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‘We are drowning in information but starved for knowledge.’ 

John Naisbitt [1] 
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Preface 

This dissertation begins with the citation: ‘We are drowning in information but starved for 

knowledge.’ [1]. Living in the era of knowledge-centric views and increasing global networking, 

where vast amounts of information are placed in the hands of researchers and decision-makers, 

holds challenges. Every year, 1.346 million scientific articles are published in 23,750 journals [2]. The 

number of articles is even growing by 2.5% per year [3]. Attempts to be aware of, access, and 

process this gigantic volume of information constitute a major challenge. Hence, the question arises 

how a human being can consider all information relevant for the task at hand and avoid the 

‘reinvention of the wheel’. This question becomes even more relevant as researchers and decision-

makers have to cope with transdisciplinary work. Transdisciplinary work integrates knowledge and 

methods across conventional academic disciplines such as natural (physics, biology etc.) and social 

science (psychology, sociology etc.), and real world practice to gain a more comprehensive 

understanding. Solving real world environmental problems requires transdisciplinary approaches.  

In this dissertation methods were examined that save us from drowning in information. The 

dissertation provides insights into knowledge management techniques such as databases and 

discusses how to optimize the organization of information based on transdisciplinary databases. 

Recommendations are given that may enhance the incorporation of information from 

transdisciplinary approaches into evidence-based decision-making.  

Due to my background as a geographer and landscape ecologist, I am familiar with opportunities 

and challenges of transdisciplinary approaches. During my studies abroad and later work as a 

scientific consultant, I gained experience in diverse knowledge management tasks linked to 

transdisciplinary projects. These skills and experiences primed me to design and conduct this 

dissertation.  
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Summary 

Concepts determine the way in which we perceive and shape the world. The ecosystem service (ES) 

concept is seen as an integrative approach that helps us to understand more clearly the links 

between nature and human well-being with the aim of more sustainable decision-making. 

Incorporating ES information into decision-making (mainstreaming), however, is a long-term project 

and requires successfully addressing a number of impediments. One impediment to a 

comprehensive mainstreaming of ES is the lack of standards that define terminology, acceptable 

data and methods, and reporting requirements for sharing consistent information on ES. With the 

growing popularity of the ES concept in a time of knowledge-centric views and increased global 

networking, a proliferation of terminologies, conceptual frameworks, methods and datasets caused 

an increasing amount of inconsistent information and confusion on what determines good practice 

approaches. In recent years several knowledge management approaches have been developed to 

facilitate the accessibility to ES information and stimulate standardization processes. One 

knowledge management approach is represented by databases. In databases, vast amounts of 

information from ES studies and projects can be compiled in a consistent form. Based on consistent 

information, the identification of commonalities of good practice examples is facilitated and 

indications are provided for discussions on standards. This leads to the first research question: ‘How 

can ES databases facilitate mainstreaming ES and the development of standards in specific 

application contexts?’. 

In Chapter 2, I examined how ES database contents meet the needs of six policy instruments that 

affect resource and land-use decisions. I analyzed 29 ES databases with global coverage containing 

information of 36,112 studies, projects and methods within more than 600,000 database entries. I 

identified 93 indicators of information demand for six major policy instruments and matched 

database entries with these indicators. The results showed that databases contained information for 

most of the policy instruments. However, ES databases neglected information on contextual and 

tacit knowledge about process workflows of ES investigations. Also, ES databases were limited 

regarding geographic representativeness highlighting major information gaps in society’s poorest 

nations. By synthesizing findings across different policy instruments common principles were 

derived that represent priority areas to formalize standards for the documentation of knowledge on 

ES: (i) quantitatively recognize nature’s value, (ii) develop prioritization schemes based on ES 

valuation, (iii) sensitive stakeholder engagement, (iv) facilitate information access and capacity 

building, and (v) evaluate long-term returns of interventions on ES. Based on the priority areas 

ontologies can be developed that facilitate knowledge accessibility for decision-making. 

Learning from ES databases and transferring their information for decision support assumes that 

information contained in databases is equally applicable and effective in another setting. Economic 

valuation of ES is increasingly demanded in policy analysis and most lively debated in research. This 

led to a rapid growth of economic valuation studies, subsequent databases and thus the pool of 

sources for potential use in value (benefit) transfer. Against this background, the second research 

question arose: ‘What are major sources of uncertainties in benefit transfer models and how do they 

affect the transferability of monetary valued ES, given information from ES databases?’.  
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In Chapter 3, I assessed the transferability and uncertainties of ES database information 

exemplified by monetary valued ES. Based on a subsample of the ES databases from Chapter 2, I 

extracted 839 monetary values of twelve different ES from 194 case studies. For the twelve ES, 

benefit transfer models (value transfer functions) were developed by utilizing boosted regression 

trees. This provided the first global estimation of the transferability and uncertainties of monetary 

valued ES. Models explained from 18% (water provision) to 44% (food provision) of variance in 

monetary values and enabled a statistically reliable transfer of values for 70% (water provision) to 

91% (food provision) of the terrestrial earth surface. Although the application of different valuation 

methods was a source of uncertainty, I found evidence that assuming homogeneity of ecosystems 

was a more influential error in value transfer functions. Also, results showed that food provision was 

mainly influenced by variables indicating climate and growing conditions. Water provision and 

recreation service showed that ownership rights affected valuations. Furthermore, I found statistical 

indications for the shifting baseline hypothesis in valuing climate regulation. Ecological conditions 

and societal vulnerability determined valuation of extreme event prevention. Valuation of habitat 

services was affected by variables characterizing agricultural unfavorable (marginal) areas. The 

analysis represents a stepping stone to establish a standardized integration of and reporting on 

uncertainties for reliable and valid benefit transfer, as an important component for decision 

support.  

The promise that the ES concept will contribute to more sustainable decision-making is still 

debated. With the availability of large ES databases, consistent indicators of evaluation become 

available, too. This raises the third research question of this dissertation: ‘Which indicators for the 

evaluation of effectiveness and efficiency of ES study outcomes exist in ES databases and which basic 

principles can be derived to facilitate a more standardized evaluation?’.  

In Chapter 4, I reviewed the ES databases selected in Chapter 2 for indicators that could be used 

as metrics for the evaluation of efficiency and effectiveness of ES study outcomes. Results showed 

that although none of the ES databases aimed at monitoring or evaluation of effectiveness and 

efficiency of ES study outcomes, they contained a broad set of indicators that provided insights into 

effectiveness and efficiency. However, for the specific determination of most effective and efficient 

ES study outcomes, information was missing. Based on the synthesis of the results, four basic 

principles were derived that may facilitate prospective evaluations of effectiveness and efficiency of 

ES study outcomes. These principles relate to: (i) the determination of the objectives of evaluation; 

(ii) the selection of indicators for the evaluation; (iii) the consideration of reference standards; and 

(iv) the conceptual comprehension. 

The findings of this dissertation showed that reviewed ES databases contain a large amount of 

information that can be synthesized to guide discussions on standards and to facilitate the 

mainstreaming of ES information. However, this dissertation presented only first steps towards 

mainstreaming of ES information. There is substantial merit in conducting further systematic 

reviews on how to collect, formalize and interconnect distinct information contained in ES 

databases. Ontologies hold great promise as a unifying tool that joins together information, 

describes the relation between them and thus contributes to the development of more 

standardized approaches. Reaching consensus on standards that codify agreement on good 

practices will accelerate the mainstreaming of ES information.  
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Zusammenfassung 

Konzepte bestimmen wie wir Menschen die Welt wahrnehmen und gestalten. Das Konzept der 

Ökosystemleistungen (ES) ist ein integrativer Ansatz, der hilft die Zusammenhänge zwischen Natur 

und menschlichem Wohlergehen besser zu verstehen, mit dem Ziel nachhaltigere Entscheidungen 

zu treffen. Die Einbeziehung von ES-Informationen in die Entscheidungsfindung (Mainstreaming) ist 

jedoch ein langfristiges Projekt und erfordert die erfolgreiche Überwindung einer Reihe von 

Hindernissen. Ein Hindernis für ein umfassendes Mainstreaming von ES ist das Fehlen von 

Standards, die Terminologie, akzeptable Daten und Methoden sowie Erfordernisse für die 

Berichterstattung zum Austausch konsistenter Informationen über ES definieren. Mit der 

wachsenden Popularität des ES-Konzepts in einer Zeit wissensorientierter Sichtweisen und 

verstärkter globaler Vernetzung führte eine zunehmende Verbreitung von Terminologien, 

konzeptionellen Vorstellungen, Methoden und Datensätzen zu immer inkonsistenteren 

Informationen und Verwirrung darüber, was Ansätze guter Praxis ausmacht. In den letzten Jahren 

wurden verschiedene Ansätze des Wissensmanagement entwickelt, um den Zugang zu ES-

Informationen zu erleichtern und Standardisierungsprozesse anzukurbeln. Einen Ansatz im Bereich 

Wissensmanagement stellen Datenbanken dar. In Datenbanken können große Mengen an 

Information von ES-Studien oder Projekten in konsistenter Form zusammengestellt werden. Durch 

konsistente Informationen wird die Identifizierung von Gemeinsamkeiten von Beispielen guter 

Praxis erleichtert und es werden Hinweise für Diskussionen über Standards gegeben. Dies führt zur 

ersten Forschungsfrage: ‚Wie können ES-Datenbanken das Mainstreaming von ES und die 

Entwicklung von Standards in spezifischen Anwendungskontexten erleichtern?‘. 

In Kapitel 2 untersuchte ich, wie Datenbankinhalte den Informationsbedarf von sechs politischen 

Instrumenten, die Ressourcen und Landnutzung beeinflussen, gerecht werden. Ich analysierte 29 ES-

Datenbanken mit globaler Abdeckung, die Informationen zu 36.112 Studien, Projekten und 

Methoden in mehr als 600.000 Datenbankeinträgen enthielten. Ich identifizierte 93 Indikatoren des 

Informationsbedarfs von sechs bedeutenden politischen Instrumenten und überprüfte welche der 

Datenbankeinträge dem Informationsbedarf der Indikatoren gerecht wurden. Die Ergebnisse 

zeigten, dass Datenbanken Informationen für die meisten politischen Instrumente enthielten. ES-

Datenbanken vernachlässigten jedoch Informationen über kontextbezogenes und implizites Wissen 

bezüglich der Prozessabläufe von ES-Untersuchungen. Darüber hinaus waren ES-Datenbanken 

hinsichtlich der geografischen Repräsentativität begrenzt, besonders in den ärmsten Ländern der 

Gesellschaft traten große Informationslücken auf. Durch die Synthese der Ergebnisse über 

verschiedene politische Instrumente hinweg konnten gemeinsame Prinzipien abgeleitet werden, die 

Prioritätsbereiche für die Formalisierung von Standards zur Dokumentation von Wissen über ES 

darstellen: (i) quantitative Erkenntnis des Wertes der Natur, (ii) Entwicklung von Prioritätsmodellen 

basierend auf ES-Bewertungen, (iii) sensible Beteiligung von Interessensvertretern, (iv) Erleichterung 

von Informationszugang und Fortbildungsmöglichkeiten, und (v) Auswertung von langfristigen 

Auswirkungen von Maßnahmen auf ES. Aufbauend auf diesen Prioritätsbereichen können 

Ontologien entwickelt werden, die den Zugang zu Wissen für die Entscheidungsfindung erleichtern.  
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Um Erkenntnissen aus Datenbanken zu gewinnen und deren Informationen für die 

Entscheidungsunterstützung zu übertragen wird vorausgesetzt, dass in Datenbanken enthaltene 

Informationen in einer anderen Situation gleichermaßen anwendbar und wirksam sind. Die 

ökonomische Bewertung von ES wird zunehmend in der Politikanalyse gefordert und lebhaft in der 

Forschung diskutiert. Dies führte zu einem rapiden Wachstum von ökonomischen 

Bewertungsstudien, nachfolgenden Datenbanken und somit erhöhten Fundus an Quellen für eine 

mögliche Verwendung für Werte- (Benefit-) Transfer-Modelle. Vor diesem Hintergrund stellt sich die 

zweite Forschungsfrage: ‚Was sind die Hauptquellen für Unsicherheiten bei Benefit-Transfer-

Modellen und wie beeinflussen sie die Übertragbarkeit von monetär bewerteten ES, basierend auf 

Informationen von ES-Datenbanken?‘.  

In Kapitel 3 bewertete ich die Übertragbarkeit und Unsicherheiten von ES-

Datenbankinformationen, verdeutlicht am Beispiel von monetär bewerteten ES. Auf der Grundlage 

einer Teilprobe von ES-Datenbanken aus Kapitel 2 extrahierte ich 839 monetäre Werte von zwölf 

verschiedenen ES aus 194 Fallstudien. Für die zwölf ES wurden Benefit-Transfer-Modelle 

(Wertübertragungsfunktionen) unter Verwendung von Regressionsanalysen (boosted regression 

trees) entwickelt. Dies ergab die erste globale Abschätzung der Übertragbarkeit und Unsicherheit 

von monetär bewerteten ES. Modelle erklärten von 18% (Wasserbereitstellung) bis 44% 

(Nahrungsmittelversorgung) der Varianz der Geldwerte und ermöglichten eine statistisch 

vertrauenswürdige Übertragung von Werten für 70% (Wasserversorgung) bis 91% 

(Nahrungsversorgung) der terrestrischen Erdoberfläche. Obwohl die Anwendung unterschiedlicher 

Bewertungsmethoden eine Quelle der Unsicherheit war, fand ich Hinweise, dass die Annahme der 

Homogenität von Ökosystemen einen einflussreicheren Fehler in Wertübertragungsfunktionen 

darstellte. Weiterhin zeigten die Ergebnisse, dass die Nahrungsmittelversorgung hauptsächlich 

durch Variablen beeinflusst wurde, die auf Klima- und Wachstumsbedingungen hindeuten. 

Wasserversorgung und Erholungsleistung zeigten, dass Eigentumsrechte die Bewertungen 

beeinflussten. Darüber hinaus fand ich statistische Anhaltspunkte für die Hypothese der 

veränderbaren Normwerte (shifting baseline) bei der Bewertung von Klimaregulierung. Ökologische 

Bedingungen und gesellschaftliche Vulnerabilität bestimmten die Bewertung der 

Extremereignisprävention. Die Bewertung von Habitatleistungen wurde durch Variablen beeinflusst, 

die landwirtschaftlich ungünstige Gebiete (marginal areas) charakterisieren. Die Analyse stellt einen 

Baustein dar, um eine standardisierte Integration von und Berichterstattung über Unsicherheiten für 

einen verlässlichen und validen Benefit-Transfer zu ermöglichen; als wichtige Komponente für die 

Entscheidungsunterstützung. 

Die Verheißung, dass das ES-Konzept zu einer nachhaltigeren Entscheidungsfindung beitragen 

würde, wird nach wie vor diskutiert. Mit der Verfügbarkeit großer ES-Datenbanken werden auch 

konsistente Indikatoren zu Evaluation verfügbar. Dies wirft die dritte Forschungsfrage der 

Dissertation auf: ‚Welche Indikatoren für die Evaluation der Effektivität und Effizienz von ES-

Studienergebnissen existieren in ES-Datenbanken und welche Grundsätze können abgeleitet werden, 

um eine standardisierte Evaluation zu ermöglichen?‘.  

In Kapitel 4 überprüfte ich die in Kapitel 2 ausgewählten ES-Datenbanken auf Indikatoren, die als 

Messgrößen für die Evaluation der Effizienz und Effektivität von ES-Studienergebnissen verwendet 

werden können. Die Ergebnisse zeigten, dass obwohl keine der ES-Datenbanken darauf abzielte die 
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Effektivität und Effizienz von ES-Studienergebnissen zu überwachen oder zu evaluieren, dennoch 

eine breite Palette von Indikatoren enthalten war, die Einsichten in Effektivität und Effizienz 

lieferten. Für die konkrete Bestimmung der effektivsten und effizientesten ES-Studienergebnisse 

fehlten jedoch Informationen. Basierend auf einer Synthese der Ergebnisse wurden vier Grundsätze 

abgeleitet, die zukünftige Evaluationen der Effektivität und Effizienz von ES-Studienergebnissen 

erleichtern können. Diese Grundsätze betreffen: (i) die Festlegung der Evaluationsziele; (ii) die 

Auswahl von Indikatoren für die Evaluation; (iii) die Berücksichtigung von Referenzstandards; und 

(iv) das konzeptionelle Verständnis. 

Die Ergebnisse der Dissertation zeigten, dass die überprüften ES-Datenbanken eine große Menge 

an Informationen enthalten, die synthetisiert werden können, um Diskussionen über Standards zu 

führen und das Mainstreaming von ES-Informationen zu erleichtern. Die Dissertation präsentierte 

jedoch nur erste Schritte zum Mainstreaming von ES-Informationen. Es besteht ein substantieller 

Verdienst darin, weitere systematische Überprüfungen durchzuführen, wie man verschiedene in ES-

Datenbanken enthaltene Informationen sammeln, formalisieren und verbinden kann. Ontologien 

gelten als ein vielversprechendes, zusammenführendes Werkzeug, das Informationen verbindet, die 

Beziehung zwischen den Informationen beschreibt und somit zur Entwicklung von 

standardisierteren Ansätzen beiträgt. Durch das Erreichen eines Konsenses bezüglich Standards, 

welche eine Vereinbarung über gute Praxis kodifizieren, wird das Mainstreaming von ES-

Informationen beschleunigt. 
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1.1 The ecosystem service concept and main research questions 
Concepts are the constituents of human thoughts. They are crucial to psychological processes such 

as categorization, inference, memory, learning, and decision-making. Concepts determine the way 

and methods in which we perceive and shape the world [4]. In the time of the industrial revolution 

concepts from neoclassical economics led to the removal of environmental resources or more 

generally nature from accountings under the implicit assumption that nature’s input could be 

substituted by manufactured capital. With increasing global environmental deterioration and 

concerns on resource scarcity in the second half of the 20th century [5], concepts from more 

interdisciplinary fields such as environmental and resource economics started to address the 

systematic undervaluation of the ecological dimension in decision-making [6-9]. Since its 

introduction in 1981 [10] the concept of ES has been attracting increased attention as a way to 

communicate the value of biodiversity and ecosystem functioning using a language that reflects 

dominant political and economic views [11]. The ES concept aims to guide the usage of natural 

resources by better understanding and valuing nature’s contributions to human well-being [12]. ES 

include tangible and intangible benefits which humans obtain from nature, such as provisioning of 

food, water and raw materials; the regulation of climate, soil, water and bio-control (disease, 

pollination); and cultural services for spiritual and religious inspiration, cultural heritage and 

identity, recreation, aesthetic, and education [13-16]. The ES concept is unique and promising for 

decision-making due to its more holistic research approach, which means that knowledge from 

various scientific and societal bodies is integrated to produce insights into human-nature 

interdependencies including welfare effects of management policies. Entry points for incorporating 

ES information into existing decision-making processes occur at all sectors and levels of governance; 

from private to public sector [17] and local to international scale [18; 19].  

In the 21st century, the majority of ES continues to decline, whereas a small subset of ES for 

which regulation mechanisms exist have increased [20]. In response to this, hundreds of science-

policy bridging initiatives based on the ES concept are underway, engaging individuals, communities, 

businesses, nongovernmental organizations, governments, and international organizations [21; 22]. 

There is evidence that the ES concept has triggered policy shifts ranging from governmental to 

private organizations. For instance, in 2012, 118 countries became signatories to the formation of 

the Intergovernmental Platform on Biodiversity and Ecosystem Services (IPBES), with the mission to 

strengthen knowledge foundations for better evidence-based policy, for the conservation and 

sustainable use of the planet’s biodiversity, its ecosystems, and the services they provide to society 

[23]. Since 2012, 70 countries have committed to consider ES in national income and wealth 

accounts supported by the World Bank’s partnership Wealth Accounting and the Valuation of 

Ecosystem Services (WAVES) [24]. As of 2014, 43 financial and businesses organizations had signed 

the Natural Capital Declaration to ‘[…] incorporate ES considerations into loans, equity, fixed income 

and insurance products, as well as in accounting, disclosure and reporting frameworks.’ [25]. 

Furthermore, several 'payments for ecosystem services' (PES) schemes were launched in different 

nations around the world for carbon sequestration, watershed services, and biodiversity 

conservation [26].  
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With the progressing uptake of the ES concept in society, the demand for ES knowledge is 

increasing. ES knowledge is needed that can feed into information and decision-support frameworks 

underpinning the development, implementation and assessment of policies which deal with or are 

directly related to the use of natural resources or land [27; 28]. Proponents argue that through a 

better incorporation of ES information into decision-making, incentives can be established for 

businesses and consumers to conserve the natural assets necessary for the sustainable delivery of 

ES [29]. Mainstreaming ES, i.e. the practice to routinely incorporating ES information into decision 

making, however, is a long-term project and requires successfully addressing a number of 

impediments [30; 31; 18; 32]. One impediment to broad scale mainstreaming of ES stems from the 

proliferation of terminologies, conceptual frameworks, methods and datasets that cause a growing 

amount of inconsistent information and confusion on what determines best practice approaches 

[33]. Individual research disciplines approach ES research with the intent to adapt the ES concept by 

reframing terminologies and methods to fit within a respective discipline [34]. This approach to 

research affects (i) how problems are identified, framed and managed, (ii) the relevance of 

outcomes to policy, and (iii) the extent of capacities for learning [35; 36]. A multitude of definitions 

complicates the transfer of knowledge between disciplines, may lead to redundant research efforts, 

slows scientific progress, and ultimately impedes advances towards a unified foundation for ES 

research [37; 38]. Strategies to reach consensus on standards that define ES terminology, acceptable 

data and methods, and reporting formalization are required [39]. Common standards may improve 

rigor and specificity of the ES concept and could increase confidence in the use of scientific 

information and allow for wide uptake in society, as it is shown in various examples [40; 41]. 

Knowledge management is increasingly recognized as key to facilitate debates on standardization 

[42-44]. This is even more relevant as people have to cope with a plethora of data, information and 

knowledge, within an ever increasing complex and diverse global network caused by steadily 

advancing information technologies, ubiquitous access to information and knowledge-centric views 

[45-47]. Knowledge management is a practitioner-driven strategy that stresses the importance to 

build knowledge management systems as a foundation for a culture in which knowledge can be 

effectively exploited [48]. Knowledge management in ES research community is at an early stage 

[49; 50] and initiatives such as IPBES Data and Knowledge Working Group [51] or the Group on Earth 

Observations Biodiversity Observation Network (GEO BON) [52] set up a common infrastructure and 

knowledge management systems as a long-term foundation that encourages using, generating, 

sharing, and exploiting knowledge on ES. Technologies that support knowledge management 

include databases. Databases can be used for knowledge discovery, capturing and sharing of 

knowledge, and are a prerequisite for knowledge applications such as decision support systems 

(DSS) [53]. Databases use a built-in formal reporting protocol that ensure the provision of consistent 

information and facilitate the identification of commonalities across studies as a basis for knowledge 

transferability and generalizability beyond the bounds of the study. Therefore, databases hold the 

potential to contribute to the development of standards and facilitate the adoption of good 

practices, allow for capacity building and evaluation of good performance, and may improve the 

quality and reliability of results.  

In recent years several ES databases have been developed [54], for instance the Ecosystem 

Service Valuation Database (ESVD) from the international initiative on The Economics of Ecosystems 
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and Biodiversity (TEEB). The ESVD was initially developed to provide an overview on economic 

valuation studies of ES and to support education on sustainable land management on a global scale 

[55]. However, the database was used for other purposes, too [56]. This example showcases the 

greater utility of a database beyond what the original investigator might had envisioned. By 

comparing databases, strength and flaws as well as common principles can be derived that help to 

better understand the suitability of ES databases for the use in different application contexts. In 

order to better inform analysts and decision-makers on the capabilities and limitations of ES 

databases systematic reviews are required.  

Given the information demand for ES knowledge and the potential of ES databases to facilitate 

the integration of ES information into different decision-making contexts, the first research question 

of the dissertation arises:  

Research question 1: How can ES databases facilitate mainstreaming ES and the 

development of standards in specific application contexts? 

Applications of the ES concept and conditions in which ES knowledge is used for decision-making are 

manifold and vary considerably [57-59]. Generic approaches that seek to provide a ‘one size fits all’ 

set of standards for ES are open to question whether they accelerate mainstreaming ES information 

and help practitioners or rather confuse them and slow down uptake. There are suggestions that ES 

standards should be tailored to specific application contexts [60; 39]. An application context defines 

a discourse that surrounds specific conditions under which the ES concept is used (including by 

whom and for what purpose) and helps to determine its interpretation. Examples for application 

contexts are governmental policies such as the multinational Water Framework Directive in Europe 

or the Executive Order 12291 in the United States. These governmental policies require methods for 

calculating and comparing benefits and costs of the impact of regulatory processes and other 

interventions on ES and society (benefit-cost analysis). Economic valuation of ES is increasingly 

demanded in policy analysis and lively debated in research. In research, there are controversial 

discussions on the appropriateness of economic measures to comprehensively capture the diverse 

ways humans interact with and benefit from nature [61-63]. Stimulated by these discussions, there 

is a rapid growth of economic valuation studies for both marketable ES (e.g. timber, fisheries), and 

those that are not bought and sold in markets (e.g. aesthetic, spiritual) [55]. These studies were 

often conducted for methodological purposes rather than to support benefit-cost analysis. However, 

this research did increase the pool of sources for potential use in benefit transfer.  

Benefit transfer techniques are widely used by analysts and policy makers [64; 65]. Benefit 

transfer provides a pragmatic approach to estimate values for ES when constraints in time, funding, 

or informational requirements prevent to conduct primary studies. The basic rationale is that 

commonalities between ES in different locations allow values from one location (source case) to be 

transferred to another (target case). The validity and accuracy of benefit transfer rely on a number 

of conditions [66]. Among potential pitfalls is the lack of correspondence between the locations [67], 

for example variations in ecological conditions or in socio-economic characteristics of the population 

between source case and target case. Despite attempts to identify the appropriateness of benefit 

transfer for different application contexts and the establishment of criteria for ideal benefit transfer 

[68; 69], consensus about guidelines on how benefit transfer should proceed when a condition is not 
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fully met remains challenging. This leads to recurring questions regarding transfer reliability and 

validity. At a practical level, the consequences are that practitioners often make informal and 

sometimes uninformed judgements about the applicability of benefit transfer techniques. There is a 

substantial divergence between good practices in scholarly literature and those commonly applied 

within policy analysis [65].  

In order to improve benefit transfer practices it is required to identify potential errors [70; 71; 

66]. Based on a better understanding of sources of uncertainty guidelines can be developed for a 

more standardized incorporation of uncertainties to the formal valuation process, including 

recommendations on how to communicate monetary values directly in association with 

uncertainties to decision-makers. These issues lead to the second research question:  

Research question 2: What are major sources of uncertainties in benefit transfer models 

and how do they affect the transferability of monetary valued ES, given information from 

ES databases? 

With an increasing number of ES studies in diverse application contexts, also critical voices were 

raised. Most frequently it is criticized that the ES concept is a utilitarian and anthropocentric 

concept closely associated with commodification and direct payments schemes, which tends 

towards oversimplification of environmental complexities and may lead to biopiracy and selling out 

on nature [72-74; 62; 75; 76]. The promise that the ES concept will contribute to more sustainable 

decision-making is still debated and systematic tests against evidence are neglected [77; 59]. 

Steering ES science towards improved decision advice and ultimately to ecological and social 

betterment requires gauging its achievements accordingly. Standardized measures are integral for 

monitoring and evaluation of progress and performance [78; 39]. In ES research and practice besides 

sustainability and fairness [79], criteria such as effectiveness and efficiency are commonly used to 

determine progress and performance. While effectiveness, i.e. doing things right, is well-received as 

a normative judgment criterion whether a change can be deemed as ‘good’; efficiency, i.e. doing the 

right things, becomes more prominent in measuring progress and performance in ES research [80; 

81].  

Approaches for the evaluation of effectiveness and efficiency of ES study outcomes are quite 

diverse [82; 83] and the principles on which the evaluation process should be based are not always 

clear [84]. The evaluation of both effectiveness and efficiency of ES study outcomes is goal-

dependent and grounded on a comparison between different groups. In Vartiainen [84] it is pointed 

out that the optimal preconditions for evaluation of effectiveness and efficiency occur when the 

objectives and objects of evaluation are as similar as possible. However, this is rarely given due to a 

lack of consistent ES studies [85]. Also, standardized terminologies, indicators or methods for 

effectiveness and efficiency of ES study outcomes are missing [86-89]. 

Databases aim to bring together information from individual ES studies in a consistent way that 

facilitates the detection of similarities and differences prevailing across ES studies and thus enables 

to identify comparable ES studies. Databases use variables that compile evidence on characteristics 

of ES studies, which are promising to derive indicators and regularities for their evaluation. Although 

the number of ES databases is growing, their secondary use for evaluation purposes is neglected. ES 
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databases hold the potential to provide insights on how to improve evaluation of ES study 

outcomes. 

For a more standardized evaluation of effectiveness and efficiency of ES study outcomes, a better 

understanding of basic principles is required. ES databases provide insights into common patterns 

across different ES studies and contain indicators that are promising for the usage of evaluating 

effectiveness and efficiency. Against this background, the third research question of the dissertation 

arises:  

Research question 3: Which indicators for the evaluation of effectiveness and efficiency 

of ES study outcomes exist in ES databases and which basic principles can be derived to 

facilitate a more standardized evaluation? 

1.2 Structure of the dissertation 
This dissertation comprises five chapters. After the introduction of the topic and research question 

of the dissertation in Chapter 1, the following Chapters 2, 3 and 4 address the three major research 

questions accordingly, and Chapter 5 synthesizes major findings.  

Chapter 2 reviews the information content of ES databases and their suitability for 

mainstreaming ES. Firstly, an extensive review of ES databases is presented and an overview on 

information contents of selected ES database given. This comprehensive selection of ES databases is 

used for the investigation of the research question 1 in Chapter 2, but also for answering research 

questions 2 and 3 in Chapter 3 and 4, respectively (Fig 1.1). Secondly, information demand from 

policy instruments is identified to integrate ES into decision-making. Thirdly, results are presented 

on how well information contents from databases match information demand from policy 

instruments. Fourthly, based on results priority areas for mainstreaming and standardization of ES 

information are discussed.  

 

 
 

Fig 1.1. Chapters of dissertation and datasets used for analysis. The figure illustrates the chapters of the 

three research questions and corresponding datasets used for their analysis.  
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Chapter 3 assesses the transferability and uncertainties of ES database information exemplified by a 

review of monetary valued ES and application of benefit transfer models. For twelve ES, benefit 

transfer models are developed and uncertainties of transferred values estimated. Also findings are 

discussed and a conceptual foundation is derived for the establishment of a more standardized 

reporting on uncertainties of benefit transfer.  

Chapter 4 comprises a review of indicators contained in ES databases for the evaluation of 

effectiveness and efficiency of ES study outcomes. Firstly, a hierarchical framework for a systematic 

analysis of effectiveness and efficiency indicators is presented. Secondly, based on the hierarchical 

framework indicators that contribute to the evaluation of effectiveness and efficiency are identified 

from ES databases. Thirdly, findings across indicators are synthesized to derive and discuss basic 

principles for the evaluation of effectiveness and efficiency of ES study outcomes. 

In the last Chapter 5, findings and outcomes from Chapter 2 to 4 are summarized and 

methodological limitations of the dissertation as well as perspectives towards optimized 

exploitation of ES information from databases are discussed. Chapter 5 ends with conclusions drawn 

from previous chapters. 

The dissertation is based on two publications for which additional information is provided in the 

Chapter: ‘List of articles published as result of this dissertation’.  
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2.1  Introduction 
Current policies and markets struggle with the consideration of nature’s benefits for human well-

being and fully accounting for environmental impacts, while the exploitation of natural resources 

and degradation of nature is accelerating [20]. The ES concept has the potential to both awaken the 

public to its dependency on nature and to engage different research disciplines and non-scientists in 

shaping and achieving societal goals. There is evidence that achieving societal goals, such as the UN 

Sustainable Development Goals, strongly depends on ES [90]. All economic activities are ultimately 

linked to and influenced by trends in ES supply [91]. The ES concept is unique and promising for 

decision-making due to its integrative approach of estimating and valuing: (i) the diverse ways in 

which nature underpins human well-being, (ii) the human impact on ecosystems, and (iii) the 

welfare effects of potential ecosystem management policies [12; 92]. Entry points for incorporating 

an ES approach into existing decision-making processes occur at all sectors and levels of governance, 

for instance national accounting systems [93; 94], corporate disclosure policy [95; 96], public 

payment systems [26], cooperation between public and private sector [17], landscape planning [97] 

and other large-scale decision contexts [19]. Consequently, there is a demand for ES knowledge that 

can feed into information and decision-support frameworks underpinning the development, 

implementation and assessment of policies which deal with or are directly related to the use of 

natural resources or land [27; 28].  

The number of ES studies is fast-growing and rapid advances in information technology, 

globalization, and increasing networking cause an information overload [45; 80]. This involves a 

number of challenges such as to be aware of, access, and process the ever-growing data volume. 

Not all data and information is readily available or accessible [49]. Existing data and information 

resources are widely distributed, heterogeneous, and difficult to combine [49; 50]. Moreover, 

literature provides evidence of a science-policy gap, i.e. limited interactions, infrequent exchanges 

of information, and different objectives that hinder coordinated science and policy processes [98]. 

The science-policy gap causes a lack of expertise in ES applications among decision-makers and 

contributes to skepticism about the suitability of the ES tools for the purpose of usage in and 

informing of decision-making [99-101; 39]. Guidelines and standards for an improved 

operationalization of the ES concept are steadily developed, e.g. for assessment practitioners [102; 

14; 103], development planning [104], the business sector [94; 96], as well as policy and decision-

makers more generally [90; 105]. Guidance and overviews of ES databases that document and 

combine existing data and information on the relationships between ecological supply, social 

demand and effects of management options on ecosystems and human well-being are missing [54; 

49; 50].  

Through databases large amounts of diverse data can be collected and organized in a 

standardized form. Databases are important prerequisites to provide easy accessible and consistent 

knowledge, increase rigor and specificity of the ES concept, and support further implementation 

mechanisms such as Decision Support Systems (DSS). Databases provide the potential to improve 

methods and semantics of data collection and measurement through scrutiny of other data users as 

well as allow the scientific community to reach consensus on methods and semantics [106]. Building 

upon a prior work avoids duplications, allows us to use data in ways that the original investigators 
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had not envisioned and increase progress. Developing databases and archiving data results in a 

greater utility of the data, ensures the availability of data in future, and maximize the impact and 

benefit of research funding [107]. Databases provide an important resource for training and are a 

powerful force for inclusion and removing barriers to participation across all education backgrounds 

and at all ages [108].  

Databases vary greatly in size, scope, standardization, usage, accessibility, and other 

characteristics. Three functional types of databases can be distinguished [108]: research, resource, 

and reference collections. A research collection is the product of one or a few investigators or 

scientifically focused projects, e.g. a database on quality of ES studies [85]. Usually these lack 

standardized data policies (file formats, meta-data, access policies, etc.), are not broadly shared or 

discoverable and, therefore, they are little used beyond their original application. For research 

collections funding is low and assured for only short terms. They are at the greatest risk of loss 

through a lack of maintenance. Resource data collections are developed for a specific science and 

engineering community, such as the database on monetary valuation studies of ES called the 

Environmental Valuation Reference Inventory [109]. They typically conform to community standards 

or often bring communities together to develop appropriate standards where a need exists. In many 

cases resource collections migrate to reference collections. Reference collections are intended to 

serve the general science and education community. For instance, the Socioeconomic Data and 

Applications Center is one of the Distributed Active Archive Centers (DAACs) in the Earth Observing 

System Data and Information System (EOSDIS) of the U.S. National Aeronautics and Space 

Administration (NASA). Often, standardization in reference collections sets the bar for a large 

segment of the community, effectively developing a universal standard. Budgets for reference 

collections are often large and are provided over a long term from one or more funding sources. 

Reference collections of ES have been entirely absent until today.  

Given the information demand on ES knowledge for decision-making and the diversity of ES 

databases, I here investigated how information demand on ES for decision-making can be fulfilled by 

knowledge on ES provided in publically available databases. I conducted systematic reviews of 

literature driven by three research questions: 

(1) Which databases on ES analysis and methods exist?  

(2) What information is demanded to integrate ES into decision-making?  

(3) How is this information demand addressed by the existing databases?  

Two separate literature reviews were conducted. The first identified databases containing studies or 

projects of ES. Based on the second review I developed a systematic taxonomy of indicators 

representing the information demand. In order to narrow down the manifold demand for 

information on ES in different areas of governance and identify application contexts in decision-

making, I focused on a set of policy instruments for safeguarding nature. Methodologies of both 

reviews are described in Section 2.2. In Section 2.3, I present characteristics of databases, policy 

instruments, and indicators of information demand. Also, results are presented on how well 

information supply from databases matches information demand indicators from policy 

instruments. In Section 2.4, I discuss options to improve the documentation of ES knowledge in 
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databases and present recommendations to facilitate mainstreaming of ES information into 

decision-making. This is followed by a conclusion in Section 2.5. 

2.2  Review processes: Data and methods 
I first searched the Web of Science™ for publications with ‘ecosystem service*’, or ‘ecosystem 

valuation*’ in the title to obtain a comprehensive overview of ES studies potentially holding 

information on ES databases. In the last 25 years, 1,848 studies were retrieved (Fig 2.1). From these 

peer-reviewed publications I identified 279 that used or reported on databases containing 

information about ES. I then traced back references in selected publications and directly talked to 

authors (39 authors) in order to find and review available databases (229 databases). Only those 

databases were included, which (i) provided in-depth information on ES, i.e. data entries with 

detailed reference to ES, and (ii) contained case studies with investigation areas that are distributed 

across the globe (in total 29, see Table 2.1). The latter criterion ensures a more comprehensive 

overview of socio-ecological systems, avoids biases due to local peculiarities, and increase relevance 

for a broader audience. The purpose of this review was not to create a complete list of ES databases, 

but rather to provide a first overview of the diversity of information contained in ES databases. 
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Fig 2.1. Workflow diagram for systematic review. The diagram shows different phases of the review process 
to identify ES databases and literature addressing information needs for decision-making. 

 

Table 2.1. Objective and source of 29 databases considered for the analysis.  

Database name Objective of database Reference 

ARtificial 
Intelligence for 
Ecosystem 
Services case 
studies (ARIES 
Cases) 

Summary of case studies of the model ARIES to illustrate application 
options and promote ARIES. 

Basque Centre for Climate 
Change, Bilbao [110]. 

Beneficial Use 
Values Database 
(BUVD) 

Design a valuation database of water-based amenities that can be 
used as a guide for decision-makers and policy analysts as well as 
source of information for general public and interested specialists. 
The database is a quantitative documentation of scientific and grey 
literature valuing beneficial uses of water in monetary terms. 

University of California, 
Davis, Department of 
Agricultural and Resource 
Economics [111] 

Benefits of 
interacting with 
nature (Keniger et 
al., 2013) 

Qualitative documentation of evidence on benefits of human 
interactions with nature based on primary research articles in peer-
reviewed scientific journals.  

Not online: Database 
available on request [112]  

Catalogue of 
Assessments on 
Biodiversity and 
Ecosystem 
Services (IPBES 
Catalogue) 

Derive lessons learnt from existing and ongoing assessment 
processes so as to inform the future development of work programs 
and associated processes in Intergovernmental Platform on 
Biodiversity and Ecosystem Services (IPBES). The online catalogue 
qualitatively lists details on design, outreach material and impact of 
both ES and biodiversity assessments. 

United Nations Environment 
Programme - World 
Conservation Monitoring 
Centre [21] 

Design of ES and 
biodiversity 
projects 
(Goldman et al., 
2008) 

Analysis whether ES projects attract more financial support than 
biodiversity projects and expand conservation options. The 
database contains quantitative and qualitative information of study- 
and monitoring-design of ES projects. 

Not online: Database 
available on request [113] 
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(Table continues…) 

EcoService 
Models Library 
(ESML) 

Documentation library designed to help users find, compare, and 
combine ecological models for estimating processes and production 
of ES. The database contains descriptions of ecological models, their 
variables, source documents, and case study applications.  

United States Environmental 
Protection Agency [114] 

Ecosystem 
Service Indicator 
Database (ESID) 

Standardization of ES indicators for the usage in ecosystem 
assessments, in policy dialogues and decisions. The database 
contains synthetic summaries of indicator descriptions and 
implementation context. 

United Nations Environment 
Programme - World 
Conservation Monitoring 
Centre  
Not online: Database 
available on request [115] 

Ecosystem 
Service Valuation 
Database (ESVD) 

Review of data on economic valuation studies of ES to support 
education on sustainable land management. The relational 
database provides monetary values of ES and other valuation-
related information. 

Foundation for Sustainable 
Development [116; 55] 

Ecosystem 
Services 
Bibliography 
(ESB) 

Bibliographic collection of ES studies for teaching, learning, and 
scholarly communication. The informational online database 
documents references and abstracts of scientific ES literature, 
tagged in accordance with their core topics and investigation areas.  

University of Minnesota. 
UThink: Blogs at the 
University Libraries [117]  

Environmental & 
Recreational 
(Non-Market) 
Values Library 
from the National 
Ocean Economics 
Program (NOEP 
Non-Market) 

Account for values of oceans economy that are not directly 
observed in markets. The online database contains synthetic 
summaries of non-marked valuation studies that document 
environmental and recreational values of coastal and marine 
ecosystems.  

National Ocean Economics 
Program, Non-market 
Valuation Studies [118] 

Environmental 
Valuation and 
Cost-Benefit 
News (EVCBN) 

Better integration of environmental values into public and private 
accounts. The database is a bibliographic collection of synthetic 
summaries of scientific and grey literature pertaining to the 
benefits and costs of ecosystem (dis-) services.  

Cost Benefit Group, LLC 
[119] 

Environmental 
Valuation 
Database 
(Envalue) 

Encourage greater use of environmental valuation in decision-
making process by providing quantitative data on environmental 
valuation studies. The online searchable database favors benefit 
transfer research applications by technical specialists. 

New South Wales 
Environmental Protection 
Authority, Department of 
Environment, Climate 
Change and Water [120] 

Environmental 
Valuation 
Reference 
Inventory (EVRI) 

Facilitate the application of benefit transfer techniques for policy 
analysis and research based on economic valuation studies of ES. 
The online storehouse contains synthetic summaries of valuation 
studies that describe and contextualize monetized values of ES. 

Environment Canada, 
Economic Analysis 
Directorate [109] 

Evolution of ES 
studies and major 
affecting events 
(Vihervaara et al., 
2010) 

Review of evolution of ES research and influence of international 
environmental policy and research events as driver of ES research.  

Not online: Database 
available on request [121]. 

Historical 
evolution of ES 
valuation 
research (Liu et 
al., 2010) 

Review of historical evolution of ES valuation research and how it 
has been used in ecosystem management based on peer-reviewed 
publications. The database is a spreadsheet of selected valuation 
studies taken from EVRI database. 

Not online: Database 
available on request [79] 

Innovation Seeds Promote results from research and development addressing more 
environmental-friendly technologies or approaches (eco-
innovation) to accelerate their uptake as policy measures and 
market success. The website contains synthetic articles of case 
studies and good practices as well as information on networks and 
funding programs. 

Greenovate! Europe EEIG, 
Youris.com EEIG [122] 
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Interdependences 
of biodiversity 
and ES (Cardinale 
et al., 2012) 

Review the relationships between biodiversity and ES based on 
peer-reviewed publications. Spreadsheets are used to summarize 
interlinkages between the variety of genes, species, or functional 
traits with provisioning and regulating services. 

Not online: Database 
available on request [123] 

Linking functional 
traits with ES (de 
Bello et al., 2010) 

Synthesizing concepts and empirical evidence on linkages between 
functional traits and ES across different trophic levels. Information 
on plants, vertebrates and invertebrates traits and their roles for ES 
are reviewed, and documented in a spreadsheet format. 

Not online: Database 
available on request [124] 

Marine 
Ecosystem 
Service 
Partnership 
(MESP) 

Improve the estimation, dissemination and use by decision-makers 
of social and natural science data about marine ES. The online 
database provides a library of scientific marine and coastal 
valuation studies, and monetary value estimates of ES.  

Duke University, Nicholas 
Institute for Environmental 
Policy Solutions [125] 

Marketwatch and 
News & Articles 
of Ecosystem 
Marketplace (EM) 

Provision of information on markets dealing with ecosystems and 
PES in order to increase transparency of such markets, facilitate 
transactions and spur the development of new markets. The 
website features article in newsletter format, reports and 
factsheets on development in markets and market-relevant factors 
(policy, finance, business, science). 

Ecosystem Marketplace, 
initiated by Forest Trends 
[126] 

Methodological 
approaches of ES 
analysis (Seppelt 
et al., 2011)  

Quantitative review of methodological approaches of ES analysis to 
identify qualitative requirements on ES studies that help to improve 
assessments and comparability across studies.  

Helmholtz Centre for 
Environmental Research – 
UFZ, Department 
Computational Landscape 
Ecology [85] 

Payment for 
Ecosystem 
Services Database 
(PESD) 

Compilation of PES projects in Latin America and the Caribbean to 
overcome knowledge gaps and facilitate the implementation of PES 
in developing countries. The online database features information 
of PES schemes and quantifies transactions.  

Organization of American 
States, Department of 
Sustainable Development 
[127] 

Payment for 
watershed 
markets (IIED 
Watershed 
Markets) 

Qualitative review on payments for watershed services initiatives in 
developing countries and their impacts. The online database 
encompasses summaries of the design, operation and impact of 
initiatives, their constraints and legislation challenges.  

International Institute for 
Environment and 
Development (IIED) non-
profit organization [128] 

ReefLink 
Database 

Decision support related to reef ecosystems by providing 
information on linkages between decisions, human activities, and 
supply of ES. The online database features a qualitative collection of 
scientific literature, management options and laws. 

United States Environmental 
Protection Agency, Gulf 
Ecology Division [129] 

Sub-Global 
Assessments 
database (SGA) 

Qualitative documentation of sub-global assessments from the 
Millennium Ecosystem Assessment [130] to provide access to 
assessment reports, guidelines, and other outputs as a resource for 
practitioners. The online database contains synthetic summaries of 
sub-global assessments. 

United Nations Environment 
Programme, Millennium 
Ecosystem Assessment 
[131] 

The Economics of 
Ecosystems and 
Biodiversity case 
studies (TEEB 
Cases) 

Provision of good practice examples where a focus on ES and their 
economic significance helped decision-makers to find more 
sustainable solutions for the management of ecosystems. The 
online database encompasses synthetic summaries of ES valuation 
studies. 

TEEB Office, United Nation 
Environmental Programme 
under the Economics and 
Trade Branch of the Division 
of Technology, Industry and 
Economics, Helmholtz 
Centre for Environmental 
Research (UFZ), Department 
Environmental Politics [22] 

The Economics of 
Land Degradation 
case studies (ELD 
Cases) 

Awareness raising on costs and benefits of sustainable land 
management in political decision-making. The design of the online 
database [132] and in the ELD Initiative [133] report differs slightly. 
The online database features abstracts and references from ES 
studies. Additionally, in the report are economic relevant details 
quantified.  

ELD Secretariat c/o 
Deutsche Gesellschaft für 
Internationale 
Zusammenarbeit (GIZ) 
GmbH [133; 132] 
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(Table continues…) 

ValuES 
application cases 
(ValuES Cases) 

Provision of best practices to enhance the relevance of ES 
assessments in decision support. The online database features 
qualitative summaries of ES assessments and highlight on-the-
ground experiences with assessment design, implementation and 
usage in decision-making. 

Deutsche Gesellschaft für 
Internationale 
Zusammenarbeit (GIZ) 
GmbH [134] 

ValuES method 
inventory (ValuES 
Methods) 

Online database that aims to guide practitioners and policy makers 
in the selection and application of ES methods and tools. The online 
database contains factsheets summarizing major characteristics as 
well as application cases of ES methods and tools. 

Deutsche Gesellschaft für 
Internationale 
Zusammenarbeit (GIZ) 
GmbH [135] 

 

In a second step, considering the vast scope of information demand on ES in decision-making, I 

focused on specific application contexts. These were exemplified by policy instruments that consider 

nature’s benefits for human well-being and help to reform market and policy failure. I used the 

following six policy instruments suggested by TEEB [136]: 

(A) Extending accounting systems through nature-based indicators; 

(B) Rewarding benefits through payments and markets; 

(C) Reforming environmentally harmful subsidies; 

(D) Addressing environmental degradation through regulation and pricing; 

(E) Regulating use through protected areas and recognition of their values; 

(F) Direct public investment in ecological infrastructure and restoration. 

I then specified the information demand for each policy instrument by reviewing publications 

contained in the 29 databases. Because of the vast number of publications (35,949), I selected a set 

of 715 publications by using the search terms: ‘decision*’, ‘polic*’ and ‘guid*’ for searching in title, 

abstract and keywords. For the selected publications a full text review was conducted and those 

discarded which not directly refer to the six policy instruments. I found 64 publications (S2.1 Table) 

and synthesized indicators that represent information demand for each of the six policy 

instruments. The taxonomy of indicators was iteratively adjusted with each step of the review in 

order to ensure that major information requirements are included and double counting is avoided. 

This yielded 93 indicators presented in the Results Section (2.3 Results). 

In the final step, I defined an indicator function 𝐷𝑝(𝑖, 𝑗) to quantify the relevance of a specific 

database 𝑘 (𝑘 =  1, … , 29) in contributing to indicators of information demand of a policy 

instrument 𝑝 (𝑝 =  1, … , 6). This function returns 1 is the data entry (𝑖, 𝑗) in column 𝑖 (𝑖 =  1, … , 𝑛𝑘) 

and row 𝑗 (𝑗 =  1, … , 𝑚𝑘) of a database, which contains information, i.e. is non-NA, and informs a 

policy instrument 𝑝. 

 

 𝐷𝑝(𝑖, 𝑗)  = {
1 𝑖, 𝑗 is non‐NA and informs policy 𝑝
0 else

 (1)  

 

The function 𝑅 estimates the relevance of a database 𝑘 to a given policy instrument 𝑝 by counting 

the available relevant data entries 𝐷𝑝(𝑖, 𝑗). 
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𝑅(𝑘, 𝑝)  = ∑ ∑ 𝐷𝑝(𝑖, 𝑗)

𝑛𝑘

𝑖=1

𝑚𝑘

𝑗=1

 
(2)  

 

The overall information available from the databases 𝑘 =  1, … , 29 which informs a policy 

instrument 𝑝 is then estimated by: 

 

 
𝑀(𝑝)  = ∑ 𝑅(𝑘, 𝑝)

29

𝑘=1

 
(3)  

 

The number of indicators of information demand 𝑞𝑝 for each policy instrument 𝑝 varies 

considerably (S2.3 Table). In order to assess the information provided by databases 𝑀(𝑝) for a given 

policy instrument 𝑝 in relation to the overall information provided by all databases for all policy 

instruments 𝑀(𝑝′), I estimated this relative contribution �̂�(𝑝) by normalizing given the number of 

indicators 𝑞𝑝 for each policy instrument 𝑝. 

 

 
�̂�(𝑝)  =

𝑀(𝑝)

𝑞𝑝 ∑ 𝑀(𝑝′)6
𝑝′=1

 
(4)  

 

In total, 1,945 database columns and more than 600,000 data entries were reviewed and assigned 

respectively to indicators of information demand and policy instruments. The full data set is 

available at Schmidt [137]. 

2.3  Results 

2.3.1 Characteristics of global databases containing ecosystem service case 

studies 
From the reviewed 29 databases most (41%1) addressed economic valuation, establishment of 

markets and payment schemes such as payments for ecosystem services (PES) (Table 2.1). Second 

most common topics were methodological analysis of applications of the ES concept in practice that 

aimed to guide practitioners and policy makers in the selection and application of methods and tools 

(31%), followed by the provision of information for teaching activities, scholarly communication, and 

the evolution of ES research (10%). The least frequent topics were interlinkages between biophysical 

components of nature and ES (de Bello et al., 2010, Cardinale et al., 2012), how non-consumptive 

interactions with nature effect human well-being (e.g. physical, cognitive, psychological, social, 

spiritual) (Keniger et al., 2013) and financial instruments and funding opportunities for the 

application of ES analysis (Innovation Seeds, Goldman et al., 2008). 

                                                           
1
 Percentage values in this paragraph do not sum up to 100%, because of contextual overlaps of some 

databases. Following percentage values in this Section 2.3.1 refer to the total of 29 ES databases, not relative 

contributions (�̂�(𝑝)). 



Information content of global ecosystem service databases and their suitability for mainstreaming 
ecosystem services 

17 

The databases collated information from 35,949 studies. Three out of every five studies in all 

databases contained information for countries with a high Human Development Index [138], while 

only 4% of all studies were conducted in society’s poorest nations2 (Fig 2.2). The continent with the 

fewest number of studies (2%) was Latin America. 

 

 

 

Fig 2.2. Geographic distribution of ES analysis from 29 databases. The panels (A-C) show the number of ES 

studies (size of circles) for each country (brown) or marine area (blue). The color codes of the maps represent 

                                                           
2
 Human Development Index 2013 <0.55 (UNDP, 2014). 
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development status of countries based on the Human Development Index [138] from very high to low for the 

entire globe (A), Caribbean (B), and Europe (C). Panel D shows the cumulative distribution of ES studies across 

countries or marine areas (No. countries or marine areas) and their development status (colored ovals). The 

horizontal lines indicate the 25-, 50-, and 75-percentile. The top ten areas with most ES studies in the sample 

were displayed, reflecting greater than 50% of all studies. Global studies were excluded. 

 

Regulating services were most frequently reported, followed by cultural, provisioning, and 

supporting ES (Fig 2.3). Quantitative information expressed in numeric variables was recorded in 4% 

of columns of databases (Fig 2.3). In 28% of databases all entries were filled with data, while for the 

other databases entries remained incomplete (not applicable, not answered or not available).  

 

 
Fig 2.3. General characteristics of ES database contents. In total 35,949 studies/projects and 163 methods 

were documented in the reviewed 29 databases (bar plot left). Databases were structured in 6 up to 379 

columns (bar plot middle) that provided quantitative (light gray) or qualitative information (dark gray). Eight 

databases showed fully completed entries, while in five less than the half of data entries remained empty (bar 

plot right). Most of the data entries referred to regulating services, followed by cultural, provisioning and 

supporting ES (gray scale bar plot right). 
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Slightly more than half of the databases were research collections (52%) designed to serve a specific 

group and topic in ES science, and funded through different research grants (Fig 2.4). In 48% of 

databases resource collections could be identified. These resource collections were managed under 

the umbrella of international and national environmental programs and agencies as well as private 

non-profit organizations.  

 

 
Fig 2.4. Design and impact of databases. Percentage of the 29 databases that belong to specified 

characteristics. Characteristics are defined in S2.2 Table. For the characteristic ‘search option’ the category ‘all’ 

includes ‘categorical’, ‘free text’ and ‘geographical’. The colored bars (lower part of bar) indicate the database 

for each characteristic respectively. 

 

The majority of the 29 databases (72%) organized data based on a relational data design (Fig 2.4), 

i.e. besides the place where data were stored also the relationships between those data were 

considered. A relational data design reduces redundancy in data and allows data to be accessed 

through logical rather than physical identification. Also, basic tabular structures were used to 

organize data on ES (28%). Accordingly, databases could be queried in different ways to retrieve 

information. The following features were provided (Fig 2.4): (i) free text search that allows users to 

input keywords or numbers (67%), (ii) queries by selecting predefined options of different categories 

representing database entries (100%), and (iii) geographic queries by interactive maps (24%).  

None of the databases incorporated an approach that ensured data longevity (e.g. persistent 

identifier for data archiving) and a permanent access to datasets, even though almost three out of 

five databases (59%) contained finalized datasets of finished projects (Fig 2.4). Basic add-ons were 

used to share information and increased visibility of databases (62%) such as hyperlinks to original 
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methods and studies as well as links to social media sites with additional information (Facebook, 

YouTube, Twitter, Flickr, Instagram, etc.) (Fig 2.4). Databases were rarely (17%) linked to analytic 

programs or visualization software that enable users to develop and customize applications, for 

instance by using a geographic information system application programming interface (GIS API). 

For 28% of the databases their application within a decision-making context or policy uptake was 

reported (Fig 2.4). A few were considered for diverse research initiatives beyond their original 

project (SGA, IPBES Catalogue, ESVD, EVRI, ReefLink Database), for capacity building in university 

courses or workshops for practitioners and federal employees (Values Cases, ValuES Methods, EVRI, 

EM), as a trigger for debates on different policy levels (PESD), and for governmental action plans and 

environmental stewardship (EVRI). 

2.3.2 Information demand for policy instruments  
Information demand for decision-making was specified for six policy instruments. The most frequent 

indicators per policy instrument were summarized in Table 2.2. Also, a comprehensive list of the 

identified 93 indicators and their relation to the six policy instruments was provided in S2.3 Table. 

 

Table 2.2. Overview of policy instruments and top three indicators of information demand. For each of the 

six policy instruments (A-F), the three most frequent indicators of information demand were described. The 

frequency was calculated by quantifying the number of matches between entries in ES databases and 

indicators of information demand.  

Indicator Description Example of database entries 

A) Extending accounting systems through nature-based indicators 

Driver Identification of biophysical or socio-economic factors 
that exert pressure on the environment and lead to 
changes in ecosystem conditions such as population 
growth or climate change [139]. 

ReefLink Database: ‘Socio-Economic 
Drivers’ include the sectors that fulfill 
human needs for Food & Raw Materials, 
Water, Shelter, Health, Culture, and 
Security. 

Environmental 
policies & 
regulations 
mentioned 

Consideration of or commitments to laws, regulations 
and other policy mechanisms that manage effects of 
anthropogenic activities on nature and its natural 
resources [140]. 

IIED Watershed Markets: ‘Legislation 
Issues’ explain legal provisions related to 
PES for watersheds. 

Metrics Unit of measurement by which ES are assessed [78]. ESVD: ‘Unit’ encompasses units and 
currencies of monetary values of ES, e.g. 
US-Dollar per hectare and year. 

B) Rewarding benefits through payments and markets 

Payments for ES 
considered 

Voluntary transaction for specific ES, or a form of land 
use likely to secure that ES, through a continual series 
of conditional payments for ES buyer and 
provider/seller [141; 142]. 

IIED Watershed Markets: Description of 
‘Market Design’ of different PES schemes 
by providing information on ‘Services’ and 
‘Commodity’, ‘Payment Mechanism’, 
‘Terms of Payment’ and ‘Funds Involved’. 

Other financial 
policies for 
biodiversity-
friendly 
activities 

Practice examples concerning the (successful) 
implementation of tax breaks or exemptions [143], 
public compensation mechanism [144] and other 
financial policies that reward nature-friendly 
stewardship and spur green markets [145; 146]. 

ReefLink Database: ‘Funding & Incentives’ 
includes budgetary decisions by public 
administration to affect activities related to 
coral reefs. 
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(Table continues…) 

Spatial analysis 
economic 
benefits 

Spatial explicit appraisal of ES benefits for human well-
being in monetary terms [147]. 

ESML: Combination of ‘EM spatial 
distribution’ and ‘Variable values’ explain 
whether or not model calculations are 
carried out for a spatially differentiated 
area, and provide results for a model run. 

C) Reforming environmentally harmful subsidies 

Subsidies 
considered 

Practice examples on government actions that confer 
an advantage on consumers or producers in order to 
supplement their income or lower their cost [148]. 

ReefLink Database: ‘Agriculture & 
Aquaculture: Phase Out Unwanted 
Subsidies’ describes potential actions 
managers could enact to preserve reef 
ecosystems. 

Sectors of 
subsidies 

Economic sector in which subsidies are implemented 
[149].  

ReefLink Database: ‘Agriculture & 
Aquaculture: Phase Out Unwanted 
Subsidies’ describes potential actions 
managers could enact to preserve reef 
ecosystems. 

Effectiveness 
against stated 
objectives 

Accuracy and completeness with which implemented 
subsidies achieve an objective [150; 149]. 

BUVD: ‘General Comments’ and 
‘Methodology Comments’ of economic 
valuation studies. 

D) Addressing environmental degradation through regulation and pricing 

(Non-) Financial 
incentives for 
ES regulation 

Adjustments of incentives through the applications of 
ES-based standards and procedures that directly 
authorize or limit certain actions or impacts (price 
controlling through taxes, fines, fees [151] or quantity 
controlling through permits, quotas, licenses [152]) or 
other compensation approaches (offsets, biodiversity 
banking) [153; 154]. 

Goldman et al. [113] provides detailed 
information about ‘Conservation Finance 
Tools’ such as redistribution and creation 
of taxes, fees, right transfers etc. 
implemented in ES projects. 

Illegal conduct Information on environmental crime and what 
constitutes illegal conduct such as trade prohibitions 
[155], or legal regimes for environmental issues [156]. 

ReefLink Database : ‘Accidental & Illegal 
Harvest’ or ‘Designated Uses’ contain 
collections of species that are protected 
from harvest respectively concise 
statements of a state’s management 
objectives and expectations for each of the 
individual surface waters under its 
jurisdiction. 

Driver with 
identifiable 
polluter 

Attribution of a person (-s) or a thing (-s) that is 
directly or indirectly responsible for an ecologically 
harmful change in the environment [157]. 

IIED Watershed Markets: ‘Driver’ and 
‘Stakeholders’ describe the local 
environmental problems and stakeholders 
involved in PES for watersheds. 

E) Regulating use through protected areas and recognition of their values 

Protected areas 
considered 

Consideration of any area of the terrestrial or aquatic 
environment that has been reserved by federal, state, 
tribal, territorial, or local laws or regulations to provide 
lasting protection for part or all of the natural and 
cultural resources therein [158; 159; 100]. 

ESVD: ‘Protected Status’ contains 
information on the level of protection of 
the study area. 

Win-win 
situations 
identified 

Identification of synergies in national and international 
policy commitments to create win-win solutions for 
environmental conservation and socio-economic co-
benefits, e.g. role of habitat protection for recovery of 
species and their effect on food security [160]. 

No column headers refer to the indicator, 
only in titles of references, e.g. in ReefLink 
Database: Gjertsen [161]. 
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(Table continues…) 

Regulatory 
mechanism for 
costs & benefits 

Documentation of policies or mechanisms for 
equitable sharing of benefits and costs arising from 
protected areas [162; 136]. Costs of protection and 
earning potentials from non-protection choices are 
often short-term and spatial concentrated while 
benefits are often long-term, broadly disbursed and 
non-market. 

No column headers refer to the indicator, 
only in titles of references, e.g. in NOEP 
Non-Market: Dharmaratne et al. [163]. 

F) Direct public investment in ecological infrastructure and restoration 

Restoration Provision of information on restoration. Restoration in 
accordance to Aronson et al. [164] includes the 
replenishment of natural capital stocks, recovering of 
resilient and self-sustaining ecosystems as well as the 
improvement of human welfare on different scales. 

ReefLink Database: ‘Wetland And Reef 
Restoration’, ‘Ecosystem Monitoring And 
Restoration’ etc., describe responses to 
directly alter the conditions of reef 
ecosystems. 

Proactive 
strategies used 

Application of proactive strategies, i.e. anticipatory, 
self-initiated behavior, acting, or investigation 
intervening in advance of a situation that is most likely 
to happen in future, for instance, the prevention of a 
hydropower-dam project to preserve natural assets 
[165; 166]. 

BUVD: ‘Method Description’ of economic 
valuation studies including approaches of 
averting behavior. 

Needs for 
adaption 

Expected needs for investment in adaption to natural 
or social crises and catastrophes [167; 168]. 
Also methods to identify investment opportunities are 
considered, e.g. the Resource Investment Optimization 
System (RIOS) that supports cost-effective investments 
in watershed services [169]. 

TEEB Cases: ‘What was needed to solve the 
problem in terms of data, resources and 
capacity?’ and ‘What was necessary for 
developing the instrument?’ explain which 
inputs were required to find more 
sustainable solutions for the management 
of ecosystems. 

 

2.3.2.1 Extending accounting system through nature-based indicators 
The first policy instrument aims at the development of new approaches to extend accounting 

systems and better integrate nature-based indicators. Developing accounting systems that capture 

the value of ES is seen as a key contribution to improve environmental management and achieve a 

path to sustainability. In order to implement the policy instrument the following information is 

required: 

- Identification and assessment of functional relationships between nature and human well-

being as prerequisite to understand the value of ES and development of indicators. 

- Metrics to quantify trade-offs between ES explicitly in space, time, for different management 

options and beneficiary groups.  

- Metrics to evaluate the uncertainty and suitability of ES indicators in terms of valid measures 

of the issue in question and high ease of use for society (e.g. accountants). 

- Characteristics of stakeholder engagement and level of consideration of stakeholders’ 

different points of views in approaches to extend accounting systems. Involving stakeholder 

contributes to meet the needs of those making policy and management decisions, and 

legitimize the application in ‘real world’ [170].  

- Requirements for information differ on various scales [171; 136]. On global/continental scale 

rather general objectives are stated by international conventions. Simplified accounts are 

required that monitor major patterns of ecological changes of ES delivery and quantify actual 
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expenditure for maintaining ecosystems capacity of providing services for all countries. On 

national/regional scale detailed information for the enforcement of environmental policies 

and regulations is required by agencies and ministries. On this scale indicators are required 

that refer to global accounts, but are based on national statistics and monitoring systems in 

order to adjust common national welfare measures such as Gross National Product. The local 

scale is the action level where ES are assessed based on real preferences from local actors. 

Local governments and business increasingly demand good practice examples and guidelines 

on how to consider nature in their everyday decisions. 

- Information on capacity building initiatives that facilitate the development and 

institutionalization of a plural valuation culture of nature’s contribution to human well-being, 

consistent with recognized best practices. 

2.3.2.2 Rewarding benefits through payments and markets 
The second policy instrument aims at rewarding private and public actors who maintain the flow of 

services that benefit society. Rewarding approaches are, for instance, direct payments, tax 

incentives or the stimulation of markets for products and services that have reduced environmental 

impact. The instrument demands information on: 

- Evidence on where, in what form, and under what conditions incentive-based instruments 

work best for both nature conservation and human well-being. For instance, schemes 

delivering PES have proven to be a flexible tool, providing rewards for maintaining multiple ES 

at a range of various scales [136]. 

- Design and establishment of fair and equitable payment schemes and market-based rewards. 

This includes information demand on conditions of access and benefit sharing, for instance, for 

the utilization of genetic resources based on traditional local knowledge.  

2.3.2.3 Reforming environmentally harmful subsidies 
Subsidies, i.e. ‘[…] government actions that confer an advantage on consumers or producers in order 

to supplement their income or lower their cost.’ [148], can harm or benefit the environment [172]. 

Reforming subsidies in order to alleviate environmental pressures, increase economic efficiency, and 

reduce burden on government budgets through the consideration of ES values requires information 

of the following kind: 

- Transparent overviews of different forms of subsidies and the extent to which ES are already 

integrated. 

- Information on subsidies’ effectiveness against their stated objective, cost-efficiency, and 

environmental impact. 

2.3.2.4 Addressing environmental degradation through regulation and 

pricing 
Increasing the accountability for environmental degradation and its costs requires information on 

how ES valuation can help to reduce uncertainties with respect to expected external costs of 
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damages, provide justification for possible regulations, and support the introduction of liability 

rules. Indicators of information demand include: 

- Practice examples which facilitate the internalization of external environmental costs by 

implementing principles of polluter pays and full cost recovery based on ES valuation.  

- Examples for regulatory standards and rules (non-monetary) for resource use that represent 

reference points upon which environmental liability regimes operate.  

- Information on how to adjust incentives by introducing market-based instruments (price 

controlling through taxes, fines, fees or quantity controlling through permits, quotas, licenses) 

or other compensation approaches (offsets, biodiversity banking) that build upon ES-related 

standards to more effectively react to environmental degradation. 

- Compliance monitoring, enforcement and prosecution schemes to strengthen ES based 

regulations in force. 

2.3.2.5 Regulating use through protected areas and recognition of their 

values 
Establishing protected areas and improving their governance through the recognition of ES values 

requires: 

- Information on benefit-cost ratios for the creation and management of protected areas based 

on ES valuation to show their contribution to human well-being and to increase the social and 

economic relevance of regulating use in conserved areas. Often costs are short-term and 

spatially concentrated while benefits of protected areas are long-term, broadly disbursed and 

non-market. 

- Practice examples that implemented regulatory mechanisms for equitable sharing of costs and 

benefits from protected areas. 

- Information on stable financial resources and international funding instruments for the 

implementation and management of protected areas, in particular to support initiatives in 

developing countries. 

- Identification of synergies in national and international policy commitments to create win-win 

solutions for environmental conservation and socio-economic co-benefits, and to promote an 

enabling framework for the establishment and management of protected areas. 

2.3.2.6 Direct public investment in ecological infrastructure and restoration 
The last policy instrument aims at the reduction of environmental risks or mitigation of their 

consequences by using direct public investment in ecological infrastructure and restoration of 

degraded ecosystems. Information demand for the policy instrument relates to:  

- Identification of situations in which direct public investments in ecological infrastructure and 

restoration is required to reduce natural hazard risks or mitigate their consequences. This 

encompasses information requirements on threats to ES provision, actual and possible 

transition processes, timescales of restoration process and recovery to a state of ecosystem 
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resilience and performance [173], and evidence on whether benefits exceed costs from 

restoration. 

- Evidence on proactive investment strategies that successfully reduced environmental risks. 

Instead of reactive restoration where damage has already taken place, proactive strategies and 

the precautionary principle are stressed in policy [174]. Usually it is more cost-efficient to 

avoid degradation than to pay for ecological restoration. 

2.3.3 Information demand fulfilled by ecosystem service databases 
The extent to which the 29 available databases provide information for each of the six policy 

instruments was quantitatively synthesized in Fig 2.5 (S2.1 Fig for details on indicators of 

information demand). This figure visualizes how the content of each database provides data that 

matches with indicators of information demand for implementing a given policy instrument. In Table 

2.3 the most frequent matches and constraints were summarized. 

Across all databases, the most information was provided for the policy instrument that aims at 

extending accounting systems (in total 43%3 of data entries from 29 databases). ReefLink Database 

(32%), BUVD (13%) as well as EM (11%) were the top three databases providing the most 

information across all policy instruments. Databases addressed different components of the ES 

concept [12] and focused on specific linkages between nature and human-well-being. Biophysical 

links between policy actions and state of ecosystems, and consequences on ecological production 

functions were considered in 56%. In contrast, economic and social valuation of services to people 

were included in 33%, and information on specific decisions made by individuals, communities, 

corporations, and governments attuned to social and political contexts were contained in 11%. None 

of the databases quantifies relationships for all of the components.  

 

                                                           
3
 Percentage values in Section 2.3.3 (including 2.3.3.1 to 2.3.3.6) refer to relative contribution (�̂�(𝑝)) between 

database entries and indicators of information demand, as described in Section 2.2. Exceptions were specified 

separately. 
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Fig 2.5. Quantitative matches between information supply provided by databases and information demand 

of policy instruments for safeguarding ES. The chord diagram connects information supply from 29 databases 

(right half) with information demand represented by six policy instruments (left half). It shows the relative 

contribution (percentage values of outer arc of stacked bars) and total number of (inner monochrome arc) 

matches between database entries and indicators of information demand aggregated by policy instruments 

(colored arc connections). Color codes from the outer left arc and inner right differentiate databases (e.g. 

green, red, yellow, orange), while colors from the inner left and outer right distinguish policy instruments (e.g. 

purple, bluish). Additionally, S2.4 Table provides the explicit numbers for the relative contributions. 
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Table 2.3. Summary of information supply from databases for policy instruments. The table summarizes the 

information availability (most frequent data entries) and information gaps (missing data entries) and 

constraints from 29 databases for the six policy instruments. The six policy instruments were codified as 

follows: (A) Extending accounting systems through nature-based indicators; (B) Rewarding benefits through 

payments and markets; (C) Reforming environmentally harmful subsidies; (D) Addressing environmental 

degradation through regulation and pricing; (E) Regulating use through protected areas and recognition of 

their values; and (F) Direct public investment in ecological infrastructure and restoration. 

Databases Information availability Information gaps and constraints 

ReefLink 
Database 

• Most information for (D), (E) & (F); • Most studies in society’s 
poorest nations; • Most global studies; • Extensive information 
on monitoring (A) 

• Focus on coral reefs 

EVRI • Most long term studies; • Most local studies; • Most 
comprehensive information on monetary valued ES (A);  
• Insights into proactive investment strategies to reduce 
environmental risk (F) 

• No information on (C) 

EM • Most information for (B); • Comprehensive information on 
incentive-based instruments, other compensations (offsets, 
biodiversity banking) & market based-instruments (B, D) 

• Qualitative documentation hinders 
comparability of data entries  

ESB • Outreach material for capacity building (A) • Broad thematic categories 
(column headers) used to organize 
data entries 

Cardinale et al., 
2012 

• Categorical relationships between biodiversity & ES identified 
(A) 

• No information on (C), (D), (F);        
• High number of missing data 
entries 

MESP • Monetary values of costs & benefits of coastal & marine ES (A) • No information on (C), (D), (E);      
• Focus on coastal & marine ES 

EVCBN • Insights into cost & benefits of ES (A) • No information on (C), (E) 

NOEP Non-
Market 

• Monetary values of costs & benefits of ES (A); • Insights into 
funding options & instruments for protected areas (E)  

• Almost no information on (C);        
• Focus on costal & marine cultural 
services 

Liu et al., 2010 • Basic information on ES type, biome & country of economic 
valuation studies 

• Least information documented for 
policy instruments; • No information 
on (B), (C), (D), (E), (F) 

Seppelt et al., 
2011 

• Insights into ES indicators & uncertainty (A) • No information on (B), (C), (D), (E), 
(F) 

ENVALUE • Monetary values of costs & benefits of ES (A) • No information on (C), (D), (E) 

ESML • Ecological quantification of ES (A) • No information on (C); • focus on 
ecological models 

PESD • Insights into PES projects (B); • Insights into public investment 
for agroforestry systems, biodiversity conservation, carbon 
sequestration, ecotourism & watershed protection (F) 

• Focus on PES project transactions 

Vihervaara et 
al., 2010 

• Measures of interdisciplinarity of studies directly addressed 
(A) 

• No information on (B), (C), (D), (E), 
(F) 

Innovation 
Seeds 

• Information on funding programs & networks for more 
environmental-friendly approaches or technologies (B);  
• Insights into proactive approaches & technologies to reduce 
environmental risk (F) 

• Almost no information on (C) & (E) 

ESVD • Monetary values of costs & benefits of ES (A); • Most 
information on valuations of cost & benefits of ES in protected 
areas (E)  

• No information on (C) 

De Bello et al., 
2010 

• Categorical relationships between functional traits & ES 
identified (A) 

• No information on (B), (C), (D), (F) 

IPBES Catalogue • Capacity needs and action taken directly addressed (A) • No information on (C), (D), (E), (F) 
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(Table continues…) 

ELD Cases • Monetary values of costs & benefits of ES (A) • No information on (C) 

BUVD • Most information for (A) & (C); • Monetary values of cost & 
benefits of ES (A); • Most information on subsidies (C)  

• Focus on water-based ES 

Goldman et al., 
2008 

• Information on monitoring & evaluation of project impact (A); 
• Most information on offsets & compliance monitoring (D) 

• No information on (E); • High 
number of missing data entries 

TEEB Cases • Good practice examples on utilizing ES valuations for decision 
support (A) 

• Qualitative documentation hinders 
comparability of data entries  

Keniger et al., 
2013 

• Categorical relationships between human interactions & 
nature identified (A) 

• No information on (B), (C), (D), (F) 

IIED Watershed 
Markets 

• Systematic differentiation of stakeholders involved in PES (A); 
• Most comprehensive information on PES (B) 

• Focus on watershed services 

ValueES 
Methods 

• Training material & methods for assessment & management 
options of ES (A) 

• Focus on ES methods & tools 

ESID • Insights into ES indicators (A) • No information on (E) & (F);           
• Almost no information on (C) 

SGA • Outreach material for capacity building (A) • No information on (B), (C), (D),(E), 
(F) 

ValuES Cases • Good practice examples on utilizing ES assessments for 
decision support (A) 

• Qualitative documentation hinders 
comparability of data entries  

ARIES Cases • Practice examples on ES modelling • No information on (C); • Almost no 
information on (D) 

 

2.3.3.1 Extending accounting systems through nature-based indicators 
Of the 43% of database entries provided for extending accounting systems through nature-based 

indicators, the following information was available: One database (ESML) contained values of 

ecologically quantified ES based on production functions. In ESML were maximum, minimum, and 

central-tendency for predictor and response variables of ecological models documented. Further 

ecological insights into ES were provided by identifying categorical relationships (positive, neutral 

and negative) between biophysical components of nature and ES (de Bello et al., 2010, Cardinale et 

al., 2012) as well as ES and human well-being (Keniger et al., 2013). Measures of critical thresholds 

(i.e. status of sudden ecosystem collapse) or prioritization schemes to identify need of actions based 

on biophysical values of ES were absent. Twenty databases contained entries that address the 

monetary valuation of ES. However, numerical information on monetary values was provided in only 

1.4% of data entries across all databases for demand of ES and in 0.7% for the supply of ES. In 1.3% 

of entries it was distinguished whether approaches were used to assess performance of ES over time 

or for a specific point in time.  

The quantification of trade-offs between ES were reported in 0.3% of entries. Information that 

support trade-off analysis such as where ES were generated (2%), what were drivers of losing them 

(3.7%), the economic costs of ES loss (0.3%) and who faced these costs (0.7%), where (0.7%) and 

when (0.7%) were simultaneously documented in the databases EVRI and IIED Watershed Markets 

only. Monitoring strategies for performance monitoring of ES were reported in 1.3% of entries. 

Long-term impacts of resource use decisions (exceed 10 years) were addressed by 0.1% of entries 

and three databases (EVRI, Goldman et al., 2008 and ESML).  

Metrics to evaluate the uncertainty of studies were reported for 0.9% of entries. The ESML 

database most exhaustively captured uncertainties by providing bivariate information (‘yes/no’ 
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answer category in 97% of ESMLs’ entries) on different quality tests of models and indicators used. 

None of the databases provide information to measure indicators maturity for application in 

practice or uptake of indicators in society required to estimate progress in ES indicator 

development.  

Stakeholder engagement was reported in 2.1% of entries. However, a detailed differentiation 

was less frequently available, for instance, in which processes stakeholder were involved (0.8%), 

from which institutional scale (0.9%) and socio-economic sectors they came from (0.6%). IIED 

Watershed Markets divided stakeholders into the groups of supply, demand, intermediary and 

facilitator, to provide insights into which roles stakeholder played for the design and establishment 

of nature-based accounting systems. In 1.2% of entries databases directly addressed the topic of 

transdisciplinary requirements on ES research and documented which scientific and societal bodies 

supported the studies and projects. 

On the global/continental scale (investigation area ≥20 million sqkm) more than 1,731 studies 

were available, but less than 1% monitored ecological trends of changes in ES supply and quantified 

actual expenditure for restoration, protection, and resource management to maintain ecosystem 

capacity of delivering services. In 15 databases information criteria for regional (investigation area 

<20 million sqkm, >10,000 sqkm) and local scale (investigation area ≤10,000 sqkm) were 

distinguished. In 2,848 studies information was provided on indicators for taking ES into account on 

regional scale. Details on whether and how they could be linked to global accounts or integrated in 

national accounts and statistics were missing. In 2,585 studies real preferences from local actors 

were assessed. In 1% of the local studies guidelines were provided on how to consider nature in 

local and private actors’ everyday decisions.  

Databases provided information on how to build ES assessment capacities for different 

stakeholder groups (0.2%). Also information on capacity building initiatives were documented for 

the trade-off analysis of management options in accepted policy assessment systems in place 

(<0.1%). For these capacity building efforts databases contained outreach material such as webinars, 

guidelines, FAQ’s, training material or other interactive resources. 

2.3.3.2 Rewarding benefits through payments and markets 
In 15% of database entries information was provided for incentive-based policy instruments that 

aim to reward nature-friendly stewardship and spur green markets. Financial incentives such as tax 

breaks or indemnifications were documented in 2.3% of entries. While PES were examined in 5.2% 

of entries, specific information on implementation aspects of PES were dispersed across databases. 

Most databases reported only on one of the following topics: transaction costs of transition to 

nature-friendly activities (<0.1%), in what form (1.6%) and under what conditions (0.2%) PES worked 

for safeguarding ES. Two databases disclosed legal frameworks directly referring to PES in different 

nations and showed how legal aspects were considered in PES schemes (PESD, IIED Watershed 

Markets). Information on the engagement of local stakeholders in the design and implementation of 

PES were provided in 0.5% of databases. Basic information to support the development of new PES 

schemes, such as spatial analysis of economic benefits (2%) and costs of ES loss (0.6%), the 

distributions of providers (0.4%) and beneficiaries (0.6%) was also broadly dispersed across 

databases. Maps that illustrate areas most important for providing ES were shown in no database. 
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Practice examples on how to design or establish fair and equitable payment schemes and 

market-based rewards were scattered across databases. Insights were provided for empowering 

specific groups of stakeholder for the establishment of PES (<0.1%). Also, databases documented 

conditions of access and benefit sharing for the utilization of ES based on traditional local knowledge 

(0.8%). Information on capacity building initiatives to support locals in assessing, utilizing and 

sharing of benefits for genetic resources were provided in 0.8% of databases. The database EM 

summarized most comprehensively information on established ES markets such as markets for 

carbon, water and biodiversity.  

2.3.3.3 Reforming environmentally harmful subsidies 
Across all databases, the least information was documented for the policy instrument that aims at 

reforming environmentally harmful subsidies (1.1% of database entries). Neither a transparent and 

comprehensive inventory of subsidies for different nations nor an overview of the extent to which 

ES are integrated in subsidies was available. Thirteen databases contained entries that provided 

qualitative information on subsidies. BUVD and IIED Watershed Markets reported most extensively 

on subsidies. In 0.5% of entries it was shown how subsidies have been used or where new ones have 

been established. Further insights in the socio-economic sector where subsidies have been 

implemented were given for 0.3% (187 studies).  

Information on subsidies effectiveness against stated objectives (0.2%), their cost-efficiency and 

environmental impact (<0.1%) was disbursed across different databases. Only BUVD and IIED 

Watershed Markets documented these indicators simultaneously for 12 studies.  

2.3.3.4 Addressing environmental degradation through regulation and 

pricing 
Of all policy instruments, the second most information (19% of database entries) was provided on 

accountability for environmental degradation and its costs. Measures for spatial allocation of 

polluters and their costs of damages were reported in 0.9% of entries. Assigning spatially explicit full 

costs of ES recovery to recipients benefiting from the ES was not covered by any database.  

Other standards for environmental regulations were held by databases for prohibitions (0.1%), 

environmental benchmarks (1%), and technical innovations that reduce pressures on nature (1.5%). 

ReefLink Database contained the most data entries on environmental benchmarks for land 

management and environmental prohibitions according to US-laws for a broad set of coral reef 

related topics, e.g. air and water quality management and monitoring, amendment rules to protect 

fish, and permits for coastal construction programs. Data entries for technical innovations, such as 

the sharing of new production and recycling techniques, were most often reported in Innovation 

Seeds.  

Databases also provided practice examples of adjusting incentives through diverse market-based 

controlling instruments (0.9%) and other environmental offset schemes (0.6%) that integrated ES-

related standards. Information on specific techniques and time frames for offsetting environmental 

degradations were given for 0.3% (EM, EVRI, TEEB Cases, ValuES Cases, IIED Watershed Markets, 
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ESML). However, no database evaluated the long-term added value of specific compensation 

activities after their implementation.  

Information on compliance monitoring (0.2%) as well as approaches for the design of 

prosecution, arrest, conviction and penalties for perpetrators (0.1%) was disbursed over different 

databases and individual studies. Most information was provided in ReefLink Database, Goldman et 

al., 2008 and BUVD. The documentation of international cooperation on law enforcements 

addressing illegal cross-border activities was considered in 0.1% of data entries, for a total of 252 

studies. This includes setting and enforcing international treaties for conservation and trade 

prohibitions (ReefLink Databases, TEEB Cases, Goldman et al. 2008, NOEP Non-Market, ELD Cases), 

international compliance markets with penalization agreements (EM), or funding provided by 

international NGOs for inspections and other control approaches (IIED Watershed Markets). 

Innovations Seeds encompassed a network library that provided information on partnerships for 

multiple scales, sectors, and nations.  

2.3.3.5 Regulating use through protected areas and recognition of their 

values 
Information that supports the establishment of protected areas and improves their governance was 

contained in 15% of database entries. This percentage includes the following indicators: In 6.3% of 

entries terrestrial and marine protected areas were directly addressed and in 2.2% their ES valued. 

Entries rarely gave spatial (0.4%) and temporal (0.9%) explicit insights into benefits and costs of ES in 

protected areas. Expenditures for management of protected areas were directly shown in PESD and 

EM, for <0.1% (23 studies).  

Regulatory mechanisms for equitable sharing of costs and benefits from protected areas were 

documented in 1.4% of entries, for instance the implementation of PES schemes (EM, IIED 

Watershed Markets, PESD). 

Funding instruments to enable stable financial support for the implementation and management 

of protected areas were reported in 0.4% of entries. Databases documented funding by 

governmental sources, non-profit organizations and diverse market-based sources.  

Synergies and coherences in national and international policies were documented in 1.7% of 

entries and win-win situations specified for the influence of habitat protection on ecosystem-based 

adaptation to climate change, tourism and poverty reduction as well as for recovery of species and 

their effect on food security in surrounding areas. Databases such as IIED Watershed Markets, TEEB 

Cases and partly ValuES Cases directly linked and quantified the contribution of protected areas to 

poverty reduction and local livelihood improvement. 

2.3.3.6 Direct public investment in ecological infrastructure and restoration 
Of all policy instruments, the second fewest amount of information (7% of all database entries) was 

provided on the reduction of environmental risks by using direct investments of public money in 

ecological infrastructure and restoration of degraded ecosystems. Good practice examples were 

documented by governmental funds for mitigation of climate change, water management, and 

preservation of biodiversity (IIED Watershed Markets, PESD; EM, EVCBN, TEEB Cases, ValuES Cases, 
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ReefLink Database, Innovation Seeds) as well as safeguards of recreational amenities (NOEP Non-

Market, ESB). Expected needs for adaptation to natural hazard risks were reported by economic 

valuation of investment needs for restoration, mitigation and avoidance costs (0.7%), general 

descriptions on restoration requirements to solve in situ problems in terms of data, resources and 

capacity (0.2%), and requirements for applying specific restoration methods and technologies 

(<0.1%, 72 studies). ELD Cases provided the most information for expected needs for adaptation to 

natural hazard risks. In less than 0.1% of entries information was available for restoration of 

degraded ecosystems whose returns lie in the realm of non-market ES and public interest, and will 

be realized only over a long-term perspective, as are brownfield sites, post mining areas, converted 

forests, etc. EVRI contained most data entries for these types of restoration. Also, EVRI was the only 

database that quantifies whether benefits from restoration exceeded the costs and elucidated 

threats to ES and transition processes. No database documented the timescale for the restoration 

process and recovery to an aimed state of ecosystem resilience and performance.  

Proactive investment strategies to reduce environmental risk were documented in 1.1% of 

entries. For instance, direct public investments in recycling techniques were shown in five databases 

(Innovation Seeds, ReefLink Database, EVCBN, EM, TEEB Cases). These databases documented loops 

and synergies in and between ES beneficiaries for a more efficient use of limited resources, e.g. 

straw waste recycling in a rice-wheat rotation farmland [175] or corporate social responsibility for 

wastewater treatment [176]. 

2.4 Discussion 

2.4.1.1 Priority areas for mainstreaming ecosystem service information into 

decision-making 
Analyzing and comparing contents across all indicators of information demand shows that five key 

criteria pertain to all policy instruments. Synthesizing these findings suggests that the five key 

criteria represent priority areas to formalize standards for the documentation of knowledge on ES 

critical for mainstreaming ES information into decision-making. I discuss these five key criteria and 

summarize information availability for those criteria provided by databases. 

(1) Quantification of values for ES to better recognize nature: The recognition of values of ES for 

both short-term and long-term benefits is essential to stimulate adjustments of economic and 

financial incentives for a greater efficiency in solutions of environmental problems and resource use, 

and contribute to the achievement of sustainability goals [177]. Values of ES can be expressed in 

multiple dimensions (biophysical and socio-economic, e.g. monetary) and are implicitly or explicitly 

part of decision-making and its justification [178]. Most databases valued ES in monetary terms but 

neglected to transparently relate these values to biophysical measures. Furthermore, no database 

provided transparent information on propagation of uncertainties associated with results, if 

biophysical measures are interlinked with socio-economic values. In general, estimates of 

uncertainties were rarely quantified in databases, regardless of the fact that the handling of 

uncertainties is seen as a sensitive topic in science-based policy advice [179]. Consequently, the 

discovery of reliable information on (anthropogenic) transition processes of nature and their impact 
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on benefits for human well-being is hampered. Designing databases by taking into account linkages 

between ecosystem changes and outcomes that matter to people enhances the provision of policy-

relevant information [78; 180].  

(2) Transparent prioritization schemes in ES analysis to identify need of action: Values of ES on 

their own will not provide solutions to halt environmental degradation. The challenge is to use 

values of ES to redress market and policy failures. Prioritization schemes address the evaluation and 

ranking of ES, methods, results etc., in accordance with their importance or urgency for a particular 

purpose. The reviewed ES databases neglected to biophysically quantify the relative importance of 

ES by magnitude of change and the number of affected beneficiaries. In contrast, monetary 

valuations through cost-benefit analysis and other trade-off analysis (scenario analysis etc.) were 

frequently documented. Economic prioritization, however, should be considered with caution since 

linkage to biophysical measures was missing and information on ecological thresholds was absent in 

databases. Economic valuations of ES based on estimating marginal changes of environmental 

benefits become inappropriate when ecological thresholds are transgressed [181]. ES databases 

rarely provided explicit and contextualized recommendations for situations in which policy 

interventions were suitable and efficient. For instance, there was a lack of information on reforming 

environmentally harmful subsidies. Also rarely shown were specific situations in which directly 

investing public money in ecological infrastructure or restoration was needed to reduce crises and 

catastrophes or mitigate their consequences. Databases neglected the documentation of relations 

between natural capital and extreme event prevention. Success stories of direct public investment 

in restoration were rarely reliable due to missing information on cost-benefit ratios of restoration, 

time needed for the restoration process and evaluation whether aimed state of recovery was 

achieved. Good practice examples that show how to improve governance of protected areas were 

proposed based on information on regulatory mechanisms that consider ES benefits in their 

calculations. However, databases were missing comprehensive and transparent overviews on cost-

benefit ratios for the creation and management of protected areas; including costs to enable 

protection, regulate use, and maintain protected areas [182; 183]. Some databases were designed 

to help users find ES methods for specific applications based on considerations of cost and time 

efforts, for individual purposes, technical maturity, etc. (ESML, ValuES Methods), and thus provided 

better amenability for decision-making.  

(3) Sensitive stakeholder engagement to ensure durable reforms: Stakeholder engagement 

helps to meet practical needs and contributes to the relevance and legitimacy of information supply 

for decision-making [184; 170; 185]. Even though a set of generally agreed engagement rules exists 

[170], there is no ‘one-size-fits-all’ approach that can be applied to projects with strongly varying 

scopes. Thus, decision-makers need guidance on when to involve stakeholders and what are 

challenges and constraints. The reviewed databases provide general information on stakeholder 

engagement. For instance IIED Watershed and TEEB Cases provided practice examples on how the 

integration of local communities in the design of protected areas ensured the compliance of locals 

with conservation strategies. Also, IIED Watershed and TEEB Cases showed that the engagement of 

locals in building protected areas contributed to both nature conservation and improvement of local 

livelihood. However, databases neglected to address risks of stakeholder engagement that may 

delayed decision-making or led to poor decisions, such as cost and time efforts, labor input, conflicts 
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arising from stakeholder participation or unbalanced engagement [186; 187]. The development of 

information sharing mechanisms that disseminate information about challenges and constraints 

may help to avoid common pitfalls, to identify appropriate situations for participation, and to 

improve engagement processes in terms of effectiveness and efficiency. 

(4) Facilitate information access and capacity building to establish ES-based decision-making: 

Building capacities of individuals, communities and organizations is an essential prerequisite to 

encourage collaborative action and help to sustain long-term commitment. Capacity building can 

contribute to take scientific findings into account in policy processes, to make environmental 

assessments and information accessible to stakeholders, to manage environmental data and 

information, foster national scientific capacity etc. [188]. Approaches for capacity building vary 

considerably in different national and cultural contexts as well as for different purposes of use [189]. 

Examples for capacity building approaches include training and workshops, networks to share 

experiences and information, stakeholder engagement and fellowship programs [190]. Compiling an 

inventory of existing opportunities and arrangements for capacity building is seen as an important 

baseline for the promotion and facilitation of capacity building initiatives. Databases reported about 

basic and advanced capacity building options such as webinars and workshops on assessing ES state, 

value and trade-offs. Capacity building on compliance monitoring and enforcement of ES regulations 

as well as criminal prosecution and penalty were missing. Improving capacity in applying ES-based 

liability and enforcement regimes is critical to give policy teeth and contributes to the reduction of 

environmental degradation [136]. All databases lacked a systematic documentation of capacity 

building approaches in accordance with topics and purposes of capacity building. Only the database 

Innovation Seeds contained an inventory of experts and networks providing information on 

competences and contact details for consultancy. Expert networks play a major role in 

strengthening capacity. As expert networks develop, their linkage with policymaking bodies grows, 

fostering more effective communication between experts and policy makers [188]. Research should 

further engage in capacity building and develop knowledge exchange mechanisms that provide fast 

and simple access to ES research for broad audiences [191-193]. Steps towards the development of 

a more efficient knowledge exchange mechanism were illustrated in Section 2.4.1.2. 

(5) Evaluation of long-term returns of interventions: Revealing ES values and benefits of actions 

obtained over long-term time horizons is crucial to adjusting the current decision-making bias 

towards short-term economic benefit [194]. Results of Chapter 2 showed that long-term ES studies 

were rare (2% of all studies) in reviewed databases. Research needs to be directed to three topics: 

First, proactive strategies to avoid environmental degradation beforehand by modeling long-term 

impact of resource use decisions. Uncertainties associated with different potential resource use 

decisions that are difficult to quantify may be approached by safe minimum standards to forestall 

irreversible damages [195; 196]. Second, monitoring and evaluation schemes are required to 

document impact and progress of measures and actions implemented in real-world situations over 

the long term against clear objectives and measurable targets. For instance, the applicability and 

effectiveness of an approach or technology can be evaluated by monitoring the maturity level: from 

the idea to the full deployment of the final product, mechanism or instrument. The database 

Innovation Seeds provided a practice example with its internal maturity evaluation system that is 

used to organize environmental-friendly approaches or technologies. Third, research is needed that 
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provides evidence on long-term added value of compensations that would not have occurred 

without taken actions. Such research comprises long-term returns from offsets gains secured by 

protecting species or habitats at risk of loss, and restoring degraded or destroyed ecosystems to an 

acceptable state of ecosystem resilience and performance. Examples from database entries showed 

that ensuring the additionality of compensation and revealing its benefits positively impacted the 

reputation of compensations while increasing the societal relevance and economic attractiveness of 

investing in nature [26; 197]. 

2.4.1.2 Mechanism for more efficient knowledge exploitation 
In addition to the five above mentioned criteria, I found evidence that disciplinary silos also prevail 

in databases of ES. All databases used individual standardization concepts to organize data entries. 

Moreover, a common reference collection was missing and only a few well-established standard 

protocols for archiving and retrieval of information across databases existed. These factors made 

the data discovery, complementation of information across different databases and processing of 

information for decision-advice an ambitious and highly labor intensive task.  

Ontologies linked into a common cyber-infrastructure hold promise to improve data visibility and 

accessibility, and enable automation processes to support synthetic research and decision advice 

[198]. Ontologies are explicit formal specifications of terms in a domain and relations among them 

[199]. Based upon ontologies common meanings of data entries can be discovered across databases 

via taxonomies and logical inference rules are introduced that enable automated reasoning [200]. 

Therefore, adding ontologies to databases provides benefits by streamlining the accuracy of queries, 

also for more complex questions whose answers do not reside in a single database. Ontologies even 

enable users to access and integrate databases which implicitly contain information on ES, i.e. 

consultation and utilization of available data from sources that not literally refer to ES, but contain 

information that can be linked to estimate the value of nature, its benefits to human and what a 

good life encompasses. Additionally considering those databases (see IPBES [49] for a list of 

databases) would facilitate interdisciplinary research and would reach user groups beyond ES 

community, such as actors in charge of the Strategic Plan for Biodiversity 2011-2020 [201] and the 

Sustainable Development Goals [202]. 

Developing and adding an ontology to ES databases has not to start from scratch. There are 

several efforts within science community to build ontologies that are useful for describing data [203; 

43]. Most of them, however, are domain-specific representing a thematic limited scope and 

community of relevance, therefore, increasing the risk of a next-generation disciplinary 

compartmentalized science. Nevertheless, initiatives such as Ontolog [204], OGC Working Group 

[205], SONet [206], ESIP [207], Rueda et al. [208], and INSPIRE from European Commission [209] 

provide mechanisms for collaboration and facilitate the development and curation of domain-

crossing ES ontologies. 

Within this article an empirically based taxonomy of knowledge demand on ES is identified 

demonstrating that an ontological approach can also be applied to specify and explore information 

demand for decision-making. By clarifying the terms of discourse in ES science and decision-making, 

and annotating available data with those terms based on ontologies scientific knowledge can be 

aligned with needs of decision-makers. For instance, the five key criteria to mainstream ES 
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information into decision-making could be used as generic framework to steer the development of a 

demand-driven ontology that takes full advantage of the growing ES databases on the Internet. Such 

an ontology is a promising approach to set up a common vocabulary, to facilitate information 

sharing, and ultimately contributes to bridge the science policy gap. By agreeing upon a common 

vocabulary and determining criteria (entry points) to incorporate information into decision-making 

critical steps could be made towards the establishment of a reference collection that sets standards 

in ES community over the long term. 

The here determined taxonomy of information demand on ES and the derived key criteria might 

be criticized for their representativeness, because they rest upon a review of literature rather than 

surveying information demand requested from decision-makers directly. Although study donors and 

researchers have their own views on the best use of ES information in many application contexts 

and assertions for information requirement of mainstreaming ES are stated, they not necessarily 

represent the actual information demand of practitioners and decision-makers. Experts suggest the 

engaging of decision-makers directly to determine information needs, also for systematic reviews 

[210]. Considering the time and resource restrictions for this work the systematic review of 

literature, including governmental and policy documents as well as surveys of stakeholder demand 

(see S2.1 Table), was a pragmatic approach to get a broad overview of information demand of 

decision-makers. 

2.4.1.3 Transferability of knowledge from databases 
Learning from ES databases and transferring their information to set out a roadmap for reforms of 

decision-making assumes that information contained in databases is equally applicable and effective 

in another setting. However, transferring information to solve similar problems in another context 

needs to take account of environmental surroundings including case-specific peculiarities. For 

instance, socio-economic and political situations vary considerably between developed and 

developing countries. Since I found a lack of information in the reviewed ES databases for society's 

poorest nations (Fig 2.2) the transferability of knowledge to developing countries should be treated 

carefully. However, the databases provided a few examples on transfer challenges in developing 

countries regarding methodological, practical, and policy issues [211-213]. For accurately 

transferring information, users need as much detail as possible about a research situation in order 

to adapt the information to their own circumstances. In databases contextual and tacit knowledge 

about processes and socio-cultural differences are often condensed and lacking in detail for 

applications elsewhere. However, it is impossible to provide an absolutely complete description of a 

situation, and missing details lead to transfer information to a situation that is not entirely similar to 

the original one.  

There is a substantial merit in conducting more detailed examinations of the transferability of 

knowledge in ES databases. Research is needed on whether various components of database 

information (e.g. descriptions on indicators and methods) can be differentiated according to the 

extent to which each of these can be transferred. This might for example draw on the work 

conducted by OECD [214], which suggested levels of transferability for components of local 

development practices. Related to this, research on the process of transfer of components of 

database information would be instructive, also in cases where examples have been transferred 
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between dissimilar situations. The latter could stimulate the development of protocols regarding 

how information transfer should proceed when a condition is not fully met [215]. 

In general, evaluation schemes are needed to assess how information from databases is actually 

used in decision-making. Further work on that topic would provide insights into relationships 

between scale of decision-making and the type of required information. This might build on efforts 

within IPBES [49], which proposed possible formats for assessing data needs at multiple scales. 

Moreover, research is needed on how ES databases can be used beyond their original purpose in 

different settings. Although I showed which information from ES databases can be used to inform 

different policy instruments, this analysis represents a limited scope of application contexts which 

could be extended by others. By including other application contexts further analysis could be 

carried out to test the extent to which there are common principles across information demand on 

ES for decision-making. This kind of analysis could complement the five criteria for documentation 

of knowledge on ES and verify whether the criteria are applicable and desirable for other application 

contexts, too. 

2.5 Conclusion 
Effective mainstreaming of ES information into decision-making requires the consideration of 

information needs of a specific application context, which are best defined by practitioners and 

decision-makers. Matching information supply from 29 ES databases with information demand from 

specific application contexts, exemplified in this review for six policy instruments, provided a useful 

contribution to discussion on standards that define reporting requirements. Reaching consensus on 

standards that codify agreement on best practices will accelerate the incorporation of ES 

information into decision-making [39].  

Results of Chapter 2 showed that databases provided information for most of the policy 

instruments. None of the databases were designed exclusively for the policy instruments and 

focused on specific parts only. This overlap in information supply and demand showcased that 

relevant information for decision-making was contained in ES databases, but difficult to discover 

and process. Difficulties stemmed from limited interoperability of databases and missing semantic 

links between heterogeneous terms and concepts used in databases and required in decision-

making. Within this analysis I suggested important steps towards an optimized knowledge 

exploitation. First basic step is to determine taxonomies for information supply from databases and 

information demand from decision-makers and clarify relationships between different terms and 

concepts. Second, adding knowledge representation systems such as ontologies that introduce 

logical inference rules as prerequisite for automated reasoning and ease of information access. 

These two steps help to bring together independently developed ideas and needs from across 

science and practice, and facilitate communication and collaboration even when the commonality of 

concepts has not (yet) led to a commonality of terms.  

Synthesizing results of this review showed that there were common principles across indicators 

of information demand representing priority areas to formalize standards for the documentation of 

knowledge on ES. I found five priority areas which could be used to design an ontology that tailors 

the ES concept to decision-making realities. An ontology does not have to be developed from the 

scratch – mostly domain-specific examples exist [200] – but need to be extended and 
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interconnected based on semantics from the integrative ES concept and common principles for 

information demand. Such an ontology may provide an enabling framework for the establishment of 

reference collections that set standards for ES in specific application contexts over the long term. An 

open access, reference collection can be a powerful force for inclusion of standard-setting 

organizations and may accelerate progress in public endorsement. There are examples showing how 

reference collections from other fields remove barriers to participation across all education 

backgrounds and all ages [108].  

By connecting databases with ontologies also data sources could be discovered and integrated 

which implicitly contain information on ES. Such an approach helps to make further steps towards 

interlinking information for transdisciplinary work and contributes to avoid the risk of a next-

generation disciplinary compartmentalization of ES research, as shown in the analysis. Knowledge 

perceived as unbiased and representative of multiple points of view is of paramount importance for 

policy impact [185].  

Challenges remain in the transferability of information from ES databases. By compiling and 

condensing knowledge, databases often neglect contextual information about the study processes 

and socio-cultural conditions. Databases are also limited regarding geographic representativeness, 

highlighting major gaps in the application of the ES concept in society’s poorest nations. Knowledge 

transferability from databases should be considered with caution and requires further research 

efforts. Evaluation schemes are needed that (i) provide insights into various components of 

database information according to the extent these can be transferred and (ii) assess how 

information from databases is actually used for decision advice.   
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3.1 Introduction 
Many ES are common goods whose value is often underestimated or ignored in commercial markets 

[216] and decision-making processes [217]. This puts natural capital at risk due to possible 

mismanagement [13]. Proponents of economic valuation argue that with the quantification of ES in 

monetary terms conservation strategies and economic objectives could be harmonized, decision-

makers better informed and ultimately environmental degradation reduced. Economic valuation of 

ES is lively debated [100; 63], or even substantially criticized [72; 62]. Arguments for the estimation 

of ES in monetary terms are that monetary values combine a variety of interdisciplinary 

measurements in one unit, they are understandable and easily to communicate, and promise 

transferability across sites [218; 219]. Monetary valuation is seen as a powerful tool for decision-

making [92]. Also it holds the promise of providing an efficient use of limited funds for conservation 

and restoration [55]. Besides ethical [72] and conceptual concerns [62], there is substantial 

scepticism that monetary valued ES are globally comparable and reliable, due to the high diversity in 

human-environment system and the multifarious socio-ecological linkages that influence the 

perception of societal groups for and finally values attached to ES [171; 220; 33; 63; 221].  

Despite this critique ES are valued in prominent assessments of natural capital [13; 222; 223], in 

activities of economic development and poverty reduction [224-226], hazard mitigation programs 

[227] and business studies [228; 229]. Meanwhile a considerable range of monetary values of ES 

became apparent across the globe [55]. In primary valuation studies, i.e. first-hand monetary 

appraisal of ES, effects arising from site- and study-crossing factors are frequently neglected. So are 

covariates that characterize the context of the study site assumed as being constant and are often 

not reported in primary valuation studies [66]. Secondary valuation approaches, such as benefit 

transfer, estimate values for unsampled areas utilizing results from distant studies. Benefit transfer 

thus aims at putting individual studies in a broader context and is promised to be more time and 

resource efficient than conducting primary studies [230].  

A first major critique refers to benefit transfer in its basic form. Benefit transfer averages 

monetary values (point estimates) from study sites and transfer them to a similar unsampled area 

by accounting for land use/land cover types only [231; 55; 232]. More sophisticated benefit transfer 

approaches, such as meta-analytic value transfer functions control for differences between sites and 

aim at minimizing errors that come with the transfer process [219]. In any case, assigning a 

monetary value on nature is not considered to be absolute, rather it is an indication in a particular 

area, over a given time period, for a specific beneficiary group, depending on valuation context and 

use. Thus, the key question arises: How reliable are value transfer approaches and what are the 

associated uncertainties? 

A second critique originates from the complexity and heterogeneity of human-environmental 

systems. Due to the variation in site characteristics, e.g. socio-economic or biophysical feature [233; 

234], and study characteristics, e.g. valuation method [235; 236], the error resulting from 

generalization and transfer is the core critique. In order to apply benefit transfer models for 

decision-making it is required to identify potential errors [70; 71; 66], establish an accepted 

framework for assessing the magnitude of errors and incorporate the uncertainties to the formal 

valuation process, as well as communicate monetary values directly in association with uncertainties 
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to decision-makers. Therefore, the second key question of Chapter 3 is: What promises in 

transferability of monetary valuation of ES can be hold given most up-to date data?  

In Chapter 3, I assessed the transferability of monetary values of ES and identified major sources 

of uncertainty by using meta-analytical value transfer functions. I generated a spatially explicit 

database of 194 globally distributed valuation studies covering 839 monetary values of ES from 

peer-reviewed data collections [85; 55]. I built robust meta-analytic value transfer functions and 

tested the importance (statistical influence) of 93 site- and study-specific covariates in explaining the 

variance of monetary valued ES. This allows me to identify key sources of uncertainty of the value 

transfer functions at finer spatial scale (30 arc min). In doing so, I conducted the first comprehensive 

uncertainty analysis for a set of twelve monetary valued ES on a global scale. Findings in my analysis 

showed (i) the first global uncertainty maps of benefit transfer based on meta-analytic value 

transfer functions, and (ii) crucial parameter and uncertainty that needs to be considered to lower 

transfer errors. 

3.2 Methods 

3.2.1 Synthesizing databases on monetary values 
From the 29 ES databases identified in Chapter 2 only Seppelt et al., 2011 [85] and ESVD [55] were 

selected to retrieve information for this analysis, see Fig 3.1 and S3.1 Table. Both databases contain 

monetary values of ES and spatial information for the localization of ES. Considering the time 

restrictions of this dissertation the usage of the two databases was a purely pragmatic decision. ES 

from the databases were harmonized to a common, comparable set of ES types using a standardized 

classification system [15] to avoid semantical differences between varying ES terminologies. In this 

standardized classification 22 ES types are grouped in four classes: provisioning, regulating, cultural 

and supporting ES. Monetary values were translated into 2007 ‘International Dollar’ per hectare and 

year by using the World Bank deflator and purchasing power parity conversion factors [55]. 

Furthermore, I extracted from the valuation studies detailed information on the investigation areas 

for each ES type (S3.2 Table) and used ArcGIS 10.2.2 in order to geo-reference the study site 

spatially explicit. In total 1,033 maps of standardized monetary values were generated.  
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Fig 3.1. Workflow from data compilation to uncertainty estimation. The diagram shows different steps of 

data preparation and analysis (grey boxes): (i) synthesis of monetary values (response variable), (ii) 

compilation of covariates that are supposed to affect the variance of monetary values; and (iii) development 

of value transfer functions. The bluish boxes show (interim-) results of the different steps and refer to figures 

that visualize these outputs. 
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3.2.2 Compilation of covariates 
Based on a literature review of variables that are supposed to affect the monetary valuation I 

identified relevant global geo-datasets. These data were used as explanatory variables for the 

statistical analysis and will be hereinafter referred to as covariates (Fig 3.1). Data captures six 

groups: economy, policy/governance, other societal data, ecology, valuation methods, and scale. 

Some of these covariates were derived from the original studies. S3.2 Table provides an overview. 

All covariates were standardized to the same coordinate reference system (WGS 1984) and same 

resolution of 30 arc min, see Fig 3.1. If spatial coverage shows more than 20% missing values, 

covariates were excluded from the analysis. Also covariates were tested for collinearity and highly 

correlated excluded. For continuous covariates I used Pearson correlation coefficient (𝑟 > 0.75 or 

𝑟 < −0.75) and Spearman’s rho (𝜌 > 0.75 or 𝜌 < −0.75), for two categorical covariates chi-square 

test and for testing categorical and continuous one-way ANOVA. From 291 covariates 93 remaining 

were combined with the maps of standardized monetary values by overlay operation in ArcGIS. 

Combined maps were used as input for the value transfer functions (Fig 3.1). This data collection is 

one of the most comprehensive databases available.  

3.2.3 Meta-analytic value transfer functions 
I computed meta-analytic value transfer functions for each ES type using additive regression models 

based on boosted regression trees (BRT). A BRT computes the relative influences (importance) of 

covariates for a BRT model, i.e. they identify major determinants of the variance in monetary values 

of ES. BRT also provide elasticity curves (partial dependence plots) that account for non-constant 

marginal value changes over distinct socio-ecological conditions and thus quantify the change of 

monetary values in response to an alteration in one covariate (i.e. ceteris paribus) [181]; see S3.2 

Fig. Resulting BRT models were used to transfer and map values in unsampled areas. BRT are 

specifically suited to quantify comprehensible covariates in situations where many variables are 

expected to explain the process at hand, which interact in complex, non-linear ways [237]. They 

allow for including different types of covariates (numerical, binary, categorical), can accommodate 

missing data in covariates by using surrogates [238] and show high robustness to the effects of 

extreme outliers. BRT models were computed utilizing the ‘Generalized Boosted Regression Models’ 

library [239; 240] with the programming language R [241]. 

I tested different parameter of the BRT algorithm such as learning rate, tree complexity, minimal 

number of observations in terminal nodes and number of trees (see S3.1 Box), and choose a robust 

model with high explanatory power. The final parameters selected for the BRT models are 

documented in S3.3 Fig.  

Statistical significant value transfer functions could be computed for twelve ES types based on 

839 monetary values (out of 1,033 monetary values). Most important covariates were quantified 

and monetary values in unsampled areas extrapolated (Fig 3.1). If there were less than 11 valuation 

studies or less than 26 monetary values data were not sufficient to generate reliable value transfer 

functions (for 10 out of 22 ES). I globally mapped monetary value for twelve ES types on a 30 arc min 

grid by applying the derived value transfer functions based on global covariates for the entire 

terrestrial earth surface (except the ant- and artic areas). For the spatial value transfer I used the R 
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library ‘Raster’. Moreover, I computed the coefficient of determination R-squared for each value 

transfer function based on ten-fold cross-validation to estimate the explanatory power.  

In an additional step confidence intervals were estimated to examine generalization failure of 

value transfer functions from training data (Fig 3.1). I rerun the BRT models under different 

parameter settings (see S3.1 Box), calculated the 2.5- and 97.5-percentile values of the variance of 

transferred monetary values and mapped the range of percentiles for each grid cell. Three classes of 

uncertainty (low, middle, high) were used for mapping based on equal-interval classification for 

each ES separately. Finally, twelve bivariate maps were created by overlaying the classes of 

uncertainty with maps of extrapolated monetary values mentioned above. These maps were used to 

estimate the percentage area of terrestrial earth surface covered by transferred values of low, 

middle and high uncertainty (Fig 3.1).  

For the discussion of the results I conceptualized three major sources of uncertainty of value 

transfer functions: (i) Sample error, such as measurement error in input studies for value transfer 

functions or publication selection bias; (ii) errors originating from statistical estimation of BRT 

models (model performance and suitability of chosen approach for benefit transfer); and (iii) 

transfer error from generalization that encompasses distortions due to value transfer without fully 

accounting for site and study characteristics. Only covariates with >1% (relative contribution for 

value transfer functions) were analyzed for the six groups of covariates. Additionally, in a fourth 

point I provided information of the spatial application of the value transfer functions.  

3.3 Results 

3.3.1 Overarching findings 
Available input data: All studies considered in the synthesized database (Fig 3.2) come from 

scientific peer-reviewed publications (48%) or grey literature selected by experts with background in 

ecological economics (52%) [85; 55]. The majority of the studies were conducted in lower latitudes, 

i.e. areas with an annual mean temperature >15°C (81% of studies), in areas with in average more 

than 100 inhabitants per square kilometer and in areas with high accessibility to international 

markets (92%), as well as in areas with high threats of degradation (71%). In only 7% of studies 

valuations were carried out in countries with a per capita income smaller than 1,045 International-$-

2005 (purchasing power parity adjusted). 

Model uncertainty: The final twelve cross-validated value transfer functions explain from 18% 

(water provision) to 44% (food provision) of the variance of monetary values (Fig 3.3). Furthermore, 

confidence intervals for the value transfer functions were calculated which display low to medium 

uncertainties for 70% (water provision) to 91% (food provision) of the terrestrial earth surface (Fig 

3.3). 
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Fig 3.2. Range of monetary valued ES. The figure illustrates the database of unit-adjusted monetary values of 

standardized ES types from peer-reviewed data collections [85; 55]. The coloured bar charts reflect the total 

number of monetary values per ES type; the grey boxplots represent the variability of economic values. ES in 

bold font indicate the selection of twelve ES types (839 values) that were used for the value transfer functions. 

 

Importance of covariates: Results from the quantification of the importance of covariates for the 

value transfer functions indicate which site and study characteristics need to be considered in order 

to minimize transfer error from generalization. In Fig 3.3 most influential variables (>1% relative 

contribution for value transfer function) are shown for six groups of covariates. Ecosystem-based 

covariates (green) are the most important (up to 90%). Contrary to the frequent critique on the 

monetary valuation of ES, covariates from the economy (purple, 1%-19%) or from other societal and 

policy settings (dark- and light blue, 6%-27%) show lower influence. Also covariates describing the 

analytic dimensions of scale (orange, 1%-26%) and valuation methods (red, 0-15%) are relevant, but 

contributing little to the explanation of the variance. Subdividing the groups of covariates show that 

variables indicating environmental degradation are most influential, followed by the variables of 

spatial extent of investigation area from valuation studies and market accessibility. 

Application of value transfer function: The application of the value transfer function for spatial 

extrapolation of values in unsampled areas results in a map shown in Fig 3.4. Summarizing findings 

across all ES show that highest uncertainties are computed in areas where no valuation studies are 

available or covariates are missing. These are sparsely populated areas such as big deserts (Sahara, 
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Kalahari, Desert of Australia, Arabian Desert), taiga and tundra (parts of Siberia, eastern Canada), ice 

and snow area (Greenland) as well as highlands (North America).  

In the following Section 3.3.2 I discussed the results in detail for six out of twelve ES. Food and 

water provision, climate and extreme events regulation as well as recreation and habitat service 

were selected, because they represent the highest variance of monetary values from each ES group 

(provisioning, regulating, cultural and supporting), see Fig 3.2. 

 
Fig 3.3. Overview of input data and characteristics of value transfer functions for twelve ES. The table shows 

the number of valuation studies and monetary values for each ES (2
nd

 column). In the 3
rd

 column pie charts 
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reflect the relative influence (importance) of groups of covariates expressed in percentage values and number 

of covariates (number in brackets) in these groups. The importance of covariates is illustrated by the size of 

the pie slide and quantified in S3.2 Fig. The bluish bar charts in column 4 represent the model quality based on 

percentage of variance explained by the model (R-squared). Additionally, column 4 shows the percentage area 

of terrestrial earth surface covered accordingly to uncertainty classes (low, medium, high). 

 
Fig 3.4. Global spatial distribution of monetary estimates and uncertainties. The bivariate maps show the 

extrapolated relative monetary values (yellow to green) and uncertainties (yellow to red) of the meta-analytic 

value transfer functions for the ES: (A) food provision, (B) water provision, (C) climate regulation, (D) extreme 

events regulation, (E) recreation service, and (F) habitat service. Monetary values and uncertainties are 

grouped into three classes (low, medium, high) accordingly to the spatial extrapolations of the optimized value 

transfer functions respectively the confidence intervals of transferred monetary values (see Method Section 

3.2). The classes were defined by equal interval distances for each ES separately. Accordingly, classes between 

ES contain different ranges of values. However, a standardized color code (0-1) was used for simplicity of 

visualization. 



Uncertainty of monetary valued ecosystem services – value transfer functions for global mapping 

48 

3.3.2 Ecosystem service specific results 

3.3.2.1 Food provision 
Available input data: With 158 monetary values the largest data set is available for food provision. 

The majority of valuation studies examine fish provision (51%) in lower latitudes (93%) and in 

coastal ecosystems or inland wetlands (69%). Lower latitudes (annual mean temperature >15°C) are 

most likely food-insecure regions with a high vulnerability to climate change [242]. Coastal 

ecosystems and inland wetlands are among the most human-impacted habitats globally [243; 244].  

Model uncertainty: The value transfer function shows the lowest uncertainty and explains 44% 

of the variance in the data. Estimations of the confidence intervals show that for 91% of the 

terrestrial earth surface monetary values can be computed with low and medium uncertainty (1 to 

80 Int.-$-2007 per ha), due to a high number of data points (Fig 3.3).  

Importance of covariates: Most important covariates are climate indicators (22%), followed by 

geographic and nature endowment (15%) and valuation methods (15%). Further influential are 

social covariates such as better life domains of human well-being (12%) and religion (3%) as well as 

the economic covariate agricultural subsidies (3%).  

Ecology: Covariates indicating climate and those on geographic and nature endowment show low 

values in areas with prevailing unfavourable growing conditions (14%, annual mean temperature 

>29°C, 7% annual mean moisture index <0.78) and low human-induced alteration of ecosystems 

(2%, Human appropriation of net primary production (HANPP) <11%) or high amounts of alternative 

food products (3%, extent of agricultural areas >30km2 per grid cell). Variance explained by distance 

to sea (9%) is a logical consequence from the distribution of studies and the focus on fish as food 

resource. In more landlocked areas the importance of fish in the food supply reduces and so does 

the monetary valuation of fish. Moreover, different types of biomes explain 6% of the variance. 

Biome types such as coastal wetlands, coastal systems and cultivated areas (aquaculture) are most 

valued, and confirm previous findings from [55]. 

Valuation method: Direct market pricing is most often used for monetary valuation of food 

(70%), followed by benefit transfer (17%) and group valuation (5%). With group valuation significant 

lower values are derived. Most studies (75%) based on group valuation were conducted for fish in 

India, a country where fish consumption represents only 2% of protein intake [245], which might 

explain the lower valuation. Also the value type calculated in the studies influences the variance of 

monetary valuation. Annual values (91% of valuation) are systematically lower than one time 

payments (3%) and net present values (3%). The latter two value types consider more complex 

ecological and economic features, which may explain the higher values. Apart from fish (51%) also 

plants/vegetable food (15%) and non-timber forest products (15%), unspecific food (14%) and meat 

(5%) were valued. The ES subtypes explain 6% of the variance. Fish is highest valued and, on the 

contrary, meat lowest. Valuation studies focusing on the provision of meat were all conducted in 

developing countries, where starchy staples (e.g. maize, manioc, millet) are major part of the diets.  

Society: The valuation of food increases with a lower unemployment rates (<10% of labour force) 

and a high number of people in working age (15-59 years), good education system (loss of schooling 

years due to inequality <30%) as well as with improving sustainable well-being measured by years of 
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life satisfaction achieved per unit of resource used (Happy Planet Index). These covariates directly 

relate to the better life domains of the Organisation for Economic Co-operation and Development 

(OECD), which are essential metrics for human well-being [246]. This shows that the more positive 

the conditions for human well-being the higher people value food. This might be contra-intuitive, as 

people who desperately rely on external support for food and are undernourished would value food 

much higher. These regions, however, are not captured by the available data sets. I also found that 

the religious confession influence monetary values. Particularly in major Hindu sites significant lower 

values for food can be identified. Although, the dietary standards of Hindus vary in time and place, 

most of them do not eat fish. Except Hinduism the majority of the world religions are predominantly 

non-vegetarian [247]. 

Economy: With increasing subsidies in agricultural sector the value for food provision decreases. 

Subsidies distort markets by promoting the production of agricultural commodities beyond market 

demand, thus, they encourage farmers and fishermen to rely on them instead of consumer wants 

[248]. 

Application of value transfer function: Spatial extrapolation of values shows for food the highest 

uncertainties and lowest values are in India and parts of Africa (Fig 3.4). On contrary, most certain 

and highest values are in China, South-East Asia, USA, Brazil, Mexico, EU-member states and parts of 

the Russian Federation. It is striking that these areas match regions where a high consumption of 

fish and fish products as well as high capture rates occur [245].  

3.3.2.2 Water provision 
Available input data: For water provision one of the smallest datasets was available (26 valuation 

studies). Most of the valuation studies were conducted in climate sensitive lower latitudes (63%). 

Climate change is affecting the hydrologic cycle and directly impacts the water resource base, usage, 

and management, in particular in lower latitudes [249].  

Model uncertainty: The value transfer function for water provision shows the highest 

uncertainties and explains 18% of the variance (Fig 3.3). Confidence intervals of transferred values 

illustrate that only 70% of the terrestrial earth surface is covered by low and medium uncertainty 

classes (1 to 26 Int.-$-2007 per ha). 

Importance of covariates: Most influential are ecosystem-based covariates that indicate 

biodiversity and water availability (67%), followed by type of biome (3%). Further important are 

covariates of social and economic indicators (22%). 

Ecology and society: Areas of high biodiversity threat and conservation value are positively 

correlated with monetary values and explain 21% of the variance. Biodiversity and water supply are 

strongly interrelated [250; 251]. Drivers leading to biodiversity loss, such as pollution or river 

fragmentation, are the same that causing water security problems [252]. Sites with high biodiversity 

show high human populations and substantially higher human population growth rates than that for 

the entire world [253; 254]. Therefore, increasing population drives the value for water (8%). These 

patterns can also be found in the spatial results of the value transfer functions (Fig 3.4), see below. 

Furthermore, in conservation areas the sensitivity of beneficiaries for the protection of common 

goods is more pronounced. Further drivers which put water provision under pressure and influenced 

the value transfer function could be identified. First, a higher risk of erosion leads to higher values 
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(12%). Second, increasing anthropogenic altered habitats due to land use change and harvest of 

primary production (8%, HANPP >15%, pasture area >5km2 per grid cell), in particular, agricultural 

frontier areas of cropland foster high values for water provisioning (4%, crop area between 3 and 

20km2 per grid cell). Third, deforestation explains 3% of the variance and is positively correlated 

with water values. Water availability, moreover, depends on the spatial (3%) and temporal 

allocation of water resources (2%). The more unequal rivers and lakes are distributed in an area the 

higher is the value for water provision. Seasonal variability or long-term climatic changes cause 

extended periods of droughts or water abundance. The type of biome explains 3% of the variance. 

However, the applied land use classification system differs from the actual biome type of the 

valuation studies. Taking valuation study based classification into account coastal wetlands and 

freshwater (rivers/lakes) show highest values, confirming [231; 55; 232].  

Economy: The portion of privately owned forests is positively correlated with water provision 

value (5%). This confirms that weak ownerships might affect valuation of other common goods 

negatively [255]. Similarly, there is a strong relationship of higher tax revenues which leads to lower 

values of water services (12%) pointing out to the fact, that with higher economic activities, more 

technical solution which can provide access to water are more likely to implement, because 

technical substitution is affordable [252]. I further found negative correlation between values and 

renewable energy production (2%). 

Application of value transfer function: Spatial extrapolation of values shows the most certain 

and highest values in areas of high population growth and increasing pressures on water security, 

for instance in China, India, Java, eastern USA, south Mexico and Western Central America, south 

coast of Western Africa, and Mediterranean Europe (Fig 3.4). Transferred values with the highest 

uncertainties coincide with the lowest values and appear in areas where almost no valuation studies 

are available. Most of these areas represent the big deserts of the earth (Sahara, Kalahari, Namib, 

Australian, Arabian, Thar, Dasht-e Lut, Karakum, North American), eastern central Africa, Siberia, 

Greenland and Canada.  

3.3.2.3 Climate regulation 
Available input data: From a total of 36 valuation studies (69 monetary values), carbon 

sequestration was most frequently examined (68%), followed by other greenhouse gases (<2%) or 

remain unspecified (24%). The majority of studies were carried out in tropical and temperate forests 

(25%) as well as inland and coastal wetlands (45%). These biomes are seen as regions highly suitable 

for carbon sequestration [256; 257]. Moreover, most studies are located in climate sensitive, lower 

latitudes (72%), similarly to the ES mentioned before. 

Model uncertainty: With 38% of variance explained in monetary values the transfer model for 

climate regulation represents the third best prediction performance (Fig 3.3). For most of the 

terrestrial earth surface (81%) confidence intervals could be calculated that show low to medium 

uncertainty (1 to 21 Int.-$-2007 per ha). 

Importance of covariates: The most important covariates are ecosystem-based variables of 

nature threats (49%). Also relevant but explaining less of the variance are covariates indicating input 

measures of climate sensitive economic sectors (20%) and other economic variables (6%), followed 

by scale (7%), methods (6%) and social variables (4%), 
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Ecology and economy: Covariates of nature threats show that high values are associated with 

areas of high risk that unique biodiversity will soon be lost (30%) and high risk of erosion (19%). 

Covariates indicating input measures of climate sensitive economic sectors (e.g. energy production 

and water business) are positively correlated with monetary values for climate regulation. Most 

important covariates are: proportion of electricity production from hydroelectric sources (12%), 

annual mean of solar radiation (6%) and the water storage capacity of dams per country (2%). 

Values are high, for instance, in areas of lower latitudes where up to 99% of electricity is produced 

by hydroelectric power plants and where big artificial constructed water reservoirs (dams with 

capacity of < 3000 km3) exist. Furthermore, the economic covariate inequality of income (6%) shows 

that the more unequal income is distributed the higher the value for climate regulation. 

Scale and valuation method: Spatial extents of investigation areas as well as valuation methods 

applied in the studies explain respectively 7% and 6% of the variance. With a greater spatial extent 

monetary values decrease. These diminishing returns may occur because of declining marginal 

utility for beneficiaries. The majority of studies based on benefit transfer (60% of valuation studies), 

followed by direct market prices (16%) and avoided costs (11%). For direct market prices the highest 

values and for benefit transfer and replacement costs the lowest ones can be observed.  

Society: Social covariates of relevance are population density per country (2%) or the age of 

population (2%). Population density is negative correlated with monetary values. Surprisingly, 

valuation studies in countries with on average older population report higher values of climate 

regulation. One might hypothesize older people may have made in their lifetime perceiving changes 

in climatic conditions and associated consequences, thus, valuing climate regulation service higher 

than younger persons. This might be an indication for the ‘shifting-baseline’ hypothesis, i.e. shifts of 

the reference points of human perception for estimating changes [258].  

Application of value transfer function: Applying the value transfer function shows that the most 

certain and highest values are computed for areas under threat of habitat alteration due to climate 

change or other land degradation processes. Examples are areas like the Sahel Zone, tropical islands 

and mountains, Mediterranean ecosystems, Eastern USA and parts of Europe (Fig 3.4). On contrary, 

abandoned areas with the highest suitability of soil for carbon sequestration, such as Canadian and 

Siberian Tundra and boreal forests cover most uncertain and lowest values. This is due to a lack of 

valuation studies in such regions. 

3.3.2.4 Prevention of extreme events 
Available input data: The majority of valuation studies (82%) were conducted in areas of high 

vulnerability to extreme events and sites which are increasingly exposed to extreme events due to 

climate change [259-261]. In 42% flood prevention was considered, followed by unspecific extreme 

event prevention (30%), storm prevention (20%) and fire prevention (3%). 

Model uncertainty: The value transfer function for prevention of extreme events represents 

medium prediction performance and explains 21% of the variance in monetary values (Fig 3.3). 

Transferred values of low and medium uncertainties (1 to 26 Int.-$-2007 per ha) are calculated for 

82% of the terrestrial earth surface.  

Importance of covariates: The impact of extreme events depends on both ecological conditions 

and societal vulnerability. I found that with 64% the highest explanatory power is represented by 
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covariates showing the inherent conditions of ecosystems, followed by socio-economic 

characteristics (33%) and covariates dealing with the spatial and temporal scale (3%).  

Anthropogenic pressure on the ecosystem: Extreme event prevention is valued high in areas 

with advanced anthropogenic alteration of ecosystems characterized by highly changed biomass 

(HANPP 13%), high agricultural induced soil erosion rates (10%), degraded freshwater resources and 

riverine biodiversity (10%), dense infrastructure (5% market access), dense settlements with major 

markets (4% Anthromes) and high population density (3%). Hence, the risk awareness to weather 

extremes and natural hazards increases with number of people potentially effected and higher level 

of land-use and degradation. The more risk aware a society is, the more weight it places on 

strategies that preserve or build ecosystem resilience, and the higher the value it would allocate to 

ecosystem configurations that are more robust [262]. This is further emphasized by the findings that 

monetary values are high in nations seeking for sustainable political governance, i.e. protect 

ecosystems and manage productive natural resources efficient for both economic growth and for 

supporting human well-being, while reducing environmental harm (2% adjusted net savings, 1% 

Environmental Performance Index, 1% Happy Planet Index).  

Species richness and unemployment: I also found that areas with high species richness (4%) and 

high level of conservation priority (3%) show high valuation for extreme event prevention. These 

areas are characterized by high population, the highest population growth rates globally [253; 254] 

and economically poorest societies [263]. In nations, moreover, with a high unemployment rate 

(11%) extreme event prevention is valued high. Societal vulnerability to extreme events arises from 

the inability of people to withstand adverse impact from extreme events. Poor people have little 

adaptive capacities due to limited technological mitigation options, such as building codes and 

disaster preparedness [264]. This increases their exposure to severe adverse consequences of 

extreme events; particularly in areas with anthropogenic altered extreme event buffers. A variety of 

species may provide valuable insurances against severe disruptions [265].  

Application of the benefit transfer function: Using the value transfer model for spatial 

estimations of extreme event prevention show that the most certain and highest valuations are 

situated in densely populated areas with advanced anthropogenic altered environments (Fig 3.4). 

The largest uncertainties are associated with low values and are shown in low populated areas 

where valuation studies are missing. Similarly to the findings from water provision, these areas are 

the big deserts of the earth (Sahara, Kalahari, Namib, Australian, Arabian, Thar, Dasht-e Lut, 

Karakum, North-American deserts), eastern central Africa, Siberia, and Greenland. 

3.3.2.5 Recreation service 
Available input data: The database for the ES recreation services captures with 96 the most 

valuation studies. The majority of studies were conducted in major non-religious and Christian sites 

(73%) as well as lower latitudes (77%). Studies in developing countries (Human Development Index < 

0.6, gross domestic product (GDP) < 4024 US-$) are underrepresented (26%). Subcategories of 

recreation services investigated are tourism (41%), hunting (<1%), ecotourism (<1%) and unspecific 

recreation (47%). 

Model uncertainty: The value transfer function for recreation services is with 33% variance 

explained the fourth most certain model (Fig 3.3). Confidence intervals show that low to medium 
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uncertainty (1 to 26 Int.-$-2007 per ha) could be extrapolated for 91% of the terrestrial earth 

surface. 

Importance of covariates: With 32% ecosystem-based covariates are the most influential group. 

In comparison with other value transfer functions, however, this is the lowest value (Fig 3.3). Further 

important covariates are those representing the spatial extent of investigation (25%), socio-

economic variables (22%) and methods used (2%). The spatial extent of investigation is the most 

important variable in the transfer model and negatively correlated with monetary values.  

Ecology: More homogeneous environments receive lower values for recreation. The value 

transfer function shows that areas are low valued with intensive agricultural use (6%), a high 

number of people living on degraded land (2%) and low number of terrestrial protection areas (4%) 

and biodiversity (2%) as well as low ethnic diversity (1%). Surprisingly there is a negative effect of 

marine protection areas (4%) and length of coastlines (1%). This is due to the low number of 

valuation studies carried out in coastal areas (17%) and marine protection areas (16%). 

Furthermore, covariates on land use/land cover types explain 9% of the variance and show that 

wetlands and freshwater areas (river/lakes) are highest valued. The most important climatic 

covariates are solar radiation (3%) and soil moisture (2%). The latter one is strongly correlated with 

precipitation. Highest monetary values are shown for areas with 100 to 190 W/m2 and a soil 

moisture index of 1 to 1.6. This corresponds to areas in the (sub-) tropics, see Fig 3.4. Climate effect 

human’s psychological perspective as the beneficiary enjoys, for instance, sunshine/cloudiness, 

hours of daylight, UV radiation (health, suntan) [266]. Covariates, however, confirm too less or too 

much radiation or humidity can also reduce attractiveness, e.g. short day length (depression, 

vitamin deficiency) or very high UV radiation (sunburn, allergies).  

Economy and society: Economic covariates show that recreation is highly valued in wealthy 

countries. These countries are characterized by high market access (3%), low GDP growth (3%), low 

consumer prices (2%), positive trade balance and a high level of export to import ratio (3%). In 

wealthy countries the access to a greater share of ES and substitutes is provided, thus, the basis for 

recreation given. However, in areas with a high unemployment rate (6%) recreation values are high, 

too. I hypothesize these are sites where tourism is already established and an important economic 

factor. With increasing portion of privately owned forests the value for recreation is higher (1%). 

This shows that with the granting of property rights the valuation of common goods might be 

positively affected [255] and emphasize findings I made for food provision. 

Application of value transfer function: Applying the value transfer function shows that the most 

certain and highest values are in the USA, most of the Mediterranean area, Caribbean islands, and 

Colombia (Fig 3.4). These areas coincide with most attractive tourist places mentioned by the World 

Tourism Organization [267]. Highest uncertainties and simultaneously lowest values are in the 

Russian Federation, African regions along the Sahel Zone, Indonesia and parts of Australia.  

3.3.2.6 Habitat service 
Available input data: The database for habitat service contains one of the smallest numbers of 

valuation studies (23 valuation studies, Fig 3.3) and highest variances in monetary values (Fig 3.2). In 

the majority of valuation studies (96%) the provision of habitats for young species (nursery) was 
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conducted. Furthermore, most studies (92%) took place in climate sensitive lower latitudes. Habitat 

services are highly responsive to climate change and substantial alterations expected [268; 269]. 

Model uncertainty: The resulting value transfer function of the small and highly varying data set 

shows moderate uncertainty and explains 27% of the variance in the data. For 90% of the terrestrial 

earth surface values could be extrapolated with medium to low uncertainty (1 to 14 Int.-$-2007 per 

ha).  

Importance of covariates: The group of ecosystem-based covariates contributes with 90% to the 

value transfer function (Fig 3.3). These are climate covariates (42%), followed by soil (24%) and 

water variables (24%), as well as biota (7%). Furthermore, social covariates (4%) and the spatial 

extent of the investigation area are relevant (3%). Social variables such as ethnicity are also relevant, 

but influence the value transfer function with <1% only slightly. I assume this is caused by the small 

number of monetary values.  

Ecology and society: Habitat services are valued less in marginal areas, i.e. harsh growing 

conditions due to low soil quality (24%), arid climate zones with high drought potential (16%) and 

high UV exposure (26%). Marginal areas are mostly sparsely populated (1%) and characterized by 

low market access (3%). Also those areas are the home of poor people [270; 271] with little 

awareness of biodiversity [272] and subsistence economy prevails [271]. Consequently, land 

management is prioritized in order to meet basic needs, such as food provision or use of raw 

material. This is supported by the findings that in countries with high proportions of privately forests 

values for wildlife habitats are low (12%). On contrary, humid areas with increasing soil carbon 

content representing enhanced habitat quality and high species richness (4%) are positively 

correlated with monetary values of habitat services. This shows the direct link between habitat 

function for wildlife and food provisioning. Furthermore it emphasizes the importance to conserve 

habitat areas as a prerequisite for food and other ES. European studies even show that habitats 

under conservation (for example in protected areas) provide more regulating and cultural ES than 

other habitats [273; 274]. 

Application of value transfer functions: Spatial extrapolation shows the most certain values in 

low valued marginal areas like the highlands and drylands of Asia and sub-Saharan Africa, transition 

zones of the grassland to deserts of Australia as well as southern Latin Americas Andes Mountains, 

and the highlands and drylands of North America (Fig 3.4).  

3.4 Discussion 
Although ‘money’ is seen as a well-known and easily understandable indicator, monetary valuation 

of ES is ambiguous and shows only a fraction of the multiple characteristics that give utility to the 

beneficiary [275]. Applying benefit transfer and mapping a variety of ecosystems, social preferences 

and economics constraint to a single monetary value is an aggregation in which information is lost. 

To compare and transfer values in a reliable and valid manner I determined three major sources of 

uncertainty: (i) the availability and quality of input data; (ii) the performance and suitability of the 

estimated transfer model and (iii) the spatial application of the transfer model in order to estimate 

global ES value maps; see Fig 3.5. 
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Measurement error in input studies 

Definition: Error resulting from unsuitable methodology, unreliable data, aggregation errors or analyst mistakes. 
 

Examples: 
- Missing robust information on how ecological functions linked to benefits for human well-being [276]. 

- Uncertainty of stakeholder about their responses respectively willingness to pay for ES [236]. 
- Errors that come from the decision when to use which valuation technique, because of conceptual, methodological and technical shortcomings [235]. 
Consideration in analysis:  

Input studies are Peer reviewed articles from Web of Science and/or were reviewed by experts with a background in ecological economics 
Publication selection bias 

Definition: 
Distortion of data basis associated with unrepresentative knowledge on ES values.  

Examples:  
- Depending on the search criteria the selection may be skewed to a certain investigation area (lower latitudes), a specific value type (received supply) or a particular study type (statistically significant and novel scientific valuation studies).  

- Limitation of available information, i.e. the number of case studies considered affect the risk of introducing sampling artefacts into the value transfer [70]. 
- The use of multiple values from each input study may lead to correlations in the sample [64][64][64][64][64][64][64][64][64][64][64][64][64]. 
Consideration in analysis:  

The databases considered consist of scientific literature and represent two of the most comprehensive ES databases regarding monetary valued ES and methodological issues [85; 55]. In total 194 case studies representing 839 monetary values 
could be used for the transfer model. In average 5 values were selected per study. 

Model performance 
Definition:  

Errors based on model characteristics, i.e. structures and process simulation which contain parameters that quantify relationships used to estimate monetary values. The only way to estimate the reliability of a model is a test against independent 
data and an analysis of the uncertainty of the model predictions [277; 278]  
Examples: 

- For Boosted Regression Trees (BRT) the "predictive performance" or model quality is estimated by the coefficient of determination R
2
. 

- Parameter regularize an optimal model fit and high level of generality to make accurate predictions to new, independent sites while avoiding excessive model complexity. 
Consideration in analysis:  
For each ES a unique BRT model was generated and R

2
 calculated based on a 10-fold cross-validation. Results are discussed in the main article. The parameters of the model were optimized by conducting a sensitivity analysis for a set of different 

assumptions derived from the literature (see method section). 
Suitability of approach used 

Definition: 
Acknowledgment of aspects that have been left out of the formal model and deeper doubts about the capacity to model the issue in question. 

Examples: 
- Even the best model has inevitable limitations, thus, a qualitative assessment of relative plausibility of alternative models, or a list of models with deterministic sensitivity analysis are required to address this type of uncertainty [279]. 

- Aspects omitted from the model are, for instance, computational time requirement for a model run or the expertise of the modeler. 

- Model unknowns where no scientific basis exists on which to form any calculable probability whatever[280]. [280][280][280][280][280][280][281][281][281][281][281]These are issues we simply do not know and emphasize that models are 
simplifications of the reality. 
Consideration in the analysis: 

A plausibility test of our function transfer model was conducted. We compared results of transferred monetary values for each ES with outcomes from other global benefit transfer approaches [231; 55; 232]. Computational limitations were 
qualitatively discussed. In accordance to [280] [279][279][279][279][279][279][280][280][280][280][280]unknown inadequacies were addressed by quantifying lower and upper bounds for the transferred monetary values.  

Uniformity error 
Definition: 

The error arises when values for ES are transferred to others sites under the assumption these are constant for a particular environmental variable [281].  
Examples: 

- For the ES food provisioning it is often assumed that agricultural productivity is the same for all croplands, regardless natural composition and anthropogenic management effects.  
Consideration in the analysis:  

We considered 291 site specific characteristics in terms of population and environment for the value transfer. The statistically most important variables are quantified and discussed in the main article. This is the most comprehensive analysis of 
which we are aware. 

Regionalization error 
Definition: 

This error encompasses extrapolation uncertainties due to generalization from a local case study to a wider region [281]. 
Examples: 

- The valuation of ES in wetlands show that the monetary value of an additional hectare to a large area is of lower value than an additional hectare to a smaller area [55].  
- Using remote sensed datasets show that the extent of fragmented ecosystems such as wetlands, lakes and rivers increased in the finer resolution [282]. This has direct implication for value transfer.  
- Monetary values for spatially confined resources are expected to decline with increasing distance to that resource [283].  
Consideration in the analysis:  

For all case studies the spatial extent of investigation area was recorded and considered as covariate. Our model based on the spatial resolution of 30 arc min. Implications resulting from changes in spatial extents or resolutions were discussed in 
the main article. Data on distance decay is not available for a global examination and thus not considered in the analysis. 

Temporal error 
Definition: 

Extrapolation distortion results from the generalization of time depended perceptions and preferences for ES.  
Examples: 
- Older people are more aware on the decrease of fish stocks and disappearance of fishing grounds than younger folks and value fish higher [284].  

- The valuation of carbon sequestration only became economically interesting during the past decade. 
Consideration in analysis: 

For all case studies we included the year of valuation as a covariate and discussed the influence of time issues for selected ES and their monetary values. 

 

Fi
g 

3
.5

: 
O

ve
rv

ie
w

 o
f 

u
n

ce
rt

ai
n

ti
e

s 
in

 m
o

d
e

lli
n

g 
gl

o
b

a
l v

a
lu

e
 t

ra
n

sf
e

r 
fu

n
ct

io
n

s.
 T

h
e 

b
o

xe
s 

d
en

o
te

 u
n

ce
rt

ai
n

ti
e

s,
 w

h
ic

h
 I

 e
it

h
er

 c
o

n
si

d
er

ed
 d

ir
e

ct
ly

 in
 t

h
e

 

m
o

d
el

 d
e

si
gn

 o
r 

d
is

cu
ss

ed
 q

u
al

it
at

iv
el

y.
 

 



Uncertainty of monetary valued ecosystem services – value transfer functions for global mapping 

56 

The data availability and the quality of input studies determine the sampling error. I only included 

valuation studies that were reviewed by experts as a minimal assurance of study quality. Although 

the peer review approach is often criticized it is also appreciated as an efficient method that 

increased the scientific progress over the past decades [285]. The majority of valuation studies were 

conducted in lower latitudes (81% of studies), in areas characterized by a high population density 

and market accessibility above global average (92%) as well as high threats of degradation (71%). In 

situations of declining natural capital and continuing high demand, beneficiaries are sensitive to 

changes in natural capital [181], which might lead to overestimation. I thus assume that the global 

maps of monetary valued ES, illustrated by Fig 3.4, represent an upper estimate of ES values, 

particularly for transferred values in more pristine areas. Furthermore, only 7% of studies were 

conducted in countries with a per capita income smaller than 1,045 International-$-2005. Thus, 

there is a major research gap in the poorest countries [213] where people use the environment in a 

more direct way than richer ones and dependence on as well as preferences for ES are likely to be 

different compared to developed countries [217]. Results of the BRT models confirm that 

transferred values in poorest areas are associated with high uncertainties (Fig 3.4).  

Another concern with respect to the input data refers to the aggregation of the monetary values. 

In order to create a comparable data base for spatially explicit value transfer modelling, monetary 

values need to be disentangled. Only values measured under marginal changes in the socio-

ecological system were considered [181]. I utilized units expressed in ‘estimate per unit area value’, 

in contrast to ‘estimate per beneficiary’ which are often used for cultural services [286]. The first 

unit represents supply rather than demand aspects. Specifically, the potential supply rather than the 

received service is reflected for a given time period. Thus, the values cannot be utilized to identify 

societal urgent needs [287]. Accordingly, highest valued regions in Fig 3.4 (and S3.1 Fig) do not 

represent areas with potentially highest supply of ES nor the societal most important ES. The maps 

in Fig 3.4 may not be used to prioritize the most worthy ecosystems for human welfare, as 

suggested in [231; 232].  

Utilizing BRT for spatially explicit, meta-analytic value transfer functions have inherent causes of 

error, too. Although this method is acclaimed to be one of the most sophisticated approaches for 

benefit transfer [288; 232] the evaluation with R-squared (cross-validated) revealed that none of the 

value transfer functions explain more than 44% of the variance in the data. Reasons for the 

comparably low explanatory power are the small number of valuation studies (Fig 3.3) as well as 

computational limitations. A finer resolution than 30 arc min or categorical predictors with a high 

number of categories could not be employed in the statistical analysis. Higher spatial resolution data 

might provide better results, but the limiting factor of model performance is the small number of 

valuation studies. Further a model fitting the data with a high R-square (postdiction context) may 

not generalize well (prediction context). Thus using new modelling techniques (BRT, random forests, 

etc.) should complement a search for more data.  

The spatial application of the value transfer functions in unsampled areas generates transfer 

errors from generalization, which are determined by uniformity, spatial extent and resolution 

(regionalization error) as well as temporal aspects [281; 217]. I found that ecosystem related 

uniformity errors are the key source of potential error in benefit transfer. Uniformity error occur if 

values for ES are transferred under the assumption that important covariates are constant [281]. For 



Uncertainty of monetary valued ecosystem services – value transfer functions for global mapping 

57 

food provisioning, for instance, it is often assumed that agricultural productivity is the same for all 

croplands. The consideration of biophysical heterogeneity in ecosystems is particularly important for 

transferring values of habitat service, where ecological indicators contribute with 90% to the value 

transfer function. By utilizing more than 93 covariates I sought after the best possible solution to 

minimize uniformity error.  

Regionalization error encompasses extrapolation errors due to generalization from a local case 

study to a wider region [281]. All value transfer functions are prone to errors according to different 

dimensions of scales [289]. The spatial extent of the investigation area showed high variation in the 

explanatory power of the analysis (1-26%). Most of the ES, except erosion and soil fertility, indicate 

diminishing returns to the spatial extent for ES values. The monetary value of an additional hectare 

to a large area is of lower value than an additional hectare to a smaller area, as reported for 

wetlands [55]. Further, resolution of data sets (granularity) determined explanatory values [282]. 

This was particularly striking for land use/land cover types according to the History Database of the 

Global Environment (HYDE). In eight out of twelve ES land use/land cover types change 

fundamentally depending on the level of resolution. For lower-resolution HYDE (10 arc min) the ES 

recreation, for instance, showed the highest values in tropical forests and grasslands, however, 

according to the finer-resolution of study site description from the valuation studies coastal 

wetlands, partly inland wetlands and freshwater areas are the most worthwhile land use/land cover 

types, which confirms several preceding publications [231; 55; 232]. Missing indicators are, for 

instance, those that reflect how the value for spatially confined resources is expected to decline 

with increasing distance to that resource. Transfer values without accounting for distance decay 

may result in overestimations [283]. 

The major achievement of this Chapter 3 is, first, to clearly distinguish between major sources of 

uncertainties and to quantify patterns in the influence of different study- and site-characteristics 

that affect value transfer functions and predicted ES values. Secondly, regions were identified for 

which sufficient knowledge on our natural capital is available, i.e. a statistically defensible benefit 

transfer model can be applied in combination with uncertainty values. Thirdly, global maps of the 

‘white spots’ on our knowledge on accounting natural capital and ES were developed. These ‘white 

spots’ provide guidance for future analysis and concerted action on the assessment of natural 

capital and ES within the work program of IPBES [290] and the Aichi Biodiversity Targets [201]. 

Fourthly, a conceptual basis was developed for the establishment of a more standardized reporting 

of uncertainties in benefit transfer.  

The integration of the presented value transfer functions in a fully automated spatial benefit 

transfer tool, such as the Ecosystem Valuation Toolkit [291], would be a next exciting step. 

Predefined automatic processes would reduce the time effort for model building and improve the 

model performance by constantly updating the data basis with both unconsidered covariates and 

valuation studies.  
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4.1  Introduction 
Which kind of ES-based measures are most efficient to slow resource overexploitation? What are 

best practices for simultaneously protecting habitats and reducing poverty? Do ES-based 

approaches lead to more effective decision support? Only little is known yet about the answers to 

these questions, but finding answers is crucial to reduce the global decline of ES and biodiversity 

[20]. If any progress is to be made in improving decision support and stemming the global decline of 

ES and biodiversity, the field of ES research must adopt evaluation approaches to determine what 

works, where and when.  

The number of ES studies is increasing substantially over the last decades [34]. Also aspirations 

for assessing research outcome and impact in society are being deployed more often to justify and 

prioritize public investment in research [292; 19; 185; 59]. However, there is also evidence that most 

of studies are designed in a way that permits an evaluation of its outcomes [293; 294]. 

Recommendations on how to improve study designs are given in literature [295; 296]. However, 

evaluation approaches are quite diverse [82; 83] and the principles on which the evaluation process 

should be based are not always clear [84]. In General, all evaluation efforts are grounded on a 

comparison between different groups, for instance impact evaluation of interventions requires a 

counterfactual comparison group that shows the outcome that would have happened if there had 

been no intervention [293].  

Databases aim to bring together information from individual ES studies in a consistent way that 

facilitates the detection of similarities and differences prevailing across ES studies and thus enables 

to identify comparable ES studies. Databases use variables that collate evidence on characteristics of 

ES studies, which are promising to derive indicators and regularities for their evaluation. Although 

the number of ES databases is growing their secondary use for evaluation purposes is neglected. ES 

databases hold the potential to provide insights on how to improve evaluation of ES study 

outcomes.  

The evaluation of ES study outcomes implies a systematic determination and judgement of a 

studies’ worth or merit using criteria governed by a set of standards [297]. Besides sustainability and 

fairness [79], criteria such as effectiveness and efficiency are often used in ES community. While 

effectiveness is well-received as a normative judgment criterion whether an outcome can be 

deemed as ‘good’, efficiency becomes more prominent in measuring performance and progress in 

ES research and practice [80; 81]. Both effectiveness and efficiency are goal-relative criteria, i.e. the 

definition of clear objectives and measurable targets determine the scope within effectiveness and 

efficiency can be analyzed and applied as evaluation criteria respectively. Examples for general 

objectives of ES studies vary between [57]:  

(1) Instrumental, aims at the correction of market and policy failure through the provision of ES 

knowledge that is directly applied in decision-making to generate actions based on specific 

recommendations or alternative options for policies, plans or programs;  

(2) Strategical, aims to support a specific intervention, promote new policy options, or justify 

previously held beliefs and values;  

(3) Conceptual, aims to broaden and deepen understanding of topics, and shape the way 

people think about human-nature interactions and policies. 
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Measurement of effectiveness and efficiency is highly sensitive to the data sets being used. For 

instance, international comparisons of effectiveness and efficiency of public spending suffer from 

conceptually varying data sets [298]. In this example data reflect the different organizations and 

traditions of government and therefore are not fully comparable between countries. Vartiainen [84] 

concludes the more similar the conceptual design of data the more reliable and concrete the 

evaluation findings. However, this homogeneity of data design is rarely given, due to missing 

standardization of terminologies and methods used for monitoring and evaluation of effectiveness 

and efficiency in ES research [86-89]. Measuring effectiveness and efficiency of ES study outcomes is 

complex, as the objectives change different indicators are important to consider, for instance, for 

evaluating the effectiveness of changed land-use practices to reduce soil erosion and remove 

sediment loads from streams that causes costs for hydro-power generation, the indicator 

sedimentation rates is monitored [157]. This indicator, however, is of little help for the evaluation of 

effective landscapes for psychological recovery and spiritual inspiration [299; 300]. Furthermore, 

study outcomes that have an impact over long timescales are difficult to observe, let alone measure 

[301; 292]. Due to these constraints, findings from effectiveness and efficiency assessments are 

interpreted in various ways [298]. 

For a more standardized evaluation of effectiveness and efficiency of ES study outcomes a better 

understanding of basic principles is required. ES databases provide insights into common patterns 

across different ES studies and contain indicators that are promising for the usage of evaluating 

effectiveness and efficiency. Against this background, the research questions arise: Which indicators 

for the evaluation of effectiveness and efficiency of ES study outcomes exist in ES databases and 

which basic principles can be derived to facilitate a more standardized evaluation? 

In this Chapter 4, I conducted a review of ES databases variables and there suitability as 

indicators for the evaluation of effectiveness and efficiency of ES study outcomes. Firstly, I 

developed a hierarchical framework for a systematic analysis of effectiveness and efficiency 

indicators. Secondly, I identified indicators that contribute to the evaluation of effectiveness and 

efficiency based on a review of major ES databases variables. Thirdly, I synthesized findings across 

indicators to derive basic principles for the evaluation of effectiveness and efficiency of ES study 

outcomes. I then discussed methodical implications for the evaluation of effectiveness and 

efficiency on the basis of the four principles. I end with conclusions of the work. 

4.2 Methods 

4.2.1 Framework for the identification of effectiveness and efficiency 

indicators 
For the identification of indicators for the evaluation of effectiveness and efficiency I developed a 

comparison framework. The comparison framework formulates an ideal evaluation model based on 

hierarchical organized indicators that constitute different notions of effectiveness and efficiency. 

This framework forms a concept of the features of effectiveness and efficiency, which can be 

compared with variables used in ES databases to manage information on ES studies. I formalized 

indicators of the comparison framework in accordance with the most generic definitions of 
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effectiveness and efficiency. Indicators for effectiveness are (i) the accuracy and (ii) completeness 

with which an ES study achieved an objective. Efficiency was determined according to the effort of 

an ES study or project measured by the (iii) resources used to (iv) achieve an objective. Using generic 

indicator ordered in a hierarchical framework enables to place broad boundaries around what does - 

and does not – qualify as an indicator for effectiveness and efficiency. Also, it maintains the 

flexibility to include more specific indicators used in different application contexts and facilitates 

comparisons by organizing specific indicators consistently under the same generic banner. The 

hierarchical organized framework ensured that specific indicators were extracted by the overarching 

definitions which matter most, not simply the ones that are easiest to measure.  

The effectiveness indicator ‘accuracy’ and ‘completeness’ with which a desired result is achieved 

refers to the quality of ES study outcomes. Accuracy is determined by the estimation of systematic 

and random errors of outcomes [302] as well as the potential suitability of the methods applied in 

ES studies to the context under analysis [303; 279]. While errors of outcome are conditional to the 

method setting, potential suitability of the methods applied in ES studies requires the estimation of 

the confidence to measure the issue in question and the evidence underlying the ES-based approach 

[304]. Completeness of achieving an objective is determined by the extent to which outcomes of ES 

studies are of sufficient breadth, depth, and scope for the task at hand [305]. Assessment of 

completeness relies upon the presence of a reference standard, which may be drawn from 

contacting experts or comparing ES study outcomes with alternate trusted measures and sources 

[306; 294].  

The efficiency indicators ‘resources used’ to ‘achieve an objective’ represent the relation 

between inputs and outputs of ES studies under consideration of feasible output levels [298]. 

Therefore, also the assessment of efficiency requires a reference standard, which can be derived 

from the comparison of information about time and costs used for conducting ES studies. Temporal 

requirements to achieve the objectives are for instance the study duration or the periodicity of the 

assessment in case of monitoring [289]. Costs are not limited to monetary units, but include all 

other required means such as methods and people involved. Methods reflect the means that were 

used to collect or analyze ES and indicate data requirements, complexity of measurements or 

specific activities applied to achieve the objective [307]. People involved encompass the expertise, 

the number of persons and stakeholder engaged in ES-based measures [308]. The achieved 

objective represents the actual output, outcome and impact of an ES study. It refers to positive and 

negative environmental or socio-economic change (-s) directly caused by an ES study, for instance, 

the co-production of scientific knowledge by designing and applying methods for ES assessments 

[309; 310] or improvement of ES delivery through investments in restoration and conservation of ES 

[311]. 

Since effectiveness and efficiency are goal-relative criteria I differentiated between distinct 

objectives of ES databases and also considered contextual conditions to avoid incommensurability 

between various database entries. The magnitude of the effectiveness and efficiency from ES 

studies is likely to be affected by contextual conditions, which are often outside of scientists’ 

control. Contextual conditions include local conditions about the institutions, governance, culture of 

places etc. where ES studies were conducted. 
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4.2.2 Review of indicators in ecosystem service databases 
ES databases selected in Chapter 2 were used to identify indicators for the evaluation of 

effectiveness and efficiency of ES study outcomes (Table 4.1). The databases contain information 

about globally distributed ES studies. Databases can generally be looked at as being a collection of 

variables organized in a table for a specific objective. The tables store data entries in cells, with 

multiple cells represented in a system of rows and columns. For instance, data entries in a database 

that aims at assessing the quality of ES studies include how uncertainties have been taken into 

account (column) for each ES study (row) [85]. Columns define the data in a table, while rows 

populate data into the table. Hence, column headers contain clear defined and measurable 

indicators that are used to assess to what extent objectives are being met. These indicators follow a 

built-in formal reporting protocol used in the database to ensure the provision of consistent 

information on ES studies and facilitate the identification of comparable studies. I analyzed the 

presence of column headers suitable for the usage as indicators for the evaluation of effectiveness 

and efficiency of study outcomes. Also, I quantified how many data entries were available for the 

identified indicators in order to compare ES studies and determine effective and efficient ES study 

outcomes. 

 

Table 4.1. Databases considered for the review of effectiveness and efficiency indicators. The gray bar plots 

illustrate the total number of columns and rows (log) per database respectively.  
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4.2.3 Quantification of indicators of effectiveness and efficiency 
I quantified indicators for the evaluation of effectiveness and efficiency of ES study outcomes (𝑀𝑠,t) 

by reviewing whether columns ( 𝑛) and data entries (𝑚) of ES databases can be assigned to the five 

generic indicators (𝑡) of the comparison framework and for specific objectives (𝑠) of databases. With 

𝑡 being accuracy, and completeness for effectiveness, resources used (input) and achieved objective 

(output) for efficiency as well as contextual conditions. First, I counted the number of column 

headers (𝐶𝑖,𝑘) of ES databases that thematically overlap with 𝑡 for each 𝑠. For the counting of 

relevant 𝐶𝑖,𝑘 all columns of each ES database (𝑛𝑘 =  {𝑛1, … , 𝑛29}) and all ES databases (𝑘 =

 1, … , 29) were reviewed.  

 

 
𝐶𝑖,𝑘  ∶= {

1
0

, 𝑟𝑒𝑙𝑒𝑣𝑎𝑛𝑡 𝑓𝑜𝑟 𝑠 𝑎𝑛𝑑 𝑡       
, 𝑛𝑜𝑡 𝑟𝑒𝑙𝑒𝑣𝑎𝑛𝑡 𝑓𝑜𝑟 𝑠 𝑎𝑛𝑑 𝑡

  
(5)  

 
𝑀 𝑠,𝑡  = ∑ ∑ 𝐶𝑖,k

𝑛𝑘

𝑖=1

29

k=1

 
(6)  

 

For instance, in the database Seppelt et al. [85] a column header referred to the topic how 

uncertainties have been taken into account in ES studies. This column header matches with the 

effectiveness indicator accuracy and was counted as one relevant indicator for the evaluation of 

effectiveness of ES study outcomes.  

Second, I counted the number of data entries (𝐶𝑖,𝑗,𝑘) of relevant 𝐶𝑖,𝑘 for all rows of each ES 

database (𝑚𝑘 =  {𝑚1, … , 𝑚29}). 

 

 
𝐶𝑖,𝑗,𝑘  ∶= {

1
0

, 𝑟𝑒𝑙𝑒𝑣𝑎𝑛𝑡 𝑓𝑜𝑟 𝑠 𝑎𝑛𝑑 𝑡       
, 𝑛𝑜𝑡 𝑟𝑒𝑙𝑒𝑣𝑎𝑛𝑡 𝑓𝑜𝑟 𝑠 𝑎𝑛𝑑 𝑡

  
(7)  

 
�̂�𝑠,𝑡  = ∑ ∑ ∑ 𝐶𝑖,𝑗,𝑘

𝑛𝑘

𝑖=1

𝑚𝑘

𝑗=1

29

𝑘=1

 
(8)  
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For instance, in the database Seppelt et al. [85] the column header “uncertainties” contains in 155 

rows the same amount of data entries which represent information on systematic and random 

errors of study outcomes. These data entries populate information into the effectiveness indicator 

and provide a basis for the determination of effective ES study outcomes. 

4.3 Results 
None of the reviewed databases were created with the intention of evaluating effectiveness or 

efficiency. The majority of databases aimed at instrumental goals (62%) and intended to support 

decision-making, followed by conceptual goals (38%), see Fig 4.1. For instance, the database EVRI 

was used for governmental action plans and environmental stewardship. PESD triggered debates on 

payment for ES on different policy levels. A few others were considered for broadening and 

deepening understanding on ES in research initiatives beyond their original project (SGA, IPBES 

Catalogue, ESVD, EVRI, ReefLink Database) and for capacity building in university courses or 

workshops for practitioners and federal employees (ValuES Cases, ValuES Methods, EVRI, EM). More 

specifically databases aimed at the following objectives (Fig 4.1):  

(1) Economic valuation, i.e. recognition of ES and their economic significance for policy 

decisions about the management of ecosystems (45% of databases) 

(2) Application of ES concept in practice, i.e. support of practitioners to apply the ES concept 

for decision-making by assembling (good) practice examples of indicators, processes and 

methods (35%) 

(3) Understanding of relationships; i.e. broadening and deepening understanding on 

interlinkages between ecological components of nature, ES, and human well-being (10%) 

(4) Evolution and Education, i.e. broadening and deepening understanding about historical 

evolution of ES research as well as for teaching, learning and scholarly communication in 

general (10%) 
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Fig 4.1. Visualization of databases’ objectives. The ring charts illustrate the goals (inner ring) and objectives 

(outer ring) of 29 ES databases (middle ring) in percentage values. Goals represent general targets while 

objectives determine more specific targets towards the databases are directed (S4.1 to S4.2 Table).  

 

Across all objectives I found 1,193 column headers in ES databases that provided information 

relevant for the evaluation of effectiveness or efficiency of ES study outcomes (S4.1 Table and S4.3 

Table). Column headers are hereinafter referred to as indicators for the evaluation of effectiveness 

and efficiency of ES study outcomes. From these indicators 47% were thematically related to 

efficiency and 19% to effectiveness (Fig 4.2). The remaining 34% indicated contextual conditions in 

which ES studies have been carried out. Most indicators were documented for the following 

objectives: application of the ES concept in practice (59%), followed by economic valuation (17%), 

understanding of relationships (12%), and evolution and education (12%). The number of available 

indicators for the evaluation of efficiency and effectiveness of ES study outcomes shifted slightly 

with the objective of the databases (Fig 4.2). The efficiency indicator resources used / input played a 

major role for the application of the ES concept in practice (19%) and education and evolution (5%). 

In economic valuation the indicator achieved objective / output (6%) was more frequently 

documented than resources used / input (5%). For the objective understanding of relationships 

efficiency indicators were of less importance (3% resources used / input, 1% achieved objective / 

output) than the effectiveness indicator accuracy (4%). The effectiveness indicator completeness of 

achieving an objective is documented in none database.  
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Fig 4.2. Indicators for the evaluation of effectiveness and efficiency of ES study outcomes for major 

objectives. The bar charts visualize the number of effectiveness and efficiency indicators (left) as well as 

available information for those in database entries (right), in percentage values. The effectiveness and 

efficiency indicators and data entries refer to the four major objectives of the reviewed 29 databases (center).  

 

Taking additionally account of the number of data entries which were available for each indicator of 

effectiveness and efficiency emphasized the low number of information for evaluating effectiveness 

of ES study outcomes (10% of data entries), see Fig 4.2 (S4.1 Table and S4.4Table). Particularly, for 

the objectives economic valuation (1%) and evolution and education (<1%) indications of 

effectiveness were neglected. Data entries for indicators of contextual conditions that may influence 

effectiveness and efficiency of ES study outcomes were most often available in databases (45%).  
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Table 4.2. Examples of specific indicators for the evaluation of effectiveness and efficiency of ES study 

outcomes. The table lists examples of the 1,193 specific indicators from ES databases that can be assigned to 

generic effectiveness (accuracy) and efficiency indicators (resources used / input, achieved objective / output) 

for four major objectives. 
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The numerous amounts of indicators for efficiency (Fig 4.2) can be attributed to the high number of 

databases which focused on study design and methodological approaches used for the objectives: 

application of the ES concept in practice or economic valuation. There are many different ways to 

reach an objective when an interdisciplinary framework such as the ES concept has been applied. 

For instance the monitoring of water availability can be done by analyzing satellite images, 

measuring a river’s streamflow or by doing surveys with water users. In order to transparently 

document the manifold approaches, various indicators were used across databases that provide 

insights into inputs and outputs of ES methods. These indicators can be adapted for the evaluation 

of efficiency. For instance, specific indicators of temporal requirements, monetary costs, data needs, 

and expertise or training required for applying different ES methods were available in ES databases 

aiming at the application of the ES concept in practice (Table 4.2). 

Although a high number of both indicators and data entries were available for the evaluation of 

efficiency of ES study outcomes, the determination of most efficient ES study outcomes was not 

possible. I found a lack of information to determine if different ES studies were conducted under 

similar conditions. This appears contradictory according to findings that show a high number of 

specific indicators as well as data entries for contextual conditions. In fact, specific indicators and 

data entries for contextual conditions were often condensed and lacking in detail, for instance 18% 

of specific indicators of contextual conditions provide general information such as country and 

biome names in which ES studies were conducted.  

The effectiveness indicator accuracy of achieving an objective was most often documented for 

the objective: application of ES concept in practice (Fig 4.2). Examples for specific indicators of 

accuracy were exemplified in Table 4.2. Quantified, numeric values for the accuracy were rare (14% 

of data entries for accuracy) and only available in four database (ESML, EVRI, ELD, Cardinale et al., 

2012). In the database ESML that focused on ES models a systematic differentiation of uncertainty 

types had been made in order to provide more transparency in ES modelling and increase the level 

of confidence in applying ES models. This differentiation is unique across all considered databases. 

For instance, the following types of uncertainties are documented: (i) model calibration refers to the 

adjustment of selected model variables to best fit a set of local observations, prior to model use; (ii) 

operational validation that represents a statistical comparison of model predictions with 

independent data; (iii) sensitivity analysis that quantifies how a given amount of variation in one or 

more predictor variables is reflected in variation of model response; and (iv) propagation of 

uncertainties refers to the evaluation of how predictor variable uncertainties propagate into the 

response variable estimates of the model.  

The determination of most effective ES study outcomes was primarily not possible due to a lack 

of completeness indicators, but also due to the small number of accuracy indicators and condensed 

indicators for contextual conditions (similar to efficiency). 

4.4 Discussion 
At the time of this analysis, the reviewed ES databases contained more than 2,100 column headers. 

From these about 57% contained information that were assigned to indicators relevant for the 

evaluation of effectiveness and efficiency of ES study outcomes; according to the comparison 

framework and definitions used in this analysis. Even though I could identify effectiveness and 
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efficiency indicators, for the determination of most effective and efficient ES study outcomes 

information was missing. Synthesizing findings across all indicators and data entries enables to 

better understand basic principles of evaluating effectiveness and efficiency of ES study outcomes. I 

derived four basic principles and discussed methodical implications for the evaluation of 

effectiveness and efficiency of ES study outcomes. The four principles run as follows: 

(1) Determination of the objective of evaluation 

(2) Selection of indicators for evaluation 

(3) Consideration of reference standards 

(4) Conceptual comprehension 

4.4.1 Determination of the objective of evaluation 
For the evaluation of effectiveness and efficiency of ES study outcomes the determination of 

objectives is crucial. The objective of the evaluation limits the examination scope within 

effectiveness and efficiency analysis can be conducted. For instance, assuming evaluation objectives 

based on objectives of reviewed ES databases shows that for a set of four clusters the evaluation 

can be conducted. These are the objectives: (i) the application of the ES concept in practice, (ii) 

economic valuation, (iii) understanding of relationships, and (iv) evolution and education. Directly 

linked to the determination of specific objectives of the evaluation is the consideration of contextual 

conditions and their effects on ES study outcomes. Taking contextual conditions into account 

ensures that ES studies are conducted under similar circumstances. For instance, ES studies aiming 

at the application of the ES concept in practice tend to be more effective when they are mandated 

by governments. IPBES [188] showed that such ES studies were generally more closely aligned with 

the needs of decision-makers, and thus had a kind of ‘receiving environment’ for the findings. Most 

of reviewed database entries available for the evaluation of effectiveness and efficiency of ES study 

outcomes addressed contextual conditions. However, these data entries were often condensed and 

lacking in detail, thus information on whether alternative approaches aiming at the same objectives 

were applied under similar conditions was not sufficient. Consequently, both the specification of 

clear objectives of the evaluation and consideration of contextual conditions are important 

prerequisites to determine comparable ES studies and provide an enabling framework for the 

evaluation of effectiveness and efficiency of ES study outcomes.  

4.4.2 Selection of the indicators for evaluation 
The indicators for an evaluation represent the means to carry out the evaluation of effectiveness 

and efficiency. In this review, for instance, indicators for the evaluation of effectiveness and 

efficiency based upon different notions of effectiveness and efficiency. Indicators are accuracy and 

completeness for effectiveness as well as resources used / input and achieved objective / output for 

efficiency. Challenges of the selection of suitable indicators arise from the diversity of specific 

application contexts of studies considered for the evaluation. As the diversity of application contexts 

of studies increases, it becomes increasingly difficult to find indicators for the evaluation [84]. This 

challenge stems from the increasing level of abstraction that is needed to enable the comparison of 
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different studies. Optimal preconditions for the identification and application of indicators for the 

evaluation exists, when the application context of ES studies are as similar as possible.  

Another challenge addresses the level of aggregation of indicators used for the evaluation of 

effectiveness and efficiency. Whether specific characteristics of effectiveness and efficiency are 

outside of control or directly considered by the indicators of evaluation depends on the level of 

aggregation of the indicators used. A high level of aggregation means that information is composed 

from a multitude or combination of other more individual information, which leads to information 

loss and can conceal inefficiency [312]. For instance, aiming at the identification of cost-efficient ES 

assessment tools at a more aggregated level the monetary costs may only consider the purchase 

price for the tools, while data acquisition and labor costs for applying the tool by experts would be 

taken for granted. In this analysis aggregation levels of effectiveness and efficiency indicators varied 

considerably within similar objectives, and thereby impeded the determination of effective and 

efficient ES study outcomes. 

4.4.3 Consideration of reference standards 
In an ideal situation the evaluation of effectiveness and efficiency of ES study outcomes based upon 

case control or reference standards. This requires ES studies which are designed in a way that allows 

the comparison of alternative approaches in the same context within a single study [294]. However, 

such comparative studies are rare [294], usually comparing small numbers of alternative approaches 

and not necessarily consider all influencing factors [296]. A more pragmatic approach would be to 

build upon checklists of evaluation that provide highly characterized and validated specification 

criteria for different application contexts [313-315]. Even though these checklists are not 

comprehensive for all methodological approaches and application contexts, they raise attention on 

common problems in evaluation efforts. For instance, Mupepele and Dormann [304] provided a 

guideline for evidence assessment of ES studies outcomes based upon a synthesis of 30 published 

quality checklists for ES studies from different scientific disciplines. This guideline includes criteria 

that reflect the extent to which all aspects of conducting an ES study can be shown to protect 

against bias and inferential errors. The criteria can be used as a baseline for the formalization of a 

feasible concept for the documentation and evaluation of the effectiveness indicator completeness 

of achieving an objective. In other words, criteria could be used to develop an ideal evaluation 

model with specified standard levels against which ES study outcomes are compared. For instance, 

Castellini et al. [316] used an evaluation model with eight evaluation criteria that specified standard 

levels against which completeness of outcome reporting of clinical trials were compared.  

Developing reference standards and using them for the comparison of alternative approaches 

might also contribute to a better understanding of how different ES studies not simply uncover but 

also construct values [317]. Choices of methodological approaches can bias information according to 

a particular disciplinary perspective, and potentially limiting of how interests of ES beneficiaries are 

reflected [63]. Recognizing and differentiating value-articulating effects of ES studies, invites us to 

critical reconsider the effectiveness of a particular measure that deals with value pluralism and the 

multidimensional nature of ES. 
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4.4.4 Conceptual comprehension 
For the evaluation to be relevant, it is crucial that the concepts used for the purpose of evaluating 

effectiveness and efficiency are clearly defined so that different stakeholder groups will interpret 

and understand the concepts involved in the same way. The usage of different concepts may lead to 

difficulties in the interpretation and comparison of evaluation results [318]. The usage of a 

hierarchical approach to organize different objectives, contextual conditions, aggregates, and notion 

of effectiveness and efficiency implies the benefit that distinct concepts can be formalized, collected 

and interconnected. This is an important first step towards scrutinizing suitable concepts and 

discussing requirements to reach consensus on standards. Having agreed upon standards facilitates 

synthetic analysis, enables a closer collaboration across different domains, and contributes to the 

identification of a core set of indicators that have a high impact to detect effectiveness and 

efficiency and should have priority in designing, implementing and maintaining monitoring systems. 

4.5 Conclusion 
For the evaluation of effectiveness and efficiency of ES study outcomes basic principles have to be 

followed that pave the way for the identification of core indicators and enable the comparability 

across different sites. I suggested basic principles that help to structure efforts of evaluating 

effectiveness and efficiency of ES study outcomes. The principles highlight the importance of clearly 

determining the objectives of the evaluation, conditions for the selection of indicators for the 

evaluation, reference standards that set the bar for the evaluation, and conceptual comprehension.  

The database review showed that although none of the ES databases aimed at monitoring or 

evaluation of effectiveness and efficiency of ES study outcomes they contain a broad set of 

indicators that provides insights into effectiveness and efficiency. However, after correcting for 

incommensurability through the application of the basic principles only a fraction of indicators 

remained. Either indicators or database entries for the indicators were too few for the 

determination of most effective and efficient ES study outcomes. In order to foster the development 

of a more consistently structured approach in which effectiveness and efficiency of ES study 

outcomes are readily comparable for the evaluation, I propose a standardized reporting tool. The 

reporting tool should be designed in a way that covers a full list of important aspects which are 

crucial to consider within the evaluation of effectiveness and efficiency of ES study outcomes. I 

recommend aligning the reporting tool with the four basic principles. Based on this tool a 

standardized formalization, collection and interconnection of indicators for effectiveness and 

efficiency of ES study outcomes can be conducted. This is an essential step forward towards 

scrutinizing a core set of indicators that have a high impact to detect effectiveness and efficiency 

and should have priority in designing, implementing and maintaining monitoring systems. 

Improving monitoring and evaluation of effectiveness and efficiency of ES study outcomes 

through joining together of heterogeneous concepts, describing the relation between them and 

developing more standardized approaches brings great benefits. For instance, like a multilingual 

dictionary or a conversion table, the better understanding of relations facilitate the communication 

and collaboration within and between different domains and groups even when the commonality of 

concepts has not (yet) led to a consensus on standards. Further benefits address: (i) a more 
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comprehensive understanding of the assumptions, options and limits of effectiveness and efficiency 

evaluation, (ii) more transparency in the utilization of resources and justification of results and 

impacts vis-à-vis the stakeholders, and (iii) improvements of future projects through the learning 

from experiences of successes and failures of ES studies. 

Ultimately, agreeing upon standards in the evaluation of effectiveness and efficiency of ES study 

outcomes allows for learning and rewards for good performance, and contributes to both scientific 

and societal progress. 
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5.1 Ecosystem service databases’ contributions to mainstreaming and 

standardization 
Mainstreaming ES requires the identification of impediments for the incorporation of ES information 

into decision-making and finding strategies to tackle them. One impediment to a comprehensive 

adoption of ES information is the lack of standards that define terminology, acceptable data and 

methods, and reporting requirements for sharing consistent information on ES [39]. With the 

increasing popularity of the ES concept in a time of rapid advances in information technology, 

globalization, and increasing networking, a proliferation of terminologies, conceptual frameworks, 

methods and datasets caused a growing amount of inconsistent information and confusion on what 

determines good practice approaches. Results of this dissertation showed that databases organized 

large amounts of information in a consistent way that provides a baseline for standardization and 

mainstreaming of ES knowledge. However, comparisons across ES databases showed that they 

varied considerably in scope, standardization, size, usage, accessibility, and other characteristics. 

Commonly agreed reference collections – that set the bar for standardization in a community – were 

missing and only a few well-established standard protocols for archiving and retrieval of information 

across databases existed. These factors made the secondary usage of ES databases beyond their 

original purpose an ambitious and highly labor-intensive task. Within the dissertation, information 

contents of major ES database were reviewed for different application contexts and 

recommendations derived for guiding discussions on standards that facilitate the mainstreaming of 

ES information.  

Firstly, analyzing ES databases and linking their contents to information demand from policy 

instruments that affect resource and land-use decisions showed that databases contain information 

for most of the policy instruments (Chapter 2). By synthesizing results across different policy 

instruments, common principles were derived that represent priority areas to formalize standards 

for the documentation of knowledge on ES. These priority areas are:  

(1) Quantitatively recognize nature’s value;  

(2) Develop prioritization schemes based on ES valuation; 

(3) Sensitive stakeholder engagement; 

(4) Facilitate information access and capacity building to establish ES-based decision-making; 

and  

(5) Evaluate long-term returns of interventions on ES. 

Secondly, learning from ES databases and transferring their information for decision support 

assumes that information contained in databases is equally applicable and effective in another 

setting. Estimations of the transferability of ES database information represented by a set of 

monetary valued ES showed there were limitations (Chapter 3). Using meta-analytic value transfer 

functions as a basis for modelling benefit transfer provided insights into different sources of 

uncertainty. Results showed that value transfer functions explained from 18% (water provision) to 

44% (food provision) of variance in monetary values. Based on these models statistically reliable 

value transfers were conducted for 70% (water provision) to 91% (food provision) of the terrestrial 

earth surface. Furthermore, through the synthesis of results across all value transfer functions a 
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conceptual framework for the establishment of a more standardized reporting on uncertainties of 

benefit transfer was derived. This framework entails reporting requirements for three major sources 

of uncertainty:  

(1) Sample errors that result from the availability and quality of input data; 

(2) Model errors that represent the performance and suitability of the transfer model to 

analyze the task at hand;  

(3) Transfer error from generalization which results from spatial and temporal consideration of 

environmental conditions for the extrapolation of ES values. 

Thirdly, steering ES science towards improved decision advice and ultimately to ecological and social 

betterment requires gauging its achievements accordingly. Findings of the dissertation (Chapter 4) 

showed that databases contained consistent indicators that could be used as metrics for the 

evaluation of effectiveness and efficiency of ES study outcomes. However, for the determination of 

most effective and efficient ES study outcomes information was missing. Drawing conclusions on the 

results showed that four basic principles can be derived that contribute to improved reporting on 

effectiveness and efficiency of ES study outcomes and facilitate their evaluation in future endeavors. 

These basic principles relate to the:  

(1) Determination of the objectives of evaluation; 

(2) Selection of indicators for the evaluation; 

(3) Consideration of reference standards; and 

(4) Conceptual comprehension. 

Organizing ES information based on results of this dissertation contributes to knowledge 

management tasks and facilitates debates on standardization. Reaching consensus on standards 

that codify agreement on good practices will accelerate the mainstreaming of ES information. 

5.2 Methodological limitations of the dissertation 
The methodological approach applied in this dissertation is denoted as ‘systematic review’. 

Systematic reviews differ from conventional literature reviews as they follow a strict methodological 

protocol and provide a comprehensive assessment of available empirical evidence [319]. Conducting 

systematic reviews includes the following analytical steps: (i) clearly formulate a research question, 

(ii) conduct a comprehensive literature search, (iii) define transparent database inclusion and 

exclusion criteria, (iv) conduct a synthesis of the included data, and (v) interpret the results. Each of 

the steps should be carried out thoroughly in order to avoid the introduction of errors and biases 

that entail implications for results and recommendations (Table 5.1). 
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Table 5.1. Limitations of systematic reviews. The table lists major errors and biases for different analytical 

steps in a systematic review including approaches on how to address, avoid or mitigate them. 

Analytical 
step of 
review 

Source of 
error 

Description Approaches to address, avoid or 
mitigate errors and biases 

Clearly 
formulated 
research 
question 

Integrity of 
research 
question 

The usage of a holistic or reductionist 
approach to formulate the research question 
affects the review’s relevance, utility and 
value. There is the risk that the research 
question becomes either too broad, complex 
or just impossible to answer [320] or that the 
external validity is limited [321]. 

Collaborative approaches to 
formulate the question with 
stakeholder and – if necessary – 
specification of sub-questions that 
are sufficiently well-structured to 
be amenable for a systematic 
review [322; 321; 323]. 

Comprehensiv
e literature 
search 

Selection bias Risk that information that may be highly 
relevant for answering the research question 
is overlooked or not representative studies 
are included [288; 324; 325]. 

Different approaches for treating 
selection biases depending on the 
specific subtypes, for instance 
Leimu and Koricheva [326] or 
Rosenberger and Johnston [288]. 

Transparent 
database 
inclusion and 
exclusion 
criteria 

Eligibility 
criteria bias 

Risk of selective, subjective, or inconsistent 
inclusion of databases due to pre-specified 
search terms and eligibility criteria that can be 
interpreted in different ways. This failure can 
lead to inconsistent synthesis [327]. 

Increase reliability of inclusion or 
exclusion of databases by review 
teams of at least two reviewers. 
Each reviewer should apply search 
terms or eligibility criteria 
independently. Disagreements 
between reviewers should be 
resolved by consensus [328]. 

Synthesis of 
the data  

Data 
extraction 

Errors and biases due to inconsistent 
extraction or coding of data from database (or 
original studies) by reviewer [319].  

Development of a standardized 
data extraction form for the 
documentation of decisions made 
regarding definitions of data coding 
criteria and data extraction [329]. 

Model bias Bias and errors resulting from the 
characteristics of the synthesis method. For 
instance, meta-regressions use statistical 
models to pool evidence from extracted data 
for answering the research question. Often 
model settings are determined by parameter 
for which subjective judgements are required 
[330].  

Depending on method used various 
approaches are recommended for 
the mitigation of this bias, for 
instance narrative synthesis [331] 
and quantitative data synthesis 
[64]. 

Generalization 
bias (external 
validity) 

Bias and errors due to the extension of 
synthesis findings from a sample to the entire 
population without considering differences in 
contextual conditions such as ecological and 
social settings. 

Meta-regression provides a vital 
tool for estimating the statistical 
influence of determinants of 
generalization bias [332]. 

Suitability of 
approach used 

Errors and bias due to aspects that have been 
left out of the formal synthesis and sources of 
unknowns where no scientific basis exists on 
which to form any calculable probability 
whatever [280]. 

Consideration of an external 
perspective of estimating the 
accuracy and robustness of the 
whole synthesis endeavor [333; 
304]. 

Interpretation 
of the results 

Reporting bias  Systematic error in the synthesis outcomes 
caused by selective (non-) reporting of results, 
for instance preferential reporting about only 
statistically significant results [334; 335]. 

The review team should explicitly 
acknowledge the variation in 
possible interpretations and simply 
present the evidence and limits of 
the analysis [332]. 

All steps People 
involvement 

Systematic error due to unbalanced 
engagement of different groups (e.g. funder, 
reviewer, practitioner) in the various 
analytical steps of the review process [170].  

Critical appraisal of people 
engagement for different steps of 
systematic review [336]. 
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5.2.1 Formulating a research question and databases selection process 
Formulating a research question for a systematic review struggles with the compromise between 

taking a holistic approach, involving a large number of variables and increasing the number of 

relevant studies as well as a reductionist approach that limits the review’s relevance, utility and 

value [337; 321]. The definition of the research question entails an implicit determination of those 

databases considered relevant. In order to reduce the risk of selective inclusion or exclusion of 

databases a wide range of information sources needs to be considered. Comprehensive literature 

searches should ensure that key evidence is not missed and as many databases as possible are 

identified [338]. However, such comprehensive searches tend to have low specificity, in other words 

poor discrimination of information that is truly irrelevant. Consequently, comprehensive searches 

are prone to return large numbers of irrelevant selections. Therefore, the challenge for conducting 

systematic reviews is to separate the evidence from the large amount of irrelevant information 

without introducing errors or biases. 

Each systematic review (actually every analysis based on secondary data sources) can only be as 

good as the underlying primary study. When selecting ES databases that contain primary studies, 

there is the implicit assumption that the underlying body of information provides an unbiased 

sample of the population of empirical estimates. If this assumption is violated, the result will be 

systematic transfer biases [288]. Potential sources of selection biases are diverse [339; 340; 288]. 

However, their main concerns can be summarized and pertain to the risk that due to a selection 

process information that may be highly relevant for the reuse is overlooked or not representative 

studies are included. For instance, based on the three research questions of the dissertation, search 

terms were determined to collate ES databases that contain globally distributed ES studies. I chose 

simple and broad search terms such as ‘ecosystem service’ as well as eligibility criteria such as ‘only 

databases containing globally distributed ES studies’ to ensure a comprehensive literature search 

and unambiguous and transparent inclusion of databases for further analysis. Only ‘global ES 

databases’ were considered to minimize selection bias from local peculiarities and to increase the 

relevance of the review for a broader audience. Nevertheless, by using pre-defined search terms 

and eligibility criteria I limited the scope of the analysis, which in return led to sample selection bias. 

Results of the selection process showed that information for society's poorest nations was 

underrepresented (Chapter 2). Consequently, generalizations of assertions or the transferability of 

knowledge to developing countries should be treated carefully, since socio-economic and political 

situations vary considerably between developed and developing countries. Results from benefit 

transfer (Chapter 3) confirmed that transferred values in poorest areas are associated with high 

uncertainties.  

Researchers should seek to make the potential impact of selection effects transparent, 

particularly where adjustments are infeasible or on which there is no widely accepted approach for 

mitigation. Diverse measures for correcting selection biases are suggested in literature [341; 288]. 

By additionally considering publications and databases – which do not literally refer to ES, but 

implicitly contain information that can be linked to estimate the value of nature, its benefits to 

humans or what a good life encompasses – the above mentioned lack of information may be 

attenuated. Other secondary data sources, such as the Equator Initiative’s Nature-Based Solutions 
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Databases [342], provide best practices on nature-based actions in developing countries and could 

be included to complement good practice examples in poor areas with little or no data. 

Another selection bias stems from poor quality of primary studies (low internal validity). Random 

errors and research judgments on data collection, analysis and presentation of results can affect the 

outcomes of primary studies. This dissertation showed that there is a limited availability of 

information on the quality of primary studies in ES databases (Chapter 4). Incomplete or insufficient 

information compromises the reuse of ES databases for other purposes. Expressing uncertainties of 

information contained in ES databases requires common approaches on how to report on the 

quality of the underlying evidence. Suggestions are given for instance by Spiegelhalter and Riesch 

[279], who recommend an approach that structures potential systematic and random errors of 

studies. Guidelines are missing that provide recommendations on how to proceed when information 

on the quality of primary studies is limited. Meta-analysis may provide a viable tool for reducing the 

influence of low quality studies by considering a comprehensive set of studies with large variations 

in research design. For instance, in Rosenberger and Johnston [288] it is shown how these selection 

biases were washed out in results of benefit transfer based on a meta-analysis. 

5.2.2 Synthesis of the data 
Once relevant ES databases were selected data extraction as a part of the synthesis of the data is 

prone to different biases and errors, too. Data extraction is the process of coding and describing 

information about the selected ES databases and their variables in a consistent and transparent 

way, so that information of the ES databases can be placed in context and synthesized. Data coding 

ensures that the data extracted is relevant to the research questions. Based upon data coding 

criteria (meta-data), relevant characteristics of selected ES databases such as objective of databases 

or functionality, and database variables such as results of ecological or socio-economic valued ES are 

recorded. In other words, a list of vital ‘ingredients’ (ontology) are sought and extracted that 

provides both insights into a better understanding of the casual powers compiled in ES databases 

and means by which the research questions can be answered. When deciding on data coding 

conceptual comprehension (Chapter 4) is a major source of error. Ambiguously defined data coding 

criteria lead to the introduction of selective, subjective, or inconsistent information. In fact, even if 

the data coding criteria are clearly defined, the extraction of information from ES databases is prone 

to bias. ES databases use different conceptual approaches for the documentation of database 

variables that require a translation and assignment to the data coding criteria. Missing descriptions 

and contextual information of database variables may lead to misinterpretation and 

misclassification in relation to the data coding criteria (Chapter 4). Also, the level of aggregation of 

data coding criteria is critical for data extraction. Whether specific content-related aspects of the 

research question are outside of control or directly considered by the data coding criteria depends 

on the level of aggregation of the criteria used (Chapter 4). A high level of aggregation means that 

information is composed from a multitude or combination of other more individual information, 

which leads to information loss and can result in misleading recommendations derived from the 

synthesis [312]. In this dissertation, tables for data coding and extraction were developed to allow 

repeatability of data extraction and maintain transparency in decisions made for extracting data. 

The tables contain prompts to record all relevant information necessary to address the research 
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question, plus any additional information required for critical appraisal of errors and biases, and any 

contextual information that were required for writing the synthesis (S2.3 Table, S3.2 Table, S4.1 to 

S4.4 Table).  

For the synthesis of the extracted data various methods can be used [343]. Depending on the 

method chosen different biases and errors might be introduced. The methodological approach 

should be justified due to the contents and heterogeneity of extracted data. When numerical 

contents are too few or the heterogeneity is too high, narrative syntheses are used instead of 

quantitative data synthesis approaches. Nonetheless, narrative syntheses, such as content analysis, 

include descriptive statistics to visualize findings [331]. Content analysis was used in Chapter 2 and 

Chapter 4 to pool the disparate information contained across different ES databases and 

characterize the evidence base. Applying content analysis means, categories were developed a priori 

based on the coding from data extraction, and frequencies of these categories were determined. 

Therefore, all data, including qualitative information contents of ES databases, was transformed into 

quantitative measures such as frequencies. Limitations of this approach for the synthesis include 

that ‘[…] it is inherently reductive and tends to diminish complexity and context’ [343]. Similar to the 

above mentioned aggregation of data coding criteria, information get lost when qualitative 

information is reduced to quantitative categories. Due to this information loss counting of the 

frequencies may fail to reflect the structure or importance of the underlying phenomenon. For 

instance, the absence of database variables could be treated as evidence of non-reporting due to 

missing knowledge or evidence of no importance because of irrelevance for a specific purpose. Thus, 

there is the risk that the synthesis considers only what is easy to classify and count, rather than what 

is truly important, resulting in oversimplified findings. In order to minimize errors and biases for the 

narrative synthesis in this dissertation, I used transparent and systematic approaches to determine 

categories and count frequencies. Categories to synthesize the research question 1: ‘How can ES 

databases facilitate mainstreaming ES and the development of standards in specific application 

contexts?’ (Chapter 2), were determined based on a systematic review of information demand of 

decision-makers including governmental and policy documents as well as surveys on information 

demand of decision-makers. Categories for the research question 3: ‘Which indicators for the 

evaluation of effectiveness and efficiency of ES study outcomes exist in ES databases and which basic 

principles can be derived to facilitate a more standardized evaluation?’ (Chapter 4), were 

determined based on an ideal evaluation model that hierarchically organized indicators which 

constitute different notions of effectiveness and efficiency. This ideal evaluation model ensured that 

specific information was extracted by the overarching definitions which matter most, not simply the 

ones that are easiest to classify and count. Tables developed in the analytical step of data extraction 

can be used to follow decisions made for classification and counting in the narrative synthesis.  

Quantitative data synthesis such as meta-regression was conducted in Chapter 3. Meta-

regression includes statistical methods that pool evidence from multiple studies to detect effects 

and effect modifiers which describe the causal power of a study [344]. I used the meta-regression 

approach called boosted regression trees (BRT) to better understand the effects of ecological and 

socio-economic determinants on the variance of monetary values of ES. Although BRT are highly 

sophisticated approaches for synthesis [237], the method has inherent errors, too. With a BRT a 

statistical model of relationships is hypothesized based on input variables (dependent, independent 
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variables) and model parameter that characterize model settings (learning rate, tree complexity 

etc.). For the determination of model parameter subjective judgements are involved that influence 

the reliability and robustness of findings. In this dissertation, model parameters were optimized by 

conducting sensitivity analyses for a set of different assumptions derived from the literature.  

In the synthesis of ES databases also the external validity is crucial to consider [319]. External 

validity refers to the extent to which results from the synthesis can be generalized [345]. For 

instance, in benefit transfer context (Chapter 3), transfer errors from generalization might occur 

when values are transferred from the source case (location of valuation) to the target case 

(unsampled area) without fully accounting for scales (e.g. spatial and temporal) and environmental 

conditions (including ecological and social settings). The usage of meta-regression approaches, such 

as BRT, allows the investigation of transfer errors from generalization. In this dissertation I 

conducted comprehensive analyses of transfer errors from generalization and discussed major 

reasons.  

Also deeper doubts about the suitability of the approach to synthesize the issue in question 

constitute a source of error. This kind of error source represents unknowns where no scientific basis 

exists on which to form any calculable probability whatever [280]. To acknowledge a precautionary 

hedge against unspecified limitations in the synthesis approach, different options can be considered, 

for instance for the meta-regression (Chapter 3) I estimated upper and lower probabilities for 

extrapolated values by providing reasonable predictive performance over a wide range of possible 

scenarios for the BRT parameter. Another approach to consider unknown limitations is an external 

perspective of estimating the accuracy and robustness of the whole synthesis endeavor. Hereby, 

qualitative measures of confidence are conducted based on judgments of the quality of the 

evidence underlying the estimates [333; 304].  

5.2.3 Reporting and interpretation of results 
Reporting bias relates to pitfalls surrounding the interpretation of findings from the data synthesis 

and the unwittingly introduction of bias due to conclusions drawn from inconclusive evidence rather 

than pointing out the limits of information and methods considered. When reviews are inconclusive 

due to missing evidence, ‘[…] it is important not to confuse ‘no evidence of an effect’ with ‘evidence 

of no effect’ [336]. The former may only provide a basis for drawing conclusions concerning the 

need for further research, whereas the latter could have considerable consequences for current 

science and practice. Also, review authors may be tempted to reach conclusions that go beyond the 

evidence that is reviewed or suppress information that was not considered sufficiently important for 

the publication. These kinds of selective conclusions introduce biased outcomes that would not have 

been observed when all the evidence from the synthesis had been considered. Also there is the risk 

that end-users with different backgrounds and purposes consider one and the same evidence from 

the review for different decisions. Review authors should explicitly acknowledge the variation in 

possible interpretations and ideally present the types of errors and bias that are potentially 

introduced with each analytical step of a systematic review. In this dissertation, different sources of 

error were identified and comprehensively discussed (Chapter 3). Findings of the discussion in 

Chapter 3 provided a conceptual basis for the establishment of a more standardized reporting of 

sources of error in benefit transfer context. Furthermore, within this Chapter 5, steps are presented 
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that contribute to a more balanced reporting and interpretation of findings from this dissertation. 

By critical appraising the different analytical steps of the systematic reviews applied in this 

dissertation, a guiding framework is provided that increases the transparency and repeatability of 

the dissertation.  

5.2.4 General limitations 
In the process from formulating specific research questions to interpreting results of the synthesis, 

the integration of different groups plays a major role. For instance, to ensure independence of 

conduct and avoid conflicts of interest, the funder or commissioner of the review, the author that 

conducts the review and the stakeholder that might have a stake in the formulation of the question 

(and findings of the review) would not be a single individual person. Examples in literature show 

how an unbalanced engagement of different groups can affect results of studies [346]. In this 

dissertation, it was ensured that any individual considered for the formulation of the research 

question was not a member of more than one of these groups. Moreover, funders were declared 

(Acknowledgment) along with any other conflicts of interest that might have arose (Declaration 

under oath). 

5.3 Towards optimized exploitation of ecosystem service information 
In the era of knowledge-centric views and increased global networking where vast amounts of 

information are placed in the hands of researcher and decision-makers, it seems logical to use a 

database approach to manage the proliferation of information. However, this dissertation showed 

that ES databases contained a broad range of data semantic concepts, data types and structures 

(Chapter 2). Furthermore, commonly agreed reference collections were missing and only a few well-

established standard protocols for archiving and retrieval of information across databases existed. 

These factors made the discovery and integration of ES information into decision-making an arduous 

task. Mechanisms are required that facilitate: i) access to databases by clarifying multiple semantic 

concepts used, and ii) processing of information through greater levels of automation of querying 

steps, data transformation, summarization, and integration tasks. 

Knowledge representation techniques such as ontologies represent one enabling mechanism 

that is promising for unifying databases of ES, facilitating access to database contents and enable 

greater levels of automation. Ontologies capture semantic subtleties of ES database structure, 

contents and interrelationships among data variables in a logical way that can be interpreted by 

both human and computer applications [198; 347]. The first step to develop an ontology is to 

identify terms, concepts and their relationships that represent the knowledge contained in 

databases (Box 5.1). For instance, ES have multiple interpretations [14; 33; 16] and by formally 

defining these different usages a basis is provided to discuss these differences and agree upon 

rigorously defined and scientific sound terms and relationships. Therefore, an ontology contributes 

to define a common vocabulary for people who need to share information. Second, the ontology 

concept needs to be mapped to data entries in databases (Box 5.2). This process is often referred to 

as ‘semantic annotation’ and needs to provide information about the characteristics of database 

entries, which are often hidden or accompanied with meta-data. Through such annotations, 

ontologies improve data visibility to search engines and enable automation processes for unit 
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conversion, semantic resolution, dataset merging, summarization of contextual information, and 

statistical modeling [203; 200].  

 

Box 5.1. Using ontologies to specify ES  

Ontologies are formal models of terms and concepts interrelated through logic systems of inferences 

analogous to mathematical set theory. According to Madin et al. [200] in an ontology, terms or concepts 

(i.e. sets) denote a collection of ‘instances’ that share common characteristics. Relationships between terms 

and concepts describe how they are associated and interact. For instance, the ‘is-a’ relationship states that 

the sub-concept ‘Food’ is also a member of the super-concept ‘Ecosystem Service’ (Fig 5.1). Other 

commonly used relationships are part-whole or disjoint relationships. Part-whole relationships, such as 

‘part-of’ or inverse ‘has-part’ describe that instances of one concept are components of another concept, 

e.g. ‘Haunch’ is a part of a ‘Deer’ or ‘Organism’ are partly used as ‘Food’. These relationships are constraint 

by the number of instances enabled in the relationship using cardinality restrictions, e.g. a ‘Haunch’ can 

only be ‘part-of’ one ‘Deer’. The relationship ‘disjoint’ denotes that two concepts are mutually exclusive. 

Relationships and cardinality restrictions are inherited through ‘is-a’ relationships, e.g. instances of the 

concept ‘Plant’ have at least two or more instances of ‘Biological Parts’.  

Various modeling languages exist that can capture ontologies such as Web Ontology Language (OWL) 

[347]. OWL is used to describe here represented ontologies. 

Fig 5.1. Ontology fragment for ES. The 

ontology fragment illustrates terms and 

concepts in ellipses, relationships in 

arrows, and cardinality restrictions are 

shown in parentheses. For example, some 

instances of ‘Biological Parts’ or ‘Organism’ 

are used as ‘Food’: A ‘Haunch’ is a part of 

one instance (1:1) of a ‘Deer’, conversely, 

an instance of ‘Deer’ has at least two or 

more (2:n) parts that are instances of 

‘Biological Part’, because ‘has-part’ 

relationships and cardinality are inherited 

from super-concepts. This ontology 

represents only one interpretation of the 

ES food, where other interpretations can 

similarly be described and possibly 

interrelated using different ontologies.  

 

The usage of ontologies would optimize semantic-based queries by broaden the capability for 

understanding or interpreting the content and relevance of the data from multiple disciplinary 

perspectives. The flexibility of the annotation approach enables multiple interpretations of data 

entries. For instance, different scientist can provide different annotations of the same dataset to 

make it simultaneously useful for separate inquiries (e.g. using pollination as a measure of 

intermediate service like reproduction of plants or final service such as crop yield) or to capture 

differences of perspectives and opinions about what the data represent (e.g. measure of 

productivity, biodiversity or effectiveness of a land-use intervention). In Madin et al. [203] the 
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Extensible Observation Ontology (OBOE) is presented that aims to capture the semantics of generic 

scientific observations and measurements, and allows for extensions by domain-specific vocabulary 

representing terminology used in specialized scientific disciplines or communities. Such ontologies 

facilitate transdisciplinary work on the one side and enable to better discuss standards for specific 

application contexts on the other side. 

Also ontologies can support statistical analysis and modeling tools, for instance workflow-

automation systems, which provide graphical environments for tracking data provenance, running 

analyses and visualizing results [348]. For instance, using ontologies for benefit transfer would 

facilitate and accelerate the scientific workflow shown in Chapter 3 (Fig 3.1). In this scientific 

workflow, each analytical step is recorded that is required to take input data (synthesize databases 

on monetary values and compile covariates) and produce an output product (transferred monetary 

values and their uncertainties). By determining semantic annotations for data sources relevant for 

benefit transfer, semantic compatible datasets could be identified (Box 5.2) and workflow steps 

executed by software applications such as the Kepler system [348] or SERVES [291]. Examples for 

automatized workflow steps reach from finding relevant valuation studies, translate ES types and 

convert units from different dataset (Box 5.2) to dataset merging and summarization of contextual 

information such as how, where and when valuation studies were conducted.  

 

Box 5.2. Mainstreaming and finding data by using ontologies 

Ontologies help to more powerfully discover, interpret, reuse and integrate information. For instance, in 

separate databases the column labels ‘ValueD’, ‘Estimate’ and ‘Val’ refer all to a valuation of the ES 

provisioning of ‘Deer’ as food, but this information is missing in the column labels and not described in a 

uniform or consistent way by meta-data. Hidden or inherent meaning of data can be clarified by 

semantically annotating data with concepts from ontologies (Fig 5.2 colored arrows). This enables 

automation processes to construct more precise queries and help to identify a greater number of relevant 

search results.  

Assuming an ontology exists that has been built on the basis of priority areas for mainstreaming ES 

information (e.g. ‘Recognize Nature’s Value’, ‘Prioritization Scheme’; Fig 5.2) identified in Chapter 2. Within 

this ontology ‘Valuation’ is defined as a super-concept of ‘Biophysical Measure’ and ‘Socio-Economic Value’. 

Also, ‘Valuation’ is a part of ‘Prioritization’, which is determined by the sub-concepts ‘Magnitude Of Change’ 

and ‘Number of Beneficiaries’. The valuation of ES in biophysical and socio-economic terms, their 

magnitude of change and number of affected beneficiaries are crucial information to support decision-

makers in better recognizing nature’s value and prioritizing ES to identify need of action. While a 

conventional keyword search as ‘valuation’ would return only those datasets with variables directly labeled 

‘valuation’ or whose meta-data contains this term, by annotating data to ontology concepts searching for 

‘valuation’ would also find variables annotated with ‘biophysical measure’ or ‘socio-economic value’. Using 

ontologies and semantical annotations enable to automatically expand a search by inferring relationships 

between terms and also allow more complex, application case-specific queries. For instance, rather than 

searching simply for ‘valuation’, a user can search via a combination of explicit ontology concepts such as 

‘valuation of prioritization of deer in Germany’. This query represents a multiple concept definition built 

from other concepts (‘Valuation’, ‘Deer’, ‘Prioritization’, ‘Germany’) and relationships (e.g. ‘part-of’ or 

‘located-in’) which can be further expanded (e.g. to include ‘Biophysical Measure’) by an ontology-enabled 
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(Box continues…) 

search engine [349]. If the contextual variables and semantic nature of data have been sufficiently 

described (including measurement standards and units; Fig. 5.2), compatible parts of resulting datasets 

could be automatically merged through ontology reasoning systems [203].  

 
Fig 5.2. Ontology fragment and semantic annotations representing ES information for priority areas to mainstream ES 

information. For the priority areas (from Chapter 2): ‘Recognize Nature’s Value’ and ‘Prioritization Scheme’, an 

ontology is visualized. Terms and concepts of the ontology semantically annotate data entries in columns of different 

databases (colored arrows). For instance, the blue arrows show that the dataset ‘ValueD’ (left database) is associated 

with the following three concepts: ‘Deer’ (the ES valued), ‘Socio-Economic Value’ (the value of the ES) and ‘US-

Dollar/Hectare’ (the standard used to value ES). The purple arrows show similar annotations for the dataset in the 

middle. The green arrows additionally interlink data entries (right database) that contain ‘Biophysical Measures’ that 

explicitly represent the ‘Magnitude Of Change’ of ‘Deer’. By traversing relationships in the ontology (e.g. ‘is-a’, ‘has-

part’, and ‘part-of’), a query for ‘ecosystem service valuation’ could now find data from all three databases. Moreover, 

information is provided to transform and merge compatible data entries from different databases exemplified by 

conversion of valuation units from US-Dollar/hectare to Euro/Kilogram. 

 

Within this dissertation an empirically based taxonomy of knowledge demand on ES is identified 

(Chapter 2) demonstrating that an ontological approach can also be applied to specify and explore 

information demand for decision-making. By clarifying the terms of discourse in ES science and 

decision-making, and annotating available data with those terms based on ontologies scientific 

knowledge can be aligned with needs of decision-makers. For instance, the five key criteria to 

mainstream ES information into decision-making could be used as generic framework to build an 

early prototype of a demand-driven ontology that takes full advantage of the growing ES databases 

on the Internet. The relevance and legitimacy of such a prototype for mainstreaming ES information 



Synthesis of findings and perspectives 

85 

could by iteratively improved by a further engagement of stakeholders and application contexts. 

Ontologies will be most effective when they are developed through a community-based effort 

involving researchers, information managers and decision-makers, and shared among a broad 

community of potential users [350]. Community-driven development and endorsement of 

ontologies are crucial to become standardized, commonly accepted and applied information-

management architectures. The development of a demand-driven ontology is a promising approach 

to set up a common vocabulary, to facilitate information sharing, and ultimately contributes to 

bridge the science policy gap. By agreeing upon a common vocabulary and determining criteria 

(entry points) to incorporate information into decision-making, critical steps could be made towards 

the establishment of a reference collection that sets standards in ES community over the long term. 

5.4 Conclusions 
For mainstreaming ES information, more standards are needed that define terminology, acceptable 

data and methods, and reporting requirements for sharing consistent information on ES. This 

dissertation showed that there is a large amount of information on ES available in databases which 

provide a baseline for discussions on standards. By reviewing ES databases and matching 

information contents with information demand from policy instruments that affect resource and 

land-use decisions, common principles can be derived that represent priority areas to formalize 

standards for the documentation of knowledge on ES. Synthesizing ES databases for benefit transfer 

enabled the deduction of a conceptual foundation for a more standardized reporting on the 

transferability of monetary valued ES and associated uncertainties. Furthermore, applying ES 

database information contents to the evaluation of effectiveness and efficiency of ES study 

outcomes facilitated the understanding of basic principles required for a more standardized 

evaluation. 

However, the usage of ES databases for standardization and mainstreaming ES information had 

limitations. Major concerns were related to various sources of error and bias from the process of 

reviewing and transferring database’s information to different application contexts. Sources of error 

and bias were estimated and mitigated by different approaches shown in the dissertation. For 

instance, in benefit transfer meta-regressions were used to take several sources of error into 

account and estimate their impacts (e.g. model error, transfer error from generalization). However, 

mitigation approaches do not exist for all sources of error and bias. In this case researchers should 

seek to make the potential impacts of errors and bias as transparent as possible.  

Furthermore, conceptual comprehension across ES databases is a major challenge. Even though 

within databases consistent information was provided, across databases different concepts were 

used. These differences in the organization of database entries made the data discovery, 

complementation of information across different databases and processing of information for 

answering the research questions of this dissertation an arduous task.  

There is a need for more systematic reviews and the development of ontologies that help to 

collect, formalize and interconnect distinct concepts used in ES databases and beyond, in different 

ES studies and application contexts. Joining together of heterogeneous concepts, describing the 

relation between them and developing more standardized approaches brings great benefits. For 

instance, like a multilingual dictionary or a conversion table, the better understanding of relations 
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facilitate the communication and collaboration within and between different domains and groups 

even when the commonality of concepts has not (yet) led to a consensus on standards. 
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Supplementary material 

Supplementary Material Chapter 2 
 

S2.1 Table (see CD). References of review on information demand. The reference list shows literature that 

defined information demand or proposed guidance on how to implement ES into decision-making. Based on 

the contents of references indicators of information demand were identified and assigned to six policy 

instruments. 

 

S2.2 Table. Design and impact of databases – indicator description. In the table six indicators are described 

that provided insights into databases’ functionalities, characteristics and effects on situations or persons. 

Indicator name Description 

Functional type This indicator distinguishes between three functional types of databases defined by the National 
Science Board of the National Science Foundation of United States [108]. According to purpose, 
design, funding, and maintenance databases can be divided into ‘research’, ‘resource’ and 
‘reference collections’.  

Data organization The type of data organization and storage. The following factor levels were differentiated: ‘tabular’ 
or ‘relational’. In a tabular design data entries are stored in cells, with multiple cells represented in a 
system of rows and columns. A relational data organization uses multiple tables which are 
interlinked via logical connection to allow interactions between these tables. 

Search options This indicator distinguishes between different abilities provided in databases to narrow queries by 
different filters. The filters used to retrieve data are: ‘categorical’ (queries by selecting predefined 
options of different categories representing database entries), ‘free text’ (free text search that 
allows users to input keywords or numbers), and ‘geographical’ (geographic queries by interactive 
maps). The filter ‘All’ includes categorical, free text and geographical.  

Data updates This indicator measures if new or more accurate information is incorporated in the databases. I 
classified ‘ongoing data collection’ and ‘finalized’. 

Add-ons The type of software used to increase the capability of a database. The factor levels used are: 
‘access to methods and studies only’, ‘analytical and visual software’, and ‘none’. ‘Access to 
methods and studies only’ is less an add-on per se rather indicates hyperlinks to other software that 
stores and manages the original methods and studies analyzed in databases. ‘Analytical and visual 
software’ refer to programs that enable users to customize applications, for instance statistical and 
spatial analysis via geographic information system application programming interface (GIS API). 

Policy uptake The indicator measures if databases were applied within a decision-making context such as political 
agendas. For this indicator I directly contacted the developers of the databases. 

 

S2.3 Table (see CD). Overview of policy instruments and indicators of information demand. In the table six 

policy instruments are listed (‘Name’) that contained descriptions and examples for 93 indicators of 

information demand. The column ‘Description’ defines specific topics of information needs required for a 

policy instrument. ‘Examples from databases’ relate to column headers or data entries of the databases 

considered for the analysis. 
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S2.4 Table. Quantitative matches between information supply provided by databases and information 

demand of policy-making instruments for safeguarding ES. This table is the addition to Fig 2.5 and shows the 

relative contributions of data entries provided by 29 databases (rows) to six policy instruments (columns). 
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ReefLink Database 7.582 1.194 0.052 10.794 9.823 2.141 31.586 

BUVD 8.363 2.723 0.468 0.199 0.769 0.376 12.899 

EM 4.166 3.501 0.083 2.906 0.142 0.518 11.316 

EVRI 7.766 0.489 0.000 1.318 0.348 1.075 10.995 

PESD 1.005 2.850 0.078 0.075 0.043 0.226 4.276 

ESVD 1.739 0.011 0.000 0.083 1.826 0.145 3.804 

ESML 2.001 0.334 0.000 0.380 0.227 0.023 2.966 

NOEP Non-Market 1.326 0.603 0.003 0.071 0.539 0.348 2.891 

Goldman et al., 2008 1.007 0.235 0.075 1.045 0.000 0.181 2.543 

EVCBN 0.837 0.240 0.000 0.945 0.000 0.360 2.381 

IIED Watershed Markets 0.534 0.957 0.219 0.129 0.092 0.136 2.068 

Innovation Seeds 0.744 0.016 0.010 0.955 0.002 0.290 2.016 

De Bello et al., 2010 1.278 0.000 0.000 0.000 0.297 0.000 1.575 

Cardinale et al., 2012 0.312 0.774 0.000 0.000 0.152 0.000 1.238 

Envalue 0.664 0.360 0.000 0.000 0.000 0.116 1.140 

MESP 1.011 0.017 0.000 0.000 0.000 0.105 1.133 

ESID 0.867 0.004 0.003 0.156 0.000 0.000 1.031 

TEEB Cases 0.272 0.066 0.071 0.164 0.093 0.222 0.889 

ValueES Methods 0.422 0.172 0.016 0.064 0.086 0.070 0.830 

ELD Cases 0.169 0.005 0.000 0.008 0.004 0.388 0.574 

ESB 0.204 0.120 0.011 0.115 0.047 0.043 0.540 

IPBES Catalogue 0.482 0.026 0.000 0.000 0.000 0.000 0.508 

ValuES Cases 0.059 0.021 0.031 0.037 0.040 0.108 0.297 

Seppelt et al., 2011 0.196 0.000 0.000 0.000 0.000 0.000 0.196 

Keniger et al., 2013 0.099 0.000 0.000 0.000 0.047 0.000 0.146 

Vihervaara et al., 2010 0.097 0.000 0.000 0.000 0.000 0.000 0.097 

ARIES Cases 0.016 0.006 0.000 0.002 0.004 0.006 0.033 

SGA 0.028 0.000 0.000 0.000 0.000 0.000 0.028 

Liu et al., 2010 0.002 0.000 0.000 0.000 0.000 0.000 0.002 

Total 43.250 14.723 1.121 19.449 14.579 6.877 100.000 
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S2.1 Fig. Quantitative matches between information supply provided by databases and information demand 

of policy instruments for safeguarding ES, part 2. The chord diagrams connect information supply from 29 

databases (right half) with indicators of information demand (left half) for six policy instruments (A-F). The 

diagrams visually link matches between database entries and indicators of information demand (colored arc 

connections) by quantifying the relative contributions (percentage values in outer monochrome arcs) of 
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database entries to indicators of information demand. For (A) two chord diagrams are shown. (A.1) illustrates 

matches for different aspects of the policy instrument ‘Extending accounting systems through nature-based 

indicators’, while (A.2) focus specifically on the interdisciplinary and multidimensional character of databases’ 

entries in accordance with the integrative framework defined by Daily et al. [12]. 
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Supplementary Material Chapter 3 

 

S3.1 Fig. Global spatial distribution of monetary estimates and uncertainties, part 2. This map is the 

completion of the Fig 3.4 and shows the remaining six ES that were not presented in detail in Chapter 3. The 

bivariate maps illustrate the extrapolated relative monetary values (yellow to green) and uncertainties (yellow 

to red) of the meta-analytic value transfer functions for the ES: (G) raw material provision, (H) provision of 

medicinal resources, (I) waste treatment, (J) erosion regulation, (K) soil fertility regulation, and (L) 

maintenance of genetic diversity. 

 

S3.1 Table (see CD). Case studies included for value transfer functions. The table gives an overview of the 

references from valuation studies included for the benefit transfer models. 
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S3.2 Table (see CD). Covariates included for value transfer functions. The table shows covariates either from 

valuation databases [85; 55] or from other global datasets. Information is listed for the names of covariates, 

the thematic groups they belong to (1) scale, 2) economy, 3) policy/governance, 4) society, 5) ecology, 6) 

valuation methods), spatial and temporal scale of covariates as well as their sources. Only those covariates are 

mentioned that showed a statistical influence in one of the value transfer functions.  
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S3.2 Fig. Effects of most influential variables for twelve ES value transfer functions. The treemaps (A) to (L) 

illustrate the relative influence (importance) of covariates in BRT models (value transfer functions) to explain 

the variance of monetary values. Each rectangle represents a covariate. Rectangle groups numbered from 1 to 

7 (delimited by bold black lines) reflect groups of covariates, namely: 1) scale, 2) economy, 3) policy, 4) society, 

5) ecology, 6) valuation methods, 7) rest <1% (not clearly assignable). The sizes of rectangles show the 

importance of covariates in a BRT model (in percentage). Rectangle colours illustrate the strength of 

relationship between monetary values and covariates. Greenish colours symbolize positive correlation and 

reddish negative, expressed in International-$-2007 per hectare. Multiple colours can occur for nonlinear 

effects of variables. Bluish colours represent categorical variables and show the maximum range between the 

levels. Only covariates with an importance greater than 1% were visualized. 
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S3.1 Box. Extended description for model fitting and uncertainties. 

For the development of value transfer functions the following assumptions have been made [66]: 

(1) the existence of meta valuation functions from which values can be inferred;  

(2) that differences between sites can be captured through a monetary vector [218];  

(3) values are supposed to vary in a systematic way captured by a price deflator index [351];  

(4) primary valuation studies provide ‘correct’ estimates of marginal values; and  

(5) meta-analytic publication selection errors can be neglected.  

I created meta-analytic value transfer functions for each ES based on boosted regression trees (BRT). 

Therefore, I utilized the ‘Generalized Boosted Regression Models’ library [239; 240] from the programming 

language R [241]. I normalized the response variable by using a log transformation and fitted the BRT models 

to a Gaussian response type. The relative influence (importance) of covariates in the BRT models were 

calculated based on the number of times a variable is selected for splitting, weighted by the squared 

improvement of the model as a result of each split, and averaged over all trees [352]. Then I verified the 

robustness and stability of the value transfer functions by changing BRT model parameters. Model settings 

were derived from recommendations of most up-to-date literature. I tested different model settings by 

optimizing BRT learning rate (lr), tree complexity (tc), minimal number of observations in terminal nodes 

(mintn) and number of trees (nt).  

The lr controls the rate model complexity is increased. Smaller lr are generally preferable to faster ones, 

because they shrink the contribution of each tree more, and help the model to reliably estimate the response 

[330]. I used values from 0.0005, 0.0001, 0.00005, 0.00001. The size – number of nodes respectively splits – 

of a tree controls whether interactions are fitted. With more complex trees fewer trees being required for 

minimum error, but the contribution of these interaction effects can be difficult to detect. Furthermore, the 

mintn affect the complexity of a tree, conditional on the number of observations in the trees terminal nodes 

[353]. For small samples there is no advantage for using large trees (high tc) [330]. Due to the small sample 

size for each ES in my analysis, I used a tc of 1 (decision ‘stump’ of two terminal nodes) that fit simple additive 

effects and tested a mintn of 3, 5 and 8 respectively [353]. These tuning parameter then affecting the nt 

required for a reliable value transfer. For the identification of an optimal nt I used a three-fold cross-

validation, in accordance to [354]. With the determination of an optimal nt over-fitting models to training 

data can be reduced and their generality enhanced, consequently, the model performance improved when 

values are transferred to unsampled areas. The final parameters selected for the BRT models were shown in 

Fig S.3.3. Based on the optimized model parametrization for 12 ES types (839 monetary values) out of 22 

(1,033 monetary values) statistical significant value transfer functions could be computed and most 

influential covariates estimated (Fig 3.3 and S3.2 Fig). Data was not sufficient for generating value transfer 

functions, if there were less than 11 studies or less than 25 data points. All covariates with more than 1% 

relative influence on BRT models were considered.  

For the spatial extrapolation of values in unsampled areas I used the value transfer functions and applied 

them based on covariates of cells on a 30 arc min grid across the globe. Value transfer in geographic space 

was made by using scripts from ‘Raster’ library of R. Thus, I mapped for each ES type monetary values for the 

entire terrestrial earth surface (Fig 3.4 and S3.1 Fig). 

To estimate the explanatory power of a value transfer function I computed the coefficient of 

determination R
2
 for each value transfer function based on ten-fold cross-validation. Results were shown in 

Fig 3.3 (column 4). 

Additionally, I examined each value transfer function for failure to generalize from training data in order  
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(Box continues…) 

to estimate the confidence intervals around transferred values. Therefore, the bias that coincided with poor 

nt is shown by assuming nt-vectors from 100 to 100.000. For each ES separate BRT models were fitted and 

the 2.5- and 97.5-percentile values of the variance of monetary value for each grid cell calculated as an 

estimate of the confidence intervals. Value transfer in geographic space was made in the same way as I 

mentioned above for spatial extrapolation of values in unsampled areas. Thereafter, I mapped the range of 

percentiles for each grid cell and grouped it into three classes (low, middle, high).The grouping was 

conducted by equal-interval classification for each ES separately, i.e. division of percentile ranges into classes 

that contain an equal range of values. The final bivariate maps (Fig 3.4 and S3.1 Fig) were developed by 

mapping the overlay of low, middle and high uncertainty with extrapolated monetary values from the 

optimized models. Also, based on these classes the percentage area of terrestrial earth surface covered by 

low, middle and high uncertainty was calculated; see Fig 3.3 (column 4). 
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S3.3 Fig. Sensitivity analysis of BRT models. In order to optimize BRT models (value transfer functions) their 

parameter settings were tested (see S3.1 Box). The graphs show the model performance for twelve parameter 
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configurations. In the table below, these configurations are specified. In addition to learning rate (lr), number 

of trees (nt) and minimal number of observations in the terminal nodes (mintn), there is also the selected 

model visualized. The selected model represents the optimized, final BRT model used for estimating relative 

influence of covariates on the variance of monetary valued ES and for extrapolating values in unsampled 

areas. Each selected model reduces the deviance of residuals in the model (squared error loss) the most and 

thus explains the variance of monetary values best.  
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Supplementary Material Chapter 4 
 

S4.1 to S4.4 are part of the data CD enclosed at the back of the dissertation. 

 

S4.1 Table. Legend for following tables S4.2 to S4.4. 

 

S4.2 Table. Aims and sources of 29 databases considered for the analysis.  

 

S4.3 Table. Number of evaluation criteria from ES databases that refer to topics relevant for the evaluation 

of effectiveness or efficiency. 

 

S4.4 Table. Number of data entries from ES databases that refer to topics relevant for the evaluation of 

effectiveness or efficiency. 

 

Content of CD 
A CD is enclosed at the back of the dissertation. This CD contains data mentioned in the Chapters: 

‘Supplemental Material Chapter 2 to 4’. 

The following data is included:  

- Supplementary Material Chapter 2 

o S2.1 Table. References of review on information demand. 

o S2.3 Table. Overview of policy instruments and indicators of information demand. 

- Supplementary Material Chapter 3 

o S3.1 Table. Case studies included for value transfer functions. 

o S3.2 Table. Covariates included for value transfer functions. 

- Supplementary Material Chapter 4 

o S4.1 Table. Legend for following tables S4.2 to S4.4. 

o S4.2 Table. Aims and sources of 29 databases considered for the analysis. 

o S4.3 Table. Number of evaluation criteria from ES databases that refer to topics 

relevant for the evaluation of effectiveness or efficiency. 
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