataset. 

Alternatively, we modeled EIs for current LU/LC and for PNV as a reference case, e.g., [25, 

105]. We calculated a score for each EI using equation (2): 

 

𝑓𝑃𝑁𝑉(𝑥𝑘 , 𝑦𝑘) =
𝑥𝑘−𝑦𝑘

𝑦𝑘
         (2) 

 

with 𝑥𝑘 as EI variable for current LU/LC and 𝑦𝑘 as the EI value for PNV. 

Regional environmental thresholds defined by stakeholders or authorities only exist for the 

negative EIs, P and sediment export, in the Satilla and Mulde watersheds, but not for other EIs. In the 

US, typically P and sediment loading thresholds are set as the Total Maximum Daily Loadings [106] 

for most of the surface water pollutants and are translated to land-based thresholds, e.g., sediment 

yields/soil erosion rates and P export rates, see Table 5.2. Similarly, the P and suspended solids 

concentrations in the Mulde watershed are converted as presented by Ludwig et al. [107]. Since 

sediment loadings do not have thresholds in the Satilla watershed, we used the average value of 

unimpaired watersheds in the Piedmont and southeastern Plains ecoregions. We calculated a score for 

each EI using equation (3):  

 

𝑓𝑡ℎ𝑟𝑒𝑠(𝑥𝑚, 𝑧) =
𝑥𝑚−𝑧

𝑧
         (3) 

 

with 𝑥𝑖 as EI variable and 𝑧 as the threshold values for the EI value. 

For better visualization of the data, we transform the input data for equation (1) and the 

output of equations (2) and (3) with equation (4): 
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𝑓𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚(𝑥) = {
−𝑙𝑛(−𝑥 + 1), 𝑥 < 0

𝑙𝑛(𝑥 + 1), 𝑒𝑙𝑠𝑒
      (4) 

 

Table 5.2: Environmental thresholds for P and Sediment export set by environmental protection agencies (partly 

with public consultation); for the Satilla watershed, threshold values for water quality with “high ecological status” 

(class I) according to the European Water Framework Directive were taken. 

 

Thresholds Value Unit Data source 

        

P export (Satilla watershed) 2.31 [kg ha-1 a-1] [102] 

P export (Mulde watershed) 0.03 [kg ha-1 a-1] [104] 

    Sediment yield (Satilla watershed) 543.63 [kg ha-1 a-1] [103] 

Sediment yield (Mulde watershed) 64.73 [kg ha-1 a-1] [104] 

5.3.4 Congruence of sustainability assessment approaches 

Based on the techniques compiled by Mouchet et al. [28], we tested the cross-predictive capacity with 

diagnostic test statistics [108]. We applied the diagnostic test statistic with R [109], which provides a 

score between 0 and 1 for the agreement of correctly identified pixels of sufficient, i.e., sensitivity, 

and insufficient EIs, i.e., specificity, i.e., above and below a critical value in the stratification and 

threshold approaches and the EIs modeled for PNV. The PNV and the threshold approach categorize 

EIs into two groups. However, the stratification approach does not categorize the EIs into two groups 

(positive and negative). It only allows to compare EIs between production regions or LU/LC classes. 

One option to have two groups of EIs, positive and negative, would be to apply the concept of hot- 

and coldspots from ESS research. Hot- and coldspots, i.e., locations of high or low supply of ESS, are 

often determined by arbitrarily defined 10%-quantiles as thresholds to classify the ESS into groups. 

We used the concept to assess the congruence of the PNV and the stratification approach for all 10%-

quantiles (10%-90) and the arithmetic mean of the EIs. Comparing the stratification approach with 

arbitrarily set quantiles and PNV or thresholds helps to (i) characterize the different production 

regions with respect to the intensity of land use activities. To characterize the identified hotspots of 

the stratification approach, 70-90%-quantiles as typical cases in ESS research [110, 27], and the PNV 

approach, we compared (1) the spatial extent and (2) the dominating LU/LC classes. (ii) We aimed at 

identifying cases in which PNV, stratification and thresholds may be used interchangeably, i.e., to 

identify the degree of overlapping of hotspot pixels in all approaches. 

5.3.5 Reliability, feasibility and relevance of the approaches 

There are several studies on blueprints for further harmonizing the concepts in ESS and 

environmental assessment and management with the objective to enhance the comparability of 

regional production regions [26, 111]. The criteria to select suitable environmental indicators equally 

apply for methodologies to develop baseline conditions under environmental heterogeneity, i.e., 

reliability and conceptual soundness, feasibility, and relevance for the end user [13, 29]. From 

existing literature, we collected sub-criteria for the three categories listed above. For reliability, we 

used the criteria: worldwide consistent methodology and datasets [112], regional stakeholder and 

expert involvement [22], environmental heterogeneity within a study region [113], and the range of 

environmental factors considered [16]. For feasibility, we used the criteria: global data coverage 
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[113], easily applicable for various EIs [114], and the development effort of the methodology if no 

data is available [115]. For relevance, we used the criteria: clear classification in positive and negative 

locations with respect to EIs [115], and the relative comparison of globally distributed production 

regions [113], e.g., to compare the EIs of plantation forestry between two production regions. 

5.4 Results 

5.4.1 Environmental impact assessment of biomass production systems 

across production regions 

After applying the stratification, PNV, and threshold approaches, we could compare each EI for 

different LU/LC (cropland (yellow), plantation forestry (light green) and natural or semi-natural 

forest (dark green)) between and within different production regions, see Fig. 5.2, Fig. 5.S1, Fig. 

5.S2, and Table 5.S1. 

In the stratification and PNV approach, Fig. 5.2, forestry in the Mulde watershed showed the 

highest value for carbon storage. Plantation forestry had the highest values for sediment retention in 

the Rufiji basin and for P retention in the Satilla watershed. Biodiversity was highest for plantation 

forestry in the Rufiji basin. The top rated production region with respect to positive EIs was similar 

between both approaches. However, the order of the EIs differed between the two approaches. In the 

stratification approach, Fig. 5.S1, forestry in the Mulde watershed had lower sediment export, 

whereas plantation forestry in the Satilla watershed had lower P export. In the PNV approach, 

plantation forestry in the Satilla watershed had higher sediment and P export. In the threshold case, 

plantation forestry in the Satilla watershed had higher sediment export, whereas forestry in the Mulde 

watershed had higher P export. In total, the stratification and PNV approach agreed if we were 

interested in the production region with the highest EI value for biomass production. However, the 

ranking of the different biomass production options with respect to EIs was less consistent between 

the PNV and stratification approach. 

The ranking of the individual LU/LC classes and EIs between the production regions only 

agreed for the stratification and PNV approach for three EIs, i.e., sediment and P retention for 

cropland and P retention for plantation forestry, see Fig. 5.2 and Table 5.S1. For negative EIs, Fig. 

5.S1 and Table 5.S1, the ranking only agreed for the stratification and PNV approach for P export. 

The ranking agreed for the PNV and threshold approaches for five out of ten cases.  

Comparing current LU/LC with PNV, the decline in carbon storage and biodiversity was 

lowest in the Rufiji basin. For P and sediment retention, the increase was highest in the Satilla 

watershed and the Rufiji basin respectively. For sediment export, we had the highest increase in the 

Satilla watershed. For P export, we had a higher increase in the Mulde watershed. Comparing the EIs 

with each other for the current LU/LC and PNV, P retention deviated most from PNV as a baseline 

for the entire study areas, forestry and plantation forestry. Sediment retention with an increase 

towards PNV and carbon storage with a decrease towards PNV deviated less. Only for cropland in the 

Rufiji basin, we had a different pattern. Negative EIs were less homogeneous in that respect. The 

ranking within the production regions agreed mostly between the stratification and PNV approach. It 

followed the logic of higher positive EIs and lower negative EIs for forest than for plantation forestry 

than for cropland. Sediment retention in the Satilla watershed and P retention in the Rufiji basin 

showed deviating orders of LU/LC classes between the two approaches.  
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5.4.2 Congruence of sustainability assessment approaches 

Comparing the PNV and stratification approach for positive EI hotspots, see Table 5.3, the Satilla and 

Mulde watershed were most congruent at similar quantiles. In the Rufiji basin, the PNV and 

stratification approaches were most congruent at different quantiles. Therefore, we did not have the 

same intensity of EIs by setting similar quantiles. The sensitivity, i.e., first values in the bracket, was 

generally lower than the specificity. It means that if stratification with quantiles was used instead of 

PNV, the risk that locations of strong positive EIs were left out was higher. It was less likely that 

hotspots that were not classified as such through PNV would be classified as hotspots through 

stratification.  

Comparing the PNV and the stratification approach for negative EIs, the congruence between 

the Satilla and Mulde watersheds was less comparable than for positive EIs. Stratification rather 

overestimated the size and number of hotspots of sediment export, whereas it rather underestimated P 

export hotspots. The NA-values and the low specificity comparing the stratification with the threshold 

case and the PNV with the threshold case respectively reflected the low number of P and sediment 

export rates above the locally set thresholds. Therefore, thresholds only selected hotspots of 

extremely negative EIs, whereas PNV and the stratification approach with quantiles differentiated 

more in their sustainability assessment. 

 

Table 5.3: Degree of agreement between different approaches to identify hotspots of EIs; the percentages indicate the 

quantiles for the stratification approach which agree best with the PNV or threshold approach. We indicate the best 

fitting value for all EIs (Total) and the EIs per production region (C storage, sediment retention and export, P 

retention and export); sensitivity (agreement/overlap between two approaches of pixel classified as hotspots) and 

specificity scores (agreement/overlap between two approaches for pixels not classified as hotspots) are indicated in 

brackets; score values of 0 indicate no agreement and 1 indicates complete agreement between two approaches; For 

example, the best agreement between the stratification and PNV approaches occurred for the 90%-quantile for the 

Satilla watershed; for the entire results, see Tables 5.S2-S12. 

 

Positive EIs Total C storage Sediment retention P retention 

Stratification/PNV     

Satilla 50% (1.4/2.8) 90% (0.2/1.0) 60% (0.5/0.9) 40% (0.8/0.9) 

Rufiji 70% (1.6/2.5) 70-90% (0.8/0.8) mean (0.5/0.7) 70% (0.4/0.8) 

Mulde 50% (1.7/2.6) 90% (0.7/1.0) 60% (0.7/0.8) 40% (0.9/0.9) 

     Negative EIs 
 

Sediment export P export 

Stratification/PNV     

Satilla     mean (1.0/0.2) 50% (0.7/1.0) 

Mulde 
  

60% (1.0/0.4) 40% (0.6/0.7) 

     Stratification/ 
threshold 

    Satilla 
  

mean (1.0/0.0) NA 

Mulde 
  

NA mean (0.0/0.4) 

     PNV/threshold 
    Satilla 
  

(0.5/1.0) NA 

Mulde     (0.9/0.0) (0.8/0.0) 
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5.4.3 LU/LC differences between hotspots (PNV vs. stratification 

approach) 

In the Satilla watershed, 1.1 % of the area was classified as EI hotspots in the PNV approach and 0.8 

% with the 80%-quantile of the stratification approach, center of the common range of 70-90% as 

indicated in section 5.3.4. Plantation forestry accounted for 1 % (PNV approach) and 39 % (80%-

quantile in the stratification approach) of total hotspots, Fig. 5.3. This deviation showed that the EI 

values were high for plantation forestry compared with other LU/LC in the production region, but 

were mostly lower than for PNV. The remaining hotspots were nearly exclusively natural or semi-

natural forests. In the Rufiji basin, 13.8 % of the area could be classified as hotspots in the PNV 

approach and 0.7 % in the stratification approach (80%-quantile). The current LU/LC in the Rufiji 

basin was closer to the potential natural state and the stratification approach (80%-quantile) did not 

account for that aspect. Natural or semi-natural forest accounted for 62.4 % (PNV approach) and 73.7 

% (80%-quantile in the stratification approach) of total hotspots. The remaining hotspots were shrub- 

and grassland, 25 % (PNV approach) and 26.3 % (80%-quantile in the stratification approach), and 

12.4 % mosaic vegetation and cropland (PNV approach). In the Mulde watershed, 3.1 % of the area 

could be classified as hotspots in the PNV and 0.5 % in the stratification approach (80%-quantile). In 

both cases all hotspots were forests. In the Rufiji basin, the composition of hotspots with respect to 

LU/LC shows a similar pattern except the fact that mosaic vegetation, denoted as “Other” in Fig. 5.3, 

was a major hotspot in the PNV approach. Comparing the 90%- and 70%-quantiles with the 80%-

quantile showed that LU/LC classes with higher land use intensity were included with a lower 

quantile value. The general LU/LC composition of the hotspots was mostly similar. The pattern 

strongly deviated only for the Satilla watershed for carbon storage in the 90%-quantile with a nearly 

exclusive dominance of forest, and for the Mulde watershed for carbon storage in the 70%-quantile 

with a mixture of urban land, cropland, and shrub- and grassland. 
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Fig. 5.3: LU/LC composition of individual positive EIs and the agreement of different comparative approaches; the 

LU/LC composition is displayed for hotspots of EIs. The hotspots of EIs are all pixels with EI values for the current 

LU/LC > PNV and the top 10 to 30 % percent of pixels with EI values for the stratification approach. 

5.4.4 Reliability, feasibility and relevance of the approaches 

The reliability of the comparative approaches presented in this study, largely depended on a 

consistent methodology applied and the data required to analyze EIs in production systems distributed 

across the globe. The environmental stratification approach which is based on a single global dataset 

promised more comparability than using regional PNV datasets, see Table 5.4. The PNV approach 

may be less comparable as various ecological concepts are partly used and partly not. For example, 

natural disturbance of the landscape through fire is considered in the Satilla watershed, but not in the 

other two production regions. The involvement of regional stakeholders and experts may create 

inconsistencies at larger scales due to the potentially different regional strategies to define thresholds. 
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The available environmental thresholds, see section 5.3.3, are typically defined for an entire area and 

do not consider environmental heterogeneity within a region, in contrast to the stratification and PNV 

approach. The range of environmental factors to assess environmental heterogeneity varies between 

the approaches. The PNV approach implicitly includes more abiotic factors (topography and soil) as 

well as biotic factors (vegetation and land cover) that contribute to environmental heterogeneity. The 

environmental threshold approach may implicitly consider such factors as in the ‘critical load’ 

concept, the level of nutrient input below which no harmful alteration of the regional ecosystems 

occurs [99], in the Satilla watershed or the water framework directive [116] in the Mulde watershed 

for the nutrient and erosion related EIs. 

Environmental stratification and PNV can be applied to all of the EIs in this study (global 

data coverage). Environmental thresholds could clearly determine if positive EIs are sufficient and 

negative ones exceeding the defined limits and calling for action, whereas the other two approaches 

do not give any or no direct indication for action (stratification and PNV) (easily applicable). Due to 

the broader range of input data or the need to set up expert panels, both the PNV and the threshold 

approach require more (local/regional) knowledge and effort than the stratification approach, 

especially when trying to compare a (large) number of production sites located in different regions 

(development effort).  

In contrast to the thresholds and PNV approaches, the stratification approach does not allow 

for binary solutions, i.e., to distinguish between sufficient and insufficient EIs (positive and negative 

locations). Results based on stratification need to be compared with a reference case, e.g., another 

LU/LC class, production region, etc. Therefore, they may not provide clear answers regarding their 

level of impact compared to other production sites. All approaches allow for a relative comparison of 

EIs of different LU/LC classes and between different land use systems and production systems in 

relation to each other or by relating the EIs of current LU/LC with PNV or threshold values. 

 
Table 5.4: Characterizing the environmental stratification, PNV, and threshold approaches concerning their 

reliability, feasibility and relevance; the sub-criteria have been collected from [15, 22, 112-115]. Whether the sub-

criteria are fulfilled is indicated as following: green: fulfillment, yellow: partial fulfillment, red: no fulfillment. 
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5.5 Discussion 

5.5.1 Different approaches – congruent impact/sustainability 

assessments? 

The stratification and PNV approaches show an increase in beneficial and a decrease in harmful EIs 

related to land use intensity, i.e., cropland > plantation forestry > forest, an effect consistent with 

results of Brockerhoff et al. [117]. Both approaches allow to compare the EI of biomass production 

between and within production regions and with each other. For plantation forestry (Satilla watershed 

and Rufiji basin) and forestry (Mulde watershed), forestry in the Mulde watershed had the positive EI 

values as similarly identified in the PNV and stratification approach. However, the relative order 

partly deviates. In that respect, it would produce the most positive EIs if we used biomass from 

forests in central Germany. Practical consequences would be to (i) increase the biomass sourcing 

from beneficial biomass production locations or to (ii) analyze which factors contribute to higher 

positive EIs, e.g., forest management or governance instruments such as certification schemes. 

We compared the congruence of different approaches with the hotspot approach from ESS 

research [110, 27]. We could show that hotspots of the stratification approach and the PNV approach 

do not necessarily agree in their outcome. After quantifying the similarity between the different 

approaches with diagnostic test statistics, we found that defining hotspots based on quantiles may 

create deviating rankings in different land use systems depending (i) on the land use intensity or the 

similarity to the natural state in the region and (ii) on the set of EIs assessed. The comparison showed 

that missing baseline conditions (a natural or desired state of the environment) in the stratification 

approach with quantiles is less reliable in discovering strong or weak human modifications of the 

environment. Baseline conditions should provide or model EIs as independent as possible from 

current land use activities. For example, the share of plantation forestry in the Satilla watershed at the 

EI hotspots is significantly larger for the stratification approach (80%-quantile) (39%) than for the 

PNV approach (1%) for a comparable area (1.1 vs. 0.8 % of the watershed). Stratification may 

overrate the beneficial EI of plantation forestry. In the Rufiji basin, the areas classified as hotspots 

with the PNV approach account for 13.8% of the region, whereas the stratification approach only 

classified 0.7 % of the area as hotspots. In total, stratification more likely provides comparable results 

to PNV if the quantiles to determine hotspots are based on the individual EIs and are not set for the 

entire set of indicators. Therefore, in studies using a hotspot approach, it should be questioned, 

whether it is reasonable to aim for maximizing the set of EIs or ESS, see, e.g., [27]. It may be more 

reasonable to assess whether in an ecosystem or watershed EIs or ESS are balanced or not, see Foley 

et al. [24].  

Threshold values to identify locations with high negative EIs may not always be useful. For 

instance, it is not if most of the area is below environmental thresholds as in our example for sediment 

and P concentrations. It may indicate (i) weak sustainability requirements or (ii) low EI/sustainable 

land use activities. If they indicate sustainable land use activities, thresholds may only identify very 

strong hotspots of negative EIs. Consequently, the EIs of biomass production would be negligible. In 

addition, thresholds may not be defined or available as in one of our examples, the Rufiji basin. 

To consider stakeholders’ preferences with respect to EIs or ESS, it is reasonable to give 

different EIs spatially explicit weights depending on their over- or undersupply. Locations of over- or 

undersupply may be regions or LU/LC classes that strongly deviate from the baseline derived in the 
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PNV approach. However, (participatory) weighting calls for transparent procedures, e.g., to enable 

comparisons between weighted and unweighted states. Obviously, differences in stakeholders’ 

interests and regional preferences or local/regional regulations may lower the comparability of 

threshold-based approaches. 

5.5.2 Reliability, feasibility and relevance of the approaches 

The generally more reliable PNV approach can be improved by (i) assessing a consistent standard set 

of environmental factors, and (ii) providing more transparency to reveal remaining 

inconsistencies, e.g., with a protocol listing additional environmental factors and describing the 

modeling approach. The major advantage of stratification based on a global dataset used in this study 

is that we overcome the potential heterogeneity of the expert-based, regional PNV approach. The 

major advantage of PNV over stratification is that it is less dependent on the minima and maxima 

within the study. For example, if a study region is intensively used, sites with positive EIs may be 

very far from the natural state, but may not be revealed as such. This may be misleading in 

environmental or ESS assessments if sites with high and low management intensity are compared. 

From our production regions, we can conclude that information about land use intensity may help to 

enhance the reliability of the results, i.e., production regions with a more comparable land use 

intensity more likely agree between the PNV and stratification approach, see the hotspot example in 

section 5.4.2. The stratification approach should be amplified by complementary environmental 

factors and validated in additional studies to ensure a comprehensive and comparable removal of 

environmental heterogeneity. The threshold approach provides only a limited indication on the extent 

of the environmental impacts. It classifies land use in locations of positive and negative impacts based 

stakeholders’ or governmental preferences or regulations. In that respect it provides clear answers for 

decision makers. Nevertheless, a general concept to adapt thresholds to environmental heterogeneity 

is not available, e.g., varying sediment loading rates depending on soil type and topography, or setting 

stricter threshold values for vulnerable ecosystems with respect to nutrient input, e.g., peatlands. 

Environmental thresholds for positive EIs or ESS are not readily available except applications 

based on the concept of critical loads for environmental pollutants [114]. Major reasons may be that 

thresholds (i) require considerable effort to thoroughly consider local environmental conditions and 

(ii) may require different methodologies for their development for individual EIs or ESS, e.g., the 

concept of ESS capacities [118]. Such need for individual methodologies for each EI is less suitable 

for an increasing number of studies that assess sets of EIs or ESS and their hot- and coldpots as well 

as their interactions, see Mouchet et al. [28]. 

Recent papers discuss options to assess stakeholders’ preferences regarding the quantity and 

type of acceptable EIs and the levels of positive EIs or ESS, with, e.g., thresholds [18]. Governments 

increasingly assess or prescribe to assess ESS sufficiency in general [18] or the acceptable level of 

EIs, e.g., in the context of biomass for bioenergy [13]. For example, certification schemes, e.g., for 

bioenergy or agriculture and forestry in general, partly require local environmental thresholds to 

ensure low levels of negative EIs [13]. Although both the stratification and PNV approach may 

overcome some reliability and feasibility deficiencies of thresholds, currently they do not seem to be 

in the focus of governments or authorities. One reason for the limited use of the PNV approach may 

be the fact that in many regions a natural state is hardly attainable after long histories of land use 

activities, even if they were stopped [119]. Nevertheless, we consider it advantageous that the PNV 

approach reveals EI-levels in relation to a reference system, i.e. the (potential) natural state. 
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5.6 Conclusions  

We could show that the different approaches, stratification, PNV, and thresholds, in this study allow 

to compare EIs of biomass production between different world regions despite large environmental 

heterogeneity. However, the different approaches to control for environmental heterogeneity rank the 

biomass production systems in deviating orders. With respect to reliability, the PNV approach 

performs best, whereas this approach is less feasible and only partly relevant. Both the environmental 

stratification and threshold approaches revealed several conceptual deficiencies for the intended use. 

Our results indicate that the stratification approach is more feasible for application, while the 

threshold approach could be considered as more relevant, due to the closer links to stakeholders and 

authorities. To address the deficiencies of the PNV and stratification approach identified in this paper, 

additional comparative EI assessments are needed aiming at broader sets of land use activities and 

environmental conditions. Covering major combinations of environmental conditions and socio-

economic factors, e.g., [120], it should be possible to determine the preferred and acceptable level of 

EIs. Such a categorization may help to determine critical intensities of land use relative to PNV. 

Furthermore, additional studies may enable us to identify conditions under which comparable results 

for the PNV and stratification approach can be obtained, or to which extent it is sufficient to apply the 

stratification approach with less environmental parameters compared with the more complex PNV 

approach. Therefore, further studies should investigate, which trade-offs arise between using less 

detailed, but homogenous global datasets and more detailed, but heterogeneous local/regional 

datasets. 
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5.9 Supporting Information 

 
 

Fig. 5.S1: Negative EIs standardized with the stratification, PNV, and threshold approach to control for 

environmental heterogeneity. After applying the stratification, PNV and threshold approach, we can compare each 

EI for different LU/LC (cropland (yellow), plantation forestry (light green) and natural or semi-natural forest (dark 

green)) between and within different case studies. For the stratification approach, each EI is standardized with 𝒇𝒔𝒕𝒓𝒂𝒕 

for each environmental stratum 𝒊, i.e., homogeneous bioclimatic groups; for the PNV approach, the relative 

difference between PNV and the current Environmental impact is displayed with 𝒇𝑷𝑵𝑽; values >0 indicate higher EIs 

in the current LU/LC than for PNV. For the PNV and threshold approach, the relative difference between 

PNV/threshold and the current Environmental impact is displayed with 𝒇𝑷𝑵𝑽 and 𝒇𝒕𝒉𝒓𝒆𝒔𝒉 respectively; values >0 

indicate higher a higher EI creation in the current LU/LC than for PNV/than the threshold. For better visualization, 

the input data for 𝒇𝒔𝒕𝒓𝒂𝒕 as well as the scores 𝒇𝑷𝑵𝑽 and 𝒇𝒕𝒉𝒓𝒆𝒔𝒉 have been transformed with 𝒇𝒕𝒓𝒂𝒏𝒔𝒇𝒐𝒓𝒎. 

 



Worldwide comparison of environmental impacts of biomass production 

171 

 
 

Fig. 5.S2: Comparison of measured and modeled annual sediment (a) and P export (b) for Fig. 5.2 and Fig. 5.S1; the 

station names for the case studies are listed in brackets. The agreement between measured and modeled annual P 

and sediment export ranges from 72 to 114 percent. 
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Table 5.S1: Arithmetic mean of positive and negative EIs for the stratification, PNV, and threshold approaches of the 

data displayed in Fig. 5.2 and Fig. 5.S1. 

 

 

  

mean SD mean SD mean SD mean SD mean SD mean SD

Stratification

Study area 0.63    0.13    0.03    0.06    0.09    0.12    0.00    0.01    0.04    0.11    

Forest 0.74    0.02    0.02    0.05    0.07    0.12    0.00    0.00    0.00    0.00    

Plantation 0.69    0.08    0.02    0.04    0.09    0.11    0.00    0.00    0.03    0.08    

Cropland 0.45    0.00    0.08    0.09    0.14    0.14    0.00    0.01    0.10    0.19    

PNV

Study area 0.47 -   0.36    1.85    2.11    4.31    9.63    0.88 -   0.08    12.40  12.97  9.60    11.74  

Forest 0.18 -   0.22    0.96    1.76    1.88    6.04    0.81 -   0.09    7.66    10.91  0.16    3.28    

Plantation 0.30 -   0.30    1.10    1.76    4.76    10.09  0.91 -   0.04    10.59  11.78  13.06  10.81  

Cropland 0.89 -   0.02    4.02    1.48    6.98    11.86  0.92 -   0.04    20.46  13.36  15.97  12.88  

Threshold

Study area 0.11 -   0.00    0.65 -   0.15    

Forest 0.11 -   0.00    0.69 -   0.00    

Plantation 0.11 -   0.00    0.67 -   0.08    

Cropland 0.11 -   0.00    0.56 -   0.32    

Stratification

Study area 0.49    0.18    0.30    0.16    0.04    0.09    

Forest 0.60    0.14    0.30    0.14    0.02    0.05    

Plantation 0.57    0.06    0.46    0.08    0.03    0.09    

Cropland 0.15    0.05    0.52    0.18    0.02    0.05    

PNV

Study area 0.08 -   0.27    1.14    3.46    3.82    10.56  0.46 -   0.23    

Forest 0.02 -   0.28    0.69    4.07    3.95    10.83  0.40 -   0.23    

Plantation 0.23 -   0.19    1.58    0.69    3.68    10.53  0.80 -   0.12    

Cropland 0.46 -   0.10    4.31    5.59    3.05    9.74    0.74 -   0.13    

Stratification

Study area 0.56    0.21    0.04    0.06    0.08    0.09    0.12    0.15    0.07    0.18    

Forest 0.89    0.04    0.05    0.06    0.05    0.06    0.02    0.05    0.00    0.02    

Cropland 0.44    0.06    0.04    0.06    0.09    0.08    0.22    0.17    0.02    0.06    

PNV

Study area 0.51 -   0.27    0.03 -   0.79    0.95    1.80    0.87 -   0.08    4.54    4.63    9.95    11.63  

Forest 0.10 -   0.17    0.35    0.52    0.37    1.45    0.77 -   0.09    2.18    3.71    3.44    7.21    

Cropland 0.66 -   0.02    0.12 -   0.69    1.40    1.62    0.90 -   0.00    6.92    4.53    12.54  11.72  

Threshold

Study area 0.68 -   0.02    0.27    1.90    

Forest 0.69 -   0.00    0.55 -   0.60    

Cropland 0.67 -   0.03    0.06 -   1.29    
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Table 5.S2: Agreeing options between the stratification (10%-quantile) and PNV approach as well as threshold 

approach for positive and negative EIs; true positive (TP), true negative (TN), false positive (FP), positive predictive 

value (PPV), negative predictive value (NPV). 

 

 
 

Table 5.S3: Agreeing options between the stratification (20%-quantile) and PNV approach as well as threshold 

approach for positive and negative EIs; true positive (TP), true negative (TN), false positive (FP), positive predictive 

value (PPV), negative predictive value (NPV). 

 

 
 

  

Case study Methods Environmental impact TP TN FP FN PPV NPV Sensitivity Specificity

Satilla Stratification/PNV C storage 270,360      53,269         2                   6,166,658   1.00  0.01  0.04         1.00         

Sediment retention 5,010,177   81,589         831,083      567,440      0.86  0.13  0.90         0.09         

P retention 4,497,642   -                1,992,647   -                0.69  NaN 1.00         -            

Rufiji Stratification/PNV C storage 688,086      97,797         1,216           912,818      1.00  0.10  0.43         0.99         

Sediment retention 1,104,436   84,861         425,489      85,131         0.72  0.50  0.93         0.17         

P retention 985,354      -                714,563      -                0.58  NaN 1.00         -            

Mulde Stratification/PNV C storage 609,293      906,832      -                7,592,710   1.00  0.11  0.07         1.00         

Sediment retention 3,477,892   588,579      4,720,059   322,305      0.42  0.65  0.92         0.11         

P retention 5,339,562   -                3,769,273   -                0.59  NaN 1.00         -            

Satilla Stratification/PNV Sediment export 5,377,418   -                1,112,871   -                0.83  NaN 1.00         -            

P export 5,131,148   -                1,359,141   -                0.79  NaN 1.00         -            

Stratification/threshold Sediment export 6,490,284   -                5                   -                1.00  NaN 1.00         -            

P export 6,397,447   -                92,842         -                0.99  NaN 1.00         -            

Mulde Stratification/PNV Sediment export 8,639,093   -                469,742      -                0.95  NaN 1.00         -            

P export 8,009,905   -                1,098,930   -                0.88  NaN 1.00         -            

Stratification/threshold Sediment export 9,108,772   -                63                 -                1.00  NaN 1.00         -            

P export 6,881,740   -                2,227,095   -                0.76  NaN 1.00         -            

Case study Methods Environmental impact TP TN FP FN PPV NPV Sensitivity Specificity

Satilla Stratification/PNV C storage 270,207      1,212,102   155               5,007,825   1.00  0.19  0.05         1.00         

Sediment retention 4,556,138   276,579      636,093      1,021,479   0.88  0.21  0.82         0.30         

P retention 4,497,642   -                1,992,647   -                0.69  NaN 1.00         -            

Rufiji Stratification/PNV C storage 674,850      214,334      14,452         796,281      0.98  0.21  0.46         0.94         

Sediment retention 1,003,352   153,769      356,581      186,215      0.74  0.45  0.84         0.30         

P retention 985,354      -                714,563      -                0.58  NaN 1.00         -            

Mulde Stratification/PNV C storage 609,293      1,819,809   -                6,679,733   1.00  0.21  0.08         1.00         

Sediment retention 3,400,147   1,421,717   3,886,921   400,050      0.47  0.78  0.89         0.27         

P retention 5,339,562   -                3,769,273   -                0.59  NaN 1.00         -            

Satilla Stratification/PNV Sediment export 5,377,418   -                1,112,871   -                0.83  NaN 1.00         -            

P export 5,131,148   -                1,359,141   -                0.79  NaN 1.00         -            

Stratification/threshold Sediment export 6,490,284   -                5                   -                1.00  NaN 1.00         -            

P export 6,397,447   -                92,842         -                0.99  NaN 1.00         -            

Mulde Stratification/PNV Sediment export 6,912,367   95,040         374,702      1,726,726   0.95  0.05  0.80         0.20         

P export 8,009,905   -                1,098,930   -                0.88  NaN 1.00         -            

Stratification/threshold Sediment export 7,287,006   -                63                 1,821,766   1.00  -     0.80         -            

P export 6,881,740   -                2,227,095   -                0.76  NaN 1.00         -            
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Table 5.S4: Agreeing options between the stratification (30%-quantile) and PNV approach as well as threshold 

approach for positive and negative EIs; true positive (TP), true negative (TN), false positive (FP), positive predictive 

value (PPV), negative predictive value (NPV). 

 

 
 

Table 5.S5: Agreeing options between the stratification (40%-quantile) and PNV approach as well as threshold 

approach for positive and negative EIs; true positive (TP), true negative (TN), false positive (FP), positive predictive 

value (PPV), negative predictive value (NPV). 

 

 
 

  

Case study Methods Environmental impact TP TN FP FN PPV NPV Sensitivity Specificity

Satilla Stratification/PNV C storage 270,207      1,212,102   155               5,007,825   1.00  0.19  0.05         1.00         

Sediment retention 4,086,831   456,301      456,371      1,490,786   0.90  0.23  0.73         0.50         

P retention 4,497,642   -                1,992,647   -                0.69  NaN 1.00         -            

Rufiji Stratification/PNV C storage 618,021      373,125      71,281         637,490      0.90  0.37  0.49         0.84         

Sediment retention 895,844      216,252      294,098      293,723      0.75  0.42  0.75         0.42         

P retention 985,354      -                714,563      -                0.58  NaN 1.00         -            

Mulde Stratification/PNV C storage 609,293      2,656,909   -                5,842,633   1.00  0.31  0.09         1.00         

Sediment retention 3,294,289   2,226,743   3,081,895   505,908      0.52  0.81  0.87         0.42         

P retention 5,339,562   -                3,769,273   -                0.59  NaN 1.00         -            

Satilla Stratification/PNV Sediment export 3,727,062   285,463      827,408      1,650,356   0.82  0.15  0.69         0.26         

P export 5,131,148   -                1,359,141   -                0.79  NaN 1.00         -            

Stratification/threshold Sediment export 4,554,465   -                5                   1,935,819   1.00  -     0.70         -            

P export 6,397,447   -                92,842         -                0.99  NaN 1.00         -            

Mulde Stratification/PNV Sediment export 6,120,743   214,301      255,441      2,518,350   0.96  0.08  0.71         0.46         

P export 8,009,905   -                1,098,930   -                0.88  NaN 1.00         -            

Stratification/threshold Sediment export 6,376,121   -                63                 2,732,651   1.00  -     0.70         -            

P export 6,881,740   -                2,227,095   -                0.76  NaN 1.00         -            

Case study Methods Environmental impact TP TN FP FN PPV NPV Sensitivity Specificity

Satilla Stratification/PNV C storage 268,510      2,215,631   1,852           4,004,296   0.99  0.36  0.06         1.00         

Sediment retention 3,605,439   623,938      288,734      1,972,178   0.93  0.24  0.65         0.68         

P retention 3,728,675   1,827,149   165,498      768,967      0.96  0.70  0.83         0.92         

Rufiji Stratification/PNV C storage 553,655      519,129      135,647      491,486      0.80  0.51  0.53         0.79         

Sediment retention 782,887      273,287      237,063      406,680      0.77  0.40  0.66         0.54         

P retention 985,354      -                714,563      -                0.58  NaN 1.00         -            

Mulde Stratification/PNV C storage 609,293      3,522,932   -                4,976,610   1.00  0.41  0.11         1.00         

Sediment retention 3,140,597   2,983,934   2,324,704   659,600      0.57  0.82  0.83         0.56         

P retention 4,962,656   3,266,555   502,718      376,906      0.91  0.90  0.93         0.87         

Satilla Stratification/PNV Sediment export 3,167,185   385,832      727,039      2,210,233   0.81  0.15  0.59         0.35         

P export 5,131,148   -                1,359,141   -                0.79  NaN 1.00         -            

Stratification/threshold Sediment export 3,894,219   -                5                   2,596,065   1.00  -     0.60         -            

P export 6,397,447   -                92,842         -                0.99  NaN 1.00         -            

Mulde Stratification/PNV Sediment export 5,320,868   325,309      144,433      3,318,225   0.97  0.09  0.62         0.69         

P export 5,170,809   804,438      294,492      2,839,096   0.95  0.22  0.65         0.73         

Stratification/threshold Sediment export 5,465,238   -                63                 3,643,534   1.00  -     0.60         -            

P export 3,238,206   -                2,227,095   3,643,534   0.59  -     0.47         -            
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Table 5.S6: Agreeing options between the stratification (median) and PNV approach as well as threshold approach 

for positive and negative EIs; true positive (TP), true negative (TN), false positive (FP), positive predictive value 

(PPV), negative predictive value (NPV). 

 

 
 

Table 5.S7: Agreeing options between the stratification (60%-quantile) and PNV approach as well as threshold 

approach for positive and negative EIs; true positive (TP), true negative (TN), false positive (FP), positive predictive 

value (PPV), negative predictive value (NPV). 

 

 
  

Case study Methods Environmental impact TP TN FP FN PPV NPV Sensitivity Specificity

Satilla Stratification/PNV C storage 255,720      3,228,388   14,642         2,991,539   0.95  0.52  0.08         1.00         

Sediment retention 3,100,245   767,772      144,900      2,477,372   0.96  0.24  0.56         0.84         

P retention 3,242,460   1,989,962   2,685           1,255,182   1.00  0.61  0.72         1.00         

Rufiji Stratification/PNV C storage 723,080      499,674      280,133      197,030      0.72  0.72  0.79         0.64         

Sediment retention 666,811      327,202      183,148      522,756      0.78  0.38  0.56         0.64         

P retention 533,023      397,626      316,937      452,331      0.63  0.47  0.54         0.56         

Mulde Stratification/PNV C storage 609,293      4,513,352   -                3,986,190   1.00  0.53  0.13         1.00         

Sediment retention 2,911,792   3,666,012   1,642,626   888,405      0.64  0.80  0.77         0.69         

P retention 4,360,046   3,574,901   194,372      979,516      0.96  0.78  0.82         0.95         

Satilla Stratification/PNV Sediment export 2,622,905   490,631      622,240      2,754,513   0.81  0.15  0.49         0.44         

P export 3,237,302   1,351,297   7,844           1,893,846   1.00  0.42  0.63         0.99         

Stratification/threshold Sediment export 3,245,140   -                5                   3,245,144   1.00  -     0.50         -            

P export 3,152,304   -                92,842         3,245,143   0.97  -     0.49         -            

Mulde Stratification/PNV Sediment export 4,512,454   427,778      41,964         4,126,639   0.99  0.09  0.52         0.91         

P export 4,368,449   912,961      185,969      3,641,456   0.96  0.20  0.55         0.83         

Stratification/threshold Sediment export 4,554,355   -                63                 4,554,417   1.00  -     0.50         -            

P export 2,327,323   -                2,227,095   4,554,417   0.51  -     0.34         -            

Case study Methods Environmental impact TP TN FP FN PPV NPV Sensitivity Specificity

Satilla Stratification/PNV C storage 255,720      3,228,388   14,642         2,991,539   0.95  0.52  0.08         1.00         

Sediment retention 2,543,874   860,430      52,242         3,033,743   0.98  0.22  0.46         0.94         

P retention 2,595,995   1,992,517   130               1,901,647   1.00  0.51  0.58         1.00         

Rufiji Stratification/PNV C storage 506,254      831,224      183,048      179,391      0.73  0.82  0.74         0.82         

Sediment retention 547,454      377,837      132,513      642,113      0.81  0.37  0.46         0.74         

P retention 477,165      511,755      202,808      508,189      0.70  0.50  0.48         0.72         

Mulde Stratification/PNV C storage 609,293      5,370,267   -                3,129,275   1.00  0.63  0.16         1.00         

Sediment retention 2,581,392   4,246,496   1,062,142   1,218,805   0.71  0.78  0.68         0.80         

P retention 3,555,997   3,681,736   87,537         1,783,565   0.98  0.67  0.67         0.98         

Satilla Stratification/PNV Sediment export 2,088,435   605,190      507,681      3,288,983   0.80  0.16  0.39         0.54         

P export 2,591,079   1,354,102   5,039           2,540,069   1.00  0.35  0.50         1.00         

Stratification/threshold Sediment export 2,596,111   -                5                   3,894,173   1.00  -     0.40         -            

P export 2,503,276   -                92,842         3,894,171   0.96  -     0.39         -            

Mulde Stratification/PNV Sediment export 3,637,570   463,778      5,964           5,001,523   1.00  0.08  0.42         0.99         

P export 3,520,086   975,482      123,448      4,489,819   0.97  0.18  0.44         0.89         

Stratification/threshold Sediment export 3,643,471   -                63                 5,465,301   1.00  -     0.40         -            

P export 1,416,439   -                2,227,095   5,465,301   0.39  -     0.21         -            
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Table 5.S8: Agreeing options between the stratification (70%-quantile) and PNV approach as well as threshold 

approach for positive and negative EIs; true positive (TP), true negative (TN), false positive (FP), positive predictive 

value (PPV), negative predictive value (NPV). 

 

 
 

Table 5.S9: Agreeing options between the stratification (80%-quantile) and PNV approach as well as threshold 

approach for positive and negative EIs; true positive (TP), true negative (TN), false positive (FP), positive predictive 

value (PPV), negative predictive value (NPV). 

 

 
  

Case study Methods Environmental impact TP TN FP FN PPV NPV Sensitivity Specificity

Satilla Stratification/PNV C storage 255,264      3,932,250   15,098         2,287,677   0.94  0.63  0.10         1.00         

Sediment retention 1,935,790   901,375      11,297         3,641,827   0.99  0.20  0.35         0.99         

P retention 1,947,079   1,992,639   8                   2,550,563   1.00  0.44  0.43         1.00         

Rufiji Stratification/PNV C storage 451,033      910,446      238,269      100,169      0.65  0.90  0.82         0.79         

Sediment retention 423,342      423,717      86,633         766,225      0.83  0.36  0.36         0.83         

P retention 389,707      594,295      120,268      595,647      0.76  0.50  0.40         0.83         

Mulde Stratification/PNV C storage 609,293      6,361,460   -                2,138,082   1.00  0.75  0.22         1.00         

Sediment retention 2,136,183   4,712,170   596,468      1,664,014   0.78  0.74  0.56         0.89         

P retention 2,700,669   3,737,291   31,982         2,638,893   0.99  0.59  0.51         0.99         

Satilla Stratification/PNV Sediment export 1,569,502   735,286      377,585      3,807,916   0.81  0.16  0.29         0.66         

P export 1,944,185   1,356,239   2,902           3,186,963   1.00  0.30  0.38         1.00         

Stratification/threshold Sediment export 1,947,082   -                5                   4,543,202   1.00  -     0.30         -            

P export 1,854,245   -                92,842         4,543,202   0.95  -     0.29         -            

Mulde Stratification/PNV Sediment export 2,731,419   468,510      1,232           5,907,674   1.00  0.07  0.32         1.00         

P export 2,658,338   1,024,617   74,313         5,351,567   0.97  0.16  0.33         0.93         

Stratification/threshold Sediment export 2,732,588   -                63                 6,376,184   1.00  -     0.30         -            

P export 505,556      -                2,227,095   6,376,184   0.19  -     0.07         -            

Case study Methods Environmental impact TP TN FP FN PPV NPV Sensitivity Specificity

Satilla Stratification/PNV C storage 255,264      3,932,250   15,098         2,287,677   0.94  0.63  0.10         1.00         

Sediment retention 1,295,810   910,424      2,248           4,281,807   1.00  0.18  0.23         1.00         

P retention 1,298,056   1,992,645   2                   3,199,586   1.00  0.38  0.29         1.00         

Rufiji Stratification/PNV C storage 451,033      910,446      238,269      100,169      0.65  0.90  0.82         0.79         

Sediment retention 292,428      462,794      47,556         897,139      0.86  0.34  0.25         0.91         

P retention 284,942      659,521      55,042         700,412      0.84  0.48  0.29         0.92         

Mulde Stratification/PNV C storage 608,219      7,285,954   1,074           1,213,588   1.00  0.86  0.33         1.00         

Sediment retention 1,575,703   5,062,574   246,064      2,224,494   0.86  0.69  0.41         0.95         

P retention 1,810,236   3,757,742   11,531         3,529,326   0.99  0.52  0.34         1.00         

Satilla Stratification/PNV Sediment export 1,081,472   896,285      216,586      4,295,946   0.83  0.17  0.20         0.81         

P export 1,297,215   1,358,298   843               3,833,933   1.00  0.26  0.25         1.00         

Stratification/threshold Sediment export 1,298,053   -                5                   5,192,231   1.00  -     0.20         -            

P export 1,205,216   -                92,842         5,192,231   0.93  -     0.19         -            

Mulde Stratification/PNV Sediment export 1,821,485   469,460      282               6,817,608   1.00  0.06  0.21         1.00         

P export 1,793,630   1,070,793   28,137         6,216,275   0.98  0.15  0.22         0.97         

Stratification/threshold Sediment export 1,821,704   -                63                 7,287,068   1.00  -     0.20         -            

P export 10                 405,338      1,821,757   6,881,730   0.00  0.06  0.00         0.18         
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Table 5.S10: Agreeing options between the stratification (90%-quantile) and PNV approach as well as threshold 

approach for positive and negative EIs; true positive (TP), true negative (TN), false positive (FP), positive predictive 

value (PPV), negative predictive value (NPV). 

 

 
 

Table 5.S11: Agreeing options between the stratification (arithmetic mean) and PNV approach as well as threshold 

approach for positive and negative EIs; true positive (TP), true negative (TN), false positive (FP), positive predictive 

value (PPV), negative predictive value (NPV). 

 

 
 

Table 5.S12: Agreeing options between the PNV and the threshold approach for negative EIs; true positive (TP), true 

negative (TN), false positive (FP), positive predictive value (PPV), negative predictive value (NPV). 

 

 

  

Case study Methods Environmental impact TP TN FP FN PPV NPV Sensitivity Specificity

Satilla Stratification/PNV C storage 254,524      5,366,635   15,838         853,292      0.94  0.86  0.23         1.00         

Sediment retention 648,305      911,948      724               4,929,312   1.00  0.16  0.12         1.00         

P retention 649,029      1,992,647   -                3,848,613   1.00  0.34  0.14         1.00         

Rufiji Stratification/PNV C storage 451,033      910,446      238,269      100,169      0.65  0.90  0.82         0.79         

Sediment retention 152,961      493,319      17,031         1,036,606   0.90  0.32  0.13         0.97         

P retention 158,208      702,779      11,784         827,146      0.93  0.46  0.16         0.98         

Mulde Stratification/PNV C storage 606,071      8,194,645   3,222           304,897      0.99  0.96  0.67         1.00         

Sediment retention 872,486      5,270,240   38,398         2,927,711   0.96  0.64  0.23         0.99         

P retention 909,280      3,767,669   1,604           4,430,282   1.00  0.46  0.17         1.00         

Satilla Stratification/PNV Sediment export 609,932      1,073,774   39,097         4,767,486   0.94  0.18  0.11         0.96         

P export 649,029      1,359,141   -                4,482,119   1.00  0.23  0.13         1.00         

Stratification/threshold Sediment export 649,024      -                5                   5,841,260   1.00  -     0.10         -            

P export 556,187      -                92,842         5,841,260   0.86  -     0.09         -            

Mulde Stratification/PNV Sediment export 910,829      469,687      55                 7,728,264   1.00  0.06  0.11         1.00         

P export 910,466      1,098,512   418               7,099,439   1.00  0.13  0.11         1.00         

Stratification/threshold Sediment export 910,821      -                63                 8,197,951   1.00  -     0.10         -            

P export 4                   1,316,215   910,880      6,881,736   0.00  0.16  0.00         0.59         

Case study Methods Environmental impact TP TN FP FN PPV NPV Sensitivity Specificity

Satilla Stratification/PNV C storage 256,080      3,088,707   14,282         3,131,220   0.95  0.50  0.08         1.00         

Sediment retention 1,557,133   908,693      4,020,484   3,979           0.28  1.00  1.00         0.18         

P retention 383,965      -                6,106,319   5                   0.06  -     1.00         -            

Rufiji Stratification/PNV C storage 512,439      786,365      176,863      224,250      0.74  0.78  0.70         0.82         

Sediment retention 645,324      336,643      173,707      544,243      0.79  0.38  0.54         0.66         

P retention 336,083      631,302      83,261         649,271      0.80  0.49  0.34         0.88         

Mulde Stratification/PNV C storage 609,293      6,455,818   -                2,043,724   1.00  0.76  0.23         1.00         

Sediment retention 1,950,846   4,850,159   458,479      1,849,351   0.81  0.72  0.51         0.91         

P retention 3,489,899   3,689,224   80,049         1,849,663   0.98  0.67  0.65         0.98         

Satilla Stratification/PNV Sediment export 377,097      1,105,998   5,000,321   6,873           0.07  0.99  0.98         0.18         

P export 928,978      1,359,118   23                 4,202,170   1.00  0.24  0.18         1.00         

Stratification/threshold Sediment export 5,377,414   1                   1,112,870   4                   0.83  0.20  1.00         0.00         

P export 836,159      -                92,842         5,561,288   0.90  -     0.13         -            

Mulde Stratification/PNV Sediment export 3,326,842   466,401      3,341           5,312,251   1.00  0.08  0.39         0.99         

P export 1,433,737   1,091,037   7,893           6,576,168   0.99  0.14  0.18         0.99         

Stratification/threshold Sediment export 3,330,120   -                63                 5,778,652   1.00  -     0.37         -            

P export 8                   785,473      1,441,622   6,881,732   0.00  0.10  0.00         0.35         

Case study Methods Ecosystem disservice TP TN FP FN PPV NPV Sensitivity Specificity

Satilla PNV/threshold Sediment export 5,377,414   1                   4                   1,112,870   1.00  0.00  0.83         0.20         

P export 5,038,306   -                92,842         1,359,141   0.98  -     0.79         -            

Mulde PNV/threshold Sediment export 8,639,030   -                63                 469,742      1.00  -     0.95         -            

P export 5,832,715   49,905         2,177,190   1,049,025   0.73  0.05  0.85         0.02         
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6 Synthesis and discussion 

6.1 Suitability of certification schemes for a sustainability assessment 

The current globally applicable and EU-centric governance mechanisms, sustainability certification 

schemes, showed several deficiencies as shown in detail in chapter 2. Four major deficiencies (i-iv) 

and their implications will be discussed within and beyond the scope of bioenergy in this section.  

(i) Certification schemes as market driven tools predominately aimed at feasible indicators 

and were partly aligned with legislative requirements. In that respect, if clearly defined requirements 

in the EU RED exist, certification schemes will implement very precise C&Is. For example, 

conversion of “land with high biodiversity value” or” high carbon stocks” (Art. 17 [1]) is not allowed. 

However, fuzzy requirements led to diverging indicator sets in certification schemes. Fuzzy 

requirements were often included as vague formulations in the EU RED, e.g., to consider impacts on 

soil and water or on “basic ecosystem services” [1]. Most certification schemes used more feasible 

than reliable indicators for the less specified requirements for environmental impacts. For example, 

they often measured drivers instead of the actual environmental response of biomass production, thus 

reducing the reliability (c.f. chapter 2). An example would be accounting for the area of clearcuts in 

pine plantations instead of assessing water quality impacts due to potentially increased erosion rates.  

This dissertation confirms the rational of existing research, e.g., Scarlat and Dallemand [2], to 

prescribe minimum sustainability requirements. For environmental impact categories without 

minimum requirements such as soil quality, certification schemes strongly differ in their quality and 

comprehensiveness (c.f. chapter 2). Therefore, a comparable assessment for different environmental 

impact categories without minimum standards is hardly given. In that respect, certification schemes 

could be improved upon with a legally defined minimum set of indicators for each environmental 

impact category, and the obligation to develop additional indicators complementing the minimum set. 

This approach has the advantage to allow at least for a minimum comparability of certification 

schemes. It also ensures that certification schemes go beyond the minimum requirements in the 

underlying legislation, which was the case for biodiversity indicators in certification schemes (c.f. 

chapter 2). However, independent from the fact that certification schemes for the EU RED could be 

improved and more harmonized, it is crucial that they not only reflect the European notion for 

sustainable biomass production. Van Dam et al. [3] identified that the EU is exporting their 

environmental sustainability criteria  to third countries insufficiently considering local needs such as 

food security in the social sustainability dimension, especially from developing countries. This fact is 

also problematic in other global governance initiatives for sustainability such as the Clean 

Development Mechanism [4]. Therefore, the EU should more precisely define their criteria for 

certification schemes. Future certification schemes should also consider the preferences of national or 

regional authorities and affected local stakeholders in the biomass producing countries. It may be 

therefore reasonable to question to which extent is sufficient to rely on voluntary international 

certification schemes without strengthening the national governance of producing countries as a 

crucial question for certification schemes in general [5]. 

(ii) Certification schemes predominately applied indicators on management practices at the 

plot/field scale without aggregating them to the landscape scale. For example, certification schemes 

assessed the use of irrigation practices for the individual farmer but disregarded the impact of large-

scale water abstraction of multiple farmers at the watershed level. These findings hint to a general 
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problem for voluntary certification schemes beyond bioenergy. Voluntary certification schemes of 

other products like coffee, for instance, are equally elaborate for identifying environmentally harmful 

management practices at the plot scale [6]. However, they are rather weak in assessing the large scale 

impact of land-use change arising due to increased production of cash crops for the world market [5]. 

As this issue exists not only in the context of bioenergy but also for other agricultural or forestry 

production areas, it might reasonable to put it on the policy agenda for environmental treaties and 

(voluntary) certification schemes for sustainable forestry and agricultural production for the world 

market. 

(iii) Certification schemes hardly linked ESS use such as biomass for bioenergy with 

underlying ecosystem structures and processes. Environmental feedbacks and interaction were barely 

analyzed [7]. Indicators in certification schemes typically considered immediate impacts of land use 

on ESS. For example, they assume a direct link that irrigation practices enhance or reduce water use. 

But certification schemes often do not consider the impacts of changed irrigation practices on ground- 

and surface water resources and underlying processes of the regional water cycle. Intermediate 

buffering or amplifying environmental processes or human activities are not taken into account but 

shown as relevant by Niemeijer and de Groot [8] in general and in chapter 2 for bioenergy 

certification schemes. The developed analytical framework for biomass for bioenergy could also be 

used to analyze assessment approaches for biomass and agricultural production systems such as 

certification schemes for forestry or agriculture or indicator based assessments by governmental 

agencies. Biermann et al. [5] revealed that such complex interactions are equally missing in 

regulatory frameworks in the context of water governance and ESS assessments at the landscape 

scale. The developed analytical framework could be used as a starting point to assess the quality and 

comprehensiveness of environmental monitoring schemes for water management. For example, 

Vlachopoulou et al. [9] identified links between the Water Framework Directive and the ESS cascade 

applied in this dissertation (c.f. chapter 2). Revising the indicators in the analytical framework 

developed in chapter 2 on water quality and quantity and underlying ecosystem structures and 

processes would allow for the evaluation of alternative water management options within the EU. 

This revision of indicators in the analytical framework might also be equally applicable to the critical 

load concept as applied in the US. Applying the analytical framework may reveal limitations in the 

schemes and guide improvement options. Poppy et al. [10] reveal that payment schemes for ESS 

often focus on a single ESS instead of ESS bundles and their interaction. Therefore, the analytical 

framework (c.f. chapter 2) could be used to compare different payment schemes for ESS assessing 

their effectiveness in improving the supply of multiple ESS and underlying environmental 

interactions. However, the analysis of certification schemes in this dissertation and the developed 

analytical framework focused on assessing the human impact on the environment reflecting the 

dominant notion in the EU RED as underlying legislation [11]. Future research should provide an 

integrated and balanced analysis of socio-economic and environmental impacts to obtain a more 

complete impact assessment of biomass production systems as equally identified by Awudu and 

Zhang [12]. This dissertation also agrees with Fischer et al. [13] that several processes at the social 

side of socio-ecological systems need more research effort as in the context of governance of natural 

resources like biomass production. 

(iv) Certification schemes also did not propose or require a methodology to compare the 

environmental or ESS impacts of a biomass production system with a baseline such as an ecosystem’s 

capacity. Indicators often miss target values, thresholds, or “wishful” environmental conditions (e.g., 
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PNV) to assess the absolute or relative compliance of the biomass production system with 

sustainability requirements. To overcome these issues, this dissertation proposed a set of capacity 

indicators such as the maximum nutrient removal potential or a minimum viable species population 

size (c.f. chapter 2). Meijaard et al. [14] equally propose this for ESS in forest certification schemes. 

However, the reliability, feasibility, and relevance of different approaches for multiple ESS have been 

discussed in chapter 5. For removing most of the environmental heterogeneity, the PNV approach 

should be taken. For a worldwide consistent application with minimal effort, the stratification 

approach should be taken as one globally applicable dataset exists and no second modeling round for 

environmental impacts is needed. Therefore, a more likely implementation would be the stratification 

approach due to the strong preference towards feasibility in certification schemes. However, the 

currently only named concept in certification schemes is the threshold approach, which performed 

rather badly with respect to reliability and feasibility. Nevertheless, it is still seen as most relevant by 

stakeholders and government agencies as shown in chapter 5. Therefore, the implementation barrier 

for the PNV and stratification approach is likely higher than for a threshold approach. 

6.2 Ecosystem service assessments in different biomass production systems at 

the regional scale 

This dissertation filled the gap on assessing the environmental sustainability of biomass production at 

the regional scale and demonstrated the relevance of landscape structure for bundles of ESS instead of 

studies for single ESS (c.f. chapter 3). The assessment of multiple ESS based on simulated SRC 

plantations allowed to close the research gap of missing impact assessments of commercial-scale SRC 

plantations (c.f. chapter 4). This section discusses (i) implications of the results for regional scale 

environmental assessments for bioenergy and (ii) social and environmental implications of regional 

scale SRCs’ deployment as an example for novel biomass production options. 

(i) The regional analyses of ESS impacts and their drivers (c.f. chapters 3 to 5) showed that it 

is insufficient to apply a governance mechanism like certification schemes that focuses on single 

feedstock producers (e.g., farmers, foresters), and to prescribe management practices at the plot/field 

scale as discussed in chapter 6.1. In both a plantation forestry and an agriculturally dominated 

watershed in the Southeastern US, indicators on landscape structure and naturalness explained more 

than 30 percent of the variation in supply for multiple ESS (c.f. chapter 3), thus confirming the 

conceptual ideas of Birkhofer et al. [15]. For SRCs, this dissertation partly disagrees with Holland et 

al. [16] based on a synthesis of studies for the plot/field scale or with Manning et al. [17] discussing it 

conceptually. An increasing share of SRCs in the landscape, in different scenarios between 2 and 24% 

of the study area, did not raise the number of balanced ESS bundles as defined by Foley et al. [18]. 

However, as shown for the study regions in the Southeastern US (c.f. chapter 3) various landscape 

factors like landscape naturalness and structure as well as soil, topography, and climate parameters 

may all equally influence ESS supply and the occurrence of ESS bundles. For that reason, 

certification schemes could integrate indicators on landscape structure and naturalness in their 

assessments to test for comparable sustainability standards in globally distributed biomass production 

regions. Studies within (c.f. chapter 4) beyond the scope of bioenergy (Qiu and Turner [19]) have 

shown that landscape structure may explain the occurrence of hot and cold spots of ESS bundles. 

Syrbe and Walz [20] conceptually discuss the impact of landscape structure on ESS.  
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To overcome these limitations of assessments at the plot scale, certification schemes should 

assess the impact of land use and management in the entire landscape to avoid ESS trade-offs, 

especially with the tools used in this dissertation: InVEST [21], Globio [22], and SWB [23]. An 

integration of regional-scale assessments into certification schemes seems more reliable in contrast to 

exclusively relying on assessments by regional or national authorities in the respective feedstock 

production regions, and they may help to reduce unwanted ESS trade-offs. Without assessments at the 

regional scale, it is impossible to determine whether ESS trade-offs are reduced through 

environmentally sound management practices. The latter approach is unlikely to be fruitful in practice 

in countries with variable or absent legal frameworks and functioning governance bodies for 

landscape planning. Prior to such analysis, one should conduct further studies in major (solid) 

biomass and crop production regions to underpin these findings for the Southeastern US. However, it 

was possible to show the implications for the Southeastern US, the expected major exporting region 

of modern solid biomass (i.e., wood pellets) to the EU by 2020 [24], and a potential future exporting 

region, Tanzania, [25]. Nevertheless, further empirical validation under different environmental and 

management conditions would help to generalize the results. 

With respect to ESS research beyond bioenergy, this dissertation equally helped to close the 

spatial incongruence between local/plot scale experimental research on ESS and the need for 

knowledge on ESS bundles and their interactions at the regional scale, e.g., for policy making [15]. It 

also showed in chapter 3, how the focus of existing studies on ESS synergies and trade-offs either on 

agricultural (e.g., Power [26]) or forestry production systems (e.g., Cademus et al. [27]) could be 

overcome. However, these results from individual case studies need to be synthesized and to be tested 

for suitability in less human modified landscapes and for other globally distributed land-use systems. 

(ii) Considering the demand for solid biomass of current CHP plants in the case study in the 

Mulde watershed in Central Germany (about 50,000 t per year), SRCs hardly positively affected 

regulating ESS. The corresponding SRC production on 2% of the study area reduced sediment and P 

export by 2%, and biodiversity, i.e., an increase in habitat quality by 2% (c.f. chapter 4). Only a 

significant increase largely beyond regional solid biomass demand for CHP plants enhanced the 

supply of regulating ESS (c.f. chapter 4). For use in policy and practice, the results showed that SRCs 

hardly enhanced ESS and biodiversity in deployment scenarios for the current market and political 

environment, i.e., fulfilling the requirements for EFAs in the CAP entirely with SRCs. If SRCs should 

be used to enhance regulating ESS supply and biodiversity, it would (a) be at the price of a 

considerable loss of food and feed production, (b) assume super-regional demand for biomass from 

SRCs, and (c) require considerable subsidy payments to stimulate commercial deployment or the 

implementation of legislative instruments such as the EFAs in the CAP. For (a), it is necessary to 

compare the indirect impacts of the displacement of substituting production options. Indirect land-use 

change and associated positive or negative sustainability impacts may equally occur. For (b), it would 

require super-regional competitiveness, which is hardly given even for the local market as shown in 

the scenario with standard demand for solid biomass for SRCs in chapter 4. For (c), it may be more 

reasonable to compare SRCs with other options like the use of catch or cover crops. Such comparison 

may help to identify the relative efficiency of SRCs. 

6.3 Comparison of worldwide biomass production systems 

This dissertation showed that regional environmental impacts and ESS can be modeled in a similar 

manner in biomass production regions in different parts of the world. This section discusses (i) major 
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technical challenges and (ii) potential options for the future application of sustainability assessments 

beyond the scope of bioenergy. 

(i) The analysis of certification schemes identified the need for an approach to make 

environmental impacts comparable for biomass production options in different world regions; 

Certification schemes missed such an approach (e.g., thresholds or target values) (c.f. chapter 2). The 

comparison of environmental impacts of land use options requires controlling for environmental 

heterogeneity (c.f. chapter 5). The stratification and PNV approaches show decreasing beneficial and 

lower harmful environmental impacts relative to land use intensity, i.e., cropland > plantation forestry 

> forest, as stated in Brockerhoff et al. [28]. For solid biomass production options, plantation forestry 

(Southeastern US and Tanzania) and forestry (Central Germany), the PNV and stratification approach 

identified forestry in Central Germany with the highest amount of positive environmental impacts 

(carbon storage, sediment retention, and phosphorous retention). In contrast to comparing biomass 

production systems with mostly homogenous datasets as chapter 3, any approach to model 

environmental or ESS impacts at the global scale needs to consider the heterogeneity in the locally 

available datasets (c.f. chapter 5). For example, the biomass production region in Tanzania partially 

required using global datasets at low spatial resolution, whereas ESS modeling in the Southeastern 

US mostly relied on local datasets with high spatial resolution. Equally, global heterogeneous 

availability of data delimits choice of environmental impact and ESS modeling tools. For example, 

changes in groundwater recharge as one major concern regarding bioenergy production [29] is hardly 

possible due to missing options for validation as it was case in Tanzania. 

(ii) Beyond the focus of biomass production for bioenergy, this dissertation clarified the 

deficiencies of the different approaches to control for environmental heterogeneity for an absolute or 

relative environmental sustainability assessment. Comparable to the EU Water Framework Directive 

that aims in an abstract way at achieving the natural state of water bodies [30], the more reliable PNV 

or the more feasible stratification approach could be seen as starting point to create such needed 

reference state for different environmental impacts or ESS in different land-use systems worldwide. 

Applying these approaches, one may go beyond the approach in chapter 3 relating the sets of ESS or 

environmental impacts for different LU/LC classes within a study. Beyond the stratification approach, 

modelling ESS supply based on PNV helps to assess the distance from the natural state of current 

ESS supply to implement an assessment as conceptually discussed in Foley et al. [18]. Applying this 

approach to different production regions for one commodity, e.g., biomass or crop production, will 

allow to assess the current human alteration of the ecosystem [31]. It may provide a basis for 

stakeholder consultation based on the information of how far a current land-use system is away from 

the (potential) natural reference state. The stakeholder discussions would receive neutral reference 

conditions to decide whether the management intensity or the LU/LC composition should be 

modified. The preferences will differ between stakeholder groups, but also between developed and 

developing countries as demonstrated for water related environmental impacts or ESS [30]. 

Depending on the societal discourse, the acceptable level of environmental impacts or the required 

level of ESS may largely vary, but may range between the outcome for the PNV approach and an 

intensively managed agricultural or forestry systems, disregarding highly urbanized and industrialized 

regions. Several normative questions arise in this context and with respect to future research for 

implementation: Which state of the land-use system do local and remote stakeholders, e.g., in 

biomass importing regions, prefer? How should different stakeholders’ preferences be considered? 
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6.4 Conclusions and future research needs 

The focus of this dissertation was to assess regional environmental and ESS impacts of biomass 

production for bioenergy promoted by the EU RED. The EU RED contributed to rising global 

biomass trade for bioenergy and the need for comparing regional environmental and ESS impacts 

worldwide as shown in chapter 5. However, this issue may need to be tackled in general for 

agricultural and forest products. (i) Ahead of bioenergy policies, forest protection policies have 

already started to displace the demand for and production of forestry and agricultural products to 

other countries in the world with weaker governance structures [32]. (ii) The biomass resources 

assessed in this dissertation may not only serve an energetic but also a material use, as shown in 

chapter 3 for the increasing availability of forest biomass for bioenergy due to a decline in the pulp 

and paper industry in the Southeastern US. (iii) For other bioenergy feedstocks such as corn cobs, the 

food vs. fuel debate showed strong interlinkages of the markets for food and bioenergy [33], which 

calls for environmental assessments independent from the final use. Therefore, the findings in this 

dissertation for biomass for bioenergy hint to three major challenges that future research may analyze 

in the context of environmental and ESS assessments for agricultural and forestry production systems. 

First (i), to identify the regional environmental impacts of global trade of agricultural and forestry 

products, it is necessary to create the link between tradeflows and regional environmental and ESS 

assessments. Secondly (ii), it is necessary to improve the methods for modeling ESS supply and 

demand consistently to determine which environmental impacts of global trade flows are critical for 

regional stakeholders. Finally (iii), it is necessary to consider how the first two steps could be 

transferred from individual model crops or products and case studies to further products and world 

regions; the first two research needs are hardly implementable for all agricultural and forestry 

products and all world regions in a quite realistic and feasible manner: 

 

i. Linking global trade flows of forestry and agricultural products with regional 

environmental and ESS assessments 

Beyond the bioenergy focus, increasing global trade of raw or processed agricultural or forestry 

products may induce further land-use change. Several existing spatially explicit global environmental 

models link global economic models on trade flows, with global, standardized environmental impact 

indicators, see Davis et al. [34] for an exemplary study on CO2 emissions. However, human induced 

socioeconomic changes in land-use systems such as enhanced biomass production have regionally 

varying impacts and should not be modeled at a global scale [35]. Common approaches miss to link 

global trade flows, one of the major driving forces of land-use change, with local/regional process 

based models [32] that include an understanding of socio-economic and environmental processes. For 

example, Dale et al. [36] state that soil and water quality impacts of land-use change are not 

reasonably covered by standardized and non-place-based indicators as used in LCAs. Spatially 

explicit assessments can consider the impact of landscape heterogeneity on environmental impacts or 

ESS [37]. 

Global trade flows of agricultural and forestry products, which are a major driver of land-use 

change, can be conceptualized in various ways. Henders and Ostwald [38] identified a variety of 

methods such as material flow analysis or multi-regional-input-output models that may be used as a 

starting point to model distant drivers of land-use change, i.e., teleconnections. On the one hand, 

generic trade flow models, neither crop nor biomass production system specific, often miss 
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information on land management or socio-economic factors such as population growth or changes in 

consumption patterns. Considering these factors may improve the accuracy of trade-flow patterns, 

which could change regional land use systems and ESS, see Poppy et al. [10]. On the other hand, 

coupling the mentioned ESS models with models conceptualizing teleconnections comprehensively 

and detailed for all relevant natural resources may create too much complexity and hinder further 

application. Therefore, it might be reasonable to focus on model crops or products and several case 

study regions first. In that respect, the approaches of regional scale environmental and ESS 

assessments (c.f. chapters 3 and 4) and the worldwide comparison of regional studies (c.f. chapter 5) 

could contribute to future investigations on how changes in agricultural or forestry products trade 

flows affect the balance of regional ESS supply and demand. Regional production for the world 

market beyond the regional scale may change regional supply and demand patterns of ESS. 

 

ii. Modeling ESS demand and supply consistently and reliably 

Chapters 3, 4, and 5 have exemplarily demonstrated regional environmental and ESS assessment 

approaches for various agricultural and forestry production systems. The spatial modeling of ESS or 

environmental impacts may be done with InVEST [21] or other assessment tools such as ESTIMAP 

[39] or SWB [23]. However, the named tools are developed for static modeling of environmental 

impacts or ESS based on biophysical input data and predominately emphasize on the supply 

perspective. ESS modeling approaches often have a low temporal resolution ESS supply [15], e.g., 

annual values, although ESS demand and supply for many ESS may seasonally fluctuate, e.g., water 

supply and demand in comparison between the dry and the rainy season. 

Wolff et al. [40] reviewed few existing studies on assessing ESS demand. They request to 

improve the assessment of ESS demand and to adapt the assessment techniques depending on the 

individual ESS, which includes improvements with respect to spatial and temporal resolution. With 

respect to this dissertation, conceptually refined ESS demand modeling would allow for the 

improvement of results in chapter 3. It would also allow to assess ESS instead of environmental 

impacts, done in chapter 5. In this context, it is necessary to consider that ESS will be only realized if 

ESS supply and demand meet at the relevant spatial and temporal scales. 

iii. Transferability of results from case studies 

One option is to transfer regional case study results as gained in chapters 3, 4, and 5. Therefore, it 

may be reasonable to first apply ESS models to model specific natural resources or land-system 

archetypes, representative combinations of land use intensity, environmental conditions and 

socioeconomic factors [41], to identify drivers of ESS supply and demand. Such analysis could 

delimit the number of decisive socio-economic and environmental factors. However, the large scale 

of the land system archetypes requires spatial and qualitative refinements, especially due to partly 

misleading aggregations for applications at the regional scale. Therefore, further research on the 

transferability of regional case study results is needed and different options such as methods from 

meta-analyzes need to be evaluated. 
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